Name: _______________________________________________ Date: ___________________________ Period: _____

Unit 1, Part 2 Notes: Genetic Variation and Hardy-Weinberg Equilibrium
AP Biology, 2018-2019
A. What processes can increase genetic variation in eukaryotic cells?
1. DNA (or deoxyribonucleic acid) is a molecule found in the cells of all living things.  The code found in DNA determines the inherited traits found in an organism.  An inherited trait is one that can be passed from parents to offspring.

2. The basic structure of a DNA molecule consists of two parallel strands that connect and form a “spiral staircase” arrangement called a double helix.  We often compare the DNA molecule to a ladder.  The rungs of the ladder are made of smaller molecules called nitrogen bases.  There are four types of nitrogen bases: adenine, guanine, thymine, and cytosine (A, G, T, and C, respectively).  The sequence of nitrogen bases (ex: A, A, T, C, C, G, C) determines specific traits (ex: blue eyes).  We call a segment of DNA that controls a particular trait a gene.  Different forms of a gene for the same trait (ex: blue eyes vs. green eyes vs. brown eyes) are considered different alleles of that gene. 
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3. We call the particular alleles a person has for a certain trait his/her genotype for that trait.  The genotype determines the actual physical trait, or phenotype.  How is this accomplished?  Well… Gene sequences provide the code for proteins (another type of molecule in cells) that display the particular trait.  For example, you have pigment proteins in the iris of your eye that display a particular eye color.  If you did not have the allele for that particular eye color, your eye cells would not be able to make that particular color pigment.
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Within human cells, DNA is organized into 46 chromosomes.  Chromosomes are composed of super-coiled DNA double helices wrapped around proteins called histones.  Before a cell divides into two cells during growth or tissue repair (mitosis) in humans, the DNA in a chromosome replicates (copies itself), so that each daughter cell will receive a full copy of the 46 chromosomes.  Prior to cell division, that’s why chromosomes appear “x-shaped.”  Each side of the chromosome is an identical copy of DNA.   Each side of the chromosome is called a chromatid, and the chromatids are connected at a region at the center of the chromosome called a centromere.
5. During DNA replication, errors can occur that result in different sequences in nitrogen bases.  These errors are called mutations. For example, an extra base can be added to the copy, a base can be deleted from the copy, or an incorrect base can be substituted for the correct base.  The errors in the DNA sequence can cause errors in the resulting protein molecules.  For example, sickle cell disease is a condition that results from a single base substitution in the gene that codes for the hemoglobin protein.  Hemoglobin is protein found in red blood cells that binds to oxygen molecules in the blood to carry them to various organs of the body.  The sickle cell mutation causes hemoglobin proteins to clump together, which alters the shape of the blood cell from a round disk to a crescent-moon or sickle shape.  Sickle shaped blood cells can get caught in blood vessels (ex: arteries and veins) and cause blood clots which lead to heart attacks and stroke.  

(Note: though this mutation causes a negative effect on phenotype, mutations can also have positive or neutral effects on the phenotype).
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6. Since mutations can introduce new gene sequences / alleles into a population of organisms, we say that mutations have the potential to increase genetic variation (the number of possible genotypes) in a population. 
7. 23 of the 46 chromosomes in one of your cells came from your mother, and the other 23 chromosomes came from your father.  Each chromosome from your mother has a complementary chromosome from your father that contains the same types of genes in the same places on the chromosome.  We call these pairs of complementary maternal and paternal chromosomes “homologous chromosomes.” 
8. When cells in ovaries (female) or testes (male) divide to create eggs or sperm in the process of meiosis, they must create cells with half the chromosomes of a normal body cell.  This way, an egg with 23 chromosomes can meet up with a sperm with 23 chromosomes in a process called fertilization to form a fertilized egg (zygote) with 46 chromosomes.  That zygote will then go through normal cell division (mitosis) to create body cells for the fetus with 46 chromosomes each. 
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9. Before meiosis occurs, pairs of homologous chromosomes line up at the middle of the cell.  The pairs then come together in the process of crossing over to exchange sections of DNA between the homologous chromosomes.  This happens differently every time.  In other words, different sections of the chromosomes are exchanged, resulting in different gene combinations.  For this reason, no two eggs created by one woman are exactly the same, and no two sperm created by one man are exactly the same.  This increases the number of possible gene combinations in a baby created by these eggs and sperm, thus increasing genetic variation in the population.  
10. Additionally, each pair of homologous chromosomes can line up differently at the middle of the cell.  We call this independent assortment, meaning each pair assorts or arranges itself at the middle of the cell independently of how other pairs arrange themselves.  In other words, the arrangement of each pair is not based on the arrangement of any other pair.  (Ex: pair one might have the maternal chromosome on the left and the paternal chromosome on the right and pair two might have the maternal chromosome on the right and the maternal chromosome on the left.  Alternately, both pairs could line up with the maternal chromosome on the left and the paternal chromosome on the right).  With 23 pairs of chromosomes in the dividing cell, this means there are 223 possible combinations of maternal and paternal chromosomes (and the alleles located on these chromosomes) in the sex cells created by meiosis.  This increases the number of possible gene combinations in a baby created by these eggs and sperm, thus increasing genetic variation in the population.  

(Note: The image below shows independent assortment prior to meiosis which creates four haploid cells   from a single cell in the ovaries or testes.  Gamete is another term for sex cells like eggs and sperm that have half the chromosomes of a body cell.  The image shows the two rounds of meiotic division.  The first round of division separates pairs of homologous chromosomes to cut the chromosome number in half from the parent cell to the daughter cells.  The second round of division separates chromatids on chromosomes.  Since this separates identical copies of the same DNA, this does NOT cut down the chromosome number at all from the parent cell to the daughter cells.  In the image, red chromosomes came from the individual’s mother, and blue chromosomes came from the individual’s father.) 
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11. Since any of these unique sperm and eggs made different by crossing over and independent assortment may combine during fertilization, we say that the amount of genetic variation in the population is also increased by “random fertilization.”  
B. Why is genetic variation considered “fuel” for natural selection?

12. According to the information given in Section A, there are four mechanisms that can create new gene sequences or new combinations of genes to increase genetic variation within a population of organisms: mutation during DNA replication, crossing over, independent assortment, and random fertilization.  

13. Remember, mutations can create new alleles (and therefore phenotypes), whereas crossing over, independent assortment, and random fertilization can only result in new combinations of traits. 

14. As a result of these four mechanisms, we typically see a range of phenotypes for a particular trait within a population.  For example, let’s say the graph to the right shows the frequency of mice with various fur colors (white ( tan ( brown). In this population, it appears that tan is the most common phenotype for fur color.
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Because there is variation in this population, if a new predator is introduced into the environment that kills light-colored mice but not dark-colored mice, natural selection can occur.  This will result in dark-colored mice surviving and reproducing better than the white colored mice.  In the next generation (see graph to the right), we would expect to see a higher frequency of dark-colored mice and a lower frequency of light-colored mice. 
(Note: in the graph to the right, the dotted line represents the phenotype distribution for the original population, and the solid line represents the phenotype distribution for the “evolved” population)
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Natural selection can only act on genotypes / phenotypes that already exist in the population (due to mutation).  It cannot create new genotypes.  Therefore, it is important to have a high level of genetic variation in a population.  Let’s say our original mouse population only contained mice with white fur.  When the new predator was introduced, the entire population would go extinct (die off) because there was not enough genetic variation in the original population.
17. A real life example of the importance of genetic variation in a population: Cheetah populations worldwide have very low genetic variation (AKA genetic diversity) due to high amounts of inbreeding (mating of relatives).  Therefore, you can take a skin sample from any cheetah and graft (transplant) it onto the skin of any other cheetah in the world without the recipient cheetah’s body rejecting the donor’s skin tissue.  While this is REALLY COOL, the low genetic variation in cheetah populations can also cause issues when cheetahs come in contact with infectious diseases.  Because genes partly determine an organism’s vulnerability to a particular infectious disease, if one cheetah is vulnerable to the disease, it is likely that all cheetahs are vulnerable to the disease.  Currently, a disease called amyloid A (AA) amyloidosis that is similar to mad cow disease is sweeping through cheetah populations.  It seems that all cheetahs are highly susceptible to this disease, and the fatality (death) rate is approximately 70%.  As such, because there is such low genetic variation in the population and very few if any cheetahs are genetically resistant to the disease, AA amyloidosis has the potential to kill off the entire cheetah species.  It is possible that we will see the extinction of the world’s cheetahs in the near future as a result of natural selection acting on a population with low genetic variation.

(Note: For more information about AA amyloidosis, you can access the following article - http://news.sciencemag.org/2008/05/mystery-dying-cheetahs) 

18. Another real life example of the importance of genetic variation in a population: Humans have three possible blood types that are determined by their genes—A,B, and O.  Scientists have recently discovered that certain blood types can cause an individual to be more resistant to particular infectious diseases. For example, individuals with blood type O are more resistant to malaria, a disease spread from human to human by mosquitoes carrying a single-celled parasite called Plasmodium.  Malaria can be fatal if untreated.  If we did not have the proper medications to prevent and treat malaria, however, human populations in malaria-ridden areas may still survive due to the presence of individuals with blood type O.  
C. How do allele frequencies relate to evolution?
19. In our Part 1 (Evolution Basics and Types of Selection) notes for this unit, we defined evolution as a change over time in the frequency of particular traits within a population.  Because physical traits (phenotypes) are determined by combinations of two alleles (genotypes), we can alternately define evolution as a change in the frequencies of alleles (Ex: A and a) in a population across generations.  
(In other words, changes in allele frequencies cause changes in genotype frequencies, which cause changes in phenotype frequencies.) 
20. In a real population of organisms, evolution is almost always occurring as a result of a combination of the following five factors:
1. Genetic Drift: random fluctuations in allele frequencies across generations due to chance alone (not an environmental factor that favors particular alleles, as in natural selection).  Remember, in real life, some individuals have more offspring than others--purely by chance. For example, the amount of offspring may differ between males simply because one male happened to be in the right place at the right time (when the receptive female walked by) or because the other one happened to be in the wrong place at the wrong time (when a fox was hunting).  The survival and reproduction of organisms is often subject to unpredictable accidents and events.  

Note: The gene pool for a population is defined as all the alleles in a population and their frequencies
Genetic drift tends to cause more drastic changes in allele frequencies in small populations.  Two events that could cause a major, rapid reduction in the size of a population are the bottleneck effect and the founder effect (described below).  Because they reduce the size of a population, these events result in genetic drift having a greater effect on the allele frequencies in the population.  

a) The Bottleneck Effect: A type of genetic drift in which a natural disaster reduces the size of a population and the survivors are determined by chance (Ex: flood or overhunting).  The image below shows the bottleneck effect (natural disaster = human “stomp”) in a population of beetles.  After the natural disaster, you will notice that the percentage of green vs. brown beetles changes (and also the frequencies of green and brown alleles).    
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b) The Founder Effect: A type of genetic drift in which a small portion of a population moves to a new area (Ex: colonizing a new island), which may result in different allele frequencies in the colonizing population than in the original population.
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In both events (i.e. the bottleneck effect and the founder effect), the population size is drastically reduced, which may result in the loss of alleles from the population (ex: the yellow ladybug allele is lost in the founder effect image).  Some alleles may also be lost as the new, small population progresses through later generations.  This occurs because smaller populations are more likely to be effected by random fluctuations in allele frequencies (ex: genetic drift).  Large populations, on the other hand, are buffered against the effects of chance.  For example, if one individual of a population of 10 individuals happens to die at a young age before it leaves any offspring to the next generation, all of its genes—1/10 of the population’s gene pool—will be suddenly lost. In a population of 100, that’s only 1 percent of the overall gene pool; therefore, it is much less impactful on the population’s genetic structure (information courtesy of Openstax College Biology).  
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As previously stated, alleles can be lost from a gene pool as a result of the bottleneck and founder effect.  They can also be lost as a result of genetic drift in the new small populations.  If only one allele is left remaining in the gene pool for a particular trait, we say that that allele is “fixed.”  Alleles frequently become fixed in small populations as a result of genetic drift.  This occurs in the image to the right (courtesy of Openstax College Biology) which shows the inheritance of fur color alleles in a rabbit population across three generations.  The dominant allele (B) codes for brown fur, and the recessive allele (b) codes for white fur.  Due to random events (not adaptations to the environment), some rabbits reproduce and others do not.  Eventually, this results in the brown (B) allele becoming fixed, whereas the white (b) allele is lost and can only arise again in this population through mutation. 
2. Gene Flow (aka migration): the movement of alleles into and out of a gene pool as a result of movement of organisms between nearby populations

[image: image4.png]



3. Mutation: Changes in DNA sequences that introduce new alleles into the gene pool.  These new alleles can either increase or decrease in frequency depending on whether or not they are favorable in a particular environment.  (In other words, natural selection will determine the changes in frequencies of these alleles once they are introduced by mutation.  If particular alleles/traits are “neutral” and are neither beneficial nor detrimental in a particular environment, their frequencies may change due to genetic drift or gene flow but not due to natural selection.)  

4. Nonrandom Mating (aka sexual selection): Alleles/traits that make an organism more likely to reproduce become more common in a population over multiple generations.  In this situation, mating is not random.  Individuals with particular alleles/traits are better able to attract mates or fight others of their sex for access to the opposite sex.    

5. Natural Selection: alleles/traits that make an organism more likely to survive AND reproduce become more common in a population over multiple generations.  

21. Though real populations almost always evolve, scientists have come up with two equations to mathematically model the frequencies of alleles and genotypes in a population that is NOT evolving.  In a population that is NOT evolving, allele frequencies and genotype frequencies cannot change from generation to generation. 

We call this artificial state of “non-evolution” Hardy Weinberg Equilibrium (named for the scientists who developed the model).  To be in Hardy Weinberg Equilibrium, NONE of the factors discussed in #8 can be in effect.  In other words, to be in Hardy Weinberg Equilibrium, a population of organisms must meet the following conditions (on the next page):

1. No genetic drift (In other words, the population must be infinitely large so that random fluctuations in allele frequencies are less likely to have a significant impact on the overall gene pool.) 
2. No gene flow (In other words, there is no migration of individuals into and out of the population)

3. No mutation

4. No sexual selection (In other words, each individual in the population must be equally likely to mate.  In this way, mating is considered “random” if there is no sexual selection.)

5. No natural selection 

D. How can we mathematically model Hardy Weinberg Equilibrium?
22. There are two equations that comprise the Hardy Weinberg Model.  I will simply list the equations here, and define them in the space below.

Equation #1: p + q = 1

Equation #2: p2 + 2pq + q2 = 1

23. Explaining Equation #1: This equation is true for any population where there are only two alleles, one dominant and one recessive for a particular trait.  Let’s say our alleles are “A” and “a”.  In this equation “p” represents the frequency of “A” (the dominant allele) expressed as a decimal in the range of 0-1.  (For example: 0.4 means that 40% of the alleles found in the population are “A).  “q” represents the frequency of “a” (the recessive allele) expressed as a decimal in the range of 0-1.  If there are only two alleles for this trait in the population, it would make sense that their frequencies would add to 1 (which represents 100% of the alleles in the population).  We call Equation #1 the Allele Frequency Equation.

24. Explaining Equation #2: We call Equation #2 the Genotype Frequency Equation because it expresses the frequencies of the three possible genotypes when there are only two alleles for a trait (homozygous dominant-- AA, heterozygous—Aa, and homozygous recessive—aa).  If there are only two alleles for this trait and only three possible genotypes, it would make sense that these three genotype frequencies would add to 1 (which represents 100% of the genotypes in the population.  The meanings of each “term” in the equation are given below.


-p2 represents the frequency of having two dominant alleles (or, in other words, having the homozygous dominant genotype—AA) expressed as a decimal in the range of 0-1.  The mathematics behind this term are shown below…

Frequency of having two “A’s” = frequency of having one “A” (p) x frequency of having another “A” (p) = p x p = p2
Why do we multiply the frequencies?
We do this to follow the Multiplication Rule of Probabilities (i.e. frequencies), which states that you must determine the probability that two or more independent events (like receiving “A” from each parent) will occur together in some specific combination (like genotype AA) by multiplying the probability of one event by the probability of the other event.
-q2 represents the frequency of having two recessive alleles (or, in other words, having the homozygous recessive genotype—aa) expressed as a decimal in the range of 0-1.  The mathematics behind this term are shown below…

Frequency of having two “a’s” = frequency of having one “a” (q) x frequency of having another “a” (q) = q x q = q2
-2pq = the frequency of having one dominant allele and one recessive allele (or, in other words, having the heterozygous genotype—Aa) expressed as a decimal in the range of 0-1.  The mathematics behind this term are shown on the next page…

Frequency of having one “A” and one “a” = frequency of receiving p from mom and q from dad + frequency of receiving p from dad and q from mom = pq + pq = 2pq

Why do we add the frequencies once we have used the Multiplication Rule to find pq and pq?

We do this to follow the Addition Rule of Probabilities, which states that you must determine the probability of two mutually exclusive events (meaning they can’t occur at the same time) by adding together their individual probabilities. Our terms pq and pq are considered mutually exclusive because you can’t receive p from mom and q from dad at the same time as receiving p from dad and q from mom. 

25. Suppose we want to use our genotype frequencies to determine our phenotype frequencies.  In other words, suppose we want to determine the frequencies of the actual physical traits, like our example of rolled tongue vs. flat tongue, in the population.


-There are two genotypes (AA and Aa) that give us a dominant phenotype (rolled tongue), so we determine the frequency of the dominant phenotype by adding together the frequencies of AA and Aa.  In other words…

Frequency of showing the dominant phenotype = frequency of genotype “AA” (p2) + frequency of genotype “Aa” (2pq) = p2 + 2pq

-There is only one genotype (aa) that gives us a recessive phenotype (flat tongue), so the frequency of the recessive phenotype is equal to the frequency of the recessive genotype (q2)
Notes Questions
Vocabulary: Define each term below in your own words. Look it up from a second source if it doesn’t make sense to you in the reading.
Gene:

Allele:

Genotype:

Phenotype:

Mutation:

Crossing Over:

Independent Assortment:

Random Fertilization:

Evolution (new definition in this packet):

Hardy-Weinberg Equilibrium:
Practice Questions: Answer the following questions thoroughly and accurately in complete sentences.

1. Explain the relationship between the following terms: genotype, phenotype, and protein.

2. Explain in your own words how the hemoglobin mutation results in a change in blood cell phenotype.

3. What is the only method for creating NEW gene forms?

4. What are the three methods for creating new combinations of old gene forms?

5. Why is genetic variation in a population a positive thing?

6. Explain why the following statement is incorrect: “Evolution creates new traits.” 

7. How is the new definition of evolution similar to / different from the old definition of evolution given in the Part 1 Notes (Evolution Basics and Types of Selection)?

8. List and DEFINE (in one sentence) the five factors that can cause the evolution of a population.
9. How does Hardy Weinberg equilibrium relate to evolution?

10. How do the five factors listed in Question #2 relate to Hardy Weinberg equilibrium?

11. In just a few words, describe what genetic drift is.

12. How are the bottleneck effect and the founder effect similar to one another? How are they different?
Similar:





Different:
13. Describe how the bottleneck effect can result in the loss of an allele from a population’s gene pool.

14. Why does genetic drift have a more significant effect on the gene pools of small populations?

15. Define the variables p and q.
Self-Quiz – select questions from Campbell’s Biology textbook. Use this resource as you see fit.
1. Natural selection changes allele frequencies in populations because some ___________ survive and reproduce more successfully than others. 

a. alleles

b. individual organisms

c. gene pools

d. gene loci

e. species

2. The average length of jackrabbit ears decreases gradually with increasing latitude. This variation is an example of

a. directional selection

b. discrete variation

c. polymorphism

d. genetic drift

e. disruptive selection

3. In the gene pool of a population with 100 individuals, a fixed allele for a particular gene locus has a frequency of 

a. 0 (0%)

b.   0.5 (50%)

c.   1 (100%)

d.  100 (10,000%)

4. Longer tails of male barn swallows evolve because female barn swallows prefer to mate with males that have the longest tails. This process is best described as

a. genetic drift that changes the frequencies of the alleles for tail length.

b. natural selection for sexual reproduction that maintains variation in the genes that influences tail length.

c. intersexual selection for traits, such as long tails, that help males attract mates.

d. intrasexual selection for traits, such as long tails, that help males win contests for access to females.

e. directional selection for traits, such as long tails, that improve males’ ability to fly strongly and forage for food over larger areas.

5. No two humans are alike, except for identical twins. The chief cause of the variation among individuals is 

a. new mutations that occurred in the preceding generation.

b. sexual recombination.

c. genetic drift due to the small size of the population.

d. geographic variation within the population

e. environment effects.

6. Road construction has isolated a small portion of a beetle population from the main population. After a few generations, this new population exhibits dramatic genetic differences from the old one, most likely because

a. mutations are more common in the new environment

b. allele frequencies among the stranded beetles differed by chance from those in the parent population’s gene pool and subsequent genetic drift caused even more divergence from the original gene pool.

c. the new environment is different from the old, favoring directional selection.

d. gene flow increase in a new environment.

e. members of a small population tend to migrate, removing alleles from the gene pool.

7. Match the evolution concepts.

_____ gene flow

a. can lead to interdependent species

_____ sexual selection 

b. changes in a population’s allele frequencies due to chance alone

_____ mutation


c. alleles enter or leave a population

_____ genetic drift

d. adaptive traits make their bearers better at securing mates

_____ coevolution

e. sources of new alleles

_____ adaptive radiation
f. burse of divergences from one lineage to many.


