MSP Circulicula papyracea Exercise

POPULATION GENETICS
"They're everywhere!!"

T. Hedren from The Birds
INTRODUCTION

Evolution is a difficult process to study directly because in most (but not all!) cases evolution proceeds slowly over the course of millions of years.  Both laboratory and field studies have demonstrated the importance of a variety of evolutionary processes.  These include mutation of individual genes and of whole chromosomes including their structure and number, genetic recombination, natural selection, and reproductive isolation.  Some of these factors actually provide for genetic variability.  Others cause genetic change within populations.  Try to determine for yourself which of these factors provide for genetic variability and which factors result in genetic changes at the population level.


Evolutionary theory maintains that all species are the product of descent with modification from a common ancestor; the earth's extraordinary biological diversity is the result of an evolutionary process.  Charles Darwin and Alfred Russel Wallace independently provided a causal mechanism, natural selection, to explain how the process worked.  Darwin is given the lion's share of the credit because he also presented a wealth of evidence in support of evolutionary theory in his 1859 book, "On the Origin of Species."  The concept of natural selection was not widely accepted, however, until its genetic basis was clarified by population geneticists well into the 20th century.


In Darwin's time, natural selection was commonly envisaged as a process of differential mortality whereby the "fittest" individuals were the ones that survived in the perennial "struggle for existence."  In modern evolutionary theory, the emphasis is on differential reproduction and the "fittest" individuals in biological terms are not necessarily the strongest or those that live the longest, but rather the best reproducers--those making the greatest genetic contribution to succeeding generations.


Ernst Mayr, a well-known evolutionary biologist, defines evolution as a "systematic change in the genetical structure of a population."  We now call such changes in gene frequencies within a population microevolutionary, to distinguish them from larger scale macroevolutionary changes such as extinction, speciation, and radiation.  In modern evolutionary theory, the  population is generally regarded as the basic unit of microevolution:  populations evolve, not individuals.  Before it is possible to assess genetic changes within populations, a base-line model must be constructed in which gene frequencies remain unchanged and no microevolution takes place.  



In 1908, G. H. Hardy and W. Weinberg independently devised a mathematical model that predicts gene and genotypic ratios in an 'ideal population'.  Some time later, it was discovered that another person by the name of Castle had previously published the same mathematical, predictive models but his work had gone largely unnoticed.  The term ideal population refers to a hypothetical population wherein no evolutionary processes are occurring, i. e. no mutation, no natural selection, no immigration, etc.  There has been considerable debate about the possibility of any 'real' population of organisms being 'ideal'.  What is your opinion?  Why?  Perhaps you will be able to better formulate and support your opinion as you proceed with this exercise.


The Hardy-Weinberg-Castle equations are based on a simple, two allele system at a single gene locus.  The two alleles are A and a, which are dominant and recessive, respectively.  We designate "p" as the frequency of the allele A  (or fr(A) ) in the population, and "q" as the frequency of the allele a  (or fr(a) ) in the same population.  Allelic frequency is usually expressed as a decimal fraction (proportion) of the total number or copies of the gene in the population.  Under these conditions the frequency of A plus the frequency of a equals 1.0; therefore, p + q = 1.0.  In the same simple manner we can determine the frequency for any particular genotype of those two alleles as follows: fr(AA) = p2, fr(Aa) = 2pq, and fr(aa) = q2.  If you examine this sequence you will see that what we have is the quadratic expansion of p + q = 1; namely  (p + q)2 = 12  or  p2 + 2pq + q2 = 1.  We can see that the genotypic frequencies are strictly predicable BUT ONLY if certain assumptions regarding the population are met.  These are:

1)
The population is infinitely large (no genetic drift).  An infinitely large population ensures that variation due to chance is eliminated and that all rare allelic combinations can be expressed;

2)
Individuals must mate randomly, without any mate selection (no assortative mating).  Random mating implies that the chance of mating between any two genotypes is proportional to their frequencies in the population;

3)
All individuals have equal reproductive fitness (no selection pressure).  That is, all genotypes have the same likelihood of reaching maturity and reproducing;

4)
There is no differential rate of mutation (no mutation pressure).  If mutation occurs, then the rates of mutation from allele to allele are equal, e.g. the rate at which A mutates to a is equal to the rate at which a mutates to A;

5)
Immigration rate for each allele equals emigration rate for that allele  (no gene flow).  This can happen only if each genotype enters the population at the same rate at which it leaves the population.


These five assumptions are critically important, but not because they are in effect in all or even any natural populations.  If and only if all five assumptions hold true, then gene frequencies will remain constant from generation to generation within the population.  This static condition is called Hardy-Weinberg-Castle equilibrium.  These five assumptions of H-W-C equilibrium define the null hypothesis for microevolution.  The observation that these conditions are never all met in real populations is strong evidence for the continual evolution of all natural populations, including humans.


Because it is nearly impossible to observe evolution at work during a three-hour laboratory session, we will study the microevolutionary process using a  simulation of a reproducing population.  The purposes of  this exercise are to learn how to simulate or model processes which we cannot study directly and to provide an opportunity for you to question, experience, and test some of the basic tenets of population genetics and evolutionary biology.

SPECIFIC OBJECTIVES

1.
To investigate the Hardy-Weinberg-Castle equilibrium model;

2.  
To understand the evolutionary process at the level of the allele; 

3.  
To appreciate the use of predictive, mathematical models, as well as 


physical simulations in the biological sciences.

MATERIALS. (quantities indicated are for each group of four students)


Packet of  PTC (phenylthiocarbamide) test paper (1 per table)


The "organisms" (Circulicula papyracea): colored paper chips in three 

vials, one for each genotype


The "environment:" colored poster on which C. papyracea lives


Predators (2 students) who consume the organisms


Helpers (2 students) who set up the environment board


Collection trays for "predators" to put their prey (paper chips) into


Bench brush


Data sheets

PROCEDURE
PART I.  Investigating the Hardy-Weinberg-Castle Law
A.  Determining Allele Frequencies For a Population


Allele frequencies are the currency of population genetics, and therefore it is a very important first step to be able to calculate them.  We will determine the frequencies of different alleles for a simply inherited trait: the ability to taste phenylthiocarbamide (PTC).  People who find PTC bitter are called "tasters" and those that find it tasteless are called "non-tasters".  The difference is due to alternate alleles of a single gene with the allele for tasting (T) dominant to that of non-tasting (t).

1. Determine the frequencies of tasters and non-tasters in your class, using the table below.

	Phenotype
	Genotype(s)
	Number in class
	Freq. in class (#/class total)

	taster
	
	
	

	non-taster
	
	
	


2.  
Determine the allelic frequencies in the class, assuming Hardy-Weinberg-Castle equilibrium.

3. 
 In the whole of the United States, the frequency of PTC tasters is .70 and the frequency of non-tasters is .30.  Determine the allelic frequencies in the U. S. population.

4.  
What is the direction and magnitude of the differences in allelic frequencies between your class and the U. S. population?  How do you account for the difference, if any?
B.  Mathematical Relationships Under Hardy-Weinberg-Castle Equilibrium

Assume that A and a symbolize alternate alleles of a gene.  Assume also that the frequency of A in a hypothetical population is 0.8 and that of  a is 0.2.  (Recall that the combined frequencies of the alleles of a gene must always equal 1.0.)

1.  
In the first row and first column of the Punnett square below, record the alleles and their frequencies.  These represent the possible gametes (haploid eggs or sperm) in our hypothetical population.

2.  
Multiply out the Punnett square below.  The resulting combinations of gametes represent the diploid genotypes of the offspring produced by our hypothetical population.  The genotypic frequencies of the offspring are also represented.

	Gametes


	
	

	
	
	

	
	
	


3.  
From the above genotypic frequencies, determine the allelic frequencies of the offspring population by using the following formulas:
  fr(A)   =       fr(AA) + 1/2 fr(Aa)        and       fr(a) = 1 - fr(A) 

                   fr(AA) + fr(Aa) + fr(aa)

An alternate method of determining allelic frequencies is to take the square root of fr(aa).  (Taking the square root of fr(AA) to find fr(A) would also work but often fr(aa) is the only frequency known because aa individuals are phenotypically distinguishable from both AA and Aa individuals.)







fr(a)  =
√ fr( aa)                  and              fr(A)  =   1 - fr(a)

4.  
Compare the allelic frequencies of the offspring population to those of the parental population.  Are they equal, as predicted by the Hardy-Weinberg-Castle Law?

5.
IMPORTANT:  These formulas can only be used to predict allelic frequencies in one generation from genotypic frequencies in anothergeneration (and vice-versa) if all of the conditions of Hardy-Weinberg-Castle equilibrium are true, i.e. if gene frequencies remain constant from one generation to the next.

PART II.  The Natural Selection Simulation 

Though difficult to test in nature (why?), the Hardy-Weinberg-Castle Law can easily be tested both mathematically and with the use of models.  According to the Hardy-Weinberg-Castle Law, microevolution (i.e. a change in the allelic frequencies of a gene) will occur if any of the five Hardy-Weinberg-Castle conditions are violated.   These conditions constitute the primary mechanisms of evolution: mutation, assortative mating, genetic drift, gene flow, and natural selection.


We will perform a simulation in which natural selection is imposed on a population of prey by their predators.  The prey organism, Circulicula papyracea, is represented by paper chips; the students will be the predators.  The paper chips inhabit heterogeneous environments (colored posters) like those that real organisms inhabit.  The simulation also incorporates the key elements required for natural selection to operate: heritable variation among paper chips, differential survival and reproduction of genotypes, and biotic potential (the chip populations would double every generation were it not for predation).  In Circulicula papyracea, one gene determines body color, and the starting population will have equal frequencies of the two alleles (p = q = 0.5).  The following conditions hold for the simulation: 1) no immigration or emigration of chips occurs, 2) there is no mutation from one allelic form to the other, 3) mating is random among surviving chips, and 4) the only causes of death are predation and senescence (chips surviving predation die after reproducing, just like many real species).

A note about C. papyracea:


For the exercise to work, you must be able to distinguish among not only the phenotypes of the organisms, but the genotypes as well.  Homozygous dominant (AA) and heterozygous (Aa) individuals have the same body color, but are marked differently:




body color:
     marking:

AA

   color 1

o



Aa

   color 1

+ 



aa 

   color 2

o


Predators should not treat the two genotypes with the dominant phenotype differently, because in nature these two genotypes would be indistinguishable from the predator's point of view.

Procedure:

1.
Set up the Simulation:

Divide the group of students into two predators and two helpers and place the poster on the table top.  Count out the starting population of organisms from the vials: 25 AA (marked "o"), 50 Aa (marked "+"), 25 aa (marked "o").  Then mix the 100 chips well.

2.
Set up the Environment:

While the predators move out of sight, the helpers distribute the chips within the boundaries of the poster.  Sprinkle a few chips at a time from about 1.5 feet above the poster, being careful to not let any fall on the floor.  Distribute the chips evenly across the poster.  Disperse any obvious clumps of chips, but do not otherwise rearrange them.  When the environment is stocked with the prey, predators may return.

3.
Predation

Predators are seated opposite one another at the table with their eyes closed; helpers stand behind them holding the collection trays for the prey.  The predators should search for prey only in their half of the poster board.   Each predator should hunt for 25 paper chips (i.e., a total of 50), using the following technique:  open your eyes and remove the first chip you see, then place it in the tray.  Do not begin to search for the next chip until the current chip is placed in the tray; think of this "down time" as the required handling time for the prey item.  Then, moving to a different part of the environment, repeat this procedure.  The goal is to keep each predation event independent of all others.

It is essential that exactly 50 chips are removed from the board, so both predators and helpers should count the prey as they are removed from the environment.

4. 
Tally Survivors and Determine Allele Frequencies:

Both helpers and predators now collect the surviving prey using the bench brush to sweep them off the poster.  Count the number of each genotype and tally these on the "after predation" line of the data sheet.  Remember to differentiate between the two genotypes with the dominant phenotype: AA (marked with "o") and Aa ("+").  Accuracy is very important here!  (also, be sure you tally the survivors, not the prey who were "consumed")

Calculate the allele frequencies (p and q) using the formula on the "expected number of offspring" table, and enter these numbers on the data sheet.  Double check your math: p + q = 1.

5. 
Reproduction:

Now simulate random mating among the surviving prey using the "expected number of offspring" table.  Each pair of chips will produce 4 young, after which the adults die -- this will leave you with 100 chips once again.  The table allows you to quickly determine the expected number of offspring with each genotype given the allele frequencies in the parental population.  Now fill in the numbers of each genotype in the "before predation" line for the next generation, then count out this number of chips of each type in preparation for the next round of predation.

6. 
Repeat For 6 Generations:

Repeat steps 2-5 for five more rounds of predation, or until gene fixation occurs (i.e., one allele is eliminated from the population).  Be sure each student gets a copy of the group data.  Also, an extra copy of the data sheet should be made and given to the instructor, who will summarize the results for all groups.  You will get a copy of this summary data later in class.

7. 
Cleanup and Make Notes:

Sort the chips into the 3 genotypes and place them back into the appropriate vials.  Now make notes about the dominant colors of  both poster "environments" and reflect on how this might have influenced the outcome of the simulations.  You will need this information to answer some of the questions below.

Questions/Exercises (Include in Your Lab Notebook):

1. 
Include your group's data sheet and the average class results in your lab manual.
2.  
From the "expected number of offspring" table, when p = 0.60 in the parental generation, the expected numbers of each genotype are as follows:


AA = 36, Aa = 48, and aa = 16

Show the calculations needed to determine this result.

3.  
Make three graphs as follows: one using the data your group collected (labeled "Figure 1"), and two using the average results for all lab sections combined (Figures 2 = your environment; Figure 3 = the other environment).  Plot the results of six generations of simulated natural selection on the allele frequencies of A and a.  Use the "before predation" data for the allele frequencies.  Label axes appropriately and clearly label the curves for the dominant and recessive alleles.  (As a check on your results, the sum of the two curves should be 1.0.)

4. 
Discuss the results of the simulation, as shown in Figures 1 and 2.  What explanation can you give for this result?  Specifically, in what way did the environment influence the evolutionary fitness of the different genotypes of Circulicula papyracea?
5. 
What might account for the differences, if any, between the results in Figures 1 and 2?  What about the differences, if any, between the results in Figures 2 and 3?  

6. 
For the population of Circulicula papyracea you studied, which of the five conditions of the Hardy-Weinberg law were met and which were violated?  Explain in detail.

7. 
Read about the classic example of evolution in peppered moths (Biston betularia) presented on p. 255-256 in the text.  Are there similarities between the evolution of Circulicula papyracea and Biston betularia populations?    Compare these two examples, discussing each of the following in your answer: natural selection, adaptation, selection pressure, fitness and evolution.
8.  
Can you explain how natural selection could operate without the literal elimination of individuals?  Can your results from this exercise be explained in terms of the following clichés - "struggle for survival" and "survival of the fittest"?
9. 
Would you expect any natural population to meet all conditions necessary for the operation of the Hardy-Weinberg-Castle equilibrium?  If your answer is yes, give examples.  If your answer is no, why then is the Hardy-Weinberg-Castle Law of central importance in evolutionary theory?
Natural Selection Simulation Data Sheet

Alleles:

Dominant (A) = color 1
Recessive (a) = color 2

Phenotypes:

AA = color 1 
Aa = color 1

aa = color 2

______________________________________________________ 





Individuals in Population 
     

Allele 




     
  with Genotype:

    
      Frequencies:





AA
Aa
aa




Generation


(o)
(+)
(o)
Total

 A (p)   a(q)   Total

1
Before Predation: 
  25  
  50
  25
100
  .50
  .50
1.00


After Predation:
         
         
            
50
         
         
1.00


(Reproduction*)

2
Before Predation:
         
         
            100

         
         
1.00


After Predation:
         
         
              50

         
         
1.00


(Reproduction*)

3
Before Predation:
         
         
            100

         
         
1.00


After Predation:
         
         
              50

         
         
1.00


(Reproduction*)

4
Before Predation: 
         
         
            
100
         
         
1.00


After Predation:
         
         
            
50
         
         
1.00


(Reproduction*)

5
Before Predation: 
         
         
            
100
         
         
1.00


After Predation:
         
         
            
50
         
         
1.00


(Reproduction*)

6
Before Predation: 
         
         
            
100
         
         
1.00


(Ending Population)

* After each bout of predation, there must be exactly 50 prey individuals remaining.  Calculate the allele frequencies (p and q) and then use the "expected number of offspring" table to simulate random mating of the 50 survivors (25 pairs, each having 4 offspring = 100 prey in population at start of the next generation)

Environments:
Mountains (color 1 = light blue, color 2 = dark blue)

Garden (color 1 = light green, color 2 = dark green)

Determining the Expected Number of 

Offspring After Random Mating


Use this table to determine the number of offspring with each genotype after random mating among the 50 survivors of predation.  The frequency of the dominant allele A is p and the frequency of the recessive allele a is q (recall that p + q = 1).  Calculate p and q from the "After Predation" genotype frequencies on the data sheet:







p = [(2 x  number of AA) +  number of Aa] / 100






q = [(2 x  number of aa) +  number of Aa] / 100

Example: If genotype frequencies after predation are 8 AA, 14 Aa, and 28 aa, then p = 0.3.  Below, when p = 0.3, then the expected numbers of offspring are 9 AA, 42 Aa, 49 aa

.

   Allele             Expected #

Frequency
offspring
p    
q
AA
Aa
aa

.00
1.00
0
0
100

.01
.99
0
2
98

.02
.98
0
4
96

.03
.97
0
6
94

.04
.96
0
8
92

.05
.95
0
10
90

.06
.94
0
12
88

.07
.93
0
14
86

.08
.92
1
14
85

.09
.91
1
16
83

.10
.90
1
18
81

.11
.89
1
20
79

.12
.88
1
22
77

.13
.87
2
22
76

.14
.86
2
24
74

.15
.85
2
26
72

.16
.84
3
26
71

.17
.83
3
28
69

.18
.82
3
30
67

.19
.81
4
30
66

.20
.80
4
32
64

.21
.79
4
34
62

.22
.78
5
34
61

.23
.77
5
36
59

.24
.76
6
36
58

.25
.75
6
38
56

.26
.74
7
38
55

.27
.73
7
40
53

.28
.72
8
40
52

.29
.71
8
42
50

.30
.70
9
42
49

.31
.69
10
42
48

.32
.68
10
44
46

.33
.67
11
44
45

.34
.66
12
44
44

.35
.65
12
46
42

.36
.64
13
46
41

.37
.63
14
46
40

.38
.62
14
48
38

.39
.61
15
48
37

   Allele             Expected #

Frequency
offspring
p
q
AA
Aa
aa

.40
.60
16
48
36

.41
.59
17
48
35

.42
.58
18
48
34

.43
.57
18
50
32

.44
.56
19
50
31

.45
.55
20
50
30

.46
.54
21
50
29

.47
.53
22
50
28

.48
.52
23
50
27

.49
.51
24
50
26

.50
.50
25
50
25

.51
.49
26
50
24

.52
.48
27
50
23

.53
.47
28
50
22

.54
.46
29
50
21

.55
.45
30
50
20

.56
.44
31
50
19

.57
.43
32
50
18

.58
.42
34
48
18

.59
.41
35
48
17

.60
.40
36
48
16

.61
.39
37
48
15

.62
.38
38
48
14

.63
.37
40
46
14

.64
.36
41
46
13

.65
.35
42
46
12

.66
.34
44
44
12

.67
.33
45
44
11

.68
.32
46
44
10

.69
.31
48
42
10

.70
.30
49
42
9

.71
.29
50
42
8

.72
.28
52
40
8

.73
.27
53
40
7

.74
.26
55
38
7

.75
.25
56
38
6

.76
.24
58
36
6

.77
.23
59
36
5

.78
.22
61
34
5

.79
.21
62
34
4

   Allele             Expected #

Frequency
offspring
p
q
AA
Aa
aa

.80
.20
64
32
4

.81
.19
66
30
4

.82
.18
67
30
3

.83
.17
69
28
3

.84
.16
71
26
3

.85
.15
72
26
2

.86
.14
74
24
2

.87
.13
76
22
2

.88
.12
77
22
1

.89
.11
79
20
1

.90
.10
81
18
1

.91
.09
83
16
1

.92
.08
85
14
1

.93
.07
86
14
0

.94
.06
88
12
0

.95
.05
90
10
0

.96
.04
92
8
0

.97
.03
94
6
0

.98
.02
96
4
0

.99
.01
98
2
0

1.00
.00
100
0
0

PART IV.  POPULATION GENETICS PROBLEMS

1. 
Given that the frequencies of two alleles B and b are 0.3 and 0.7, respectively, calculate the frequencies of all genotypes in the population.

2. 
Assume that the frequency of cystic fibrosis (CF), a genetic disease caused by a recessive allele, is 0.04 in the U.S. (note that the actual frequency is lower).  Assuming Hardy-Weinberg equilibrium, what is the frequency of the CF allele in the population?  What is the frequency of the normal allele in the population?  Determine the frequencies of all genotypes in the population.

3.  
Given the allele frequencies determined in #2 above, what is the probability that a normal parent will be a carrier for the CF allele?  (caution: read the question carefully).

4.
Genetic counselors are often able to predict the probability of the occurrence of genetically determined diseases.  The example of cystic fibrosis  can be used as a model for using probability to predict allelic occurrence under Hardy-Weinberg-Castle equilibrium.    Given that the population has allele frequencies of 0.23 (CF allele, "c") and 0.77 (normal allele, "C"), answer the following questions: 

a) What must be the genotypes of healthy parents in order to produce a child with cystic fibrosis?


b) Determine the probability (P4) that a child of normal parents will have CF, using the following procedure: 



i.
Determine the probability (P1) that a normal father will have the 




appropriate genotype, using the following formula.  In one sentence, 




explain why you must use this formula.




P1 =            fr(Cc)
    





      fr(CC) + fr(Cc)



ii. 
Determine the probability (P2) that a normal mother will have the 




appropriate genotype, using the same formula.




P2 =            fr(Cc)
    





      fr(CC) + fr(Cc)


iii.
If the appropriate father and mother (i.e., both are carriers) have one




 child, what is the probability (P3) that the child will have the CF




 trait?  (Hint: try a Punnett square.)



iv.
Determine the probability (P4) that the child of two normal parents 




of unknown genotype will have CF, using the following formula.   




In one
sentence, explain why you must use this formula.





P4  =  P1  x  P2  x  P3
5. 
If being a werewolf is caused by homozygosity for a recessive allele "w" and 1 in 10,000 people in Transylvania are werewolves, how many of the 100,000 Transylvanians are heterozygous carriers of the werewolf allele?

6. 
In a population of 100 horses, 35 are chestnut, 10 are palomino, and 55 are cremello.  In horses, coat color is determined by a single gene with two alleles: chestnut (C1), and cremello (C2).  Horses heterozygous for this allele (C1C2) exhibit the palomino phenotype.  This is an example of incomplete dominance.

a) What are the frequencies of the two alleles for coat color?

b) Is this population in Hardy-Weinberg equilibrium?  How do you know? What might explain this result?

7. 
One of the first Mendelian traits identified in humans is a dominant condition known as brachydactyly, in which fingers and/or toes are abnormally short.  At the time, it was thought that this dominant trait would spread until 75 percent of the population would be affected (since the phenotypic ratio of dominant to recessive is 3:1).  Show how this line of reasoning is incorrect. 




