Hemoglobin and Fitness Lab
Modified from a lab written by Dr. Janet Lanza, University of Arkansas at Little Rock, Biology Department

Question: What is natural selection? This is the essential question students will “discover” the answer to after this lab activity.

Background Information
Sickle Cell Anemia and Malaria

Sickle cell anemia is a hereditary disorder that mostly affects people of African ancestry, but also occurs in other ethnic groups, including people who are of Mediterranean and Middle Eastern descent. More than 70,000 Americans have sickle cell anemia and about 2 million Americans—and one in every 12 African Americans—have sickle cell trait (this means they carry one gene for the disease, but do not have the disease itself).

Sickle cells anemia occurs when a person inherits two abnormal genes (one from each parent) that cause their red blood cells to change shape. Instead of being flexible and round, these cells are more rigid and curved in the shape of the farm tool known as a sickle—that’s where the disease gets its name. The shape is similar to a crescent moon.

What is Sickle Cell Anemia?

Sickle cell anemia is a blood disorder that affects hemoglobin, a protein found in red blood cells that helps carry oxygen throughout the body.  
Red blood cells with normal hemoglobin (HbA) move easily through the bloodstream, delivering oxygen to all of the cells of the body. Normal red blood cells are shaped like doughnuts with the centers partially scooped out and are soft and flexible.

Sickle cell anemia occurs when an abnormal form of hemoglobin (HbS) is produced. HbS molecules tend to clump together, making red blood cells sticky, stiff, and more fragile and causing them to form into a curved, sickle shape. Red blood cells containing HbS can go back and forth between being shaped normally and being shaped until they eventually become sickle shaped permanently. Instead of moving through the bloodstream easily, these sickle cells can clog blood vessels and deprive the body’s tissues and organs of the oxygen they need to stay healthy. 

Unlike normal red blood cells that last about 4 months in the bloodstream, fragile sickle cells break down after only about 10 to 20 days, which usually causes anemia. Anemia is what happens when the body’s number of red blood cells (or amount of hemoglobin) falls below normal. People who are anemic often feel weak and tire more easily.

Sickle cell anemia is not contagious, so you can’t catch it from someone else or pass it to another person like a cold or other infection.  People with sick cell anemia have inherited two sickle cell genes, one from each parent. A child who has inherited the sickle cell gene from only one parent will not develop the disease, but will have sickle cell trait. People who have sickle cell trait don’t have sickle cell anemia or symptoms of the disease, but they can pass the sickle cell gene to their own children.

Falciparum malaria (P. falciparum), transmitted by the female anopheles mosquito, is the most deadly of the four types of the disease (the other three being P. vivax, P. ovale, and P. malariae). Each year, malaria attacks about 400 million people, two to three million of whom succumb to the illness. Most mararia victims are children. An understanding of the origin of sickle cell disease and several other red cell disorders requires knowledge of a few of the basics about malaria and something about the process called natural selection.

Malaria

The plasmodium parasite that causes malaria is transmitted from mosquitoes to humans. The parasites spend part of their life cycle in the mosquito and part of it in the human host. The infective plasmodial sporozoites enter the bloodstream from the saliva of the feeding female anopheles mosquito. Cells of the liver kill a number of these cells, however, a fraction of the sporozoites escape destruction. 
The parasites then transform into a new form. The nuclear genetic material of the parasite replicates to the point that the liver cells are totally filled with  new forms of the plasmodia. These are then released into the bloodstream where they invade circulating red blood cells. After penetrating the red blood cells, the particles form a ring and consume hemoglobin in the red blood cells and enlarge until they fill the cell completely. During their growth these plasmodia particles reproduce causing the red blood cells to lyse (break apart) and release the particles into the blood stream where they continue to infect new red blood cells.

Some of the trophozoites in the red ells take a different developmental pathway and form gametocytes. Gametocytes are the sexual form of the parasite and do not lyse the red blood cells. A mosquito taking a blood meal from a person whose red cells contain gametocytes acquires the malarial parasite. The sexual reproduction cycle then begins in the mosquito. The mosquito subsequently transmits the parasite when it attacks another human host.

Malaria Defenses

The complex nature of the malaria parasite life cycle in the human host present several point sat which the organism could be targeted for destruction. The sporozoites injected into the blood stream with the initial mosquito bite are attacked there by components of the immune system.

The last point at which the life cycle of the malarial parasite can be frustrated in humans is at the phase of red blood cell invasion and multiplication. Red blood cells are constantly created and destroyed as part of their life cycle. A mutation that somehow destroys both the infected red cells and the parasite could therefore eliminate the malaria parasite. The destroyed infected cells would be replaced by new, healthy cells.

Sickle trait provides a survival advantage over people with normal hemoglobin in regions where malaria is endemic. People (and particularly children) infected with P. falciparum are more likely to survive the acute illness if they have sickle cell trait.
People with two genes encoding normal hemoglobin, have a significant chance of dying of acute malarial infection in childhood. In contrast, people with two genes for sickle hemoglobin are likely to succumb to sickle cell disease at an early age. People with sickle cell trait who possess one gene for normal hemoglobin and one gene for sickle hemoglobin are more likely to survive their initial acute malarial attacks than are people with two genes for normal hemoglobin. Therefore, the people with sickle cell trait are more likely to reach reproductive age and pass their genes on to the next generation. 

The precise mechanism by which sickle cell trait imparts resistance to malaria is unknown.  A number of factors likely are involved and contribute in varying degrees to the defense against malaria.

Studies have shown that deformed red blood cells are marked as abnormal and targeted for destruction by the white blood cells. Since they are removed from circulation and destroyed, selective sickling of infected sickle trait red blood cells would reduce the parasite burden in people with sickle trait.  These people would be more likely to survive acute malarial infections.  Other investigations suggest that malaria parasites could be damaged or killed directly in sickle trait red blood cells. 

Hemoglobin comes in variations due to point mutations in the DNA that code for the protein part of the hemoglobin molecule. Studies have shown that one variant, hemoglobin C, can protect against malaria. A study of more than 4,000 subjects showed hemoglobin C heterozygotes had significantly few episodes of P. falciparum malaria that did controls with only hemoglobin A. The risk of malaria was lower still in subjects who were homozygous for hemoglobin C. Homozygous hemoglobin C produces a mild hemolytic anemia.

Laboratory Introduction:

In this lab activity we will study the incidence of two alleles. One is the allele that codes for normal hemoglobin which is part of your red blood cells. The other allele codes for the sickle cell trait. We will use Hn to refer to the normal hemoglobin allele and Hs to refer to the sickle hemoglobin allele.  In this lab, we will use shorthand notations for frequency. For example, f(Hn) is the frequency of the Hn allele; f(Hs) is the frequency of the Hs allele; f(Hn Hn) is the frequency of people with two Hn alleles; f(Hn Hs) is the frequency of people heterozygous; and f(Hs Hs) is the frequency of people homozygous for the Hs allele.

Laboratory Assignment:

You will repeat this exercise three different times. The first time is in the absence of natural selection and the last two will be with natural selection. In Natural Selection I, the population is located in the United States. In Natural Selection II, the population is located in equatorial Africa.  

In all situations, you will use red beans to represent the allele coding for normal hemoglobin and white beans to represent the allele coding for sickle hemoglobin. You will start a population with a certain allele frequency (how many times that allele occurs in the entire population) and ask what happens to the allele frequency under different evolutionary conditions.
You will complete the exercises and hand in your answers to the accompanying questions. The grading rubric will evaluate the correctness of your results and the thoroughness and clarity with which you answer the questions.

Name ________________________________________

Date __________________
Class Period __________________________________

Hemoglobin and Fitness Lab
Pre-Lab questions
1. How do red blood cells with normal hemoglobin differ in shape from those with the abnormal form of hemoglobin? _____________________________________________ _______________________________________________________________________

2. What affect does the presence of HbS have on the patient’s body and wellbeing? ______ _______________________________________________________________________

3. How do the malaria parasites cause damage to a patient’s red blood cells? ___________ _______________________________________________________________________

4. How do the malaria parasites infect new mosquito hosts? _________________________ _______________________________________________________________________

5. What advantage does the sickle cell trait offer those who live in areas where malaria parasite is endemic? ______________________________________________________

6. How do mutations in hemoglobin arise? ______________________________________
7. What benefit might these mutations allot those who possess them? _________________ _______________________________________________________________________

8. What are the drawbacks to these mutations? ___________________________________

9. How will you represent the following?

a. Normal hemoglobin allele: __________________________________________

b. Sickle hemoglobin allele: ____________________________________________

c. Frequency of the normal hemoglobin allele: _____________________________

d. Frequency of the sickle hemoglobin allele: ______________________________

e. Frequency of people homozygous for the normal hemoglobin allele: __________

f. Frequency of people heterozygous for the normal hemoglobin allele: __________

g. Frequency of people homozygous for the sickle hemoglobin allele: ___________

10. What color beans will you use to represent each of the following?

a. Allele coding for normal hemoglobin: __________________________________

b. Allele coding for sickle hemoglobin: ___________________________________

Hemoglobin and Fitness Lab-Instructions
Directions: Without Natural Selection

1. Get 20 beans (16 white and 4 red). The white beans represent the Hn allele and the red beans represent the Hs allele. This is your original population.
2. Calculate the frequency of both alleles [f(Hn) and f(Hs)] and record in Table 1 (remember, a frequency is a measure of how many of a given allele is in the entire gene pool). Use either decimal or percentage values.

3. Arrange the beans in any pairs you wish; these pairs represent the individuals in the population. Record the number of individuals with each genotype [f(Hn Hn), f(Hn Hs), and f(HsHs)] in Table 1.

4. Now imagine that the individuals are living and reproducing. Each individual reproduces at the same rate—all individuals put two copies of each of their alleles into the next generation. Get enough beans to represent the next generation. (the offspring generation) and then let the parental generation “die”.

5. Calculate the frequency of both alleles in the offspring generation and record in Table 1.

6. Answer the questions that follow in Table 1.

Directions: Natural Selection I

1. Get 40 beans (32 white and 8 red). This is your original population.

2. Calculate the frequency of both alleles [f(Hn) and f(Hs)] and of the three genotypes [f(HnHn), f(HnHs), and f(HsHs)] and record in Table 2. Use Table 2 for the remainder of this exercise. Use decimal or percentage values.

3. Arrange the beans into pairs (individually) in any way you wish.

4. Apply natural selection by allowing only the following proportions fo individuals to “survive”

HnHn

1.0

100%

HnHs

0.7

70%

HsHs

0.2

20%

These fractions represent the fitness of the different genotypes in the US. To do so, we are making a simplifying assumption that all fitnesses are due to survival differences alone.

5. Calculate the new allele frequencies (after selection) and record in Table 2. Have allele frequencies changed? If so, which allele is more frequent? Do these changes make sense in the light of what you did in step #4? Also, calculate the genotype frequencies and record.

6. Check with other groups. Do you all have the same new allele frequencies? If not, why not?

7. This step is a little complicated, so be patient. You will use the new allele frequencies (after selection) to tell you the expected frequencies of each genotype in the next generation. 
a. To calculate the expected frequencies of HnHn square the frequency (expressed as a decimal) of Hn and multiply by 20. This is the expected number of HnHn individuals in the new generation. 
b. To calculate the frequencies of HnHs multiply the frequency of Hn (expressed as a decimal) by the frequency of Hs , then multiply by 2 and finally multiply by 20. This is the number of HnHs individuals in the new generation.
c. To calculate the expected frequencies of HsHs square the frequency (expressed as a decimal) of Hs and multiply by 20. This is the expected number of HsHs individuals in the new generation.
8. Calculate the nuew allele frequencies (before selection) for the new generation. These should be the same as the allele frequencies after selection in the previous generation. Can you understand why? Also, calculate the new genotype frequencies.

9. Repeat steps 4-9 for two more cycles.

10.  Answer the questions that follow Table 2.

Directions: Natural Selection II
1. Proceed with the same steps as in Natural Selection I but use the following fitnesses:

HnHn

0.9

90%

HnHs

1.0

100%

HsHs

0.2

20%

These fractions represent the fitnesses of the different genotypes in Africa. Put your results in Table 3.


Example Calculation:

Population:  
30   HnHn

To figure f(HnHn) 30/50 = 1.6
15   HnHs


    f (Hs)      2(5) + 1(15)  =  10 + 15  = 0.25
 5    HsHs 
      2(50)
100

50
Remember: to check your work, simply add the 3 genotypic frequencies together and, if you did the calculations correctly, it should add up to 1. The same goes for allelic frequencies; the two added together should be 1
Name ___________________________________

Date ____________________

Class Period _____________________________

Hemoglobin and Fitness Lab-Data Sheets

Table 1

	
	f(HnHn)
	f(HnHs)
	f(HsHs)
	f(Hn)
	f(Hs)

	Original Generation
	
	
	
	
	

	Offspring Generation
	
	
	
	
	


Answer the following questions
1. What happened to the frequency of the common allele?

2. What happened to the frequency of the rare allele?

3. What happened to the frequency  of the common and rare alleles when the starting frequencies were different from yours (Ask a neighbor)

4. What happens to allele frequencies from one generation tot eh next if there are no evolutionary forces acting on the population?

Table 2

	
	
	f(HnHn)
	f(HnHs)
	f(HsHs)
	f(Hn)
	f(Hs)

	Original Generation
	Before selection
	
	
	
	
	

	
	After Selection
	
	
	
	
	

	1st Offspring Generation
	Before Selection
	
	
	
	
	

	
	After Selection
	
	
	
	
	

	2nd Offspring Generation
	Before Selection
	
	
	
	
	

	
	After Selection
	
	
	
	
	

	3rd Offspring Generation
	Before Selection
	
	
	
	
	

	
	After Selection
	
	
	
	
	


Answer the following questions

1. What happens to allele frequencies with natural selection?

2. Specifically, what happened to the frequency of Hn? Of Hs?

3. What would happen to allele frequencies if natural selection stopped acting?

Table 3
	
	
	f(HnHn)
	f(HnHs)
	f(HsHs)
	f(Hn)
	f(Hs)

	Original Generation
	Before selection
	
	
	
	
	

	
	After Selection
	
	
	
	
	

	1st Offspring Generation
	Before Selection
	
	
	
	
	

	
	After Selection
	
	
	
	
	

	2nd Offspring Generation
	Before Selection
	
	
	
	
	

	
	After Selection
	
	
	
	
	

	3rd Offspring Generation
	Before Selection
	
	
	
	
	

	
	After Selection
	
	
	
	
	


Answer the following questions:

1. What happens to allele frequencies with natural selection?

2. Specifically, what happened to the frequency of Hn? Of Hs?

3. What would happen to allele frequencies if natural selection stopped acting?

Summary: Explain each of the following in a few paragraphs (on separate paper)
1. What have you learned about allele frequencies with and without natural selection?

2. Why is the sickle cell hemoglobin allele relatively common in parts of Africa but relatively rare in the US? (Hint: What is malaria and what is it caused by? How could this affect your populations?)






