Human Genetics

Every individual has two sets of chromosomes—one set from the father and one set from the mother.  Our phenotype is the result of the interaction of the alleles on these two sets of chromosomes.  The objectives of this exercise are to learn how to use the Punnett square to predict the probability that a child will inherit a certain phenotype and/or genotype from his/her parents and to be introduced to some genetic disorders found in humans.

In the following problems you will practice using the Punnett square to predict the probability of parents with certain genotypes producing children with certain genotypes.  Many of the problems will concern genetic diseases many of which are caused by a recessive allele.  When a disease or characteristic is caused by a recessive allele, individuals with only a single allele for the disease will usually be normal, but will carry the allele for the trait and therefore possibly pass it on to their children.  Individuals with two alleles for the disease or characteristic will actually have the disease or characteristic.  Genetic diseases occur because the disease causing allele is unable to produce a specific protein required by the body.  In the cases of diseases caused by recessive alleles, an individual who is heterozygous usually appears normal because the one normal allele he receives is able to produce enough of the required protein.  Normal alleles can mutate (change) into the disease causing allele.  This can result in the sudden appearance of a genetic defect in a family with no genetic history of the disease.  All of our alleles appear to mutate at a specific frequency.  Mutagens such as x-rays can increase the rate of mutation.

Remember that the Punnett square predicts probabilities—not certainties.  Just because statistics predict that the probability of a specific event occurring is 50%, that does not mean that it will always happen 50% of the time.  For example just because statistics predict that ½ of the children a couple has will be boys and ½ will be girls, this does not always happen in real life.  As another example, consider flipping a coin.  Statistics predict that ½ of the time the coin will land heads up and the other ½ of the time it will land tails up.  If you flip the coin enough times this will indeed happen, but if you only flip it a few times you sometimes end up with a predominance of heads or a predominance of tails.  This is called luck and it often occurs in genetics as well as gambling.  For example genetics might predict that a couple had 2 out of 4 chances of producing a child with Huntington’s disease.  Suppose this couple then had four children—all of whom were norma.  We would say they were lucky—they beat the odds.

Simple Monohybrid Cross—this type of cross involves a single trait controlled by single pair of alleles.   One allele is dominant and the other is recessive.

1. Phenylketonuria—Individuals with this disorder are unable to produce the enzyme responsible for the conversion of the amino acid phenylalanine to the amino acid tyrosine.  Because tyrosine is needed in the production of melanin, PKU sufferers are very blond and fair –skinned.  Phenylalanine is present in protein and in the artificial sweetener aspartamine (equal).  Phenylalanine builds up in the body and acts as a neurotoxin causing brain damage and mental retardation.  Most states require that all newborns be tested for the presence of this disorder.  Afflicted individuals are placed on a special diet that is extremely low in phenylalanine.  Strict adherence to this diet can prevent the brain damage and mental retardation.   The diet can be discontinued once the brain is completely formed.  The actual age at which the diet can be safely discontinued (at the age of 6 versus following adolescence) is controversial.  As a result of early detection and treatment, adults with this disorder may have a normal phenotype.  PKU is caused by a recessive allele (p).  Therefore, only individuals homozygous for the allele will develop the disorder. 
Assume a man homozygous for PKU marries a woman who is heterozygous for PKU.

1. What is the genotype of the man? __________
2. What is the genotype of the woman? _________
3. What is the probability that their child will have PKU? _________
4. What is the probability that their child will not have PKU? _________
5. What is the probability that their child will not be a carrier for PKU? _______
6. What is the probability that their child is a carrier (carries but does not have the disease)? _________
7. Would you predict that this genetic defect will become more common or less common in the future? _________   Explain your answer.

2. Cystic Fibrosis—Individuals with cystic fibrosis have a genetic defect that interferes with secretory processes.  As a result they produce excessive amounts of thick mucus that clog the respiratory passages providing a breeding ground for respiratory disease.  Digestive processes are also impaired because the disease causes blockage of the ducts carrying pancreatic digestive enzymes and bile to the intestines.  They also produce excessively salty sweat.  In cystic fibrosis, the defective gene normally codes for CFTR protein (cystic fibrosis transmembrane conductance regulator protein).   This protein functions as a chloride channel controlling the flow of chloride ions in and out of the cells.  Because of the genetic defect the CFTR protein is not made correctly.  This is an example of pleiotropy (single allele has more than one phenotypic effect).  Researchers are currently investigating the use of genetic engineering (using disabled cold viruses to carry normal CFTR genes into the respiratory system), activating the defective protein, and prodding a different protein to take on the responsibilities of the CFTR protein.  Scientists have reversed cystic fibrosis in mice by feeding them DHA (decosahexaenoic acid), a fatty acid found in fish oil.  Human tests began this year (2000).  Cystic fibrosis is the most common lethal genetic disease in the U.S.  It is most common in white children (1 in 2400 white children).  It is interesting that carriers (heterozygotes) are protected from the deadly effects of diarrhea caused by cholera.  Cystic fibrosis is caused by a recessive allele (f).

A man who is heterozygous for cystic fibrosis marries a woman who has a normal genotype.

1 What is the genotype of the man? ______
2 What is the genotype of the woman? ______
3 What is the probability that they will produce a child with cystic fibrosis? _______
4 What is the probability that they will produce a child who is a carrier for cystic fibrosis (heterozygous)? ________
5 What is the probability that they will produce a child that has a normal genotype? ________
3. Huntington’s Disease—Individuals with Huntington’s disease have massive degeneration of the basal nuclei in the brain leading to wild involuntary movements and progressing to dementia and death.  This disease is caused by repeats of the CAG codons near the end of chromosome 4.  Perhaps 1 in 24,000 individuals develops the disorder.  It is caused by a dominant allele so that every individual who inherits the allele will eventually develop the disease.  Symptoms do not usually appear until after the age of 30.  Huntington’s Disease is lethal to the embryo in the homozygous condition.
A couple has been married for five years and are planning to conceive their first child when they learn that the man’s father has Huntington’s Disease.  Assume that both the man’s wife and his mother are normal.

1. What is the man’s father’s genotype? __________

2. What is the wife’s genotype? _________

3. What will the man’s genotype be if he has inherited the disease from his father? ____________

4. What is the probability that the man has inherited the disease from his father? ______

5. What is the probability that the couple will have a child with Huntington’s Disease if the man has inherited the disease? _______

6. With the information currently available (all probabilities) what is the probability that the couple will have a child with Huntington’s Disease? _______

7. Most lethal genetic diseases that are caused by a single gene are recessive.  Lethal recessive alleles are able to hide in heterozygous individuals.  Natural selection can only weed out the unfavorable allele when it is expressed in an individual homozygous for the allele.   A lethal allele that is dominant kills every individual that inherits it.  Therefore these dominant alleles are removed from the population before they can be passed on to the next generation.  Why do you think Huntington’s Disease can not be wiped out by natural selection? ___________________________

Incomplete Dominance or Co-Dominance—Incomplete dominance is used to describe a pair of alleles in which neither allele is dominant.  Heterozygous alleles show a blending of the phenotypes seen in individuals homozygous (AA or aa) for the alleles.

4. Sickle cell Anemia—This disease affects the hemoglobin.  Hemoglobin is an important protein found in erythrocytes that is responsible for transporting oxygen to the cells.  In individuals suffering from this disorder, many of the erythrocytes have a sickle or irregular shape.  The disorder interferes with the ability of hemoglobin to transport oxygen and symptoms include severe anemia and increased susceptibility to heart failure, pneumonia, kidney failure, and spleen enlargement.  Prior to the advent of modern medical treatment most individuals with this disorder died as children.  Even today, 31% die by the age of 15.  This disorder is most common in individuals from central Africa (s allele frequency = 12%) and is also common in African Americans (5.4%) as compared to white Americans (0.1%).  The disorder is caused by a single error in the gene that replaces the amino acid glutamic acid with valine on the surface of the hemoglobin molecule.  The valine is non-polar unlike glutamic acid and forms a sticky spot on the hemoglobin molecule.  The non-polar sections of hemoglobin molecules stick together forming long chains that lead to deformed erythrocytes.    When oxygen is bound to the hemoglobin it shields the sticky area.  Sickling crises are exacerbated by low oxygen conditions such as high altitude or exercise.  The disorder was first described in Chicago in 1904 in a West Indian Black student.  Only those individuals who are homozygous for the s allele actually have sickle cell anemia.  Carriers (heterozygotes--Ss) may develop symptoms when oxygen levels are low.   Carriers are also resistant to malaria.  Malaria is a leading cause of death and illness in central Africa.  The selective advantage this affords carriers is responsible for the high frequence of the s allele in individuals from this area.  An additional factor contributing to the high frequency is the currently unexplained greater fertility of women who are carriers.  There is no such advantage for African Americans in the U.S.  and the frequency of the s allele is therefore decreasing.    This disorder is usually considered to be caused by a recessive allele (s) present in the homozygous (ss)condition.  However because heterozygotes (carriers) exhibit mild symptoms, it may also be considered an example of incomplete dominance.  This is because the recessive allele is not completely hidden in the heterozygous condition.
A man who is a carrier for Sickle cell Anemia marries a woman who is also a carrier.
1. What is the genotype of the man? ________

2. What is the genotype of the woman? ________

3. What is the phenotype of both the man and woman? _______

4. What is the probability that they will produce a child with sickle-cell anemia?

5. What is the probability that they will produce a child who does not have sickle cell anemia and who does not carry the gene? _______

6. What is the probability that they will produce a child who is a carrier for sickle cell anemia? _________

Sex-linked Crosses—These are special types of monohybrid crosses in which the alleles controlling a certain trait are located on the sex chromosome.  In X-linked crosses the determining allele is located on the X chromosome and there is no corresponding allele on the Y chromosome.  Therefore whatever allele a male inherits on the X chromosome is expressed.  In females these traits are determined by the interaction between the alleles on the two X chromosomes.  More simply stated, males have no second—or backup--- allele for insurance.  For this reason disorders determined by X-linked genes are much more likely to occur in males.  These included hemophilia (1 in 10,000 males born with the disorder versus 1 in 50 million females), color blindness, androgen insensitivity, and Duchenne’s Muscular Dystrophy   There are over 2500 genes on the X chromosome and only about 15 on the male chromosome.  

Y-linked inheritance is less common, but does occur.  That is there are some genes on the Y chromosome that have no counterpart on the female chromosome.  These include the SRY gene necessary for proper male development and the gene for hairy pinna.  These genes are passed directly from father to son and cannot be inherited by females.

It is vital that you keep track of the chromosomes on which the specified alleles are located when working with sex-linked traits.  Therefore instead of just writing  a gene pair as AA, Aa, or aa,  the alleles should appear as superscripts on the chromosomes they are attached to.  For example XAXA of XAXa or XAYO.  Note that a O is used as a subscript in X-linked crosses to indicate that there is no allele present on the y chromosome for the specific trait being studied.  When would you use a O as the superscript for the X chromosome? ___________________________________________________

5. Duchenne Muscular Dystrophy—This disease is caused by an X-linked recessive allele.  It is the most common and most serious of a group of muscular dystrophy diseases.  It is caused by a lack of the protein dystrophin.  Dystrophin links the cytoskeleton to the extracellular matrix and helps stabilize the plasma membrane of muscle cells.  The disease is usually diagnosed between the ages of 2 and 10 when an otherwise healthy boy becomes clumsy and begins to fall frequently in response to weakening muscles.  The disease spreads upward from the lower extremities to the chest and head.  Victims rarely live beyond their early twenties.  Death is from respiratory failure.  A number of approaches are being researched to cure or treat the symptoms of this cruel disease.  In 1999 scientists learned that the antibiotic gentamicin (when administered to mice with DMD) was able to override the premature genetic stop codon (codon that stops the synthesis of a specific protein earlier than it should) known to cause about 15% of DMD cases.  Approximately 1 in 3700 males born are afflicted with this lethal disorder.  About a third of these cases are the result of a new mutation in one of the parents.  The allele causing this disorder appears to have a high mutation rate.
A woman who is a carrier for Duchenne Muscular dystrophy marries a man who is normal.  They have an 18 month old daughter and the woman is pregnant with a boy.

1. What is the genotype of the father? ________

2. What is the genotype of the mother? ________

3. What is the probability that their daughter will develop DMD? ________

4. What is the probability that their daughter is a carrier? ________

5. What is the probability that their daughter has a normal genotype? ______

Think!  Since they already know the child is a girl you should have disregarded any possible offspring with a Y chromosome.

6. What is the probability that their unborn son will have DMD? _________

7. What is the probability that their unborn son will not have DMD? _______

8. Why might a couple that carried a sex-linked defective allele be interested in choosing the sex of their child? ___________________________________

6. Hemophilia—Hemophilia is a genetic disorder in which the blood clots slowly or not at all.  The failure of the blood to clot is caused by a missing protein (factor) that is needed for blood clotting.  Some forms of hemophilia are caused by alleles present on the autosomes while other forms are caused by alleles present on the sex chromosomes.  Individuals with hemophilia are in constant danger of bleeding to death.  Today, hemophiliacs are supplied with the missing factor by transfusions.  These transfusions enable hemophiliacs to live a relatively normal life.   The transfusions are very expensive and in the 70s many hemophiliacs contracted AIDS through these transfusions.   Royal Hemophilia is the most famous hemophilia.  It is caused by a sex-linked recessive allele.  It is called Royal Hemophilia because of its appearance in many of royal lineages.  The disorder was apparently inherited by Queen Victoria as a new mutation in one of her parents.  There is no previous history of the disease in the British Royal Family.  Queen Victoria’s husband (Prince Albert) did not have the disorder.   Queen Victoria did not have the disorder, but carried it on one of her X chromosomes.  Her offspring married into the royal houses of Germany, Prussia, Russia, and Spain.  Her son  Edward (King Edward VII) eventually became King.  He apparently did not have  the disorder since the current royal family does not carry the disorder and they are his descendants.  Queen Victoria’s daughters introduced hemophilia into the Russian, Prussian, and Spanish Royal Houses.  
1. What was Queen Victoria’s genotype? __________
2. What was Prince Albert’s genotype? ___________
3. What was King Edward’s probably genotype? _________
4. What was the probability that Queen Victoria would produce a male heir without hemophilia? ______________  Note that  you actually have two probabilities here.
5. What was the probability that one of Queen Victoria’s daughters would have hemophilia? _____________
6. What was the probability that one of Queen Victoria’s daughters would be a carrier for hemophilia? ____________
7. Can a boy ever inherit an X-linked trait from his father?  ________  Explain your answer.
8. Do you think hemophilia will become more common or less common in the future?
Multiple alleles—In some cases there are more than two possible alleles.  These are called multiple alleles.  Even though there are more than two possible alleles that may occur, each individual will still only have, at most, two of those alleles; one on the maternal chromosome and one on the paternal chromosome.  The ABO blood group or Landsteiner’s Blood group is determined by multiple alleles.  The three possible alleles are A, B, and O.  Both A and B form protein enzymes that add sugar molecules to lipids on the surface of erythrocytes. These sugar molecules function as antigens.   The O allele encodes for a protein that does not add a sugar group to the lipids.  These sugars help the immune system identify the cells.   

1. A –individuals with this allele produce antigen A.  The body of individuals with the A allele recognize antigen A as belonging to self as opposed to non-self.

2. B—individuals with this allele produce antigen B.  The body of individuals with the B allele recognize antigen B as belonging to self as opposed to non-self.

3. O—individuals with this allele do not produce antigens.

An individual might have any two of these alleles.   A and B are dominant to O.   A and B are co-dominant to one another.  The interactions between these three alleles produce 4 possible blood types (A,B,AB, or O).   The blood type of an individual is his/her phenotype.

Type A—individuals with type A blood can have the AA genotype or the AO genotype.  In both cases, the individual produces antigen A—produced either by the 2 A alleles if the individual is homozygous (AA) for type A blood or by the single A allele if the individual is heterozygous (AO).  The blood of individuals with this blood type contains Antibody B.  This antibody will attack antigen B if it is introduced into the blood.  Genotype _____ or _______

Type B—The genotype of individuals with this blood type can be either BB or BO.  These individuals produce Antibody B that will attack Antigen A if it enters their blood stream.  Genotype ____ or ______

Type AB—Individuals with this type blood produce both antigen A and antigen B.  Therefore the individual accepts both of these antigens.  Neither Antibody A nor Antibody B is produced.  Individuals with this blood type can receive blood transfusions from anyone.  They are universal recipients.  Genotype______

Type O—individuals with type O blood have the genotype OO.  They do not produce any antigens.  They produce antibodies against both antigen A and antigen B.   Since type O blood does not contain any antigens it can be given to individuals with other blood types.   It is called the universal donor.  Genotype _______

1 Which blood type is considered the universal recipient? _______

2 Which blood type is considered the universal donor? ______

3 Which blood types produce antibodies against Antigen A? ______ and ______

4 Which blood type produces both Antigen A and Antigen B? ______

5 Which blood type does not produce any antigens? ___________

6 Which blood types produce antibodies against Antigen B?   ______ and ______

A man with Type O blood marries a woman with AB blood.

1 What is the probability that they will have a child with type O blood? ______

2 What is the probability that they will have a child with type B blood? ______

3 What other type(s) of blood might their children have?   _______

       A friend of yours has just had a baby.  When she leaves the hospital, she gets a sheet of paper saying the baby has Type O blood.   She is concerned that the hospital may have made a mistake and given her the wrong baby.  She does not see how she could have a baby with Type O blood when both she and her husband have type B blood.  She knows you are taking a course in biology and asks if you can explain to her how it would be possible for her to have a child with Type O blood.  Use the Punnett square to show her whether or not it was possible for her to have a child with Type O blood.
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