Overview
In this activity, students learn about basic patterns of genetic inheritance and apply this understanding to solve problems relating to inheritance patterns in humans as displayed in pedigrees. This class and the associated activity are the last components of a course module on genetics, meaning students have previously learned about and must draw upon an understanding of the relationship between genotype and phenotype, and both Mendelian and simple non-Mendelian genetics (specifically linked genes and recombination), in order to complete the activity. The activity presented here is designed for a partially flipped course model, where students are required to engage with content before class, but the instructor nonetheless devotes a portion of class time to the presentation and review of main and difficult concepts. The remainder of the class time is then dedicated to working on the associated activity.
Students begin before the class by engaging with the content related to patterns of inheritance and pedigrees through selected pre-class readings (links to OpenStax are provided to students and included here, but a list of readings for Pearson’s Biological Sciences Canadian Edition is also provided for students who decide to purchase a text), watching videos linked through Moodle, and/or reviewing PPT notes of the material. Students are not expected to review all of this material; rather, different content modalities are provided to accommodate various learning styles, and students are encouraged from the very beginning of the course to figure out their own best way to interact with the content in its various forms. Having engaged with the content in some manner, students are then required to complete a pre-class multiple-choice quiz through Moodle which tests basic concepts relating to patterns of inheritance in pedigrees. 
In class, the instructor reviews inheritance patterns and answers any student questions related to the material. During this time, students answer real-time response questions on Moodle to test that they have understood the key concepts and to prompt review and discussion of difficult concepts. The last of these questions is particularly challenging, allowing the instructor to offer a glimpse into slightly more advanced probability considerations that could be associated with this process.
The rest of the class time is devoted to the activity. Students are encouraged (or occasionally required) to work in groups to complete the Moodle-based activity.  The first part of this activity requires students to analyze a pedigree chart displaying phenotypes relating to two different traits that stem from linked genes, adding an extra challenge element to the problem. The traits in question are the disease Alkaptonuria (ALK) and the common ABO blood type. Students are required to elucidate the pattern of inheritance for ALK, but have previously been introduced to the ABO blood type when considering non-Mendelian patterns of inheritance (co-dominance, multiple alleles). They must then draw upon their understanding of linked genes and recombination frequencies (also previously introduced) to determine the probability of a developing baby presenting a particular phenotype. This is a challenging problem that typically requires some degree of instructor prompting for students to solve. Some groups do not manage to complete the problem before the end of the class, in which case they must complete it as homework. As a result, the instructor occasionally devotes a few minutes at the beginning of the following class to review the linked genes problem.
Finally, there are extra pedigree analyses for groups that finish early. Alternatively, these extra activities can be accessed by students outside of class (through Moodle) as additional practice post-class. Approximate times for each task associated with this activity are provided in the linked workflow.
Instructional Objectives
At the end of this activity, students are expected to have a better understanding of autosomal dominant, recessive, and X-linked traits, and be able to analyze displayed patterns and genetic relationships. They should also have a deeper understanding of gene linkage, and be able to apply this knowledge to other pedigree charts. This includes the application of concepts relating to probability to solve complex pedigree problems.


Videos
These are the videos to view before our class on the patterns of inheritance. They aren't theory, just examples, so no extra interaction is included for these. The three videos focus exclusively on both learning outcomes from this course:
(After watching these videos, you should be able to)
LO1: Compare different patterns of autosomal dominant, autosomal recessive, or X-linked recessive inheritance, recognize pedigree examples of each and explain the difference between them, and attribute these patterns to mechanics of meiosis and to Mendelian laws.
LO2: Use Punnett squares and probability calculations (product rule, addition rule) to solve pedigree problems requiring the determination of inheritance pattern, parental genotypes, and the probability of a child inheriting a particular genotype.
Pedigree Analysis 1 (Andrew Douch)
https://youtu.be/HbIHjsn5cHo?si=wNOhXyld4jd5MD8G
Pedigree Analysis 2 (Andrew Douch)
https://youtu.be/ej2hFc8u_zQ?si=kU9aaGMBJxcccoKV
Pedigree Analysis 3 (Andrew Douch)
https://youtu.be/UU3Ou0c9u0U?si=q6eLdlLPRpKi2UCd


Readings
Patterns of Inheritance
Openstax Readings:
	Section
	Heading
	Specifics
	General Biology 1 (NYA) Learning Outcomes
	Notes

	12.2
	Characteristics and Traits
	Review subsection 'The Test Cross Distinguishes the Dominant Phenotype'.  
	1. Compare different patterns of autosomal dominant, autosomal recessive, or X-linked recessive inheritance, recognize pedigree examples of each and explain the difference between them, and attribute these patterns to mechanics of meiosis and to Mendelian laws.
2. Use Punnett squares and probability calculations (product rule, addition rule) to solve pedigree problems requiring the determination of inheritance pattern, parental genotypes, and the probability of a child inheriting a particular genotype.
	1. Pedigree analysis really isn't covered. It's only mentioned in passing, and bits of probability analysis are included in other sections.

	Supp.
	Pedigrees
	Copied Below
	
	





Pedigree Reading Supplement
The Openstax text doesn't really address pedigree analysis at all. This is described below.

Applying Mendel's Rules to Humans
When researchers set out to study how a particular gene is transmitted in wheat or fruit flies or garden peas, they begin by making a series of controlled experimental crosses. For obvious reasons, this research strategy is not possible with humans. But suppose that you are concerned about an illness that runs in your family, and you go to a genetic counselor to find out how likely your children are to have the disease. To advise you, the counselor needs to know how the trait is transmitted, including whether the gene involved is autosomal or sex-linked and what type of dominance is associated with the disease allele.
To understand the transmission of human traits, investigators have to analyze human genotypes and phenotypes that already exists. They do so by constructing a pedigree, or family tree, of affected individuals.
Pedigrees record the genetic relationships among the individuals in a family along with each person's sex and phenotype with respect to the trait in question. If the trade is governed by a single gene, then analyzing the pedigree may reveal whether a given phenotype is due to a dominant or recessive allele and whether the gene responsible is located on a sex chromosome or on an autosome. Let's look at a series of specific case histories to see how this work is done.
Identifying human alleles as recessive or dominant
To analyze the inheritance of a trait that shows discrete variation, biologists begin by assuming that a single autosomal gene is responsible and that the alleles present in the population have a simple dominant-recessive relationship. This is the simplest possible situation. If the pattern of inheritance fits this model, then the assumptions – of inherited by a single gene and simple dominance – are supported. Let's first analyze the pattern of inheritance that is typical of autosomal recessive traits and then examine patterns that emerged in pedigrees for autosomal dominant traits.
Patterns of inheritance: autosomal recessive traits. In analyzing the inheritance of traits, it's helpful to distinguish conditions that must be met when a particular pattern of inheritance occurs versus conditions that are likely to be met. For example, if a phenotype is due to an autosomal recessive allele, then:
· individuals with the trait must be homozygous.
· where the parents of an affected individual do not have the trait, the parents must be heterozygous for the trait (unless a mutation occurred in one or both of the parents when producing the gametes; this is such a remote possibility that we essentially ignore it).
Heterozygous individuals who carry a recessive allele for an inherited disease are referred to as carriers of the disease. These individuals carry the allele and transmit it even though they do not exhibit signs of the disease. When two carriers mate, they should produce offspring with the recessive phenotype about 25% of the time.
The figure below is the pedigree from a family in which an autosomal recessive trait, such as sickle cell disease, occurs. The key feature to notice in this pedigree is that some boys and girls exhibit the trait even though their parents do not. This is the pattern you would expect to observe when the parents of an individual with the trait are heterozygous. It is also logical to observe that when an affected homozygous individual has children, those children do not necessarily have the trait. This pattern is predicted if affected people have children with individuals who are homozygous for the wild-type allele, and is likely to occur if the recessive allele is rare in the population.
In general, a recessive phenotype should show up in offspring only when both parents have that recessive allele and pass it on to their offspring. By definition, a recessive allele produces a given phenotype only when the individual is homozygous for that allele.
[image: ]

Patterns of inheritance: autosomal dominant traits. By definition, when a trait is autosomal dominant, individuals who are homozygous or heterozygous for it must have the dominant phenotype. Even if one parent is heterozygous and the other is homozygous recessive, on average half of their children should show the dominant phenotype. And unless a new mutation has occurred in a gamete, any child with the trait must have a parent with this trait. The latter observation is in strong contrast to the pattern seen in autosomal recessive traits.
The figure below shows the consequences of autosomal dominant inheritance in the pedigree of a family affected by a degenerative brain disorder called Huntington's disease. The pedigree has two features that indicate that this disease is passed to the next generation through an autosomal dominant allele. First, if a child shows the trait, then one of its parents shows the trait as well. Second, if families have a large number of children, the trait usually shows up in every generation due to the high probability of heterozygous parents having affected children.
 [image: ]
Identifying human traits as autosomal or sex-linked
When it is not possible to arrange reciprocal crosses, can data in a pedigree indicate whether a trait is autosomal or sex linked? The answer is based on a simple premise: if a trait appears about equally often in males and females, then it is likely to be autosomal.
The data in the Huntington's pedigree above indicate that the disease appears in both males and females at about equal rates. This is strong evidence that the trait is autosomal. But if males are much more likely to have the trait in question than females are, then the allele responsible is likely to be recessive and found on the X chromosome. Because so few genes occur on the Y chromosome, Y-linked inheritance is rare.
To understand why a sex bias in phenotype implicates sex-linked inheritance, recall from our previous class that sex-linked genes are located on one of the sex chromosomes. Because human males have one X chromosome and one Y chromosome, they have just one copy of each X-linked gene. But because human females have two X chromosomes, they have two copies of each X-linked gene. These simple observations are critical. In humans – just as in fruit flies and in every other species that has sex chromosomes – the pattern of inheritance in sex-linked traits is different in males and females because the complement of sex chromosomes differs in the two sexes.
What does the pedigree of an X-linked trait look like? Let's consider the pedigree of a classic X-linked trait: the occurrence of hemophilia in the descendants of Queen Victoria, the 19th century British monarch, and her husband, Prince Albert. Hemophilia is caused by a defect in an important blood-clotting factor. Hemophiliacs are at a high risk of bleeding to death because even minor injuries result in prolonged bleeding. The tip-off in the pedigree of Queen Victoria's descendants is that only males develop hemophilia.
Also note the affected male in generation 2 (the second square from the right in Row II). His two sons were unaffected, but the trait reappeared in a grandson. Stated another way, the occurrence of hemophilia skipped a generation. This pattern is logical because hemophilia is due to an X-linked recessive allele. Because males have only one X chromosome, the phenotype associated with an X-linked recessive allele appears in every male that carries it. Further, the appearance of an X-linked recessive trait skips a generation in a pedigree. This pattern occurs because an affected male passes his only X chromosome on to his daughters. But because his daughters almost always received a wild-type allele from their mother, the daughters don't show the trait. They will pass the defective allele on to about half of their sons, however.
[image: ]



Pre-Class Quiz
1. The pedigree below highlights a tasting disorder within a particular extended family. What is the pattern of inheritance for the inflicting allele? (The below questions are from p. 60 of Sinnott et al., 1958)
[image: ]
Answer: Autosomal recessive
This is the correct answer! Despite the high number of affected individuals, as well as the fact that there are affected individuals in every generational line, the parents of the last generation from the pedigree are not affected, but they do have an affected daughter. This immediately indicates that this is a recessive trait, because it can be masked in the parents but re-appear in their offspring. You can tell that this is not an X-linked recessive trait because the daughter has it, but her father does not. For the daughter to display an X-linked recessive trait, she must receive copies of the recessive allele from both her parents. Were this the case, the father would have the recessive allele on his X chromosome, and would display it, by default, because he only has one X chromosome. Thus, since the father of the affected daughter is not affected himself, you know that this is not an X-linked recessive trait.


2. The pedigree below is for a condition called polydactyly, which is having 6 fingers, within a particular extended family. What is the pattern of inheritance for the inflicting allele, and what is the probability that, if individuals A and B had another child, this child would be born with 6 fingers?
[image: ]

Answer: Autosomal dominant; ¾
This is the correct answer! You have correctly deduced that this is an autosomal dominant trait, presumably because there are numerous affected individuals and every affected child has an affected parent, but most importantly because individuals A and B do not have affected children. If this trait were recessive, the genotypes of individuals A and B would both have to be aa (or XaXa and XaY), and they could only have affected children because they both only have a alleles to give. However, since there are unaffected children, this MUST mean that the trait itself is dominant, but that parents A and B are heterozygous (Aa). This is the only way that both their children could avoid having the trait while both parents do.
Knowing that both parents are Aa, a simple monohybrid Punnet square identifies a 3:1 ratio of dominant to recessive probability for the next generation, i.e., 3/4 probability of having 6 fingers.


3. The pedigree below displays the occurence of a disorder called hemophilia, which is an inability to form blood clots, within a particular extended family. What is the pattern of inheritance for the hemophilia allele, and what is the probability that A and B's next child will have the disorder?
[image: ]

Answer: X-Linked recessive; ¼
This is the correct answer! You have correctly identified this pedigree as tracking a recessive allele, presumably because every affected individual in the pedigree does not have affected parents, which means that this can not possibly be a dominant trait. Also, you realized that this is an X-linked recessive, most likely because only males are affected (this is the only way to identify X-linkage from this pedigree, because technically this pedigree could actually represent an autosomal recessive trait, and so, from this, X-linkage is actually just a best guess; hemophilia IS X-linked in reality, though).
Since she has an affected son, individual B must therefore be heterozygous, which means she has a 1/2 probability of passing on her recessive hemophilia allele to all of her offspring. However, since individual A does not have hemophilia, and only has 1 X chromosome, this means he must have the dominant normal allele, and will pass this on to all of his daughters (his sons will get a Y). As a result, all of individual A's daughters will have the dominant normal allele, and will not be affected. Thus, the only way for a child to be affected is to be a son (1/2 of getting Y), and to receive the recessive X from mom (1/2). 1/2 X 1/2 = 1/4.


4. Which of the following observations support the idea that the gene controlling maleness is located on the Y chromosome?
a. XO individuals are usually sterile, normal intelligence, female, with slight physical abnormalities.
b. XXY individuals are sterile males with long limbs.
c. XXX individuals are normal females.
d. Some men are XX but have a small piece of the Y attached to another chromosome.
e. All of the above are observations suggesting that the gene controlling maleness is on the Y chromosomes.

5. White eyes is a recessive X-linked trait in fruit flies. If a white-eyed female fruit fly is mated to a red-eyed male, their offspring should be:
a. 50 percent red-eyed and 50 percent white-eyed for both sexes.
b. All white-eyed for both sexes.
c. All white-eyed males and all red-eyed females.
d. All white-eyed females and all red-eyed males.
e. 50 percent red-eyed males and 50 percent white-eyed males and all red-eyed females.


In-Class Real-Time Response Quiz Questions
What is the pattern of inheritance?
[image: ]
A. Autosomal Dominant
B. Autosomal Recessive
C. X-Linked Recessive

What is the pattern of inheritance?
[image: ]
A. Autosomal Dominant
B. Autosomal Recessive
C. X-Linked Recessive




In the pedigree shown below, you are following the X-linked recessive trait of hemophilia. Imagine that in generation IV, one of the affected males shown marries a woman who is a carrier for hemophilia. What is the probability that this couple’s daughter will have hemophilia?
[image: ]
A. 0
B. 0.25
C. 0.5 (Note: The question indicates that the couple are having a daughter, so she has already inherited the hemophilia allele on the X chromosome from her dad)
D. 0.75
E. 1

What is the probability that "?" will be affected?
[image: ]
A. 1/2
B. 1/3 (note that there is a 2/3 probability of the prospective father being heterozygous because you know this person is not affected (coloured in))
C. 1/4
D. 1/6
E. 1/8


Activity (potentially completed as homework)
Alkaptonuria is an extremely rare disease. The gene for Alkaptonuria (ALK) has recently been shown to lie on human chromosome 9 and to be linked to the gene encoding the ABO blood group, with a recombination frequency of 11% between the loci. A pedigree of a family with the disease is shown below, with affected individuals indicated in black. In addition, the blood type of family members is given.
[image: ]
The two alleles at the ALK locus will be denoted + (wild type, no ALK) and - (the ALK allele). The three alleles at the ABO blood group locus will be denoted A, B (which are co-dominant) and O (which is recessive to A and B).
1. What is the genotype of individual 1 at the ALK and ABO loci? AO+-
2. What is the genotype of individual 2 at the ALK and ABO loci? Follow the same writing conventions as above. OO+-
3. What is the genotype of individual 3 at the ALK and ABO loci? Follow the same writing conventions as above. BO+-
4. For individual 3, which alleles of each gene are carried on the chromosome he inherited from his father and which alleles are carried on the chromosome he inherited from his mother? Father: O-   Mother: B+
5. Individuals 3 and 4 are expecting their fifth child. A physician draws a prenatal blood sample and determines that the child has blood type B. What is the probability that the child will have alkaptonuria? Explain your answer. 11% - Since you know the child has blood type B and has thus inherited the chromosome with the B allele, the only way the child has ALK is if crossing over has occurred and the – allele is attached on the same chromosome.


What type of inheritance does this pedigree represent, and what is the probability that the child in question (?) will be affected? Assume a ½ probability for each of ?’s mother’s possible genotypes.
[image: ]
A. X-Linked Recessive, 1/2
B. X-Linked Recessive, 1/4
C. X-Linked Recessive, 1/3
D. Autosomal Recessive, 1/2
E. Autosomal Recessive, ¼

If the pedigree from the question above represented autosomal recessive inheritance (this is a hypothetical situation… just go with it), and I told you that ?’s grandparents on her mother’s side (?’s mother’s parents) were both heterozygous for the trait, what would you estimate to be the probability of ‘?’ expressing the recessive phenotype?

A. 1/2
B. 1/3
C. 1/4
D. 2/3
E. 1/6
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