
Homework Assignment, Evolutionary Systems Biology, Spring 2009. 

Homework Part I: Phylogenetics: 

Introduction. The objective of this assignment is to understand the basics of phylogenetic 
relationships and why they are important in understanding the patterns of biodiversity observed 
in nature. 
 
     Scientists as far back as Darwin and Linnaeus conceived of natural variation as being “tree-
like”. This implies that all existing diversity originated at a single point in the past and eventually 
split off into a series of related but non-recombining categories. Up until the early 20th century, 
the tree of life was thought to be progressive, with humans and other so-called “higher” animals 
being the ultimate outcome of evolution. 
 
Q1: what is incorrect about a progressive view of evolution? Can there be exceptions to the non-
reticulating (e.g. tree-like) model of evolution? HINT: read through assignment or do additional 
research via Google before answering. 3 points. 
 
 
 
 
 
Cladistics and Phylogenetics. In the 1960s Willi Hennig introduced a method called cladistics 
which does not assume that different biological categories are higher or lower, just more basal 
or more derived (in fact, the terms basal and derived are the correct way to refer to a group of 
related species: species that presumably diverged early in the history of a taxonomic group are 
called basal, while those that diverged later in time are derived). This approach is known by the 
more well-known term of phylogeny, and organizes biodiversity in a number of unique ways: 
 
1) traits are identified as being either ancestral or derived. Given a common ancestor, various 
states of a trait can be traced to a common origin point.  
 
2) each nested group is called a clade, which defines a number of biological units as being 
closely related. Clades are generally defined by synapomorphies, or traits (characters) that are 
both shared and derived. 
 
3) derived traits shared by more than one species are either homologous or homoplastic: 

 

Examples of Homology Examples of Homoplasy 

All bird wings Bird wings vs. Bat wings 

Linkage within a specific gene 
family 

Gene function in different gene 
families 

Gene sequence in related 
species 

Gene sequence similarity in genome-
wide context 

 
4) the shape of the phylogeny is defined by a series of evolutionary steps, each of which 
represents a state change for a single trait. These steps are discretized characterizations of a 



trait (e.g. different beak shapes are identified as 0, 1, and 2, or different nucleotides at the same 
base position are referred to as A, T, C, and G). 
 
5) tree structures are rooted using a distantly-related species in which shared characteristics are 
more likely to be ancestral than derived. In this case, evolutionary conservation plays a role in 
helping us identify evolutionary relationships. Specifically, this allows us to polarize various 
traits. 
 
6) different trees are built using different sets of assumptions. One method, called parsimony, 
assumes that the simplest explanation is the best. Consequently, a tree built using parsimony 
does not include many losses of derived characters or convergent evolution (homoplasy). Other 
schools of thought, such as Maximum Likelihood, assume that the evolution of characters 
involves a likelihood function, as in which character states are most likely to appear in a given 
taxon. 
 
Hennigian argumentation: how to trace characters through a tree. One approach to building a 
phylogeny from a limited number of characters (there exists software for building larger trees) is 
by defining evolutionary relationships using single character state changes. The following gene 
tree gives a graphical example of this. 

 
     As we can see, a "C" in position 5 and a "T" is position 8 defines the clade on the left-hand 
side of the graphic. The tips of the tree can be defined by additional changes in the sequence. In 
cases where we have the information (e.g. mutation rate), branch lengths are of variable 
lengths. Each state change is summarized using hash marks along the branch they are 
hypothesized to occur. This can also be done with binary character states (e.g. zeros and ones). 
 
Q2: build a phylogeny according to the following matrix: 

Species Trait1 Trait2 Trait3 Trait4 Trait5 Trait6 

A 0 0 0 0 1 1 

B 0 1 0 1 0 0 

C 0 1 1 0 0 0 

D 0 0 0 0 1 0 

E 1 0 0 0 0 0 



Use the Hennigian argumentation approach (link). Each branch should contain at least one state 
change. Assume branch lengths are equal. HINT: species in the same clade might share all but 
one trait. 5 points. 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
List all synapomorphic traits. 3 points. 
 
 
 
How many derived states exist in taxon A? 3 points. 
 
 
 
How many ancestral traits are shared by taxa C and D? 3 points. 
 
 
 
 
A few problems with this approach: 
 
A) trait recombination: especially in the case of neural characters, evolution can use a number of 
solutions to arrive at the same trait shape, state, or function. In these cases, the traditional “tree 
of life” model is violated, and one cannot tell (especially in light of other evidence) whether a 
character state is homologous or not.   
 
B) long-branch attraction: when two species share a large number of derived traits, it is hard to 
tell how long ago they diverged. 
 
C) unresolved groups: there is not enough unique information in each species to tell them apart 
using a phylogenetic approach. These relationships are represented in the phylogenetic 
topology by a series of parallel lines. 
 
D) homoplastic traits: derived traits that are shared by species in different clades. Often times 
this is called convergent or parallel evolution.  



 
Q3: you are asked to build phylogeny out of the following matrix: 
 

Species Trait1 Trait2 Trait3 Trait4 Trait5 Trait6 

A 0 1 1 1 1 1 

B 0 1 1 1 1 1 

C 0 1 1 0 0 1 

D 0 0 1 1 1 0 

E 1 1 1 0 0 0 

 
Build a phylogeny as you did in #2. Identify instances of A through D in the resulting topology. 5 
points. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Instances of A through D. 3 points. 
 
 
 
 
 
 
 
 
 
Extra credit: Identify famous phylogenies. 
 
Look at the following phylogenies and identify what systems they are representative of and/or 
what’s going on in each example (pay attention to clues in the figure and search Google). 
 



1. Hint: evolution of a modern scourge (viral evolution). 3 points. 

 
 

2. Hint: regional variation in a non-Primate group (within a single species). 3 points. 
 

 



3. Hint: all animals are as one (least recent common ancestor). 3 points. 
 

 
 
 
4. Hint: life's diversity is larger than previously thought (three major groups). 3 points. 

 

 
 
 



Homework Part II: Models of Heredity and Genotype 
* you may show your work in either equation form or Matlab code 

     The Hardy-Weinberg model is a way to model a genotype from observations of a phenotype, 

or the probability of the offspring of two parents as either carriers or expressers of a particular 

genotype. This is useful in the medical domain, where genetic counselors can predict how likely 

a child is to develop a certain disease.  

     Deriving a phenotype from a genotype is generally a complex affair. For example, most traits 

are polygenic, epistatic (genes that interact during expression), and are influenced by 

environmental factors. However, as a conceptual and predictive tool, we can use relatively 

simple models of "hard" inheritance to understand this relationship.  

Law of Independent Assortment 

     Gregor Mendel, in his experiments with peas, discovered a number of principles regarding 

genotypic distributions based on observations of phenotype across generations. Keep in mind 

that this was done before the concepts of the gene and DNA were made concrete. Nevertheless, 

it is one of the cornerstones of the modern evolutionary synthesis. One of these principles is the 

Law of Independent Assortment. This law predicts that each parent (F1 generation) carries two 

copies of a certain locus, and that during meiosis (sexual reproduction) the four copies of this 

locus have an equal chance of being transmitted to the offspring. The offspring (F2 generation) 

will inherit only two of these four copies, so that multiple offspring from the same set of parents 

will have different genotypes. Keep in mind that this ignores cases in which certain loci are 

passed down either maternally or paternally (sex-linked traits). 

Terminology 

A locus or site is analogous to a gene, but can also represent any DNA sequence in the genome. 

An allele is a variant locus or site. Generally, an allele represents both a structural (sequence) 

and a functional (contribution to phenotype) difference from other alleles. Alleles can be 

dominant or recessive in their effects.  

A homozygote is a genotype that inherits that same allele from each parent. A heterozygote is a 

genotype that inherits one allele from one parent and another allele from the other parent. This 

has consequences for gene action: a recessive phenotype requires two copies of the recessive 

allele for a particular trait, while a dominant phenotype can be derived from either a single or 

both copies of the dominant allele. 

In population genetics, models exist which consider both alleles and sites (loci) to be infinite. For 

many complex traits, there can be many alleles and many sites all with unique effects on the 

system. 



 

Standard geneaology showing relationship between F1 (parental generation) and F2 (offspring). 

Squares are males, circles are females. Note that both parents are homozygous, but the 

offspring exhibit all possible combinations (homozygous and heterozygous). 

Hardy-Weinberg Mechanics (9 points) 

Basic Equation 

     The Hardy-Weinberg technique is at its heart a probabilistic tool. In general, the field of 

population genetics treats the problem of single-locus heredity as a binomial expansion. The 

expression 

1 = (p + q)2 

tells us that two alleles (p and q) can be observed as proportions of a phenotype in a population. 

Let us assume that in a population of birds that p is a red beak and q is a blue beak. As the 

equation suggests, these frequencies must equal 1.0. For an F1 population of birds, p = .30 and q 

= .70. To infer their genotype, we can expand the binomial term and plug in our empirical 

observations  

1 = p2 + 2pq + q2 

1 = .09 + .42 + .49 

Punnett Square 

     One indispensible graphical tool of statistical investigation is the Punnett square. We can take 
our equations from above and create a Punnett square in the following manner 
 



 p q 

p pp qp 

q pq qq 

 
The idea is to account for every possible combination of variables p and q, and assign a 
probability to them. 
 

 p q 

p .09 .42 

Q .42 .49 

 
Q1: why does the diagonal axis (cells pq and qp) have the same probabilites associated with 
them? 3 points. 
 

 

 

 

 

 

 

 

Q2: how would the values in the Punnett square change if the frequency of p = .40 and q = .60? 

Show your work*. 2 points. 

 

 

 

 

 

 

From Structure to Function 

     Our probabilities from the 2x2 Punnett square represent the probability that any one 

offspring in the F2 generation will inherit a particular genotype. However, not every cell in our 



matrix represents a distinct phenotype. Recall that our bird population has two phenotypes (red 

and blue) even though there are four possible genotypes.  This can be possible because the p 

allele is dominant and the q allele is recessive. The rules of gene action in this case are the 

following: 

* any genotype in which p exists results in a red phenotype. 

* only genotypes in which no p allele exists can produce a blue phenotype. 

Q3: According to these rules, list a) the genotypes that result in a red phenotype, b) the 

genotypes that result in a blue phenotype, and c) the total frequency at which each phenotype 

will occur. 4 points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Multiple Loci and Epistasis: Agouti Mouse Example (16 points) 

     The Agouti mouse is a forest rodent that lives in Central and South America. They are a model 

organism for the effects of nutrition (via epigenetic effects) and epistatic effects on offspring 



coat color. This exercise will focus on the interactions of genes (epistasis) in determining the F2 

phenotype. 

 

     Now that we are familiar with a simple one locus model, we can move to model that includes 

two sites and two alleles. In the F1 generation, there are two sites: one that confers coat color 

(B/b), and another (C/c) that determines albinism. The B allele is dominant and encodes for a 

black coat, while the b allele is recessive and encodes for a brown coat. The C allele allows for 

the expression of the coat color determined by B/b, while the c allele is heterozygous recessive 

and in such case can block the expression of the B/b site. This is shown below in graphical form: 

Taken together, this results in a larger Punnett square and a more complex set of phenotypic 
relationships 
 

 BB Bb bB bb 

CC BBCC BbCC bBCC bbCC 

Cc BBCc BbCc bBCc bbCc 

cC BBcC BbcC bBcC bbcC 

cc BBcc Bbcc bBcc bbcc 

 
Q1: List all possible genotypes for the following phenotypes: a) black coat, b) brown coat, c) 
albino. Calculate the expected frequency of each phenotype for F2 (HINT: assume that each cell 
in the 4x4 Punnett square has a frequency of .0625). 4 points.



 
 
 
 
 
Q2: What are the "rules" of gene action (make a list like I did in the From Structure to Function section)? 
What criterion did you use to arrive at this classification (what results in a black coat, in a brown coat, 
etc.)? 4 points. Try to formulate as few rules as possible. 
 
 
 
 
 
 
 

 

Q3: Suppose we have two specific Agouti mice: one with a black coat, and the other an albino. Further 

suppose that we know the genotype for each mouse: Black coat = BBCC, and Albino = BBcc. Tell me what 

the frequency of the following phenotypes in F2 will be for a) Black-coated offspring, b) Brown-coated 

offspring, c) Albino offspring. 4 points. HINT: the rules of gene action and independent assortment still 

apply. 

 

 

 

 

 

 

Q4: Now assume that there are two parents with known genotypes: Black Coat = BBCC and Brown Coat 

= BbCC. Tell me what the frequency of the following phenotypes in F2 will be for a) Black-coated 

offspring, b) Brown-coated offspring, c) Albino offspring. 4 points. 

 

 

 

 


