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Exercise set 1  

______________________________________________ 

This set of exercises is now a simplified version of the original one. 

________________________________________________________________ 

1. 

Open the MEGA-software and pick up the Drosophila_Adh -data from the example 

folder. Answer the following questions.  

 

- A) How many conserved sites, how many variable sites, how many parsimony 

informative sites? 

 

- B) What is relationship between nucleotide differences at sites which do alter 

amino acid and those that do not alter amino acid: is there a difference between 

observed mutations leading to amino acid differences and those mutations that do 

not lead to amino acid difference?  

 

Take a subsample of four species from the data and answer the following  questions. 

Restricting to four species and not considering the whole data 11 species means that 

you can easily proceed (you can do the same as is in lecture slides p 5-6): 

 

- C) Pick up one variable site which is not parsimony informative and explain why it 

is not parsimony informative. 

 

- D) Pick up three parsimony informative sites and construct the unrooted maximum 

parsimony trees on the basis of these sites. Then combine the information from 

these separate sites: what is the maximum parsimony tree?  

 

o N.B. You should use a set of species which are not too similar in order to 

get a reasonable set for answering to these questions. How to do that? 

Inspect your clustering! If your first trial set does not include any 

parsimony informative sites, then your set is too simple and you should 

take another sample! 

 

 

- E) Below (next page) is an example using a cost scheme: transversions are 

weighted 4x.  Re-consider your D) (= what you did above). Would you get the 

same result or a different result by using this kind of a cost scheme?   

 

- F) Calculate the distance matrix by using p-distance and by Jukes-Cantor.   You 

can do this by using MEGA 
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- -facilities. However, in addition to this distance matrix, show at least one 

calculation by hand: Show, for one species pair, how is their p-distance and Jukes-

Cantor –distance calculated. 

 

- G) By using the distance matrix you made in F) (either p-distance or JC, does not 

matter), construct UPGMA by hand.  

 

 

This picture is from Lemey et al., The phylogenetic handbook, 2009, www.cambridge.org/9780521877107 

 

 

Two cost schemes:  

 

- Equal vs. transversions 4x weighted. See next page for clarification on transitions 

and transversions.  

 

- With equal costs, the minimum length in two steps and this length is achievable in 

three different ways: internal nodes assignment A-C, C-C and G-C. If a similar 

analysis for the other two possible trees, ((W,X),(Y,Z)) and ((W,Z),(Y,X)) is 

conducted, they are also found to have lengths of two steps. Thus this character 

http://www.cambridge.org/9780521877107
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(state) does not discriminate among three tree topologies and is parsimony-

uninformative under this cost scheme. 
 

- With 4:1 transversion:transition weighting the minimum length is five steps, 

achieved by two reconstructions: internal node assignments A-C and G-C. Similar 

evaluation of the other two trees finds a minimum of eight steps on both trees. 

This means that two transversions are required rather than one transition plus one 

transversion.  The character thus becomes informative as some trees have lower 

lengths than others. 

 

DNA substitution mutations are of two types: 

Transitions are interchanges of two-ring purines (A G) or of one-ring pyrimidines (C T): they 

therefore involve bases of similar shape.  

Transversions are interchanges of purine for pyrimidine bases, which therefore involve exchange of 

one-ring and two-ring structures.  

It is well known that transitions are considerably more common than transversions. 
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2. 

Modelling nucleotide substitutions is an elementary part of (for example) phylogeny 

reconstructions (with the exception of parsimony methods).  Jukes-Cantor model assumes 

that all substitutions occur with equal probabilities. Derivation is given in lecture slides and, 

for convenience, here anew.  

Derive the two-parameter model including separate parameters for transitions and 

transversions. In case you consider this as too demanding, it is enough that you construct 

the starting scheme and the first equations, i.e. the part corresponding equations (1) – (3) 

in Jukes-Cantor one-parameter model. 

Assumption: all nucleotide substitutions occur with equal probabilites, α, Jukes-Cantor model (1969) 

● The rate of substitution for each nucleotide is 3α per unit time 

                              A   T    C    G  

                               A        α    α    α  

                                T   α         α    α  

                                C   α   α          α  

                                G   α   α   α  

●  At time 0:  Assumption that  at a certain nucleotide site there is A, PA(0) = 1 

●  Question: probability that this site is occupied by A at time t , PA(t) ? 

●  At time 1, probability of still having A at this site is 

                                           PA(1) = 1 - 3α                                                             (1) 

●  3α is the probability of A changing to T, C, or G 

●  The probability of the site having A at time 2 is 

                              PA(2) = (1 - 3α )PA(1) + α [1 – PA(1)]                                            (2) 

 

 

This includes two possible courses of events from time points t=0 --> t = 1 --> t = 2 

      t = 0                                    t = 1                                     t = 2 

        A          no substitution           A        no substitution            A  

        A          substitution        T or C or G     substitution             A 

●  The following recurrence equation holds for any t  

                             PA(t+1) = (1 - 3α )PA(t) + α[1 – PA(t) ]                                              (3) 
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Note that this holds also for t = 0, because PA(0) = 1 and thus                 

     PA(0+1) =  (1 – 3α) PA(0) + α [1 – PA(0) ] = 1 - 3α                              

      which is identical with equation (1).  

●   The amount of change in PA(t) per unit time, rewriting equation (3): 

      ΔPA(t)  =  PA(t+1) – PA(t)  = - 3αPA(t) + α[1 – PA(t) ]  =  - 4αPA(t) + α                                    (4) 

●  Approximating the previous discrete-time model by a continuous-time model, by regarding ΔPA(t)  as the rate of 

change at time t. With this approximation equation (4) is rewritten as  

                               dPA(t) / dt  =  - 4αPA(t) + α                                                       (5) 

 

●  The solution of this first-order linear differential equation is 

                               PA(t) = ¼  +  (PA(0) – ¼ )e -4αt                                                                                                                                 (6) 

●  The starting condition was A at the given site, P A(0) = 1, consequently 

                               PA(t) = ¼  + ¾ e -4αt                                                                                                                  (7)  

  

●   Equation (6) holds regardless of the initial conditions, for example if the initial nucleotide is not A, then PA(0) = 

0, and the probability of having A at time t 

                               PA(t) = ¼  + ¼ e -4αt                                                                                                          (8)  

●  Equations (7) and (8) describe the substitution process. If the initial nucleotide is A, then PA(t) decreases 

exponentially from 1 to ¼ . If the initial nucleotide is not A, then PA(t) will  increase monotonically from 0 to ¼ . 

  

●   Under this simple model, after reaching  equilibrium, PA(t)=PT(t)=PC(t)=PG(t) for all subsequent times.  

●   Equation (7) can be rewritten in a more explicit form to take into account that the initial nucleotide is A and the 

nucleotide at time t is also A   

                               PAA(t) = ¼  + ¾ e -4αt                                                                                                    (9)  

 ●   If the initial nucleotide is G instead of A, from equation (8) 

                               PGA(t) = ¼  + ¼ e -4αt                                                                                                (10) 

Since all the nucleotides are equivalent under the Jukes-Cantor model, the general probability, Pij(t) , 

that a nucleotide will become j at time t, given that it was i at time 0, equations (9) and (10) give the 

general probabilities Pii(t) and  Pij(t), where i ≠ j.  

                               Pii(t) = ¼  + ¾ e -4αt           and        Pij(t) = ¼  + ¼ e -4αt                    (11)                                                                    

 

Number of substitutions, nucleotide divergence, between two sequences 

●     We assume that all sites in sequence evolve at the same rate and follow the same substitution scheme. The 

number of sites compared between two sequences is denoted by L.  
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●     Consider  the probability that a nucleotide at a given site at time t  is the same in both sequences. Suppose that the nucleotide 

at a given site was A at time point 0. At time t, the probability that a descendant sequence will have A at this site is PAA(t), and 

consequently the probability that two descendant sequences have A at this site is P2
AA(t). Similarly, the probabilities 

that both sequences have T, C or G at this site are P2
AT(t), P2

AC(t), and P2
AG(t) 

●    The probability that the nucleotide at a given site at time t is the same in both sequences is 

                                        I(t) = P2
AA(t) + P2

AT(t) + P2
AC(t) + P2

AG(t)                (12) 

●     From equations (11) we obtain 

                                        I(t) = ¼ + ¾ e -8αt                                                                                                       (13) 

 

●     Equation (13) also holds for T, C or G. Therefore, regardless of the initial nucleotide at a given site, I(t)  represents the proportion 

of identical nucleotides between two sequences that diverged t time units ago. The probability that the two sequences are different 

at a site at time t is p = 1 - I(t).  Thus 

                                     p = ¾ (1 - e -8αt)      or      8αt = ln(1 – (4/3) p)                                                      (14) 

●      The time of divergence between two sequences is usually not known, and thus estimation of α is not possible. Instead, it 

possible to calculate K, which is the number of substitutions per site since the time of divergence between the two 

sequences.  In the case of the one-parameter model, K = 2(3 αt), where 3 αt is the number of substitutions per site in a 

single lineage. 

          K  = 6 αt  = - ¾ ln(1 - (4/3) p)                                                                                  (15) 

where p is the observed proportion of different nucleotides between the two sequences.  

_________________________________________________________________________________________________________ 


