C3020 — Mol ecul ar Evol ution

Exerci ses #3: Phyl ogeneti cs

Consi der the foll owi ng sequences for five taxa 1-5 and the known outgroup O
whi ch has the ancestral states (note that sequence 3 has changed fromthe
earlier version to nmake conputation easier)

1 ACAAACAGIT CGATCGATTT GCAGICTGGEG
2 ACAAACAGIT TCTAGCGATT GCAGICAGGG
3 ACAGACAGIT CGATCGATTT GCAGICTCGG
4 ACTGACAGIT CGATCGATTT GCAGTCAGAG
5 ATTGACAGIT CGATCGATTT GCAGTCAGGEA
0] TTTGACAGIT CGATCGATTT GCAGICAGGG

1. Make a distance matrix using raw distances (nunber of differences) for the

five ingroup sequences.

| 1 2 3 4 5
1] -

21 9 -

3| 2 1 -

4| 4 12 4 -

5] 5 13 5 3 -



2. Infer the UPGVA tree for these sequences fromyour matrix. Label the
branches with their | engths.
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To derive this tree, start by clustering the two species with the | owest

pai rwi se difference -- 1 and 3 -- and apportion the di stance between them
equally on the two branches | eading fromtheir comon ancestor to the two
taxa. Treat themas a single conposite taxon, with distances fromthis taxon
to any other species equal to the nean of the distances fromthat species to
each of the species that make up the conposite (the use of arithnetic means
expl ai ns why some branch | engths are fractions). Then group the next nost
simlar pair of taxa -- here* it is 4 and 5 -- and apportion the distance
equal ly. Repeat until you have the whole tree and its lengths. 2 is nost
distant fromall other taxa and conposite taxa, so it nust be the sister to
the clade of the other four taxa.

* |n fact there is a tie at this point, because the distance between 4 and 5
and t he distance between 4 and the conposite taxon (1,3) are equal (4 changes
each). It is arbitrary which one you choose. If you choose to cluster 1, 3,
and 4, the tree would look like this. Either answer is correct.
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3. Using the parsinony criterion
a. Which characters are phylogenetically informative?

Characters 2, 3, 4, and 27. O the others, 14 are constant and 12 are
aut aponor phi es (uni que to one taxon).

b. How many nucl eoti de changes (steps) does the tree rooted tree
(((((1,2),3),4),5),0) require? How many honopl asi ous changes does it require?
Mar k the nunmber of changes that occur on each branch.

Total length = 17. It has one honopl asi ous character (#27), which nust be
expl ai ned by two changes -- either a reversal to the ancestral state in the
branch | eading to species 2 or parallel changes in the branches |eading to
species 1 and 3 (The tree bel ow assunes the latter). Many changes (12, if you
count then) are autaponorphies. Changes that create synaponorphies are marked
with asterisks and involve, noving fromthe root to the tips, characters 1,

2, 3 and 4.

[----1--- 1
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L e out

The way to reconstruct the nunber of changes is to trace each of the
characters on the cladogramindividually, and add up the nunber of steps
required by each character to get the total length for all characters.

You will notice that this procedure is rather irritating, given the nunber of
characters in the matrix. It can be sinplified if we look only at the four

i nformative characters, which are the only ones that affect the relative

I engths of the possible cladograns. Then we get a tree with Iength 5, which
has the foll owi ng nunber of changes per branch (assuning parallel changes for
character 27):
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c. How many nucl eoti de changes does the tree ((((1,4),(2,3)),5),0)
requi re? How many of these are honopl asi ous?

Including only uninformative characters, length = 7. Total length = 19. (The
aut aponorphies in the first tree will be autaponorphies in any tree, so the
di fference between |l engths with uninfornmative characters excluded and
included will always equal 12. This neans you can estimate for any tree the
total length with uninformative characters included by calculating its length
with only informative characters included.) On this tree, three characters
(3, 4,and 27) are honopl asi ous, requiring two changes each, so a total of 6
of the 7 changes in informative characters are honopl asi ous.

d. Which one of these two trees is "better"? Why?

The first tree is better under the parsinony criterion, because it requires
fewer honopl asi ous changes (parallelisns/reversals). This neans it explains
nore shared character states as the result of inheritance froma common
ancestor than tree in ¢ does. Tree 2 needs ad hoc hypot heses of

paral l elisnreversal to explain why unrelated taxa share identical character
st at es.

e. For what clade of taxa does an Ain the third nucleotide position
represent a synaponor phy? (note change in question).

Clade (1,2,3). This character has the sane derived state in these three taxa
and only these three taxa.

f. Name two nucl eotide positions that contain a synplesionorphic state
for the group (1,2,3).

Ain position 1 and Cin position 2 are both synpl esionoprhies for this group
-- they are the ancestral state and give no information about rel ationships
wi thin the group.

4. Usi ng nei ghbor-j oi ni ng,

a. Estimate S (the sumof branch Iength) on the unrooted partially



resolved tree in which only taxa 1 and 2 are joined as nei ghbors. Leave the
out group out of the analysis.

As we learned in class (see also Graur and Li p. 189), the sum of the branch
| engths can be calculated for any situation like this fromthe pairw se
di stances al one. Here,

S = 1/6(d13+d14+d15+d23+d24+d25) + 1/2(d12) + 1/3(d34+d35+d45) = 16. 33.

b. On this tree, what are the branch lengths for the branches | eading
fromthe | ast conmmon ancestor (LCA) of 1 and 2 to taxon 1 and to taxon 2?

To cal cul ate branch lengths, consider this a tree with three taxa: species 1,
species 2, and a conposite taxon of species 3, 4, and 5, which we will cal

X. As we saw in class, the length of the branch fromthe internal node on a
three taxon tree to any terninal can be calculated fromthe pairw se

di stances between the taxa. Thus, the length of the branch fromthe interna
node to species 1 = (d12 + d1X - d2X)/2; the length of the branch leading to
species 2 = (dl12+d2X - d1X). The di stance between any species and the
composite taxon X is the average of the distances between that species and
each of the species that make up X Thus,

dix

(2+4+5)/3 = 11/3, and

d2X = (11+12+13)/3 = 12

Using these figures, we can calculate the Iength of the branches fromthe
equati on above.

0. 333

Length of branch leading to species 1 (9 + 3.667 - 12)/2

Length of branch | eading to species 2 = (9 + 12 - 3.667)/2 = 8. 667

Note that these branch lengths add up to 9, the pairw se distance observed
bet ween species 1 and 2, which shows that this part of the tree has a good
fit to the sequence data.

c. Estimate S on the unrooted tree in which only taxa 1 and 3 are
j oi ned as nei ghbors. What are the |l engths for the branches |leading to 1 and
to 3 fromtheir LCA?

S= 1/ 6(9+4+5+11+4+5) + 1/2(2)+ 1/3 (12+13+3) = 16. 66

d. Which of these two trees is better? Wiat do you do next with the
better one?

The tree with (1,2) is better. The fact that it has shorter total branch

| ength neans that the pairw se distances can be forced to fit on this tree
nore easily than on the tree with 1 and 3 as nei ghbors, because clustering
taxa that are in fact nore distantly related requires adding length into the
internal branches to explain the observed di stances.

The next thing to do is to resolve the unresol ved node while holding (1, 2)



constant. To do this, try all possible pairs of neighbors on this partially
resol ved tree and choose the tree with the shortest |ength.

e. Estimate S for the tree ((1,2),3),4,5) -- a possible "next step”
tree fromthe tree in question 4a.

If you draw this unrooted tree, you will see that it treats 4 and 5 as
nei ghbors. Using the method above, we find the length of this tree S =
1/ 6(4+12+4+5+3+5) + 1/2(3) + 1/3((9+2+11)=16

f. Estimate S for the tree ((1,2),4),5,3) -- another possibility for
t he next step.

This tree treats 5 and 3 as neighbors, so S = 1/6(2+11+4+45+13+3) + 1/2(5) +
(1/3(9+4+12)= 17. 167.

g. Which of these last two trees is better?

The first one, ((1,2),3),4,5) is better for the reasons expl ai ned above.

h. Draw the rooted tree for the tree you chose as better, assum ng that
the outgroup attaches to the branch leading to taxon 5 and only taxon 5.
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5. You now have 3 trees -- a UPGVA tree (problem #2), a parsinony tree (#3d),
and a NJ tree (#4h). (Al though you have not exami ned all possible phyl ogenies
for either parsimony or NJ, assume that the best tree fromquestion 3 is the
nost parsi nonious tree and the best tree fromquestion 4 is the best N tree.
These are, in fact, the optinmal tree for each nethod.)

a. Do the three nmethods agree on the phylogenetic relationshi ps anong
1-5?

The parsinony and NJ trees agree, but they are different fromthe UPGVA tree.
Specifically, the former nethods cluster species 1 and 2 together, but UPGVA
puts 2 at a distant position, sister to the clade of species 1, 3, 4, and 5.
The UPGVA tree al so shows species 3 and 4 as a clade, while NJ and parsi nony
put 3 and 4 in a paraphyletic relationship to each other



b. If there are differences, explain why one nethod m ght have given
different results fromthe others

The likely reason is unequal rates of evolution. By clustering sequences
toget her based on raw sinmilarity, the UPGVA nmet hod assunes a nol ecul ar cl ock
But the total pairw se distances on which this nethod is based include unique
derived characters (autaponorphies -- character states that have changed in
the branch leading to a terninal taxon) that in fact tell nothing about

phyl ogenetic rel ationships. |If one species has nore autaponorphies than
others, that species will have higher distances fromthe other taxa and will
be erroneously assunmed to have diverged very anciently. This is precisely the
case for these data, because species 2 has nmany autaponorphies (and therefore
a high rate of sequence evolution in this gene), as shown by the parsinony
tree.

6. Morphol ogi cal data do not resolve the rel ati onshi ps anong the manmali an
orders primates, artiodactyls, and rodents. You would like to use nol ecul ar
data to establish which |ineage diverged first fromthe others. In your

| aboratory, your research assistant obtains sequences froma cow, a hunman,
and a nouse for three genes: psi-n-globin (a pseudogene of globin, the
oxygen-transporting protein in blood), histone AL (one of the proteins that
packs DNA in chromatin), and 18S ri bosonmal RNA. You use parsinmony for a
phyl ogeneti c anal ysi s.

a. Wich gene do you expect to be nost useful for resolving the relationships
anong these taxa?

Phyl ogenetic analysis requires the use of genes that provide an appropriate
bal ance between variability and conservation of sequence for the particul ar
taxa at hand. As we have seen, the manmmalian orders split fromeach other on
the order of 60-120 nmillion years ago. In this case, 185 is nost likely to be
useful. The three genes will have radically different rates of divergence.
The pseudogene, subject to no selective constraints, will diverge rapidly.
Over such a long period of time, it is unlikely to have any usefu

i nformati on for resolving these relationships; it would be appropriate for
nmore recent divergences, such as for those between species in a genus.

H st one we know is one of the nobst conserved proteins known -- its amno acid
sequence is alnost conpletely constant anong all netazoans. The sel ective
constraints for this protein are so strong that there is unlikely to be
adequate variation to give any adequate information for resolving mamal i an
rel ati onships. (There will be variation at synonynous positions, but since
these are subject to virtually no selective constraints, they will behave
like sites in a pseudogenes and will not be infornative either). 18Sis nore
conserved than a pseudogene but nore variable than histone -- it is your best
bet in this case.

b. What other infornmation do you absolutely need to resolve the relationships
anong these taxa?

You need the sequence fromat |east one known outgroup to root the tree.
O herwi se you can infer only an unrooted tree; in fact for three taxa there



is only one unrooted tree, so an analysis without a root would tell you

absol utely nothing. An appropriate outgroup would be one or nore taxa that

di verged fromyour three mammali an taxa before they diverged from each other
-- for instance, narsupials and/or nonotrenmes woul d be good. You could al so
use a bird or reptile, but a nore distantly related outgroup is less reliable
than a nore closely rel ated one.

c. Suppose the gene you chose gives the phyl ogeny
((primate, rodent),artiodactyl), and the node supporting a prinmate-nouse cl ade
has a bootstrap value of 55 and a Brener support of 2

What does a bootstrap value of 55 nean? -- explain in a sentence or
two. What does a Brener support of 2 nean?

A bootstrap of 55 neans that this node appeared in the nost parsinoni ous
tree for 55% of the bootstrapped data matrices created by randomy
sampling nucl eotide positions fromthe original alignment until the new
matri x contains the same nunber of characters that the original one did.
55% inplies that a considerable proportion of the sites in the sequence
(an unknown fraction - not 55%) support rodent-artiodactyl or prinate-
artiodactyl clades.

A Brener support of 2 means that the best tree that does not contain the
pri mat e-nouse clade is 2 steps |longer than the npbst parsinonious tree that
does contain it. This neans that the alternative phylogeny requires 2
extra parallelisnms/reversals to explain shared character states as due to
somet hi ng ot her than common descent.

How confident are you that you have the true phyl ogeny? Justify your
answer .

I’ mnot confident, because these are both fairly low values. |If this node
appears in only about half of the nost parsinonious trees for the

boot strapped matrices, there is considerable phyl ogenetic noi se/ honopl asy
in the sequences, and the node in question may be the result of "sanpling
error" -- the favoring of one tree over another by chance al one. A Brener
support of two nmeans that the phylogeny with this node is only a slightly
nor e par si noni ous expl anati on of the sequence data than the next best
tree, requiring just two extra character states to be expl ai ned by

honmopl asy. So the data supports this node, but not very convincingly.

If this is not the true tree, what are sone reasons you m ght have
gotten this tree anyway? Wat should you do to address these probl ens?

The sequence used m ght have considerable noise in it (lots of honoplasy),
which could result in the true tree not being the shortest one because the
signal is weak relative to all this noise. Another way of saying this is
that the characters in this sequence support this tree solely due to
chance/sanpling error, but if you had nore informative characters in your
sanpl e they woul d eventually support the "true" tree over the erroneous
tree.



An incorrect phylogeny could also be due to long branch attraction: if two
of the sequences diverged nmuch nore rapidly than the others, they would
share a consi derabl e nunber of character states due to chance al one, and
they would cluster together in the nobst parsinonious tree even if they are
not in fact fromthe nost closely related taxa. This probl em woul d be
exacerbated if the two taxa with I ong branches share the sane ki nd of
codon usage/ nucl eoti de conposition bias.

To address this problem get nore sequence data: use nore genes from nore
taxa, and work hard to find sequences that have the right |evel of
variability -- good signal, not nuch noise. Mre genes will provide nore
characters to help resolve relationships, and if you choose well they wll
provi de nore signal w thout nmuch nore noise. This strategy will address
both the lack of strong support and the possibility of |ong branch
attraction. Adding sequences fromnore taxa will will further to address
| ong branch attraction, if you get sequences from"intervening" taxa,
because these taxa will break up the long branches into shorter branches,
maki ng saturation less likely to occur because you can infer internediate
states, as well.

d. Suppose now that the gene you chose gives the sane phyl ogeny as above, but
t he node supporting a prinate-nmouse clade has a bootstrap value of 95 and a
Bremer support of 9. Do you have nore or |ess confidence in your phylogeny?
Why? |s it possible still that you do not have the correct taxonomc

phyl ogeny? |If so, why might you have gotten this tree?

More confidence. Higher bootstrap and Bremer values nean that there is
stronger character support and | ess honoplasy in the sequences, so this tree
is not likely to be the nost parsinonious just due to the chance effects of
noi se/ homopl asy.

It is possible, however, that your tree is still wong. First, if there is
extreme saturation of two of the sequences, the wong tree can arise due to
I ong branch attraction and be strongly supported by saturated characters. If
so, get nore appropriate genes and nore taxa into your anal ysis.

Second, your tree could be the correct phylogeny for your gene but not for
the taxa that carry them |Incongruence of gene trees with species trees could
occur for a nunber of reasons. It could be due to horizontal transfer of
genes across species boundaries, causing nore distantly related taxa to carry
closely related genes. It could be due to the use of paral ogous duplicated
genes rather than orthol ogous sequences for sonme taxa; use of a paral ogous
gene can nake a closely related taxon appear to have diverged nore anciently
fromanother taxon to which it is closely related. Finally, it could be due
to ancestral polynorphisnilineage sorting: if the ancestral popul ati on of
these three orders had two alleles of the gene you are using at the tine the
first cladogenesis event occurred, one of the alleles will be lost in each
Iineage, entirely due to the chance effects of drift. Quite frequently, the
same allele will be lost in one taxon and a nore distantly rel ated one, while
the other allele is lost in a nore closely related taxon. The result will be
that the distantly related species will carry nore closely related alleles.



The gene tree is accurate but the species tree is wong.

In all three of these cases, the solution is to get nore genes and add t hem
to your analysis. It is unlikely that a large group of genes will all have
been transferred by horizontal transfer, especially if they are from

di fferent chronosomes. Because |ineage sorting is a formof drift, trees for
different genes will be produced with equal probability. If you use lots of
genes, the genes for which |ineage sorting has occurred will give equa
support to conpeting trees, but the (presunmably greater) nunber for which

I ineage sorting did not occur will all favor the correct taxononmc tree. To
prevent false orthology, try to use genes that are thought to be single-copy
genes rather than nmenbers of |arge gene famlies.



