
EVE 161: 
Microbial Phylogenomics 

Class #4: 
Phylogeny 

UC Davis, Winter 2018 
Instructor: Jonathan Eisen 

Teaching Assistant: Cassie Ettinger 

!1



EVE 161: 
Microbial Phylogenomics 

Class #5: 
Phylogeny 

UC Davis, Winter 2018 
Instructor: Jonathan Eisen 

Teaching Assistant: Cassie Ettinger 

!2



Where we are going and where we have been

• Previous Class:  
!3. rRNA 

• Current Class: 
!4. Phylogeny 

• Next Class: 
!5. Tree of Life
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Phylogeny

Phylogeny



Internal nodes represent hypothetical ancestral taxa
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Phylogenetic Groups

Monophyletic Paraphyletic Polyphyletic

Sister Taxa
Relatedness



Sequence Alignment
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Structure Guided Alignment



Tree reconstruction methods
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Distance Phylogenetics

• Calculate distances between taxa 

• Use an algorithm to infer a tree from those distances 

• Based on principle that divergence occurs after 
organisms separate



Parimony Phylogenetics

• Based on Principle of Parsimony / Occam’s Razor 

• Possible trees are given a score of the fewest number 
of sequence changes required to fit data into tree 

• Score for all possible trees 

•



Likelihood Phylogenetics

• Based on Bayes’ Theorem 

• Trying to calculate the Probability of the Data, Given a 
Hypothesis 

• For each tree, calculate probability that the data (e.g., 
sequence alignment) could come from that tree 

• Score for all possible trees 

• Prob(H|D) = Prob(H and D) ÷ Prob(D) 

• Prob(H|D) = Prob(D|H) x Prob(H) ÷ Prob(D) 



Bayesian Phylogenetics

• Based on Bayes’ Theorem 

• Trying to calculate the Probability of the Hypothesis, 
Given the Data 

• For each tree, calculate probability that the tree could 
come from that data ((e.g., sequence alignment) 

• Score for all possible trees  

• Prob(H|D) = Prob(H and D) ÷ Prob(D) 

• Prob(H|D) = Prob(D|H) x Prob(H) ÷ Prob(D) 



Bayesian

• Based on Bayes’ Theorem 

• Prob(H|D) = Prob(H and D) ÷ Prob(D) 

• Prob(H|D) = Prob(D|H) x Prob(H) ÷ Prob(D) 



Many possible trees



Other Tree Related Issues



Bootstrapping



Bootstrapping
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Jacknifing
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Congruence
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Masking

!21



sequences, but also for practical purposes; if gaps were
adjusted at every step the alignment process would be
tremendously slower. However, the once-a-gap rule can
also be the source of some obvious silliness, because there
often is better information in the full alignment on where
the gaps really belong. This can be particularly apparent
for small deletions, which might clearly be shared by
several sequences but nonetheless placed at slightly
different positions in each (Fig. 5a). These types of error
are among the reasons for the widespread and fairly well-
accepted practice of ‘adjusting’ alignments ‘by eye’ to
‘minimize insertion/deletion events’ (Fig. 5b), using a
program such as BioEdit (see below).

Alignments are about gaps – where to put them and
how big to make them. These are two different issues.
Genes do not generally take insertions and deletions
lightly. One out of three changes the reading frame, not to
mention adding new stop codons or unwieldy junk to a
protein’s structure. However, the size of a gap is much less
important than the fact that it is there at all, so alignment
programs have separate penalties for inserting a gap
(which is costly) and for making it bigger (relatively
cheap). Ideally gap penalties should differ for closely
related versus distantly related sequences, for different
kinds of sequence, and for different regions of the same
sequence, but this is mostly impractical. Therefore, all
gap penalties are compromises, and an alignment can
look very different depending on the penalties that are
used. In the end, the user might need to try a range of
penalties, compare these by eye and pick the most
logical combination [12].

As exhaustive multiple sequence alignment is essen-
tially impossible, new improved methods are something of

a cottage industry (Box 1). However, the oldest program is
also one of the easiest, friendliest and most widely used,
only partly because its also free. This is Clustal [11], now
in its Wand X incarnations (X being the X-window version
of W; Box 1). Besides basic alignment, the program allows
iterative alignment of selected regions, profile alignment
(i.e. alignment of alignments), and basic phylogenetic
analysis (see below [12]). Although it does not allow you to
modify your alignment within the program, Clustal can be
run as a subroutine of the BioEdit sequence editor (Box 1)
or a Clustal alignment imported into BioEdit for sub-
sequent editing (Box 1). Of course the GCG package will do
all this as well – for a substantial fee (Box 1).

Step 3. Trees – methods, models and madness
The infile
The basic premise of a multiple sequence alignment is
that, for each column in the alignment, every residue from
every sequence is homologous; that is, has evolved from
the same position in a common ancestral sequence without
insertion or deletion. When this premise is met, a
multiple sequence alignment can hold a wealth of
information about protein structure and function, mode
of evolution and, of course, phylogeny. However, a
molecular phylogeny is only as good as the alignment
it’s based on. At best, misaligned sequence has no
useful phylogenetic information; at worst, it might have
convincing misinformation.

Therefore, the first step in tree building is to inspect
your alignment carefully and to decide what should and
should not be included in your analysis. The general rule is

Fig. 5. Refining an alignment. (a) The raw output from a ClustalX alignment of
rpb1 sequences, which predicts six insertion/deletion events (boxed), some of
which are blatantly inconsistent with known taxonomy. (b) The refined alignment
makes much better evolutionary sense, because it shows only two insertion events
in well-defined taxonomic groups (animals and higher fungi). Taxon labels are Fu
(fungi), An (animals), Pl (green plant), Ap (apicomplexan), Rh (rhodophyte), My
(mycetozoan), Kt (kinetoplastids). In (b), the sequence from Saccharomyces
pombe has been placed adjacent to the other fungi to make these relationships
more obvious.

TRENDS in Genetics 

taxon

taxon ....|....10...|....20...|....30...|....40...|....50
Fu Nosema.40928 QFGLFSPEEIRASSVAL--IRYPETLE--NGVPKESGLVCAGHFGHIELVK
Fu Aspergillus. QFGLFSPEEIKRMSVVH--VEYPETMDEQRQRPRTKGLECPGHFGHIELAT
Fu Spombe.54881 QFGILSPEEIRSMSVAK--IEFPETMDESGQRPRVGGLDCPGHFGHIELAK
Ap Plasmodium.3 ELGVLDPEIIKKISVCE--IVNVDIYK--DGFPREGGLYCPGHFGHIELAK
An Cricetulus.2 QFGVLSPDELKRMSVTEGGIKYPETTE--GGRPKLGGLECPGHFGHIELAK
An Homo.7434727 QFGVLSPDELKRMSVTEGGIKYPETTE--GGRPKLGGLECPGHFGHIELAK
An Drosophila.9 QFGILSPDEIRRMSVTEGGVQFAETME--GGRPKLGGLECPGHFGHIDLAK
An Celegans.133 QFGILGPEEIKRMSVAH--VEFPEVYE--NGKPKLGGLDCPGHFGHLELAK
Pl Athaliana.40 QFGILSPDEIRQMSVIH--VEHSETTE--KGKPKVGGLECPGHFGYLELAK
My Ddiscoideum. --------------------------------------ECPGHFGHIELAK
Rh Porphyra.316 --------------------------------------ECPGHFGFIELAK
Kt Tbrucei.1021 QFEIFKERQIKSYAVCL--VEHAKSYA--NAADQSGEAECPGHFGYIELAE
Kt Leishmania.7 QFEVFKEAQIKAYAKCI--IEHAKSY--EHGQPVRGGIECPGHFGYVELAE

....|....10...|....20...|....30...|....40...|....50
Fu Nosema.40928 QFGLFSPEEIRASSVALIR--YPETLENG--VPKESGLVCAGHFGHIELVK
Fu Aspergillus. QFGLFSPEEIKRMSVVHVE--YPETMDEQRQRPRTKGLECPGHFGHIELAT
Ap Plasmodium.3 ELGVLDPEIIKKISVCEIV--NVDIYKDG--FPREGGLYCPGHFGHIELAK
An Cricetulus.2 QFGVLSPDELKRMSVTEGGIKYPETTE--GGRPKLGGLECPGHFGHIELAK
An Homo.7434727 QFGVLSPDELKRMSVTEGGIKYPETTE--GGRPKLGGLECPGHFGHIELAK
An Drosophila.9 QFGILSPDEIRRMSVTEGGVQFAETME--GGRPKLGGLECPGHFGHIDLAK
An Celegans.133 QFGILGPEEIKRMSVAH--VEFPEVYE--NGKPKLGGLDCPGHFGHLELAK
Fu Spombe.54881 QFGILSPEEIRSMSVAK--IEFPETMDESGQRPRVGGLDCPGHFGHIELAK
Pl Athaliana.40 QFGILSPDEIRQMSVIH----VEHSETTEKGKPKVGGLECPGHFGYLELAK
My Ddiscoideum. --------------------------------------ECPGHFGHIELAK
Rh Porphyra.316 --------------------------------------ECPGHFGFIELAK
Kt Tbrucei.1021 QFEIFKERQIKSYAVCLVEHAKSYANA----ADQSGEAECPGHFGYIELAE
Kt Leishmania.7 QFEVFKEAQIKAYAKCIIEHAKSYEHG----QPVRGGIECPGHFGYVELAE

(a)

(b)

Fig. 4. Steps in progressive sequence alignment. (a) The first step is to calculate
the guide tree. (b) This determines the order in which sequences are added to the
growing alignment.

TRENDS in Genetics 

A + B E + F I  +  JStep 1

A B C D E F G H I J K

(a) Guide tree

(b) Sequence addition order

Step 2 AB + C EF + G IJ   +  K

Step 3 ABC + D EFG + H

Step 4 ABCD  + EFGH 

Step 5 ABCDEFGH  + IJK
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Concatenation
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Homoplasy
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Orthologs and Paralogs 

easier to read and to annotate. Thus, the widths of the
nodes have no meaning; they are simply adjusted to give
even spacing to the branches. Tomake things slightlymore
complicated, all branches can rotate freely about the plane
of their nodes, so all trees in Fig. 2 are identical (except
that tree F is ‘unrooted’, see below).

Molecular phylogenetic trees are usually drawn with
proportional branch lengths; that is, the lengths of the
branches correspond to the amount of evolution (roughly,
percent sequence difference) between the two nodes they

connect (Fig. 2a–f). Thus, the longer the branches the
more relatively divergent (highly evolved) are the
sequences attached to them. Alternatively, trees can be
drawn to display branching patterns only (‘cladograms’),
in which case the lengths of the branches have no
meaning (Fig. 2g), but this is rare done with molecular
sequence trees.

Roots
At the base of a phylogenetic tree is its ‘root’. This is the
oldest point in the tree, and it, in turn, implies the order
of branching in the rest of the tree; that is, who shares a
more recent common ancestor with whom. The only way to
root a tree is with an ‘outgroup’, an external point of
reference. An outgroup is anything that is not a natural
member of the group of interest (i.e. the ‘ingroup’). This
might not seem like a difficult concept, but do not be
misled. The excluded member of a monophyletic group
(i.e. the exclusion that makes it paraphyletic, Fig. 1) is not
an outgroup (just an outcast); for example, humans are not
an outgroup to animals. In the absence of an outgroup, the
best guess is to place the root in the middle of the tree
(at its midpoint), or, better yet, not root it at all (Fig. 2f).
Alternatively you can use extrinsic, more traditional
taxonomic information, such as the fossil record in the
case of species trees. This is obviously more difficult with
gene trees.

Homology
Evolution is about homology; that is, the similarity due to
common ancestry. Homologues can be orthologues or
paralogues (Fig. 3). Orthologues only duplicate when
their host divides; i.e. along with the rest of the genome
(Fig. 3a). They are strictly vertically transmitted (parent
to offspring), so their phylogeny traces that of their host
lineage (Fig. 3b). Paralogues are members of multigene
families; they arise by gene duplication (Fig. 3a). If you try
to infer species relationships with paralogues you can run
into trouble; if some of the copies are missing, you can be
very convincingly misled (Fig. 3c). However, if you have all
copies of two paralogues in your tree, then you are fine.
Better still, you have two mirror phylogenies (Fig. 3b). In
this case, paralogues can serve as each other’s natural

Fig. 2. Phylogenetic tree styles. All these trees have identical branching patterns.
The only differences are (f), which is unrooted. (g) is a cladogram, so the branch
lengths are right justified and not drawn to scale (i.e. they are not proportional to
estimated evolutionary difference).
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Fig. 3. The problem with paralogues. (a) Paralogous genes are created by gene duplication events. Gene X is duplicated in a common ancestor to species A and B resulting
in two paralogous genes, X and X0. All subsequent species inherit both copies of the gene (unless one or the other is lost somewhere along the way). (b) Phylogenetic anal-
ysis of the X/X0 gene family gives two parallel phylogenies. All sequences of gene X are orthologues of each other, and all the sequences of gene X0 are orthologues of each
other. However, X and X0 are paralogues. Both the X and X0 subtrees show the true relationships among the three species. The subtrees are also each other’s natural out-
group, and as a result each subtree is rooted with the other (reciprocally rooting). (c) A tree of the X/X0 gene family can be misleading if not all the sequences are included
(because of incomplete sampling or gene loss). If the broken branches are missing, then the true species relationships are misrepresented.
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(a) (b) (c)
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Clustering vs. Distance Trees



UPGMA

Unweighted Pair Group Method with 
Arithmetic mean (UPGMA) algorithm



The True Tree



Distance Matrix For True Tree



Collapse Diagonal



Identify Lowest D

OTUs A B C D E

B 2

C 4 4

D 6 6 6

E 6 6 6 4

F 8 8 8 8 8



Join Those Two Taxa

• Create branch with length = D

•              2
• A--------------B



Make D from Node Equal

 



Create New Distance Matrix

• Merge Two OTUs joined in previous step 
(AB)

• Dx, AB = 0.5 * (Dx, A + Dx, B)



New Matrix



UPGMA



Compare to True Tree

 
 



But …

• What is evolutionary rates not equal



Unequal rates

 



UPGMA with Unequal rates



Compare to True Tree

 

 
 



Neighbor Joining



Start with Star Tree



Calculate S 

• For  each  OTU,  calculate  a  measure  (S)  as 
follows.

• S is the sum of the distances (D) between that 
OTU and every other OTU, divided by N-2 
where N is the total number of OTUs. 

• This is a measure of the distance an OTU is 
from all other OTUs



Calculate Pairwise Distances

• Calculate the distance Dij between each OTU 
pair (e.g., I and J).



Identify Closest Pair

• Identify the pair of OTUs with the minimum 
value of Dij – Si – Sj



Joining Taxa

• As in UPGMA, join these two taxa at a node 
in a subtree.



Calculate Branches

• Calculate branch lengths. Unlike UPGMA, neighbor 
joining does not force the branch lengths from node 
X to I (Dxi) and to J (Dxj) to be equal, i.e., does not 
force the rate of change in those branches to be equal.  
Instead,  these  distances  are  calculated  according  to 
the following formulas

• Dxi = 1/2 Dij + 1/2 (Si – Sj)
• Dxj = 1/2 Dij + 1/2 (Sj – Si)



Calculate New Matrix

• Calculate a new distance matrix with I and J 
merged  and  replaced  by  the  node  (X)  that 
joins them.  Calculate the distances from this 
node to the other tips (K) by:

• Dxk = (Dik + Djk – Dij)/2



Distance Matrix

 



S

• SA = (5+4+7+6+8) / 4 =        7.5

• SB = (5+7+10+9+11) / 4 =    10.5

• SC = (4+7+7+6+8) / 4 =         8

• SD= (7+10+7+5+9) / 4 =       9.5

• SE= (6+9+6+5+8) / 4 =         8.5

• SF= (8+11+8+9+8) / 4 =       11



M

• Mij = Dij – Si - Sj

• Smallest are 
• MAB = 5 – 7.5 – 10.5 = -13

• MDE = 5 – 9.5 – 8.5 = -13
• Choose one of these (AB here)



New Tree

• Create a node (U) that joins pair with lowest 
Mij such that 

• SIU = DIJ/2 +  (SI – SJ) / 2 
• Merge U with other taxa
• Join I and J according to S above and make all 

other taxa in form of a star



C

D

E

F

U1

B

A

4

1



New Matrix

• DXU = DIX + DJX – DIJ where I and J are those 
selected from above.



Table 11



Compare to True Tree

C
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F

U1

B

A

4

1
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3

2

2
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Long branch attraction
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Rooting
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Rooting TOL Review



Other Tree Issues

• More characters vs. more taxa 

• Lateral gene transfer 

• Polytomies 

• Paralogs and Orthologs 

• Species Tree vs. Gene Tree 

• Networks vs. Trees 

• Clusters vs. Trees 

•
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Unrooted Tree of Life from Woese
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Simplified Three Domain Unrooted Tree of Life
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Eukaryotes

Archaea Bacteria
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Simplified Three Domain Unrooted Tree of Life
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Eukaryotes

Archaea Bacteria
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Simplified Three Domain Unrooted Tree of Life
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Eukaryotes

Archaea Bacteria

Can You Tell Which Groups are Sister Taxa from this?
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Simplified Three Domain Unrooted Tree of Life
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Eukaryotes

Archaea Bacteria

What is Missing?
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Simplified Three Domain Unrooted Tree of Life
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Eukaryotes

Archaea Bacteria
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Simplified Three Domain Unrooted Tree of Life
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Eukaryotes

BacteriaArchaea

Archaea BacteriaEukaryotes
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Simplified Three Domain Unrooted Tree of Life
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Eukaryotes

Archaea Bacteria



Slides by Jonathan Eisen for BIS2C at UC Davis Spring 2016 

Simplified Three Domain Unrooted Tree of Life
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Eukaryotes

Archaea Bacteria
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A Polytomous Three Domain Tree of Life
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Bacteria Archaea Eukaryotes

Polytomy
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Bacteria Archaea Eukaryotes

   EF

 EF-G EF-Tu

   Taxa      Characters
  B1 EFG  ACUGCACCUAUCGUUCG
  B2 EFG  ACUCCACCUAUCGUUCG
  E1 EFG  ACUCCAGCUAUCGAUCG
  E2 EFG  ACUCCAGGUAUCGAUCG
  A1 EFG  ACCCCAGCUCUCGCUCG
  A2 EFG  ACCCCAGCUCUGGCUCG
  B1 EF2  ACAACAGCUCUGACUGG
  E1 EF2  CCAACAGCUCUGACUGG
  A1 EF2  ACAACAGUUUUGACUGG

INGROUP

OUTGROUP

Gene Duplications Prior to MRCA of All Life

Sandra  
Baldauf
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Bacteria Archaea Eukaryotes

   EF

 EF-G EF-Tu

   Taxa      Characters
  B1 EFG  ACUGCACCUAUCGUUCG
  B2 EFG  ACUCCACCUAUCGUUCG
  E1 EFG  ACUCCAGCUAUCGAUCG
  E2 EFG  ACUCCAGGUAUCGAUCG
  A1 EFG  ACCCCAGCUCUCGCUCG
  A2 EFG  ACCCCAGCUCUGGCUCG
  B1 EF2  ACAACAGCUCUGACUGG
  E1 EF2  CCAACAGCUCUGACUGG
  A1 EF2  ACAACAGUUUUGACUGG

INGROUP

OUTGROUP

Gene Duplications Prior to MRCA of All Life

Sandra  
Baldauf
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Semi-resolved Phylogeny of Elongation Factors

Bacteria Archaea Eukaryotes

EF-TU

Bacteria Archaea Eukaryotes

EFG
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If AB Together Should Be For Both EF2 and EFG

Bacteria Archaea Eukaryotes

EF-TU

Bacteria Archaea Eukaryotes

EFG
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If AE Together Should Be For Both EF2 and EFG

Bacteria Archaea Eukaryotes

EF-TU

Bacteria Archaea Eukaryotes

EFG
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WInner

Bacteria Archaea Eukaryotes

EF-TU

Bacteria Archaea Eukaryotes

EFG
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Unrooted Tree of Life from Woese
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Unrooted Tree of Life from Woese
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ROOT
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Bacteria Archaea Eukaryotes

Rooted Three Domain Tree of Life
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Unrooted Tree of Life from Woese
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ROOT
MAJOR DEBATE/AMBIGUITIES
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Alternative Position of Eukaryote Branch
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ROOT
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Unrooted Tree of Life from Woese
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ROOT
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Bacteria Archaea Eukaryotes

Diversity Within Each Domain

Tack


