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Abstract  —   In  this  paper,    we  take  a  look  at 
phylogenetic trees and their construction methods. 
We  examine  more  closely  two  elementary 
algorithms  for  phylogenetic  tree  construction: 
Unweighted Pair  Group Method with Arithmetic 
Mean  (UPGMA)  and  Fitch-Margoliash.  Both  of 
these algorithms use Clustering technique, that is, 
they  group  sequences  based  on  pre  calculated 
distances and construct  the tree from leaves to 
top. We also shortly evaluate the usefulness of 
these  algorithms  and  the  phylogenetic  tree 
construction in general.
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1 INTRODUCTION

The  molecular  mechanisms  of  widely  studied 
organisms  are  astonishingly  similar.  This  similarity 
Suggests that all organisms on Earth have a common 
ancestor.  Essentially,  this implies that any randomly 
chosen set of species on Earth has is related to each 
other,  however  distantly.  This  relationship  is  called 
phylogeny,  which is  also the name of the branch in 
biology that studies the evolution of life forms.
The relationship can be represented by a phylogenetic 
tree. The task of phylogenetics is to deduct this tree 
from observations upon existing organisms.
Earlier, the morphological characters have been used 
in constructing phylogenetic models. As we have now 
also molecular data available, we may use these data 
to  derive  the  model.  These  data  have  shown 
surprisingly similar results compared to evolutionary 
trees constructer from morphological characters [3].
It is important to keep in mind, that not all of these 
data  produces  necessarily  a  correct  output.  When 
inferring  a  tree  from a small  subset  of  data,  say,  a 
single nucleotide, any deviation from standard “rate of 
change” or some unexpected mutation may lead to an 
(at least partially)  incorrectly constructed tree. Trees 

inferred  from  the  same  set  of  species,  but  using 
different  sequences,  may  well  lead  to  a  slightly 
different tree.
In this  paper,  we first  take a look at  some standard 
properties of trees, and introduce some basic concepts 
such as distance measuring of sequences, an essential 
task  which  affects  greatly  the  outcome  of  the  tree-
building algorithms, and related topics such as metrics 
and molecular clock.
In the fourth and fifth chapter, we take a closer look at 
two well-known clustering algorithms for constructing 
phylogenetic trees, Un weighted Pair Group Method 
with  Arithmetic  Mean  (UPGMA)  and  Fitch-
Margoliash.  Finally,  we  take  a  quick  look  at  the 
differences  of  the  two  and  shortly  discuss  general 
problems in molecular phylogeny.

2 Phylogenetic trees
A taxon, sometimes called operational taxonomic unit  
or  OTU,  is  an  entity  (such  as  species,  amino  acid 
sequence, nucleotide sequence, language, etc.) Whose 
distance  or  similarity  from  other  entities  can  be 
measured? The most interesting taxa from the point of 
view  of  computational  biology  are  nucleotide  and 
amino acid sequences.
A phylogenetic tree is a binary tree which describes 
the relation of several taxa (say, a certain nucleotide 
of a certain group of organisms). The binary form is 
mainly chosen to ease the calculations, which are very 
resource-consuming as such. The constructed tree has 
all the species in separate leaf nodes. Time goes from 
root to leaves. Some algorithms take the evolutionary 
rate into consideration and then relative times may be 
seen  from  the  edges  between  any  two  nodes.  In 
theory,  it would then be possible to approximate the 
actual time if the evolutionary rate was known. [1]The 
inner  nodes  above  the  leaf  nodes  and  _represent  the 
same species in the past. 
The common father of any two leaf nodes represents a 
Point,  where  these  two  species  diverged  from  a 
common ancestral species. Some algorithms give also 



the  root  node,  which  represents  the  “ultimate 
ancestor”.  For  enrooted  trees,  ancestor  may  not  be 
easily resolved, but also those trees give good view 
on.

+-----------------------------------
----------Mouse
!
! +------Human
! +--5
! +-4 +--------Chimp
! ! !
! +--3 +---------Gorilla
! ! !
1------------------------2 
+-----------------Orang
! !
! +---------------------Gibbon
!
+-----------------------------------
-------------------Bovine

Figure 1: A phylogenetic tree showing relations of seven 
species. Example is part of Philip package

Not  all  sequences  are  suitable  for  building 
evolutionary trees. The phylogenetic tree of a group of 
sequences  does  not  necessarily  reflect  the 
phylogenetic tree of their host species. In order for a 
phylogenetic tree to be correct, used sequences must 
be diverged by speciation rather than gene duplication 
(which  produces  variants  that  can  be  found  within 
single  species).  If  we are  interested in  inferring the 
phylogenetic  tree  of  species  carrying  the  genes,  we 
must  use  orthologous  sequences,  that  is  to  say, 
sequences diverged by speciation.[2]
Naturally,  we  may  also  construct  a  tree  from 
sequences diverged by gene duplication (also known 
as  paralogues),  but  then it  simply constructs  a  tree 
displaying the phylogeny of duplication events, which 
may be examined even within a single species.

3 Basic concepts
3.1 Distance measuring

Phylogenetic tree construction uses distances between 
sequences  when  determining  relations.  When 
Constructing a phylogenetic tree based on data from 
protein or nucleotide sequence comparisons, we first 
do a multiple alignment  for  the  sequences and then 
calculate  distance  measure  Dij   between   all   taxa. 
Sequence alignment and distance measuring methods 

are often time-consuming and complicated, so here we 
merely peek at them.
Both methods  presented in  this  paper  use  pair  wise 
distances in determining the tree. Pair wise distances 
are  an  intuitive  method  for  defining  distances: 
basically,  we define distances Dij   between each pair 
of sequences i ,j in the given dataset.
There  are  several  methods  for  calculating  the 
distances Dij. Here we give a couple of examples.
For example, if we take Dij to be the fraction ‘f’  of the 
sites  ’u’   where  residues  ‘x^i’u  and  ‘x^j’u    ‘differ 
(presupposing an alignment of the two sequences), we 
get a sensible definition for small fractions f.
 .
Durbin  [2]  argues,  however,  that  for  two  unrelated 
sequences  random  substitutions  will  cause  f    to 
approach  the  fraction  of  differences  expected  by 
chance. This is opposed to the fact that we would like 
the distance to become large as  f  tends to this value.
Markov  models  of  residue  substitution,  such  as  the 
Jukes-Cantor model for DNA, can be used to define 
distances  that  behave  this  way.  The  Jukes-Cantor 
distance
Pij (t) = ¼(1-E^-4αt) for I ≠ j.

Is a  widely  used  distance  formula,  which  tends  to 
infinity as the equilibrium value of   (75% of Residues 
different) is approached? 

3.2 Molecular clock

In assigning branch lengths to phylogenetic tree, one 
must  consider whether evolutionary rate is constant. 
The  determination  of  a  phylogenetic  tree  for  the 
evolution  of  species  from amino  acid  or  nucleotide 
sequence comparisons depends on measurements and 
assumptions  concerning  the  rate  of  evolutionary 
change,  i.e.  a  molecular clock.  This is  not  a simple 
task  when  comparing  homologous  sites  in  two 
sequences, since over long periods of time, there can 
be  back  mutations  (The  site  in  one  sequence  may 
originally contain A, later be mutated to G, then again 
to A) as well as parallel mutations (homologous sites 
in two sequences undergo the same mutation).  Also 
the  rate  of  evolution  often  varies  over  time  and  is 
significantly  different  for  different  species  and 
different sequences [1]. The methods presented in this 
paper do not  take these problems into consideration 
but rather assume data not to have such deviations.



3.3 Metric properties of distances

In order to be useful, a distance function must fulfill 
the  definition  of  a  metric.  Metric  is  property  that 
defines some basic behavior of the  function in order 
for the distances to be sensible.
A metric � must satisfy the following [1]:
1. d(x ,y) = 0  x = y.
2. d(x ,y) = d (y , x) (symmetry).
3. d(x, z) ≤ d (x,y) + d (y,z) (triangle inequality).

Metric  has  some  advanced  properties  as  well.  The 
most  important  ones  from  the  viewpoint  of  the 
algorithms are additive metric and ultra metric.
3.3.1 Additive metric
If  molecular  clock property holds  for  a tree,  it  also 
satisfies the additive property. Additive metric simply 
states that distance between any pair of leaves i , j  is 
the sum of the edge lengths along the path connecting 
them in the tree.
Assume that positive edge weights are assigned to a 
tree ‘I’. If the value � ___  of the distance function between 
all leaves i,j of ‘I’  is simply the sum of edge weights 
along the path connecting i and j (i.e. the path length 
between i, j), then d is called an additive tree metric.

4 UPGMA

Unweighted  Pair  Group  Method  with  Arithmetic 
Mean (UPGMA)  is a clustering method for building 
phylogenetic  trees.  Clustering  algorithms  attempt  to 
repeatedly  cluster  the  data  by  grouping  the  closest 
elements.  The  result  is  a  rooted  tree  with  original 
sequences at the leaves. UPGMA constructs the tree 
correctly, if it satisfies the ultra metric property.
Initially,  all  the  sequences  are  put  to  their  own 
clusters. Each cluster is then assumed to be a leaf in 
the final tree. At each stage, we combine two clusters 
and  simultaneously  create  a  new  node  on  the  tree 
representing the new cluster.

First we define the distance dab   between two clusters 

ca and  c  b to be average distance between pairs of 
sequences from each cluster [2]:

Formula 1:  
                           ∑ i € ca ∑ j € cb D i j 
                  dab =      ___________________

                                           │ca│ │c b│

Where │ca│  and  │cb│  denote  the  number  of 

sequences in clusters  ca and  cb  respectively.  Note 

that, if ck   is the union of the two clusters ca and cb , 

i.e. if ck = ca U cb and if ci  is any other cluster, then

Formula 2:

                          dal │ca│+ dbl │c b│

                  dkl =      ___________________

                                           │ca│ │c b│

In  this  algorithm,  we  assemble  the  tree  upwards, 
adding each node above the others. The edge lengths 
are determined by the difference in the heights of the 
nodes at the top and the bottom of an edge

.
  A B C D E   A F C D   G F D   F H
A 0 8 4 6 8 A 0 8 4 6 G 0 8 6 F 0 8
B   0 8 8 4 F   0 8 8 D     0
C     0 6 8 C     0 6
D       0 8 D       0
E         0
a)           b)          c)      d)

Figure 2:  In figure a,  we see the original ultra metric 
matrix for constructing our tree. Matrices b and c show 
the distances  between clusters  formed between closest 
sequences

.
4.1 Algorithm
The input is distance matrix D, in which distances are 
defined with a suitable method (see chapter Distance 
measuring).

1. Assign each sequence i to its own cluster ci.
2. Define one leaf of T for each sequence, and place at 
height zero.
3. Iterate n - 1 times.

• Determine the two clusters i,j for which Dij _  is 
minimal.  (If  there  are  several  equidistant 
minimal pairs, pick one randomly.)

• Define a new cluster k  by ck = ci U cj   and 

define dkl for all  l by formula 1 (or 2 incase 
at least one of the  clusters already contains 
more than one node).



• �  Define a node  k  _  with two daughter nodes i 
and j and place it at height Dij ∕ 2.

• Add k  to the current clusters and remove i and 
j.

_

.
  4. When only two clusters i , j remain, place the root 
at height Dij ∕ 2.

4.2 Example
In figure 2 a) we see a matrix that is additive and ultra 
metric.  We  use  this  matrix  to  reconstruct  the  tree 
using
UPGMA
.

• Step 1

The  closest  sequences  are  A-C and B-E,  both  with 
distance  4.  We  pick  randomly  one,  say,  B-E  We 
creates a common parent node F for B and E. B and E 
are joined to form the F cluster, and original clusters 
are removed. The height of F is Dij ∕ 2 = 4/2 = 2.

The  height  of  the  node  F  is  simply  the  distance 
between nodes  B  and E divided  by 2.  The  node  F 
therefore is placed on height 2.

FIGURE 3: Different phases  of  UPGMA construction 
alg. Last tree is final tree.
Now  we  must  calculate  the  distance  of  cluster  F 
(containing nodes B and E) from others. The distances 
are  calculated  simply  by  averaging  the  distances 
between each node in the two groups. Distance AF is 

defined as in (dab + dac)/2 = (8 + 8)/2 = 8.Distance 

CF is defined by (dcb +  dcc)/2 = (8 + 8)/2 = 8.and 

distance DF is defined by (ddb + ddc)/2 = (8 + 8)/2 = 
8.
In  figure  2(b)  we  show  a  slightly  modified  matrix 
containing these newly calculated distances.

• Step 2
Now we are ready to choose the next closest pair of 
clusters.  We  choose  AC,  which  has  no  competition 
this time. The distance between A and C is 4. We join 
the  two  nodes  to  form the  cluster  G and  draw  the 
corresponding tree diagram. Note that we didn’t join 
the nodes to the existing tree. Now we have actually 
two separate  trees.  These are  shown in figure  3 b). 
Also the node G is placed on the height 2.

We must again recalculate the distances between this 
newly  created  cluster  and  the  old  ones. Distance 

between GF is calculated by first calculating dgb and 

dge . dgb = (dab + dcb)/2 = (8 + 8)/2 = 8.  and  then 

we can use formula 2 again: dgf = (dgb + dge)/2 = (8 

+ 8)/2= 8.DG is (dda +  ddc)/2 = (6 + 6) /2 = 6.In 
figure 2 c) we present, again, the modified matrix.

• Step 3
Now we  see  that  GD is  the  smallest  distance  with 
value 6. We join the clusters G and D into cluster H 
and join the trees correspondingly. We calculate as the 
height the distance divided by two: 6/2 = 3. The node 
H (parent of G and D) is put to that height on the tree. 
The  resulting  tree  is  shown in  3  c)  along with  the 
smaller tree that was left unmodified at this round. We 
still  need  to  calculate  the  distances  one  more  time. 
Distance  between clusters  H and F  is  calculated  as 
above: 

dhf  =  (dhb  +  dhe)/(1+1).dhb=  (dgb  +  ddb)/2  = 

(8+8)/2 and  dhe =  (dge +  dde)/2 = (8 + 8)/2 = 8 

Therefore dhf = 8.
• Step 4

Figure 4: A tree with three nodes. Additive properties of 
distances can be used to estimate branch lengths.



Now we only have two clusters left (F and H) and we can 
join them as shown in 3 d). The root is placed at height 
dhf/2 = 4.

4.3 Conclusion

UPGMA is not a widely used method anymore. It is 
rather old and very simple, and there exists nowadays 
many  more  efficient  and  trustworthy  methods. 
However, this algorithm shows the principles on all 
clustering  methods  and  serves  as  such  a  theoretical 
basis for others.
A major drawback in the algorithm is that it does not 
know how to handle non-ultra metric matrices. This 
has  been  corrected  in  many  other  algorithms 
thereafter.
Above, we have discussed two well-known methods 
for  constructing phylogenetic  trees.  Both are simple 
and  intuitive,  and  have  proved  effective  in 
use.UPGMA tackles  well  trees  that  satisfy the  ultra 
metric property. In cases where molecular clock is not 
guaranteed to be constant, Fitch-Margoliash is able to 
construct  a  correct  tree.  Both  of  the  algorithms  are 
rather old - proposals date from several decades ago - 
and there exist nowadays a wide variety of different 
algorithms  using  different  techniques,  such  as 
maximum likelihood,
Neighbor  joining  and  parsimony.  The  biggest 
problems  concerning  phylogenetic  trees  do  not 
actually  concern  the  algorithms  themselves.  Two 
problems  persist:  the  determination  of  evolutionary 
rate, the molecular clock, and biological validation of 
the trees produced.
The evolutionary rate differs greatly, between species 
and between single  nucleotides;  the  rate  is  also not 
constant,  but  may have been at  times  much  greater 
than at other times. Also different kind of mutations - 
insertions  and  deletions,  substitutions,  gene 
duplication - add complexity to the problem.  Rough 
estimations of the evolutionary rate may be calculated; 
however,  these numbers cannot  be guaranteed to be 
correct.
From  this  follows,  that  even  when  the  constructed 
phylogenetic  tree  may  be  topologically  close  to 
correct,  the  time  estimations  are  not  exact  (some 
algorithms,  such as  UPGMA, don’t  even try to  say 
anything about it). For example, the estimations about 
common  ancestor  of  Homo  sapiens  differ  from 
100000 to a million years [1].
There also remains the ultimate question: how do we 
know that the tree we obtained was “real”?

Often we talk about “reconstruction” of a tree, but this 
refers  to  having an original  version from which the 
distance data was derived. In real life, we usually have 
no ready model, only approximations
made from  e.g.  morphological  characteristics.  In 
reality, trees are compared to classical models. There 
are  many  different  opinions  about  the  origins  and 
evolution  of  life,  and  these  data  can  give  very 
different approximations. The evolution is much more 
than  the  mutations  on  a  single  amino  acid  or 
nucleotide, and it cannot be traced based on that only.
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