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Cladistics

This laboratory provides a brief introduction to the philosophy, methodology, and implications of cladistic analysis.  Cladistics is a method of organizing organisms on the basis of synapomorphic characters.  
Cladistics is a method used to hypothesize relationships among organisms.  Like other methods, it has its own set of assumptions, procedures, and limitations.  The idea behind cladistics is that members of a group share a common evolutionary history, and are "closely related", more so to members of the same group, than to other organisms.  These groups are recognized by sharing unique features (anatomical, chemical, molecular traits) which were not present in distant ancestors.  These shared derived characteristics (traits) are called synapomorphies.  

Note that it is not enough for organisms to share characteristics; in fact two organisms may share a great many characteristics and not be considered members of the same group.  For example, consider a jellyfish, starfish, and a human; which two are most closely related?  The jellyfish and starfish live in the water, have radial symmetry, and are invertebrates, so you might guess that they belong together in a group.  This would be incorrect because this arrangement does not reflect evolutionary relationships.  The starfish and human are deuterostomes (they have radial, indeterminate cleavage) and coelomates (they have true coeloms).  Jellyfish are cnidarians.  

It is not just the presence of shared characteristics that is important, but the presence of shared derived characteristics.  In the example above, all three characteristics are believed to have been present in the common ancestor of all animals, and so are trivial in determining relationships, since all three organisms in question belong to the group "animals."  While humans are different from the other two organisms, they differ only in characteristics which arose newly in an ancestor which is not shared with the other two.  As you shall see, choosing the right characters is one of the most important steps in a cladistic analysis.

There are three basic assumptions in cladistics:

   1. Groups of organisms are related by descent from a common ancestor (= organism at node).

   2. There is a bifurcating pattern of cladogenesis.

   3. Change in characteristics occurs in lineages over time.

The first assumption is a general assumption made for all evolutionary biology.  It suggests life arose on earth only once, and therefore all organisms are related.  We can take any collection of organisms and determine a pattern of relationships, provided we have the right kind of information.  Again, the assumption states that all the diversity of life on earth has been produced through the reproduction of existing organisms.

The second assumption is perhaps the most controversial; that is, that new kinds of organisms may arise when existing species or populations divide into exactly two groups.  There are many biologists who hold that multiple new lineages can arise from a single originating population at the same time, or near enough in time to be indistinguishable from such an event.  The other objection raised against this assumption is the possibility of hybridization (interbreeding) between distinct groups.  This, however, is a general problem of reconstructing evolutionary history, and although it cannot currently be handled well by cladistic methods, no other system has yet been devised which accounts for it.

The third assumption that characteristics of organisms change over time is the most important assumption in cladistics.  When characteristics change we are able to recognize different lineages or groups.  The convention is to call the "original" state of the characteristic plesiomorphic and the "changed" state apomorphic.  The terms "primitive" and "derived" have also been used for these states.

HOW TO CONSTRUCT CLADOGRAMS

Imagine four species, A, B, C, and D.  These four species are related to each other, but we are not sure how.  Perhaps A and B are more closely related to each other than A and C, A and D, B and C, B and D, or C and D.  Maybe all four are equally related.  

Outline of the steps necessary for completing a cladistic analysis. 

1.  List the taxa.  The taxa (species) in this example will be A, B, C, and D.

2.  Determine the characters.  Chlorophyll A, Starch stored in the chloroplasts, and roots.

3.  Determine the character states for your taxa.  Construct a data matrix, like the one shown below.





Characters

Taxon

Chlorophyll A 
Starch in chloroplast

Roots

A

-


-



-

B

+


-



-

C

+


+



-

D

+


+



+

+ indicates presence of a trait

- indicates absence of a trait

4.  Determine the polarity of characters (whether each character state is original or derived in each taxon).  The best technique for determining polarity is to use an outgroup (which in this example is taxon A). 

5.  Group taxa by synapomorphies (shared derived characteristics) not plesiomorphies (original or "primitive" characteristics) or autapomorphies (traits unique to a single taxon).
6. Work out conflicts that arise by some clearly stated method, usually parsimony (minimizing the number of conflicts).

Construct a cladogram given the following morphological data:







Characters

Taxon


Xylem/Phloem
Wood

Seeds

Flowers

Mosses


-


-

-

-

Ferns


+


-

-

-

Gymnosperms

+


+

+

-

Angiosperms

+


+

+

+

+ indicates presence of a trait

- indicates absence of a trait

Construct a cladogram given the following DNA sequences:







Characters

Taxon

1
2
3
4
5
6
7
8
9
10

A

A
T
T
G
C
C
C
G
T
A

B

A
A
T
C
C
G
C
C
T
A

C

A
T
T
G
C
C
C
G
T
A

D

A
T
T
G
C
C
C
C
T
A

Outgroup
A
A
T
C
C
G
C
C
T
A

Construct a cladogram given the following data:







Characters

Taxon

Vessel Elements

Motile Sperm
Pollen Tube
2nd Fertilization
Cycads


-


+

-

-

Ginkgos

-


+

-

-

Conifers

-


-

+

-
Gnetophytes

+


-

+

+

Angiosperms

+


-

+

+

Construct a cladogram given the following distance matrix.  Use Taxon 3 as your outgroup:


 Taxon1    Taxon2    Taxon3    Taxon4    Taxon5

Taxon1

0.00000

Taxon2

0.01045   0.00000

Taxon3

0.12744   0.06768   0.00000

Taxon4

0.09867   0.08679   0.00401   0.00000

Taxon5

0.00498   0.00978   0.09542   0.09392   0.00000

PAUP (Phylogenetic Analysis Using Parsimony) is the most widely used software package for the inference of evolutionary trees.  
An example of the data matrix in Nexus format
#NEXUS

[angiosperm evolution]
begin taxa;


dimensions ntax=6;


taxlabels

ANCEST    cycads    ginkgos    conifers    gnetophytes    angiosperms      

;

end;

begin characters;


dimensions nchar=4;


format symbols = "+-";


matrix

ANCEST    
 ----

cycads       -+--

ginkgos      -+--

conifers     --+-

gnetophytes  +-++

angiosperms  +-++

;
end;

Search Methods

1. Maximum likelihood evaluates a hypothesis about evolutionary history in terms of the probability that the proposed model and the hypothesized history would give rise to the observed data set. The supposition is that a history with a higher probability of reaching the observed state is preferred to a history with a lower probability. The method searches for the tree with the highest probability or likelihood.
2. Bayesian analysis attempts to assess the probability of a model, bipartition or range of a parameter value, which is in contrast to ML, which assesses the probability of the data given a model.  Under some conditions the biased sampling of tree and parameter space converges on the posterior probability.  The approach most often used in recent months is Markov Chain Monte Carlo (MCMC) sampling.
3. Maximum parsimony is character-based and uses information itself rather than distance information.  The information content used by this method is not necessarily larger than for the distance matrix methods, since there are only a limited number of informative (synapomorphic) sites.  Calculates for all possible trees the tree that represents the minimum number of substitutions at each informative site.  Does not assume an evolutionary model.
4. Distance matrix uses distance values and a sequential clustering algorithm.  This method of tree construction is sensitive to differences in branch length or unequal rates of evolution.  Therefore, it should only be used with closely related taxa, or when there is constancy of evolutionary rate.  The method is often used in combination with isoenzyme or restriction site data or with morphological criteria.  It assumes an evolutionary model.
Definitions of Cladistic Terms
Ancestor -- Any organism, population, or species from which some other organism, population, or species is descended by reproduction.
Basal group -- The earliest diverging group within a clade.

Character -- Heritable trait possessed by an organism; characters are usually described in terms of their states, for example: "xylem present" vs. "xylem absent," where "xylem " is the character, and "present" (= +) and "absent" (=-) are its states.

Clade -- A monophyletic taxon; a group of organisms which includes the most recent common ancestor of all of its members and all of the descendants of that most recent common ancestor. From the Greek word "klados", meaning branch or twig.

Cladogram -- A diagram, resulting from a cladistic analysis, which depicts a hypothetical branching sequence of lineages leading to the taxa under consideration. The points of branching within a cladogram are called nodes. All taxa occur at the endpoints of the cladogram.

Derived -- A character to have arisen later in the evolution of the clade. For example, "presence of Chlorophyll B" is a primitive character state for all angiosperms, whereas the "presence of flowers" is a derived state.

Evolutionary tree -- A diagram which depicts the hypothetical phylogeny of the taxa under consideration. The points at which lineages split represent ancestor taxa to the descendant taxa appearing at the terminal points of the cladogram.

Homology -- Two structures are considered homologous when they are inherited from a common ancestor which possessed the structure. 

Ingroup -- In a cladistic analysis, the set of taxa which are hypothesized to be more closely related to each other than any are to the outgroup.

Lineage -- Any continuous line of descent; any series of organisms connected by reproduction by parent of offspring.

Monophyletic -- Term applied to a group of organisms which includes the most recent common ancestor of all of its members and all of the descendants of that most recent common ancestor. A monophyletic group is called a clade. 

Outgroup -- In a cladistic analysis, any taxon used to help resolve the polarity of characters, and which is hypothesized to be less closely related to each of the taxa under consideration than any are to each other.

Parsimony -- Refers to a rule used to choose among possible cladograms, which states that the cladogram implying the least number of changes in character states is the best.

Phylogenetics -- Field of biology that deals with the relationships between organisms. 

Phylogeny -- The evolutionary relationships among organisms; the patterns of lineage branching produced by the true evolutionary history of the organisms being considered.

Plesiomorphy -- A primitive character state for the taxa under consideration.

Polarity of characters -- The states of characters used in a cladistic analysis, either original or derived. Original characters are those acquired by an ancestor deeper in the phylogeny than the most recent common ancestor of the taxa under consideration. Derived characters are those acquired by the most recent common ancestor of the taxa under consideration.

Polyphyletic -- Term applied to a group of organisms which does not include the most recent common ancestor of those organisms; the ancestor does not possess the character shared by members of the group. 

Primitive -- Describes a character state that is present in the common ancestor of a clade. A primitive character state is inferred to be the original condition of that character within the clade under consideration. 

Sister group -- The two clades resulting from the splitting of a single lineage.

Synapomorphy -- A character which is derived, and because it is shared by the taxa under consideration, is used to infer common ancestry.
Group the following plant species into clades based on the parsimony method.
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