Cladistics and the Molecular Revolution








In the last 20 years Systematics has been revolutionised by the combined introduction of Cladistics and Molecular methods to investigate the relationships among species.





All of the spp which have ever existed are related to each other.  Powerful evidence from DNA and cellular processes that all forms of life are derived from a single origin. 





If we could understand relationships among all those spp, both alive and dead we could reconstruct a family history  - a tree of life.  





Family histories of organisms are termed phylogenies, and must be inferred from the limited evidence which we have available  - the information in living organisms and information from the few fossil species which we have.





Cladistics


The word comes from the Greek for twigs, and comes from the branching patterns of the diagrams which Cladists use to illustrate the evolutionary relationships among taxa.





If we could see the whole of evolution it would be possible to draw it as a tree, showing how taxa diverged from each other, and how the separate lineages then diversified in isolation.  





Here is tiny bit of that tree - A population of plants, reproducing with each other and producing offspring, as indicated by the lines.





Original population are white-petalled, herbaceous things.





Evolution is amazingly fast with these plants – after only 3 years two lineages develop within the population – no lines here, and within a couple of years they are starting to acquire distinctive characteristics e.g. woodiness on left, and red petals on right.  May have acquired others, but we don’t know.





After 10 years the original type of plant has disappeared, and there are just the two new types of plant.  Lineages characterised by woodiness on left and red petals on right.





Wind evolution on another few years.  – more divergence among lineages.





On left all woody and with white petals, on right all herbaceous and red petals..


Four new types of plant have evolved.


characterised by fleshy fruit


spiny seed coat


stamens four


leaves hairy





Can summarize all this information on this branching tree.





This is a phylogeny of the group – a picture of its evolution.





Characters – changes in characters reflect evolutionary pathways, they don’t necessarily create them.  Used for tracking changes.  Changes accumulate in a lineage when gene flow to another lineage ceases.  Could just have easily taken the example of some physiological, anatomical or chemical character – it’s just that these are nice simple ones to consider.





Hierarchy of characters in each lineage – it is the hierarchy which contains the information about how these plants are related, not the order in which they appear at the ends of the branches.  Can rotate about any node – it is the ancestry of the group which is important, and that doesn’t change when you rearrange the terminal taxa.





The split may not be a dichotomy.  Could be a polytomy – more of a bush than a tree.  Either due to rapid divergence of lineage, or because there isn’t enough evidence.





There is lots of specialized terminology in cladistics, and you will need to get familiar with it.





Cladograms


cladogram = phylogenetic tree	pictorial representation of evolutionary history of a group.  Evolution is best portrayed as a branching tree, with the branching points representing the origin of new species.


taxon 	a group of organisms which is given a name.  Could be group of individuals grouped together as a species, or species grouped together as genera etc.


terminal taxon	one of the taxa under investigation whose characters have been coded.


node	a point where the cladogram branches.  Represents an ancestral species.


internode	a line in a cladogram connecting two nodes and representing the link from one ancestral species to another.


branch	a line connecting a node to a terminal taxon.


root 	the node at the base of a cladogram.


ingroup	the group being studied.  It must be monophyletic.


outgroup	a group outside the group under investigation.  Comparison of the characters in the ingroup and outgroup indicates character evolution.


sister group	the outgroup closest to the group under investigation – they are derived from the same node.





Depicting evolution in different ways – all mean the same thing. - SLIDE





Characters


character				an observable feature of an organism.


plesiomorphic		the ancestral state of a character.


symplesiomorphy		shared primitive characters.


apomorphic				advanced state of a character. 


synapomorphy		shared advanced characters.


autapomorphy		an advanced character found in only one taxon.








Monophyly is defined by apomorphy, so apomorphous characters are fundamental.





Character state may be found in more than one terminal taxon.  How meaningful is this?  Could be a synapomorphy which defines them as an evolutionarily meaningful group – a homology		a character is homologous if it is the same as the character that is found in the ancestor of the two taxa.


Or it could be


homoplasy	a similar character found in two taxa but not meeting the criteria for homology.


How can this have arisen – 


Parallel evolution (same character state in terminal taxa from same ancestral character state) 


Convergent evolution (same character state in terminal taxa from different ancestral character state).


Secondary loss (a reversion to ancestral condition)





Can define smaller and smaller groups using the characters shared by the members.


It is recently evolved characters which define a group.  Look at red petals in right lineage, or herbaceousness in left.








Groups


monophyletic group 	a natural group which includes an ancestral species and all of its descendants.  Supported by at least one synapomorphy.


paraphyletic group	an artificial group which does not include all of the descendants of an ancestral species.


polyphyletic group	an artificial group which includes some or all of the descendants of more than one ancestral taxon.





Think of cutting a branch off the tree – if it is a single cut it is monophyletic.





natural taxon = clade	a monophyletic group of organisms which exist in nature as a result of evolution.


artificial taxon = grade		a group of organisms which does not correspond to a unit of evolutionary history - either paraphyletic or polyphyletic - may be difficult to decide whether a group is poly- or para-, but distinction is not that important, it is natural/artificial which matters.


ancestral taxon	a species which gave rise to a new species during speciation, either through cladogenesis or reticulate speciation.


Only species can be ancestral taxa.  Only a species can give rise to another species, which may itself then give rise to other species, genera and families.  There is no process whereby a genus can give rise to other taxa that contain two or more species.  Each monophyletic group must begin as a single species.


cladogenesis 	speciation which results in two branches on the cladogram where before there was only one - species diverging.


reticulate speciation	establishment of a new species from a hybridisation event involving two species - species coming together.  A species arising in this way has two ancestral species.











basic phylogenetic techniques





Grouping Rule


Synapomorphies are evidence for common ancestry relationships, whereas symplesiomorphies, convergences and parallelisms are useless in providing evidence of common ancestry.


Convergences and parallelisms have evolved independently so they cannot provide information about common ancestry.


Symplesiomorphies cannot show common ancestry in the group being studied because they evolved earlier in the hierarchy.





Parsimony


Construction of cladograms governed by parsimony - principle of minimal change – 





Hennig's Auxiliary Principle - never assume convergence or parallel evolution - always assume homology in the absence of contrary evidence.  Convergent or parallel evolution possible, just use the solution which has simplest explanation





Evolutionary change is unlikely - most individuals of most species produce offspring which are very similar - in evolutionary terms species are generally rather stable 








Combining trees


There may be more than one equally parsimonious trees.  What then?  Information can be combined in consensus tree.








Characters


What are the best characters to use for cladistic analysis?  





What we want are unambiguous characters which can simply be coded 1,0


Best - Qualitative - Presence absence


More ambiguity occurs when we have multistate characters - how do the different states relate to each other - linear series (ordered) or unordered


Meristic - counting parts


Worst - purely quantitative - any gaps are artefactual - variation is continuous, so no objective way of defining character states





Problems with traditional methods


Limited numbers of characters


Many characters very continuously


Homologies may be hard to discern


Intuitive approach





So the principles of the Cladistic method are quite simple, but Cladistics didn’t really take off until it became possible to examine the order of bases in the DNA of organisms.








Molecular Systematics





The use of molecular data – from RNA and DNA has revolutionised Systematics.





In the same way that morphological differences accumulate between lineages which are not interbreeding, so do molecular differences.





But here there are huge numbers of potential characters





Mutations accumulate at different rates in different parts of the genome.  Some parts are highly conservative – mutations are almost always lethal, so are not passed on.  Other regions, particularly if they are non-coding, have more flexibility, and mutations can accumulate.





Plant Genomes


Chloroplast DNA cpDNA	 About 135-160 kb


Mitochondrial DNA mtDNA	Very large and variable in size at least 200 – 2500 kbp.  Much larger than animal mtDNA usually 16 kbp


Nuclear DNA			1.1 x 106 to 110 x 109








Chloroplast DNA cpDNA


Endosymbiont origin


Maternally inherited


Circular, with two identical sections which are mirror images – inverted repeats


Single copy areas – long single copy LSC and short single copy SSC


Good for DNA studies because


- present in multiple copies so good for extraction


- has different genes on it, with different rates of evolution, so can be used for a range of phylogenetic studies


Lots of early work on rbcL – small yellow region – codes for RuBisCo (ribulose 1,5 bisphosphate carboxylase/oxygenase) - very conservative molecule, changes slowly, so good at the family level.


Other genes evolve at faster rates and are used for work at the species and genus level.





Mitochondrial DNA mtDNA


Endosymbiont origin


Little used for DNA studies  - 


Although the genes evolving very slowly – (so could only be used at higher level studies) –   huge rearrangements which occur in non-coding portions - large duplications are readily gained and lost.  Arrangements of genome do not characterize or differentiate species or groups of species, so not much used for inferring relationships.





Nuclear DNA


- single copy genes account for little of the genome (less than 1/1000 of coding)


- much DNA does not code directly for proteins - junk DNA, function unknown


- pseudogenes - groups of repeated genes


One of which is the gene for rRNA


Ribosomal DNA (rDNA) - codes for rRNA which are the functional units of the ribosomes which are the units which translate the DNA code into proteins.  They occur in huge numbers in tandem because such large quantities of ribosomes are required for protein synthesis.


ITS


18S region is very conservative, the spacer regions much more variable


The most commonly used nuclear gene.





Whichever gene is used, the technique is the same.


Sequences of the base pairs are obtained.


The sequences are aligned – complex and fiddly job, mostly done by eye – the human brain is a very sophisticated pattern recognition system


Differences in the sequences are noted.





Changes in sequence can be due to -


1. Point mutations


2. Insertions


3. Deletions 


4. Inversions (rare) large section of DNA lifts out, turns round and goes back in again the wrong way round.





Here is an example of a group of 10 spp, and a short section of their sequences.


Sequences are aligned, gaps inserted, gaps each considered as single characters


Tree drawn





Molecular Revolution


Enormous number of characters


There are four discrete character states available for each character


Different parts of the genome accumulate mutations at different rates – possible to examine relationships at different levels 


More objective approach (but let’s not go overboard!)





The combination of these two approaches has led to a revolution in our understanding of the relationships among plants








Classifications





Classifications are either artificial and natural.  


Artificial classifications group taxa according to a few characters and do not necessarily group closely related species together.  


Natural classifications group taxa according to the closeness of their relationships.  





The distinction is important because natural classifications are more likely to be useful in predicting the properties of one taxon from those of a near neighbour.  Artificial classifications are useful in identifying species, but may be less useful in predicting properties or asking evolutionary questions.





Traditional intuitive taxonomy - try to decide which characters are the most important in a group and use them to delimit the higher taxa - personal opinion, and though it works well for many organisms it comes down to personal opinion and is thus unreproducible and is unscientific.  Groups created in this way may not have any evolutionary significance.





Phenetics - 1960s, mathematical method to compare orgs and relate them to each other by similarity - attempt to make taxonomy objective.  Because it only looks at similarity it ignores the effect of parallel or convergent evolution and may create artificial groups.





Cladistics - explicitly evolutionary.  Instead of looking at overall similarity of organisms it is an attempt to understand the relationships among organisms by understanding the evolution of characters.  This approach has been around for over 30 years since Willi Hennig published Phylogenetic Systematics, but it still in a state of flux and is the source of considerable debate.














Angiosperm Phylogeny Group – APG Phylogeny


Classification is in a state of flux.  It has always been in some sort of flux, as we slowly work our way to closer and closer approximations to the reality of the Tree of Life.  However, the last few years have seen some of the greatest activity ever, as the Molecular Revolution catches up with our understanding of the evolution of plants.





The huge volume of data gathered by molecular systematists around the world has been synthesized by Angiosperm Phylogeny Group has been synthesising the 





The Angiosperm Phylogeny Group, under the leadership of Mark Chase, an American systematist based at Kew, has been publishing their findings on the molecular phylogeny of plants.  This system should be considered our current ‘best approximation’ to the Tree of Life.  The APG Phylogeny is certainly a long way from being finished, and indeed no classification should ever really be considered finished, as new information will always come along and new refinements will be made.  One of the most striking, and most reassuring, things about it is that in many ways it agrees well with much of what was widely believed during the C20th. It is the structure which we will be following, with some slight changes as the basis of this course and it forms the backbone of Judd et al., which is one of the recommended course books.





We will be returning to this phylogeny over and over again, so it is going to become very familiar to you.  One thing which you will notice right from the start is that the names are not consistent with taxonomic hierarchy as we discussed earlier.  The orders are all –ales, they should be, but above that different clades have all sorts of names.  They have received these names on an ad hoc basis, but they are generally recognized by systematists, so we are going to stick with them.  They may well change in years to come, as this phylogeny is refined, so keep your eye on developments into the future.





