
Many of the slides that I’ll use have been borrowed
from Dr. Paul Lewis, Dr. Joe Felsenstein. Thanks!

Paul has many great tools for teaching phylogenetics at his

web site:

http://hydrodictyon.eeb.uconn.edu/people/plewis

http://hydrodictyon.eeb.uconn.edu/people/plewis


Genealogies within a population

Present

Past

Biparental inheritance would make the picture messier, but the genealogy

of the gene copies would still form a tree (if there is no recombination).



terminology: genealogical trees within population or
species trees

It is tempting to refer to the tips of these gene trees as alleles or haplotypes.

• allele – an alternative form a gene.
• haplotype – a linked set of alleles

But both of these terms require a differences in sequence.

The gene trees that we draw depict genealogical relationships – regardless
of whether or not nucleotide differences distinguish the “gene copies” at
the tips of the tree.
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A “gene tree” within a species tree

Gorilla                                      Chimp                                              Human 
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“deep coalescence”
coalescence events



terminology: genealogical trees within population or
species trees

• coalescence – merging of the genealogy of multiple gene copies into their
common ancestor. “Merging” only makes sense when viewed backwards
in time.

• “deep coalescence” or “incomplete lineage sorting” refer to the failure of
gene copies to coalesce within the duration of the species – the lineages
coalesce in an ancestral species
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A “gene family tree”

plication events, we compared the level of interparalog diver-
gence between the !- and "-globin genes of marsupials with the
level of interparalog divergence between the 5! and 3! "-like
globin genes of the platypus. For the platypus and each of the
three marsupial species for which genomic sequence was avail-
able, we estimated interparalog divergence at third codon posi-
tions by using MEGA v3.1 (34). If monotremes and marsupials
inherited the same pair of "-like globin genes from a common
ancestor, then levels of interparalog divergence should be similar
in each taxon. In contrast to this expectation, we found that levels
of interparalog divergence in marsupials (range " 39.86% #
3.95% to 43.24% # 3.99%), were substantially higher than the
level of divergence between the 5! and 3! genes of the platypus
(21.62% # 3.36%; SI Fig. 6). Given that we detected no evidence
of interparalog gene conversion in either monotremes or mar-
supials (see above), the lower level of interparalog divergence in
the platypus suggests that the 5! and 3! genes are the products

of a more recent duplication event that was specific to the
monotreme lineage. Similar results were obtained when esti-
mates of interparalog divergence were based on first and second
codon positions (data not shown).

Genomic Comparison of the !-Globin Gene Clusters in Monotremes
and Marsupials. The availability of genomic data allowed us to
make comparisons involving sequence from flanking chromo-
somal regions in addition to coding sequence. In principle,
comparison of the complete "-globin gene cluster of
monotremes and marsupials should allow us to delineate bound-
aries of the duplication blocks in both groups. Dot-plot com-
parisons revealed different boundaries of the duplication blocks
in monotremes and marsupials, suggesting that the tandem
duplication that gave rise to the 5! and 3! genes of monotremes
was distinct from the tandem duplication that gave rise to the !-
and "-globin genes of marsupials. In marsupials, the inferred

Fig. 1. Bayesian phylogram describing relationships among the "-like globin genes of vertebrates. The "-globin sequences from spiny dogfish (S. acanthias)
and arctic skate (A. hyperborea) were used as outgroups. Values on the nodes correspond to Bayesian posterior probabilities.
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subclass Prototheria. We use the ‘‘P’’ superscript to acknowledge
that these genes are not 1:1 orthologs of the !- and "-globin genes
of therian mammals.

In summary, we have demonstrated that the "-like globin
genes of monotremes and therian mammals originated indepen-
dently via lineage-specific duplication events. Additional func-
tional experiments are required to test whether the !P- and
"P-globin genes of monotremes are developmentally regulated in
the same fashion as the embryonic and adult "-like globin genes
of therian mammals. If this proves to be the case, then it will also
be important to assess whether the reinvention of a develop-
mentally regulated system of hemoglobin synthesis entailed
parallel or convergent evolution of protein function and stage-
specific transcriptional regulation.

Materials and Methods
DNA Sequence Data. We obtained genomic DNA sequences for structural
genes in the "-globin gene family from the High Throughput Genomic Se-
quences database (HTGS). All of the genomic sequences analyzed in this study
were in phase 2, meaning that the order and orientation of the constituent
sequence contigs had been firmly established. We characterized the genomic
structure of the "-globin gene cluster in 36 mammalian species, 1 bird species,
and 1 amphibian species. We also included sequences from shorter records
based on genomic DNA or cDNA to attain a broad and balanced taxonomic
coverage of "-like globin gene sequences. This approach allowed us to include
sequences from fish (Danio rerio), amphibians (Xenopus laevis and Rana

castebeina), reptiles (Geochelone chilensis, G. carbonaria, and Alligator mis-
sissipiensis), birds (Cairina and Taeniopygia), and some additional mammalian
taxa (SI Table 2). The "-globin sequences from spiny dogfish (Squalus acan-
thias) and arctic skate (Amblyraja hyperborea) were used as outgroups. Our
final dataset consisted of a 468-bp alignment of coding sequence from 168
"-like globin genes.

We identified globin genes in unannotated genomic sequences by using
the program Genscan (37) and by comparing known exon sequences to
genomic contigs by using the program BLAST 2, version 2.2 (38), available from
the National Center for Biotechnology Information web site (www.ncbi.nlm.
nih.gov/blast/bl2seq). Sequence alignment was carried out by using the pro-
gram MUSCLE (39) as implemented in the Berkeley Phylogenomics group web
server (http://phylogenomics.berkeley.edu), with manual adjustments per-
formed to keep coding sequences in frame.

Phylogenetic Analyses. We estimated phylogenetic relationships among the
different "-like globin DNA sequences in our dataset by using a Bayesian
approach as implemented in Mr.Bayes v3.1.2 (40). The program was used to
simultaneously estimate the tree topology and parameter values for an
independent GTR!"!I model of nucleotide substitution for each codon
position. Two simultaneous independent runs were performed for 30 # 106

iterations of a Markov Chain Monte Carlo algorithm, with eight simultaneous
chains, sampling every 1,000 generations. Support for the nodes and param-
eter estimates were derived from a majority rule consensus of the last 10,000
trees sampled after convergence. The average standard deviation of split
frequencies remained $0.01 after the burn-in threshold. Topology tests were
performed by using the approximately unbiased test (41), as implemented in
the program TreeFinder, version June 2007 (42).

Fig. 4. An evolutionary hypothesis regarding the evolution of the "-globin gene family. According to this model, the #-globin gene originated via duplication
of an ancient "-globin gene that occurred before the divergence of birds and mammals but after the amniote/amphibian split. The #-globin gene has been
retained in contemporary monotremes and marsupials, but it has been lost independently in birds and placental mammals. In the common ancestor of marsupials
and placental mammals, a pair of !- and "-globin genes originated via duplication of a proto "-globin gene after the therian/monotreme split. In the placental
mammal lineage, subsequent duplications of the !- and "-globin genes gave rise to the prenatally expressed $-globin and the adult-expressed %-globin,
respectively. In the monotreme lineage, a pair of "-like globin genes (!P- and "P-globin) originated via duplication of a proto "-globin gene sometime before
the divergence of the platypus and echidnas (the two monotreme lineages). The "P-globin gene is expressed during adulthood, and, on the basis of positional
homology with other "-like globin genes, expression of the !P-globin gene is most likely restricted to embryonic erythroid cells.

1594 ! www.pnas.org"cgi"doi"10.1073"pnas.0710531105 Opazo et al.

Opazo, Hoffmann and Storz “Genomic evidence for independent origins of β-like

globin genes in monotremes and therian mammals” PNAS 105(5) 2008



terminology: trees of gene families

• duplication – the creation of a new copy of a gene within the same
genome.

• homologous – descended from a common ancestor.

• paralogous – homologous, but resulting from a gene duplication in the
common ancestor.

• orthologous – homologous, and resulting from a speciation event at the
common ancestor.



Multiple contexts for tree estimation (again):

The cause of
splitting

Important caveats

“Gene tree” DNA replication recombination is usually ignored
Species tree
Phylogeny

speciation recombination, hybridization, and
deep coalescence cause conflict in
the data we use to estimate
phylogenies

Gene family tree speciation or
duplication

recombination (eg. domain
swapping) is not tree-like



The main subject of this course: estimating a tree from
character data

Tree construction:

• strictly algorithmic approaches - use a “recipe” to construct a tree
• optimality based approaches - choose a way to “score” a trees and then

search for the tree that has the best score.

Expressing support for aspects of the tree:

• bootstrapping,
• testing competing trees against each other,
• posterior probabilities (in Bayesian approaches).



Phylogeny with complete genome + “phenome” as colors:

This figure:

dramatically underestimates

polymorphism

ignore geographic aspects

of speciation and character evolution



Extant species are just a thin slice of the phylogeny:



Our exemplar specimens are a subset of the current diversity:



The phylogenetic inference problem:









Multiple origins
of the yellow state
violates our assumption
that the state codes in
our transformation scheme
represent homologous states





Character matrices:

Characters

1 2 3 4 5 6

Taxa

Homo sapiens 0.13 A A rounded 1 1610 - 1755

Pan paniscus 0.34 A G flat 2 0621 - 0843

Gorilla gorilla 0.46 C G pointed 1 795 - 1362

Characters (aka “transformation series”) are the columns.

The values in the cells are character states (aka “characters”).



Characters

1 2 3 4 5 6

Taxa

Homo sapiens 0.13 A A rounded 1 1610 - 1755

Pan paniscus 0.34 A G flat 2 0621 - 0843

Gorilla gorilla 0.46 C G pointed 1 795 - 1362

Character coding:

Characters

1 2 3 4 5 6

Taxa

Homo sapiens 0 A A 0 1 4

Pan paniscus 2 A G 1 2 0,1

Gorilla gorilla 3 C G 2 1 1,2



The meaning of homology (very roughly):

1. comparable (when applied to characters)

2. identical by descent (when applied to character

states)

Ideally, each possible character state would arise once

in the entire history of life on earth.



Instances of the filled character state are homologous

Instances of the hollow character state are homologous



Instances of the filled character state are homologous

Instances of the hollow character state are NOT homologous



Instances of the filled character state are NOT homologous

Instances of the hollow character state are homologous



Inference

“deriving a conclusion based solely on what one already knows”1

• logical

• statistical

1definition from Wikipedia, so it must be correct!
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Logical Inference

Deductive reasoning:

1. start from premises

2. apply proper rules

3. arrive at statements that were not obviously contained in

the premises.

If the rules are valid (logically sound) and the premises are true,

then the conclusions are guaranteed to be true.



Deductive reasoning

All men are mortal.
Socrates is a man.
-------------------
Therefore Socrates is mortal.

Can we infer phylogenies from character data using deductive

reasoning?



Logical approach to phylogenetics

Premise: The following character matrix is correctly coded

(character states are homologous in the strict sense):

1

taxon A Z

taxon B Y

taxon C Y

Is there a valid set of rules that will generate the tree as a

conclusion?



Logical approach to phylogenetics (cont)

Rule: Two taxa that share a character state must be more

closely related to each other than either is to a taxon that

displays a different state.

Is this a valid rule?



Invalid rule

Here is an example in which we are confident that the homology

statements are correct, but our rule implies two conflicting trees:

p
la

ce
n

ta

ve
rt

eb
ra

Homo sapiens Z A

Rana catesbiana Y A

Drosophila melanogaster Y B



Hennigian logical analysis

The German entomologist Willi Hennig (in addition to providing

strong arguments for phylogenetic classifications) clarified the

logic of phylogenetic inference.

Hennig’s correction to our rule: Two taxa that share a derived
character state must be more closely related to each other than

either is to a taxon that displays the primitive state.



Hennig’s logic is valid

Here we will use 0 for the primitive state, and 1 for the derived

state.

p
la

ce
n

ta

ve
rt

eb
ra

Homo sapiens 1 1

Rana catesbiana 0 1

Drosophila melanogaster 0 0

Now the character “placenta” does not provide a grouping, but

“vertebra” groups human and frog as sister taxa.



Hennigian terminology

prefixes:

• “apo” - refers to the new or derived state

• “plesio” - refers to the primitive state

• “syn” or “sym” - used to indicate shared between taxa

• “aut” - used to indicate a state being unique to one taxon



Hennigian rules

• synapomorphy - shared, derived states. Used to diagnose

monophyletic groups.

• symplesiomorphy - shared, primitive states. Diagnose icky,

unwanted paraphyletic groups.

• autapomorphy – a unique derived state. No evidence of

phylogenetic relationships.

• constant characters – columns in a matrix with no variability

between taxa. No evidence of phylogenetic relationships.





Hennigian inference

When we create a character matrix for Hennig’s system, it is

crucial that:

• traits assigned the same state represent homologous states

(trace back to the MRCA)

• we correctly identify the directionality of the transformations

(which state is plesiomorphic and which is apomorphic).

The process of identifying the direction of change is called

polarization.

Polarization could be done based on developmental

considerations, paleontological evidence, or biogeographic

considerations, but the most common technique is outgroup

polarization.



Character #

Taxon 1 2 3 4 5 6 7 8 9 10

A 0 0 0 0 0 0 0 0 0 0

B 1 0 0 0 0 1 1 1 1 1

C 0 1 1 1 0 1 1 1 1 1

D 0 0 0 0 1 1 1 1 1 0
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Interestingly, without polarization Hennig’s method can infer

unrooted trees. We can get the tree topology, but be unable

to tell paraphyletic from monophyletic groups.

The outgroup method amounts to inferring an unrooted tree

and then rooting the tree on the branch that leads to an

outgroup.
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Inadequacy of logic

Unfortunately, though Hennigian logic is valid we quickly find

that we do not have a reliable method of generating accurate

homology statements.

The logic is valid, but we don’t know that the premises are

true.

In fact, we almost always find that it is impossible for all of our

premises to be true.



Character conflict

Homo sapiens AGTTCAAGT
Rana catesbiana AATTCAAGT
Drosophila melanogaster AGTTCAAGC
C. elegans AATTCAAGC

The red character implies that either (Homo + Drosophila) is a

group (if G is derived) and/or (Rana + C. elegans) is a group.

The green character implies that either (Homo + Rana) is a

group (if T is derived) and/or (Drosophila + C. elegans) is a

group.

The green and red character cannot both be correct.



Character #

Taxon 1 2 3 4 5 6 7 8 9 10 11 12

A 0 0 0 0 0 0 0 0 0 0 0 0

B 1 0 0 0 0 1 1 1 1 1 1 1

C 0 1 1 1 0 1 1 1 1 1 1 0

D 0 0 0 0 1 1 1 1 1 0 0 1
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