
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


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).



Simple test of Bergmann’s rule: comparing latitude and mass (I made these
data up)
lat. offset = degrees north of the 49th parallel.

species lat. offset mass
L1 3.1 5.9
L2 5.4 4.3
L3 5.1 3.1
L4 1.8 3.6
H1 13.5 15.2
H2 14.6 13.5
H3 13.6 12.4
H4 10.8 13.7
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(cue cartoon videos)

See http://phylo.bio.ku.edu/slides/no-correl-anim.mov

and http://phylo.bio.ku.edu/slides/correl-anim2.mov

http://phylo.bio.ku.edu/slides/no-correl-anim.mov
http://phylo.bio.ku.edu/slides/correl-anim2.mov


No (or little) evidence for correlation
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Evidence for correlation
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Do desert green algae use xanthophyll to protect against
excessive light intensities?

Species Habitat Photoprotection
1 terrestrial xanthophyll
2 terrestrial xanthophyll
3 terrestrial xanthophyll
4 terrestrial xanthophyll
5 terrestrial xanthophyll
6 aquatic none
7 aquatic none
8 aquatic none
9 aquatic none

10 aquatic none



Phylogeny reveals the events that generate the pattern

1 pair of changes.

Coincidence?

5 pairs of changes.

Much more convincing



Inferring Process from Pattern

Hypothesis:

Gregariousness should arise more frequently in unpalatable
organisms than in tasty ones (Sillén-Tullberg, 1988)



Inferring Process from Pattern
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Sillén-Tullberg (1988), Dyer and Gentry (2002), Hill (2001)



One possible outcome:

No clear evidence of associations between traits



Cartoon of the real results (Sillén-Tullberg, 1988)

Aposematic species are more likely to evolve gregarious larvae



Importance of phylogeny

The previous slides had identical patterns of traits if the phylogeny is
ignored.

Without knowledge of the tree, no conclusion would be reached.



Figure by Mathieu Joron: http://xyala.cap.ed.ac.uk/joron/

http://xyala.cap.ed.ac.uk/joron/
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As a result, strains with advantageous mutations could,
by chance, find themselves in individuals with low rates
of partner exchange and so will not be transmitted far in
the population. Of more debate is whether a bottleneck
has a selective component, so that strains that are better
adapted to new hosts (such as R5 strains) competitively
establish themselves in primary infection60, or whether
it is entirely neutral61 and thereby only magnifies the
effects of genetic drift.

Finally, some advantageous mutations, such as those
conferring CTL escape, might not appear until relatively
late in infection62. If these late-escape mutants do not
arise until after most individuals have transmitted the
virus, natural selection will be less effective at the pop-
ulation level. As a consequence, HIV strains might not
readily adapt to the HLA HAPLOTYPE distributions of their
local populations63, because some CTL-escape mutants
have little opportunity for further transmission. The
data presented to support the adaptation of HIV to
HLA haplotypes at the population level only considered
within-host evolution, albeit in a large number of
patients, and did not measure the effect of transmission.
Indeed, the fact that repeated individual adaptation was
observed in these patients indicates that the HIV popu-
lation as a whole was not adapted to the host HLA dis-
tribution. Moreover, although certain CTL-escape
mutants can be transmitted through the population64, it
is possible that CTL-escape mutations that are passed to
individuals with the ‘wrong’ HLA background will
sometimes be deleterious and removed by purifying
selection. In summary, inter-host HIV evolution is not
merely intra-host evolution played out over a longer
timescale, and the evolutionary process that occurs
within hosts will not select for viruses with enhanced
transmissibility.

Recombination and HIV diversity. Genetic recombina-
tion is an integral part of the HIV lifecycle, occurring
when reverse transcriptase switches between alternative
genomic templates during replication. As already men-
tioned, the recombination rate of HIV is one of the
highest of all organisms, with an estimated three recom-
bination events occurring per genome per replication
cycle65, thereby exceeding the mutation rate per replica-
tion. The discovery that most infected cells harbour two
or more different proviruses66, and the evidence for dual
infection67,68, set the stage for recombination to have a
central role in generating HIV diversity. Indeed, recom-
bination has now been detected at all phylogenetic lev-
els: among primate lentiviruses7,8, among HIV-1
groups69, among subtypes70 and within subtypes71.
Prevalent inter-subtype recombinants are denoted ‘cir-
culating recombinant forms’ (CRFs). There are 15 cur-
rently recognized CRFs that show a broad range of
complexity and are widely distributed. In some geo-
graphical regions, CRFs account for at least 25% of all
HIV infections72. Probably because it is more difficult to
detect, the role of intra-subtype recombination has tra-
ditionally been downplayed. However, recent popula-
tion-genetic studies indicate that recombination is also a
pervasive force within subtypes71,73.

(neutral) spatial and temporal diffusion of the virus,
with viral lineages co-existing for extended time peri-
ods. Indeed, there is little evidence that fitness differ-
ences determine subtype structure and distribution. For
example, experimental studies have revealed that sub-
type C viruses consistently have lower in vitro fitness
than those assigned to subtype B (REF. 56). Although cau-
tion should be shown when extrapolating from the lab-
oratory to nature, this indicates that the high prevalence
of subtype C in sub-Saharan Africa is the result of its
chance entry into populations with high rates of partner
exchange. However, it is unclear whether the success of
HIV-1 group M, relative to groups N and O, is the result
of some intrinsic property of the virus that enhances
transmissibility, or because the founding virus from
group M was fortunate enough to find itself in popula-
tions in which the epidemiological conditions were ideal
for transmission.

Why is natural selection a less potent force among
hosts than within them? The first factor is the bottleneck
that accompanies inter-host transmission, which greatly
reduces genetic diversity. Evidence for a strong bottle-
neck at transmission is the homogeneity of the virus
during primary infection57–58, although this could
depend on the mode of transmission59. The second
important factor concerns the behavioural aspects of
HIV transmission. HIV is predominantly a sexually
transmitted disease, and so the extensive variation in
rates of partner exchange will, in combination with the
transmission bottleneck, generate strong genetic drift.

NEIGHBOUR-JOINING METHOD 

An algorithm that uses genetic
distances to construct a
phylogeny by the sequential
addition of taxa.

BOTTLENECK 

A severe reduction in population
size that causes the loss of
genetic variation. The role of
random drift is increased,
whereas the power of selection is
reduced, by bottlenecks.

HLA HAPLOTYPE 

The particular pattern of alleles
at the human major
histocompatibility complex
(MHC) loci, which defines
which antigens are recognized by
T cells.

Figure 4 | Contrasting patterns of intra- and inter-host evolution of HIV. The tree was
constructed using the NEIGHBOUR-JOINING METHOD on envelope gene-sequence data that was
taken from nine HIV-infected patients48 (a total of 1,195 sequences, 822 base pairs in length), with
those viruses sampled from each patient depicted by a different colour. In each case, intra-host
HIV evolution is characterized by continual immune-driven selection, such that there is a
successive selective replacement of strains through time, with relatively little genetic diversity at
any time point. By contrast, there is little evidence for positive selection at the population level
(bold lines connecting patients), so that multiple lineages are able to coexist at any time point. 
A major BOTTLENECK is also likely to occur when the virus is transmitted to new hosts.

Figure from Rambaut, Posada, Crandall, and Holmes

Nature Reviews Genetics, 2004



The timing and accumulation of the different drug resistance
mutations have been shown to be variable between HIV-1-infected
individuals (42, 43). Stratifying the patient sequences based on AZT
resistance (AZTR), the range of divergence for all AZTR sequences
was 0.00–1.45% and for all AZT sensitive (AZTS) sequences was
0.44–1.23%. The victim’s HIV-1 DNA sequences were more sim-
ilar to the patient’s AZTR sequences than to the patient’s AZTS

sequences (the ranges of divergence were 0.15–1.52% compared
with 1.60–2.61%, respectively).

Sequence analyses of 20 HIV-1 DNA public sequences that
showed the most significant BLAST scores revealed that molecular
clone sequences for the patient and victim differed by 8.05–13.54%
and 8.54–15.37%, respectively, from the GenBank sequences. The
gp120 LA control sequences differed from those of the patient by
7.41–14.22% and from those of the victim by 8.02–15.43%. The
random LA controls and the 20 closest HIV-1 DNA sequences
selected from GenBank exhibited similar divergence, though the
most similar sequences to the victim and patient were found among
the LA controls. These data suggest that the selection of control
sequences from the local geographic area were appropriate for this
study. Comparing RT sequences, 57% of the LA controls showed
various amino acid substitutions known to confer resistance to
AZT. These LA control sequences were more divergent from
the stratified patient AZTR, patient AZTS, and the victim se-
quences and differed by 2.61–6.75%, 3.19–6.53%, and 3.34–6.53%,
respectively.

Phylogenetic Results. In the parsimony analyses, all 100,000 boot-
strap replicates of the gp120 gene data supported the victim and
patient sequences as the most closely related within the analysis
(P ! 0.00001), and 95,826 bootstrap replicates of the RT gene data
supported the victim sequences as embedded within a group of
patient sequences (P ! 0.04174). In the maximum-likelihood
distance analyses, all 1,000 bootstrap replicates of the gp120 gene
data (P ! 0.001; Fig. 1) supported the closer relationship between
the patient and victim viral sequences compared with any of the LA

controls, and all 10,000 bootstrap replicates of the RT gene data
(P ! 0.0001; Fig. 2a) supported the victim sequences as embedded
within a group of patient sequences. All 25,000 sampled trees from
the MCMC analyses also supported these relationships (P !
0.00004). The relationships of the patient and victim RT sequences
were virtually identical based on both the originally sampled
sequences (sequenced at BCM) and those subsequently sequenced
at MIC (Fig. 2b). The close relationship between the victim and
patient samples was thus supported by both of the genes that we
examined, using all major methods of phylogenetic analysis (par-
simony, minimum evolution, and likelihood), and a broad range of
evolutionary models.

Discussion
Direction of Transmission. Although the inferred sister relationship
between patient and victim viruses is consistent with the alleged
transmission event, this finding by itself does not establish the
direction of the transmission nor does it prove that additional
individuals could not have been involved in a series of intermediate
transmissions. However, if the sequences are sampled close enough
in time to the transmission event, the direction between a suspected
pair can often be established (44). Typically only a single or a few
viral isolate(s) have been shown to be transmitted during primary
infection (38, 45, 46), and if samples are obtained shortly after this
event, a subset of source sequences will be found to be more closely
related to the recipient sequences than all source sequences are to
each other. Thus, source sequences that are paraphyletic with
respect to the recipient sequences provide evidence for the direc-
tion of transmission. This paraphyletic relationship will be lost
through time as a result of lineage extinction, but can be observed
between transmission pairs that are sampled within a short period
of the transmission event. The window of opportunity for observing
this paraphyletic relationship is expected to vary as a function of
rate of evolution of the various parts of the genome and degree of
immunoselection and/or drug selection for the different gene
proteins.

Fig. 2. Phylogenetic analysis of the RT region; details of the
analysis are the same as for Fig. 1. Nucleotide alignment was
based on the protein alignment in Fig. 4. (a) Tree based on
sequences from BCM. (b) Subtree of patient and victim se-
quences, including those added by MIC. In both a and b, the
smaller set of boxed sequences represents the sequences from
the victim, and the larger set of boxed sequences represents the
patient plus victim sequences. The victim sequences were found
to be embedded within the patient sequences in all analyses and
for all models of evolution examined. In addition to the 100%
bootstrap support of this relationship for the minimum evolu-
tion analyses, the parsimony bootstrap support was 96% and the
Bayesian posterior support was 100%.

14296 ! www.pnas.org"cgi"doi"10.1073"pnas.222522599 Metzker et al.

Figure from Metzker et al. (2002), 2004



Tree terminology

A B C D E

interior node

(or vertex, degree 3+)

terminal node

(or leaf, 
degree 1)

branch (edge)

root node of tree (degree 2) 

split (bipartition)

also written AB|CDE

or portrayed **---



Rooted tree terminology

A B C D E

arc (from head
node to tail
node)rooted tree

a directed graph
(or digraph)

all non-root
nodes have 
in-degree of 1

non-leaf
nodes have
out-degree > 0



Rooted tree terminology

A

B

C

D

E
edges not arcs

degree not in-degree
and out-degree



Tree terms

A tree is a connected, acyclic graph.

A rooted tree is a connected, acyclic directed graph.

A polytomy or multifurcation is a node with a degree > 3 (in an unrooted
tree), or a node with an out-degree > 2 (in a rooted tree).

Collapsing an edge means to merge the nodes at the end of the branch
(resulting in a polytomy in most cases).

Refining a polytomy means to “break” the node into two nodes that are
connected by an edge.



Monophyletic groups (“clades”): the basis of
phylogenetic classification



Paraphyletic groups: error of omitting some species



Polyphyletic groups: error of grouping “unrelated”
species



Homework #1 – (due Monday, Aug 28th)

Draw an unrooted tree from the table of splits shown on the next page.
The frequencies shown in the table represent bootstrap proportions. We’ll
cover bootstrapping later in the course – for now you can treat the “Freq”
column as label for the branches.

Start at the first row and add splits until you cannot add any more splits to
the tree.

Make sure to label the leaves of the tree with the taxon number and the
edges with the value found in the “Freq” column.



000000000111111

123456789012345 Freq

..........*.*.* 100

........**..... 99

.**..........*. 97

........***.*.* 94

......*....*... 78

...**********.* 67

.**............ 61

......*.*****.* 60

..........*...* 56

...*.*......... 41

..........*.*.. 39

..*..........*. 37

.....********.* 33

/end-of-homework



Branch rotation does not matter

A C E B F D D A F B E C



Rooted vs unrooted trees



Warning: software often displays unrooted trees like this:
/------------------------------ Chara
|
|                               /-------------------------- Chlorella
|                    /---------16
|                    |          \---------------------------- Volvox
+-------------------17
28                   \-------------------------------------------------------------------- Anabaena
|
|            /----------------- Conocephalum
|            |
|            |     /---------------------------- Bazzania
\-----------27     |
             |     |        /------------------------------ Anthoceros
             |     |        |
             \----26        |                      /------------------- Osmunda
                   |        |          /----------18
                   |        |          |           \--------------------------------------- Asplenium
                   |        |          |
                   \-------25          |                 /------- Ginkgo
                            |    /----23         /------19
                            |    |     |         |       \-------------- Picea
                            |    |     |         |
                            |    |     \--------22                /------------ Iris
                            |    |               |           /---20
                            \---24               |           |    \--------------------------- Zea
                                 |               \----------21
                                 |                           \------------------- Nicotiana
                                 |
                                 \----------------------- Lycopodium



We use trees to represent genealogical relationships in several contexts.

Domain Sampling tree The cause of
splitting

Pop. Gen. > 1 indiv/sp.
Few species

Gene tree > 1 descendants of
a single gene copy

Phylogenetics Few indiv/sp.
Many species

Phylogeny speciation

Mol. Gen. > 1 locus/sp. >
1 species

Gene tree.
Gene family
tree

speciation or
duplication



Phylogenies are an inevitable result of molecular genetics



Two types of genealogies



Genealogies within a population

Present

Past



Genealogies within a population

Present

Past



Genealogies within a population

Present

Past



Genealogies within a population

Present

Past



Genealogies within a population

Present

Past

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 
2       4          1         3                                                                  2        1                                                                                3    1    5    2      4  

“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



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



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.

1592 ! 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



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



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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