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What are phylogenies?



Hypotheses for understanding alignments
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Tree of Life

[Hug et al,, 2016]
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Uses outside biology
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Uses outside biology

- Manuscript change [Barbrook et al,, 1998]

- Social evolution (many examples, some questionable).
- Plagiarism [Ryu et al., 2008]

- Anything you can measure distances between.



Reading a Tree
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Meaningful Branch Lengths
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Groupings on the Tree
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Monophyletic
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Paraphyletic
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Polyphyletic
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Topology and rotation

~
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Nodes can rotate

camel virus
_|:OQ camel virus

human virus

|: human virus

@ bat virus

=
—

@ bat virus

-I @ bat virus

@ bat virus

I—. whale virus
L. whale virus

http://artic.network/how-to-read-a-tree.html ”


http://artic.network/how-to-read-a-tree.html

Nodes can rotate

@ bat virus
] camel virus
_|:Oocamel virus
human virus
[: human virus

@ bat virus

—

-I @ bat virus

@ bat virus

I—. whale virus
L. whale virus

http://artic.network/how-to-read-a-tree.html ’


http://artic.network/how-to-read-a-tree.html

Adding Metadata
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Ancestral Node Reconstruction
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Ancestral Node Reconstruction
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Ancestral Node Reconstruction
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Ancestral Node Reconstruction
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Making a Tree




Going from data to a tree

- Getting your data
- Aligning your data
- Tree-inference

- Maximum Parsimony
- Distance Methods

- Maximum-Likelihood
- Bayesian

- Sequence evolution models
- Exploring topology space
- Statistical support

28



Getting and preparing your data




Finding Similar Sequences

m) U.5. National Library of Medicine NCBI National Center for Biotechnology Information

BLAST ® » blastp suite

Standard Protein BLAST

blastn | blastp | blastx | tblastn | tblastx |

Enter Query Sequence

Enter accession number(s), gifs). or FASTA sequencels) (&)

m senrch protein databases using a pre
~gb| CAZ39946.1| - |NM-1 [Klebsiella pneunoni:

ew
]

MELPIMHPY L STALAAALML SGOMPGE nmmmnanenwrmmmmwswmver

GAVASHGLIVRDGGRYL

Fram
MNIHQETHLPVALS HANGIATY
ANALSHOLS

TVGLDGTDIAFGGLE
THTARMADELR

or, upload file

Browse... No file selected.
Joh Title

gb| CAZ30946.1 |- | NDWH1 [Kiebsiella preumoniac]

29



New Delhi metalle-beta-lactamase 1 [Acinetobacter baumannii]
sequence ID: BB, .1 Length: 261 Number of Matches: 1

Range 1: 3 to 280 =
Score Expect  Method Tdentities Postthves Gaps

498 pis{1282] 2e.177  Compositionsl matrix sdjust.  230/205(37%)  2I7/203(30%)  T/203(2%)

[}

PNIMHPVAKL STALAAALML SGCMPGEIRPTIGOOMETGDRFGDLYFROLAPNVWIHTS
Sbjct 3 PNIMHPVAKLSTALAAALML SGCMPGEIRPTIGOOMETGDGRFGDLVYFROLAPNVWGHTS 6

Query 64  YLDMPGFGAVASNGLIVRDGGRVLVVDTAWTDDOQTAQILNWIKQEINLPYALAVVTHAHG 123
YLDMPG GAVASNGLIVRDGGRV+V A'A'TD%TA IL N'A'IKgEINL PVALAVVTHAH
Sbjct 63 YLDMPG-GAVASNGLIVRDGGRVVY--DAWTDDOTAQILNWIKQEINLPYALAVVTHAHG 119

Query 124 I}KMGGMI}ALHMGIATYANALSNgLAF{}EGM‘JMgHSLTFMNG'A"JEPATAF'NFGF'LK‘JF 183

Query 4 PNIMHPVAKLSTALAAALML 5G EMFGEIRFTIG%ET‘G %RFG DLVE RgLAF N‘."ﬁgHTS 6

=]

DHMGGMDALHAAGIATYANAL SNOLAP EGMVAACHSLTFAANGWVEPATAPNFGPLEVE
Shjct 128 DEMGGMDALHAAGIATYANALSHOLAP-EGMVAAGHSLTFAANGWVEPATAPNFGPLEVE 178

Query 184 YPGPGHTSONITVGIDGTDIAFGGCLIKDSKAKSLGNLGDADTEHYAASARAFGAAFPKA 243
YPGPGHT DNITYGIDGTDIAFGGCLIKDSKAKSLGNLGDADTEHYAASARAFGAA PKA
Shjct 179 YPGPGHT-DNITWGIDGTDIAFGGCLIKDSKAKSLGHLGDADTEHYAASARAFGAA-PKA 236

Query 244 SMIVMSHSAPDSRAAITHTARMADK 268

SMIVMSH APDSRAAITHTARMADK
Sbjct 237 SMIVMSH-APDSRAAITHTARMADK 268
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BLAST ® 5 blastp s

e » RID-7URVN5C201N Home

BLAST Results

Edtand Remsbmi

 Down

>
Jobtitle: gb| CAZ39946.1|-| NDH1 [Klebsiella peumoniae]

o v (Expieson 0306 0025 am)
Querym il Quary 2625 Datsbaseame v
Descrption. 9] CAZ35045.1|-[NOM [Kebsiels preumoniae] Description. Al nonrecundan: anank CDS wanstasors+ P!
Moleculetype. aminoacs Program ELASTP 281+ b
uery Length 270

Ounerrepons: b 5

Distributon o the op 100 Blast Hitson 100 subjectsequences (&)

Moussover
Colorkey or alignment scores
[P Waos0 Ms0s0 W &0-200
Query

" s o 5 0 %0
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Core Genome Inference

Pangenome of three E. coli's

Tree order: Tree (D: Unknown; L: Unknown) | Current view: single | Sample order: protein_clusters

Num genome
Num genes ir

E coli B! NI~
E coli C

Redundancy

100

0
[ [ e

anvi'o documentation
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Multiple Sequence Alignment

seql_1_1jH[EHGE

Seql_1 & G| Seql_1_2 &7 C|
seq1 [STFCEETE —» Seql_ZGE —  seql 2 1MeTGG
2| ElE|

Seql_2

https://bioinf.comav.upv.es/courses/biotech3/theory/
multiple.html
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Multiple Sequence Alignment
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Alignment Trimming
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Trimmed Alignment
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Tree Inference methods




- Huge number of possible trees

. - 2n—5!
unrooted P e

- rooted = 7%32”(;3_!2)!

- 10 taxa = 2,027,025 unrooted and 34,459,425 rooted topologies.
- 50 taxa = 2.84e74 unrooted and 2.75e76 rooted topologies.

- Topology space geometry is large and awkward to traverse.

- Large number of parameters to optimise

- How do you choose which tree is optimal? Which criterion?

37



Parsimony

Using Maximum Parsimony
to Choose Between Two Possible Trees

Sample: 1 2 3 4 5 1 2 3 4 5
Observation: G G T T G G G T T G
G T,
G=T
=T,
1 change required 2 changes required
—+ batter tree —+ poorer tree

Intuitive: minimise the number of changes needed.

38



Parsimony Pros/Cons

- Advantages:
- Very simple
- Works on any type of data (no explicit model).
- Disadvantages:
- Very simple
- Requires informative sites with consistent signal.
- Poor handling of multiple substitutions.
- Can't incorporate extra information.
- Not consistent for certain tree shapes (misleading support values).

39



Evolutionary Models




Sequence Evolution Models

Unequal 2 substittion
!mf frequencies / Yiﬂm

K2P (=K80)
Unequal
2 substitution of. 3 substitution
classes classes
HEYS5, Trlef
Fid ( KSl)
Unequal 4 substition
3 substition bf classes
classes
TIMef
Unequal
K8luf TrM bf 5 substitution
classes
4 substitution \ /
classes TVMef
TIM Unequal
Bf & substinion
5 substitution
dasses ¢ ¢ classes

VM S
Unequal
6 substitution \ b?
classes
GTR

http:
//carrot.mcb.uconn.edu/~olgazh/bioinf2010/class24.html 40
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Sequence Evolution Models

REV-1 mREV Equal

HV-W,,  HIV-WoF  HIV-B,  HIV-BiF  step JTT+F JTT WAGHF  MIMAM:F rREV 24:F  WAG Dayhoff+F MREVSF Dayhoff Input mtREV24 mtMAM REV

HIV-W, 0 45 a4 46 a7 e 4w a7 46 a7 7 a7 a7 a7 7 a7 a7 a7
HIV-WotF 1 0 a5 4 46 a6 a6 47 a7 7w 7 a7 a7 a7 7 a7 a7 a7
HIV8,, 0 1 o 15 a0 9 8 4% % 46 6 46 a7 a7 ] a7 a7
HIV-BF 0 0 15 o R ) a7 6 a7 w6 a7 a7 a7 7 a7 a7 a7
REV-1 step 0 1 4 4 0 6 6 1 Ell 2 2 w1 2 3 EC] 3 a7
T4 0 0 8 5 w0 0 8 47 % w© a7 7 a7 a7 a7 7 a7 a7 a7
g 0 0 3 3 ECO [ “ % a5 7 @ 6 a7 7 @ a7 a7
WAGH 0 0 3 1 34 o 5 0 a3 3 E Y 4% a7 7 a7 a7 a7
MIMAMF 0 0 0 0 0 o 2 0 w2 6 4 7 2 n @ a7 46
MREV 0 0 0 0 20 12 29 0 8 1 3 3 4 9 47 a7 a7
MEREV 244 0 0 0 0 B0 1o a E 7 7 2 2 7w a7 E
WAG 0 0 0 1 9 o [ 3 a5 35 0 30 39 3 6 a7 a7 a7
Dayhoff+F 0 0 o 0 % 0 [ 39 R 8 0 36 a3 w6 a7 a7 a7
MREVAF 0 0 0 0 w0 [ 35 a0 2 1 0 20 46 a7 a7 a7
Dayhoff 0 0 0 0 B0 [ 2 7 0 1 7 o “ a7 a7 a7
Equal Input 0 0 0 0 nooo [ 1 2 0 1 0 1 2 0 a 4 a7
MRV 24 0 0 0 0 4 0 [ 0 0 0 0 0 0 o 4 0 3 45
mUMAM 0 0 0 0 4 0 [ 0 0 0 0 0 0 o 0 1 0 44
REV 0 0 o 0 0 0 0 0 0 0 o 0 0 0 o 0 2 3 o

"Models are arranged by decreasing rank performance (see Table 2)
d0i:10.1371/journal pone.0000503.1003

[Nickle et al,, 2007]
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How do we select a model?

- Which model is most likely given the data?

- Information Criterion (regularisation to penalise overly complex
models)

- Decision Theory: risk minimisation.
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What happens theoretically if the wrong model is specified?

- Increased Inaccuracy (wrong tree more often)
- Inconsistency (adding more data converges to wrong tree)
- Wrong branch lengths (important for certain analyses)

- Wrong tree support values
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What actually happens

[Abadi et al,, 2019]

- Almost always use the most flexible model (GTR+I+G/LG)

- Criteria are inconsistent (BIC/AIC disagree in 62% of cases)
- Different models change the distance matrix trivially.

- ALL models lead to very similar topologies.

- Model only really important if branch length matters to you.
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Distance Matrix

1 AGCCCGTCGC... | 0 0.3 -« 0.5
2 AGCTCGTCCC... 29los o ... 03
3 GGCTCGACCC... ;

4 AGCCGGATCC... ENOE: B e B

https://slideplayer.com/slide/4422868/
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Neighbour-Joining

Iteratively pair off branches that minimise the total sum of branch
lengths

46
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Distance Approaches Pros/Cons

- Advantages:

- Very fast (often used as starting point)
- Works well for clock-like and closely related sequences

- Disadvantages:
- Requires a sequence evolution model
- Pairwise distance isn't always error-free estimate of evolutionary
distance (bigger problem with divergent sequences).
- Doesn't use all available information
- Cannot reconstruct character histories

47



Aside: sources of error




Sources of Error

- Bad data
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Sources of Error

- Bad data

- Sampling error
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Sources of Error

- Bad data
- Sampling error

- Misleading evolutionary events
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Sources of Error

- Bad data
- Sampling error
- Misleading evolutionary events

- Misspecified models
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Sources of Error

- Bad data

- Sampling error

- Misleading evolutionary events
- Misspecified models

- Inappropriate inference
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Number of Mutations

Time

[Leonard, 2010]
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Misleading Signal: Recombination

—_— Paralog 1
[
—l L ___  Paralog2
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Misleading Signal: Hidden Paralogy/Incomplete Sampling

Incomplete sampling of gene
A - family - using a mixture of different
paralogues. Gene phylogeny is
inconsistent with species relationships
B - suggesting possible HGT (B,(C,A))

C &
cam B @B

B*@® c*am

Full sampling of gene family -
both paralogues tracing species
phylogeny (C,(8,A))

Ancestral gene
duplication

A*@D A*@D

[Leonard, 2010]
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Misleading Signal: Horizontal Gene Transfer

1-A @D

Ancestral gene

— 2-B @D

3-A@D

4-B 0D

[Leonard, 2010]
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Misleading Signal: Horizontal Gene Transfer

Arabidopsis thaliana
Populus trichocarpa
Oryza sativa

Sorghum bicolor
Selaginella moellendorffii

Loss of phagotrophy

Rise of plant cell wall

Physcomitrella patens

Green Algae

Metazoa

Batrachochytrium dendrobatidis
Rhizopus oryzae

Phycomyces blakesleeanus
Ustilago maydis

"'{> Laccaria bicolor
Taphirionomycotina
Saccharomycotina

P
Hi
Loss of phagotrophy istoplasma capsulatum (zg
— Aspergillus nidulans i
Rise of fungal cell wall Stagonospora nodorum :
Sclerotinia sclerotiorum T
Botrytis cinerea <
= Plant-Fungi lateral gene transfer i 44 i ?
Plant-Fungi lateral gene transfer Trichoderma reesei i
===== potentially involving a prokaryote Neurospora crassa n 53
a

intermediate



Tree not always correct paradigm

Ask for a tree get a tree.

ACCGAGCAA
ACCGAGCAA

ACCGAGCAA -

ACCGAGCAA 1 3
ACCGAATGA ) 5
ACCGAGCAG \)

GTTAGGCAG
GTTAGATGA

Sw N

Sw N
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Tree not always correct paradigm

Ask for a tree get a tree.

cNg3

Reanalysis of [Marwick, 2012] from
http://phylonetworks.blogspot.ca/2013/02/
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Back to inference




Maximum-Likelihood

- Likelihood = p(data | topology, branch, evolutionary model) =
p(Dlr,0)

- Maximum likelihood is the topology, branch lengths and model
parameters with the highest likelihood.

- Performed site by site, search topology space then finding
optimal tree parameters.

- Too expensive to exhaustively search likelihood surface so
heuristics.

- Most methods start with distance-based starting tree and
greedily traverse model space.
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Maximum-Likelihood

Seql A G G A A A
Seq2 A
Seq3 A G A
Seq4 G
A
Seq5 G
Whatever

Parsimony’s answer for internal states

57



Maximum-Likelihood

Seql A G G A A A
Seq2 A
Seq3 A G G
Seq4 G
A
Seq5 G
Whatever

But likelihood will consider this too
(and all other possibilities)
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Maximum-Likelihood

The “intuition” version:
Seql A
Seq2 A
Seq3 A
Seqd G
Seqs G

: p(D|T79) - Za Zﬁ Z’Y Z(S - p(AaA7A7G7 G7OZ,B,’Y,5|T79)
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Maximum-Likelihood

Likelihood of a gventree
{branching order AND branch lengths) Probability of the states, given the tree

......

n.. ........
T L L
......................

Sum over ALL possible internal states
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Maximum-Likelihood

P((ia[in[lnGaGaa:ﬁsyaé'|T)

What is the probability that we finish at A?
Of this length

And proceed along a branch

If we start fromA

Depends on SUBSTITUTION MATRIX
and BRANCH LENGTH

61



Maximum-Likelihood Pros/Cons

- Advantages:

- Maximum use of information in data

- Explicit Model

- Can handle complex models

- Robust and consistent (for correct model)

- Allows comparison of trees (which is ‘best’ and by how much)
- Disadvantages:

- Default treatment sites as independent.

- Very slow for exhaustive search

- Model mispecification issues

- Difficult to extend.

- Question formulation can be unintuitive
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- Bayes Rule: p(0|X) = %

- For trees: p(0,7|D) = 777 o (Dgfgflf,ﬁﬁg)fﬁ)me

- Approximate marginal probability using Markov-Chain
Monte-Carlo

- Run multiple chains to estimate convergence
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Bayesian Pros/Cons

- Advantages:
- Fast (relatively)
- Can infer many different parameters
- More flexible framework
- More intuitive formulation
- Disadvantages:
- Choice of priors
- Difficulty determining convergence
- Model mispecification issues.
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Searching Tree-Space: NNI

Nearest-neighbor interchange H G
C F

B
D E



Searching Tree-Space

Nearest-neighbor interchange H G
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Searching Tree-Space

Nearest-neighbor interchange H G
¢ F

B
D E



Searching Tree-Space

Subtree prune-and-regraft



Searching Tree-Space

Subtree prune-and-regraft

A
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Searching Tree-Space

Subtree prune-and-regraft



Searching Tree-Space

Tree bisection and reconnection



Searching Tree-Space

Tree bisection and reconnection
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Searching Tree-Space

Tree bisection and reconnection
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Searching Tree-Space

Tree bisection and reconnection
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Conclusion




- Phylogenetics are a useful tool to investigate the relations
between sequences

75



- Phylogenetics are a useful tool to investigate the relations
between sequences

- There are some tricks to interpretation of trees.

75



- Phylogenetics are a useful tool to investigate the relations
between sequences

- There are some tricks to interpretation of trees.

- Inferring a phylogeny requires: data, alignment, trimming,
method selection.

75



- Phylogenetics are a useful tool to investigate the relations
between sequences

- There are some tricks to interpretation of trees.

- Inferring a phylogeny requires: data, alignment, trimming,
method selection.

- Parsimony is simplest but easily misled.

75



- Phylogenetics are a useful tool to investigate the relations
between sequences

- There are some tricks to interpretation of trees.

- Inferring a phylogeny requires: data, alignment, trimming,
method selection.

- Parsimony is simplest but easily misled.

- Distance, ML, and Bayesian need an evolutionary model.

75



- Phylogenetics are a useful tool to investigate the relations
between sequences

- There are some tricks to interpretation of trees.

- Inferring a phylogeny requires: data, alignment, trimming,
method selection.

- Parsimony is simplest but easily misled.
- Distance, ML, and Bayesian need an evolutionary model.

- Distance methods are fast but naive.

75



- Phylogenetics are a useful tool to investigate the relations
between sequences

- There are some tricks to interpretation of trees.

- Inferring a phylogeny requires: data, alignment, trimming,
method selection.

- Parsimony is simplest but easily misled.
- Distance, ML, and Bayesian need an evolutionary model.
- Distance methods are fast but naive.

- ML and Bayesian methods treat phylogenetics as a statistics
problem.

75



- Phylogenetics are a useful tool to investigate the relations
between sequences

- There are some tricks to interpretation of trees.

- Inferring a phylogeny requires: data, alignment, trimming,
method selection.

- Parsimony is simplest but easily misled.
- Distance, ML, and Bayesian need an evolutionary model.
- Distance methods are fast but naive.

- ML and Bayesian methods treat phylogenetics as a statistics
problem.

- Allow probabilistic reconstruction of ancestral states and
population parameters.

75



- Phylogenetics are a useful tool to investigate the relations
between sequences

- There are some tricks to interpretation of trees.

- Inferring a phylogeny requires: data, alignment, trimming,
method selection.

- Parsimony is simplest but easily misled.
- Distance, ML, and Bayesian need an evolutionary model.
- Distance methods are fast but naive.

- ML and Bayesian methods treat phylogenetics as a statistics
problem.

- Allow probabilistic reconstruction of ancestral states and
population parameters.

- Tree topology space is non-trivial to search.
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