Phylogenetics — a primer

tobias.warnecke@csc.mrc.ac.uk



What this primer can and can’t do

Alice: "Would you tell me, please, which way | ought to go from here?"
Cat: "That depends a good deal on where you want to get to,”

Alice: "l don't much care where -

Cat: "Then it doesn't matter which way you go”

Alice: "-so long as | get somewhere,”

Cat: "Oh, you're sure to do that, if you only walk long enough.”

How do you get to where you want to be?



What this primer can and can’t do

“No wise fish would go

anywhere without a porpoise.”

Bioinformatics is not a good subject for passive learning.

Learn some basic scripting. Go solve your own problems.

If you get stuck (badly): Google, Biostars, SegAnswers, StackOverflow
If you get stuck (really badly): ask somebody



What’s happening?

1. Reading

1.5 What’s the point?

2. Writing




A tree

evolutionary
\ V4

A tree is a representation of relationships



Testing the “Oasis hypothesis (OH)”

OH: “Our music is totally different from Blur!”

1. Go to Youtube and copy links of Oasis song, Blur
songs, and some others.

« She’s electric (Oasis)

« Country House (Blur)

« Sunny afternoon (The Kinks)

* My favourite things (Julie Andrews)
 Who let the dogs out? (Baha Men)

2. Convert to .mp3 (http://Iwww.youtube-mp3.org/)
3. Convert to .wav (http://media.io)
4. Cut out random 10s fragment (Audacity)



Testing the “Oasis hypothesis (OH)”

 Use R packages “tuneR” and “seewave” for
amplitude modulation analysis

* A recipe can be found here:
http://www.vesnam.com/Rblog/sortmymusic/

* You end up with a distance (similarity) matrix

> d
dogs_short.wav electric_short.wav house_short.wav sunny_short.wav

electric_short.wav @.5813271

house_short.wav @.2692098 0.7301821
sunny_short.wav @.4994576 ©.1803900 @.65094396
things_short.wav 1.2696424 0.9448022 1.3655203 1.0213808
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A tree

T C C C C
C
Similarity
. Character
best-guess evolutionary = ...nstruction

A

A tree is a representation of relationships



Monotremata

Marsupialia
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Uncertainty is common

Nucleotide and protein
tree disagree

Disagrees with previous
best tree




Uncertainty is common - even in unexpected places

Are horses more closely related to dogs than to cows?

27.1% 28.5% 26.9%

Hou et al (2009) Mol Phyl Evol



Uncertainty is common

Ecdysozoa Coelomata

Wolf et al (2004) Genome Res



Trees can be treacherous
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Representing unresolved relationships

Bootstrap values

90 100
85

Bifurcating tree Polytomy



Some inevitable terminology

Node @ branch

Meaningless
right angle

Root



Different ways to represent the same tree

e
ice







How does this tree differ?

Branches can freely rotate around a node







How about this tree?

Some trees (cladograms) only show relationship




Clade/monopylum: An ancestor with all its dependants
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with trees (Part |)

brought to you by Baum et al (2005) Science



Tree 1

Amocba Red Alga Green Alga Moss Pine

1) By reference to the tree above, which of the following is an accurate statement of
relationships?

a) A green alga is more closely related to a red alga than to a moss

b) A green alga is more closely related to a moss than to a red alga

c) A green alga is equally related to a red alga and a moss

d) A green alga is related to a red alga, but is not related to a moss



Lizard Crocodile Dinosaur Bird

2) By reference to the tree above, which of the following is an accurate statement of
relationships?

a) A crocodile is more closely related to a lizard than to a bird

b) A crocodile is more closely related to a bird than to a lizard

¢) A crocodile is equally related to a lizard and a bird

d) A crocodile is related to a lizard, but is not related to a bird



Tree 3

Seal Horse Giraffe  Hippopotamus Whale

3) By reference to the tree above, which of the following is an accurate statement of
relationships?

a) A seal is more closely related to a horse than to a whale

b) A seal is more closely related to a whale than to a horse

c) A seal is equally related to a horse and a whale

d) A seal is related to a whale, but is not related to a horse



Tomato Fern Sponge Mouse Mushroom

4) Which of the five marks in the tree above corresponds to the most recent common ancestor of
a mushroom and a sponge?




Salmon Newt Human Lizard Snake

5) If you were to add a trout to the phylogeny shown above, where would its lineage attach to the
rest of the tree?
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6) Which of trees below is false given the larger phylogeny above?
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Tree 7
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7) Which of the four trees above depicts a different pattern of relationships than the others?




8) Which of the four trees above depicts a different pattern of relationships than the others?
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S. Mathews, M. J. Donoghue. The root of angiosperm phylogeny inferred from duplicate phytochrome genes.
Science 286, 947 (1999).

1) The figure above shows the phylogeny estimated for a sample of flowering plants (angiosperms) from
PHYTOCHROME A and PHYTOCHROME C, a pair of genes that duplicated prior to the origin of the angiosperms.
Which of the following sets of taxa constitute a clade (=monophyletic group) on one gene tree but not on the other?

a) Degeneria-Magnolia-Eupomatia

b) All angiosperms except Amborella

c) Austrobaileya-Nymphaea-Cabombaceae

d) Nelumbo-Trochodendron-Aquilegia
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J. X. Becerra. Insects on plants: macroevolutionary chemical trends in host use. Science 276, 253 (1997).

2) The dendrogram on the left clusters plant species by chemical similarity; each of the four main chemical groups is
indicated with a different color. This tree does not depict descent relationships, just degree of chemical similarity.
On the right, the evolution of these chemical types is reconstructed on a phylogeny of the plants (this does depict
inferred evolutionary relationships). The colors correspond to the chemical groups on the left, and the gray branches
indicate uncertainty in character reconstruction. What does a comparison of these two figures tell us about the
evolution of plant secondary chemistry?

a) The four groups of chemically similar species each constitutes a distinct evolutionary lineage

b) The group colored “black™ has the most advanced chemical defenses

c¢) Thered (3) and blue (1) chemical groups are most distantly related

d) The chemical groups have each been gained and/or lost multiple times in evolution
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F. Bossuyt, M. C. Milinkovitch. Amphibians as indicators of early tertiary "out-of-India" dispersal of
vertebrates. Science 292, 93 (2001).

3) This tree depicts inferred relationships among some major frog groups with branches drawn proportional to
absolute time. Error bars on internal nodes depict confidence intervals on the dates of estimated nodes. Assuming
this tree and the associated ages are correct which of the following statements is true?

a) No individual living before 70 million years ago is an ancestor of Raninae

b) Raninae and Dicroglossinae shared a common ancestor about 75 million years ago

¢) The divergence of Raninae and Nyctibatrachinae occurred more recently than the 85 million year old

separation of India from Madagascar
d) The last common ancestor of Micrixalinae and Dicroglossinae lived before India and Madagascar separated

(85 million years ago)




Genome Genome Genome Genome
A B C D

E. coli 933 E. coli K12 S. nphimurium Y. pestis KIM
S. enterica S. tvphimurium E. coli KI2 Y. pestis KIM
E. coli K12 S. tvphimurium Y. pestis KIM V. cholerae

V. Daubin, N. A. Moran, H. Ochman. Phylogenetics and the cohesion of bacterial genomes. Science 301, 829
(2003).

[The above is only a portion of the figure].

5) Each row in the table above lists a set of four bacterial taxa whose relationship follows the topology shown. Thus

each row can be read as a four-taxon tree. Which of the four trees below is compatible with the information in the
three rows of the table?

S.entenca
S.typhinarum
E.coli K12
E.coli 933
V. cholerae
Y. pestis KIM
S.typhinarum
Y. pestis KIM
Y. pestis KIM
S.typhinarum

V. cholerae

S.enterica
E.coli K12
E.coli 933
Y. pestis KM
V. cholerae
S.typhinarum
S.enterica
E.coli K12
E.col 933
V. cholerae
S.enterica
E.cok K12
E.cok 933

a) b) c) d)




Reading trees — key points

A tree is a representation of relationships - often based on some
measure of distance.

To find the most recent common ancestor, find the first shared
node

In some trees the ancestor has been reconstructed

Trees are best guesses - there can be considerable uncertainty
(more about how we can quantify this later)



10 minute break




Why bother?

Trees can help us to understand

« Relationship between species
 How phenotypic traits map onto evolutionary history

Trees can help us to understand

« evolutionary processes and their timing



Gene gain and loss

SAM SAH hvl hvl SAM SAH SAM SAH

xanthosine 7-methyl- 7-met'y- theobromine
xanthosine xanthine

Utricularia (bladderwort) c

Mimulus (monkeyflower)

Solanum (tomato)

Ipomoea (sweet potato)

Coffea (coffee)

gau%us (ca(rrﬁjt)_b\)\

ambucus . . .
Helianthus (gun(;lrovevreruy) (‘ A polyphyletic origin of
ex (hol) caffeine

Camellia (tea)
Comnus (dogwood)
Spinacia (spinach)
Eucalyptus

Acer (maple)
Arabidopsis

Theobroma (cacao)
Fragaria (strawberry)
Cucumis (cucumber)
Glycine (soybean)
Populus (poplar)

Vitis (grape)

Macadamia
Ranunculus (buttercup)

Denoeud et al (2014) Science
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60f 100!

Horizontal gene transfer

Pseudomonas syringae [EGH98959
100 Xylella fastidiosa [ZP00680581]
Rhodobacterales bacterium [ZP05072991]
Corynebacterium glucuronolyticum [ZP03971177]
Frankia symbiont of Datisca glomerata [ZP06473566]
Corynebacterium variabile [ZP07990127]
Nocardia farcinica [YP121745]
Bacillus cereus [ZP04208553]
Aciduliprofundum boonei L1128
100/97g Aciduliprofundum boonei L1713
83171 Aciduliprofundum boonei L781
Aciduliprofundum boonei T469 [ZP04874596]

8200/70q Aciduliprofundum boonei M339

551 100

EE

Taxa

Archaea

Virus

Insect

Fungus

Plant
Actinobacteria
Proteobacteria
Firmicutes
Cyanobacteria
Other bacteria

Posterior probability
Bootstrap value

100/89
100

Aciduliprofundum boonei M237A
Aciduliprofundum boonei M641
80/73 Aciduliprofundum boonei M368p
100 Paenibacillus polymyxa [YP003869492]
97 Paenibacillus Phage phiBP [CBA18122]
100 Clostridium Phage phiCTP1 [YP003856822]
99 Clostridium kluyveri [YP00139621]
Bacillus megaterium [YP003562779]
10| Anaerofustis stercorihominis [ZP02862355]
99 76 Turicibacter sanguinis [ZP06623100]
99 Clostridium botulinum [YP001787252]
Clostridium Phage phiSM101 [YP699978]
Leifsonia xyli [YP063045]
Saccharopolyspora erythraea [YP001107508]
Paludibacter propionicigenes [YP004043802]
Magnetospirillum magnetotacticum [ZP00054097]
Chthoniobacter flavus [ZP03127883]
Acyrthosiphon pisum [BAJ46211]
WOCauB3 Phage
WOVitA4 Phage
WORIA Phgage [ZP00372884]

59/56

571711 77/65

63 100§ 99/63
96 57 Bacteriovorax marinus [CBW25764]
90 Sinorhizobium medicae [YP001315006]
95 71 Aurantimonas manganoxydans [ZP01228052]
Ahrensia sp. R2A130 [ZP07373443]

Agrobacterium radiobacter [YP002543617]
Verrucosispora maris [YP004403501]

Micromonospora sp. L5 [YP004080777]
Streptomyces ghanaensis [ZP04684986]
Catenulispora acidiphila [YP003117307]
Stackebrandtia nassauensis [YP003512171]
Ustilago maydis [XP758874]
728 s Metarhizium acridum [EFY89863]
col L] Arthroderma otae [XP002849711]
Neurospora crassa [XP964535]
88 Aspergillus oryzae [XP001820641]
'so8100 Penicillium marneffei [XP002145760]
Metarhizium acridum [EFY91600]
Aspergillus nidulans [XP682238]
Kribbella sp. 50410 [ABX57602]
100/92g Selaginella moellendorffii [XP002972808]
96/79 & Selaginella moellendorffii [XP002984384]
69 Selaginella moellendorffii [XP002973028]
TR Selaginella moellendorffii [XP002984497]
Selaginella uncinata
60/5 Selaginella braunii
Propionibacterium acnes [EFS73621]
Saccharopolyspora erythraea [YP001105960]
Actinosynnema mirum [YP003104516]
Saccharomonospora viridis [YP003135565]
Streptomyces violaceusniger [ZP07611195]
100/700 Streptomyces violaceusniger [ZP07602350]
100 Streptomyces hygroscopicus [ZP07300396]
77 Streptomyces griseoaurantiacus [ZP08289040]
Janibacter sp. HTCC2649 [ZP00995727]
Catenulispora acidiphila [YP003116077]
Arthrobacter aurescens [YP945919]
Kitasatospora setae [BAJ26932]

894100
99/71

GH25 muramidase

Metcalf et al (2014) eLife



Recombination

SIVgsn
SIVgsn
SIVmus
SIVmon
SIVmon

SIVcpzUS
SIVcpzTAN1

Recombination
between different

strains of simian HIV
(SIV)

SiVcol
B

SIVgsn/SIVmus/SIVmon

rev
tatvpu

vpx env

vit 7] [
I rev revl]
VP Etat tat 0 -
ne

Sharp et al (2005) J Virol



Migration

50 changes
Laliostoma labrosa

Boophis xerophilus
Rhacophorus malabaricus

Polypedates cruciger Southern India

Fiviau

100

—  Sri Lanka

100

Philautus sp. 11
Philautus sp. 12
Philautus sp. 13
Philautus sp. 14
Philautus sp. 15
94 r Philautus sp. 16
Philautus sp. 17
Philautus sp. 18
Philautus sp. 19
Philautus sp
Philautus cf. microtympanum
Philautus sp. 21
Philautus s 4
Philautus
(—’i?'l“?[,
Philautus
Philautus sp. 26

Philautus sp. 27

Philautus sp. 28 Bossuyt et al (2004) SCienCe




Co-evolution

. o S .
Fahrenholzia pinnata Perognathus

Gorilla
Pthirus gorillae

3.32
1
100

Pthirus pubis

Pediculus humanus- =~
6.42
100] 2

Pediculus schaeffi

Pedicinus hamadryas — — — — — — — — — Papio

Pedicinus badii Procolobus

Primates

Reed et al (2007) BMC Biol



Mutation (polarity)

ACCAGA ACCAGA ACCAGA

Human-specific
Substitution
C=T

ACCAGA



Rates of evolution and selection

Lactobacillus

Firmicutes

Mycoplasma,
Ureaplasma and
‘Candidatus
Phytoplasma’

Mollicutes

[*Candidatus|
[Sulcia’

Bacteroidetes

Wolbachia, Rickettsia,
Ehrlichia and Anaplasma

‘Candidatus Liberibacter" Alphaproteobacteria

‘Candidatus Hodgkinia'

Synechococcus and
Prochlorococcus

%5

,,» Cyanobacteria

Actinobacteria
Bifidobacterium

Tropheryma

Fast-evolving
endosymbionts

s Buchnera,
==—=—__ ) Wigglesworthia,
‘Candidatus
Blochmannia’
and Baumannia

Gammaproteobacteria

McCutcheon &
Moran (2012) Nat
Rev Microb

Nature Reviews | Microbiolog




Any questions on this part?



Making a tree - basic steps

1. Get asequence (not as easy as it sounds...)

2. Find similar sequences, hoping that they are
 Related by descent (orthologs) or

 Related by duplication (paralogs) or
* Not related by chance

3. Align them

4. Tidy up the alignment

5. Make a tree! —) Evaluate the tree

!

Use the tree



Get a sequence

 Where do you go?

\NALL 7 NN\
e Mrp,\
7 »=
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So many choices
)0 = ~\ ~ 28 “m._» 4
3 ,

Single gene analyses:

Ensembl (vertebrates, some others)

Model organism databases
 Flybase, wormbase, ecocyc

UCSC (a bit of everything)

Uniprot

Bulk analyses:

Biomart (interactive retrieval)

UCSC

NCBI genomes (pre-parsed files)
 GenBank, Refseq

Let’s retrieve the
KDM2A
gene in Ensembl

www.ensembl.org



Get a sequence - some pitfalls

DNA or RNA or protein?
Which isoform?
Cross-referencing annotations
 E.g. Refseq versus ENSG versus...
Bugs or “known issues”

 E.g. retrieving a large number of sequences from biomart



Finding orthologs in other species

 There are two main methods to find orthologs for tree building
* 1. Similarity searches

« 2. Synteny (gene order)



High levels of synteny exist in some clades

genome length : 276,984
GC%:226

protein genes : 242

rRNA operons : 1

tRNAs : 28

tmRNA: 1

250000

200000

150000

100000

genome length : 245,530
GC%:224

protein genes : 227

rRNA operons : 1

tRNAs : 31

> apb tmRNA : 1

Ay

50000 100000 150000 200000
Sulcia muelleri (GWSS

Estimated divergence time: >200mya McCutcheon et al (2009) PNAS




..but not others
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Chinwalla et al (2002) Nature

Estimated divergence time: 60-80mya



Synteny can be useful as a tie-breaker
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Finding orthologs in other species

1. The lazy way: using existing orthology databases

 OrthoDB, metaphors, treefam, eggnog, inparanoid,...

2. From scratch: using BLAST

with/against

Protein

* Proteins g /
« DNA/RNA 4 / Protein
Query Wy Protein

e.g. KDM2a \

Protein




Conservation: Structure > protein sequence > DNA sequence

o
S
2
<
v
]
g
6
g
3
o

80 60
Percent residue identity

Chotia & Lesk (1986) EMBO J

20

BLAST protein against
protein database if you
can (blastp)

Then protein against DNA

Then DNA against DNA



Reciprocal best hits

A oY
- - -

g

41— - -

BLAST will find similar sequences and there may be more than
one

Reciprocal best hit increases your confidence that you’ve found
a true ortholog



Y~ _— much to do

"So IM

S So little time!




Align!

Characters in trees are compared by alignment column

M ET AV ATTA SvINA | 5 G LAS T §AV|AVIA M
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Columns are the basis to construct (dis)similarity/distance
matrices and to reconstruct changes along the tree

Normally, columns are considered independent

Character in a column can be 1 nucleotide, 1 amino acid but
also 1 codon



Horses for courses

Different aligners are good for different things and there are
usually speed/accuracy trade-offs

« Single genes/proteins: MUSCLE, T-Coffee (and it’s derivatives)
« Single genes/proteins but a lot of them: MAFFT, ClustalOmega

 Whole genomes: e.g. progressiveMauve (bacteria)

ClustalW still in widespread use but not very accurate.



Alignment and processing in R

# 1. Load libraries

> ¢ )
> ( )
> ( )

# 2a. load nucleotide fasta
>cds<- (file =
, seqtype = , as.string=F,
forceDNAtolower=T)
# 2b. Translate
>protein<- (cds)

# 3. Save protein file

> (protein, names(cds),
file= , open="w")




Alignment and processing in R

# 4. Align

>
out=
> ¢ , unload=TRUE)

# 5. reverse translate

> (

b
, lnput.format =

)

Let’s have a look at the alignment msm) jalview.org

Questions:

1. Are the alignments any good?

2. Which is better?

3. Any areas that are more different than others?
4. What are the lengths of the two alignments?



Building a simple distance tree

# 6. Read the alignment

>protein_alignment <-

¢
mat= ),

# 7. Build a distance matrix
#no evolutionary model assumed here!!
#to see what’s under the hood, see ?dist.alignment

>protein_dist<- (protein_alignment)
# 8. Make a tree (finally!)

>protein_tree <- nj(protein_dist)
#nj stands for neighbour-joining

# 9. Have a look
> (protein_tree)




Building a simple distance tree

1. Try doing the same for nucleotide alignment

# 10. Build nucleotide tree

>nucleotide_alignment <-
( , format=
)

>nucleotide_dist<- (nucleotide_alignment)
>nucleotide_tree <- (nucleotide_dist)
> (nucleotide_tree)

#Explore the function for more rendering
options

#Writing your trees:
# a) graphical: e.qg. O
# b) 1n a text format (Newick): e.g.




Bootstrapping

Questions:

1. Are there any differences between the nucleotide and
protein trees?
2. Which one is better?

# 11. Bootstrapping

boot_nuc<- (nucleotide_tree,
(nucleotide_alignment),

( ( (x))))

# plot the tree:

> (nucleotide_tree,type="p”)

> (boot_nuc,cex=0.7)
>nucleotide_tree$node.label <- boot_nuc

Basic principle: Sample with replacement from the alignment columns
(Felsenstein method)



Building rooted trees

Questions:
1. Are the trees rooted or unrooted?

2. Why are they unrooted?

We know from the Drosophila phylogeny that D. pseudoobscura
is the outgroup to the other species.

To build a rooted tree, use the root() function:

# 12. Building a rooted tree

>rooted_protein_tree <- (protein_tree, "GA28528-

PA_Dpse", r=TRUE)
>rooted_nucleotide_tree <- (nhucleotide_tree,
"GA28528-PA_Dpse", r=TRUE)




Building fancier trees

Most tree building models make some assumptions about the
nature of nucleotide changes:

b o
A ¢—fp (3 Transitions

f  Transversions

C ¢4y T  Transitions
e




The simplest model: Jukes-Cantor (JC69)

Probability of one nucleotide changing into another is the same




A bit more complex: Kimura’s two-parameter model (K80)

There are different probabilities for transitions and
transversions




Building a fancier tree in R

# 11. Building a tree with a specific substitution model

>nucleotide_dist_fancy<-
¢ (nucleotide_alignment), model="F84")

>nucleotide_tree_fancy <- nj(nucleotide_dist_fancy)

More specialized tree building programs

 PhyML (good online pipeline at phylogeny.lirmm.fr)
« RaXML
« MrBayes

have a large number of models to choose from. It’s often not
obvious which one is best. You can choose based on prior
knowledge, stick with the default, or let an algorithm choose
for you (ModelTest)



Making a tree - basic steps

1. Getasequence

2. Find similar sequences, hoping that they are

 Related by descent (orthologs) or

 Related by duplication (paralogs) or

 Related by some other process (convergent evolution?)
* Not related by chance

3. Align them
4. Tidy up the alignment

5. Make a tree! —) Evaluate the tree

!

Use the tree



