Introduction to
Phylogeny

Arne Elofsson

Reading material:

“The Roots of Bioinformatics in Protein Evolution” Ross Doolittle
http://www.ploscollections.org/article/info%3Adoi%2F10.1371%2Fjournal.pcbi.1000875
http://en.wikipedia.org/wiki/Phylogeny

http://en.wikipedia.org/wiki/Neighbor_joining
https://en.wikipedia.org/wiki/Maximum_parsimony_(phylogenetics)



What is Phylogeny

= Evolutionary tree

" The (true)
relationship of a
group (greek: Phyla)
through descent
over time from their
common ancestor
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Trees

(a) Common ancestor

Moa Cassowary Emu Kiwi  Ostrich Rhea
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Different type of trees
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(A)

Species trees and gene trees

— human

— chicken

Xenopus

Catostomus

Drosophila

Artemia

Hydra

(8)

human 1

chicken 1

Xenopus 1

Catostomus 1
human 2

chicken 2

— human 3

— chicken 3

Drosophila

Artemia
Artemia

Hydra



A tree can be represented as splits
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Bootstrapping provides confidence
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Condensed tree
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Orthologs vs. Paralogs

= Two types of homologs

" Orthologs - genes separated by a speciation event
" More similar function

" Paralogs - genes separated by a gene duplication events
" Duplication allows new function to evolve
= Sub-functionalisation



Biological definitions for
related sequences

U Homologues are similar sequences in two different organisms that
have been derived from a common ancestor sequence. Homologues
can be described as either orthologues or paralogues.

d Orthologues are similar sequences in two different organisms that
have arisen due to a speciation event. Orthologs typically retain
identical or similar functionality throughout evolution.

EIRa_thﬁjLe_s are similar sequences within a single organism that have
arisen due to a gene duplication event.

d Xenologues are similar sequences that do not share the same
evolutionary origin, but rather have arisen out of horizontal transfer
events through symbiosis, viruses, etc.



Gene evolution

(A)
time o
L gene duplication event 1
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The phylogenetic tree

(B)
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So this means ...
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To detect orthhologs (COGs)

gene In
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Why gene loss might influence species trees
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Reconciled gene/species trees
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Number of orthologs

Homo sapiens

(21,787 genes)

unique

homology

pairwise
orthologs

core
orthologs
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Fugu rubripes

(20,796 genes)
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Horizontal gene transfer
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All similarities are not homologous







Basic evolutionary steps

= Mutations
= Non-synonymous
" Ssynonymous
= Gaps

= Gene duplication

= Gene fusion

= Horizontal transfer

Original Sentence
TIME TO DREAM
Single Letter Change

T;LME TO DREAM TAME TO DREAM

Reverse Order
I F_T_rl ETO DREAM ——— EMIT TO DREAM

Deletion
7'VE TO DREAM ——— TETO DR EAM

Insertion
Tlll'u'IE TO DREAM ——— TIIM ET ODREAM




Evolutionary steps ||

= Selection - /\ [ ==
. . w_ w. W
= Positive

= Negative
= Neutral
® Selectionists vs. neutralists

= Speciation



Adaptive evolution

® Selection
o 9 ] b B
" No selection — ’neutral evolution

" The 'null frequency’ with which amino acid-
mutations are expected to happen by chance
alone

= Negative selection — "conservation”

=" AA-mutations happens less often than the null
frequency

" Positive selection — “functional change”

= AA-mutations happens more often than null
frequency






How to make a
phylogenetic tree

® Single phylogenetic method

® UPMGA, Fitch, Neighbor joining
® Multiple trees

® Parsimony

® Maximum likelihood
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Distance Matrices
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Distance matrix is additive if there is a tree that fits
it exactly
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Distance Matrices
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Distance matrix is additive if there is a tree that fits
it exactly
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Ultrametric Matrices
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Additive + molecular clock assumption
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Neighbor joining

(C) STEP3 (N =3)

dj U )

B X B X
A5 3 8 -12-12 A
e 4 9 -12 B
X 1 X

Three alternatives (of which here we choose one of the two with an internal node):

A and X are neighbors through internal node Y with day =2 and dyy =1 or

B and X are neighbors through internal node Y with dgy = 3 and dyy = 1.

Whichever is chosen, the remaining distance day or dgy will be found in the next d;; matrix.




Parsimony example: A DNA data set

Characters
Species|1 2 3 4 5 6
Alpha |T A G C A T
Beta CAAGCT
Gamma| T C G G C T
Delta |T C G C A A
Epsilon |[C A A C A T | [Fos]




Characters
Species|1 2 3 4 5 6

An example tree Alpha [T A G C AT

Beta CAAGCT
Gamma|T C G G C T
Delta T CGCAA

Alpha  Delta Gamma Beta  EpSIIOr osion c a s cat

[FO5]




Most parsimonious states for site 1

Alpha Delta Gamma Beta Epsilon

or C

Alpha Delta Gamma Beta Epsilon

Characters

Species|1 2 3 4 5 6
Alpha [T A G CAT
Beta CAAGCT
Gamma|T C G G C T
Delta TCGCAA
Epsilon |C A A C A T




Most parsimonious states for site 2

Alpha Delta Gamma Beta Epsilon
———
——
HC
or A Characters

Species|1 2 3 4 5 6

Alpha Delta Gamma Beia Epsilon Alpha TAGCAT
Beta CAAGCT
Gamma|T C G G C T
Delta |T C G C A A
Epsilon |[C A A C AT

Alpha Delta Gamma Beta Epsilon




Most parsimonious states for site 3

Alpha Delta Gamma Beta Epsilon

Characters
Species|1 2 3 4 5 6
. A Alpha [T A G CAT
Beta CAAGCT
:IG Gamma|T C G G C T
Delta T CGCAA
Epsilon |[C A A C AT

Alpha Delta Gamma Beta Epsilon




Most parsimonious states for sites 4 and 5

Alpha Delta Gamma Beta Epsilon

=t

sited4 site 5
Characters

- C A Species|1 2 3 4 5 6

Alpha [T AGCAT

Beta CAAGCT

or G C Gamma|T C G G C T
Delta T CGCAA

Epsilon |[C A A C AT

Alpha Delta Gamma Beta Epsilon

—_—



Characters
Species|1 2 3 4 5 6

Most parsimonious fpi TAGOAT

Beta CAAGCT

states for site 6 S| © € € @

Delta [T C G C A A
Epsilon |[C A A C A T

Alpha  Delta Gamma Beta  Epsilon

-




Evolutionary steps on tree

Alpha Delta  Gamma Beta Epsilon

6
2 5 0 4

Only one choice of reconstruction at each site is shown
9 steps in all






Some interesting facts !!




Evolution of life on earth

= Million Years Ago
= 4000 M Early life started early — HOW ?

= 3500 M Photosynthesis

= 2600 M LUCA (Last Universal Common Ancestor)
" Three kingdoms of life

= 545 M Cambrian explosion
= Animals

# 200 M Rise of O, — current levels

Arne Elofsson (arne@bioinfo.se)



How did life start

= Life started early in the history of life

= Exact time is hard to tell

= Microfossils dating to 3.5 billion years
ago

= Difficult to distinguish from mineral
structures

= Evidence in metamorphic rocks that life
existed 3.85 billions years ago

Synthesis of organ 2. Origin of seli- 3. Qrigin of membrane- 4. Qrigin of true cells 5. Evolution of modern
precursor molecules replicating RNA enclosed pre-celis with RNA genome cells with DNA genome
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o
formation primitive spark

atmosphere

earth's condensing
primitive column

o
oceans
. power
boiling
Ucollccting trap

suppl
flask PRl

" First flask partially filled with water and heated to
produce water vapor (sea)

" Water vapor was moved to a second flask where
methane and ammonia vapor was added
(atmosphere)

" Electric sparks (lightening) in second flask was energy
source for chemical reactions

" Below second flask, water vapor cooled (rain) and
recycled to first flask (sea)

® Result: turned brown with amino acids and other
complex organic molecules




Tree of life

Evolution: Margulis

Flavobacteria BACTERIA
Thermotogales Cyanobacteria
Purple bacteria
Gram-paositive bacteria
Green nonsulphur bacteria
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Evolution and DNA Analysis:
the Giant Panda Riddle

= For roughly 100 years scientists were unable to figure out
which family the giant panda belongs to

= Giant pandas look like bears but have features that are
unusual for bears and typical for raccoons, e.g., they do not
hibernate

= |In 1985, Steven O’Brien and colleagues solved the giant
panda classification problem using DNA sequences and
algorithms

Arne Elofsson (arne@bioinfo.se)



Evolutionary Tree of Bears and Raccoons

40+ ‘

351

30+

254

15+

Millions of years ago

104+

I =

o MW A0

BROWN POLAR BLACK SPECTACLED GIANT RACCOON RED PANDA
BEAR BEAR BEAR BEAR PANDA

Arne Elofsson (arne@bioinfo.se)



Phylogenetic Tree of Life

Bacteria Archaea Eucaryota
Green
Filamentous sii
Spirochetes bacteria Entamoebae morllgli Animals
Gl:it!_m r Methanosarcina Fungl
POSIUIVES|  Methanobacterium Halophiles
Proteobacteria B Plants
] Methanococcus
Cyanobacteria Ciliates
T. celer
Planctomyces Thermoproteus Flagellates
Pyrodicticum
Bacteroides Trichomonads
Cytophaga
Microsporidia

Thermotoga
Diplomonads

Aquifex



Archaea

= Archaea were identified in 1977 by Carl Woese and George E.
Fox as being a separate branch based on their separation from
other prokaryotes on 16S rRNA phylogenetic trees

= Archaea are similar to other prokaryotes in most aspects of cell
structure and metabolism. However, their genetic transcription
and translation — the two central processes in molecular
biology — do not show many typical bacterial features, and are
in many aspects similar to those of eukaryotes!

® Often found in “extreme” environments.

Arne Elofsson (arne@bioinfo.se)






Human origin - who are
we 7

= How did we evolve ?

= Can genomics help us with this
guestions ?

= \What is our closest relative ?

= How are Neanderthals related to us.
= Are we sons/daughters of Monkeys ?
= Where did we origin ?

= How closely related are humans ?

Arne Elofsson (arne@bioinfo.se)



Human, chimps and Gorilla

Savanna, meat-eating,
Bonobo Iz cooking, bigger brains

40,000 yr == =

YW
gorillas

shimPa

“Fan prior”
5-6 myr

Arne Elofsson (arne@bioinfo.se)



Evolutionary trends
from hominid to human

What are some of the characteristics that evolved to
make us uniquely human?

Bipedalism - ~4 mill years ago

Ardipithecus ramidus (oldest hominid) and Australopithecus
anamensis

Smaller teeth (change in diet) - ~3 mill years ago
Australopithecus afarensis (Lucy)

Reduction in robustness - ~2.5 — 3 mill years ago
Australopithecus africanus or A. garhi

1 In brain size - ~2 — 2.5 mill years ago
H. erectus

Art (symbolic expression) — 40,000 years ago
H. sapiens



http://www.youtube.com/watch?v=kUQ0ei9ApmsY

Arne Elofsson
(arne@bioinfo.se)



How do we interpret genetic variants to ask
anthropological questions?

> Look at the patterns of genetic variation

> What has created the patterns of genetic variation®
— Evolutionary history of humans

Shriver and Kittles. 2004 Noture Reviews | Genetics



Human genetic diversity is low.
What does that mean ?
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Variation in skin color in 22 populations
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Genetic evidence for the
origin of modern humans

> Greatest genetic diversity is |
populations
— Consistent with out-of-Africa theory of
human origin

> Most genetic variation in humans is within
populations, not between populations

— ~85% within populations

—~5% between populations on same
continent

—~10% between populations on different
continents, i.e. races



But there are different frequencies
of alleles in different populations

> Alleles differ in frequency between people and
populations, genes don’t differ in frequency
— Gene — DNA sequence that encodes a protein

— Allele — one of several alternative forms of a DNA
sequence (can be coding or non-coding)

AGCCATAG GCAGAACC
AA CGG ATCAACGTC GG

Phage type -y Y 9 Vame ol mIMA
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Human paths over the world




Millions of years ago

Hominid phylogenies
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Meandertal Range

Neanderthals

* Most closely related
hominid group to modern
humans

* First recognized 150 years
ago 1n Germany

« Existed 500,000 years ago

e Lived in Europe and West
Asia

* Evolved away from humans

» Disappeared 30,000 years
ago

http://www.msnbc.msn.com/id/13154583/

Arne Elofsson (arne@bioinfo.se)



Long clavicle

Wide scapula with more muscle Clavicle
attachments along rear edge E:) Scapuls
1 :\\. .
Large shoulder joint \:\)/ Rib
Large and wide rib cage Ei‘){
S
Large elbow joint —po
N\ _——13arg J —
——— Bowed and short forearm a
A Pelvis
Wide hips
Large hip joint, rotated outward Metacarpals
—— Hand with strong grip and wide — Phalanges
fingertips Femur
Long. thin superior pubic ramus Superior pubic
ramus
Rounded, curved, and thick-walled
femur shaft Patella
Large and thick patella
Short, flattened, and thick-walled Tibia
tibia
Tarsals
Large ankle joint Metatarsals
Wide and strong toe bones Phalanges

Neandertal Modern Homo sapiens

Arne Elofsson
(arne@bioinfo.se)



Neanderthal vs. Cro Magnon

* Are Europeans descended purely from Cro
Magnons? Pure Neanderthals? Or mixed?

Cro Magnon

A.

Neanderthal

Copyright 2 2004, 20035 by Jinvan Li and Limsoon Wong



Toe phalanx and location of Neanderthal samples for which
genome-wide data are available.

K Prufer et al. Nature 000, 1-7 (2013) doi:10.1038/nature12886

nature



Modern human mtDNA is distinct from
Neanderthal mtDNA

25

human-Neandertal

human-human human chirep
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Denisova

> In 2008, a hominin bone fragment
was discovered in the Denisova
cave in southern Siberia’s Altai
mountains

— Child’s finger bone scattered among stone
tools and bone implements in layer
dated to 48-30 kya

> It was believed that modern
humans and Neanderthals
were the only hominins present
there at the time

1 Ters meraatan

Alghanaten China




A possible model of gene flow events in the Late Pleistocene.

Denisovans
Modern humans Neanderthals

D.l. Denisova
b S 205, Altai

Vindija
Mezmaiskaya

N.I.
Africa

Potential
unknown
hominin

K Prifer et al. Nature 000, 1-7 (2013) doi:10.1038/nature 12886

nature



What about nuclear DNA?

Represents 3 billion bases, not 16 thousand

> Green et al. (2010) published )
draft nuclear genome el g=n N
sequences of 3 Neanderthals 5 4
have occurred before those
groups split, i.e. ~50-80 kya

— Posits 1-4% Neanderthal
— No Neanderthal DNA in Africans 7

— Since it occurred in both
Europeans and Asians, likely to

admixture in Europeans and
Asians

— Expected difference between
mitochondrial and nuclear DNA



Segments of Neanderthal ancestry In
the human reference genome.
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Phylogenetic analysis

> Denisova mtDNA
lineage branches

much earlier than | &
human and IEEE [ oS
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Phylogenetic analysis
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What about nuclear DNA?

> Changes phylogeny — Denisovans closer
to Neanderthal than modern humans

> 4-6% admixture in Southeast Asians




Spread of Homo erectus
throughout the world

Afmican onigin for Homo erectus

Years ago

Muodarn
humans

50,000
100,000

Homao
grectus

1,800,000

Spread of Homo erectus
roughout the world

African ongen for Homo erectus

Arne Elofsson
(arne@bioinfo.se)

Modern Human
Lineage

Neandertal
Lineage




Major paradigm shift

We do have Neanderthal DNA in us!
And Denisovan, another archaic hominin

Recent papers propose admixture from
possibly two more, unidentified archaic
hominins

Allele in a gene in our immune system has
recently been identified as coming from
Neanderthals and conferring a selective
advantage (Mendez et al. AJHG, 2012)





