Lecture Supplements o

Plant Bacteriology

Bacterial Phylogeny
.

Compiled by N. Hassanzadeh
version 4.25

January 1, 2025

Website Address:
http:/ /www.phytobacteriology.com




Contact address

= Department of Plant Protection, Faculty of Agricultural Sciences
and Food Industries, Science & Research Branch, Islamic Azad
University, Tehran-Iran.

P.O. Box: 14155/775, Postal Code: 1477893855
Branch website: www.srbiau.ac.ir

e-mail addresses:

hasanzadehr@srbiau.ac.ir
hasanzadehr@yahoo.com



‘L Table of Contents

Books on plant bacterial phylogeny
Proceedings/Reviews/Monographs/Book chapters/PowerPoints/PDF files
What is phylogeny?

Phylogenetic relationships

A brief history of origin of life

Evolution of the earth and earliest life forms
Primitive organisms and metabolic strategies
Evolutionary history of life bacteria

Primitive organisms and molecular coding
Pre-RNA World : PNA/TNA/GNA world

RNA World

DNA/Protein World

Proto-cell world

The modern cell: DNA=— RNA = Protein
Phylogenetic taxonomy

Brief history of molecular phylogenetics
Taxonomy vs phylogeny

Prokaryotic phylogeny

Critical issues in bacterial/prokaryotic phylogeny
16S rRNA-based trees

H ®E ®E B E E N B BE B # V V V V B & B & =&



‘L Table of Contents

Microarray technology- A modern method for detection and hierarchical studies
Chemical and Molecular Approaches in Bacterial Phylogeny
A natural system of classification- History of descent
Five-kingdom Classification
Three domains Woesian Universal Tree of Life

Bacteria (Eubacteria)

Archaea (Archaebacteria)

Eukarya (Eukaryotes)
LUCA: Last Universal Common Ancestor
Characteristics of the domains:
Archaea
Eukarya
Bacteria
The 5 major classes of proteobacteria in domain Bacteria
Some selected plant diseases caused by Proteobacteria

E B W N F B =



‘L Table of Contents

B Vv V V V V V VY

Endosymbiosis theory for eukaryote origin(Mitochondria and chloroplasts
endosymbiotic theory)

Three alternate hypotheses of eukaryotic and prokaryotic evolution
Web and Network Model

Other models based on on 16S rRNA sequences: Independent analyses that
either confirm or refute the rRNA (Woesian tree)

The analysis of Leart et a/.,2003

Gupta’s indel analysis, 1998

Brochier and Philippe, 2002

Cavalier-Smith megaclassification,2002

Arthur L. Koch,2003 argues the first cells: Gram-positive or Gram-negative?
Rivera & Lake Circle life tree, 2004

Lake and colleague’s two domains Eocyte hypothesis, 1984

Two domains universal tree of life: update of Woesian Universal Tree of Life,
based on 16S rRNA sequences:

Bacteria
Arkarya (a new name proposed for the clade grouping Archaea and Eukarya)
Ruggiero et al.,2015



Table of Contents

Major topics in practical phylogeny
Mutation rate (DNA or protein mutation)
Molecular chronometers - An evolutionary clocks
Homoplasy and long branches
Gene trees vs. species trees
Assessing sequence quality: Chromas, BioEdit,..
Sequence alignments
BLAST
Phylogenetic methods can be divided into three general categories:
Maximum Parsimony
Maximum likelihood
Maximum distance
= Distance based tree reconstruction:
UPGMA algorithm
Neighbor-joining algorithm
Bootstrapping algorithm
= Evaluation of tree reproducibility
= Interpreting phylogenetic tress

" ®H B B v Vv 1 =1 =



Table of Contents

Examples of Phylogenetic analyses
Acidovorax

Coryneforms

Erwinia

Pseudomonas

Rhizobia

Xanthomonas

Xylella fastidiosa

Mollicutes (Spiroplasma, Phytoplasma,..)
Glossary of general terms

Selected References



i Microbial Phylogeny and Evolution

= Microbial Phylogeny
and Evolution

= Jan Sapp (ed.)
= 2005

= Oxford University
Press

= 326 pp.




to Phylogenetic Analysis and Hypothesis Testing

| The Phylogenetic Handbook-A Practical Approach

= [he Phylogenetic

. i The
Handbook: A Practical Phylogenetit

Approach to Phylogenetic
Analysis and Hypothesis

Testing. ‘ Ve
= Philippe Lemey, M. Salemi it j i

and A.M. Vandamme (Eds.) [Basess Yo
= Cambridge University Press S
= Second edition,2009
s /23 pp.




* Molecular Phylogeny of Microorganisms

Molecular Phylogeny
of Microorganisms

Editor: Aharon Oren
and R. Thane Papke

Publisher: Caister
Academic Press

2010
c. 220 pages.

Molecular Phylogeny
of Microorganisms

10



Phylogenetic Aspects of
i Oral Bacterial Microbiome

= Phylogenetic
AS peCtS Of .O ra | . Ph.yloge.:netic Aspects of Oral Bacterial
Ba Cterlal M IcrObIOme Microbiome

= Nipuna Bandara,
Parahitiyawa

s Dissertation

= Open Dissertation
Press

= 2009

2009

11



Phylogeny and Evolution of
i Bacteria and Mitochondria

= Phylogeny and
Evolution of Bacteria
and Mitochondria

= Editor: Mauro Degli
Esposti

s CRC Press
s 2018

= 236 pages.

Phylogeny and

Evolution of Bacteria
and Mitochondria

Editor
Mauro Degli Esposti

CRC Press
s Cne
A SCENCE FUBLIINERS 300K




* Prokaryotes and Evolution

= Prokaryotes and Evolution i Qe stand. i

= Jean'CIaUde Bertrand Télesphore Sime-Ngando Editors
14
Philippe Normand, Bernard
Ollivier, Télesphore Sime-

Ngando (Editors) Prokaryotes
= Springer 4 nd

) A Evolution
= 405 pages.

13



Phylogeny of Bacterial and Archaeal
Genomes Using Conserved Genes:
* Supertrees and Supermatrices

= Phylogeny of Bacterial = Phylogeny of —|
and Archaeal Genomes lactenal and
Using Conserved Genes:
Supertrees and
Supermatrices

s National Institutes of
Health (Author)

= 2020

i

¢ - Archaeal

l Genomes Lising
| Conserved (@i
I Supertrees and
P
b7

Supermairicess

National Institutes of
Health

14



Microbial Systematics: Taxonomy,
Microbial Ecology, Diversity

= Microbial

Systematics: Microbial Systematics
Taxonomy, rziirobial Ecol§gy, Diversity

Taxonomy, Microbial TR
Ecology, Diversity | Va7

= by Bhagwan Rekadwad

= CRC Press

= 2020

S, PO
Editor

0 dh £ Y .\ - -
bt BhagwaniRekadwad Toeio
L ..’?JJ_;-__.._ 5 R

15



Classification of 16S rRNA reads is
improved using a niche-specific database
constructed by near-full length sequencing

s Classification of 16S

rRNA reads is Microbial Systematics
improved using a o °f'°'s"y)‘
niche-specific O3

w4
{ ‘»-
N ~
¥
v ~ N

database constructed
by near-full length

T »
e

sequencing.
= by Bhagwan Rekadwad Foo e I ORI
= Publication date: 2020 T
R thg\van}ngkad\sz '\‘f\
= 218 pp. : crs AP



Data Integration, Manipulation and
Visualization of Phylogenetic Trees

+
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Understanding the origins of life on earth

‘_L The origin of life

= The origin of life on Earth is a relatively poorly
understood area of science.

= Complex organic molecules arose from the
“primordial soup” which would eventually make
possible the abundant variety of organisms, tissues,

cellular structures and biological processes that exist
today.

Primordial: having existed from the beginning; in
an earliest or original stage or state.

Davey,2020 20



What is Phylogeny?
Systematics or phylogeny

+

= The study of the evolutionary history of
organismes.

= [0 identify all species of life on Earth.

21



+

Phylogeny

Common ancestor

= Biologists estimate that there are about
5 to 100 million species of organisms
living on Earth today.

= All organisms evolved from common
ancestor:

1. Similar plasma membrane;
2. Use ATP for energy;
3. DNA Is genetic storage.

22



Phylogeny
Tree of Life
i Horizontal gene transfer

= Evidence from morphological, biochemical,
and gene sequence data suggests that:

1. All organisms on earth are genetically
related, and

2. The genealogical relationships of living
things can be represented by a vast
evolutionary tree, the Tree of Life.

23



Phylogeny
Tree of Life
Horizontal gene transfer

= The Tree of Life then represents the phylogeny of

organisms i.e. the history of organismal lineages as
they change through time.

= It implies that:

1. different species arise from previous forms via
descent, and

2. that all organisms, from the smallest microbe to the
largest plants and vertebrates, are connected by the
passage of genes ann? the branches of the
phylogenetic tree that links all of Life.

24



Phylogeny
Common ancestor
Phylogenetic modeling concepts

1. Phylogenetic modeling concepts are constantly
changing.

2. It is one of the most dynamic fields of study in all
biology.

3. Over the last several decades, new research has
challenged scientists’ ideas about how organisms are
related.

4. Many phylogenetic trees are models of the
evolutionary relationship among species.

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax 25



Phylogeny
Common ancestor
i Classical phylogenetic modeling concepts

= The phylogenetic tree concept with a single
trunk representing a common ancestor, with
the branches representing:

1. the divergence of species from this ancestor,

2. fits well with the structure of many common
trees, such as the oak.

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax 26



Phylogeny
Tree of Life
Classical phylogenetic modeling concepts

The (a) concept of the “tree of life” dates to an 1837 Charles Darwin sketch.
Like an (b) oak tree, the “tree of life” has a single trunk and many branches.

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax

27



Phylogeny
Tree of Life
i Modern phylogenetic tree of life

= Classical thinking about prokaryotic evolution,
included in the classic tree model, is that species
evolve clonally.

= Scientists did not consider the concept of genes
transferring between unrelated species as a
possibility until relatively recently.

= Horizontal gene transfer (HGT), or lateral gene
transfer, is the transfer of genes between unrelated
species.

28



Modern phylogenetic tree of life

Horizontal Gene Transfer
i Origin of eukaryotes

1. Although it is likely that single celled Eukaryotes
were also present on Earth from the very beginning,

2. there is also considerable evidence that Archae,
Bacteria, and Viruses transferred genes to these
single celled Eukaryotes, thus trigger multi-cellularity
(Joseph 2009b,¢).

= Thus we see that the genomes of modern day
eukaryotic species, including humans, contain highly

conserved genes were acquired from Archae and
Bacteria.

Joseph and Schild,2010 29



Phylogeny
Tree of Life
Modern phylogenetic tree of life

All organisms are connected by the passage of genes
along the branches of the phylogenetic Tree of Life.

30



Phylogeny

Modern phylogenetic tree of life , e
Prokaryotic and Eukaryotic HGT Mechanisms Summary

Prokaryotes transformation DNA uptake many prokaryotes
transduction bacteriophage (virus) bacteria
conjugation pilus many prokaryotes
gene transfer agents phage-like particles purple non-
particles sulfur bacteria
Eukaryotes
from food organisms  unknown aphid
jumping genes transposons rice and millet plants
epiphytes/parasites unknown yew tree fungi

from viral infections

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax 31



Phylogeny
Modern phylogenetic tree of life
HGT occurs in prokaryotes

= HGT is an ever-present phenomenon, with many
evolutionists postulating a major role for this process
in evolution, thus complicating the simple tree model.

= (enes pass between species which are only distantly
related using standard phylogeny, thus adding a
layer of complexity to understanding phylogenetic
relationships.

= The various ways that HGT occurs in prokaryotes is
important to understanding phylogenies.

32



Phylogeny
Modern phylogenetic tree of life
HGT occurs in prokaryotes

= HGT mechanisms are quite common in the Bacteria
and Archaea domains, thus significantly changing the
way scientists view their evolution.

= The majority of evolutionary models, such as in the
Endosymbiont Theory, propose that eukaryotes
descended from multiple prokaryotes, which makes
HGT all the more important to understanding the
phylogenetic relationships of all extant and extinct
species.

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax 33



Phylogeny

HGT occurs in prokaryotes

i Modern phylogenetic tree of life

= The Endosymbiont Theory purports that the
eukaryotes' mitochondria and the green plants'

chloroplasts and flage

prokaryotes that invad

lates originated as free-living
ed primitive eukaryotic cells

and become established as permanent symbionts in

the cytoplasm.

For more information about Endosymbiont Theory, see
Slides 220 and above.

34
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Phylogeny
Modern phylogenetic tree of life
HGT occurs in prokaryotes

= Microbiology students are well aware that genes
transfer among common bacteria.

= These gene transfers between species are the major
mechanism whereby bacteria acquire resistance to
antibiotics.

= Classically, scientists believe that three different
mechanisms drive such transfers.

1. Transformation: bacteria takes up naked DNA
2. Transduction: a virus transfers the genes

3. Conjugation: a hollow tube, or pilus transfers genes
between organisms.

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax
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Modern phylogenetic tree of life

HGT occurs in eukaryotes
Origin of eukaryotes

+

= Although HGT mechanisms are quite common in the
Bacteria and Archaea domains, but some do not view
HGT as important to eukaryotic evolution.

= HGT does occur in Eukarya domain as well.

= Genes transferred to the eukaryotic genome by
prokaryotes and Viruses, include:

= exons, introns, transposable elements, informational
and operational genes, RNA, ribozomes,
mitochondria, and the core genetic machinery for
translating, expressing, and repeatedly duplicating
genes and the entire genome.

Joseph and Schild,2010 36



Modern phylogenetic tree of life

Horizontal Gene Transfer
Origin of eukaryotes

= Almost all scientists will agree Eubacteria Eukaryotes Archaebacteria
that modern day life can trace
its genetic ancestry to the first
life forms to appear on Earth.

= These first Earthlings (Archae,
Bacteria, and their viral genetic
luggage/baggage) contained
the genes and genetic
information for:

1. altering the environment,

- : Illustrate how prokaryotes and
> the "evolution" of multicellular prokary

eukaryotes transfer genes

Eukaryotes, and horizontally

3. the metamorphosis of all Metamorphosis is a process by which
subsequent species (Joseph animals undergo extreme, rapid
2009b,¢). physical changes some time after birth.

37
Joseph and Schild,2010



Modern phylogenetic tree of life
i Horizontal Gene Transfer

Origin of eukaryotes from prokaryotes rather Archaea

= As a consequence of this modern DNA analysis, the
idea that eukaryotes evolved directly from Archaea has
fallen out of favor.

= While eukaryotes share many features that are absent
in bacteria, such as the TATA box (located in many
genes' promoter region), the discovery that some
eukaryotic genes were more homologous with bacterial
DNA than Archaea DNA made this idea less tenable.

= Furthermore, scientists have proposed genome fusion
from Archaea and Bacteria by endosymbiosis as the
ultimate event in eukaryotic evolution.

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax 38



Modern phylogenetic tree of life
i HGT occurs in eukaryotes

Origin of eukaryotes

= Not all of these genes have been
expressed, whereas yet other were
silenced or activated in response to
specific environmental signals, thereby
giving rise to new species (Joseph
2000, 2009Db,¢).

Joseph and Schild,2010
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Phylogeny
Tree of Life
Major branches of tree of life

" v = 1

w =R

The Tree of Life on planet Earth begins about 3.7 billion
years ago.

There are three major branches:
The Bacteria;

The Archaea, and

The Eukaryota.

The Bacteria are common prokaryotes living in virtually all
environments.

They include:
The human gut commensal Escherichia colj,
Soil bacteria like Bacillus subtilis,
Pathogens like Sa/monella, Agrobacterium.

A billion is 1 000 000 000 (a thousand million or more rarely milliard).

Hoekstra-Chap13,2005 40



!'_ A Brief History of Origin of Life

1. Evolution of the Earth and Earliest Life Forms
2. Primitive Organisms and Metabolic Strategies

41



i A Brief History of Origin of Life

A. Evolution of the Earth and Earliest Life Forms:
= Origin of the earth;

= Evidence for microbial life on the early earth;

= Conditions on early earth;

= Origin of life.

B. Primitive Organisms and Metabolic Strategies:
= Metabolism of primitive organisms;

= Further metabolic evolution and photosynthesis:
oxygenation of the atmosphere.

C. Primitive Organisms and Molecular Coding:
= From RNA world to DNA/protein world.

42



The origin of life
Intelligent life
Hypothetical birth date of 13.6 bya for the beginning of life

= If we ignore the reality of an infinite universe, and
pick a hypothetical birth date of 13.6 bya for the
beginning of life, and using the evolution of life on
Earth as an example, then it could also be predicted
that sentient, intelligent life would have evolved on
numerous Earth-life planets by 9 bya.

= This could mean that the genetic template for the
evolution of all manner of life, including those similar
to humans, would have been established almost 5
billion years before Earth became Earth.

Joseph and Schild,2010 43



History of life on earth

15 billion years ago age of Universe

"Time - Line" For The Origin of Life

Present= = = B Present == ==
b = = =2 million - Homo
== 5":.":' ]11I||I.I:I]1 T f"l:::"E nfl1amnm|q
| billion = < ) i = = 63 million - Dinosaurs extinet
yearsago | - First nucleated cells with organelles
= marine life / bacteria colonized 100 million = -
algae cells (symbinsis) vears ago

2 hillion = 4+ = = Oxygen from photosynthesis Age of Dinosaurs

Vears a0 bhaa27 _ _
I First photosynthesis 200 million - 4
by blue-green algae years ago

3 billion = <
YEars ago

- = = 3.5 - Earliest unicellular life / bacteria /
stromatolites £ evanobacteria

300 million = =k == First Reptil
- = = 3 8 - Oldest rocks / zircon crystals, Greenland T et Irst keptiles

VEATS A0
=== End of "Heavy Bombardment"

4 hillion = o
years ago No geologic record ORIGIN OF LIFE
400 million = 4
- - = 4.56 - Earth formation years ago - = = First Land Plants and Animals

5 billion = == = = Sun formation + 90% of all stars _
years ago = == Firsl Verlebrates

00 million - <
Pl
- Vears ago

=15 billion === Age of Universe
YEars ago

The Origin and Evolution of Microbial Life: Prokaryotes and Protists. Chapter 16



Age of the universe

Chronology of the universe
Nature timeline

Detailed measurements of the
expansion rate of the universe place
this moment at approximately 13.8
billion years ago, which is thus
considered the age of the universe.

After the initial expansion, the
universe cooled sufficiently to allow
the formation of subatomic particles,
and later simple atoms.

Giant clouds of these primordial
elements later coalesced through
gravity in halos of dark matter,
eventually forming the stars and
galaxies visible today.

Wikipedia, 2017

N Land life |

— «—Cambrian explosion
-1 Multicellular  _ garliest sexual

L life reproduction
-2 1

_ é «——Atmosphenc oxygen
-3 photosynthesis

. «—Farliest cxygen
4| Single-celled life

Earliest life
Wamsr :Earliest Earth

-10

11

-12

-13

«—Earliest humans

(-4.54)

cosmic speed-up
«Alpha Centauri
forms

«—Milky Way Galaxy
spiral arms form

«—Andromeda Galaxy
forms

cosmic expansion

«—Jmega Centauri
forms

«—Farliest quasar

«—FEarliest galaxy

«—Earliest universe
(-13.80)

Axis scale: billions of years.

Earliest light




Age of the universe
Nature timeline

Life and human timeline

-2

-9

-10

FI
|
=
i
s

Homo sapiens
Neanderthal

Homo erectus

«—Modermn humans

«—Earliest clothes
« Earliest cooking

«—Earliest fire use
—Earliest exit
from Africa

«—Earliest stone
tools

<—Earliest bipedal

«——Possibly bipedal

«—Earlier apes

Axis scale: millions of years.

Also see: Life fimeline and Nature timeline

-1500 —

-2000 —

-3500 —

-4000 —

-4500 —

O—QMNO=0I0ITT

O=OMNO=0~+0=T

JumITOo=I

Jweawl

Multicellular
life

Eukaryotes

photosynthesis

Single-celled
life

water

«—Earliest humans

«—Cambrian explosion
+—Ediacara biota

«—Earliest sexual
reproduction

« Oxygen crisis

«——Atmospheric oxygen

«—Earliest oxygen

+—LHB meteorites

—Earliest life

«—Earliest water

«—Earliest Earth
(—4540)

Axis scale: millions of years.
Orange labels: known ice ages.

Also see: Human fimeline and Nature timeline

Wikipedia, 2017
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The origin of life
Origin of life vs. evolution of life

i

The "origin of life" (OOL) is best described as the
chemical and physical processes that brought into
existence the first self-replicating molecule.

It differs from the "evolution of life" because
Darwinian evolution employs mutation and natural
selection to change organisms, which requires
reproduction.

Since there was no reproduction before the first life,
no "mutation - selection” mechanism was operating
to build complexity.

Hence, OOL theories cannot rely upon natural
selection to increase complexity and must create the
first life using only the laws of chemistry and physics.

47



Origin of the earth/life
Origin of life (OOL)

i

Bacteria lived as early as 3.5 billion years ago.

The evolutionary history of life, spanning a period of
more than 3.5 billion years (Giga annum or Ga).

Given that mainstream scientists believe:
Earth is about 4.54 billion years old, and that the
Earth’s crust did not solidify until 4 billion years ago.

There may be as few as 200 million years allowed for
the OOL.

That may seem like a long time, but it onIYf
represents about 1/22 of the earth’s total history.

48



Triassic period an period

> Permi
Jurassic period | e

D ,g.'\:“"\" .
€1 2= % || Pennsylvanian period
- I & Mississippian period

Silurian
period

n‘. J
" &
P Evolution of
~ cells with
nucleus

4.6 billion gv
years ago

o 7 ERA
W Oldest rocks
€€~ " PERIOD
epoch | EPOCH dated on Earth
Holocene
epoch Timeline of life evolution on Planet Earth with approximate dates

Stephen,2013
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Evolutionary history of life

Geologic Time Scale

= Earth: 4.5 billion years 12 hour clock:
old = 2:40 AM life began

= Life: 4 billion years = 8:48 PM Cambrian explosion

- = 9:20 PM vertebrates arise
s Vertebrates: 500 million .
= 11:02 PM mammals arise

= Mammals: 180 million = 11:59:02 PM man arise
= Man: 3 million = Last 10 seconds - fire

= Fire: 500,000 years? = Last 100 msec — writing

= Writing: 5,000 years. = Last nanosec — cell phones!

= Most of the history of life.

Most of the history of life was dominated by blue-green algae (90% of 4 billion years).
« Then sexual reproduction arose as an out come of the Cambrian Epoch (last 10%).
> This introduced biological uncertainty;
> Rapid rates of formation of new species. 50



Evolutionary history of life

Bacteria

uv.hacterialeohvogeny . ’

Formation of Earth

Emerzence of

Animals A Ongin of
B J— 1 Prokary otes
Multicellul -
Eokarvok s 2
9 Eukarvotes 3
8 Prokaryotes 4
Origin of
Eukarvotes 7 5
6

Ongin of Oxyvgenating
Photosvnthesis

www.bacterialphylogeny.com



Evolutionary history of life

Geologic time represented in a diagram called a geological clock, showing the
relative lengths of the eons of Earth's history and noting major events

2 Ma:

230-66 Ma- First Hominins 4550 Ma:

Non-avian dinosaurs \Formation of the Earth
Hominins
;’— Mammals

Land plants
Animals
Multicellular life
Eukaryotes
c. 530 Ma: Prokaryotes
Cambrian explosio

c. 380 Ma:
First vertebrate land animals

4527 Ma:
Formation of the Moon

c. 4000 Ma: End of the
750-635 Ma: Late Heavy Bombardment;
Two Snowball Earth first life

c. 3200 Ma:
Earliest start
of Photosynthesis

c. 2300 Ma:
Atmosphere becomes oxygen-rich;
first Snowball Earth

Wikipedia, 2018




‘L Evolutionary history of life

= A clock analogy tracks
the origin of the Earth
to the present day.

s Also shows some
major events in the

history of Earth and
its life.

The Origin and Evolution of Microbial Life: Prokaryotes and Protists. Chapter 16 53



‘L Evolution of life on earth

Before Present (BP) years is
a time scale used mainly in
geology, and other scientific
disciplines to specify when
events in the past occurred.

Because the "present” time
changes, standard practice is
to use 1 January 1950 as the
origin of the age scale,
reflecting the fact that
radiocarbon dating became
practicable in the 1950s.

Present =

Billion years
before present

2™

Emergence of hominids
(4 million years bp)

Oldest known animal fossils

Origin of eukaryotes

0, from cyanobacteria accumulates in
atmosphere
Diversification of autotrophic bacteria

Oldest known fossils-probably aerobic
bacteria

= Formation of earth

= Birth of sun

An autotroph is an organism that can produce its own food using light, water, carbon dioxide, or other
chemicals. Because autotrophs produce their own food, they are sometimes called producers.

Logan,1994;Wikipedia
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Evolution of life on earth

Basic timeline

The basic timeline is a 4.5 billion year old earth with (very approximate) dates:
3.8 billion years of simple cells (prokaryotes),

3 billion years of photosynthesis,

2 billion years of complex cells (eukaryotes),

1 billion years of multicellular life,

600 million years of simple animals,

570 million years of arthropods (ancestors of insects, arachnids and crustaceans),
550 million years of complex animals,

500 million years of fish and proto-amphibians,

475 million years of land plants,

400 million years of insects and seeds,

360 million years of amphibians,

300 million years of reptiles,

200 million years of mammals,

150 million years of birds,

130 million years of flowers,

65 million years since the non-avian dinosaurs died out,

2.5 million years since the appearance of the genus Homo,

200,000 years since humans started looking like they do today,
25,000 years since Neanderthals died out.

Wikipedia, 2016
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History of life on earth

Millions of years before present

Geological/fossil record
[abstracted from Encyclopaedia Britannica, 1986]

about 4,600

Planet earth formed

3,500-3,400

Microbial life present, evidenced by stromatolites (sedimentary
structures known to be formed by microbial communities) in some
Western Australian deposits

2,800

Cyanobacteria(formerly called blue-green algae are relatively
simple, primitive life forms closely related to bacteria) capable of
oxygen-evolving photosynthesis (based on carbon dating of
organic matter from this period). They would have been preceded by
bacteria that perform anaerobic photosynthesis.

2,000-1,800

Oxygen begins to accumulate in the atmosphere

1,400

Microbial assemblages of relatively large unicells (25-200
micrometres) found in marine siltstones and shales, indicating the
presence of eukaryotic (nucleate) organisms. These fossils have
been interpreted as cysts of planktonic algae. [Eukaryotes are
thought to have originated about 2,000 million years ago]

800-700

Rock deposits containing about 20 different taxa of
eukaryotes, including probable protozoa and filamentous green
algae

640

Oxygen reaches 3% of present atmospheric level

650-570

The oldest fossils of multicellular animals, including primitive
arthropods

570 onwards

The first evidence of plentiful living things in the rock record

400 onwards

Development of the land flora

100

Mammals, flowering plants, social insects appear




Hominid and hominin — what'’s the difference?

‘_L The origin of modern human

= Hominid — the group consisting of all modern and
extinct Great Apes (that is, modern humans,
chimpanzees, gorillas and orang-utans plus all their
immediate ancestors).

= Hominin — the group consisting of modern humans,
extinct human species and all our immediate
ancestors (including members of the genera Hormo,
Australopithecus, Paranthropus and Ardipithecus).

s See more at:
http://australianmuseum.net.au/hominid-and-
hominin-whats-the-difference#sthash.ScE7IWfW.dpuf

Blaxland, 2016 o7



The origin of modern human
Hominid and hominin

4.4 million years:

Appearance of Ardipithecus, an early Hominin Genus.

4 million years:

North and South America joined at the Isthmus of Panama. Animals and plants cross the new land
bridge.

3.9 million years:

Appearance of Australopithecus, Genus of Hominids.

3.7 million years:

Australopithecus Hominids inhabited Eastern and Northern Africa.

2.7 million years:

Evolution of Paranthropus (extinct hominins).

2.4 million years:

Homo Habilis appeared.

2 million years:

Tool-making Humanoids emerged.
Beginning of the Stone Age, lasted several million years.

1.7 million years:

Homo Erectus first moved out of Africa.

1.2 million years:

Evolution of Homo antecessor. The last members of Paranthropus died out.

700,000 years: Human and Neanderthal lineages started to diverge genetically.
600,000 years: Evolution of Homo Heidelbergensis.
530,000 years: Development of speech in Homo Heidelbergensis.
400,000 years: Hominids hunted with wooden spears and used stone cutting tools.
370,000 years: Human ancestors and Neanderthals were fully separate populations.
350,000 years: Evolution of Neanderthals.
Hominids used controlled fires.
S EET: Neanderthal man spread through Europe
200,000 years: Anatomically modern humans appeared in Africa.
105,000 years: Stone age humans foraged for grass seeds such as sorghum.
80,000 years: Non-African humans interbreed with Neanderthals.
60,000 years: Oldest male ancestor of modern humans.
40,000 years: Cro-Magnon man appeared in Europe.
30,000 years: Neanderthals disappeared from fossil record.
15,000 years: Bering land bridge between Alaska and Siberia allowed human migration to America.

Stephen,2013




Evolutionary history of life
Prokaryotic phylogeny

+

Bacteria represent the oldest form of life.

The evolution of bacteria over at least 3.5 billion years
spans and occurred in step with its geochemical
development.

Prokaryotic evolution has the main role in the origin of
the eukaryotic cell:

Responsible for creating oxygen atmosphere.

Plays important role in genetic diversity.

Transfer of genes via viruses, plasmids, other DNA
fragments.

Rapid generation time is an alternative evolutionary
strategy.

59



Evolutionary history of life
Prokaryotic phylogeny

+

= The Bacteria make up the vast majority of
prokaryotes.

= Hence, discerning(detect or
distinguish) the evolutionary relationships
among them constitutes a major part of
understanding prokaryotic phylogeny.

60



Evolutionary history of life

Bacteria

= Prokaryotic organisms were the sole inhabitants of
this planet for the first 2-2.5 billion years.

= To understand such fundamental questions as:
1. The nature and origin of the first cell,

2. Origin of different types of metabolism,

3. Information transfer processes,

4. Photosynthesis, origin of the eukaryotic cells,
5. Evolution of disease-causing as well as

6

Beneficial microbes, a sound understanding of the
bacterial (prokaryotic) evolution is essential.

61



Evolutionary history of life

i Bacteria

= The analyses of genome sequence data
using new approaches are providing
valuable insights in understanding some
of these most ancient and important
aspects of the evolutionary history of

life.

62



Fossil record
Layers of a bacterial mat

» Fossilized mats 2.5
billion years old mark
a time when
photosynthetic
brokaryotes were
oroducing enough O,
to make the
atmosphere aerobic. Layers of a bacterial mat

The Origin and Evolution of Microbial Life: Prokaryotes and Protists. Chapter 16

63



Fossil record

Fossilized prokaryote and a living bacterium

The Origin and Evolution of Microbial Life: Prokaryotes and Protists. Chapter 16 64



Nanobacteria

The smallest cell-walled organisms on earth

= Nanobacteria (singular
nanobacterium) or nanobes
(sometimes used as distinct
terms, they are often used
interchangably) are nano-sized
bacteria found in organisms
(even human blood) and rocks.

= Nanobacteria might have a
potential role in forming kidney
stones.

= Smallest cell-walled organisms
on earth, smaller than 300nm
(1/10 the size of bacteria).

Wikipedia,2013;M.Bruckner 65



Nanobacteria

The smallest cell-walled organisms on earth

= Some questioning whether or not
an organism of this size has
enough room to house necessary
cell components such as DNA,
RNA, and plasmids.

= Nanobe studies challenge our
perception of life.

= Microbes have already expanded
our understanding of the harsh
conditions that can support life.

= S0, if nanobes do exist as living
biota, they will broaden our
perspective on the scale of life.

Wikipedia,2013;M.Bruckner 66



A Brief History of Origin of Life

3. Primitive Organisms and Molecular Coding: RNA life

The "RNA World" is essentially a hypothetical stage of
life between the first replicating molecule and the
highly complicated DNA/protein world.

The modern cell is: DNA=> RNA = Protein

67



A Brief History of Origin of Life
Coherent pathway

= A major new hypothesis
outlines a coherent
(consistent) pathway that:

1. starts from no more than
rocks, water and carbon
dioxide, and

2. leads to the emergence
of the strange
bioenergetic properties of
living cells.

These considerations could also explain the deep divergence
between bacteria and archaea (single celled microorganisms).

Lane and Martin,2012 68



A Brief History of Origin of Life

= According to Stanley Miller, famous origin of life
researcher, the chain of events looked something like
this:

Big Bang —w=Formation of the galaxy ——mFormation of the solar system —;

Formation of atmosphere &

|: Pohmnerization -4+—— Prebiotic s;mthesis"'_ Formation of earth-

Chermical Qriging of Life RMA World—s DNA / Protein World —

{“Pre-BNA™ World)

Bacteria, Invertebrets, Fish, Armphibians, Heptiles, Birds,
Mammals, Primates, Humans, MTY, Primates...

The prebiotic synthesis of organic compounds as a step toward the
origin of life," S. L. Miller, Major Events in the History of Life
(London: Jones and Bartlett Publishers, 1992).

Casey Luskin 69



A Brief History of Origin of Life

Earth History Timeline Major Events

= Timeline of Earth’s History Recent History of Life on
Earth — 600 millions years ago to the Present.

Oldest Sulphate Cambrion Flowers
bacteria Bacterial reducing M‘III":- P"'i“'!_l_h Early
fossils Ecosystems bacterio Sipgle- “SVWar . " reptiles
| | 4 . o eukaryotes i E {
: Methaongenic | celled Igher ¢ una Loand e
\'. &Arahaehc{:‘.hrio ‘ Gﬂkﬂ{]"o"'“ l algas \ rlmnals
: I | : \v

45 40®  as

|
3.0 25 2.0 1.5 10 0. 0
th %, Oldest . -
a,:“d Ricles Time (bilions of years ago from present) Mijar
~4.65 bya) A extinctions
70% +o >90%

Paula McDaniel 70



A Brief History of Origin of Life
Steps for cell formation

1. Pre-Biotic Synthesis
2. Polymerization

3. Pre-RNA World: Getting A Sufficient Self-Replicating
Molecule

4. RNA World
s.  DNA/Protein World
6. Making Proto-cells (first cells).

After seeing difficulties faced by the origin of life, perhaps this is why
over 20 years ago, the noted scientist who discovered the structure of
DNA, Francis Crick, said:

The origin of life appears to be almost a miracle, so many are the
conditions which would have had to be satisfied to get it going."

Casey Luskin [



‘L A Brief History of Origin of Life

1. Pre-Biotic Synthesis:

= Collection of chemicals. Sufficient quantities of
chemicals thought to be necessary for life's natural
origin were formed.

2. Polymerization:

= The process by which "monomers" (simple organic
molecules such as amino acids, sugars, lipids, simple
carbohydrates, nucleic acids) form covalent bonds
with one another to produce "polymers" (complex
organic molecules).

monomers+monomer = polymer+H,0

Casey Luskin 2



‘L A Brief History of Origin of Life

3. Pre-RNA World:
= A sufficient self-replicating molecule.

= Since molecules like RNA or DNA are too complex to
be existed earlier, so there must have been some
other more simple precursor to RNA or DNA.

= It has been hypothesized that the earliest life on
Earth may have used PNA (peptide nucleic acid) as a
genetic material due to its extreme robustness(resist
to change), and later transitioned to a DNA/RNA-
based system.

Prebiotic RNA had two properties not evident today: a capacity to
replicate without the help of proteins and an ability to catalyze
every step of protein synthesis.

Casey Luskin &



‘L A Brief History of Origin of Life

4. RNA World:

Some time after the first “self-replicating” molecule
(pre-RNA) formed, according to the story, RNA
came along.

Today, RNA is a genetic molecule in all cells, similar
to DNA, but more versatile within the cell.

The "RNA World" is essentially a hypothetical stage
of life between:

The first replicating molecule, and
The highly complicated DNA-protein-based life.

Casey Luskin 4



Pre-rRNA

Prokaryotic cells contain three rRNAs (16S,23S and 5S),
which are formed from cleavage of a pre-rRNA transcript

Figure 6.37

Processing of ribosomal RNAs
Prokaryotic cells contain three rRNAs
(16S, 23S, and 5S), which are formed
by cleavage of a pre-rRNA transcript.
Eukaryotic cells (e.g., human cells)
contain four rRNAs. One of these (55
rRNA} is transcribed from a separate
gene; the other three (18S, 28S, and
5.85) are derived from a common pre-
rRNA. Following cleavage, the 5.85
rRNA (which is unique to eukaryotes)
becomes hydrogen-bonded to 285
rRNA.

Cooper,2000



Where did RNA come from?

» It has been assumed that there was a much
simpler informational macromolecule than RNA.

= It has been dubbed preRNA (or pre-RNA).

= This molecule may have been achiral and may
have used bases other than AUGC.

= An example of an alternative backbone is PNA
(peptide nucleic acid).

Achiral: a type of molecule that has a nonsuperposable
mirror image. Chiral means mirror image not the same.

76



Pre-RNA World
PNA/TNA/GNA

i

= PNA is more stable than RNA and appears to be more

readily synthesized in prebiotic conditions, especially
where the synthesis of ribose and adding phosphate
groups are problematic.

= Two more starting molecules(ancestors of DNA) are:

1.

2.

Threose nucleic acid (TNA World)has also been
proposed as a starting point, as has

Glycol nucleic acid (GNA World).

77



PNA structures

Peptide nucleic acid

—

PNA is peptide nucleic acid, a chemical
similar to DNA or RNA but differing in the
composition of its "backbone”.

DNA and RNA have a ribose sugar
backbone, whereas PNA's backbone is
composed of repeating N-(2-aminoethyl)-
glycine units linked by peptide bonds.

Backbone of PNA contains no charged
phosphate groups.

The various purine and pyrimidine bases
are linked to the backbone by methylene
carbonyl bonds.

PNAs are depicted like peptides, with the
N-terminus at the first (left) position, and
The C-terminus at the right.

H Base

Base

H Base

78



http://open-encyclopedia.com/Nitrogen
http://open-encyclopedia.com/Carbon

Possible ancestors of DNA:

PNA, p-RNA, and TNA

MitrogenoLs

=
C% 5
/é*%ﬁrl

\ - B
'D‘, B o,
i -O’P<
HO OQ i B
|=‘\
d o b
p-RNA TNA

DNA

RNA

The repeating units of the backbones
of RNA, TNA, and p-RNA.
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RNA world

Era of nucleic acid life
The RNA world hypothesis

+

The RNA world hypothesis proposes that RNA was
the first life-form on earth, later developing a cell
membrane around it and becoming the first
prokaryotic cell.

All life on earth appears to share the same origins.

There is considerable evidence that there was a
period of time on Earth called the RNA world.

In this world life existed as RNA as both phenotype
and genotype.

Carl Woese was also the originator of the RNA world
hypothesis in 1977, although not by that name.
80



RNA world
Pre-RNA

The RNA world:

RNA RNA
RNA=Pre-RNA=RNA

81



RNA processing
Pre-RNA

RNA processing

transcribed RNA mature
pre-RNA processing RNA

i — < - - ——— ——

R GHT tRNAs

e —  _RNase MRP —
ore-rRNA snoRNAs ) '.s

:I{ == = = = = SnRNAS l N

re-mRNA
- mRNA Ribosome

RNA processing 1s ancient and predates LUCA
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RNA world
Pre-RNA

= The prebiotic RNA had
two properties not
evident today:

1. A capacity to replicate | RIERUECAEEER L RIRGE

The RNA world hypothesis:

without the help of evolution of life where RNA
proteins, and S i
N biological catalyst
2. An ability to catalyze and
every step of protein genetic material.
synthesis.

The RNA world hypothesis holds that in the primordial soup (or sandwich),
there existed free-floating nucleotides. These nucleotides regularly formed
bonds with one another, which often broke because the change in energy

was so low. 83



+

RNA world

Q.1. Which came first? RNA-genetic
material or RNA catalysts?

'J..-' L &
s
i ;
1 L o
.."" e For 2 -'.'I A k
| R
B o

RNA - genetic material RNA - catalysts
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Protein synthesis

Catalytic RNA
The ribosome

Proteins are synthesised by
catalytic RNA: the ribosome

transferase
center

85



Catalytic RNA

Altman's
discovery

40

The enzyme RNase P

tRNA

protein

activates a tRNA molecule

Catalytic RNA

2

G
G=Guanosine

Cech's discovery

J L The RNA molecule is cut up

J the ends of the RNA pieces are joined

<7 the piece of RNA
© removed is
modified to give
, Catalytic RNA

Group | introns
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‘L Modern RNA genomes

= The RNA which is the genetic material
of some viruses i.e. TMV.

= Plant viroid RNAs (= 400 nt, catalytic
RNA, Code no protein).

87



i The reasons for RNA world

1.
2.
3.

4.

RNA has a template structure.
RNA has catalytic properties.

RNA appears in various presumably ancient cellular
processes (i.e. ribosome, primer for DNA, etc.).

Ribonucleotides are components of many coenzymes
(e.g. CoA, NADH, etc.).

The biosynthesis of histidine is uses ATP and PRPP.

The biosynthesis of deoxynucleotides is from
ribonucleotide diphosphates.

The biosynthesis of dTMP is from dUMP (Thymidylate
synthase (TS) is the enzyme that catalyzes the
transformation of deoxyuridine monophosphate (dUMP)
into deoxythymidine monophosphate (dTMP) in cells).

duDP + ADP ———— dUMP + ATP 88



RNA world
The chief problem facing an RNA world

= The chief problem facing an RNA world is that RNA cannot
perform all of the functions of DNA adequately to allow for
replication and transcription of proteins.

= OOL theorist Leslie Orgel notes that an "RNA World" could
only form the basis for life, if prebiotic RNA had two
properties not evident today:

1. A capacity to replicate without the help of proteins and
2. An ability to catalyze every step of protein synthesis.

= The RNA world is thus a hypothetical system behind which
there is little positive evidence, and much materialist
philosophy.

Casey Luskin 89



5. DNA/Protein World

‘L A Brief History of Origin of Life

= Since the RNA in the RNA world is alive, it is assumed
that RNA evolved into DNA through some sort of
genetic takeover event.

= In other words, RNA enzymes made DNA, which
replaced it in the genome.

= Proteins were added into the mix at some point.

90



RNA

DNA formation

RNA: jack of all trades,
master of none.

Genetic Main
Messenger

material catalyst

RNAworld  RNA = RNA = RNA

Modern cells

D*A — RNA = p*otein

These transitions are expected to have occurred because DNA 1s
superior to RNA as an information storage molecule, and proteins are
superior to RNA as a biological catalyst.

RNA still carrying out these roles may in some cases be ‘relics’ from an
earlier period in the evolution of life.

91



Origin of DNA
Origins of DNA in two steps

G A U RNA

&

Ribonucleotide reductase

by o4

dG dA dU  Uracil-DNA
[

dUTPase

[
Thymidylate synthase

\

dT Modern DNA
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i DNA/Protein World

= The transcription -
translation process is

s stores genetic
Ly™d  information ‘ACGT’

the means by which the R%X“”“%) S

. . . working copies o
information in the DNA | ™% senes ‘AL
COde Creates prOtein (Ribosome) “Q‘T‘%fw: Do the work in the cell

X o
v :&-:, 20 amino acids

(protein synthesis). PROTEIN ~

Casey Luskin;.. 93



Protein synthesis
Ribosomal function

= During protein synthesis a

ribosome moves along an  EEEEEEETETTTTTE
mRNA molecule, reading i@‘*};*ﬁ;
the codon and adding the |®. % 2" 4 ¢ il
correct amino acid (from | i 0 bt
the corresponding smomes _— 5o
aminoacyl tRNA) to the s -
growing protein.

= When a stop codon is '
reached, translation = boiome movamant N

ceases, and the mRNA
and protein are released.
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Membranes
Functions

= Membranes may have separated various aggregates
of self-replicating molecules which could be acted on
by natural selection.

ma s ’ y T )
- ¢ > - & 5 R

Membrane

Polypeptide

The Origin and Evolution of Microbial Life: Prokaryotes and Protists. Chapter 16



membrane-bound proto-cells

.*

self-replicating system enclosed in a
selectively permeable, protective lipid sphere

enzymes and
other proteins

The functions of
membranes.

formation of .
protein—RNA systems, rﬂ':'atm of
evolution of DNA ipid spheres

spontaneous formation of lipids,

carbohydrates, amino acids, proteins,
nucleotides under abiotic conditions

The Origin and Evolution of Microbial Life: Prokaryotes and Protists. Chapter 16 9%



A Brief History of Origin of Life
6. Making Proto-cells

= Protocells: Both the past and the future of
biology
= Protocells were those primordial (original primitive),

chemical objects that proved capable of the
evolutionary adaptations needed to produce

biological cells.

The biological cell is an extremely advanced microscopic entity.
All biological cells contain macromolecules.
There are three major groups of macromolecules,
polysaccharides, proteins and nucleic acids.

Hewitt,2013
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= Early protocel

s are assumed to be spherical, their

shape being determined by the same physical forces

that form oil ¢

roplets, mainly surface tension.

= As with other similar structures, such as bubbles, the

spherical shap
energy and su

e arises from minimization of surface
rface area.

= This is a spherical membraneless microdroplet which
can spontaneously arise from weak organic solutions.

Hewitt,2013; Davey,2020 98



Protocells
Q.2. Which came first? RNA or DNA?

= Which came first?

= DNA needs enzymes (DNA
polymerase and associated
enzymes) to replicate, but
gwﬁAenzymes are encoded by

= DNA needs protection of the
cell wall, but the cell wall is
also encoded by the DNA.

= [ he answer is that neither
came first for all are required
in DNA-based life.

These fundamental components form an irreducibly complex system
in which all components must have been present from the start.

99
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Protocells
i Q.2. Which came first? RNA or DNA?

= Protocells were a simple structure that spontaneously
arose and acted as a vehicle for the evolution of life

on Earth.

= Protocells are thought to have facilitated the
reproduction of RNA and therefore the exchange of
genetic information at a time before the advent of
DNA and proteins (the RNA world hypothesis).

= This author agrees, that RNA appeared before DNA.

Hewitt,2013;Davey, 2020 100



Q 3. Which came first-DNA or Protein?

i Protocells and Biological Cells

Q: Which came first -
DNA or Protein?

DNA - genetic material Proteins - catalysts

DNA = RNA = protein %J |

a2

101



Protocells

Definition

2.

3.

Protocells are spherical membraneless microdroplet
structures which are formed from the aggregation of
abiotic (non-living) components.

Protocells can spontaneously arise from weak organic
solutions.

Despite this, they display certain characteristics akin(of
similar) to living cells.

Protocells are basically:
self-organized,
endogenously ordered,
spherical collection of lipids.
Davey,2020 102



Differences between protocells and cells

i Protocells

= There are many differences between protocells and
biological cells.

= Biological cells generally have three features:

1. A stable and semi-permeable membrane which
encapsulates cell components

2. Genetic material which can be passed on in cell
formation and which controls cellular behavior and
function

3. Energy generation v/ig metabolic pathways which
enables growth, self-maintenance, and reproduction.

Davey, 2020 103



Protocells
Differences between protocells and cells

= Protocells display certain characteristics in common
with cells. E.g.

= In the case of membrane transport, modern cells use
complex protein machineries.

= Whereas, protocells may have achieved membrane
transport (which is crucial for the exchange of
content) passively via processes such as osmosis.

= In this way protocells could have exchanged ions and
small molecules with their surrounding environment.

Davey, 2020 104



Protocells
i Differences between protocells and bacteria

= There are many differences between protocells and
bacteria, the simplest extant forms of independent
cellular life.

1. Differences in morphology

2. Macromolecular chemistry

3. Phospholipids

a.  RNA

5. Bases other than adenine

6. (Genetics and data processing.

Hewitt,2013 105



Phylogenetic Taxonomy

= To get accurate phylogeny, must decide which
characteristics give best insight.

= DNA and RNA sequencing techniques are

considered to give the most meaningful
phylogenies.

106



Brief history of molecular
phylogenetics

vV Vv v 1 1

1900s

Immunochemical studies: Cross-reactions stronger for
closely related organisms.

Nuttall (1902) - apes are closest relatives to humans.
1960s -1970s

Protein sequencing methods, electrophoresis, DNA
hybridization and PCR contributed to a boom in molecular

phylogeny.

Late 1970s to present

Discoveries using molecular phylogeny:
Endosymbiosis - Margulis, 1978

Divergence of phyla and kingdom - Woese, 1987.
Many Tree of Life projects completed or underway.

Han Chuan Ong 107



Classification, Taxonomy and
i Phylogeny

= Key definitions to match up and learn!

= Taxonomy: The study of principles of
classification.

= Classification: The process of sorting living
things into groups.

= Phylogeny: The study of evolutionary
relationships between organismes.

Modern taxonomy 108



Classification, Taxonomy and
‘L Phylogeny

= Species (from the Latin: kind): A group whose
members posses similar anatomical characteristics
and have the ability to interbreed.

= Speciation: The evolution of a new species.

= Taxonomy: The branch of science concerned with
naming and classifying the diverse forms of life.

= Phylogeny: the sequence of events involved in the
evolutionary development of a species or taxonomic
group of organisms.

faculty.tamuc.edu 109



‘L Speciation

= A natural process usually resulting in an
increase in the number of species in a
particular group.

= Speciation is not a single process but an
array of processes and it may be
reticulate or non-reticulate.

Reticulate speciation: The evolution of a new species through
a hybridization event involving two different species. A species

evolving from reticulate speciation has two ancestral species. o



i Taxa

= A taxon is any group of

species designated by Branch i
name. Example taxa \ Taxon A
include: kingdoms, ::}S
classes, etc. LINEAGE

= Every node should give
rise to two lineages. Gommn ancstor of lemy rent

= If more than two | _
li h it Sister taxa are groups or organisms that
mages dare snown, | share an immediate common ancestor.

indicates an unresolved A polytomy shows the simultaneous
. speciation of three or more species.
pattern of divergence or

polytomy. »



i Taxonomy vs Phylogeny

= [axonomy is traditionally phenotypic.
= Phylogeny is mainly genetic.

= Some call the phylogenetic classification
as genotypic classification, since it is
based on actual differences among
cells.

112



i Phylogeny vs systematics

= Phylogeny refers to the history of a species,
to its relationships to other species (in Greek
phyl - refers to tribe; gen - refers to origin or
descent).

= Systematics refers to the methods used to
discover that history (in Greek systematos
refers to a complex whole put together).

Hoekstra-Chap13,2005 113



Traditional systematics vs.
‘L phylogenetic systematics

= Taxonomists tend to fall into two schools:
1. Traditional systematics
2. Phylogenetic or cladistic systematics

= Modern phylogenetic methods are making many
changes in traditional views of the Tree of Life.

= Since the 1970s, phylogenetic systematics has
been gradually replacing traditional systematics.

= [he student must understand both systems.

114



The Goal

i Phylogenetic or cladistic systematics

= The goal of phylogenetic or cladistic systematics is to
define monophyletic taxa (clades).

= A typical goal of systematics (and paleontology) is
the construction of phylogenies.

= Cladistics is especially significant in paleontology, as
it points out gaps in the fossil evidence.

= A phylogeny thus can be a description of the
macroevolutionary history of a species or of more
than one species.

Clade (clades) defined as a single complete branch of the Tree of Life.

Group of closely related organisms with most features in common.
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i Macroevolution vs. Microevolution

= Microevolution is evolution that occurs below
the level of species.

= Macroevolution is evolution that occurs above
the level of the species.

1. Macroevolution is the origin of taxonomic
groups higher than the species level.

2. Macroevolutionary change is substantial
enough that we view its products as new
genera, new families, or even new phyla.
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Definition of a clade

i Phylogenetic or cladistic systematics

= A clade is any taxon that consists of all the
evolutionary descendants of a common ancestor.

= Each different colored rectangle is a true clade.

Clade (clades) defined as a single complete branch of the Tree of Life.

Group of closely related organisms with most features in common.
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i Cladistic classification

= Millions of years ago, a single cell started an
evolution that gave rise to the tree of life and its
three main domains: Archaea, Bacteria and
Eukaryota.

= Each branch is an example of a clade. A clade
represents a group that includes a common
ancestor and all descendants.

s Cladistic is @ modern form of taxonomy that
places organisms on a branched diagram called
a cladogram (like a family tree) based on traits
such as DNA similarities and phylogeny.

Dowd, 2019 18



Cladistic classification
What is a cladogram?

= A cladogram is a branching diagram which shows the
evolutionary relationship among a group of clades.

= A clade is a group of organisms, comprised of all the
evolutionary descendants of a common ancestor.

= A cladogram does not depict the amount of
evolutionary change in the group, nor does it indicate
the evolutionary time or the genetic distance.

= Each branch of the cladogram ends with a clade.
= [t starts from a last common ancestor.

= Cladograms are usually formed based on the
morphological characters.

Lakna, 2017 19



Cladistic classification
Monophyletic, paraphyletic, and
polyphyletic trees

Traditionally:

A monophyletic taxon is
understood to be one that includes
a group of organisms descended
from a single ancestor [as in (a)].

A polyphyletic taxon is
composed of unrelated organisms
descended from more than one
ancestor [as in (b)].

One type of monophyletic taxon is
a paraphyletic taxon, which
includes an ancestor and a group
of organisms descended from it [as

in (c)].

TAXON 1
(monophyletic)

D E G H J K

Ly N\

Cc F I

w

A
(a)

©1909 Addison Wesley Longman, Inc.

TAXON 2
(polyphyletic)
D E G H J K
Cc k=

L%y

A
(b)

TAXON 3
(paraphyletic)

D E G H EEak
‘D

Cc

Y

A
(c)
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Cladograms vs Phylogenetic Trees
i Evolutionary time or genetic distance

= Cladogram: Cladogram does not represent
the evolutionary time or the genetic distance.

= Phylogenetic Tree: Phylogenetic tree
represents the evolutionary time and the
genetic distance between the group of
organismes.

Lakna, 2017 121



Cladograms vs Phylogenetic Trees

Cladograms are usually formed
based on the morphological
characters.

Duck-billed platypus
-American opossum

LEMlmupial mole
Wombat kangaroo possum kaola

Elephant shrew

|_EEbophanl
Manatse and dugong
-Armadillo
Iismm and mole
-Camel pig deer sheep hippo whale
Horse tapir thino
Cat dog bear weasel seal
Rabbit
Rat and mouse
Beaver
-Squirrel
Guinea pig
Tree shrew and colugos

Lemurs and kin
Tarsiers
New Warkd

Ol World monkeys
Gibbons

Orangutan

-Gorilla

Human

Bonobo

‘Common chimpanzee

= Several characteristics like external
morphology, internal anatomy,
biochemical pathways, behavior,
DNA and protein sequences, as well
as the evidence of fossils have to be
used.

Archaga

Euryarchaeota e,

Lakna, 2017 122



Cladograms vs
Phylogenetic Trees

= Cladogram —is not an evolutionary tree. Therefore, it doesn’t show
evolutionary relationships.

= Phylogram — Phylogenetic tree is an evolutionary tree. It shows
evolutionary relationships.

Species A
Species B

Species C

Species D
Species E

Species F

— 5 changes

Brett Marsh; Samanthi, 2017 123



Critical issues In:
!'_ Bacterial/Prokaryotic phylogeny

Molecular Phylogeny
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i Problems with bacterial phylogeny

= [0 understand bacterial phylogeny, it is essential that
the following two critical issues be resolved:

1. Development of well-defined (molecular) criteria for
identifying the main groups within Bacteria.

2. To understand how the different main groups are
related to each other and how they branched off
from a common ancestor.

= These issues are not resolved at present.
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Problems with bacterial phylogeny

Critical issues in Bacterial/Prokaryotic phylogeny

i

How Archaea and Bacteria are related to each other?

To delineate the branching order and hierarchical
relationships among the major groups/taxa within
Bacteria.

Criteria for the higher taxonomic ranks within Bacteria.

Evolutionary relationships among photosynthetic
bacteria.

Assessment of the extant of lateral gene transfer (LGT)
and its impact on Bacterial phylogeny.

Implications of the prokaryotic evolution on the origin
of the eukaryotic cell.
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Problems with bacterial phylogeny

Critical issues in Bacterial/Prokaryotic phylogeny

i

B Vv VvV VY

Lateral or Horizontal Gene Transfer (LGT/HGT)
influence on:

Evolutionary relationships
The relationship of Archaea to Bacteria
The origin of eukaryotes.

If organism type A and organism type B carry the
same gene for a protein, it may not be because they
both belong to the same taxonomic group, but
because one of them acquired that gene (by infection
or passive uptake) from a third type of organism,
which is not ancestral to them.
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Lateral or Horizontal Gene

‘L Transfer (HGT)

w N = B

Lateral or horizontal gene
transfer (LGT or HGT) is a
process whereby genetic
material contained in small
packets of DNA can be
transferred between
individual bacteria.

There are three possible
mechanisms of HGT.

These are:
Transduction,
Transformation, or
Conjugation.

or to
chromosom

n &ne qoes
to pla=mid

Horizontal gene transfer: Incorporation of a foreign gene acquired
from an unrelated species into the genome of another organism. 128



Critical issues in Bacterial/Prokaryotic phylogeny

i Problems with bacterial phylogeny

= Microscopic and molecular studies show that
<1% of the microbes in most environments

have been grown in pure culture.

= True in terms of #s and phylogenetic
diversity.

= This means we know little about their biology.

Eisen et a/,2004 129



Problems with bacterial phylogeny

Critical issues in Bacterial/Prokaryotic phylogeny
16S rDNA

= Phenotype not very useful for bacterial
phylogeny.

= Most molecular studies based on 16s rRNA
seguence analysis (rRNA Tree).

= Studies of other genes do not always agree
with rRNA, especially for deep branches.

rpoA, rpoB, rpoC, rpoD 16S rRNA gene

L

Eisen et a/,2004 130




Alternative genes

Comparison of 16S rRNA, recA, gyrB, rpoB genes
16S rRNA

= Among these molecular markers, 16S rRNA, an ~1500 base
pair gene coding for a catalytic RNA that is part of the 30S
ribosomal subunit, has desirable properties that allowed it to
become the most commonly used such marker.

= Foremost, the functional constancy of this gene assures it is
a valid molecular chronometer, which is essential for a
precise assessment of phylogenetic relatedness of
organismes.

= [tis present in all prokaryotic cells and has conserved and
variable sequence regions evolving at very different rates,
critical for the concurrent universal amplification and
measurement of both close and distant phylogenetic
relationships.

Srinivasan et al.,2015 131



Problems with bacterial phylogeny

Critical issues in Bacterial/Prokaryotic phylogeny
Limitation of 16S rDNA amplification

= Until today, analysis of 16S ribosomal RNA (rRNA)
sequences has been the de-facto gold standard for
the assessment of phylogenetic relationships among
prokaryotes.

= Unfortunately, only a few genes in prokaryotic
genomes qualify as universal phylogenetic markers
and almost all of them have a lower information
content than the 16S rRNA gene.

= [he branching order of the individual phlya is not
well-resolved in 16S rRNA-based trees.
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Problems with bacterial phylogeny

Critical issues in Bacterial/Prokaryotic phylogeny
Limitation of 16S rDNA amplification

= In this work, genomic analyses evidenced the
presence of multiple and heterogeneous rRNA
operons (rrn) within individual genomes of
Azospirillum strains.

= Intra-genomic heterogeneity of 16S rRNA genes was
higher in A. /ipoferum 4B and led to ambiguities while
trying to detect its closest relatives within the genus.

Maroniche et a/.,2016 133



The limits 16S-23S rRNA gene ITS region

‘_L Phylogenetic Anchors

= In the search for alternative genetic markers, some
authors have turned their attention to the 165-23S
rRNA internal transcribed spacer for a source of inter-
species genetic variability in bacteria.

= However, it may suffer from the same limitations
than 16S rRNA (i.e. multiple heterogeneous copies).

Maroniche et a/.,2016 134



Comparison of 16S rRNA, recA, gyrB, rpoB genes

‘_L Alternative genes

= Molecular techniques in a comparative analysis of
housekeeping genes such as oprl, rpoD, gyrA, gyrB,
etc. but also 16S rRNA.

= A housekeeping gene is a gene that codes for proteins
needed a” the tlme. rpoA, rpoB, rpoC, rpoD 16S rRNA gene

= These could include: % 4@
» Heat-shock proteins such as: =

= dnaKk(heat shock protein 70, molecular chaperone
DnaK);

= gyrB (DNA gyrase subunit B); and
= /poD (RNA polymerase sigma-70 factor).

See also the bacterial diagnosis Part-1. 135



Specific genes
Comparison of 16S rRNA, recA, gyrB, rpoB genes
i rpoB

= Compared to the 16S rRNA gene sequences, variable
regions were scattered along the whole fragment
sequence, indicating that this fragment of the rpoB
gene is more polymorphic.

= However, the comparison of rpoB sequences for
species based identification has yet not been
explored completely.
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Specific genes
Comparison of 16S rRNA, recA, gyrB, rpoB genes
i gyrA and gyrB sequencing

= Among the DNA metabolic enzymes altering its topology,
type II DNA topoisomerases/DNA gyrase is essential and
ubiquitous.

= DNA gyrase is encoded by both gyrB and gyrA which
belongs to the single gene family.

= The presence of highly conserved motifs in these gene
sequences provides a useful tool for the designing of
universal primers for the study of bacterial identification
and diversity.

= As higher genetic variation is observed among the protein
coding genes, they can be used for the identification and
classification of closely related taxa.

Das et a/,2014 137



RibAlign:

A software tool and database for eubacterial phylogeny
based on concatenated ribosomal protein subunits

= Emphasis has been placed on methods that are
based on multiple genes or even entire genomes.

= The concatenation of ribosomal protein sequences is
one method which has been ascribed an improved
resolution.

= Since there is neither a comprehensive database for
ribosomal protein sequences nor a tool that assists in
sequence retrieval and generation of respective input
files for phylogenetic reconstruction programs,
RibAlign has been developed to fill this gap.
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Microarray technology

Modern method for detection and hierarchical studies

i

DNA microarrafys (which often also are called DNA or
gene chips) offer the latest technological
advancement for multi-gene detection and
diagnostics.

DNA microarrays were first described by Schena et
al. (1995) for the simultaneous analyses of large-
scale gene expressions by a large number of genes.

Some microarray experiments can contain up to
30,000 target spots.

Usually chemically synthesized oligonucleotides 20-70
nucleotides in length, can be attached to a slide and
the ?enes they represent can all be analyzed in a
single experiment.
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DNA or gene chips

‘L DNA microarrays

= DNA microarray protocols normally rely on the
principle of nucleic acid hybridization, with hundreds
to thousands of probes arrayed as spots en miniature
onto a solid support.

= The solid supports themselves are usually glass
microscope slides, but can also be silicon chips or
nylon membranes (chemically inert).

= The spots themselves can be DNA, cDNA, or
oligonucleotides.
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i

Designing a Microarray Experiment
The basic steps

Spot oligos on to a specially coated slide using a
robot (can be stored for several months).

Extract sample DNA (same as with other PCR-based
methods).

Run standard PCR to amplify the probe target
sequence(s) using fluorescent labels to mark the
amplicon ends.

Hybridize the PCR products with the microarray.
Observe results using a fluorescent reader.

Duffy et al,, 2008 141



DNA microarrays
DNA hybridization principle

.Q}B
&2 AN
Probe 1 AN Probe 2
CTGGACTAGCTATTAC CTGGACTAACTATTAC
EEEEENE N EEREEENIC AR
GACCTGATCGATAATG GACCTGATCGATAATG

Duffy et al.,2008 142



DNA microarrays
DNA hybridisation principle

Sample extraction
&
PCR amplification

— ACGGTA
ARREN

TGCCAT

|

Identification

1 Laser-Detection

Duffy et al,,2008
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Intelligent chip with
* hierarchical design

o Q
W™ o &
) Q
o
Q§ qgf caqél &
o [ housekeeping genes |

165 rDNA

Clavibacter

Clavibacter

Clavibacter
I'_'c'm?un'aErEriEm

Pantoea
Pseudomonas
Ralstonia
Xanthomonas
Xanthomonas
L. Xanthomonas_

Xanthomonas

———-

/ Systematic

_I
Xanthomonas
Xanthomonas
Xanthomonas
Xanthomonas
Xanthomonas
Xanthomonas
Xanthomonas

Duffy et a/,2008 144



Eubact.

pv. fragariae ! pv. flacc.

Betaprofecbhaktaria Gammaprofeobakteria Gram Gram
neqative positive
Burkholderiales . Enterobacteriales )
Ord. \ Actinomycetales
Pseudomonadales | Xanthomonadales
Xylophilus
ampelinus .
T | T
Fam. Burkholderiacea Enrerobacreriacea Pseudomonadacea  Xanthomonadaceae Microbacteriacea
7
\ / \
) Xanthomonas L :
Gat. Ralstonia Erwinia — Clavibacrer | Curtobacteritim
Burkholderia | Fantoea | Pseuui:mmnnas _," .f" 5 _x-_\\.x,_w | |
H | h ¥ . BT ", i
_I | ; K : T (S - T :
Sp i - stelvartii | | vesicatoria : SRR (C L UCC I flaccum:
' | solanacearum | DL syringae B ! m].-rzale b michiganensis !
I - . Y, .
I chrysanthemi I axonopodis - ' rransiucens | I
caryophylli ! ! : arboricola i . i
T T T T T T T T T A T L
I I ! ! ! ! P 1
! ! ! ! ! ! subsp. sepedonicus !
Subsp. ! ! | pv. corylina | | subsp. msidfosus
Pathov. pv. stewartii pv. persicae ' pv. pruni i | subsp. michiganensis '
pv. citri i pv. translucens
pv. phaseoli
, - pv. oryzae
pv. vesicatoria pv. oryzicola

pv. dieffenbachiae

L0 LA housekeeping genes
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Intelligent chip with
hierarchical design

Order | Xanthomonadales | e

Family Xanthomonadaceas I Microbacteriacea |

Species r S———

Eubaki |Archa Ral sC ¥-ales |X.-as | Pssudo |Entcese | [Eubakt. [Archa Ral SC ¥.-ales [#-as  [Pseudo|Entcea
Aicrob.  |Clmich  Burcar | Xylamp |Xanfra  |H20 [sC Erwam | |Microb. |Cimich |Burcar |<vamp [Xanfra [H2O |50 Erwam
Curigh. |Clmsep  |Ralsol  |r¥or rEwesi | rHird re'ss PstsiN | |Curdob. [Clmsep |Ralsol [rdor réwesi  [ritri rFss Pstst M
H2O SC H2D r¥orory  |rdvefra |rXir2 =eype |Erch M 20 SC H20 rXorory |rXwefra |rXir2 Psype |Erch M
Cmm/s2 [Cmsiil  [SE fiXlor ft¥vesi H2O H2O Cmmis2 (Cmsfil  [SE fixor fiXwasi [rdarh |H2ZO Hz2O
Cmi2 Cmm1 I H2O grlane | M Cmi2 Cmm1 & H2D gXaxve |g¥arkl [N &

Cms3 Cmm3 M H2O M M [ Cmm3 |M H20 il g¥rab2 |M M
gCflac |SC I H2D I M M S5C [+ H20 Al ] M M
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Intelligent chip with
i hierarchical design

This example shows 2 separate samples, but
you can also detect both bacteria in one sample
on one slide.

sc=spotting control JER0LT
Duffy et a/.,2008
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Intelligent chip with

i hierarchical design

Simplify analysis by placement of spots

Duffy et a/.,2008
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Intelligent chip with
hierarchical design

Advantages:

Simple to interpret as + or —
contrasts with difficulty of interpreting
transcriptomic microarrays for intensity of spots

Low cross-hybridisation (very specific)

Single multiplex PCR reaction (5 genes) to reach species
level (subspecies for some target bacteria)

149
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Intelligent chip with
hierarchical design

Failures:

Some bacteria could not be differentiated to subspecies
Main problem was the Xanthomonas group
Unfortunately this is a main group in the quarantine list

Better target genes? Maybe but a published Xanth chip has 4
gene targets just for that group. CSL advances??

Adding more genes defeats purpose of a single PCR step

Duffy et a/,2008 150



Intelligent chip with
‘L hierarchical design

Outlook:
INRA Angers (F) — small, low target, simple chips

CSL (UK) chips

PRI (NL) Padlock Probe based chips (higher specificity,
quantitative option)

Genome Chips - Random Design

Duffy et al,,2008 151



Intelligent chip with
‘L hierarchical design

© Gene vs. Genome Principle

ai a0n a1

Gene (intelligent design) ' RN T T g R
« specific sequence info, o | of il el b el
small number of genes et o i L el

CRATES T R A A TR AL CTTTATT AR AC A TS
CRATCC TG CABCAATTARE TTTATTACEAC AATES

Co-dominant markers
(165, gyrB, etc.)

) 3 Org1: 1000101101001
=P Genome (random design) Org2: 1001001101100
* Presence/Absence / Org3: 1000010101101
Info from total Genomes \ Org4: 0100110101111
* e.g., Potential SNPs Dominant markers
J SNPs: ddA / ddG / ddT/ ddC

Co-dominant markers

Microarrays — B Duffy ' 23
COST 873 Tralning Worsshop, C5L, York UK EDST E..'Il -
3 Marcn 2008 & StonefruitNuthealth cosk
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Intelligent chip with
‘L hierarchical design

¥ Genome Chip Design

. E. coli K2 O13THT
Virtual Random
Chip - RﬂbUStnESS Mycebacterium tuberculosis
FaL B3 :
Compurter Simulation
f 1a ]
Pam L ”/;t:phylocmcus
BER
Program input:
Two different fully sequenced

strains of each of four
species, complemented with
ca. 40 other full sequences
of other species of
microorganisms

Duffy et al,2008 153



Nimblegen-High Density Microarray
385'000 Feature Chip

@ Nimblegen - High Density Microarray
* 385000 Feature Chip

- 4-times redundant
- Design of 95°000 Probes (13mer)

Modification of Programme

- 17 computers over
weekend to interpret

|

eternall

Time

v

0 50K 100K
Probe number

F. Pasquier, JE Frey

Duffy et al,,2008 154



Nimblegen-High Density Microarray

385'000 Feature Chip

Genome Chip

385°000 feature chip: Comparison of 2 E. coli hybridisations:

1'_".

o —]

B

;".‘h']

Highly
reproducible
results

F. Pasquier, JE Frey
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Nimblegen-High Density Microarray
385'000 Feature Chip

© Comparison of different bacteria after analysis

Advantages:

Reproducible resuits

at4°C

>100 probes/target organism
gives high specificity

Gives species, subspecies
and perhaps STRAIN fingerprint

No oligo design required

No sequence info neaded

o ——

Disadvantages:
Cost
Analytical requirements

F. Pasguier, JE Frey

Other hyb.conditions | | M. luteus | | E. coli B E. coli K12

Duffy et a/.,2008 156



Chemical and Molecular Approaches
in Bacterial Phylogeny

Chemical:

= Cell wall composition

= Membrane lipid signatures

= Electrophoretic comparison of proteins
Molecular:

= Nucleic acid basic composition

= Nucleic acid hybridization

= Gene sequence comparisons

157



Molecular Approaches in

!'_ Bacterial Phylogeny

= Nucleic acid basic composition
= Nucleic acid hybridization
= Gene sequence comparisons
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i Nucleic acid basic composition

DNA base composition indicates relatedness of
organisms.

Base composition is usually expressed as GC content.

If the GC content differs by a small percentage the
organisms are not closely related.

The GC content itself does not always mean that
organisms are related.

For example, humans and Bacillus have similar GC
contents but are very different organisms.
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‘L Nucleic acid base composition

G+C
Mol% (G +C) = x 100%
G+C+A+T

= Determined from melting temp (thermal
denaturation temperature, T )

Using the data:

Closely related organisms should have similar G+C ratio.
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Nucleic acid hybridization
Method

= Two organisms: grow one in [3H] thymine, the other one
without it.

= Harvest ans isolate DNA.

= Denature DNA from one organism (heating) and bind
it to a filter membrane.

= Add denatured DNA from the other organism. Strands w/
complementary bases will reassociate to form dsDNA.

o \[/)VI\?Zh and add S1 nuclease to remove any single stranded

= Expose to X-ray film.

= If closely related they would anneal (bind) if conditions are
right (60-70° C).

= You can get binding using lower temperatures (35-55°C) but
this is just background!

Homology above 70% - same species
Homology above 20% - same genus 161



Nucleic acid hybridization
DNA/DNA hybridization

DNA hybridization can measure how similar the DNA of different
species is-more similar DNA hybrids “melt” at higher
temperatures

The sensitivity of DNA-DNA hybridization declines rapidly as the
organisms become more diverged, limiting the method to
characterization of closely related strains, species and genera.

; 1
DNA-species A Homaduplex (Afa) o
e R L AR ST - NN, ,.--_:::.- .-"" "“-ﬂ-’l i s
.-I:':'.- ."-.:':.-.:':IL.- A .:':_- ::. .-'Izl.'\- '|‘-\..':Il:"\-_:"_- ."'::‘.-"l:l:l"-\_-';\.- E-
Denature into Measure . =
single strands, densturation
3 mll iz az temperature 3
! . . :
DNA=-species B and mix Heteroduplex (4/B)iS raised i
NI PEE fl X wu Sy
P FLAT TS VAR CAV & ) PR b e P
Mismatched region T
b 0 80 %0
Temperature (°C)
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DNA-DNA hybridization

Acidovorax
Natlve DNA Of tWO ACI'dOVO/,aX Source of unlabelled DNA I::I;::::dh[i;:}:li:::h
valerianellae causal agent of : :
lamb’s lettuce strains, CFBP o o2
4730T and CFBP 4723, was _ —
labelled with tritiated nucleotides | * jxeriaele: s nor - .
(°*H nucleotides) by nick- CFBP 4720 100 100
translation. CFBP 4721 84 100
The S1 nuclease/trichloroacetic i o
auql method was used as CFBP 4726 95 99
indicated by Gardan et a/.,2000. CFBP 4728 89 88
. . CFBP 4731 100 100
The reassociation temperature CEBP 4732 100 93
was 70° C. CFBP 4733 92 89
Levels of DNA relatedness among |, 2 s o -
Acidovorax valerianellae and A avenae subsp. avenae
related strains hybridization was CFBP 24257 19 ND
determined at 70° C. CFBP 1201 _ . B ND
. A, avenae subsp. cattleyae CFBP 2423 35 ND
ND, Not determlned. A. avenae subsp. citrulli CFBP 44597 29 ND
A. konjaci CFBP 44607 15 ND

Gardan et a/,2003 163



Gene sequence comparisons
Small-subunit ribosomal RNA (SSU rRNA)

= DNA sequencing has provided a new approach for
studying evolutionary relationships, since:

1. All organisms have a genome.

2. The genes that code for vital cellular functions are

conserved to a remarkable degree through evolutionary
time.

3. Even these genes accumulate random changes with time
(usually in the regions that are not vital for function).

= In this respect the gene changes are rather like the scars

on a boxer's face - a record of the accumulated impact of
time.

= So, by comparing the genes that code for vital functions
of all living organisms, it should be possible to assess the
relatedness of different organisms.
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Gene sequence comparisons
PCR of bacterial ribosomal genes

a)

Internally Transcribed

Promoters Spacer (ITS) Distal Termination

Spacer
' 8. 3 = +

T i
=5 =T =5 ~1 tRNAS
b)  rDNA-PCR ITS-PCR ___ Specific-PCR
Universal Universal Universal/specific

Primer set 1&2 Primer set 5&6 Primer sets 3&4; 8&7,

1 5 5&T: 8&6

L —— p—_ —

[ — = =
Sequence REA REA Direct Direct REA
Analysis ¢ \ / ¢ ¢ ¢

L A B A B A B AB  AA,

o = {3: {E]: E‘,h- E}I--r

Al

A2 _— s
BI 5 o= g -=
HE "-'_ __- __u

@ @ ® @ @

s . o3 ; Length/Pattern Genus/Species
Louws et a/', 1999 I'ree of Life T-RFLPs ARDRA Polymorphisms Specificity




Biased sampling of bacterial

i genomes

= A phylum of bacteria
comprised of three
classes:

1. Bacteroides, Otter phyta

2. Flavobacteria, and

3. Sphingobacteria.

= These gram-negative
bacteria found primarily | Bacteroidetes
in the intestinal tracts
and mucous membranes

Firmicutes
19%

Of Wa rm-blOOd ed 2687 genome sequences
animals.

Hugenholtz,2004 166



Small-subunit ribosomal RNA (SSU rRNA)

‘_L DNA sequencing

= The gene most commonly used for this codes

for the RNA in the small subunit (SSU) of the
ribosome.

= Some regions of this SSU rRNA (also termed
16S rRNA) are highly conserved in all
organisms, whereas

= Other regions are more variable.
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Phylogenetic Trees

Phylogenetic resolution
Highly conserved sequences contain too little
information to resolve close relationships

Phylogenetic resolution

Use variable regions to compare closely related sequences

— Badly conserved sequences contain too much noise to resolve
distant relationships

DL e ey TCCAAATCTA AAT

R e e ee e CCTClTATAA A( IIV
RCARNBRC o cesonosctraramasss r
G G

Tc.YﬂLLA ArA(I(( GGG
CCRTAAGCC TIT(rfTAfYT( ee-BBCT==C

Use conserved regions to compare distantly related
sequences

— Highly conserved sequences contain too little information to resolve
close relationships

Dutlih,2016 168



16S ribosomal RNA

Comparisons of the sequence

i

= The nucleotide base sequence of the gene which

codes for 16S ribosomal RNA is becoming an
important standard for the definition of bacterial
species.

Comparisons of the sequence between different
species suggest the degree to which they are related
to each other.

Differences in the DNA base sequences between
different organisms can be determined quantitatively,
such that a phylogenetic tree can be constructed to
illustrate probable evolutionary relatedness between
the organisms.

See also Sequence Alignment slides 169



16S ribosomal RNA

Signature sequences

= Specific base sequences in the rRNA known as
signature sequences were commonly found in
particular groups of organisms.

= Signatures are generally found in defined regions
of the 16S rRNA molecule, but are only
readily apparent when the computer scans sequence
alignments.

= They allow for placing unknown organisms in the
correct major phylogenetic group, and can be useful
for constructing genus and species-specific nucleic
acid probes which are used exclusively for
identification purposes in microbial ecology and
diagnostics.
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16S ribosomal RNA

i Signature sequences

= Highly conserved organisms are
classified as:

1. Separate species if their sequences
show less than 98% homology, and

2. Different genera if their sequences
show less than 93% identity.
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Mycobacterium
speciation using | 165 rONA]

«— —p - -
264 261

285 haa 559 248
1 63 rR NA gene (9-30) (341-361)(590-608) (830-850) (1027-1046) (1542-1523)

9 1048

WA 1w V) bR praduct

Species specific vs
= [——==2:] signature regions

genus specific - 267
- (182-202) ’
regions of 16S rRNA species specific genus apacil

830 1542
gene

pCr procuct 5 (/7] 1120 Y/ /A

Examlne Sequence 285: 5 GAGAGTTTGATCCTGGCTCAG 3
Ii " 244: 5 CCCACTGCTGCCTCCCGTAG &
alugnmen 259: 5 TITCACGAACAACGCGACAA 3
248: 5 GTGTGGGTTTCCTTCCTIGG 3
564: 5 TGCACACAGGCCACAAGGGA &
261: 5' AAGGAGGTGATCCAGCCGCA 3

hybndization probes

species-specific

M.tb complex: 5 ACCACAAGACATGCATCCCG
M.avium; 5 ACCAGAAGACATGCGTCTTG
M.intracellulare: 5 ACCTAAAGACATGCGCCTAA
M.leprae: 5 ATAGGACTTCAAGGCGCATG
M.genavense: 5 CCACAAAACATGCGTTCCGTG
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16S ribosomal RNA

Sequence methodology

= Today, 16S rRNA sequences are more readily

obtained by amplifying nearly full length genes with
the polymerase chain reaction (PCR) and "universal

primers" specific for conserved regions of the 16S
rDNA sequence.

= The reaction product can be seccqjuenced directly or

cloned into a plasmid vector and then sequenced.

In current methods, the genes for rRNA, rather than
RNA itself are sequence .

173



16S ribosomal RNA

Sequence methodology

= Since thousands of full and partial 16S sequences are
available through the Web, classifying an unknown
bacterium is readily accomplished using one of the
many comparison and search algorithms available on-
line (e.g. Blastn at http://www.ncbi.nim.nih.gov).

= It usually takes about a day or two to obtain
sequences for an unknown organism if the
equipment and technical expertise is in place, versus
several days to weeks using conventional phenotypic
testing.

An algorithm is a step by step procedure to solve logical and

mathematical problems. There are several algorithms used to

infer phylogenetic trees, but the most widely-used algorithms

fall into three main categories: Distance algorithms, Maximum
parsimony algorithms and Likelihood algorithms. 174



16S ribosomal RNA

Sequence comparisons

= When only four species were compared with each
other, a relatively short segment stood out as
appearing to be "frame-shifted" when comparing
Pseudomonas fluorescens with a group of three
enterics.

= This situation is shown as follows with the nucleotide
bases of the segment in question shown in red.

FPrepgharmanas Juoarescens | . goctaataccgocatacotocctacgggagasagoagggg . . .
Sﬁﬁtﬁii asH;LH . .gctaataccgcataacgtocgocaagaccaaagocggggg . . .
Duchacia aquatica .. .goctaatacocgogtaacgtocgasagaccaaagocggggg. . .
Eolhwarglane s famda .. .goctaatacocgocataacgtocgoaagaccaaagtggggg. | .

Databases of various gene sequences are found on the web. Genbank’s
database was used as the source of the above sequences.



Sequence comparisons

Comparison of two homologous DNA sequences

= Two homologous DNA
sequences which descended
from an ancestral sequence
and accumulated mutations
since their divergence from
each other.

= Note that although 12
mutations have
accumulated, differences can
be detected at only three

nucleotide sites.

= (from Fundamentals of Molecular
Evolution, Wen-Hsiung Li and Dan Graur,
1991).

ACTGAACGTAACGC

P
N\

ACTGAACGTAACGC

C G ﬁ C

ACTGAACGTAACGC

AATGAAAGAATCGC
ACTGTAGGAATCGC




16S ribosomal RNA

Sequence comparisons

+

= When a 1308-base stretch of that part of the

chromosome which codes for 16S ribosomal RNA was
lined up and analyzed to find the extent to which the

above four organisms differed from each other, the
percent difference between any two organisms was
determined, and the results are summarized as

follows:
PF FF
AH 145+  AH
Ei 14.5 3.2 Ba
ET 149 43 50 ET

* bnexarnple: The sare bases appear in the sarne
secuence, position by position, for each of the
two organistas except for 14.58% of the tire.
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Construction of a phylogenetic tree
Terminology

= Tips (sometimes called leaves or
- l | —— DISTANCE SCALE

terminal nodes or nodes): represents o AA
a taxonomic unit. This can be a taxon (an pecies A oD AN BB
existing species) or an ancestor
(unknown SpeCIGS. represents the species B BRANCH LENGTH
ancestor of 2 or more species). — /

= Branch: defines the relationship ]

between the taxa in terms of descent and species C
ancestry. . NODE

= Topology: is the branching pattern.

= branch length: often represents the
number of changes that have occurred in

that branch.
= Root: is the common ancestor of all \

taxa. L species F
= Distance scale: scale which represents \

the number of differences between ROOT

species

species E

BRANCH

sequences (e.g. 0.1 means 10%

differences between two sequences). Distance between species A and species B= AA+BB.
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Construction of a phylogenetic tree
The scale bar

= The horizonal lines are branches and represent
evolutionary lineages changing over time.

= The longer the branch in the horizonal dimension, the larger
the amount of change.

= The bar at the bottom of the figure provides a scale for
genetic change.

= The bar number '0.05' shows the length of branch that
represents an amount genetic change of 0.05.

1. The units of branch length are usually
nucleotide substitutions per site — that is the number of
changes or 'substitutions' divided by the length of the
sequence (although they may be given as % change, i.e.,

the number of changes per 100 nucleotide sites).
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16S rRNA sequence comparison

Construction of a phylogenetic tree
The scale bar

= The results of "cluster analyses", such as the UPGMA method,
are often referred to as "dendrograms".

= A scale bar usually indicates distances.

= The scale bar represents the percentage of dissimilarity
(distance) between two aligned sequences.

= The scale bar indicates the number of changes per nucleotide
per unit branch length.

= The bar at the bottom signifies approximately 1% base
difference.

= Scale bar indicates 1% sequence dissimilarity (one substitution
per 100 nt). PE

ET
AH

Distance 1 BA 180




16S rRNA sequence comparison

Construction of a phylogenetic tree

The scale bar

= The scale bar 0.1 means 0.1 nucleotide substitutions per site

(0.1 change per nucleotide=10% differences between two

sequences).

= The actual value will depend on the branch lengths in the tree.

= The scale bar=0.02 represents 0.02% nucleotide substitutions
per nucleotide. i.e. 2% differences between two sequences).

= [he scale bar=0.022 represents an estimated 22 base
substitutions per 1000 nt positions according to the Kimura

index.

Human ATGTTGACTC
Mouse ATGCTGACTC

There is one site that is different
between the two sequences, and we
could say that based upon this tiny
sample there are 1/10 = 0.1
substitutions per site.

Distance 0.02

—
g

PF
ET
AH

BA
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16S rRNA sequence comparison

Construction of a phylogenetic tree
The scale bar

This neighbour-joining tree is
based on the DNA gyrase
subunit B (gyrB) gene sequence
of Xanthomonas spp., Xylella
fastidiosa and a
Stenotrophomonas sp.

Bootstrap values (for 1,000
replicates) are given at the
nodes, and branches with
<50% bootstrap support were
collapsed to better reveal the
phylogenetic structure.

The scale bar corresponds to
0.1 change per nucleotide.

Ryan et al,,2011

0.1

100

Xanthomonas perforans NCPPB4321

Xanthomonas euvesicatoria NCPPB2968

Xanthomonas alfalfae NCPPB2062

Xanthomonas me! lonis NCPPB3434
axonopodis NCPPB457

fuscans NCPPB381

s citri LMG9322

i NCPPB4343

la NCPPB2417

Xanthe zae NCPPB3002
Xan agariae NCPPB1469
Xanthos ricola NCPPB411

— Xanthomo ampestris NCPPBS28
38 Xanthomo opuli NCPPB2959
Xanthomonas hortorum NCPPB2985
2 Xanthomonas hortorum NCPPB939
86 Xunlhomonasgardneri NCPPB881
98-Xantho e NCPPB4356

‘—J—X anthomonas pisi NCPPB762
anthomonas vesicatoria NCPPB422

59 Xantho ucurbitae NCPPB2597

nthomonas cas savae NCPPB101
ntho codiaei NCPPB4350
Xanthomonas theicola NCPPB4353
g( itho ns NCPPB973
58 65L—xar hy nthi NCPPB599
anthomonas sacchari NCPPB4341

as albilineans NCPPB2969f

[
| Stenotrophomonas sp. LMG958'

Xylella fastidiosa 66 9a5¢c

Nature Reviews | Microbiology|
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Phylogenetic relationships of Xy/ella fastidiosa
strains from different hosts, based on 16S rDNA
and 16S-23S intergenic spacer sequences

100

0SL92-3

s PE.PLS
Pseudomonas boreopolis

Xanthomonas campestris

0 0-01

Phylogenetic tree constructed using the neighbor joining method,
based on 16S rDNA sequence data for Xylella fastidiosa and
Pseudomonas boreopolis, with Xanthomonas campestris as the
outgroup. Gaps and missing information excluded from the
analysis. The numbers above the branches are bootstrap values
obtained for 1000 replications (expressed as percentages; only
values greater than 70% are shown). Bar, 1% sequence
divergence.

C1.11067
97}= C0O.01
C1.52
80 C1.X0

PL.788

Ss2
889

annl
een
92 GR.89357

PE.PLS

100

Xanthomonas campestris

0 00

Phylogenetic tree constructed using the neighbor joining method,
based on 16S-23S intergenic spacer sequence data for Xylella
fastidiosa, with Xanthomonas campestris as the outgroup. Gaps
and missing information were excluded from the analysis. The
numbers above the branches are bootstrap values obtained for
1000 replications (expressed as percentages; only values greater
than 70% are shown). Bar, 1% sequence divergence.
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Classification systems
!'_ History of classification systems

From traditional to natural classifications
Two-kingdom to six-kingdom systems
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Kingdom

Definition of the rank kingdom

= In biology, kingdom (Latin: regnum, pl.
regna) is a taxonomic rank, which is either
the highest rank or in the more recent three- s,
domain system (Woese three-domain
system) the rank, below domain.

= Kingdoms are divided into smaller groups
called phyla (in zoology) or divisions in
botany.

= The complete sequence of ranks is: life,
domain, kingdom, phylum, class, order,
family, genus and species.

Domains - placed above the phylum and kingdom levels of classification.
Wikipedia,2011 185



Bacterial nomenclature

The primary objective of Code of Nomenclature
of Bacteria(now Prokaryotes)

= The Bacteriological Code
governs names of
prokaryotes in the ranks of:

s Class, Subclass, Order,
Suborder, Family, Subfamily,
Tribe, Subtribe, Genus,
Subgenus, Species and
Subspecies.

= [axa above the rank of Class
(Phylum, Kingdom, Division
and Domain) are not
covered by the Code.

Domain: The highest of taxonomic rank (‘80s)
Kingdom (not used by most bacteriologists),1969

Phylum or division of the kingdom

Class

Order

Family(related genera)

Genus(related species) plural: Genera
Species(related strains) both singular & plural
Subspecies

Parte,2013:.. 186




The Standards

Pathovar system of nomenclature
The preferred names of infrasubspecific subdivisions

Domain: The highest of taxonomic rank (‘80s)

= Kingdom (Not used by most bacteriologists), 1969
= Phylum or division of the kingdom

m Class

= Order

= Family(related genera)

= Genus(related species) plural: Genera

= Species(related strains) both singular & plural
»  Subspecies

= Biovar (usual abbreviation: bv.),

= chemoform, chemovar,

= cultivar(usual abbreviation: cv.),

= morphovar,

= pathovar (usual abbreviation: pv.),

= phagovar,

= Serovar.

|

Names not covered by
Code

Names covered by
Code

Names not covered by
Standards
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Domain Bacteria
Bacterial phylum

The bacterial phyla are the major lineages (phyla or

divisions) of the domain Bacteria

. "Abditibacteriota' .
. "Acidobacterid" .
. "Actinobacteria" .
. "Candlidgatus Aminicenantes" .
. "Aquificae' .
. "Armatimonadetes" .
. " Bacteroidetes" .
. " Balneolaeota" .
. "Caldiserica" .
. " Calditrichaeota" .
. "Chlamydiae" .
. "Chlorobl' .
. " Chlorofiex!" .
. "Chrysiogenetes" .
. "Candligatus Cloacimonetes" .
. " Coprothermobacterota' .
. "Candidatus Cryosericota" "
. "Cyanobacteria' .
. " Deferribacteres" .
. " Deinococcus-Thermus'" .
" "Candidatus Dependentiae” .
. "Dictyoglom/" .
. " Elusimicrobid' .
. " Candligatus Eremiobacteraeota" .
g " Candigatus Fermentibacteria" .
. "Fibrobacteres' .
. " Firmicutes" .

= !Fusobacterid’ Euzeby,2020 -

" Fusobacteria"
" Gemmatimonadetes'
" Candjdatus Goldbacteria"

' Candlidatus Kapabacteria"
" Kiritimatiellaeota"

" Candidatus Krumholzibacteriota"

"Lentisphaeraée’

" Nitrospina€e'
" Nitrospira€e'

' Candlidatus Omnitrophica"
" Candjdatus Parcubacteria"

" Candjdatus Parcunitrobacteria”

' Candidatus Peregrinibacteria”

' Planctomycetes"
" Proteobacteria’

"Rhodothermaeots"

' Spirochaetes"
" Candjidatus Sumerlaeota"

'Synergistetes"
" Tenericutes"

" Thermodesulfobacteria"
" Thermomicrobid'

' Thermotoga€'
"Verrucomicrobid'

' Candlidatus Margulisbacteria"

' Candlidatus Mcinerneyibacteriota"
" Candjidatus Melainabacteria"

' Candidatus Microgenomates"
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https://lpsn.dsmz.de/phylum/abditibacteriota
https://lpsn.dsmz.de/phylum/acidobacteria
https://lpsn.dsmz.de/phylum/actinobacteria
https://lpsn.dsmz.de/phylum/aminicenantes
https://lpsn.dsmz.de/phylum/aquificae
https://lpsn.dsmz.de/phylum/armatimonadetes
https://lpsn.dsmz.de/phylum/bacteroidetes
https://lpsn.dsmz.de/phylum/balneolaeota
https://lpsn.dsmz.de/phylum/caldiserica
https://lpsn.dsmz.de/phylum/calditrichaeota
https://lpsn.dsmz.de/phylum/chlamydiae
https://lpsn.dsmz.de/phylum/chlorobi
https://lpsn.dsmz.de/phylum/chloroflexi
https://lpsn.dsmz.de/phylum/chrysiogenetes
https://lpsn.dsmz.de/phylum/cloacimonetes
https://lpsn.dsmz.de/phylum/coprothermobacterota
https://lpsn.dsmz.de/phylum/cryosericota
https://lpsn.dsmz.de/phylum/cyanobacteria
https://lpsn.dsmz.de/phylum/deferribacteres
https://lpsn.dsmz.de/phylum/deinococcus-thermus
https://lpsn.dsmz.de/phylum/dependentiae
https://lpsn.dsmz.de/phylum/dictyoglomi
https://lpsn.dsmz.de/phylum/elusimicrobia
https://lpsn.dsmz.de/phylum/eremiobacteraeota
https://lpsn.dsmz.de/phylum/fermentibacteria
https://lpsn.dsmz.de/phylum/fibrobacteres
https://lpsn.dsmz.de/phylum/firmicutes
https://lpsn.dsmz.de/phylum/fusobacteria
https://lpsn.dsmz.de/phylum/fusobacteria
https://lpsn.dsmz.de/phylum/gemmatimonadetes
https://lpsn.dsmz.de/phylum/goldbacteria
https://lpsn.dsmz.de/phylum/kapabacteria
https://lpsn.dsmz.de/phylum/kiritimatiellaeota
https://lpsn.dsmz.de/phylum/krumholzibacteriota
https://lpsn.dsmz.de/phylum/lentisphaerae
https://lpsn.dsmz.de/phylum/margulisbacteria
https://lpsn.dsmz.de/phylum/mcinerneyibacteriota
https://lpsn.dsmz.de/phylum/melainabacteria
https://lpsn.dsmz.de/phylum/microgenomates
https://lpsn.dsmz.de/phylum/nitrospinae
https://lpsn.dsmz.de/phylum/nitrospirae
https://lpsn.dsmz.de/phylum/omnitrophica
https://lpsn.dsmz.de/phylum/parcubacteria
https://lpsn.dsmz.de/phylum/parcunitrobacteria
https://lpsn.dsmz.de/phylum/peregrinibacteria
https://lpsn.dsmz.de/phylum/planctomycetes
https://lpsn.dsmz.de/phylum/proteobacteria
https://lpsn.dsmz.de/phylum/rhodothermaeota
https://lpsn.dsmz.de/phylum/spirochaetes
https://lpsn.dsmz.de/phylum/sumerlaeota
https://lpsn.dsmz.de/phylum/synergistetes
https://lpsn.dsmz.de/phylum/tenericutes
https://lpsn.dsmz.de/phylum/thermodesulfobacteria
https://lpsn.dsmz.de/phylum/thermomicrobia
https://lpsn.dsmz.de/phylum/thermotogae
https://lpsn.dsmz.de/phylum/verrucomicrobia

Based on Kingdoms

‘_L Classification systems

Historically, the number of kingdoms in widely accepted
classifications has grown from two to six:

1. Two-kingdoms

2. Three-kingdoms

3. Four-kingdoms

4. Five-kingdoms

5. Six-kingdoms

s.1. Cavalier-Smith’s six kingdoms

= However, phylogenetic research from about 2000 onwards
does not support any of the traditional systems.

Wikipedia, 2011 189



Traditional system of classification

Two kingdoms
Proposed by C. Linnaeus,1735

A traditional (artificial but
not a natural one) system of
classification developed by
Carl Linnaeus (1707-1778).

Originally there were only
two kingdoms:

Plants
Animals

The invention of the
microscope led to the
discovery of new organisms.

life

—~HRegnum Vegetabile

—~Regnum Animale

Wikipedia, 2011
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Traditional system of classification

Three kingdoms
Proposed by E. Haeckel, 1866

= In 1866, following earlier proposals by Richard Owen, John

Hogg and Ernst Haeckel proposed a third kingdom of life, the
protists.

= Haeckel revised the content of this kingdom a number of
times before settling on a division based on whether
organisms were:

1. Unicellular (Protista), or
2. Multicellular (animals and plants).

Phytoplanktons, also known as microalgae
microscopic are marine algae. Some
phytoplankton are bacteria, some are life _
protists, and most are single-celled plants. Kingdom Plantae
These plants produce oxygen as a
byproduct of photosynthesis. Phytoplankton
produce at least 50% of the Earth's oxygen.

Wikipedia,2011;..

——HKingdom Protista

——Kingdom Animalia
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Traditional system of classification

Four kingdoms
Proposed by H. F. Copeland,1938

= The development of microscopy, and the electron microscope in
particular, revealed an important distinction between those
unicellular organisms whose cells do not have a distinct nucleus,
prokaryotes, and those unicellular and multicellular organisms
whose cells do have a distinct nucleus, eukaryotes.

= In 1938, Herbert F. Copeland proposed a four-kingdom
classification, moving the two prokaryotic groups, bacteria and
"blue-green algae", into a separate Kingdom Monera.

—~Hingdom Monera (prokaryotes, i.e. bacteria and "blue-green algae”)

i ——HKingdom Protista (single-celled eukaryotes)
ife

——HKingdom Plantae

—Kingdom Animalia

Wikipedia,2011 192



Natural system of classification
History of descent

= When the natures of objects are defined by a
common history then there is a natural way to
classify them.

= Organisms are similar because of their common
ancestry.

= When the natures of objects are defined by a
common history then there is a natural way to
classify them.

= For most objects, their natures are largely
independent of their histories;

= But organisms are products of their genetic history.
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History of descent

‘L Natural system of classification

= In 1946, the great microbiologist C.B. van Niel
published a thoughtful essay on ‘The classification
and natural relationships of bacteria’ in which he
reviewed the history of earlier works.

= He emphasized that even if we knew the
phylogenetic relations among bacteria, a
classification based on such relations would not
necessarily be the best or most efficient for
determinative purposes.

Gest, 1999 194



The first natural system of classification
Five kingdoms -
i Proposed by R. Whittaker,1969

= By 1969, Robert Whittaker proposed that fungi,
which were formerly classified as plants.

= This five-kingdom system,1969 has become a
popular standard and with some refinement is still
used in many works and forms the basis for new
multi-kingdom systems.

= R. Whittaker classified organisms based on:
1. Cell type

2. Level of organization

3. Mode of nutrition

Wikipedia, 2011 195



Natural system of classification
Five-kingdoms

1. Plantae: Plants

2. Anamalia: Animals

3. Fungi: Molds and yeasts

a. Protista: Protozoans, algae, none of the above
s. Monera: (Prokaryotae) prokaryotes; eubacteria,

eocytes?
Robert H. Whittaker (1963)
Org‘;inisms
I Euk .I i
Cyanobacteria are one 1 ‘‘‘‘‘ r T,
of the phyla of the woma 1
Kingdom Protista. — ‘“11
Photptrophsc  Heters ticphn:
PI.£I"I'A.[ FUHGI 196




Natural system of classification
Demerits of Five Kingdom approach

= The Five Kingdom approach is attractive in its simplicity,
but has significant problems:

1. One of these concerns the protists - a wide range of
disparate organisms such as amoebae, slime moulds,
ciliates, algae, etc. that are grouped together as a
kingdom with little justification.

2. Another problem stems from the recognition in the 1980s
that some bacterium-like organisms (first given the name
archaebacteria, and now called archaea) are so different
from the true bacteria that they can be separated as a
group.

= They are prokaryotes, and they look like bacteria, but in

terms of cellular biochemistry and genetics the archaea
differ from both eukaryotes and bacteria.
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The second natural classification scheme
Six kingdoms
i Proposed by Woese et al.,1977

= From 1971 to 1985, Carl Woese and colleagues
generated oligonucleotide catalogs of 16S5/18S rRNAs
from more than 400 organisms.

= Carl Woese and colleagues, studying ribosomal RNA
RNA gene sequences, suggest that procaryotes
divided into two distinct lineages early in the earth’s
evolution.

= Six-kingdom system - differs from five-kingdom
system by dividing procaryotes into bacteria and
archaea.

Fuhrman and Steele,2008; Ragan et a/,2014 198



The second natural classification scheme
Six kingdoms
Proposed by Woese et al.,1977

1. Kingdom Eubacteria Domain Bacteria
2. Kingdom Archaebacteria Domain Archaea
3. Kingdom Protoctista
4. Kingdom Plantae

5. Kingdom Fungi

6. Kingdom Animalia

Kingdom Bacteria

Kingdom Archaea

i ——HKingdom Protoctista or Protista
e

) ——Kingdom Plantag
Domain Eukarya

——HKingdom Fungi

——Kingdom Animalia

Based on this work, they concluded that the Archaea are more
closely related to humans than to bacteria.
Kingdom Animalia or animals
Examples:
Arthropoda — includes insects, arachnids, and crustaceans
Chordata — includes vertebrates and, as such, human beings. 199



The Third natural classification scheme
Six kingdoms
Proposed by T. Cavalier-Smith,1998

2.

In 1981, Cavalier-Smith's proposed the division of all organisms
into eight kingdoms.

By 1998, Cavalier-Smith had reduced the total number of
kingdoms from eight to six:

Animalia, Protozoa, Fungi, Plantae (including red and green
algae), Chromista and Bacteria.

In 2015, Cavalier-Smith and his collaborators once again revised
the classification(Ruggiero et a/.,2015).

In this scheme they reintroduced the division of prokaryotes
into two kingdoms:

Bacteria (=Eubacteria), and
Archaea (=Archebacteria).

Wikipedia,2011;.. 200



The Third natural classification scheme
Six kingdoms
Proposed by T. Cavalier-Smith,1998

= Thomas Cavalier-Smith,1998 has published a six-kingdom
model on the evolution and classification of life, particularly
protists.

1. Animalia
2. Protozoa
3. Fungi

s.  Plantae (including red and green algae),
5. Chromista

6. Bacteria

= This was revised in subsequent papers.

= In total, his views have been influential but controversial,
and not always widely accepted.

Wikipedia,2011;.. 201



The Third natural classification scheme

Six kingdoms
A revised six-kingdom system proposed by T. Cavalier-Smith,1998

Cavalier-Smith does not accept
the importance of the
fundamental eubacteria-
archaebacteria divide put
forward by Woese and others
and supported by recent
research.

His Kingdom Bacteria includes
the Archaebacteria as part of a
subkingdom along with a group
of eubacteria (Posibacteria).

Nor does he accept the
requirement for groups to be
monophyletic.

Eubacteria

——Archasbacteria

Cabozoea

Bikontz

Kingdom Plantas

Kingdom Chromista
Chromalveolata
-Alveolata

-Amoebozoa

Choanozea
Unikonts
Opisthokonts Kingdom Animalia

Kingdom Fungi

Eukarya

By September 2003, Cavalier-Smith's
tree of life looked like above.

Wikipedia,2011 202




The Third natural classification scheme
Six kingdoms
Proposed by T. Cavalier-Smith,2004&2009

= The version published in 2009 is shown below.

= Compared to the version he published in 2004 the alveolates
and the rhizarians have been moved from Kingdom Protozoa to
Kingdom Chromista.

= His Kingdom Protozoa includes the ancestors of Animalia and
Fungi.

= Thus the diagram below does not represent an evolutionary
tree.

Empire Prokaryota

Kingdom Bacteria — includes Archaebacteria as part of a subkingdom

—HKingdom Protozoa — e.g. Amoebozoa, Choanozoa, Excavata

i ——HKingdoem Chromista — e.g. Alveolata, cryptophytes, Heterokonta (stramenopiles). Haptophyta, Rhizaria
ife

Empire Eukaryota

——Kingdom Plantae — e.g. glaucophytes, red and green algae, land plants

——HKingdom Fungi

Wikipedia, 2011 203



The Six Kingdoms

The six kingdoms of living things are divided into two
major groups, Prokaryotes and Eukaryotes

Cavalier-Smith megaclassification of prokaryotes(life):

= Currently, textbooks from the United States use a system of six
kingdoms. They classify organisms into three domains and into

six Kingdoms of life.

= The kingdoms are further divided into two prokaryote kingdoms

and four eukaryote kingdoms:
1. Plants
2. Animals
3.  Archaebacteria
s.  Eubacteria
5. Fungi
6. Protists

SIX KINGDOMS

Archae- < A
3 is nimalia

_ THREE DOMAINS

© 1998 Sinaver Amcciates, Inc.

http://ric.edu/faculty/ptiskus/Six_Kingdoms/index.htm;...
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Summary of the sequence from the
two-kingdom system up to Cavalier-
Smith's six-kingdom system

Linnaeus Haeckel Chatoon Copeland Whittaker Woese et al. Woese et al. Cavalier-
1735 1866 1925 1938 1969 1977 1990 Smith
2004
2 kingdoms 3 kingdoms 2 empires 4 kingdoms 5 kingdoms 6 kingdoms 3 domains 6 kingdom
(not treated) Protista Prokaryota Mychota Monera Eubacteria Bacteria Bacteria
Vegetabila Plantae Euokaryota Protoctista Protista Archaebacte  Archaea Protozoa
ria
Animalia Animalia Plantae Fungi Protista Eukarya Chromista
Animalia Plantae Fungi Fungi
Animalia Plantae Plantae
Animalia Animalia

Wikipedia,2011




Summary of the sequence from the
two-kingdom system up to Cavalier-
Smith's six-kingdom system

Cavalier- Cavalier-
Linnaeus Haeckel Chatoon | Copeland | Whittaker | Woese et W et al Smith Smith
1735 1866 1925 1938 1969 al. Sl s mi 1998
1990 1993
1977
2 kingdoms | 3 kingdoms | 2 empires | 4 kingdoms | 5 kingdoms |6 kingdoms| 3 domains B kingdoms |6 kingdoms
Eubacteria Bacteria Eubacteria
Frokaryota Monera Monera | Bacteria
Archasbact Archasbacteri
, Archaea
gria a
(not treated) Protista e
Protozoa
Protoctista Protista Protista Protozoa
Bukarya Chromista Chromista
Eukaryota
Plantae Plantaes Plantae Plantae
\egetabilia Plantas Plantae
Fungi Fungi Fungi Fungi
Animalia Animalia Animalia Animalia Animalia Animalia Animalia

Wikipedia,2011



!'_ Woesian tree of life, 1977

Domain Concept

Using ribosomal RNA sequence as an evolutionary
measure
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Carl Richard Woese

The famous American microbiologist and physicist
Discovered Life’s ‘'Third Domain’

= Carl Richard Woese (pronounced
woes) born 15 July, 1928, died
aged 84. December 30,2012.

= Woese is famous for defining the
Archaea (a new domain or
kingdom of life) in 1977 by
phylogenetic taxonomy of 16S
ribosomal RNA, a technique
pioneered by Woese and which
is now standard practice.

= He was also the originator of the

RNA world hypothesis in 1977, B.A. (Math and Physics), Amherst College, 1950
Ph.D. (Biophysics), Yale University, 1953
although not by that Name. Postdoctoral (Biophysics), Yale University, 1953-1960

Biophysicist, General Electric Research Laboratory,
1960-1963.

Wikipedia, 2011 208



Carl Richard Woese

The famous American microbiologist and physicist
Discovered Life's Third Domain(Archaea)

= He revolutionized the world of
evolutionary biology when he
announced his discovery of a life
form so different from other
organisms that it amounted to an
entirely new category.

= Dr. Woese received many honors
and awards, including:

1. A MacArthur Foundation “Genius”
grant in 1984,

2. The National Medal of Science in

2000, and B.A. (Math and Physics), Amherst College, 1950
. . . . Ph.D. (Biophysics), Yale University, 1953
3. The CrafOOrd Prize in Biosciences Postdoctoral (Biophysics), Yale University, 1953-1960

Biophysicist, General Electric Research Laboratory, 1960-1963.

from the Royal Swedish Academy
of Sciences in 2003.

The New York Times; The Telegraph 209



The third domain

‘_L Archaebacteria (Archaea)

= Microscopic characteristics have classified the living world
into the two primary domains of:

1. Eukaryotes (Eukarya), and
2. Prokaryotes (Bacteria).

= \Woese and coworkers proposed a third domain of life
based on the studies of a heretofore poorly known group
of prokaryotes, the

3. Archaebacteria (Archaea).

= From the identification of signature sequences on the 16S
ribosomal RNA, which are distinctive in eukaryotes,
prokaryotes and archaebacteria, the third domain Archaea
was proposed(1977 and 1978).
Pun,2011 210



Woesian tree of life

The first phylogenetic tree
i Woe Is the Tree of Life

Carl Woese -

first phylogenetic Eukaryotes

tree of life Bariera Archaea

LUCA: Last Universal Common Ancestor

Conclusions:
1. LUCA was bacterial-like (A prokaryote)

2. Eukaryotes evolved from Archaea 211



Evolutionary relationships
among the three domains

Based on their ribosomal RNA differences

Universal Ancestor —

LUCA: Last Universal Common Ancestor

Domain Eukarya

Domain Archaea

Euryarchaeotes
Crenachaeotes
Nanoarchaeotes
Korarchaeotes

Domain Bacteria

Proteobacteria
Chlamydias
Spirochetes
Cyanobacteria
Gram-Positive bacteria
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RNA & LUCA

‘L Last Universal Common Ancestor

= There are various hypotheses as to the origin of
prokaryotic and eukaryotic cells.

= Because all cells are similar in nature, it is generally
thought that all cells came from a common ancestor
cell termed the last universal common ancestor
(LUCA).

= LUCA eventually evolved into three different cell
types, each representing a domain.

= [he three domains are the Archaea, the Bacteria, and
the Eukarya.
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Last Universal Common Ancestor
RNA & LUCA

RNA & LUCA

The RNA world precedes LUCA.

Eukaryotes

Bacteria Archaea

It is possible that some modern
RNAs have their origins in the RNA
world.

If we can determine which RNAs
are likely to date from this early
period, we can build up a picture of
the RNA world

Anything we can establish about the
RNA world from ‘relics’ also tells us
about LUCA.

RNA World
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Last Universal Common Ancestor
LUCA

Eukaryotes

Bacteria

Genes or features that
are found in all life on
earth probably date back
to LUCA

However, some features

of LUCA may no longer

be a universal feature of :
modern life; nothing in the prOtem
evolutionary process *Membrane
suggests where on the

tree these are most likely

to be found.

LUCA: Last Universal Common Ancestor
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Evolution from a common ancestor
Biological features of the LUCA

LUCA was probably RNA-rich

Majority of RNA world relics appear to be preserved in
eukaryotes

Available evidence suggests LUCA was not a thermophile

The prokaryote lineages appear streamlined, and this likely
Eie A EWE
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Three-Domain Classification

Universal tree of life, based on 16S rRNA sequences

+

Woese recognized the full potential of rRNA
seguences as a measure of phylogenetic relatedness.

He initially used an RNA sequencing method that
determined about 1/4 of the nucleotides in the 16S
rRNA (the best technology available at the time).

He reasoned that all organisms had to have 16S
rRNA, and since it was used by all organisms to make
all proteins, the sequence would be highly conserved.

Over the next decade he soon developed a huge
library of 16S rDNA sequences, which could be
compared with one another to produce what has
since been called the universal tree of life.
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Tree of Life

‘_L RNA trees

= [rees of small subunit ribosomal RNA (rRNA
trees), which are sometimes called the tree of
life (sometimes even called the Tree of Life,
capitalized as if it warrants religious
reverence(emotion).
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‘L Ribosomal RNA operon(rrn)

= The rrn locus consisted of a 16S rRNA gene (rrs), followed
by an intergenic transcribed spacer (ITS) containing two
genes of tRNAIe and tRNAAa, a 23S rRNA gene (rrl), an
ITS devoid of tRNA genes and a 5S rRNA gene (rrf).

= The internally transcribed spacer region (ITS) between
the 16S and 23S rRNA genes appears to be more variable
than 16S and 23S rRNA genes.

Spacer Distal
Ftaginn Spacer

/I-D-D-ﬁif"/’fl-[ml-nm-

16S rRNA 'RNAS 935 \pnaA

rRHA

Schematic diagram of a typical ribosomal RNA operon.



Ribosomal RNA genes and their

sequences
* Ribosomal RNAs in Prokaryotes

= The name is based on the rate that the molecule
sediments (sinks) in water.

= Bigger molecules sediment faster than small ones.
1. The 55 rRNA is too small, contains limited info.

2. 23S rRNA is too large, too difficult to manage
3. 16S rRNA has the right size for studies.

16S 1500 Small subunit of ribosome
5S 120 Large subunit of ribosome
23S 2900 Large subunit of ribosome

Chapter9 Microbial taxonomy;.. 220



rRNAs

Molecular chronometers

rRNA has revolutionised bacteriology by providing
sequences that are unique to species, genera, etc.

Signature sequences allow unequivocal assignment of
an unknown organism to a clade irrespective of other
genes or properties which could have derived from
gene transfer.

Ribosomal evolution is very slow.

Ribosomal genes are proven to be highly correlated
to phylogeny - taxonomic evolution.

221



rRNAs
i Molecular chronometers

s Ribosomal genes produce the ribosomes
consisting of subunits made up of proteins
and rRNA (coded by rDNA).

= However inferences about other genetic
broperties based on the inter-relatedness
pased on rRNA are still problematic.
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rRNA 16S and 23S genes

Two Molecular chronometers

= The rRNA 16S and 23S genes are the most widely used
molecular chronometers for inferring microbial phylogeny and
have been instrumental in developing a comprehensive view of
microbial phylogeny and systematics.

Bacterial ribosomal genes
* Ribonucleases remove the spacers and release
three rRNA separate molecules.

* Is this like intron splicing?

16S 23S 5S
rRNA rRNA rRNA

\ \ \
1

223
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Structure of 5,16 & 23S
rRNA molecules

16S rRNA molecular structure

Structure of 5 & 23S rRNA molecules
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Structure of 16S rRNA

The large colored blocks indicate the four

domains of the rRNA

s Some sites in 16S rRNA are
protected from chemical
probes when 50S subunits
join 30S subunits or when
aminoacyl-tRNA binds to the
A site.

= Others are the sites of
mutations that affect protein
synthesis.

s [ERM suppression sites may

affect termination at some or
several termination codons.

Protected by PARMN A

;

Central domain

530 Iu:u:u at & site

l ..1 T 1
IE EFdeg .,
T .

[ ssio . e o !
= LU 1]
= _\\.. ! eded for PARNA binding
|| -] e
o i 4
1492 ot & site Cialicin E3 u:leava e

10
"
’/,,_

’%i-
3mj r damai

||||||
\\"

d o for PARNA ki din
i

Nu:u methylation in ks
’

: r Cu:umplemerrtarvto mRNA|
.

-

=

3 minor domain

genes.atspace.org
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i Structure of 16S rRNA

(A)

= 165 rRNA is

g23.. ied

present in the LY o, @
small subunit of
prokaryotic
ribosomes as well o
as mitochondrial Dﬁ " || W i

ribosomes B T
in eukaryotes. e

Karlm,2004 226



16S ribosomal RNA

i Gold standard

= Analysis of 16S ribosomal RNA (rRNA) sequences has
been the de-facto gold standard for the assessment
of phylogenetic relationships among prokaryotes.

= Although phylogenetic information content of the 23S
rRNA molecule is greater than that of the 16S rRNA
molecule, the number of currently available complete
23S rRNA sequences is rather poor in comparison to
those of the 16S rRNA.

= Therefore, 16S rRNA approach remains the "gold
standard" for elucidating bacterial phylogeny.
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Conserved fRINA region
Vanable rRINA region
]

A set of 16S rDNA PCR primers for exploring bacterial diversity

= Most of these new methods are based on sequences of the
16S rRNA gene, a gene encoding a molecule of RNA used in
bacterial and archaeal ribosomes.

= The 16S rRNA gene is approximately 1500 bases in length
and contains regions that are:

1. Highly 'conserved' (i.e., have the same sequence in all
bacteria and archaea), and

2. Highly 'variable' (i.e., have sequences that are unique at the
genus or species level).

= Thus the conserved regions of the gene can be used to bind
primers for PCR and sequencing, and the variable regions to
determine the identity of the organism.

Moran,2010 228



Conserved tRINA region
Vanable rRINA region

A set of 16S rDNA PCR primers for exploring bacterial diversity

= Conveniently, the 16S rRNA gene consists of both
conserved and variable regions.

= While the conserved region makes universal
amplification possible,

s Ssequencing the variable regions allows discrimination
between specific different microorganisms such as
bacteria, archaea and microbial eukarya.

Sample Barcode Primer Sequence

j Constant Region
_ e = S OO =
Vi V2 V3 V4 V5 V6 V7 V8 Vg

H_J
Targeted Region \

I—C SCienceS 16S rRNA Gene Variable Regions 229




16S/18S Ribosomal RNA

A visual comparison

= A second group(eukaryotes) is defined by the 18S
rRNAs of the eukaryotic cytoplasm-animal, plant,
fungal, and slime mold(unpublished data)(woese and
Fox,1997).

= The extraordinary conservation of rRNA genes can be
seen in these fragments of the small subunit rRNA
gene sequences from organisms spanning the known
diversity of life:

human...GTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGCTGCAGTTAAAAAG...
yeast...GTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAG...
corn...GTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAG...

Escherichia coli...GTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCG...
Anacystis nidulans...GTGCCAGCAGCCGCGGTAATACGGGAGAGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCG...
Thermotoga maratima...GTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTACCCGGATTTACTGGGCGTAAAGGG...
Methanococcus vannielii...GTGCCAGCAGCCGCGGTAATACCGACGGCCCGAGTGGTAGCCACTCTTATTGGGCCTAAAGCG...
Thermococcus celer...GTGGCAGCCGCCGCGGTAATACCGGCGGCCCGAGTGGTGGCCGCTATTATTGGGCCTAAAGCG...
Sulfolobus sulfotaricus...GTGTCAGCCGCCGCGGTAATACCAGCTCCGCGAGTGGTCGGGGTGATTACTGGGCCTAAAGCG...
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Universal tree of life, based on 16S rRNA sequences

‘_L Three-Domain Classification

= C. Woese had done gene sequencing to estimate
phylogenetic or evolutionary relationship.

s Genes employed are rRNA.

= With his data he constructed universal tree of life or
Woesian tree of life.

= According to him:
1. Archaea are ancient most bacteria, and
2. Eubacteria are present day or evolved bacteria.
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Three-Domain Classification

Universal tree of life, based on 16S rRNA sequences

H Squids, Cuttlefish and Octopi
Tree of Life | Mammals
hitp: et greennature ca/ Snails and Slugs Crustaceans _
Worms and Leeches Jellyfish Birds
Green Bivalves Insects ReptileAs anlcl_b_
. mphibians
Filamentous Corals and Anemones Urchins Fish g
Bacteria .
Arachnids Vertebrat
Gram Halophiles Invertebrates 7 - -
Positives .
Methanosarcina
Spirochetes . 5
Methanobacterium Animals Ferns
Proteobacteria Methanococcus Horsetails
Cyanobacteria T celer Club Mosses
\ Plants £
Planctomyces Thermoproteus Fungi \ Seed plants
Pyrodicti
Bacteroides yrodigiieum Ciliates Mosses valnosperms
Cytophaga Flagellates Liverwortsy F/owering plants
: Hornworts
Thermotoga Trichomonads
. Microsporidia
Aquifex Diplomonads
Viruses =ssm=m=========sm==mm000
. . Animals Subphylum_vertebrate ]
Viruses Bacteria § Archaea Eycaryota— : g, L some invertebrates
ants
Living or non-living?
TR S AL R R




Three-Domain Classification

1. Domain Bacteria

consist of approximately 12 distinct groups

= Most of these groups
appear to have radiated
from the same point.

s [hese are called the
"main radiation" groups.

= A few branches are
deeper and earlier, and
appear to represent
more primitive bacterial
groups.

Purple bacteria or purple photosynthetic bacteria are proteobacteria that are
phototrophic, that is, capable of producing their own food via photosynthesis.

Deinococci

Green
non-sulfur

Thermataga

Aguifex

Spirochaetes

Cytophaga

Planctomyces

Chlamydia

Furple bacteria
Gram-positive
Cyanabacteria

Green sulfur
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Domain Bacteria

Proteobacteria
Five classes based upon rRNA data

= The 5 major classes of proteobacteria:

1.

Alphaproteobacteria: Oligotrop

nic forms including

the purple nonsulfur photosynthesizers.
Betaproteobacteria: Metabolically similar to

alphaproteobacteria.

Gammaproteobacteria: Diverse methods of energy

metabolism.

Deltaproteobacteria: Includes predators and the

fruiting myxobacteria.

Epsilonproteobacteria: Contains some human
pathogens(Helicobacter spp. in the stomach,
Campylobacter spp. in the duodenum).

Chester R. Cooper, Jr.,2004 234



Domain Bacteria

Proteobacteria
Five classes based upon rRNA data

+

= The Proteobacteria account for more than 40% of all

validly published prokaryotic genera and encompass

a major proportion of the traditional Gram-negative
bacteria.

= All cultivable Gram-negative plant pathogenic

prokaryotes occur within the alpha, beta and gamma

subdivisions of the phylum Proteobacteria based on
DNA sequencing.

= All species contain:

1.
2.

Peptidoglycan, and
an outer membrane containing lipopolysaccharide.

The Prokaryotes, Vol. 5,2006;.. 235



Domain Bacteria

Proteobacteria
Five classes based upon rRNA data

= Within the domain Bacteria, the phylum
Proteobacteria constitutes at present the largest and
phenotypically most diverse phylogenetic lineage.

= In 2002, the Proteobacteria consist of more than 460
genera and more than 1600 species, scattered over 5

major phylogenetic lines of descent known as the
classes:

1. Alphaproteobacteria

2. Betaproteobacteria

3.  Gammaproteobacteria
4. Deltaproteobacteria

5. Epsilonproteobacteria

The Prokaryotes, Vol. 5,2006 236



Domain Bacteria

Proteobacteria
Five classes based upon rRNA data

Prokaryotes Greensulfur Bacteroides
Spirochetes

Deinococci

Greenl,f Chlamydiae
nonsulfur
Thermotoga Gram positive

Y

E. coli

Proteobacterna

237




Domain
Bacteria
Major Groups

within the
Bacteria.
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Proteobacteria

Phylogenetic position of Mollicutes among
bacteria, using 16S rRNA sequences

Wikepedia, 2016

_:Candidatus Liberibacter asiaticus
Sinorhizobium meliloti a-proteobacteria

Rickettsia prowazekii

Ralstonia solanacearum .
_|: B-proteobacteria
Neisseria meningitidis

Wigglesworthia brevipalpis

Buchnera sp APS

Escherichia coli i St
‘l_Tf_Candidatus Phlomobacter fragariae
Haemophilus influenzae

Bacillus subtilis Firmicutes

Candidatus Phytoplasma asteris OY
Candidatus Phytoplasma asteris AY-WB

Candidatus Phytoplasma australiense

Candidatus Phytoplasma mali

Ureaplasma urealyticum

Mycoplasma pneumoniae .
4[ i Mollicutes
Mycoplasma genitalium

0.05

Chlamydia trachomatis
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LATEST TREE OF LIFE
Based on comparative genomics | ARCHAE?ACTERlA EUKARYOTES
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Domain Bacteria

Comparing three systems of
Proteobacteria classification

Classification

I 2° 3
Class Proteobacteria Phylum Proteobacteria Division Proteobacteria
Subdivision Rhodobacteria
Subclass alpha Class “Alphaproteobacteria™ Class Alphabacteria
Subclass bet Class “Bet teobacteria™ . .
ubclass beta ass ) etaproteobacteria . I Class Chromatibacteria
Subclass gamma Class “Gammaproteobacteria
Subdivision Thiobacteria
Subclass delta Class “Deltaprotecbacteria™ Class Deltabacteria
Subclass epsilon Class “Epsilonproteobacteria™ Class Epsilobacteria

*From Stackebrandt et al. (1985b).

*From Bergev's Manual of Syvstematic Bacteriology (Garrity, 2001).
From Cavalier-Smith (2002}.

0uotation marks are used for names that have not yet been validated.

In a recently revised megaclassification of the prokaryotes, Cavalier-
Smith (2002) proposes a new classification and nomenclature for
the five major subgroups of the Proteobacteria.

The Prokaryotes, Vol. 5,2006
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Domain Bacteria

Comparing three systems of
Proteobacteria classification

= The phylum Proteobacteria has its taxonomic origin as
the ‘purple bacteria’, defined as four bacterial groups
(alpha, beta, gamma and delta), which were classified

by their 16S rRNA gene sequence structures (Woese,
1987).

= The phylum was formally established, also using
phylogenetic analysis of 16S rRNA gene sequences, by
Garrity et a/.,2005a, with five constituent classes
containing all known Gram-negative bacteria:

= Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria, Deltaproteobacteria and
Epsilonproteobacteria.
Williams and Kelly,2013 242



Domain: Bacteria
Phylum: Proteobacteria

= A new class (a sixth class)
within the phylum

Proteobacteria,
Acidithiobacillia classis
nov.,was proposed by
Williams and Kelly,2013
and replaced by the
‘Zetaproteobacteria’, a
sixth class was proposed

earlier by Emerson et -
: Zetaproteobacteria was excluded
a/,2007 and McAllister et by Williams and Kelly,2013.

al,2011).

Williams and Kelly,2013



Domain: Bacteria
Phylum: Proteobacteria

Sequence of some representative rRNA-targeted oligonucleotide probes

Probe Position Probe sequence (5" — 37) Specificity

ALF1b 165 rENA COTTCGIOT) TCTGAGCCAG “Alphaproteobacteria,” but not
19-35 exclusive

BET42a 235 TRNA GOCTTCCCACTTCGTTT “Betaproteobacteria™
1027-1043

GAMA42a 235 TRNA GOCTTCCCACATCGTTT “Gammaproteobacteria,” but
1027-1043 not the deeply branching taxa

Delta 385 las rDNA COOCOTICT)GCTOGOGTCAGG “Deltaproteobacteria™ sulfate-
385402 reducers, but not exclusive

Probes for fluorescent in-situ hybridization
Specific 16S rRNA sequence signatures for the various classes of the
Proteobacteria have been described and used for the construction of
DNA probes. Such probes were extensively applied for the detection
and visualization of Proteobacteria.

The Prokaryotes, Vol. 5,2006 244



Domain:

Bacteria

Phylum:
Proteobacteria
Some selected key
genera, general
characteristics, and
differentiating
features of the five
classes of the
Proteobacteria.

Proteobacterial class

Alpha Beta Gamma Delta Epsilon
Important genera | Acetobacter Alealigenss Actinobacillus b Bedellovibrio Campylobacter
Agrobacterivm ® Bordetella ® | Azotobacter Chonrdramyces | Helicobacter ®
EBartanalia * Burkholderia® | Buchnera ® Desulfabacter | Sulfurospirilium
EBradyrhizabinm Comamonas Chromatium Desulfovibrio® | Wolinella
Brucella ® Neissaria b Coxiella®
Caulnbactar* MNitrosomonas® | Erwinia ® Geabactar®
Ehriichia Ralstomia ® Ezcherichia +b Myxococcus?
Gluronobaciar Rhodocyclus Francizelia b Polyangium
Hyphomicrobium | Sphaeratifus Haemaphilus b Syntropls
Mesorkizobium ¢ Spirtdlum Legionslia®
Methylobacterium® | Thichacillus Methvlacocous ®
Nitrabacter Pasteurelia *
Rhizabium Pectobactarium
Fhadobacter® Preudomaonas +b
Fhadospirillum Salmonella +b
Sinorkizobium Shewanalla®
Splingomaonas ® Shigella +b
Ficketisia b Stenatrophomonas
Walbachia® Vibrio +°
Xanthomanas &P
Xylella w0
Yersimia 4
Mumber of 140/425 TAI225 181/755 STH165 fif49
general mumber
of speciest
Major ubiquinone Q-10 Q-8 -8, -9, - -
type d or J-10to J-14
Major mena- Some contain also Some contain Somme contain also ME-6, ME- ME-6, methyl-
quinone type 4 ME-9 or ME-10 also ME-8 ME-8 or ME-7 A(HZ), MI-7, substituted
ME-T(HZ) or ME-6€
ME-5¢
Characteristic Ilost contam a 2-Hydrozxy- Spermidine andfor | Most contan a Spermidine
polyamines & triarmine putrescine putrescine or triamitie
{sym-homosper- cadaverine, (sym-
rridine or or 1,3-darmino- hommosper-
sperrnidine) propane midine or
spermidine)

vmhols and abbreviations: — | absent; DME, demethylmenaguinone;, and ME-6(Ha), hydrogenated menaquinone-f.
The genome of at least one representative stram has been sequenced (as of rmd 2002).
Sequencing of the genome of at least one representative strain is in progress (as of mid 2002; see, e.g., http:fwarw tigr orgf
or hitpffwww nohi nlm nih gov).
Oty walidly published natmes (situation as of mid 2002).
Collins and Jones (1981), Hiraishi et al. {1984, http J/fawew, wdem.nig ac. jplegi-binfsearch.egl, and H.J. Busse, personal

Cotrmunic ation,

Colling and Widdel (1986a).

Mozs et al, (19900,

Auling {1992}, Busse and Auling {1988), and Hamana and Matsuzald {1993).




Domain:

Bacteria

Phylum:
Proteobacteria
Some selected
plant diseases

caused by
Proteobacteria.

"Candidatus Lihertbacter
asiaticus”

“Betaprotaobacteria®

m cluster of
Ehizohiaceae,

Bartonellaceae, etc.

Proteobacterial class and Family 2 Disease (symptoms)
species
“4& Iphaprotecbacteria®
Agrobacterium rhizogenes Rhizobiaceae Haury root
Agrobacterium tumefaciens Rhizobiaceae Crown gall

Greemng disease on citrus (a phloem-restncted
diseasze)

Avidevarax arthuri Comamonadaceae Leaf-spot on Aethurizm
Burkholderia cepacia “Butkholderiaceas” Soft rot (zour skin on omiot)
Burkkaolderia glhimae “Burkholderiaceas” Sheath necrosis on nce
Falsiomia solanacearim “Falstomaceae” Ioko diseasze on hanana (vascular wilt)
Xylophilus ampelins Comatmonadaceae Mecrosis and canker on grapevine
“Fammaprotaobacteria”
Bramneria (Brwimia) salicis Enterobactenaceae Watermark diseaze on willow
Frenmaria nigrifhens Enterohacteriaceae Batk catker on Persian waltt (fuglans regia)
Erwiria amylovora Enterobactenaceae Fire blight on pome frot (vascular walt)
Frwirmia stewarti Enterobacteriaceae Stewart’s wilt on corn (vascular walt)
FPectabacterium {Brwinia) Enterohacteriaceae Soft rot
caralovariim
FPreudomonas agaric Fzeudomonadaceae Spots on ranshrootns
Praudomonas marginalis Pszeudomonadaceas Soft rot (pink eve) on potato
FPraudomonas savasianol Pzeudomonadaceae Galls on olive trees
FPraydomonas syringae Pzeudomonadaceae Wildfire on tobacco, haloblight on beans,
spots on tomato and pepper (blights and spots)
FPreudomonas 5Wringae Fzeudomonadaceae Catlker on stone fioit
Xawmthomonas campasiris “Hanthomonadaceae™ | Black rot on crucifers (vascular wilt)
Xanthomonas citri “Fanthomonadaceae™ | Canker on citrus
Xawthomonas aryzae “Fanthomonadaceae™ | Blight on rice
Xawnthomonas popufi “Fanthomonadaceae™ | Canker on poplar trees
Xanthomonas transficens “FHanthomonadaceae™ | Blight on cereals
Xamthomonas vesicataria “Hanthomonadaceae™ | Spots on tomato and pepper
Xylella fastidiosa “FHanthomonadaceae™ | Pierce’s disease (e g, on grapewine)

¢ According to Bergey s Marnual af Systematic Bacteriology (Garnty and Holt, 2001). See also Fig, 1.
Cuotation matks are used for names which have not yet been validated (as of rid 2002).




Purple sulfur bacteria

‘L Alphaproteobacteria

= 5/6 genera contain plant pathogens.

1. Acetobacter and Gluconobacter in
Acetobacteriaceae;

2. Sphingomonas
3. Agrobacterium, and
+. Candiaatus Liberibacter.

David Stead 247



Betaproteobacteria
Purple non-sulfur bacteria

+

Six genera contain pathogens and these
represent 4 of the 5 families in the
Burkholderiales.

Acidovorax in Comamonadaceae
Burkholderia in Burkholderiaceae
Ralstonia in Ralstoniaceae

Herbaspirillum and Janthinobacterium in
Oxalobacteriaceae

Xylophilus (family not certain).

David Stead
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‘L Gammaproteobacteria

s | hree main families:

s Enterobacteriaceae - 10 genera containing
plant pathogens. e.qg. Erwinia.

s Pseudomonodaceae -1 genus
( Pseudomonas).

m Xanthomonodaceae - 2 genera (Xanthomonas
and Xylella).

David Stead;.. 249



Three-Domain Classification
2. Domain Archaea

= Most of the archaea are methanogens and
extremophilic in origin.

= They reside in extremely hostile conditions.

~ Hostility  Name
40-85°C Thermophile
>85°C Hyperthermophiles
20-40°C Mesophiles
<20°C Psychrophiles
159% of NaCl Halophiles
pH>7 Alkaliphiles

pH<7 Acidophiles
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Domain Archaea

‘_L Three-Domain Classification

s Can archaea be cultured?

= Culturing methanogenic archaea is fastidious,
expensive, and requires an external source of
hydrogen and carbon dioxide.

= Until now, these microorganisms have only been
cultivated under strictly anaerobic conditions.

= Note: Aerobic halophilic archaea are pretty easy to
grow in standard labs.
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Three-Domain Classi

3. Domain Eukarya

fication

Figure 10.1 The Three-Domain System.

Eukarya

W Origin of mitochondria [ Fungi Animals

o

cleria * Origin of chloroplasts | | Amebae
Mitochondria

Slime molds
)
\ Cyanobacteria Ciliates
o, \ Extreme
roteobacteria halophiles
cgloroplasts Methanogens R

Dinoflagellates
Diatoms

Hyperthermophiles

Gram-positive

bacteria Euglenozoa

Thermotoga Giardia

Horizontal gene transfer
occurred within the =
community of early cells.

Mitochondrion degenerates |

Nucleoplasm grows larger

Vertical Gene Transfer

Lateral Gene Transfer
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Endosymbiosis theory for eukaryote origin
Mitochondria and chloroplasts

endosymbiotic theory

1. When data from
mitochondrial and
chloroplast rRNA are
placed in the universal
tree of life, they appear
along with the Bacteria.

2. Mitochondria probably
arose from a group of
bacteria that includes the
modern genera
Agrobacterium,
Rhizobium, and the
rickettsias.

3. Chloroplasts share a
common ancestor with
the cyanobacteria.

Eubacteria Eukaryotes Archaebacteria

Informational genes involve central processes of
gene expression(protein synthesis); they tend to
be transferred vertically. Operational genes
(those involved in housekeeping)involve
metabolic processes that function independently
of other components. They are more likely to be
transferred horizontally.

253
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Endosymbiosis theory for eukaryote origin

Mitochondria and chloroplasts
i endosymbiotic theory

= Although it is likely that single celled Eukaryotes were
also present on Earth from the very beginning, there
IS also considerable evidence that Archaea, Bacteria,
and Viruses transferred genes to these single celled

Eukaryotes, thus trigger multi-cellularity (Joseph
2009b,c).

= Thus we see that the genomes of modern day
eukaryotic species, including humans, contain highly
conserved genes were acquired from Archaea and
Bacteria.

Joseph and Schild,2010 254



Endosymbiosis theory for eukaryote origin
Mitochondria and chloroplasts
i endosymbiotic theory

= However, not all of these genes have been
expressed, whereas yet other were silenced or
activated in response to specific environmental
signals, thereby giving rise to new species (Joseph
2000, 2009b,¢).

= Genes transferred to the eukaryotic genome by
prokaryotes and Viruses, include exons, introns,
transposable elements, informational and operational
genes, RNA, ribozomes, mitochondria, and the core
genetic machinery for translating, expressing, and
repeatedly duplicating genes and the entire genome.

Joseph and Schild,2010 255



Endosymbiosis theory for eukaryote origin
Mitochondria and chloroplasts
endosymbiotic theory

b)

The theory that mitochondria
and chloroplasts are
endosymbiotic in origin is now
widely accepted.

More controversial is the
proposal that:

the eukaryotic nucleus resulted
from the fusion of archaeal and
bacterial genomes; and that

Gram-negative bacteria, which
have two membranes, resulted
from the fusion of Archaea and
Gram-positive bacteria, each of
which has a single membrane.

(a) Genome fusion by endosymbiosis

Operational genes
(from ancestral
bacteria)

Informational genes
(from ancestral
archaebacteria)

(b) Endosymbiotic formation of Gram-negative bacteria

Archaea Gram-positive Gram-negative

bacteria bacteria

(- (O-CO

Boundless.com




Endosymbiosis theory for

eukaryote origin
Endosymbiosis

Mm Origin of the Mitochondrion
and Chloroplast

F s
a-Purple 2 2 N
Bacteris Other bacteria

Chloroplasts

Mitochondria

Caanobhactera

Eukaryotes |

Archaga

Mitochondria and chloroplasts are derived from the a-purple
bacteria and the cyanobacteria, respectively, via separate
endosymbiotic events.

Han Chuan Ong 257



Endosymbiotic Theory

There is compelling evidence that mitochondria and
chloroplasts were once primitive bacterial cells. This
evidence is described in the endosymbiotic theory

= Archaea invaded by bacteria capable of cellular respiration

(mitochondria) and capable of photosynthesis.

= Bacteria take up permanent residence and become organelles of

eukaryotes.
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Cyanophora paradoxa
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Endosymbiosis theory for

eukaryote origin
Cyanophora paradoxa

= The glaucophytes are of interest to biologists studying the
development of chloroplasts because some studies
sudqgest they may be similar to the original algal type that
led to green plants and red algae.

= The chloroplasts of glaucophytes are known as 'cyanelles'
or 'cyanoplasts'.
= Unlike the chloroplasts in other organisms, they have a

peptidoglycan layer, believed to be a relic of the
endosymbiotic origin of plastids from cyanobacteria.

s (. paradoxa has two cyanelles or chloroplasts where
1. nitrogen fixation occurs alongside the
2. primary function of photosynthesis.

Plastid- A major double-membrane organelle found,
among others, in the cells of plants and algae.



Endosymbiosis theory for

eukaryote origin
Endosymbiosis

Evidence that mitochondria and plastids (e.g. chloroplasts)
arose from bacteria is as follow:

New mitochondria and chloroplasts are formed only through a
process similar to binary fission.

Both mitochondria and plastids contain single circluar DNA
that is different from that of the cell nucleus and that is similar
to that of bacteria (both in their size and structure).

The genomes, including the specific genes, are basically
similar between mitochondria and the Rickettsial bacteria.

Mitochondria have several enzymes and transport systems
similar to those of bacteria.

These organelles' ribosomes are like those found in bacteria
(70S).

Wikipedia,2014 260



Origin of diderm (Gram-negative) bacteria: antibiotic
selection pressure rather than endosymbiosis likely led to
the evolution of bacterial cells with two membranes

= The prokaryotic organisms can be divided into two
main groups depending upon whether their cell
envelopes contain one membrane (monoderms) or two
membranes (diderms).

= [t is important to understand how these and other
variations that are observed in the cell envelopes of
prokaryotic organisms have originated.

= In 2009, James Lake proposed that cells with two
membranes (primarily Gram-negative bacteria)
originated from an ancient endosymbiotic event
involving an Actinobacteria and a Clostridia (Lake
2009).

Gupta,2011 261



Origin of diderm (Gram-negative) bacteria: antibiotic
selection pressure rather than endosymbiosis likely led to
the evolution of bacterial cells with two membranes

= Some bacterial phyla, such as Deinococcus-Thermus,
which lack lipopolysaccharide (LPS) and yet contain some
characteristics of the diderm bacteria, are postulated as
evolutionary intermediates (simple diderms) in the
transition between the monoderm bacterial taxa and the
bacterial groups that have the archetypal LPS-containing
outer cell membrane found in Gram-negative bacteria.

= It is possible to distinguish the two stages in the evolution
of diderm-LPS cells (viz. monoderm bacteria — simple
diderms lacking LPS — LPS containing archetypal diderm
bacteria) by means of conserved inserts in the Hsp70 and
Hsp60 proteins.

Gupta, 2011 262



Origin of diderm (Gram-negative) bacteria: antibiotic
selection pressure rather than endosymbiosis likely led to
the evolution of bacterial cells with two membranes

= There is no reliable evidence to support the
endosymbiotic origin of double membrane
bacteria.

= In contrast, many observations suggest that
antibiotic selection pressure was an important
selective force in prokaryotic evolution and
that it likely played a central role in the
evolution of diderm (Gram-negative) bacteria.

Gupta, 2011 263



Endosymbiosis theory for
eukaryote origin

How did the eukaryotic cell evolve?

a) The nucleus-first hypothesis proposes that the nucleus
evolved in prokaryotes first, followed by a later fusion of the
new eukaryote with bacteria that became mitochondria.

by The mitochondria first hypothesis proposes that
mitochondria were first established in a prokaryotic host, which
subsequently acquired a nucleus, by fusion or other
mechanisms, to become the first eukaryotic cell.

o The eukaryote-first hypothesis proposes that prokaryotes
actually evolved from eukaryotes by losing genes and
complexity.

= All of these hypotheses are testable. Only time and more

experimentation will determine which hypothesis data best
supports.

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax 264



Endosymbiosis theory for eukaryote origin
Three alternate hypotheses of eukaryotic
and prokaryotic evolution

a)

b)

<)

The nucleus-first hypothesis-
nucleus evolved in
prokaryotes first, followed by
a later fusion of the new
eukaryote with bacteria that
became mitochondria.

The mitochondrion-first
hypothesis- mitochondria
were first established in a
prokaryotic host, which
subsequently acquired a
nucleus, by fusion or other
mechanisms, to become the
first eukaryotic cell.

The eukaryote-first
hypothesis proposes that
prokaryotes actually evolved
from eukaryotes by losing
genes and complexity.

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax

Models for Evolution of the Three Domains

(@) Nucleus-first hypothesis
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Web and Network Model

W. Ford Doolittle
Web of life

= In 1999, W. Ford Doolittle proposed a phylogenetic model
that resembles a web or a network more than a tree.

= The hypothesis is that eukaryotes evolved not from a
single prokaryotic ancestor, but from a pool of many
species that were sharing genes by HGT mechanismes.

a) some individual prokaryotes were responsible for
transferring the bacteria that caused mitochondrial
development to the new eukaryotes; whereas, other
species transferred the bacteria that gave rise to
chloroplasts.

n Scientists often call this model the “web of life.”

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax 266



Web and Network Mode
Web of life

Web of Life

Bacteria Archaea
1 1

Eukarya
1

Crenarchaeota
Proteobacteria

Euryarchaeota
Cyanobacteria

Other

bacteria

W—f/

__.-/
ch\oro_e\as‘s

Hyperthermopﬁilic
bacteria

Animals

Fungi

l/F’RHSIS

Plants

(b)

Darwin’s oak tree

(a) phylogenetic model resembles a web or a network more than a tree proposed by
W. Ford Doolittle, 1999. The hypothesis is that eukaryotes evolved not from a single
prokaryotic ancestor, but from a pool of many species that were sharing genes by
HGT mechanisms. Connections between branches occur by horizontal gene transfer.
(b) Visually, this concept is better represented by the multi-trunked Ficus than by an
oak's single trunk similar to Darwin's tree.
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Independent anlyses that

either confirm or refute the
rRNA (Woesian tree)

Brochier and Philippe, 2002

Leart et a/.,2003

Gupta’s indel analysis, 1998

Cavalier-Smith analysis,2002

Arthur L. Koch,2003

Rivera and Lake analysis,2004

Lake and colleague’s Eocyte hypothesis, 1984

Rivera and James analysis, 2004

The new tree of life by Hug et a/,2016

Ruggiero et al.,2015 268



Three-Domain Classification

Phylogenetic position of Mollicutes among

bacteria, using 16S/18S rRNA sequences

Bacteria Archaea Eukarya
Animals
Entoamoebae gz;g;
Chlorofiexus Q Fungi
Methanotherius  ia100niles Plants
Purple bacteria |  7pe manocoocus Ciliates
Chioroplast | Pyrodictiuq \Thermococcu
Cyanobactenia \ Q Flagellates
Flavobacteria » Trchonomads
Thermotogales \
Aquifex S alg;cmsponda

Common Ancestor

Cyanobacteria are relatives of the bacteria but not eukaryotes. Because they are
photosynthetic and aquatic, cyanobacteria are often called "blue-green algae".

Archaea are called 'extremeophiles’.
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Woesian tree of life

Three-Domain Classification
i Phylogenetic Relationships

chromists
alveolates

thodophytes

EUKARYOTA

t'Iage]Iatf:r.

heterotrophic

bacteria .
basal protists

ARCHAEA

I"I..‘.II[]'PI"I.Zi.IE!'i thurmup.’niiﬂ&
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Woesian tree of life

Three-Domain Classification
Phylogenetic Relationships

= Archaea are so named because they are believed to be the least
evolved forms of life on Earth (archae meaning ancient).

= The ability of some archaea to live in environmental conditions
similar to the early Earth gives an indication of the ancient
heritage of the domain.

= The early Earth was hot, with a lot of extremely active
volcanoes and an atmosphere composed mostly of nitrogen,
methane, ammonia, carbon dioxide, and water.

= There was little if any oxygen in the atmosphere.

= Archaea and some bacteria evolved in these conditions, and are
able to live in similar harsh conditions today.

= Many scientists now suspect that those two groups diverged
from a common ancestor relatively soon after life began.

Mullen,2002 271



Woesian tree

Evolutionary relationships among the three domains
Based on their ribosomal RNA differences

= The diagram models the
pattern of ribosomal RNA
sequence diversification,
and presumably of the
change in the basal

genetic machinery of life.

Meet your maker

We're getting closer to understanding what the last universal common ancestor
of all life on Earth, LUCA, was like and where it lived

Complex cells, EUKARYOTES
including all plants f L Y
and animals ) ‘
3 ' p
. WA,
ARCHAEA . BACTERIA

LUCA emerged around 3.8 billion years ago and gave rise
to two kinds of simple cells: bacteria and archaea. By
looking for genes common to almost all cells living today,
previous studies have identified around 100 genes almost
certainly present in LUCA.
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‘L Woesian tree

s Data from other labs to confirm or refute
what he was finding were hard to come by.

= He preferred to be in the lab sequencing the
rRNA for a new organism rather than
socializing with fellow scientists and lobbying
for them to support his interpretation of the
data.

Wolfe,2001 273



Challenged by other sequence analyses

‘_L Woesian tree

= The three domain paradigm was challenged by:
1. Other sequence analyses, and

2. The morphological characterization of cellular
envelop of gram negative and gram-positive
bacteria.

= The former (gram negative) are surrounded by
an external and an internal membrane (diderm)
and while the latter (gram positive), one
membrane (monoderm).

Pun,2011 274



Brochier and Philippe, 2002

The first emerging bacterial group- A non-
hyperthermophilic ancestor for bacteria

= The first phyla that emerge in the tree of life based
on ribosomal RNA (rRNA) sequences are
hyperthermophilic, which led to the thothesis that
the universal ancestor, and possibly the original living
organism, was hyperthermophilic.

= Here we reanalyse the bacterial phylogeny based on
rRNA using a more reliable approach, and find that
h?;perthermophilic bacteria (such as Aquificales and
Thermotogales) do not emerge first, suggesting that
the bacteria had a non-hyperthermophilic ancestor.

= [t seems that Planctomycetales, a phylum with
numerous peculiarities, could be the first emerging
bacterial group.

Brochier and Philippe,2002 275



Planctomycetes

The first emerging bacterial group- A non-
hyperthermophilic ancestor for bacteria

= Planctomycetes are a phylum of aquatic bacteria.
= They don't have nucleus and reproduce by budding.

= Cavailier-Smith has postulated that the Planctomycetes
are within the clade Planctobacteria in the larger clade
Gracilicutes.

= The organisms belonging to this group lack murein
(peptidoglycan) in their cell wall.

= Instead their walls are made up of glycoprotein rich in
glutamate.

= Planctomycetes have internal structures that are more
complex than would be typically expected in prokaryotes.

Wikpedia, 2011 276



Four main bacterial cell wall

Gracilicutes, Firmicutes, Tenericutes, Mendosicutes

= Cellular envelop in Gram negative bacteria are surrounded by
two layers: an external and an internal membrane (diderm)
while Gram positive bacteria have one membrane (monoderm).

Quter membrane

Cell wall
(peplidoglycan)

Cell membrane

(ester-iypa lipid) o
Gracilicutes Firmicutes
R-CO2-R'

Call wall
{nonpeptido-
glycan)

Cell mambrane

(ether-type lipid)
Cell mambrane
R-O-R {astar-typa lipid)

Mendosicutes Tenericutes
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unikonts bikonts
Animalia  Fungi corticates

The bacterial origins
of eukaryotes as a

Sarcomastigota plastid inside RER and
periplastid membrane

rroteeos dorﬁ:nyassi::ns cortical alveoli ~600 Myr agg
two-stage process voomara | | Eozoa .
\\\\ ancestral aerobic, biciliate, phagotrophic eukaryote
symbiogenesis
s =
Intracellular e
- Archaebacteria <¢—}——— ~850 Myr ago
coeVOIUtlonary theory: _C) o fa:?:ee::cral neomuran
The last common ancestor of T3:3;1?3tfa?fs""r:;"iﬂ‘é";'ﬂyrﬂg:é:iZ'iEﬁt
Unibacteria Actnofgcteria o
eukaryotes was a sexual 5 prcner, ) |oshactra
phagotrophic protozoan with e neony, — koL
m itOChond ria " “ Planctobacteria
The eukaryotic cytoskeleton
y y Spirochaetae
and endomembrane system | ——
.
originated through el =-
] i AYQOTiC lipopolysaccharide
cooperatively enabling the Ph°t°sv?'hes's<2m Hadobaclera | o cteria
o acyl ester = -
evolution of phagotrophy. rarr s EFTEEN ™ )
Eu karYOtes plus their Bikont is a eukaryotic cell with two flagella; thought to
archaebacterial sisters form be the ancestor of all plants while unikont is a

eukaryotic cell with a single flagellum; thought to be

the clade Neomura. the ancestor of all animals.

Cavalier-Smith,2010 278



Planctomycetes

The first emerging bacterial group- A non-
hyperthermophilic ancestor for bacteria

Fapoisphaera miensi Fiknagaetal. 2010

P ranoidatus Nostocoida limicola lle
—— & anohielares 5. arabic 3 Woebke s etal. 2008
——Candicates 5. wagnerie Scimidetal. 2003

Candidatus Candidatus 5. sorokiniie Knpers etal, 2003
Scalinduae

I—C‘an oliplaris 5. brod 3es Scimidetal 200

—— Candiares Kuenenia stutty artie nsise Seimidetal. 2000
Brocadiaceas

Candioafus B, anammoxidanss Jete etal. 2001

Canioatus
Brocadias
Jeten etal.
2001

Eanchiclates B, fulgid as Kar@letal. 2004

Candiolates B. sinicas Hyetal. 2010
I:C‘ann'fn'amsﬁnammoxoglobus propionicuss Karaletal 206
Candidarus Jettenia asiaticas Qianetal 2002

—— Firglfula state i Seiksier ad Hirsch 1567

_[Bfam;.r'.reﬂufa MAnina Sehleser 1567 Schesieretal 204

Flanctorminetas FhooopieMols baltfea Seiesieretal 2004
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—— 7P bekefi Gmes! 1924
I—7F guftaefonmis @ Horbbagy 1965 Starrand Scim k1584
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Gimesl 1924
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‘L Protein sequences

= Sequence analyses based on functional proteins
across the three domains also suggest each of the
three domains as independent monophyletic lineage
representing:

s Ribosomal,

s Metabolic,

= Biosynthetic proteins,

= Replicational,

= [ranscriptional, and

= [ranslational machineries.

Pun,2011 280



Protein analysis of Leart et a/.,2003
A consistent result

E. coli

S. ovphimurium
Y. pestis CO92
1 Y. pestis KIM

= Neighbor-joining tree |
based on the
concatenation of 205

proteins (Lerat et al,, —
| — {1 injuenzae
2003) . = HO0Y— p muliocida

V. cholerae

= The topology agrees R
with the rRNA tree of e ]

100 X. avonopodis
lﬁ[

Woese . —i X. campestris

0.2

B. aphidicola

W. brevipalpis
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Radhey S. Gupta

Department of Biochemistry and Biomedical
i Current research interest

= Prof. S. Gupta currently
focus entirely on
comparative genomic
studies to understand
microbial phylogeny.

Gupta Lab,2011 282



Gupta’s indel anaIyS|s,1998

Summary

+

They concluded: 3 ===

Gram-positive bacteria arose first, and that both
Archaea and Gram-negative bacteria arose from
Gram-positive bacteria in response to antibiotic
selection pressure.

Gupta’s phylogenetic tree for bacteria corroborates
the standard 16S rRNA tree.

However, the Woese group has presented convincing
evidence from the 16S rRNA sequences to show that
Archaea and Eukarya separated from a prokaryotic
precursor and are not derivatives of the Bacteria as
Gupta believes (pertinent conflict).

Overall view: Gram-positive ==> Gram-negative

See also Gupta,2000,2002 and 2011 283



Bacterial main groups

‘_L Gupta’s indel analysis, 1998

The various main bacterial groups have branched off

from a common ancestor in the following order (Gupta
& Griffiths,2002):

= Low G+C Gram-positive ==> High G+C Gram-
positive ==> Clostridium-Fusobacteria-Thermotoga
==> Deinococcus-Thermus-Green nonsulfur bacteria
==> (Gram-negative) Cyanobacteria ==>
Spirochetes ==> Chlamydia-Cytophaga-Bacteroides-
Green sulfur bacteria ==> Aquifex ==>
Proteobacteria- 1 (epsilon and delta) ==>
Proteobacteria-2 (alpha) ==> Proteobacteria-3 (beta)
and ==> Proteobacteria-4 (gamma).

Overall view: Low G+C Gram positive ==> High G+C Gram positive ==> Gram-negative
284



Sighature approach for determining
bacterial phylogeny
Gupta’s indel analysis

= Gupta et a/.,1998-2002, analyzed the completed,
published sequences of many genomes, both
bacterial and archaeal.

= The scheme was based on “signature” genomic
insertions or deletions.

= Differences of ‘significance’ they called ‘indels’
(insertions/deletions).

Indel: An insertion or deletion in protein sequences that is flanked
on both sides by conserved regions to ensure that it provides a
reliable genetic/evolutionary markers; Based upon the presence or
absence of the indel in outgroup species, it is possible to infer
whether the indel represents an insert or a deletion in the

gene/protein sequences. 25



Gupta’s indel analysis
Chromosomal insertion

= In genetics, an insertion (also called an insertion
mutation) is the addition of one or more nucleotide
base pairs into a DNA sequence.

Before Insertion After Insertion

/E => 1\

inserte Inserted

Chromosome 20 area

Chromosome 20
Chromosome 4

Chromosome 4
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Gupta’s indel analysis

Chromosomal insertion

= In this example, one nucleotide (adenine) is added in

the DNA code, changing the amino acid sequence

that follows.

Insertion mutation

Original DNA code for an amino acid sequence.

bases

-- His H His H His H His H His H His H His |

Amino acid Insertion of a
single nucleotide.

NM—CATCATCATCATCATCATCAT

vt His H His H His Thr Ser Ser Sr

Incorrect amino acid sequence, which
may produce a malfunctioning protein.

U.S. National Librany of Medicine
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Gupta’s indel analysis
Chromosomal deletion

= A deletion occurs when a chromosome breaks and
some genetic material is lost.
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Sighature approach for determining
i bacterial phylogeny

Gupta’s indel analysis

= Because the smallest indel in a protein
seguence requires the addition or deletion of
3 in-frame nucleotides in a gene sequence,
the conserved indels represent Rare Genetic
Changes that are unlikely to occur by chance
in different species.

= Hence, they provide useful molecular markers
for evolutionary studies.

Courtesy Gupta,2011 289



‘L Gupta’s indel analysis

Gupta’s indel analysis is a very interesting alternative
to “"simple” sequence (Woese) analysis:

It produces an interesting, almost linear tree
topology.

The branching order is not quite that of the rRNA
tree, but the major groups seem to be consistent.

Note that the evolution of Archaea from Bacteria or
Archaea-Bacteria separation took place at a very
early in prokaryotic evolution.

Courtesy Gupta, 2011 290



‘L Gupta’s indel analysis

= Based upon conserved indels in protein
sequences most of the prokaryotic phyla that
were previously identified solely on the basis
of branching in the 16S rRNA tree, can now
be identified in clear molecular terms,
enabling further genetic and biochemical
studies on them."

Courtesy Gupta,2011 291



Gupta’s indel analysis

Sequenced

bacterial genome

Proteohacteria (y-subdivision)
Escherichia coli K12
Escherichia coli OI57:H7
Escherichia coli OI57:H7
EDL933
Escherichia coli CFTO73
Buchnera sp. APS
Buchnera aphidicola
Buchnera aphidicola 5g
Pasteurella mutocida
Pseudomonas aeruginosa
Pseudomonas purtida KT 2400
Pseudomonas syringae
Vibrio cholerae
Vibrio parahaemolyticus
Vibrio vulnificus
Xylella fastidiosa
Xyella fastidiosa Temecula
Haemophilus influenzac
Yersinia pestsis CO92
Yersina pestsis KIM
Salmonella typhimurium LT2
Salmonella typhi
Xanthomonas citri
Xanthomonas campesiris
Xyellela fastidiosa
Shewanella oneidensis
Shigella flexneri 2a
Wiggelsworthia brevipalpis
Coxiella burnetii

Proteobacteria (@-subdivision)

Ricketisia prowazekii

Caulobacter crescentus

Mesorhizobium loti

Bradyriuizobium japonicum

Agrobacterium tumefaciens-
Dupont

Agrobacterium tumefaciens-
Cereon

Ricketisia conorii

Sinorhizobium loti

Brucella melitensis

Brucella suis

Rhodopsendomonas palustris

Proteobacteria (B-subdivision)
Neisseria meningitidis MC58
Neisseria meningitidis Z2491
Ralstonia solanacearum

Proteobacteria 8, e-subdivision)
Helicobacter pylori 26695
Helicobacter pylori J99
Campylobacter jejuni

Aquifex
Aguifex aecolicus

Chlamydia-CFBG

Chilamydia trachomatis

Chiamydia muridarum

Chilamydophila pneumoniae
CWLO29

Chilamydophila pneumoniae
J138

Chilamydophila pneumoniae
AR39

Chiorobium tepidum

Bacteroides thetaiotamicron

Spirochetes

Borrelia burgdorferi
Treponema pallidum
Leptospira interrogans

Cyanobacteria

Synechocystis sp. POCEE03

Nostoc sp. PCC7120

Thermosynechococcus
elongatus

Clostridia-Thermotoga
Thermotoga maritima
Clostridium acetobutylicum
Clostridium perfringens
Clostridium tetani ESS
Fusobacterium nucleatum
Thermoanacrobacter
tengCongensis

Deinococcus-Thermus
Deinococcus radiodurans

Actinebacteria
Mycobacterium tuberculosis
H37
Mycobacterium tuberculosis
1551
Mycobacterium leprae
Corwmebacterium glutamicum
Corymebacterium efficiens
Streptomyces coelicolor
Bifidobacterium longum
Tropheryma whipplei Twist
Tropheryma whipplei TWOS/2T

Firmicutes
Bacillus subtilis
Bacillus halodurans
Bacillus antharics
Oceanabacillus theyensis
Staphylococcus aurens N3 15
Staphylococcus aureus MW2
Staphylococcus epidermidis
Staphylococcus aureus Mu50
Streptococcus pyogenes
Streptococcus pyogenes 5315
Strepiococcus pyogenes 58232
Streptococcus pneumoniae R6
Streplococcus preumoniae
TIGR4
Streptococcus agalactiae 2603
Streptococcus agalactiae
NEM3I6
Streptococcus mutans UAIS9
Mycoplasma genitalilum
Mycoplasma pneumoniae
Mycoplasma pulmonis
Mycoplasma penetrans
Ureaplasma wrealyticus
Lactococcus lactis
Lactobacillus plantarum
Listeria innocua
Listeria monocytogenes




‘L Gupta’s indel analysis

Partial alignment of RNA
polymerase (3 subunit (RpoB)
showing a large insert (>100
aa) that is specific for the
Proteobacteria, Chlamydiae-
CFBG group, and Aquificales
groups, but that is not found
in any other bacteria.

The absence of this insert in
archaeal homologs provides
evidence that the groups
lacking this insert are
ancestral.

Proteobacteria

Agquedffcales

Chlamydiae/
CFBG Group
Spirochetes

Cyanobacteria

Delneocius-
Thernms, GNS

Thermatags

Gram -positi
Bacteria

Archaea

E. coli
|Pas. multecida

. ARruginosa
Lhrie cheleras
X, Testidiosa

Ral. solanaceun
Ned. menipgiTidis
Fubr

Ri. prosazekii
Bru. melitensis
Ca. crescentus

A, tunelaciens
ez, desulfurizans
iHel. pylari

Camp. Jejuni

AQU. aaalicus
Aqu. pyrophilus
Hydro. marinus

lg. nydrogenophilum
eyt hutehinsaniy
©a. tepidum

Far, zangingivalis
onl, trachomatis
Ghlam., pneunaniss
|Lan. intarragans

Bar. burgdarfery
Tre. pallidum

dynachocystls G303
Therma. elangatus
[Chﬂ. aurantiacue

Thermus aguaticus
b. radiedurans

T. maritima

Car. glutamicum
|My:. leprae

$tr. ceolicolar
Tharm,
Gzean, ihoyansis
Bag, subtilis
Lis, Lencoua
Lle, perfringene
Sld. sureus

M. genitalivm
SErEp, PReumening
L. lactis

Halo. ep. WNOR-1
Meth. barkeri
Fyr. aerophilen

Nastaz sp. BGG 7120

47818
ILEDZEDT
155098466
15640355
16639222
1T64TTES
1S6TEDED
ZF_00DD13726
BES2TEZE
1TeaT0I2
161247ET
18E89 250
IP_OoEsnnd
156468712
15791642
166806249
A763G43
AYiEESaR
EYREEEE]
IF-00119276
AANTI14D3
10637868
15605036
18753076
BANSORTE
16634734
15639233
17229086
16329357
BAGTAET93

2P DDV 7389

20138789
15805537
AELEEERE
19551731
4187485
21223036

TENGOONJANE1s AAMZSE43

BAC12088
CAB11883
16739382
19211395
169233532
145200
15501784
MP_2E7957
ANERIES3
2F_00075000
AALE2934

@14
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= =53-K|DRL{112aa] EAEH K

EEEEE
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Evolutionary model based on sighature
sequences indicating the branching order of
the main bacterial groups

The predictions of the indel model are strongly supported by analyses of
the genome sequence data thus strongly supporting this model

= The filled arrows depict | e
the stages at which the e i
different main-line e Y
signatures _|nd|r(]:ated bm - CEE
previous slide have been s ot |
introduced. = O
= These signatures are oo T e |
expected to be present in ol
bacterial groups that have T
diverged at a later time TS s
(i.., those lying above the | s O
indicated insertion points), LS g | S
but they should be absent e @ )
in the earlier branching g g crameetis
- e e
group ateen — L JO




Evolutionary model based on sighature
sequences indicating the branching order of
the main bacterial groups

The predictions of the indel model are strongly supported by analyses of
the genome sequence data thus strongly supporting this model

= The unfilled arrows | e
denote the positions of s
Mma ny group Spec|f|c e Vk”‘“
signatures (not shown e [
here). e
= The dotted arrow at the o ikaas E,
bottom indicates the oo AR I
possible derivation of ol
Archaea from Gram-positive | ™™,
ba Cte Il a . | i /cmmm |
= The cell structures of e ST _ O
different groups of bacteria T
are indicated on the right. i%\l;“‘ O
s s +Mﬁrmiem uuuuuuuuuuu
|Archaea >\p0 :I Q




Predicted versus
observed
distribution of
indels in 100
bacterial
genomes.

Gupta,2005

No. Ma.
Genomes  Genomes
Mo, with Lacking
Genomes Indels the Indel
with Expected! Expected/ Exceptions
Protein Signature Description Protein Found Found Observed
Rib. 512 protein 13 aa Firmicute insert 100 25/25 7575 0
HspT0/DnaK 21-23 aa G+/G- insert 100 GOS0 40740 0
Hspod 5 aa GH/G- insert 52 11411 41741 0
Chorismate 15-17 aa deletion after 59 29/29 6060 0s
Synthase Actinabacteria
SecF protein 3—4 aa deletion after a1 15717 56/54 28
Actinebacteria
Hspt0/GroEL I aa insert after Deinococcus ek G5/66 33/32 1=
EMNA Polymerase =150 aa after Deinococcus 100 59759 41/41 0
B subunit
FizZ protein | aa insert after cyanobacteria 91 5151 40440 o
Eho p we spirochetes 83 56/57 27126 14
Ala-tR RADHEY 5. GUPTA chetes 100 53/53 4747 0
ENA Leryuciase zu—i1cu aa waclt after 100 53/53 47/47 0
B- subunit spirochetes
Inorganic pyro- 2 aa insert common to Aquifex 71 45445 26/26 ]
phosphatase and proteo.
Hsp70/DnakK 2 aa Proteo insert 100 45/45 55/55 ]
CTP Synthetase 10 aa Proteo Indel 2 45445 47/47 0
Lon protease I aa deletion in afry- 70 41/43 29/27 2s
protechacteria
Eho Protein 3 aa afy-Proteo indel 83 42/43 41/40 1f
DN A Gyrase 26-34 aa insert in afy- 100 4242 58/58 ]
A subunit protecbacteria
SecA protein 7T aa afy-Proteo indel 100 4242 58/58 o
HSPTO/DinaK 4 aa Py-Proteo insert 100 31434 6966 3
ATP Synthase 11 aa insert in Pry- 2 A3z 6 1/60 18
a-subunit protechacteria
ValtENA Syath. 37 aa Py-Proteo insert 100 31731 69469 ]
PRPP synthetase I aa Py-Proteo insert o4 31731 63563 0
PAC- 2 aa y-Proteo deletion 53 55455 28/28 0

formyltransferase




Cavalier-Smith
megaclassifcation, 2002

Regnum concept

Noun. regnum (plural regnums or regna) (biology,
taxonomy) A rank in the classification of organisms, also
known as kingdom.
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Tomas Cavalier-Smith
Professor of Evolutionary Biology

—

2.

Professorial Fellow (born 21 October
1942), is a Professor of Evolutionary
Biology in the Department of

Zoology, at the University of Oxford.

He was presented with the
International Prize for Biology (a
prize of 10 million yen) in 2004.

He worked out on cell and genome
evolution:

large scale phylogeny and the tree
of life;

origins of eukaryotes, animals,

He also won the 2007 Frink Medal of the
pla nts. Zoological Society of London.
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Tomas Cavalier-Smith
Professor of Evolutionary Biology

= He states I especially like synthesizing
very diverse information into simple
explanations and attacking wrong ideas.

= My laboratory focuses on the evolution,
ecology, and biogeography of amoeboid
and flagellate free-living Protozoa using
cell culturing, DNA sequencing (genes
and genomes), phylogenetic analysis,
bioinformatics, and light and electron
microscopy.

= But my theoretical interests are much
wider, ranging from the origin of cells,
and their diversification to make the
major bacterial and eukaryotic groups.
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Tomas Cavalier-Smith
Professor of Evolutionary Biology

= Prof. Cavalier-Smith of Oxford University has produced a
large body of work which is well regarded. Still, he is
controversial in a way that is a bit difficult to describe.

= The issue may be one of writing style.

= Cavalier-Smith has a tendency to make pronouncements
where others would use declarative sentences, to use
declarative sentences where others would express an
opinion, and to express opinions where angels would fear
to tread.

= In addition, he can sound arrogant, reactionary, and even
perverse. On the other [hand], he has a long history of
being right when everyone else was wrong.
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Tomas Cavalier-Smith
i Professor of Evolutionary Biology

= This makes for very long, very complex
papers and causes all manner of dark
murmuring, tearing of hair, and
gnashing of teeth among those tasked
with trying to explain his views of early

life.
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Cavalier-Smith megaclassifcation
i Uprooting and replanting the tree of life

Two Empires: Prokaryota and Eukaryota and six kingdoms

= There is the long-winded, vocabulary-rich analysis of
Cavalier-Smith (2002), which is also very interesting.

= Cavalier-Smith basically concludes that double-
membraned Gram-negative bacteria (he calls them
“Negibacteria”) lie near the root of the bacterial tree
(3700 Mya), and that the Archaea and Eucarya are
relatively recent (850 Mya) emergents from a line

that also gave rise to the modern Gram-positive
bacteria and actinobacteria.
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+

Cavalier-Smith megaclassifcation
Origin and evolution of life

= According to Woese classification, there are three
branches to the tree of life:

1. Bacteria,

2. Eukaryotes, and

3. Archaebacteria.

= Bacteria evolved 3500-3850 million years ago.

Archaebacteria were also believed to be ancient
because of their unusual cell structure.

= But Prof. Cavalier-Smith argues.
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Summary of the sequence from the two-kingdom
system up to Cavalier-Smith's six-kingdom system
From phenetic towards a phylogenetic Classification

Cavalier-
Linnaeus Haeckel Chatoon | Copeland | Whittaker | Woese et Woese of al CaS::::;r- i";::
1735 1B66 1925 1938 1969 al.
1977 19_9[) 1953 _
{(Revised) {Revised)
2 kingdoms | 3 kingdoms | 2 empires | 4 kingdoms | 5 kingdoms |6 kingdoms| 3 domains B kingdoms |6 kingdoms
Eubacteria Bacteria Eubacteria
Prokaryota Monera Monera .| Bacteria
Archaghact e Archaebacteri
eria a
(not treated) Protista e
Protozoa
Protoctista Protista Protista Protozoa
Solil Chromista | Chromista
Eukaryota
- Flantae Plantae Plantae Flantae
\egetabilia Plantae Plantae
Fungi Fungi Fungi Fungi
Animalia Animalia Animalia Animalia Animalia Animalia Animalia

Wikipedia, 2011




Cavalier-Smith megaclassifcation

Cavalier-Smith’s six-kingdom schema
Two Empires: Prokaryota and Eukaryota and six kingdoms

= In 1981, Cavalier-Smith's proposed the division of all organisms
into eight kingdoms.

= Bacteria, Eufungi, Ciliofungi, Animalia, Biliphyta, Viridiplantae,
Cryptophyta, and Euglenozoa.

= By 1998, Cavalier-Smith had reduced the total number of
kingdoms from eight to six:

= Animalia, Protozoa, Fungi, Plantae (including red and green
algae), Chromista and Bacteria.

= In 2015, Cavalier-Smith and his collaborators once again revised
the classification. In this scheme they reintroduced the division
of prokaryotes into two kingdoms:

Bacteria (=Eubacteria) and
2. Archaea (=Archebacteria).

—
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Origin and evolution of life

i Cavalier-Smith megaclassifcation

= His research shows that archaebacteria and
eukaryotes should be placed together in one big
group called neomura, which means new walls.

= These organisms have a common ancestor that

evolved 850 million years ago to contain a substance
called glycoprotein in its membrane, which gave it
reater U|C|ty than the rigid cell walls of ordinary

acteria.

= The unusual cell structure of archaebacteria can be
explained as relatively recent adaptations to life in
extdreme environments such as boiling water and hot
aci
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Cavalier-Smith megaclassifcation
i Origin and evolution of life

= The neomuran ancestor has been identified
as an actinobacterium (G+ve), which is
related to the bacteria that cause tuberculosis
and leprosy.

= It is intriguing to think that we are more
closely related to tuberculosis bacteria than

they are to £. coli (G-ve), says Prof. Cavalier-
Smith.
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Origin and evolution of life

i Cavalier-Smith megaclassifcation

= All eukaryotes have a complex endoskeleton (the
cytoskeleton) of microtubules and actin filaments that
use attached molecular motors to mediate
chromosome segregation and cell division,
respectively.

= By contrast, bacteria have an exoskeleton(cell wall)
important for DNA segregation and cell division.

= There has been much discussion of how these and
other profound differences between bacteria and
eukaryotes have arisen.
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Cavalier-Smith megaclassifcation
Bacterial origins of Life through two big bangs

= For most of the history of life, immensely long
periods of relative stasis have followed two explosive
radiations or biological big banﬁs, each stimulated by

1.

revolutionary innovations in ce

T

P
T

biology:
he origin about 3700 My ago of the first eubacterial

cell with peptidoglycan walls and

notosynthesis(Cavalier-Smith,2001).

e origin about 850 My ago of the ancestral

neomuran cell, when N-linked glycoproteins replaced
peptidoglycan and the pre-eukaryote neomurans
evolved phagotrophy, internal skeletons and the
endomembrane system.

Phagotrophy in the origins of photosynthesis in eukaryotes.
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Cavalier-Smith megaclassifcation

Neomuran revolution and bacterial origins
i of Life at two-stage process

= The ancestors of eukaryotes, the stem Neomura,
are shared with archaebacteria and evolved
during the neomuran revolution, in which:

1. N-linked glycoproteins replaced murein
peptidoglycan and 18 other suites of characters

changed radically through adaptation of an
ancestral actinobacterium to thermophily.

2. In the next phase, archaebacteria and
eukaryotes diverged dramatically.
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Cavalier-Smith megaclassifcation

Neomuran revolution and bacterial origins
i of Life at two-stage process

= Archaebacteria retained the wall and
therefore their general bacterial cell and
genetic organization, but became adapted to
even hotter and more acidic environments by
substituting prenyl ether lipids for the
ancestral acyl esters and making new acid
resistant flagellar shafts.
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Cavalier-Smith megaclassifcation
Neomuran revolution and bacterial origins
of Life at two-stage process

= At the same time, eukaryotes converted the
glycoprotein wall into a flexible surface coat and
evolved rudimentary phagotrophy for the first time in
the history of life.

= This triggered a massive reorganization of their cell and
chromosomal structure and enabled an alpha-
proteobacterium to be enslaved and converted into a
protomitochondrion to form the first aerobic eukaryote
and protozoan, around 850 My ago.

= Substantially later, a cyanobacterium (photosynthetic
gram negative bacterium) was enslaved by the common
ancestor of the plant kingdom to form the first
chloroplast.
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Cavalier-Smith Bacterial megaclassification

Two Empires: Prokaryota and Eukaryota and six kingdoms
Negibacteria as a root of the universal tree

= Prokaryotes constitute a single kingdom, Bacteria.
= Bacteria is divided into two new subkingdomes:

1. Negibacteria(G-ve bacteria), with two
bounding membranes.

2. Unibacteria(G+ve bacteria), with one bounding
membranes comprising the new phyla
Archaebacteria and Posibacteria.

s Other new bacterial taxa are established in a revised

higher-level classification that recognizes only eight
phyla and 29 classes.
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Revised classificat

ion of kingdom
acteria and its eight phyla (divisions)

Tazxon

Erymakgy

Tiescription

Type

Subkingdom 1. MEGIBACTERIA* (Cavaler-Smith,
198 7h subregnuem new,

Infrakingdan 1. Fobactena | Cavaier-Smith, 19921)
infrarsgnum nav,

Divizion 1. Eobactena (Cavalier-Smith, 1992a) divido
now,
Chss |. Chlarobacieria { Cmvalier-Smith, 1992)
clasds nov.

Chss 2. Hadobackenia (Cava ler-Smith, 1992a;
emend. 1995 clisms nov,

Infrakingdon 2. Glycobacierla® (Cavaler-Smith, 1598)
infrarsgnum nov,

Divison 1. Cranobacteria (Stanier 1974) nom, ey,
{ix Stanier & Cohen-Bazdre, 1977 as chss)

Subdivision |, Glesobmleria mbdivisio nov,
Chiss 1. Glasabacteria | Cavalier-Smith, 1998
dasds nov,
onder 1. Glosobacterales ard. now,
Subdivisian 2. Phycobactena  Cavalisr-Smith, 1998
subdivigio nov,

Cliss | Chranhackena chsss nov.

onder 1. Chrocooceiks ofd. mow

Contraction from L, s’ negative, 5noe most siain
Gram-negalive

Gr. oo dawn, hecauss the absence ol lipopohscharide
gpests they may be the earlisst negibaclena

As lor infrakingdom above

Gr. Kialovos yellow green, from the colour of the
phatosynthetic spevies

Gr. Aadvs hell, because they can resst extremes of heat
or radiation

Gr. plukas sweel, beauss they have surface
ipopohsacchande

Gr. Mo blue-green, because of their common colour
and the traditicnal rame Cyvanophvese of blus-gresen
algae

Fromm Glocabacir, the anty knewn genus

As for subdiigan abens

Az lior subdiigion abons

Gr. plkas searwend, hecauss all the traditioral blue-
green algae and the prochiomophyles are inchsled

From the genus (roacaccie

As lor class above

Cell bounded by [wo concentric ipid bilmvers, the
cyloplagmic mambrane ard an ouler membrane bearing
parins: ancestrally with peplidoghean and lipeprolsn

between the membrans: SRF hoks hedices 1-4 and 19p;

profein scretion predominantly posttranslatisnal
No lipapahvsccharide ar sphingalipids: peplideglycan
with ornithing, not diaminopimsic acid: usualky
themephilic; Aagela abmnt: @s vedcks absnt
As lor infrakingdom abive

Filamenious green bactenia, with bactenochlonophl
and usally chlarosomes, gliding grsen nansulphur
pholosynihetc bavierin with phasophtin quinone
typa-2 reaction centres, with or without chionosomes
PO aRolenas, Helodhnly, Roselferis, Qrelllovhions)
and their cokou dess reltives, &g, Thormontcrabion,
Harperasiphon, Thermaldaplilon, Dikal fes fa
i karespirer

Hetzroirophic themmophiles or Wighly radia bonesstant
bacleria with thick mursin byer; with semicrysialine
S-layer, e.g Dl , Tharmas, Matolermas; more
closzly redabsd o each other on rRNA irses than bo
Chiorobacteria

Ouler membrane with §popohsrchands or
lipoaligosaccharide ; peplidoghvean with diaminopimelic
ackl or arnithing; gas wescles widempraad

Crypenic photosynthess with chlorophyll a; lagell
abeent; often glick; ancestrally with phveobi isomes,
somelimes kst

Wwithaut thylakois

Az for subdividon above

Hiring phveobilscmes but ne thylakeids

With thyhkeids; gliding matility by sime secretian;
classical Cyanophyosne and prechlorophyles. The fre
tradlitional cvancbacterial orers, already valid under
the Code of Botanical Nomenclature, are here akso
formally validated under the Bacleniological =
Frokarvatic) Code

Unicellular, palmalcid. colonial or with flaments
hcking heterocysis

Unicellubar and calanial {nan-flamantous) cvanabaclena
{wilh phveobi isomes and prochlorophyles with
chlarophvil i i nstead

Orider Enlerobacteriales

Orider Chlarafierales

Order Chlarafiemles

Order Chlaraflemles

Order Thenmales

Orider Enlerobacteriales

Order Chroococales

Order Gletobmleniks
Order Glozobaclenks

GEnls Clovbactid
Order Chroococcales

Order Chroococcales

GEnls Clroocadeas

Cavalier-Smith,2001

Continued...



Summarized Table:

Two Empires: Prokaryota and Eukaryota and six kingdoms
Regnum (Kingdom) Bacteria

1. Subkingdom(subregnum): Negibacteria (G-ve bacteria)
1. Infrakingdom(subregnum) Eobacteria
2. Infrakingdom(subregnum) Glycobacteria
Superdivision Exoflagellate
Division 1. Planctobacteria
Division 2. Proteobacteria(most G-ve phytobacteria)
2. Subkingdom(subregnum): Unibacteria (G+ve bacteria)
Division 1. Posibactera
Subdivision 1. Endobacteria

Class 1. Togobacteria
Class 2. Teichobacteria e.g. Bacillales
Class 3. Mollicutes

Subdivision 2. Actinobacteria

Class 1. Arthrobacteria
Class 2. Arabobacteria
Class 3. Streptomyces e.g. Coryneforms

Division 2. Archebacteria
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Characters used in megaclassification scheme

i Cavalier-Smith megaclassifcation

= The classification takes into account many

phenotypic characteristics, and is not sequence-
based.

s [ hese include:
Morphological,

1.
2. Palaeontological(the study of fossils), and
3. Molecular data.

= These are integrated into a unified picture of large-
scale bacterial cell evolution despite occasional
lateral gene transfers.
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Two main bacterial cell wall
Gracilicutes and Firmicutes

Peptidoglycan
B H Cell membrane

Cell

menmbrang Peptidoglycan
Outer membrane
Gram (+) i ;
Gram (-) NI I EE
Cell membrane
Peptidoglycan Cell membrane
(a) Periplasmic space
Peptidoglycan
Outer membrane
(b) 317
© S.C. Holt/Biological Photo Service, T.J. Beveridge/Biological Photo Service




Four main bacterial cell wall

Gracilicutes, Firmicutes, Tenericutes, Mendosicutes

= Cellular envelop in Gram negative bacteria are surrounded by
two layers: an external and an internal membrane (diderm)
while Gram positive bacteria have one membrane (monoderm).

Quter membrane

Cell wall
(peplidoglycan)

Cell membrane

(ester-iypa lipid) o
Gracilicutes Firmicutes
R-CO2-R'

Call wall
{nonpeptido-
glycan)

Cell mambrane

(ether-type lipid)
Cell mambrane
R-O-R {astar-typa lipid)

Mendosicutes Tenericutes
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Four main bacterial cell wall

Gracilicutes, Firmicutes, Tenericutes, Mendosicutes

+

Gracilicutes (Gram
negative);
Firmicutes (Gram

Fenerics ; D
Tenericutes (lack a cell |7 . .
wall, more soft. E.g

phytoplasma);
Mendosicutes (with no

won =
—
o
N’

peptidoglycan in cell
wall. E.g. archaea).



Type of L-form bacteria

Class I: spheroplasts (with outer membrane can revert)
Class II protoplasts (without outer membrane cannot revert)

Gram-
Positive

(@)

Gram-
Negative

(b)

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
Mutation or chemical treatment

Cell wall
(peptidoglycan)

Cell membrane

Outer membrane
Peptidoglycan
Cell membrane

_ / Cell membrane

Peptidoglycan
lost

Y

Protoplast

Outer membrane

Cell membrane

Peptidoglycan
lost

Y

Spheroplast
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The bacterial origins

of eukaryotes as a

two-stage process.
This paper very
strongly supports

actinobacterial origin
of neomura.

{J

Archaebacteria

Animalia Fung| Chromista Plantae
PrOtozaa/é
EUKARYOTA

|

HYPERTHERMOPHILY:

isoprenoid ether lipids;

endomembranes,

o&o?ted voslc:es.
peroxisomes; cytoskeleton; nucleus; (7 -
centrosome:; cilium; mitosis; cyclins;|{\Mitochondria
dynein, myosin, kinesin motors; sex Iy

1

Streptomycetes \ |storols|

Arthrobacteria -

H1 histones;
proteasomes

glycoprotein flagellar
shaft; reverse gyrase wall — flexible surface coat:
PHAGOTROPY & MESOPHILY
NEOMURA 7
Y 0 THERMOPHILY: cotransiational
protein secretion and N-linke T —  —
EUBACTERIA glycosylation; glycoprotein
replaces murein; 15 other
neomuran characters
|
1 2
| Actinobacteria Arabobacteria Proteobacteria

Sphingobacteria

hingolipids

Planctobacteria

Endobacteria

-POSIBACTERIA

HLOROPLASTS

loss of outer
membrane

Spirochaetes

A

NEGIBACTERIA

(-

— il L L 1 B

~3700 My ago cenancestor

double cell envelope; porins; acyl

ester phospholipids; peptidoglycan;

photosynthesis; chlorosomes

Cavalier-Smith,2001




The bacterial origins of Archaebacteria
as a two-stage process

Neobacteria Halobacteriales

| A rC h a e ba Cte. r i a O ri g i n a ‘.ted b.y Methanococcales “FT'JLC“—T:S ﬂﬁ'lﬁﬁ;ﬁ&f:;‘eﬁgég
two successive revolutions in \"‘“’ M-
cell biology: O it - —

1. A neomuran phase shared R s i
with their eukaryote Sisters. o rewon

Split RpoB RNA

2. FO|_|OW€C| shortly by a I | Poiymstnes: joss of Crenarchaeota
uniquely archaebacterial one. | s SR—

= Bacterial DNA dose not have i \ /

hyperthermophily,

h i Sto n eS . histones & reverse gyrase

Thermocoeccalas loss of histones,

= Histone proteins are among o s
the mOSt highly Conserved II-I‘r'PEI'w‘.'ll'H‘ERi!Il.'Il::'P:-IIIt."r'Lll‘g"rﬂlf.:nyltl:tnwthetrIlplih:lsl;_t

proteins in eukaryotes, RN o A it dion | CHASSACTERIA

emphasizing the important ComUs | RO ot

I'Olg they p|ay Iln DNA Winding 050 My o00 w%}?ﬁﬁﬁ%ﬁﬁﬁ%w —= EUKARYOTA

and gene regulation.

| SECONDARY MESOPHILY: biether lipids |

|
EUBACTERIA

acyl ester phospholipids; peptidoglycan;
rubisco based photosynthesis

Cavalier-Smith,2001 ~3850 My ago cool origin of life




Tree of life and major
steps in cell evolution
after Cavalier-Smith,
ca 2010, before his
2015 revision.

Cavalier-Smith T. 2014. The neomuran
revolution and phagotrophic (not
comparable) origin of eukaryotes in the
light of intracellular coevolution and a
revised tree of life. In: The origin and
evolution of eukaryotes. Keeling PJ,
Koonin EV, editors. Cold Spring Harb
Perspect Biol.

Wikipedia, 2017
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Choanozoa
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protoeukaryote

nucleus, cilium | *
prekaryote
phagotrophy

endoskeleton
endomembranes
mitosis, sex

ancestral neomuran ~0.85 Gy ago
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—
. N\ sterols; Pl
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2 surface membranes
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Ipopolysaccnaridae reVOIUtiOI"I
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Major features of the fossil record interpreted
in the light of cell and molecular biology
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_|% The eubacterial
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E |
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3750 My origin of eubacteria
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— 3850 origin of life
Cavalier-Smith,2001
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Is Cavalier scheme
‘L inconsistent with Gupta’s?

s [ he Cavalier scheme:

= This scheme is not totally inconsistent with Gupta’s if
you change every “insertion” to a “deletion” and vice-
versa and run the evolution from right to left instead
of left to right.

Gupta’s view: Gram-positive —— Gram-negative

Cavalier’s view: Gram-positive«— Gram-negative

= But many evidences(next slide)indicate it is not
correct to state that simply by changing the various
inserts to a deletion, the wo schemes become very
similar.
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Is Cavalier scheme
i inconsistent with Gupta’s?

1.

In addition to whether the first cell was Gram-positive
or Gram-negative, there are important differences
between evolutionary schemes of Cavalier-Smith and
Gupta.

Cavalier-Smith does not place the root within the Gram-
negative in the Gammaproteobacteria, which would be
required if the branching order of various groups was
simply reversed in the two case.

Another important difference between Cavalier-Smith's
scheme and Gupta is that according to Cavalier-Smith
the Archaea have evolved very recently, which is again
not supported by Gupta scheme.

Gupta,2011 326



The first cells: Gram-positive or Gram-negative?

‘_L Arthur L. Koch,2003 argues

= At some point in the evolution of life, the
domain Bacteria arose from prokaryotic

progenitors (an originator of a line of descent/
a direct ancestor).

= The cell that gave rise to the first bacterium
has been given the name (among several
other names) ‘last universal ancestor (LUA)".

= This cell had an extensive, well-developed

suite of biochemical strategies that increased
its ability to grow.
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Arthur L. Koch,2003 argues

The first cells: Gram-positive or Gram-negative?

= The first bacterium is thought to have acquired:
1. a covering, called a sacculus (a small sac), or
2. exoskeleton, that made it stress-resistant.

= This protected it from rupturinfg as a result of
turgor pressure stress arising from the success of
its metabolic abilities.

1. S0 what were the properties of this cell’s wall?
2. Was it Gram-positive or Gram-negative?
3. And was it a coccus or a rod?
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Origin of first bacterium from first cell
Arthur L. Koch,2003

i

= Four possibilities for the wall of the first bacterium.
= These four types represent a majority of organisms.

= There are other shapes (curved, spiral and tapered)
but these are probably less likely than the initial

bacterial form.

Rod-shaped Bacillus

Coccus

Gram-negative (

D) O

TRENDE in MWicrobiology
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Origin of first bacterium from first cell
i Koch conclusions

= The coccus is the simplest of possible cell shapes and
the growth of cocci is that of rod shaped organisms.

= According ideas of Woese, Seifert and Fox, Vicente's
group and Gupta’s group the first cell should be rod-
shaped.

= Because of cell wall composition and strategy for
growth in Gram-positive which is much simpler than
that of Gram-negative cells, it was postulated the
first cell to be Gram-positive, rod-shaped organism.
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Circle life tree
Ring of life

Astrobiologist Mary Rivera and Molecular biologist James Lake, 2004

= This is a phylogenetic model
where all three domains of life
evolved from a pool of primitive
prokaryotes.

= According to Lake, this structure
is the best fit for data from
extensive DNA analyses
performed in his laboratory, and

Eukarya

Archaea

Pool of primitive
prokaryotes

Bacteria

that the ring model is the only

one that adequately takes HGT ACCOFC::”IQ to tht? “rinc(Jj olf life”
i i : pnylogenetic model,
and genomic fusion into account. the three domains of life evolved
= However, other phylogeneticists from a pool of primitive
remain highly skeptical of this prokaryotes.
model.

Perspectives on the Phylogenetic Tree - Biology 2e | OpenStax 331



Circle life tree W é aaaaaa
Ring of life <.

Astrobiologist Mary Rivera and Molecular biologist James Laké, 2004

= They explained that the Ring Eukaryotes
of Life structure is a result of a
single fusion event between Proteobacteria Eocyta
two prokaryotic genomes at Cyanobacteria
the base of the eukaryotic
tree, probably between the Bl
ancestors of a photosynthetic
bacterium and an archaeon.

= A recent paper, based on an

Euryarchaea

analysis that su pposedly takes In this scenario, eukaryotes are not ancient:
: : they are a more recent group than either of

horizontal gene transfer into the two prokaryotic groups.

account, suggests that the tree

is not a tree at all, but a circle.

This model for the origin of eukaryotes is very different to Woese's tree. The
Archaea, shown on the bottom right, includes the Euryarchaea, the Eocyta

and the informational eukaryotic ancestor. 332



Circle life tree
Ring of life

Vertical transfer(tree life) vs. horizontal transfer(ring life)

= Our bacterial parentage: the union of Archaea and
Eubacteria

1. Vertical transfer of genes producing a tree, with each new
production becoming a new branch.

2. Horizontal gene transfer would produce a genuine (original)
circle, or ring, in which two organisms fuse genomes to
produce a hew organism.

= The most recent version of ring of life scenario is that
eukaryogenesis (evolution of eukaryotic life) was triggered by
the engulfment of an alpha-proteobacterium by a wall-less
giant archaeon capable of phagocytosis.

= The fusion of two genomes may have produced the

eukaryotes.

Forterre,2015 333



Circle life tree
Ring of life
Rivera & James, 2004

s The eukaryotes plus the two eukaryotic root
organisms (the operational and informational
ancestors) comprise the eukaryotic domain.

= Ancestors defining major groups in the prokaryotic
domain are indicated by small circles on the ring.

= The Archaea, shown on the bottom right, includes
the Euryarchaea, the Eocyta and the informational
eukaryotic ancestor.

Ring of Life

- some scientists
think horizontal
gene transfer so
common that early
history of life should

be represented as a
ring with 3 domains
emerging from the

The ring of life
Rosearchers Meris Rvers end Jairos Leke present & monre complete ring
hypothesis about the evolution of e karyatic life storeng from the

evolution af & prokaryatic orgenem originated from the endoeymbasis
between & dostridum and actinchecterium. 334




Circle life tree
Ring of life
Rivera & James, 2004

Hypothetical Tree/Ring of life

Protista

Plantae Animalia Fungi
Eukaryotic

Eubacteria § O

Archaebacteria

One or More possible FIRST organisms on EARTH

r—4

Protists Plasts  Fungi Animals

First Eukaryote

Archaea

Bacteria

It's not a tree; it's actually a ring of life. A ring explains the data far better. One Ring
to Rule Them All. At least 2 billion years ago, ancestors of these two diverse
prokaryotic groups (archaea and bacteria) fused their genomes to form the first
eukaryote, and in the processes two different branches of the tree of life were fused
to form the ring of life."The ring will lead to a better understanding of eukaryotes.
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Eocyte hypothesis

Two-domain tree theory (the eocyte tree)
i Two-domains trees vs. three-domains tree

= Two-domains trees, which was first proposed by
James Lake and colleagues in 1984 based upon
ribosome structure.

= [he three-domains and two-domains trees —
competing hypotheses for the origin of
eukaryotes(eukaryogenesis-The evolution of
eukaryotic life).

Williams et a/,2013; Embley,2016 336



Eocyte hypothesis

Eukarya branched within Archaea

| Two-domain tree theory (the eocyte tree)

= The eocyte hypothesis is a hypothesis proposed in

the 1980s by James Lake that eukarya evolved from

a subgroup of Archaea called as Eocytes.
= In taxonomy, the Crenarchaeota (also known as

Crenarchaea or eocytes) are a phylum or a kingdom

of the Arch

ed.

tree

eNotes.com,2011
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Eocyte hypothesis
i Two-domains/eocyte tree

Eukaryogenesis-The evolution of eukaryotic life

= The Eocyte hypothesis:

1. The Bacteria and Archaea can still be considered
distinct primary domains, but

2. The eukaryotes originate from within the domain
Archaea.

= In other words, in the ‘two-domains/eocyte tree’, the
eukaryotic lineage has an archaeal parent.

Three-Domain Tree Two-Domain Tree

Bacteria Archaea Eukaryota Bacteria Eukaryota Archaea linages

Williams et a/,2013; Embley,2016; Zhou et a/,2018 338



i

Eocyte hypothesis

Two-domains/eocyte tree

Last eukaryotic common ancestor (LECA)

= A phylogenomic investigation of 28

vertically

inherited last eukaryotic common ancestor (LECA)

clades supported eukaryotes either

1. branching deep within Archaea or cIose to the root

of Archaea,
2. but separate from:
m (Crechanareota and

Thre dm

s Furyarchaeota (Rochette et a/.,2014).

Zhou et al,2018
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Eocyte hypothesis

Two-domains/eocyte tree
Two-domains trees vs. three-domains tree

= The iconic three-domains tree (Woese's universal tree) appears in
most textbooks and divides cellular life into three separate major
groups or 'domains'; the

= bacteria, the archaea and the eukaryotes.

= In this tree the eukaryotes are held to have originated from a
common prokaryotic ancestor shared with the archaea (enclosed in
the shaded box).

Eukaryotes ——4 Euryarchaeota
Euryarchaeota : _‘~_< Eukaryotes

|~ "=~ " Lokiarchaeota ~ = ~ =~ ~

Crenarchaeota | < |

|

|

|
|
| | i
| : , Crenarchaeota
: Thaumarchaeota I 3
- | _i ! , | — : Thaumarchaeota
; Aigarchaeota TACK! | : Aoachascia TACK/
| Kor?mhaeota eocytes | ’ Korarchadons eocytes |
______ Lokiarchaeota _ _ _ _ _| T e e e e e e G 2
H Bacteria —4 Bacteria
Three-domains tree Two-domains tree

Embley,2016 340



Eocyte hypothesis

Two-domains/eocyte tree
Two-domains trees vs. three-domains tree

= Competing hypotheses for the origin of the eukaryotic host cell.

ay  In this tree the Archaea and Eukaryota are most closely related to
each other because they share a common ancestor that is not shared
with Bacteria.

by  The rooted eocyte tree recovers the host-cell lineage nested within
the archaea as a sister group to the eocytes (which Woese et al.
called the Crenarchaeota); this implies that, on the basis of the small
set of core genes, there are only two primary domains of life-the
Bacteria and the Archaea.

a Monophyletic Archaea b Paraphyletic Archaea
Eukaryota Euryarchaeota
Euryarchaeota Eukaryota
3 Eocytes/Crenarchaeota ] Eocytes/Crenarchaeota I
—_— i _|—< Thaumarchaeota | 1 ! _|—< Thaumarchaeota '
i Aigarchaeota E 3 Aigarchaeota ;
______________ Korarchagota ~ TALK ‘ Korarchaeot TACK
Bacteria Bacteria
Three-domains hypothesis Eocyte hypothesis




Eocyte hypothesis

A different universal tree
Two-domains trees vs. three-domains tree

= By contrast, the two-domains/eocyte tree recovers eukaryotes nested
inside the archaea with the newly discovered /okiarchaeota currently
thought to be the closest archaeal relatives of the eukaryotes.

= In the two-domains/eocyte tree the eukaryotic lineage had an ancestor
that was already an archaea.

= The genomic and cellular features of these lineages could potentially
illuminate important stages in the evolution of eukaryotic cells like our

own.
—4 Eukaryotes ——4 Euryarchaeota
' —‘Euryarchaeota : _r< Eukaryotes
: c Rk I i|” %=~ Lokiarchaeota ~ ~ =~ ™ |
| ‘ renarchaeota : | 4 Crenarchaeota :
I [—_4 Thaumarchaeota : _ | Thaumarchacota |
= | Aigarchaeota ..., . A
[ Korarchasota eoccy):is | Aigarchaeota TACK/ :
L _____ [__oklarshgggh ______ | (S Korarchaeota _ _e_oiy‘ss_ J
< Bacteria ‘ Bacteria
Three-domains tree Two-domains tree
TACK aracheae includes: 342

the thaumarchaeota, aigarchaeota, crenarchaeota and korarchaeota.



Cytoskeleton . i
Information-processing
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Archaeal links in the origin of eukaryotes.

A schematic tree depicting the relationships between Archaea and the
eukaryotic nuclear lineage, consistent with recent analyses of core genes
using new methods and rooted using the Bacteria as the outgroup.

Williams et a/,,2013 343



Eocyte hypothesis
i A different universal tree

Two-domains trees vs. three-domains tree

= The “eocyte” scenario is supported by phylogenetic
analyses of universal proteins that use sophisticated
methods for tree reconstruction, which are thought
to be very efficient at identifying weak phylogenetic
signals.

s However, these data are controversial, because most
universal proteins are small (e.g., ribosomal proteins)
and very divergent between Bacteria and
Archaea/Eukarya, which makes archaeal/eukaryal
relationships difficult to resolve.

Gribaldo et al,, 2010;Forterre,2015 344



The new tree of life and ongoing debate

The new tree of life by Hug et al.,2016
The first comprehensive phylogenomic tree

= The tree of life proposed by Hug et a/.,2016 is the first
comprehensive phylogenomic tree since the advent of genome-
resolved metagenomic sequencing and analysis methods.

= One representative high-quality or complete genome per genus
(3083 organisms, out of which 1011 organisms are novel) was
used for phylogenomic reconstruction of this tree.

= The SSU rRNA gene-based phylogeny largely agrees with
concatenated 16 ribosomal protein-based phylogeny.

= However,

1. the former one(SSU rRNA genes) shows a three-domain
topology,

2. while the latter one(16 ribosomal proteins) shows a two-
domain topology, placing Eukarya sibling to Lokiarchaeota, a
proposed phylum of the domain Archaea. 345



Characteristics of the SSU(small
subunit) rRNA for exemplary species

= Small subunit ribosomal ribonucleic acid (SSU rRNA) is the
smallest of the two major RNA components of the ribosome.

= Associated with a number of ribosomal proteins, the SSU rRNA

forms the small subunit of the ribosome.
= It is encoded by the SSU-rDNA.

Type SSU rRNA size | Species

Archaeal (Prokaryotic) 16S Halobacterium salinarum
Plastid 16S Arabidopsis thaliana
Bacterial (Prokaryotic) 16S Escherichia coli
Eukaryotic 18S Homo sapiens
Mitochondrial 12S Homo sapiens

Wikipedia, 2020

Length

1,473 nt
1,491 nt

1,541 nt
1,969 nt

954 nt
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The universal tree of life: an update
Universal tree of life, based on 16S rRNA sequences

Two domains: Bacteria and Arkarya

BACTERIA
Cyanobacteria """’”"""‘f
onorofies \& ..“',"Tfu I
Actinobocterio
Deinococcus
Spirocheto o \\
Bacteroidetes
vermcammbm{ts LBCA
Chlemydiae
PVC superphylum
Plonctomycetales Poribotieno
PG: peptidoglycan
The PVC group (largely Planctobacteria)
LBCA: Last Bacterial Common Ancestor

ARKARYA
SARP
Eukarya / Alveolato
Rhizaria
Stramenopila Plantoe i
f Amoebozoo
“"m&‘ '&"'e"la' "Il"""‘""""""""""""‘"“ My e Fungu
Y B H Lokiarkaryota
o \ Thaumarkaryota 2 LEcA Metazoo
3 ! Crenarkaryota (&
: S FME \)
: : 20 Jacopca Dicriscristota
F&“’W'ﬂ
: ] Discoba
RS ] E o
PG \ LARCA
LUCA
0 Arkarya, a new name proposed for the

clade grouping Archaea and Eukarya.
LARCA: Last Arkarya Common Ancestor;

LECA: Last Eukaryotic Common Ancestor.

Forterre, 2015
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The universal tree of life: an update

Bacteria and Arkarya
LBCA, LACA, LARCA and LECA

BACTERIA ARKARYA
ARCHAEA EUKARYA
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= ~ = h
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____________________ |
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Schematic universal tree updated from(Woese et a/,1990).

DNA (blue arrows) introduction of DNA; T (pink and red arrows) thermoreduction. LBCA: Last Bacterial Common
Ancestor, pink circle: thermophilic LBCA; LACA: Last Archaeal Common Ancestor, red circle, hyperthermophilic LACA.
LARCA: Last Arkarya Common Ancestor; FME: First Mitochondriate Eukarya; LECA: Last Eukaryotic Common Ancestor;

blue circles, mesophilic ancestors. SARP: Stramenopila, Alveolata, Rhizobia,

Forterre, 2015
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Ruggiero et al.,2015
A Higher Level Classification of All Living
Organisms

Superkingdom concept

Noun. regnum (plural regnums or regna) (biology,
taxonomy) A rank in the classification of organisms, also
known as kingdom.

Ruggiero, M.A., D.P. Gordon, T.M. Orrell, N. Bailly, T. Bourgoin, R.C. Brusca, T.
Cavalier-Smith, M.D. Guiry and P.M. Kirk.2015. Correction: A Higher Level
Classification o f All Living Organisms. PLoS ONE 10(6): e0130114.

doi:10.1371/journal. pone.0130114. 50



Ruggiero et al.,2015

Two superkingdoms: Prokaryota and
Eukaryota and seven kingdoms

= We are proposing a two-superkingdom (Prokaryota and Eukaryota), seven-
kingdom classification that is a practical extension of Cavalier-Smith’s six-
kingdom schema(1998).

= Our schema includes:

= The prokaryotic kingdoms:
1. Archaea (Archaebacteria), and
2. Bacteria (Eubacteria), and

= The eukaryotic kingdoms:

1. Protozoa,

2. Chromista,

3. Fungi,
a.  Plantae, and
5. Animalia.

Chromista so-called "crown eukaryotes”, includes not only plants, animals, and fungi, but also Alveolates and possibly
the red algae.
Cavalier-Smith in his megaclassification(1998) proposed two Empires: Prokaryota and Eukaryota and six kingdoms: 351
Bacteria, Protozoa, Chromista, Plantae, Fungi and Animalia.



Ruggiero et al,2015

Two superkingdoms: Prokaryota and

Eukaryota and seven kingdoms

Linnaeus Haeckel Chatoon Copeland Whittaker Wo‘:e 2 Woc;Te e Cavalier- Cavalier- Rugg:laro =
1735 1866 1925 1938 1969 1977 1990 Smith,1993 Smith,1998 2015
2 kingdoms | 3 kingdoms | 2 empires | 4 kingdoms | 5 kingdoms | 6 kingdoms | 3 domains | 8 kingdoms | 6 kingdoms | 7 kingdoms
: : Bacteria Eubacteria . Eubacteria Bacteria
. Prokaryota | Mychota Monera . Archaebact .~ Bacteria
: : rchaebacteri: - rchaebacte Archaea
a ; ria -
(not .
treated) PR Archezoa
5 Protozoa Protozoa
. Protoctista Protista Protista Protozoa
é . Chromista | Chromista : Chromista
. Euokaryota Eukarya : 5
- : Plantae Plantae Plantae Plantae Plantae
Vegetabila : Plantae Plantae
f Fungi Fungi Fungi Fungi Fungi
Animalia Animalia Animalia Animalia Animalia Animalia Animalia Animalia

Wikipedia,2017
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Ruggiero et al.,2015

A Higher Level Classification of All Living Organisms
List of ranks used in the hierarchy with the number of taxa per rank

Rank Number of Taxa
Superkingdom 2
Kingdom 7
Subkingdom 11
Infrakingdom 8
Superphylum 6
Phylum 96
Subphylum 60
Infraphylum 4
Superclass 12
Class 351
Subclass 145
Infraclass 23
Superorder 52
Order 1,467
Main ranks are in bold type; unnamed taxa are not counted.

Ruggiero et a/,2015 353



Ruggiero et al,2015

A Higher Level Classification of All Living Organisms
Prokaryota

= The higher classification of prokaryotes is still
somewhat unsettled.

= Woese and Fox (1997) treated Archaebacteria
(Archaea) and Eubacteria (Bacteria) as separate
kingdoms.

= Margulis and Schwartz (2001) recognized the
superkingdom Prokarya, containing one kingdom
Bacteria that included a subkingdom Archaea.

= Cavalier-Smith(1998 and 2014) also treated
Archaebacteria and Eubacteria as prokaryote
subkingdomes.

Ruggiero et al., 2015 354



Ruggiero et al.,2015

A Higher Level Classification of All Living Organisms
Prokaryota

= As no prokaryote names above the ranks of class are
covered by ICNB rules, there is no official higher
classification of prokaryotes (Parte,2014) and any
attempt at such is necessarily difficult.

= We have chosen to adopt the classification in current
use by the Catalogue of Life (Col’s database):
http://www.catalogueoflife.org/col/

= It is derived from the TOBA(Taxonomic Outline of
Bacteria and Archaea) and recognizes Bacteria and

Archaea as equivalent in rank to the eukaryote
kingdomes.
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Ruggiero et al,2015

A Higher Level Classification of All Living Organisms
Prokaryota

= We treat them as de facto (accepted) kingdoms until
there is a better resolution of their status.

= The number of negibacterial “phyla” currently recognized
(LPSN,2014) is probably excessive compared with
eukaryotes and mainly reflects uncertainty about the true
relationships of many small phyla, probably exaggerating
the significance of their biological disparity.

= Greater use of multigene trees rather than over reliance
on rRNA gene trees alone may eventually allow further
simplification by grouping them into fewer phyla, possibly
only about half the present number (Margulis and
Schwartz ,2001).

Ruggiero et a/,2015 356



Catalogue of Life

Species 2000 CheckList
http://www.catalogueoflife.org/col/

Species Catalogue of Life: 30th April 2017
2000 indexing thegworld's known spe[es p

g R &l el
Rk B 2y B

[Syls|l:4l French Spanish Chinese Russian Portuguese Dutch German Polish Lithuanian Thai  Vietnamese

Browse 4

- I N Search the Catalogue of Life - updated edition around the year
Pl Search

E] Info »

Search for:

|_ Show extinct taxa (1)
|7 Match whole words only

Search

Annual Checklist Interface v1.9 r2126ab0 developed by Naturalis Biodiversity
Center. Please note, this site uses cookies. If you continue to use the site we will
assume that you agree with this.

Roskov Y, Kunze T, Orrell T, Abucay L, Paglinawan L, Culham A, et al.,
editors. Species 2000 & ITIS Catalogue of Life, 2014 Annual Checklist [DVD].
2014; Naturalis, Leiden, the Netherlands: Species 2000. 357



Catalogue of Life
Species 2000 CheckList

http://www.catalogueoflife.org/col/

[

Species Catalogue of Life: 30th April 2017
2000 J P

indexing the world’s known species

o e s
Py !/ el

¥
[Zy[[CUM French Spanish Chinese Russian Portuguese Dutch German Polish  Lithuanian Thai Vietnamese

Export search results | New search

Browse »

B search 3 Search all names - Results for "xylella”

Info 4 -
Records found: 4 Records per page: |20 }7 Update

Export search results | New search

Name Rank Name status Group Source database
Xylella Genus Bacteria
Xylella fastidiosa Wells et al., 1987 Species accepted name Bacteria @ r"s
Xylella fastidiosa fastidiosa Wells et al., 1987 Infraspecific taxon accepted name Bacteria 69 ”IE
Xylella fastidiosa muitiplex Schaad et al., 2009 Infraspecific taxon accepted name Bacteria @9 ”IE

assume that you agree with this.

Annual Checklist Interface v1.9 r2126ab0 developed by Naturalis Biodiversity
Center. Please note, this site uses cookies. If you continue to use the site we will

Beyond its immediate use as a management tool for the CoL and ITIS (Integrated Taxonomic
Information System), it is immediately valuable as a reference for taxonomic and biodiversity
research, as a tool for societal communication, and as a classificatory “backbone” for biodiversity
databases, museum collections, libraries, and textbooks. Such a modern comprehensive hierarchy has

not previously existed at this level of specificity.
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Subkingdom: Posibacteria

SUERMGDOM POSIBACTERIA

v

PPLOE OE | DO 01371 fousnal pora 01 19348 April 25, 315

GPLOS | ove

A Highisr Lisesd Clagsifieation of All Living Organms

Tabhe 2. (Continedy)

Unibacteria, comprising

Archaebacteria and Posibacteria. It
was not recognized in this scheme.

Subkingdom: Negibacteria

Pryhum Aceiobuaciena
Chiass BN, (Brvobectery
Clisss Acicrbua™Sasna.
Orter AccstuSarulis
Ciasa Hologhaggen
Orter Ararthoobeur e sas
Oviter Helophagabes.
Phpim Acubos
Chass Acguificans
Orsar Aguificsles
[ ——
{Continuad)
PLOSONE | DOE10.1 371/ journal pora 07119248 Agril 25, 2015 10760

@PI.OS | one

AHights Livesl Clacisificaton of AllLiving Opanims
Table 2. (Continesd)
[ERE——
Ot At intabis
Class Chitanamenidetes
Onder Chitonamenadibes
Class Fariramonacia
Ot Fartramonadabes
Py Buactensatatis
Clais Bactarsicia
Ot Bachartschaies
Class Cyochagia
s Cipphasyabes
Class Furvsbactinia
Ot Fureobiacturisbes
Class Sprngoeaciaria
Ontr Sphingotackrisies
Pirpian Calcbmirica
Class CakSsaricia
Onder CabSsrcaien
Prpin Crissrrpsare
Class Chlasydian
Ot Chlamychabes
Pirpium Crieresti
Claa Chioostni
Onter Chiosetsiaien
Clasa Ignavaciss
Ot It e
Firyum Creysiogenetics
Class Chrysicganatis
Oner Chrysicganabas.

Onter Chroscoceaiss
[y e—
Crter Caciatcrnsics
Crter Paaton-stsimristes
Orser Syranchesseilin
Tl it [ sbcbia ctircsphrpeiis]
Cter Clectacaraies
Firyurm Oufurtuactonss
Class Daterrittares
Crter Cuterricacturabis
Ftryuem Duirasczermas-Trara [= Ractactuna]
Class Daineesesd
Crter Duineessessdins
Crter T
Piopm Cicyaglomsi
Class Dietogiomia
Crter Dictyoxgormales
Pt Shoimicrstas
Contimad)
PLOSONE | D0E M1 37 jounal pona. 0115248 Apel 29, 2015 11760

Ruggiero et a/,2015
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Major Topics
!'_ In Practical Phylogeny

Theoretically Discussed Topics
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‘L 1. Mutation Rate

Rate of accumulation of mutations happens at
different rates in different genes.

This happens because the gene products (RNA or
protein) differ in how many changes they can
tolerate and still function.

DNA regions evolving at a very slow rate do not
contain much phylogenetic information, because the
sequences will not differ much, if at all, between
taxa.

If DNA regions are evolving very rapidly, then there
will be so man?/ l|33arallelisms and mutations that all
information will be lost (obliterated by too much
evolution).
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Mutation

Change in primary amino acid sequence =
defective protein/Sickle cell

rSmdcwimmmm
DNA CAC GTG GAC TGA GGA CTC CTC
sequencé GTG CAC CTG ACT CCT GAG GAG

soonea | valine = Histidine = Leucine — Threonine = Proline = Stamic | Gutamic

Normal
DNA CAC GTG GAC TGA GGA cBc crTC
sequencé GTG CAC cCTG ACT CCT GG GAG
e———

Amino acid | ,. : ;

Mutant Sickled red blood cells

The change in amino acid sequence causes hemoglobin molecules to crystallize when oxygen levels
in the blood are low. As a result, red blood cells sickle and get stuck in small blood vessels.
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‘L 2. Proteins revolution rate

= However, it has been

found that different rates | pates of amino acid replacement in
of DNA base replacements different proteins

due to accumulation of

mUtationS over tlme Protein Rate (mealll)::]il(;a:;ls;el:;s per site
(which result in amino Fibrinopeptides 53

acid replacements) exist Haemoglobins 10

for different genes, tsione 11 ot

species, etc.
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Proteins revolution rate

m Vv V V VY

Accumulation of mutations over time result in amino acid
replacements which exist for different genes, species,
etc.

The initial proposal saw the clock as a Poisson process
with a constant rate.

It is now known to be more complex - differences in
rates occur for:

Different sites in a molecule

Different genes

Different regions of genomes, and

Different different taxonomic groups for the same gene.

There seems to be no clear evidence for a universal
molecular clock.
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3. Molecular chronometers
An evolutionary clocks

+

H Vv v Vv 1

An evolutionary chronometer is a characteristic that is a
measure of evolutionary change.

Changes are:
Neutral

Occur randomly
Increase over time

Thus, sequenced informational macromolecules are the
most useful chronometers in molecular biology.

Sequences change very slowly over evolutionary time.
Choosing the Right Chronometer
Ribosomal RNAs as Evolutionary Chronometers
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Molecular clock

= The idea of a molecular clock was initially

suggested by Zuckerkandl and Pauling in
1962.

= They noted that rates of amino acid
replacements in animal hemoglobins were

roughly proportional to time - as judged
against the fossil record.

= However, it has been found that different
rates of DNA base replacements (Proteins
revolution rate).
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Molecular clock

Homologous structures are coded by
genes with a common origin

= These genes may mutate but 9@ 1ccatcacacTec
they still retain some common SCCATCAGAGTLCE
and ancestral DNA sequences. *
. . Deletion
= Genomic sequencing, computer @ 4 ccaTtcaGhAGTCC
software and systematics are 2 CCATCAGAGTCC
) :
able to |c_Ient|fy these molecular G A)Insertion
homologies. *
= The more closely related two P ——
organisms are, the more their S e o
DNA sequences will be alike.
= The colored boxes represent o v
DNA homologies. 1 CCAT___CA_AGTCC
2 CCATGTACAGAGTCC
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Molecular clock

Homologous structures are coded by
genes with a common origin

= The molecular clock hypothesis © 1ccarcacaaTce

states: Among closely related 2 CCATCAGAGTCC
species, a given gene usually \ _
evolves at reasonably constant A tinn
@ 1ccATCAGAGTCC
rate. 2 CCATCAGAGTCC
: P .

= These mutation events can be G T A)lnsertion
used to predict times of v
evolutionary divergence. o

1 CCATCAAGTCC

= Therefore, the protein encoded 2 CCATGTACAGAGTCC

by the gene accumulates amino v

acid replacements at a relatively @

1 CCAT__ _ER_ RO
constant rate.

2 CCATGTACAGAGTCC
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Molecular clock

Homologous structures are coded by
genes with a common origin

= The amino acid replacement for
hemoglobin has occurred at a
relatively constant rate over 500
million years.

= The slope of the line represents
the average rate of change in
the amino acid sequence of the
molecular clock.

= Different genes evolve at
different rates and there are
many other factors that can
affect the rate.

Amino acid differences

09 |

0.8
0.7

I

06 |-

0.5
0.4
0.3
0.2
01
0.0

|

e N

| | |

R

l
100

200 300 400
Time [Myr]

200
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i Molecular clock

= The rates of amino acid replacements in
animal hemoglobins were roughly
proportional to time.

The molecular' clock for alpha globm

Each point represents the number of substitutio nimal
frem humans

10
' hark
H shar
“5 807
=
"]
.g 60r] carp
L)
platypus —

[T
4 chicken
£
o
ol
E 20
=
=

0

Time to common ancestor (millions of years)
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Molecular clock

‘L Phylogenetics

= Based on molecular clock (Substitutions occur
with time).
= Phylogenies reflect evolutionary history.

= Development of DNA sequencing
technologies.

= Development of programs which compare
sequences, produce matrices and construct
phylogenies.

Neil Parkinson 371



Phylogenetic Trees
Molecular clock

+

Branches, clades and lineages reflect
evolutionary history and relatedness.

Can use databases for reference sets.

Based on alignment, takes account of
position.

Remarkably, 16S sequencing can identify the
majority of bacteria to species/genus level.

Neil Parkinson 372



i 4. Saturation

= Saturation is due to multiple changes at the
same site subsequent to lineage splitting.

= Most data will contain some fast evolving
sites which are potentially saturated (e.g. in
proteins, often DNA base position 3 in the
genetic code).

= In severe cases the data becomes essentially
random and all information about
relationships can be lost.
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i Multiple changes at the same site

Multiple changes at a single site -
hidden changes

seq 1 AGCGAG
seq 2 GCGGAC

Number of changes
1 2 3

SeqqlC —-G—T—A
Seq 2 C - A

1
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i Fast evolving sites

= Most data will contain
some fast evolving sites
which are potentially
saturated (e.g. in
proteins, often DNA
base position 3 in the
genetic code).

Unequal rates in different lineages may
cause problems for phylogenetic analysis

+ Felsenstein (1978) made a simple model phylogeny including
four taxa and a mixture of short and long branches

p p D
TRUE TREE q WRONG TREE
P~q
q q
C
C D

+ All methods are susceptible to “long branch” problems

+ Methods which do not assume that all sites change at the
same rate are generally better at recovering the true tree
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5. Homoplasy

= Homoplasy is similarity that is not homologous (not

= Homoplasy is the result of independent evolution:
1.
2.
3.

due to common ancestry).

Convergence,
Parallelism, and
Reversal.

/ ancestnr\)

homaology parallelism CONYergence

ancestar had initial —

had the feature that more distant
same led to later cormmon ——
feature similarity ancestar
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Homoplasy vs. Homology

= Homology: Common ancestry of two or more
character states. i.e. similarity of a trait in two or
more species indicates descent from a common
ancestor.

= Homoplasy: A collection of phenomena that leads
to simiBrities in character states for reasons other
than inheritance from a common ancestor (e.g.
convergence, parallelism, reversal).

= The commonest cause of homoplasy in morphological
traits is convergence, in DNA sequences mutation.

= Homoplasy is huge problem in morphology data sets!
But in molecular data sets, too!
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i Homoplasy

= Homoplasy can provide misleading evidence of
phylogenetic relationships (if mistakenly interpreted
as homology).

Homoplasy - misleading evidence of
phylogeny

* If misinterpreted as homology, the absence of tails
would be evidence for a wrong tree: grouping

humans with frogs and lizards with dogs

Lizard

Human g
TAIL
ﬁ — absent

Frog present
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i Convergent revolution

Evolution of similarities in unrelated groups of
organisms.

Adaptation for similar function may lead to novel
characteristics (homoplasies), which are similar,

although they are not inherited from a common

ancestor.

In some cases, such similarities may be superficial,
as in the wings of birds, bats, and insects.

In others, similarities can be so striking that it is
difficult to determine that the traits arose
independently and then later converged upon their
current form.
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Homoplasy
Incongruence or Incompatible

s Incongruence and

therefore hOmOplasy Incongruence or Incompatibility
can be common in o
molecular sequence By
d ata . Frog ﬂ Dog present
c . * These trees and characters are incongruent - both trees
[ | Th ere a re a I I m Ited cannot be correct, at least one is wrong and at least one

character must be homoplastic

an]|mber of aItern?tive
character states ( e.g. > TAIL
only A, G, Cand T in o =
DNA).

s Rates of evolution are
sometimes high.

Human Lizard
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Homoplasy
Independent evolution (reversal)

= Homoplasy is similarity that is not homologous.
= It is the result of independent evolution
(convergence, parallelism, reversal).

Homoplasy - reversal

* Reversals are evolutionary changes back to an
ancestral condition

* As with any homoplasy, reversals can provide
misleading evidence of relationships

True tree Wrong tree

12 F 8

THJ_%QJ ﬁg@j
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Homoplasy and Long Branches

= Sequence data are unambiguous, but you can't
detect convergence or parallelism by looking at the
sequences, you have to have a phylogeny.

= For instance, at the same site, there may be two
different transitions from A to T, but you can't
distinguish them from the data.

homology parallelism COnvergence analogy

e ancestnr\)
ancestor had initial —
hiad the feature that tnore distant hao knowh

sarme led to later comrmon —

COMmmaon
feature sirmilarity ancestor I

ancestor
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Molecular data and homoplasy

= Gene sequences represent character data.

= Characters are positions in the sequence (not all workers agree;
some say one gene is one character).

s Character states are the nucleotides in the sequence (or amino
acids in the case of proteins).

0841r : CCHENCE NN — — - - - - - - - — — — — — — — — — — — — —

0992r GGG GG G
3803r : GGG

4062r : GGG

3802r GGG

ph2f : GGG

CCTCCAATTTTTATTaq ttqcctactcctttggg acAGAGTTTTAGGAGAAATAAGTATGT

0

G : 272
G : 213
G : 305
G : 319
G
G
G

: 282
: 306

QOG0 nanw
OO0 nnw

Problems:
The probability that two nucleotides are the same just by chance mutation is 25%
what to do with insertions or deletions (which may themselves be characters)

homoplasy in sequences may cause alignment errors.

Tom Wilke 383



‘L 6. Gene Trees vs. Species Trees

= A gene tree is a phylogeny based on a single
gene; it is the evolutionary history of that
gene.

= A species tree (also called organismal
phylogeny) is the “true phylogeny” of the
group of taxa, or the evolutionary history of
the group.

= Gene trees and species trees are often
different, and gene trees are often different
from one another.
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Analyses

‘_L Phylogenetic Methods

= Understanding Tree
= Alignments

= Distances

= Clustering Methods
= Bootstrapping

= Likelihood Methods

= Parsimony
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Sequence Alighment

i Analyses

1. Choosing the sequence type

2. Alignment of sequence data

3. Search for the best tree

4. Evaluation of tree reproducibility




Choosing the sequence type

Assessing sequence quality
Chromas

= Assess sequence quality, make corrections into
the sequence

i 40 50 60 70
CTAGTACGGCCGCCAG TG T C TG G A2TTCGCCCTTAG 26 226G 4G 26 26 AGC AGCCCG TA

N tMl I

Kirsi Kostamo




Choosing the sequence type
i Assessing sequence quality

Chromas

s Reverse and compliment the sequence

= EXport sequences in plain text in Fasta,
EMBL, GenBank or GCG format

= Copy the sequences in plain text or Fasta
format into other software applications

Kirsi Kostamo



Choosing the sequence type

Assessing sequence quality
i Bioedit

= Joining different parts of a sequence together
(consensus seguence)

= Sequence alignments (manual vs. ClustalW)
= Alignments up to 20.000 sequences
= Export in GenBank, Fasta, or PHYLIP format

Kirsi Kostamo



Choosing the sequence type

Assessing sequence quality
Bioedit

is*’Bqudit Sequence Alignment Editor N D| ﬂ

File Edt Sequence Alignment View Accessory Application RMA  Waorld WideWeb Options Window Help

&0

j:-’ﬂ:"n.,cuxZ,S.hiu -|Oj:=

] IEﬂurierNew jl” j B 3ot sequences

: ide ™ Selection: ] Sequence Mask: None Stat
Hodz: ISeIect /Slde J Fuasitior: Numbering Mask: None uler at 1
- = 048 [ Az Sol LT &
g1 D1LD gl G\""’I E@%.ﬁﬁll?!i!“{ﬁ“@gﬁ RS @MIE ? speed slow 4 fast
[ Jf!f!l‘!?!‘YPYPlY‘YY|YYPYl‘Y‘Y‘YYYPlf‘!‘|YYYY'YP‘Y|YYYY|f!!‘|‘YYYlYPYY'YYYY|f!f‘||YYY‘YPYPlY‘YY|YYPYl‘Y‘Y‘YYYP'P‘Y"YYYY'YY‘Y'Y
= 10 20 30 40 30 &0 70 a0 a0 100 110 120

W CCNACTHNCEN T EErAGET TAA AGAGAGEETATATACTAT GEEACAGT GCAGC G AATTTGTGECATARACCATGETTTTAT GCCTATAGT TGTEEAAGCTETTTCGTTACCA
ER0Z-cox? se/@aCCeENNCCNCCCNCNENGEEEGAANCAAGNTAL AGAGAGEETATATACTATGEEACAGT GUAGC GAAATTTGT G UATAAACCATGETTT TATGC CTATAGT TETHEAAGCTGTTTCETTACCA
EE03-cox? se CTNNCCANCHTECGEAGNCANGETALLLGAGAGGETATATACTATGGEACAGET G AGCGAAATTTGTGGCATALACCATGSTTTTATGCCTATAGTTETGEALGCTGTTTCSTTACCA
EEDd-cox? se GEEGEENEETTNCGCCTGUGEAGCCATGTHALL CAGE ZEETAT A THC NN NGEACHGT GrAGC GA A AT T TET GG CATALL CCATGETTTTATGC CTATAGT TETGEALGCTGTTTCSTTACCA
EEDS-cox? se GUNCCHACCAACTECEENEECATGT TAAAGAGAGGETATATAC TAT GEACAGT GUAGC GALA T TTGT GG ATAAACCATGETTT TAT GO CTATAGT TETGEAAGCTGTTTCETTACCA
EED6-cox? se GENNHNNACALCTTOGETECANGTTALAGAGAGGETATATACTATGEACACTGCAGCGAAATTTGTGECATALACCATGETTTTATGCCTATAGTTGTEEAAGCTETTTCGTTACCA
EED7-cox? se G GLCCTHCCNNCT TG GEAGCCAGET AL A GAGAGEETAT AT ACTATGGGACAGTECAGCGAAATTT GTEGCATAALCCATGETTTTAT GCCTATAGTTGTEEAAGCTETTTCGTTACCA
EED8-cox? se CCHACTHNCENTEECAGET T AL AGAGAGEET AT ATACTAT GEEACAGTGCAGC GAAATTTGTGECATARACCATGETTTTAT GCCTATAGT TGTEEAAGCTETTTCETTACCA

EE09-cox? el GEEEECETCCNCCTGCEEAGCCANGT TALAGAGAGGENATNTNC TNTGGACAGT GCAGC GARATTTGTGECATAAACCATGET TTTATGCCTATAGT TETGEAAGCTGTITCETTACCA

Kirsi Kostamo




Used in phylogenetic reconstruction

i Sequence Alighment

= An alignment is an hypothesis of positional homology
between bases/Amino Acids.

1. Structural alignment: establishing similarities in the
3D structure of protein molecules.

2. Sequence alignment, in bioinformatics, arranging the
sequences of DNA, RNA, or protein to identify
similarities.

3. Alignment program, software used in sequence
alignment Engineering.

See also 16S ribosomal RNA 391



Multiple Sequence Alignment vs.
Pairwise Sequence Alighment

= Pairwise Sequence Alignment:

= It is used to identify regions of similarity that may
indicate functional, structural and/or evolutionary
relationships between two biological sequences
(protein or nucleic acid).

= Multiple sequence alignment:

= By contrast, multiple sequence alignment (MSA) is
the alignment of three or more biological sequences
of similar length.

= From the output of MSA applications, homology can
be inferred and the evolutionary relationship between
the sequences studied. 392



Used in phylogenetic reconstruction

‘_L Alignment programs

= Alignment program, software used in sequence
alignment Engineering. e.g. CLUSTAL, MUSCLE,
MAFFT and other programs should all do a fine job of
aligning 16S rRNA (or rDNA, the rRNA gene)
especially within one family or genus of of organisms.

s ClustalW2 is a general purpose DNA or protein

multiple sequence alignment program for three or
more sequences.

= For the alignment of two sequences please instead
use our pairwise sequence alignment tools. E.g.
EMBOSS Needle, PromoterWise; etc.
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Used in phylogenetic reconstruction

‘_L Alignment programs

= Finding similar nucleotide composition for
further analysis

= Manually: can take weeks
s ClustalW
s Check the alignment made by ClustalW

= You may have to go back to Chromas to
check the sequences once again.

Kirsi Kostamo 394



Used in phylogenetic reconstruction

‘_L Alignment programs

= Finding similar nucleotide composition for
further analysis

= Manually: can take weeks
s ClustalW
s Check the alignment made by ClustalW

= You may have to go back to Chromas to
check the sequences once again.
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Used in phylogenetic reconstruction

‘_L Alignment programs

= If you are aligning protein-coding sequences, please
note that CLUSTALW will not respect the codon
positions and may insert alignment gaps within
codons.

= For aligning cDNA or sequence data containing
codons, we recommend that you align the translated
protein sequences (see Aligning coding sequences via
protein sequences).

See also 16S ribosomal RNA 396



Alignment basics
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I. Holmes
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i Multiple Alignment Results

= The homologous portions of each alignment

were taken for tree-building.

gi|16271976_128895-128968 ———TCGGCGAGATAGGATTTGAACCTACGACCCACTGGTCCCAAACCAGT 47
gi| 15891923 1167246-1167319 ———TCGGGECGGAGAGATTCGAACTCCCGACCCTCTGGTCCCAAACCAGA 47
gi|16877868 960857-96133 TGETCGGGARGACAGGATTCGAACCTGEGACCCCATGGTCCCAARACCATG 54
gi|16124256_1830929-1831805 TGETCGGAGTGGCAGGATTTGAACCTGCGACCCCTGCGTCCCGAACGCAG 5A
gi|7525812_66490-66563 ———TAGGGATGACAGGATTTGAACCCGTGACATTTTGTACCCAAAACAAR 47
gi|11466763 _64220-64303 -——TAGGGATGACAGGATTTGAACCTGTGACATTTTGTACCCAAAACAAR 47
gi| 11465652 L4EBBO-4062 -——-TCGGGATAGCAGGATTTGAACCTGCGACATCCTGCTCCCAAAGCAGG 47
gi| 13449290 104457-184531 -——TCAAGGTGACAGGATTCGAACCTATGGCCCTCTGTACCCAAAACAGA 47
arabidopsis === AAGGTGGCAGGATTCGAACCTATGGCCCTCTGTACCCGAAACAGA 45
gi| 11465628 34675-34746 -——TCAAGATGGACAGATTTGAACTGACATTCCCTTGCACCCAAAGCAAG 47
gi|6226515_731-802 -——TCAGATAGGATAGACTCGAACTAACTAGGTCTTTCTCCCAAAGAAAG 47
gi| 17981852 15956-16824 -—ATCAGAGAAAAAGTCTTTAACTCCACCA-—-TTAGCACCCAAAGCTAR 45
humantrnapro ———TCAGAGAAAAAGTACTTGACTTTACCA-—-TCAGCGCCCAARAGCTAR 44
gi| 5835233 9983-99643 ———CAAGAGAAAAGARATTT--CTTTTTCA-——TTAATCCCCAAAATTAR 42
gi|5834884 1-5% 00— TCAGTAATARTATCT-—-TAGCAACCCAAATGCTA 32
gi| 5834953 1535815416 ———TCAAGARGAAGGAGCTACTCCCCACCA-—-CCAGCACCCAARAGCTGG 44
W XK
398
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Alighment

Alighment can be easy or difficult to
detect, depending on the situation

An alignment involves hypotheses of
positional homology between bases or
amino acids

A T (m=rmrmr e 1 0 A e e e S )
bl bl T et et (22222222-000000-111111-00000-111111-0000-22222222
Thermus ruber UCCGAUGC-UARAGA- CCGAAG=CUCARA=CUTUCEEG=EEGU=GCEUUGGEA
Th. thermophilus UCCCAUGU-GAAAGA-CCACGG=CUCAA=CCGUGG=GGGA=GCGUGEGA
E.coli UCAGAUGU-GARAUC-CCCGEG—CUCARA~CCUGGG=AACU=GCAUCUGA
Ancyst.nidulans UCUGUUGU-CAAAGC-GBUGGBEE=CUCAA=CCUCAU=ACAG=GCAAUGGA
B.subtilis UCUGAUGU-GARAGC-CCCCEE=CUCARA~CCGEEG—AGGEG=UCAUUGGA
Chl.aurantiacus UCGGCGCU-GAAAGC-GCCCCG=CUVAA=CGEEGGC=GAGG=CGBCGCCGEA
match *k &k Kk * kk kk ok %k

Alignment of 165 rRNA sequences from different bacteria
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Multiple Sequence Alighment

= The typical method uses Allgrment: dan ke Kosy ar
16S rRNA sequences: e

- GCGGCCCA TCAGGTAGTT GGTGG

pa rt Of the 305 Su bun|t_ GCGGCCCA TCAGGTAGTT GGTGG
GCGTTCCA TCAGCTGGTT GGTGG Easy

GCGTCCCA TCAGCTAGTT GGTGG

s Easy to sequence. GCGGCGCA TTAGCTAGTT GGTGA

khhkdkhkhkhhk hhkkdkhkhkhkhkkd dhkkkk

Difficult due
TTGACATG CCGGGG---A AACCG 49 insertions

TTGACATG CCGGTG--GT AAGCC :
TTGACATG -CTAGG---A Accce OF gleleﬂons
TTGACATG -CTAGEGAAC Accec  (indels)

TTGACATC -CTCTG---A ACGCG
khkkkkhhdk 2992209997 %hkkk

400



Protein sequences and DNA sequences

‘_L Sequence Similarity

= [wo protein sequences with more than 25 %
identity (over 100 amino acids ) are homologues.

= Two DNA sequences with more than 70 % identity
(over 100 nucleotides) are homologues.

= Homologous sequences have:
= A common ancestor (proteins and DNA)

= A similar 3D structure (proteins) @D

= Often a similar function (proteins) @
3D Fold

Spiegel,2007 401



Protein alignment

Protein Alignment may be guided
by Tertiary Structure Interactions

Escherichia coli Homo sapiens
DjlA protein DjlA protein

402



Why do we need alignment?

= To0 predict function of proteins or RNAs
= Complication: function evolves!
= To predict structure of proteins or RNAs
= a.k.a. “Homology Modelling”
= General ("X and Y have the same fold")
= Specific (comparative modeling)
= [0 identify conserved elements
= critical residues in proteins (active sites, binding pockets)
« functional domains in proteins
= protein-coding genes in genomes (“Comparative genomics”)
= [0 study molecular evolution

In essence, “alignment” is the basic operation of comparing
sequences to see if & how they are related.

I. Holmes 403



‘L How to align

Phylogenetic tree was developed by comparing
molecular sequences:

Align and compare homologous sequences.

Number of positions that differ can be
determined:(calculate a measure of difference
between the sequences) = evolutionary distance
(ED)

Examine all possible branching arrangements and
arrange to best fit the data.

Organisms are clustered together based on similarity
of sequences.
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How to make alignments?

i Multiple Sequence Alighment Methods

= Visual inspection
= dotplots
= Manual editing
= alignment editors
= Automated methods
= Scoring schemes
= dynamic programming algorithms

I. Holmes 405



i How to align

= Alignments can be global or local.

= BLAST calculates local alignments, for
databank searches and to find pairwise
similarities local alignments are
preferred.

Peter Gogarten 406



BLAST

Basic Local Alignment Search Tool

= BLAST is a tool for comparing one sequence
with all the other sequences in a database.

s BLAST can compare:
= DNA sequences
= Protein sequences

= BLAST is more accurate for comparing protein
sequences than for comparing DNA
sequences.

Spiegel,2007 407



BLAST
i Basic Local Alignment Search Tool

s BLAST makes local alignments
= It only aligns what can be aligned
= It ignores the rest

s BLAST is very fast

= You need only a few minutes to search Swiss-Prot
on a standard PC

= Many BLAST flavors are available for a variety
of tasks.

Spiegel,2007 408



BLAST
i Basic Local Alignment Search Tool

1. BLASTIng a Protein Sequence
2. BLASTIing DNA Sequences

409



BLASTIng a Protein Sequence
blastp & blastn

Choosing the right BLAST flavor for proteins
What you want The right flavor

| want to find something about the function blastp, to compare your protein

of my protein. ] with other proteins contained in
databases.

| want to discover new genes encoding simple tblastn, to compare your protein

proteins with DNA sequences translated
into their six possible reading
frames (3 on each strand).

Spiegel,2007 410



BLASTIng a Protein Sequence
Heat shock Protein (HSP90)
blastp

= With the HSP90 sequence in

g o Name Score Evalue
ha n d We u Sed B | a Stp to fl n d 304882 haeat shock S0kDa protein 1, alpha [Homo sapiens] N... 1247 0.0
h I 352285 heat shock protein 1, alpha [Mus musculus] NP_D346. .. Bas 0.0
Omo Ogous seq uences TE1872 heat shock protein 86 [Rattus norvegicus] NP_T8683... B25 0.0
- - 341483 heat shock protein 804 [Cricetulus griseus] AAAIGS. . B7 0.0
| We We re SU rp rlsed to fl nd a Iot B08431 heat shock protein 80 - chicken 8186 0.0
605432 heat shock protein 84 - mouse 725 0.0
Of homOIOgous Sequences 445511 (QSWEKE) Heat shock protein hspS0 bata [Salmo sala. . 731 0.0
1 |' k 458017 heat shock protein hsp80 [Oncorhynchus tshawytscha... 730 0.0
across many SpeCIeS I e 448434 heat shock protein hspS0beta [Danio reric] AAC2158... 129 0.0
H Ch 1 k P M 361888 heat sheck protain 80 [Rattus sp.] AAB23368.1 [S45... 724 0.0
uma ns’ IC en’ Ig’ Ouse’ 460507 haat shock protain S0 [Plaurodeles waltl] AAASD343 718 0.0
Horse’ F |Sh’ CO ra Il fru |t ﬂy, T3IAG04 80-kDa heat shock protein [Bombyx mori] BAB41208.4... 712 0.0
. 146263 Haat shock protein B3 CG1242-PA [Drosophila melana... 888 0.0
mosq u |t0, nematOd e,& even 755572 heat shack protein 30 [Dendronephthya klunzinger)... 862 0.0
. . 0 226533 (P33128)Heat shock protein 82 [Oryza sativa (Rice)] 812 e 174
Cro ps I I ke rl Ce, m a |Ze & tO ba CCO . 1888761 heat shock protein 82 - commen tobacco (fragment) 812 a-174
. 252633 heat shock protein [Arabidopsis thaliana] CAATZ513... B00 a 170
n The f| rst 100 matCheS had e- 236351 (QEXGF1) HSPBO-2 [Triticum aestivum (Wheat)) 528 e-168
. 283559 (QOB27T) Heat shock protein B2 [Zea mays (Maize)] 583 a-168
Values ranglng from 0 to e_ 1 53, 152674 haat shock protein 86 [Plasmodium falciparum] AAAG. . 561 a-167
* * t 1855880 (QBLLIB) Heat shack protein HspS0 [Achlya ambisex... 579 a-184
SO they We re Ve ry S rong 245812 haat shock protein 80 [Lycopersicon esculentum] AA . a4 a-153

matches indicating a high
degree of conservation of the

protein through evolution. 411



‘L Running blast

= Choose one of the public servers
= NCBI www.ncbi.nlm.nih.gov/blast
= EBI www.ebi.ac.uk/blast
= EMBNet www.expasy.ch/blast

= Select a database to search:
= NR to find any protein sequence
= Swiss-Prot to find proteins with known functions
= PDB to find proteins with known structures

= Cut and paste your sequence
s Click the BLAST button

Spiegel,2007 412



‘L Reading BLAST Output

= Graphic Display
= Overview of the
alignments

= Hit List

= Gives the score of each

match

= Alignments

= Details of each alignment

=
Mo in o Wed Souads

T

s v v

Distribudingg of 310 Blast Hits un the Query Sequ

Tver = Faot GAL.ime AL SUICes. iics to Ol

aoigmnects

Ealor Koy for Nibgnmars Socros

Sod FIERAPEERYRLD FORSTR AL
PR INARERYRARGTTITE

STCCLETS VRICTIITC T
LEELLTVE VK,

T AL AR

o
mra T e

T

Spiegel,2007
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The Graphic Display

= The Horizontal Axis (0-700)
corresponds to your protein B

(querY)' Color key for alignment scores

<40 40-50 50-80 20-200 *>=200

Distribution of 297 Blast Hits on the Querv Sequence

1
0 100 200 300 400 500 600

m Color codes indicate that
match’s quality

= Red: very good
= Green: acceptable
= Black: bad

= Thin lines join independent
matches on the same
sequence.

Spiegel,2007 414



‘L The Hit List

Sequence accession humber

= Depends on the database
Description

= Taken from the database
Bit score

= High bit score = good match
E-Value

= Low E-value = good match
Links

= Genome

= Uniref, database of transcripts

Distance tree of results ™% Related Structures

Sequences producing significant alignments:

ref|X 161 . PREDICTED: hypothetical protein [Pan troglodyte

PREDICTED: similar to nucleolin [Macaca mula
Nucleolin >dbj |BAE00345.1| unnamed prote...

2.2 nucleolin [Homo sapiens] >sp|P19338|NUCL_HUM...
26 |NUCL _PONFY Nucleolin >emb|CAH89631.1| hypothetical
9954.1 nucleolin
unnamed protelin product [Homo sapienas)
PREDICTED: similar to nucleolin-related prot...
nmacleolin-related protein [Rattus norvegicus...
PREDICTED: similar to nucleolin-related prot...
PREDICTED: similar to nucleolin-related prot...

PREDICTED: similar to nucleolin-related prot...
U HNucleolin (Protein C23)

nucleolin [Rattus norvegicus] >sp|P13383|NUC...
Nucleolin [Rattus norvegicus]
PREDICTED: similar to nucleolin-related prot...

nucleolin, C23
nucleolin — rat

.1 unnamed protein product [Mus musculus]
Nucleolin [Mus muasculus]
nucleolin [Mus musculus] »>sp|P02405|NUCL_MCU...
unnamed protein product [Mus musculus]
unnamed protein product [Mu=s musculus]
unnamed protein product [Mus musculus] >dbj|B...

unnamed protein product [Mus musculus]

Score
(Bits)

E
Value
0.0 E
0.0 [E
0.0
0.0 [
0.0
0.0 E
0.0
0.0 [E
0.0 [E
0.0 E
0.0 E
0.0 E
0.0
0.0 [
0.0 [E
0.0 E
0.0
0.0
0.0 [E
2e-179 EE
2e-173 E
4e-173 L'E
4e-173 EE
S5e-17% EE
3e-178 EE

Spiegel,2007

415




Partial 16S rDNA sequence alighment

Xanthomonas and Stenotrophomonas spp.

= Partial 16S rDNA sequence alignment of 13 Xanthomonas- and Stenotrophomonas type-
strains and seven X. frans/ucens pv. graminis (X.t.g.) isolates.

= Shading indicates sequence differences to the X.t.g. type-strain.
= Bars mark the diagnostic PCR primer site characteristic for the X.t.g. group.
= Numbers on top denote position in the £. coli reference sequence.

bromi
cassavas

sacchari
albillineans
hyacinthli
melonis
translucens
translucens
. translucens
.E.g. 25
translucens
3

10

1z

21

23

29

O

LU
R e Rl

.Oryzae pv. oryzae
campestrils pv.

pv.
Pv.
pv.

pv.

Stenctrophomeonas maltophliia

campestrils

translucens

poae
arrhenatheri

graminis

5B

CAAGTCGAACGGCAGCACAG-GACGAGCTTGCTCT - CTGEETGECGAGTGE
CRAAGTCGMRCGGCAGCACAGTARGARCTTKCTCTTATGGETGGCGAGTGE
CRAAGTCGAACGGCAGCACAGTARGAGCTTGCTCTTATGGETGECGAGTGE
CRAGTCGAACGGCAGCACAGTARCGAGCTTGCT CTTATGGETGEIGAGTGE
CRAGTCGARCGGCAGCACAGTARCACCTTCCTCTTATGEETGECGAGTGS
CAAGTCGAMCGGCAGCACAG-GAGAGCTTGCTCT - CTGEGTGECGAGTGG
CRAGTCGAACGGCAGCACAGTGGTAGCARATACC - -ATGECTGECGAGTGSE
CRAAGTCGARCGGCAGCACAGTGGTAGCAATGCC - -ATGEETGECGAGTGE
CRAGTCGRACGGCAGCACAGTGGTAGCAATACC - - ATGEETGECGAGTGE
CRAGTCGAACGGCAGCACAGTGGTAGCARTACC - -ATGEETGECGAGTGSE
CRAGTCGAACGGCAGCACAGTGGTAGCAATACC - -ATGEETGECGAGTGE
CRAGTCGAACGGCAGCACAGTGGTAGCARATACC - -ATGEETGEOGAGTGE
CAAGTCGAACGGCAGCACAGTGGTAGCAATACC - - ATGEETGEOGAGTGE
CRAGTCGRACGGCAGCACAGTGGTAGCAATACC - - ATGEETGECGAGTGE
CRAAGTCGARACGGCAGCACAGTGGTAGCAATACC - -ATGEETGECGAGTGE
CRAGTCGRACGGCAGCACAGTGGTAGCAATACC - - ATGEETGECGAGTGE
CRAGTCGAACGGCAGCACAGTGGTAGCARTACC - -ATGEETGECGAGTGSE
CAAGTCGAACGGCAGCACAGTGGTAGCAATACC - - ATGGETGECGAGTGG
CRAGTCGAACGGCAGCACAGTGGTAGCARATACC - -ATGECTGECGAGTGE
CAAGTCGAACGGCAGCACAGTGGTAGCAATACC - -ATGEETGECGAGTGE

145

Kolliker et a/.,2006
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Sequencing and alignment of
i partial 16S rRNA region

Phylogenic tree

= Each bacterial sequence was subjected
to software analysis (www.ebi.ac.uk
and http://itol.embl.de/) to draw
phylogenic tree.
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Sequencing and alignment of
partial 16S rRNA region

Comparison of the 16SrRNA sequences

+

Comparisons of the sequence between different
species suggest the degree to which they are related
to each other.

Differences in the DNA base sequences between
different organisms can be determined quantitatively,
such that a phylogenetic tree can be constructed to
illustrate probable evolutionary relatedness between
the organisms.

As the 16SrRNA is so highly conserved organisms
are classified as separate species if:

their sequences show less than 98% homology, and

are classified as different genera if their sequences
show less than 93% identity.
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Sequence alighnment

Gyrase sequence data for Xanthomonas sp.

0.1
X-camp pv musacearum W2616
X-Ccamyp pv musacearum 392224
u G-}(r ase sequence data for x-camp pv musacearum NCPPB2005
X-camp pv mmsacearmm W9G13
Xanthomonas SP. X-camp pv mmsacearmm W9G24
. . x-vas. pv vascolurum NCPPBEED
= Sequences increasingly x-vas. pv vascolurum NCPPB206
. x-vas. pv vascolurum NCPPBE2S
available on GeneBank X-vas. pv vascolurum NCPPB702
. X-C v msacearum W9623
* Provides pathovar level -camp pv musacearum CABI392066
differentiation X-camyp pv musacearum 014 LTTW/05
o | ¥-CAmP PV musacearum 302223
1% X-camp pv musacearum KY44
06%

_I x-vas. pv holcicola NCPPB2417
x-vas. pv holcicola NCPPB1060
X-0ry pv oryzae —AY055110
0% — x-camp-vascatoria 85-10
L— X axono. pv citri
*. aboricola pv celebensis NCPPB1832

100% | % camp. pvcampestris NCPPB528
X. camp. pv campestris 33913
X camp. pv campestris 8004

Streptomvees roseochromogenss subs. oscitans

100%] 1

Julian Smith 419



Identification of Enterobacter spp.
Based on sequence analysis of different regions
of the 16S rRNA gene

= Neighbor-joining analysis of DNA
sequences from several ———
E n t er Oba Ct er S p p L] LMayo 1016, Enterobacter cloacae

ATCC 23216T, Leclercia adecarboxylata

= Phylogenetic analysis was based [ 206079, Enterobacterdissalvens
on full 16S rRNA gene

ATCC 51113T, Citrobacter braakii
— AB004750, Enterobacter aerogenes

sequences, and the scale reflects O AB06a747, Enterobacter ntermedius
relative phylogenetic distance. —E?Iml;?z;,:izr;::;i':;:::;;r::'"s

L ATCC 33072T, Enterobacter amnigenus

= Isolates with names beginning s L oot e M
with Mayo were evaluated in this ATCC 39955T. Entoraaeter asbrise

St u d Mayo 1109, Enterobacter cloacae
y . = Mayo 1026, Enterobacter cloacae

o o o — ABO004748, Enterobacter gergoviae
" ISO I ates Wlth n a m es beg I n n I n g il fg%g?:&te:rngz!rrg::‘l::r sakazakii
Wlth a Ccess I O n n u m be rs We re Mayo 1108, Enterobacter cllga%g; VIDT: Cectarielia cok
retrieved from GenBank. el e ol oo

ATCC 49162T, Enterobacter hormaechei

= The remaining isolates, whose
names begin with ATCC
numbers, were type strains
stored in the MicroSeq database.

Tang et al., 1998 420



i The E-Values

E-value means expectation value.

The E-value is the measure most commonly used for
estimating sequence similarity.

How many times is a match at least as good expected to
happen by chance?

= This estimate is based on the similarity measure.

If @ match is highly unexpected, it probably results from
something other than chance

= Common origin is the most likely explanation.
= This is how homology is inferred.

Spiegel,2007 421



i Which Value for Your E-Values ?

= Low E-value < good hit
= 1 = bade-Value
= 10¢3 = borderline E-value
=« 104 = good E-value
= 10¢10 = very good E-value

= E-values lower than 10¢* indicate possible
homology.

= E-values higher than 108 require extra evidence to
support homology.

Spiegel,2007 422



Why Use E-Values?

= E-values make it possible to compare alignment of
different lengths.

= E-values are used by most sequence comparison
programs:
= PSI-BLAST
= Domain Search
= FASTA
= E-values always have the same meaning
= You can compare the output of different programs

Spiegel,2007 423



Structural Analysis with BLAST

What you need The BLAST way

Predicting a Protein 3D structure Use blastp to BLAST your protein against
PDB (the database of protein structure). If you
get a good hit, (more than 25% identity), then
you know that your protein and this good hit
have a similar 3D structure.

The complicated alternative is to do
homology modeling, Xray or NMR analysis of
your protein.
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Gathering Members of a
Protein Family

What you need The BLAST way

Finding a protein family members Use blastp (or its more powerful cousin Psi-
BLAST) and run it on NR the non-redundant
protein family. Once you have all the
members of the family, you can make a
multiple sequence alignment (see Chapter 11)
and draw a phylogenic tree.

The Complicated alternative is to use PCR for
Clonning your sequences

Spiegel,2007 425



i BLASTing DNA Sequence

= The BLAST program you need depends on your DNA
sequence:
= Coding DNA
= Non Coding DNA

= BLASTing DNA sequences is less accurate than
BLASTIng protein sequences.

= If your sequence is coding, blastx and tblastx will
translate it for you on its 6 possible reading frames.

Spiegel,2007 426



Asking the Right Question
i with BLAST

Choosing the right flavor of BLAST for DNA

Question Answer

Am | interested in non-coding DNA? Yes: use blastn. Never forget that blastn is only

for closely related DNA sequences (more than 70
percent identical)

Do | want to discover new Proteins? Yes: use tblastx.

Do | want to discover proteins encoded  Yes: use blastx
in my query DNA sequence?

Am | unsure of the quality of my DNA? Yes: use blastx if you suspect your DNA

sequence is coding for a protein but that it may
contain sequencing errors.

Spiegel,2007 427



i Gene-Hunting with BLAST

What you need The BLAST way

Finding genes in a genome Cut your genome sequence in little (2-5kb)
overlapping sequences. Use blastx to BLAST
each piece of genome against NR (the Non
Redundant Protein database). This works
better if you have no introns (bacteria).

The complicated alternative is to run a gene
prediction software.

Spiegel,2007 428



‘L 4. Phylogenetic Trees

= In phylogenetic studies, the most
convenient way of presenting
evolutionary relationships among a
group of organisms is the phylogenetic
tree.

Tom Wilke 429



Phylogenetic Trees
How to construct a tree with UPGMA?

= Prepare a distance matrix

= Repeat step 1 and step 2 until there are only two
clusters

s Step 1:
= Cluster a pair of leaves (taxa) by shortest distance
= Step 2:

= Recalculate a new average distance with the new
cluster and other taxa, and maka new distance
matrix

430



Phylogenetic Trees

Alighment and drawing the tree based on
distance matrices(UPGMA and NJ)

Phylogenies based on distance matrices
UPGMA and NJ
X A atgaccccg
Multiple| 8 atgacccca
sequence| ¢ atgacgtct
i D atgacgcgt
a“gnment E ttgttcaat
S
Evolutionary| B 1 © Jukes-Cantor correction
. C330
distance| 3 3 5 ¢
matrix| E 6 6 6 6 0
ABCDE
1 Cluster: UPGMA, Neighbor Joining
—
: B
Phylogenetic L ——C
tree D
E

Dutlih,2016 431



Phylogenetic Trees

Phylogenies explain genealogical relationships

Paternal Great-Great-
Grandfather/Great-
Great-Grandmother

Maternal Great-
Great-Grandfather/
Great-Great-
Grandmother

[

Paternal Great-
Grandfather/Great-
Grandmother

Matermal Great-
Grandfather/Great-
Grandmother

)

Paternal Grandfather/
Grandmother

F——
Maternal Grandfather/
Grandmother

—
| 1

Father

Brother

Laura Emery




Phylogenetic Trees
Tree Terminology

= Leaves(taxa): current organisms, species, or genomic
sequence.

= Node: A branch point in a tree (a presumed ancestral OTU).

= Branch: Relationship between organisms, species, or genomic
sequence. Defines the relationship between the taxa in terms of
descent and ancestry.

= Topology: The branching patterns of the tree.

= Branch length (scaled trees only): Represents the number of
changes that have occurred in the branch. Evolutionary time.

= Root: The common ancestor of all taxa. Origin of evolution.

= Clade: A group of two or more taxa or DNA sequences that
includes both their common ancestor and all their descendents.

= Operational Taxonomic Unit (OTU): Taxonomic level of
sampling selected by the user to be used in a study, such as
individuals, populations, species, genera, or bacterial strains.

Tom Wilke;.. 433



Phylogenetic Trees

Phylogenies explain genealogical relationships

| —

Topology (branching order)
2. Branch lengths (indication of genetic change)

3. Nodes

. Tips (sampled sequences known as taxa)
i. — Internal nodes (hypothetical ancestors)
i. Root (oldest point on the tree)

4. Confidence (bootstraps/probabilities)

Laura Emery 434



Phylogenetic Trees

Tree Terminology

Tree Terminology

Operational taxonomic

Internal nodes

e

Foot

L

Branches

units (OTLY / Taxa

/

Terminal nodes

} Sisters

Falytomy

|__|'nml:nm:n-

Han Chuan Ong
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Phylogenetic Trees

Topology

Three types of nodes

tips
internal nodes

7

root
* Nodes occur at the ends of branches

* There are three types of nodes:

Tips (sampled sequences known as taxa)
Internal nodes (hypothetical ancestors)

Root (cldest point on the tree)

Branch
Node\‘ E]::-eclesA} Clade
ies B
Root SeciesB
\‘ JeciesC
o SeciesD
JeciesE

Tom Wilke; Laura Emery
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Phylogenetic Trees
Topology
i Branching Order

= The topology describes the branching structure of the
tree, which indicate patterns of relatedness.

= Thatis, it shows which species share more common
ancestry than which others.

D7G
These trees
: display the
same topology
/

These trees A B C c A B A B C
display
different

\ topologies )

Laura Emery 437




Phylogenetic Trees

Topology
Trees can be represented in several forms

Rectangular cladogram

Fungl

Plats Slanted cladogram

Cillates

Flagollates
Trichomonads

Microsporndia
Diplomonads

Han Chuan Ong
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Trees can be unrooted or rooted

‘_L Phylogenetic Trees

s Rooted trees: Has a root that denotes
common ancestry.

= Unrooted trees: Only specifies the
degree of kinship among taxa but not
the evolutionary path.

Han Chuan Ong 439
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Phylogenetic Trees
Trees can be unrooted or rooted

Unrooted tree

Rooted tree
A C

Roo

Roo

D

Tom Wilke
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Phylogenetic Trees

There are multiple rooted tree topologies
for any given unrooted tree

Unrooted trees can
be rooted on their:

* branches @

* interior nodes
. *
* terminal nodes
L

Most tree-building
methods produce
unrooted trees

Identifying the correct
root is often critical for
interpretation!

Laura Emery 441



Phylogenetic Trees
How to root a tree

Midpoint rooting

Assume constant

evolutionary rate
Often not the case!

Outgroup rooting =

The outgroup is one or =)

more taxa that are known
to have diverged prior to
the group being studied A
The node where the

outgroup lineage joins the
other taxa is the root

Midpoint rooted

O
Unrooted o & _Lgo

B
\ Recommended J/

Laura Emery
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Root Question

‘L Phylogenetic Trees

= This tree shows a cladogram i.e. the branch lengths
do not indicate genetic change.

= Indicate any root positions where bird and crocodile
are not sister taxa (each other's closest relatives).

Root Q uestion Pleurodire Turtle

Cryptodire Turtle

Squamate

Tuatara q-,\tb /Ldl_b‘j_'—l
)
Bird

Laura Emery 443
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Phylogenetic Trees

Rooting via outgroups

In cladistics or
phylogenetics,

an outgroup is a group of
organisms that serve as a
reference group when
determining

the evolutionary relationship
among three or more
monophyletic groups of
organisms.

The outgroup is used as a
point of comparison for the
Ingroup.

Trees are rooted by the
choice of outgroup.

Rooting using an outgroup

archaea
eukaryote

h
i Unrooted tree

eukaryote

eukaryote

eukaryote

Rooted
by outgroup

bacteria outgroup

archaea
archaea
_: archaea

eukaryote

Monophyletic group

Monophyletic
group

eukaryote

root

eukaryote
eukaryote

The red circle represents the root of tree.
Monophyletic groups (clades): Contain
species which are more closely related to
each other than to any outside of the group.
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Possible evolutionary trees

i Phylogenetic Trees

= As the number of taxa increases, the
number of possible trees explodes.

Number of taxa Number of possible binary trees
3 1

4 15

10 34 455 425

20 8 200 724 532 637 891 559 375
500 1.0084917894 = 101

Hoekstra, 2005 445



Phylogenetic Trees
Possible evolutionary trees

Taxa rooted unrooted

(n) (2m-3)1/(2-2(r-2)") (2mr-5)1/(2r-3(n-3)!)

2 1 1

3 3

4 15 3

5 105 15

6 954 105

7 10,395 954

8 135,135 10,395

9 2,027,025 135,135
10 34,459,425 2,027,025

Tom Wilke 446



Phylogenetic Trees
How many trees can we build?

Table 6.1.1 Number of Unrooted and Rooted Trees for
2 to 10 Sequences
N6, o sequences No. of 'unfoolcd No. of‘r‘o‘olcd
trees trees
2 ] J
3 1 3
4 3 15
5 15 105
6 105 945
945 10,395
10,395 135,135
135,135 2,027,025
10 20271025 34,459,425

20 sequences = 8,200,794,532,637,891,559,000 possible trees.
For high number of sequences (typically >15) no guarantee to find best tree.

De La Fuente, 2009 447



Phylogenetic Trees

Ingroup vs. outgroup
Choice of outgroup

= The outgroup should be a
taxon known to be less
closely related to the rest of

the taxa (ingroups). Noge ~ Branch
= The best outg_ro_ups satisfy - S\ & bbielor
two characteristics: \\ o [ Smmihs |
1. They must not be members T Sma OO
of the ingroup. o B

J

2. They must be related to the
ingroup, close enough for

Abbeiebul | Outgroup

meaningful comparisons to
the ingroup.

Kirsi Kostamo:.. 448



Phylogenetic interpretation skill set

i Interpreting phylogenetic tress

1. Tree-thinking skills
= relatedness, confidence,[homolog;]

2. Knowledge of phylogenetic methods and their
limitations

3. Knowledge of biological processes affecting
sequence evolution

gene dupllcatlor] recombination, horizontal gene
transfer, population genetic processes, and many

more!

+.  Knowledge of the data you wish to interpret

Laura Emery



Interpreting phylogenetic tress

Phylogenetic interpretation skill set
Homology is similarity due to shared ancestry

Example: limbs and wings

Bat Mouse Bird Crocodile
Limbs are homologous ‘ | \
they share a common
ancestor Forelimbs
evolved
Wings are not homologous into wings

they are an analogous as _|_,.-0ur ——
they have evolved evolved
similarity independently

hiomology parallelism CONvergence analogy
[ ] [ |
/ ancestor
ancestor had initial —
had the feature that rnore distant ho known
same led to later common —— COmman
feature similarity ancestor I ancestor

Homology, parallelism, convergence and analogy

Laura Emery
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‘L Interpreting phylogenetic tress

= It is very important to understand what

phylogenetic trees do, and do naot,
mean.

= [he trees provide two kinds of
information:

1. Branching order
2. Branch length

451



Scaled trees and Unscaled trees

i Phylogenetic Trees

= Scaled trees: Branch lengths are proportional
to the number of nucleotide/amino acid
changes that occurred on that branch
(usually a scale is included).

= Unscaled trees: Branch lengths are not
proportional to the number of
nucleotide/amino acid changes (usually used
to illustrate evolutionary relationships only).

Han Chuan Ong 452



Phylogenetic Trees
Scaled trees and Unscaled trees

= Trees can be or unscaled (with or without branch lengths):

Tom Wilke 453



Phylogenetic concepts

Interpreting a Phylogeny
How to read the tree

How to read the tree?

Start at the base and follow
rat The progression of the branch
points (nodes)

Irit Orr 454



Phylogenetic concepts
Interpreting a Phylogeny

Sequence A

\ Sequence B

« Physical position in tree
Sequence C

is not meaningful

» Swiveling can only be
done at the nodes

* Only tree structure
maftters

Sequence D

Seq}LenceE
GEARRITAIG,
ﬁPreseut ?

Time .

Han Chuan Ong 455



i Interpreting a phylogeny

0.1 sub/site
———

Must root for evolutionary
history.

Can rotate free nodes.

Added branch length=
% sequence identity

Branch length =Sequence divergence.

Ordered

Evolutionary

History

Also comparative rate of substitution/evolution

Neil Parkinson

456



Phylogenetic Trees

Scale bar and Branch length

Scale bars, or branch lengths correspond to "the mean number of
nucleotide substitutions per site” on the respective branch

= Most of the time, the numbers at the nodes of a tree
are the percent values supporting the nodes.

= For example, when 90% is placed at the node of a
clade (cluster, or group), it means that 90% of the
tested tree replicates (or approaches) support the
presence of this clade.

= A higher number means better statistical support to
that particular clade (therefore, is better).

457



Phylogenetic Trees

Scale bar and Branch length

Scale bars, or branch lengths correspond to "the mean number of
nucleotide substitutions per site” on the respective branch

= There are several methods to get these values.

= One popular method is the bootstrapping analysis, in
which replicates (e.g., 1000 replicates) of a dataset
are analyzed to get "bootstrapping supporting
values/proportions".

= Bootstrapping analysis can be used in all analysis,
such as:

1. maximum likelihood (ML),
2. minimum distance (MD), and
3. maximum parsimony (MP).

458



Phylogenetic Trees

Scale bar and Branch length

Scale bars, or branch lengths correspond to "the mean number of
nucleotide substitutions per site” on the respective branch

= Sometimes, people may also label their trees with
branch lengths.

= By the way, almost all trees also have a single scale
bar representing the amount of substitutions (nt or

aa).

459



Phylogenetic Trees
Scale bar and Branch length

Scale bars, or branch lengths correspond to "the mean number of
nucleotide substitutions per site” on the respective branch

= Branch lengths indicate genetic change i.e. the longer
the branch, the more genetic change (or divergence)
has occurred.

= Typically we measure the extent of genetic change
by estimating the average number of nucleotide or
protein substitutions per site.

Human ATGTTGACTC
Mouse ATGCTGACTC

Simple sequence alighment
There is one site that is different between the two
sequences, and we could say that based upon this tiny
sample there are 1/10 = 0.1 substitutions per site.
460



Phylogenetic Trees

Scale bar and Branch length

Scale bars, or branch lengths correspond to "the mean number of

nucleotide substitutions per site” on the respective branch

= Branch lengths indicate genetic change i.e. the longer
the branch, the more genetic change (or divergence)

has occurred.

= Typically we measure the extent of genetic change
by estimating the average number of nucleotide or

protein substitutions per site.

0.5

Scale bars, or branch lengths

These are alternative representations of the

same phylogeny.
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Phylogenetic Trees

Scale bar and Branch length

Scale bars, or branch lengths correspond to "the mean number of
nucleotide substitutions per site” on the respective branch

= Scale bar:
= A scale bar can represent branch lengths.

= The "scale bar" is a reference, basically a ruler,
allowing someone viewing the tree to measure the
lengths of the branches in the tree, and to compare
different trees.

= [ypically, the scale bar line represents an
evolutionary distance of 0.10 or 0.05.

= The scale bar represents the number of substitution
per 100 sites for unit branch length.
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Phylogenetic Trees
Scale bar and Branch length

Scale bars, or branch lengths correspond to "the mean number of
nucleotide substitutions per site” on the respective branch

+

Branch length:

Branch lengths indicate genetic change i.e. the longer
the branch, the more genetic change (or divergence)
has occurred.

The units of branch length are usually nucleotide
substitutions per site — that is the number of changes
or 'substitutions' divided by the length of the
sequence (although they may be given as % change,
i.e., the number of changes per 100 nucleotide sites).

In many phylogenetic tree schemes branch length
contains no information at all.
463



Algorithms for phylogenetic

reconstruction
Methods in Phylogenetic Reconstruction

= Phylogenetic tree building (or inference) methods
such as distance, max. likelihood, and max.
parsimony);

= Post- phylogenetic informations (such as
molecular clocks and selection), and

= Useful subsidiary statistical techniques (such as
bootstrapping and likelihood ratio test).

464



‘L Definitions

Maximum parsimony: states that says when
considering multiple explanations for an observation,
one should first investigate the simplest explanation
that is consistent with the facts.

The principle that things should be kept as simple as
possible.

Try all possible trees and choose those that are
simplest, those that imply the fewest changes in
characters.

Character state: The specific value taken by a
character in a specific taxon.

The best tree is the one with the fewest changes in
character states and the least convergence.

Hoekstra-Chap13,2005 465



i Definitions

= Maximum likelihood: states that when considering
multiple phylogenetic hypotheses, one should take
into account the one that reflects the most likely
sequence of evolutionary events given certain rules
about how DNA changes over time.

= The best tree is the one with the highest
probability— the greatest likelihood.

= Bayesian inference: A statistical method that first
establishes a basic expectation (the prior probability),
and then estimates the likelihood of observing the
data given that expectation (the posterior
probability).

Hoekstra-Chap13,2005 466



Methods in Phylogenetic
Reconstruction

J Distance

J Maximum Parsimony

J Maximum Likelihood

EEVESIEN

* All algorithms are calculated using available software,

Han Chuan Ong 467



Phylogenetics

Popular methods for inferring phylogenetic trees

" W N

Once a DNA sequence is obtained for the 16S rRNA gene,
several computer algorithms can be used to estimate the
evolutionary distance between the unknown sequence and
all others present in a database (e.g.
http://rdp.cme.msu.edu/html).

After aligning sequences using programs like ClustalW or
ClustalX, phylogeny algorithms are used to calculate
relatedness.

There are a lot of different methods for making a
phylogeny. The most common are:

Distance matrix methods
Maximum parsimony
Maximum Likelihood

In the best circumstances all three types of analyses will

give the same phylogenetic relationships. 168



Phylogenetics

Popular methods for inferring phylogenetic trees

1. Phylogenetic tree types
2. Distance Matrix method:
> UPGMA

> Neighbor joining

3. Character State method:
> Maximum likelihood

http://libguides.scu.edu/evolution

469



Comparison of the most popular
phylogenetic methods

Distance, Maximum parsimony and Maximum likelihood

=  Maximum parsimony procedures search for tree topologies
which require a minimum number of base changes to correlate
with the sequence data.

= The maximum likelihood procedure is considered the most
sophisticated method for developing a phylogenetic tree.

= [t also searches tree topologies in ways that reflect how current
sequences were most likely to have been generated.

Characterbassd mathods Moncharacter-based methods
Mathods based on an Maxirmum-likelinood Pairwise-distance
explicit modeal of evolution methods methods
Methods not bassd on an Maximum-parsimary
explicit modal of evolution methods
Pairwise distance methods are non-character-based methods that make use of an explicit
kubstitution meode]

Salemi and Vandamme, 2003 470



Comparison of the most popular
phylogenetic methods

Distance, Maximum parsimony and Maximum likelihood

Comparison of Methods

Distance Maximum Maximum likelihood
parsimony

lUses all data

hinimizes total
distance

multiple trees

Han Chuan Ong 47



i Overall or derived similarity

Character

Character

()

A Ped —_

Specles

B

‘-I

0

ovverall

0

derived

Hoekstra-Chap13,2005
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Methods in Phylogenetic Reconstruction
Distance matrices

s Calculate all the distance between leaves
(taxa);

= Based on the distance, construct a tree;
= Good for continuous characters;

= Simple, finds only one tree

= Not very accurate.

s Fastest method:

1. UPGMA

2. Neighbor-joining.

Han Chuan Ong;.. 473



Distance-based phylogeny reconstruction Algorithms
Distance algorithms
Distance matrix methods

= A major family of phylogenetic methods has been the
distance matrix methods.

= A phylogeny tree is built based on the distance
between the taxa (the more similar ones should be
evolutionary more related).

1.  UPGMA algorithm.
2. Neighbor-joining algorithm.

To construct a phylogeny you can use:

1. the Neighbour-Joining tree building method, and
2. the Tamura-Nei model.

« For the genetic distance model select Tamura-Nei and for the tree
build method select Neighbor-Joining.

» To build a Neighbour-Joining tree you can use the Tamura-Nei model.
474



Methods in Phylogenetic Reconstruction
Distance matrices

= Using a sequence alignment, pairwise distances are
calculated.

s Creates a distance matrix.

= A phylogenetic tree is calculated with clustering
algorithms, using the distance matrix.

475
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Methods in Phylogenetic Reconstruction
Distance matrices

s Distance Based Methods

for estimating S e om o
Cat

phylogenetic trees:

0 2 4 7
= There are many ways of Dog > 0 - 5
building phylogenetic mat A . 0 2
trees, one family c_)f o , 5 . .
methods uses a distance
matrix as a starting point. S . iy
= A distance matrix is a pog [3 Lo/
table that indicates - — LN\
pairwise dissimilarity, for Dog N
instance...

Holland, 2006 476



Methods in Phylogenetic Reconstruction
Distance matrices

= Distances can be derived from Multiple Sequence Alignments

(MSAs).

= The most basic distance is just a count of the number of sites
which differ between two sequences divided by the sequence

length.

= These are sometimes known as p-distances.

Cat

ATTTGCGGTA

Dog

ATCTGCGATA

Rat

ATTGCCGTTT

Cow

TTCGCTGTTT

Holland,2006

Cat

Dog

Rat

Cow

Cat

0

0.2

0.4

0.7

Dog

0.2

0.5

06

Rat

04

0.5

0.3

Cow

0.7

0.6

0.3

477



Methods in Phylogenetic Reconstruction
i Maximum parsimony

= Finds the optimum tree by minimizing the
number of evolutionary changes.

= No assumptions on the evolutionary pattern
= May oversimplify evolution.
= May produce several equally good trees.

Kirsi Kostamo 478



Methods in Phylogenetic Reconstruction
Maximum parsimony and minimum evolution methods

= Maximum parsimony and minimum evolution are methods
that try to:

1. minimize branch lengths by either minimizing distance
(minimum evolution), or

2. minimizing the number of mutations (maximum
parsimony).

= The major problem with these methods is that the fail to
take into account many factors of sequence evolution
(e.g. reversals, convergence, and homoplasy).

= Thus, the deeper the divergence times that more likely
these methods will lead to erroneous or poorly supported
groupings.
479



Methods in Phylogenetic Reconstruction
Maximum parsimony

= [he most parsimonious
tree is the one that has

Maximum parsimony: exhaustive stepwise addition

the fewest evolutionary X, | s
changes for all ST T LT
sequences to be derived } SePs
from a common :

ancestor.

= Usually several equally
parsimonious trees
result from a single run.

Han Chuan Ong 480



Methods in Phylogenetic Reconstruction

Maximum Parsimony
Parsimony in practice

s Characters differ in their fit
to different trees.

= Given a set of characters,
such as aligned sequences,
parsimony analysis works by
determining the fit (number
of steps) of each character
on a given tree.

s [he sum over all characters
is called Tree Length.

= Most parsimonious trees e
(MPTS) have the mlnlmum Of these two trees, Tree 1 has the shortest length
tree Iength needed to ;;(l)(tlhlstltll:sl:ltt)(;ltul::l:(:ii:zl;:((:ll::oplasx (extra steps)
explain the observed
distributions of all the
characters.

Parsimony in practice
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Maximum Likelihood

i Methods in Phylogenetic Reconstruction

= The best tree is found based on assumptions on
evolution model.

s Nucleotide models more advanced at the moment
than amino acid models.

= Programs require lot of capacity from the system.

Han Chuan Ong 482



Methods in Phylogenetic Reconstruction
Maximum Likelihood

= Creates all possible trees like Maximum Parsimony method
but instead of retaining trees with shortest evolutionary
steps......

= Employs a model of evolution whereby different rates of
transition/transversion ration can be used.

= Each tree generated is calculated for the probability that it
reflects each position of the sequence data.

= Calculation is repeated for all nucleotide sites.

= Finally, the tree with the best probability is shown as the
maximum likelihood tree - usually only a single tree
remains.

= Itis a more realistic tree estimation because it does not
assume equal transition-transversion ratio for all
branches.

Han Chuan Ong 483



Methods in Phylogenetic Reconstruction
UPGMA algorithm
i UPGMA vs. NJ

= NJ(Neighbor joining) and UPGMA (Unweighted Pair
Group Method with Arithmatic Mean) are clustering
algorithms that can make quick trees but are not the
most reliable, especially when dealing with deeper
divergence times.

= These method are good to give you an idea about
your data, but are almost never acceptable for

publication.

484



Methods in Phylogenetic Reconstruction
UPGMA algorithm
i UPGMA vs. NJ

= The UPGMA method (Unweighted Pair Group Method

with Arithmatic Mean) is the simplest method of tree
construction.

It assumes that evolution has occurred at a constant
rate in the different lineages. This means that a root of
tree is also estimated.

= Thus, UPGMA works by progressively clustering the

1.

2.

most similar taxa until all the taxa form a rooted clock-
like tree.

UPGMA is consistent for clock-like distances, and

NJ is inconsistent for any additive distances. Additive

means distance between species. 485



“Neighbor-joining” (e.g. "neighbor” program)

‘_L Other phylogeny algorithms

= The neighbor(neighbour)-joining method builds a
tree where the evolutionary rates are free to differ in
different lineages.

= The Neighbour Joining method is a method for re-
constructing phylogenetic trees, and computing the
lengths of the branches of this tree.

= In each stage, the two nearest nodes of the tree (the
term "nearest nodes" are chosen and defined
as neighbours in our tree.

486



Neighbor-joining method

‘L Other phylogeny algorithms

= NJ method not only provides topology but also
provides final tree with branched lengths.

= Join the closest neighbors (OTUs with similar

characters).
Algorithm Algorithm
» construct an unresolved tree with star » Join the closest neighbors ( OTUs with similar
topology characters )
8 8 g
1 0 7 ‘ Neighbors ]- 6
5
3 5 2 4
4 3

Karthik Pasupathy R 487



Bootstrapping

‘L Other phylogeny algorithms

= Confidence estimates (e.g. Bootstrap):

= T0 evaluate the reliability of the inferred tree, the
option of doing a bootstrap analysis is allowed.

= A bootstrap value is attached to each branch, and
this value is a measure of confidence in this branch.

= A tree is constructed. This process is repeated 100 of
times.

s The maximum value is 100.

= The number at internal branches show the bootstrap
support (%).

488



Bootstrapping

Confidence or “faith”?

= Is the tree correct? How robust?

= Accuracy is difficult to judge (we almost never know the
true phylogeny).

= Resampling methods: bootstrap, jacknife

= Bootstrap: Generates pseudoreplicates, random samples
with replacements

= 'Bootstrap value”= Frequency with which a group of
seqguences appear in bootstrap trees (expressed as %).

1. High bootstrap values (>70%) indicate reliable trees.

2. Lower percentages indicate that there is insufficient
information in the sequences to be sure about the
resulting tree.

De La Fuente,2009;.. 489



Construction of a phylogenetic tree
The scale bar distance and bootstrap values

= The scales represents the
number of differences
between sequences:

= The scale bar at the bottom
(0.7) shows the number of
substitutions per position;

= The numbers in parenthesis
show the number of species
in the respective branches;
and,

= The number at internal
branches show the bootstrap
support (%).

Branch support

* Support values show you how reliable a branching split is
* How do we calculate these values?

— Bootstrap and jackknife statistics
* These are a type of permutation statistic

0.95

— Posterior probabilities Y
* Based on a model of evolution 1.0
o° @&
'1.0
1.0
©° .o
Support* 91
@ 100% \
& Note: this is the same split
® 50% (in an unrooted tree) |~ PG N
. 1% 8 ]

*more about this now
http://epidemic.bio.ed.ac.uk/how_to_read_a_phylogeny|

Dutlih,2016 490



Construction of a phylogenetic tree
Branch length and bootstrap values

Plant genus Gratiola.
Numbers above branches are branch lengths;
Numbers below branches are bootstrap values.

104

Hydrotriche

21

" Gratioia pilosa

100

Gratiola hispida

+ Gratiola officinalis

18

Gratiola virginiana

13 31

Amphranthus

05 11

23 = Gratiola neglecta

30

Gratiola ebracteata

Estes and Small, 2008 491



Bootstrapping

Bootstrapped tree

Values are in percentage

The node separating bacterial
strains 1 and 2 from strains 3, 4
and 5 is the most confident
relationship in the tree with
100% bootstrap support.

The most closely related two
strains are bacteria 3 and
bacteria 4, as shown by branch
length in both the horizontal
tree (A) and the radial tree (B).
The least confident relationship
in the tree is bacteria 1 and
bacteria 2, which has 70%
bootstrap support.

39.
£2
2

Node and hypothetical
ancestor of
bacteria 1and 2 Branch
0.7
H;
mostrecent 1.0
ancestor of
studied taxa
08
0.9
Root
This node has
90% bootstrap support

Phylogenetic trees based on DNA
sequence are typically built using SNPs
(single-nucleotide polymorphisms).

FuturelLearn 492




Bootstrapping

Bootstrapped tree
Interpreting bootstrap values

= Any branch with 100%
support is certain.

= This means that the .

human

species within it were ey

always found together : Gucioweed
as a CI USter' * Values are in percentages

[ | NO Other Seq uences » Conventional practice: only values 60-100% are shown
belong to that cluster.

Bootstrap values

Han Chuan Ong; Dutlih,2016 493



Tree with bootstrap values
Bootstrapping

The Bootstrap

Pseudo
001l
Tat:
huaman

turtle
hmaman

turtl =

duchkmead AATTI
Fseudo =a

rat
Tat huaman TTTTCC
Tomtan = TTTT G5
ttle Erainfls TTTTTTT >

i COTTTCTTTTTTIT R
fruit fhy

Inferred

Han Chuan Ong 494



Tree with bootstrap values
Bootstrap values at the inner nodes

Figure shows bootstrap values at
the inner nodes. For example:

93 means that the species CONS-
CPZ and CONS O4 were
siblings(sister or brother from
common parents) in 93% of the
bootstrap replications;

49 means that the sequences
CONS-CPZ, CONS 04, CONS N2 and
CONS B34 were grouped together in
what is called a monophyletic (a
group containing the most common
ancestor of a given set of taxa and
all the descendents of that most
recent common ancestor) clade in
49% of the bootstrap replications.

Holmes,2003;.. [

+----CONS-CPZ
+=--=-93
+--100 +--——-CONS 04
! !
+———49 Fm——————— CONS N2
! !
+--100 Fmmmm—m—m— CONS B34
! !
1 ] +--—--CONS AlD
1 tmm e ————— 55
1 +--—--CONS AZ23
!
Fmmm CONS Cl6

A monophyletic group (also described
as a clade) is a group of taxa that share
a more recent common ancestor with

each other than to any other taxa.

C is the outgroup|
A and B are sister groups to A and B

taxon A taxon B taxon C

I

cccccccccccccc
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Bootstrap values on branch length

‘L Tree with bootstrap values

= The 'branch lengths' are not true branch lengths, but
rather reflect the % bootstrap values.

= Higher the bootstrap value, higher the confidence level of
the clade in the phylogenetic tree.

= It tells you if 1000 times this tree is made using a
particular data, this much is the confidence value
(Bootstrap value).

1. If you get 100 out of 100 (and your data is sufficiently
large to support this), we are pretty damned sure that
the observed branch is not due to a single extreme data
point.

2. If you get 50 out of 100, we cannot be as certain.

Stefan McKinnon Edwards; Shomini Parashar 496



Tree with bootstrap values
Lack of resolution

seq. from A

seq. from D

seq. from C

/ seqg. from B

e.g., 40% bootstrap support for bipartition (AD)(CB)

(typical >80%)

100 means that the node is well-supported.
A lower bootstrap represents uncertainty of a node.



Tree with bootstrap values
Long branch attraction artifact (LBA)

the two longest branches join together

/ Seq from A

N
\/

Seq from D

Seq from C

/ Seq from B

Strong support, e.g., 100% bootstrap for (AD)(CB)

There is consistent (100% bootstrap) support that taxa A and D
are more closely related to each other than they are to C and B.

1519 Introduction to Bioinformatics, 2012



Tree with bootstrap values

Organismal tree and molecular tree
Gene transfer and speciation

Organismal tree:
species A

species B
|l Gene Transfer
species C

species D

molecular tree:

seq. from A
seq. from D
// //' seq. from C

speciation /

gene transfer

seq. from B




Tree with bootstrap values

Organismal tree and molecular tree
Gene duplication

Organismal tree:
species A
species B
’ species C
gene duplication .
species D

molecular tree (assuming gene loss):

seq. from A

seq. from D

/—L seq.’ from C

gene duplication

seq.’ from D




Tree with bootstrap values

Species tree vs. gene tree
Gene duplication and loss

species A

Species tree

species B
species C

Dup]fc%)ﬂ species D
Seq A

LOSS oo Seq B
Gene tree ¢ S eq C A

Seq D C

Seq B’ { |

Seq C’
X Seq D’

1519 Introduction to Bioinformatics,2012



Tree with bootstrap values
Confidence Question

= Which of the bootstrap values indicates our confidence in the grouping
of A, B, C, and D together as a monophyletic group? Do you think we
can be confident in this grouping?

100

91

A
| B
D
E
F

84

Note: high bootstrap values do not always mean that
we have confidence in a branch. False confidence can
be generated under some phylogenetic methods.

Laura Emery



Cut-off method

‘_L Tree with bootstrap values

= It might be said that high bootstrap proportions are a
necessary, but not sufficient, condition for having
high confidence in a group.

= The exact interpretation of the bootstrap proportion
is elusive; higher is clearly better, but what is a
reasonable cut-off?

= Some workers have concluded that bootstrap
proportions are conservative measures of support, so
a value of 70% might indicate strong support for a

group.

Holder and Lewis,2003



Analysing the alignhed
i sequence matrix

= PHYLIP
= POY
= PAUP, GCG

= And many more... (274 software
packages described at one website)

504



* Phylogeny Packages




General-purpose packages

MEGA
Phylo win
ARB

DAMBE
PAL
Bionumerics

Mesquite
CIPRES

PaupUp
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http://evolution.gs.washington.edu/phylip/software.pars.html#PHYLIP
http://evolution.gs.washington.edu/phylip/software.pars.html#PAUP
http://evolution.gs.washington.edu/phylip/software.pars.html#MEGA
http://evolution.gs.washington.edu/phylip/software.etc1.html#Phylo_win
http://evolution.gs.washington.edu/phylip/software.etc2.html#ARB
http://evolution.gs.washington.edu/phylip/software.pars.html#DAMBE
http://evolution.gs.washington.edu/phylip/software.pars.html#PAL
http://evolution.gs.washington.edu/phylip/software.pars.html#Bionumerics
http://evolution.gs.washington.edu/phylip/software.pars.html#mesquite
http://evolution.gs.washington.edu/phylip/software.dist.html#CIPRES
http://evolution.gs.washington.edu/phylip/software.pars.html#PaupUp

i Parsimony programs

PAUP*

TurboTree

CAFCA

Phylo win
sog

gmaes
LVB

GeneTree
TAAR
ARB
DAMBE
MALIGN
POY
Gambit

TNT
GelCompar II
Bionumerics
Network
TCS

GAPars
PAUPRat
Mesquite
PAST
FootPrinter
BPAnalysis
Simplot
Parsimov
NimbleTree

PaupUp
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http://evolution.gs.washington.edu/phylip/software.pars.html#PAUP
http://evolution.gs.washington.edu/phylip/software.pars.html#Hennig86
http://evolution.gs.washington.edu/phylip/software.pars.html#MEGA
http://evolution.gs.washington.edu/phylip/software.pars.html#RA
http://evolution.gs.washington.edu/phylip/software.pars.html#NONA
http://evolution.gs.washington.edu/phylip/software.pars.html#PHYLIP
http://evolution.gs.washington.edu/phylip/software.pars.html#TurboTree
http://evolution.gs.washington.edu/phylip/software.etc1.html#CAFCA
http://evolution.gs.washington.edu/phylip/software.etc1.html#Phylo_win
http://evolution.gs.washington.edu/phylip/software.pars.html#sog
http://evolution.gs.washington.edu/phylip/software.pars.html#gmaes
http://evolution.gs.washington.edu/phylip/software.pars.html#LVB
http://evolution.gs.washington.edu/phylip/software.pars.html#GeneTree
http://evolution.gs.washington.edu/phylip/software.etc1.html#TAAR
http://evolution.gs.washington.edu/phylip/software.etc2.html#ARB
http://evolution.gs.washington.edu/phylip/software.pars.html#DAMBE
http://evolution.gs.washington.edu/phylip/software.etc1.html#MALIGN
http://evolution.gs.washington.edu/phylip/software.etc1.html#POY
http://evolution.gs.washington.edu/phylip/software.etc1.html#Gambit
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.dist.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.etc1.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.etc1.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.pars.html

Distance matrix methods

RESTSITE

NTSYSpc

METREE

TreeTree

GDA

Hadtree, Prepare and Trees
GCG Wisconsin Package
SegPup

PHYLTEST

Lintre

WET

Phylo win
POPTREE
Gambit
gmaes

nneighbor
DAMBE

weighbor
DNASIS
MINSPNET
PAL
Arlequin
vCEBL
HY-PHY
Vanilla

GelCompar II
Bionumerics

gclust

TCS
Populations
Winboot
SYN-TAX
m
SplitsTree
FastME
APE
MacVector
Discovery Studio Gene
QuickTree

Simplot
ProfDist

START

STC
NimbleTree
CBCAnalyzer
PaupUp
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http://evolution.gs.washington.edu/phylip/software.pars.html#PHYLIP
http://evolution.gs.washington.edu/phylip/software.pars.html#PAUP
http://evolution.gs.washington.edu/phylip/software.pars.html#MEGA
http://evolution.gs.washington.edu/phylip/software.etc1.html#MacT
http://evolution.gs.washington.edu/phylip/software.etc1.html#ODEN
http://evolution.gs.washington.edu/phylip/software.dist.html#TREECON
http://evolution.gs.washington.edu/phylip/software.dist.html#DISPAN
http://evolution.gs.washington.edu/phylip/software.dist.html#RESTSITE
http://evolution.gs.washington.edu/phylip/software.etc1.html#NTSYSpc
http://evolution.gs.washington.edu/phylip/software.dist.html#METREE
http://evolution.gs.washington.edu/phylip/software.dist.html#TreeTree
http://evolution.gs.washington.edu/phylip/software.dist.html#GDA
http://evolution.gs.washington.edu/phylip/software.etc1.html#Hadtree
http://evolution.gs.washington.edu/phylip/software.dist.html#GCG
http://evolution.gs.washington.edu/phylip/software.etc2.html#SeqPup
http://evolution.gs.washington.edu/phylip/software.dist.html#PHYLTEST
http://evolution.gs.washington.edu/phylip/software.etc1.html#Lintre
http://evolution.gs.washington.edu/phylip/software.etc1.html#WET
http://evolution.gs.washington.edu/phylip/software.etc1.html#Phylo_win
http://evolution.gs.washington.edu/phylip/software.etc1.html#poptrfdos
http://evolution.gs.washington.edu/phylip/software.etc1.html#Gambit
http://evolution.gs.washington.edu/phylip/software.pars.html#gmaes
http://evolution.gs.washington.edu/phylip/software.dist.html#DENDRON
http://evolution.gs.washington.edu/phylip/software.dist.html#FingerprintingII
http://evolution.gs.washington.edu/phylip/software.dist.html#BIONJ
http://evolution.gs.washington.edu/phylip/software.dist.html#TFPGA
http://evolution.gs.washington.edu/phylip/software.dist.html#MVSP
http://evolution.gs.washington.edu/phylip/software.etc2.html#ARB
http://evolution.gs.washington.edu/phylip/software.dist.html#Darwin
http://evolution.gs.washington.edu/phylip/software.dist.html#T-REX
http://evolution.gs.washington.edu/phylip/software.dist.html#sendbs
http://evolution.gs.washington.edu/phylip/software.dist.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.dist.html#weighbor
http://evolution.gs.washington.edu/phylip/software.etc1.html#DNASIS
http://evolution.gs.washington.edu/phylip/software.dist.html#MINSPNET
http://evolution.gs.washington.edu/phylip/software.pars.html#PAL
http://evolution.gs.washington.edu/phylip/software.dist.html#Arlequin
http://evolution.gs.washington.edu/phylip/software.dist.html#vCEBL
http://evolution.gs.washington.edu/phylip/software.etc1.html#HY-PHY
http://evolution.gs.washington.edu/phylip/software.pars.html#Vanilla
http://evolution.gs.washington.edu/phylip/software.dist.html#GelCompar
http://evolution.gs.washington.edu/phylip/software.pars.html#Bionumerics
http://evolution.gs.washington.edu/phylip/software.dist.html#qclust
http://evolution.gs.washington.edu/phylip/software.pars.html#TCS
http://evolution.gs.washington.edu/phylip/software.dist.html#Populations
http://evolution.gs.washington.edu/phylip/software.dist.html#Winboot
http://evolution.gs.washington.edu/phylip/software.dist.html#syntax
http://evolution.gs.washington.edu/phylip/software.etc2.html#PTP
http://evolution.gs.washington.edu/phylip/software.etc1.html#SplitsTree
http://evolution.gs.washington.edu/phylip/software.dist.html#FastME
http://evolution.gs.washington.edu/phylip/software.etc2.html#APE
http://evolution.gs.washington.edu/phylip/software.dist.html#MacVector
http://evolution.gs.washington.edu/phylip/software.dist.html#DS Gene
http://evolution.gs.washington.edu/phylip/software.dist.html#QuickTree
http://evolution.gs.washington.edu/phylip/software.etc2.html#simplot
http://evolution.gs.washington.edu/phylip/software.dist.html#ProfDist
http://evolution.gs.washington.edu/phylip/software.dist.html#START
http://evolution.gs.washington.edu/phylip/software.dist.html#STC
http://evolution.gs.washington.edu/phylip/software.etc2.html#NimbleTree
http://evolution.gs.washington.edu/phylip/software.etc2.html#CBCAnalyzer
http://evolution.gs.washington.edu/phylip/software.pars.html#PaupUp

i Computation of distances

PHYLIP
PAUP*
RAPDistance
MULTICOMP
Microsat
DIPLOMO
OSA

DISPAN
RESTSITE
NTSYSpc
TREE-PUZZLE
Hadtree, Prepare and Trees
GCG Wisconsin Package
AMP

GCUA
DERANGE?
POPGENE
TFPGA

REAP

MVSP
RSTCALC
Genetix
DISTANCE
Darwin
sendbs
K2Wuli
GeneStrut

Arlequin
DAMBE

puzzleboot

Vanilla

GelCompar II
Bionumerics
qclust
Populations

Swaap PH
GeneContent

SPAGeDi
CBCAnalyzer
PaupUp
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http://evolution.gs.washington.edu/phylip/software.pars.html#PHYLIP
http://evolution.gs.washington.edu/phylip/software.pars.html#PAUP
http://evolution.gs.washington.edu/phylip/software.etc2.html#RAPDistance
http://evolution.gs.washington.edu/phylip/software.etc2.html#MULTICOMP
http://evolution.gs.washington.edu/phylip/software.etc2.html#Microsat
http://evolution.gs.washington.edu/phylip/software.etc2.html#DIPLOMO
http://evolution.gs.washington.edu/phylip/software.dist.html#OSA
http://evolution.gs.washington.edu/phylip/software.dist.html#DISPAN
http://evolution.gs.washington.edu/phylip/software.dist.html#RESTSITE
http://evolution.gs.washington.edu/phylip/software.etc1.html#NTSYSpc
http://evolution.gs.washington.edu/phylip/software.etc1.html#TREE-PUZZLE
http://evolution.gs.washington.edu/phylip/software.etc1.html#Hadtree
http://evolution.gs.washington.edu/phylip/software.dist.html#GCG
http://evolution.gs.washington.edu/phylip/software.dist.html#AMP
http://evolution.gs.washington.edu/phylip/software.dist.html#GCUA
http://evolution.gs.washington.edu/phylip/software.dist.html#DERANGE2
http://evolution.gs.washington.edu/phylip/software.dist.html#popgene
http://evolution.gs.washington.edu/phylip/software.dist.html#TFPGA
http://evolution.gs.washington.edu/phylip/software.dist.html#REAP
http://evolution.gs.washington.edu/phylip/software.dist.html#MVSP
http://evolution.gs.washington.edu/phylip/software.dist.html#RSTCALC
http://evolution.gs.washington.edu/phylip/software.dist.html#genetix
http://evolution.gs.washington.edu/phylip/software.dist.html#DISTANCE
http://evolution.gs.washington.edu/phylip/software.dist.html#Darwin
http://evolution.gs.washington.edu/phylip/software.dist.html#sendbs
http://evolution.gs.washington.edu/phylip/software.dist.html#K2WuLi
http://evolution.gs.washington.edu/phylip/software.dist.html#GeneStrut
http://evolution.gs.washington.edu/phylip/software.dist.html#Arlequin
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.dist.html
http://evolution.gs.washington.edu/phylip/software.etc1.html
http://evolution.gs.washington.edu/phylip/software.etc1.html
http://evolution.gs.washington.edu/phylip/software.pars.html#PAL
http://evolution.gs.washington.edu/phylip/software.pars.html#Vanilla
http://evolution.gs.washington.edu/phylip/software.dist.html#GelCompar
http://evolution.gs.washington.edu/phylip/software.pars.html#Bionumerics
http://evolution.gs.washington.edu/phylip/software.dist.html#qclust
http://evolution.gs.washington.edu/phylip/software.dist.html#Populations
http://evolution.gs.washington.edu/phylip/software.dist.html#Winboot
http://evolution.gs.washington.edu/phylip/software.dist.html#FSTAT
http://evolution.gs.washington.edu/phylip/software.dist.html#syntax
http://evolution.gs.washington.edu/phylip/software.etc1.html#Phylo_win
http://evolution.gs.washington.edu/phylip/software.dist.html#Phyltools
http://evolution.gs.washington.edu/phylip/software.etc2.html#MSA
http://evolution.gs.washington.edu/phylip/software.etc2.html#APE
http://evolution.gs.washington.edu/phylip/software.dist.html#YCDMA
http://evolution.gs.washington.edu/phylip/software.dist.html#NSA
http://evolution.gs.washington.edu/phylip/software.dist.html#T-REX
http://evolution.gs.washington.edu/phylip/software.dist.html#LDDist
http://evolution.gs.washington.edu/phylip/software.dist.html#DIVAGE
http://evolution.gs.washington.edu/phylip/software.dist.html#Genepop
http://evolution.gs.washington.edu/phylip/software.dist.html#START
http://evolution.gs.washington.edu/phylip/software.dist.html#Swaap
http://evolution.gs.washington.edu/phylip/software.dist.html#SwaapPH
http://evolution.gs.washington.edu/phylip/software.dist.html#GeneContent
http://evolution.gs.washington.edu/phylip/software.dist.html#SPAGeDi
http://evolution.gs.washington.edu/phylip/software.etc2.html#CBCAnalyzer
http://evolution.gs.washington.edu/phylip/software.pars.html#PaupUp

Maximum likelihood and

‘L Bayesian methods

PHYLIP
PAUP*
fastDNAmI
MOLPHY
PAML
Spectrum

SplitsTree
PLATO

TREE-PUZZLE
Hadtree, Prepare and Trees
SegPup

Phylo win
PASSML

ARB

Darwin

BAMBE

DAMBE
Modeltest
TreeCons
VeryfastbDNAmI
PAL

dnarates
TrExMI
HY-PHY
Vanilla
DT-ModSel
Bionumerics
fastDNAmIRev
RevDNArates
rate-evolution
MrBayes
Hadtree, Prepare and Trees
CONSEL
PAUPRat

EDIBLE
Mesquite
m
Treefinder
MetaPIGA
RAXML
PHASE
PHYML
BEAST
r8s-bootstrap
MrBayes tree scanners
MTqui
MrModeltest
BootPHYML
p4

Porn*
SIMMAP
Spectronet
CIPRES
Rhino

M

ProtTest
ModelGenerator

Simplot
MDIV

ALIFRITZ

PhyNav
DPRML
Continuous
MultiPhyl
NimbleTree

PaupUp

510


http://evolution.gs.washington.edu/phylip/software.pars.html#PHYLIP
http://evolution.gs.washington.edu/phylip/software.pars.html#PAUP
http://evolution.gs.washington.edu/phylip/software.etc1.html#fastDNAml
http://evolution.gs.washington.edu/phylip/software.etc1.html#MOLPHY
http://evolution.gs.washington.edu/phylip/software.etc1.html#PAML
http://evolution.gs.washington.edu/phylip/software.etc1.html#Spectrum
http://evolution.gs.washington.edu/phylip/software.etc1.html#SplitsTree
http://evolution.gs.washington.edu/phylip/software.etc1.html#PLATO
http://evolution.gs.washington.edu/phylip/software.etc1.html#TREE-PUZZLE
http://evolution.gs.washington.edu/phylip/software.etc1.html#Hadtree
http://evolution.gs.washington.edu/phylip/software.etc2.html#SeqPup
http://evolution.gs.washington.edu/phylip/software.etc1.html#Phylo_win
http://evolution.gs.washington.edu/phylip/software.etc1.html#PASSML
http://evolution.gs.washington.edu/phylip/software.etc2.html#ARB
http://evolution.gs.washington.edu/phylip/software.dist.html#Darwin
http://evolution.gs.washington.edu/phylip/software.etc1.html#BAMBE
http://evolution.gs.washington.edu/phylip/software.pars.html#DAMBE
http://evolution.gs.washington.edu/phylip/software.etc1.html#Modeltest
http://evolution.gs.washington.edu/phylip/software.etc2.html#TreeCons
http://evolution.gs.washington.edu/phylip/software.etc1.html#VeryfastDNAml
http://evolution.gs.washington.edu/phylip/software.pars.html#PAL
http://evolution.gs.washington.edu/phylip/software.etc1.html#dnarates
http://evolution.gs.washington.edu/phylip/software.etc1.html#TrExMl
http://evolution.gs.washington.edu/phylip/software.etc1.html#HY-PHY
http://evolution.gs.washington.edu/phylip/software.pars.html#Vanilla
http://evolution.gs.washington.edu/phylip/software.etc1.html#DT-ModSel
http://evolution.gs.washington.edu/phylip/software.pars.html#Bionumerics
http://evolution.gs.washington.edu/phylip/software.etc1.html#fastDNAmlRev
http://evolution.gs.washington.edu/phylip/software.etc1.html#RevDNArates
http://evolution.gs.washington.edu/phylip/software.etc2.html#rate-evolution
http://evolution.gs.washington.edu/phylip/software.etc1.html#MrBayes
http://evolution.gs.washington.edu/phylip/software.etc1.html#Hadtree
http://evolution.gs.washington.edu/phylip/software.etc1.html#CONSEL
http://evolution.gs.washington.edu/phylip/software.pars.html#PAUPRat
http://evolution.gs.washington.edu/phylip/software.etc1.html#EDIBLE
http://evolution.gs.washington.edu/phylip/software.pars.html#mesquite
http://evolution.gs.washington.edu/phylip/software.etc2.html#PTP
http://evolution.gs.washington.edu/phylip/software.etc1.html#treefinder
http://evolution.gs.washington.edu/phylip/software.etc2.html#MetaPIGA
http://evolution.gs.washington.edu/phylip/software.etc1.html#RAXML
http://evolution.gs.washington.edu/phylip/software.etc1.html#PHASE
http://evolution.gs.washington.edu/phylip/software.etc1.html#PHYML
http://evolution.gs.washington.edu/phylip/software.etc1.html#BEAST
http://evolution.gs.washington.edu/phylip/software.dist.html#r8s-bootstrap
http://evolution.gs.washington.edu/phylip/software.etc1.html#MrBayesTreeScan
http://evolution.gs.washington.edu/phylip/software.etc1.html#MTgui
http://evolution.gs.washington.edu/phylip/software.etc1.html#MrModeltest
http://evolution.gs.washington.edu/phylip/software.etc1.html#BootPHYML
http://evolution.gs.washington.edu/phylip/software.etc1.html#p4
http://evolution.gs.washington.edu/phylip/software.etc1.html#Porn*
http://evolution.gs.washington.edu/phylip/software.etc1.html#SIMMAP
http://evolution.gs.washington.edu/phylip/software.etc1.html#Spectronet
http://evolution.gs.washington.edu/phylip/software.dist.html#CIPRES
http://evolution.gs.washington.edu/phylip/software.etc2.html#Rhino
http://evolution.gs.washington.edu/phylip/software.etc1.html#IM
http://evolution.gs.washington.edu/phylip/software.etc1.html#ProtTest
http://evolution.gs.washington.edu/phylip/software.etc1.html#ModelGenerator
http://evolution.gs.washington.edu/phylip/software.etc2.html#simplot
http://evolution.gs.washington.edu/phylip/software.etc1.html#mdiv
http://evolution.gs.washington.edu/phylip/software.etc1.html#MrAIC
http://evolution.gs.washington.edu/phylip/software.etc1.html#Modelfit
http://evolution.gs.washington.edu/phylip/software.etc1.html#IQPNNI
http://evolution.gs.washington.edu/phylip/software.etc1.html#PARAT
http://evolution.gs.washington.edu/phylip/software.etc1.html#ALIFRITZ
http://evolution.gs.washington.edu/phylip/software.etc1.html#PhyNav
http://evolution.gs.washington.edu/phylip/software.etc1.html#DPRML
http://evolution.gs.washington.edu/phylip/software.etc2.html#Continuous
http://evolution.gs.washington.edu/phylip/software.etc1.html#MultiPhyl
http://evolution.gs.washington.edu/phylip/software.etc2.html#NimbleTree
http://evolution.gs.washington.edu/phylip/software.pars.html#PaupUp

Bootstrapping and other

‘L measures of support

PARBOOT

Random Cladistics

AutoDecay
TreeRot

DNA Stacks
OSA
DISPAN
TreeTree
PHYLTEST
Lintre

sog
POPTREE
MEGA
PICA
ModelTest
TAXEQ3
TreeCons
BAMBE
DAMBE
puzzleboot

CodonBootstrap
Gambit

TrExMI
PAL
PHYCON

MrBayes
CONSEL

Populations

Treefinder
RAXML

Phyltools
PHASE

r8s-bootstrap
MrBayes tree scanners

T-REX

MTqui
MrModeltest
BootPHYML
Porn*

Discovery Studio Gene
ProtTest
ModelGenerator
Simplot

MCS

Permute!

ELW

MultiPhyl
GHOSTS

PaupUp
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http://evolution.gs.washington.edu/phylip/software.pars.html#PHYLIP
http://evolution.gs.washington.edu/phylip/software.pars.html#PAUP
http://evolution.gs.washington.edu/phylip/software.etc1.html#PARBOOT
http://evolution.gs.washington.edu/phylip/software.pars.html#Random Cladistics
http://evolution.gs.washington.edu/phylip/software.pars.html#AutoDecay
http://evolution.gs.washington.edu/phylip/software.pars.html#TreeRot
http://evolution.gs.washington.edu/phylip/software.pars.html#DNA Stacks
http://evolution.gs.washington.edu/phylip/software.dist.html#OSA
http://evolution.gs.washington.edu/phylip/software.dist.html#DISPAN
http://evolution.gs.washington.edu/phylip/software.dist.html#TreeTree
http://evolution.gs.washington.edu/phylip/software.dist.html#PHYLTEST
http://evolution.gs.washington.edu/phylip/software.etc1.html#Lintre
http://evolution.gs.washington.edu/phylip/software.pars.html#sog
http://evolution.gs.washington.edu/phylip/software.etc1.html#poptrfdos
http://evolution.gs.washington.edu/phylip/software.pars.html#MEGA
http://evolution.gs.washington.edu/phylip/software.etc2.html#PICA
http://evolution.gs.washington.edu/phylip/software.etc1.html#Modeltest
http://evolution.gs.washington.edu/phylip/software.etc2.html#TAXEQ3
http://evolution.gs.washington.edu/phylip/software.etc2.html#TreeCons
http://evolution.gs.washington.edu/phylip/software.etc1.html#BAMBE
http://evolution.gs.washington.edu/phylip/software.pars.html#DAMBE
http://evolution.gs.washington.edu/phylip/software.etc1.html#puzzleboot
http://evolution.gs.washington.edu/phylip/software.pars.html#CodonBootstrap
http://evolution.gs.washington.edu/phylip/software.etc1.html#Gambit
http://evolution.gs.washington.edu/phylip/software.etc1.html#TrExMl
http://evolution.gs.washington.edu/phylip/software.pars.html#PAL
http://evolution.gs.washington.edu/phylip/software.etc1.html#PHYCON
http://evolution.gs.washington.edu/phylip/software.etc1.html#MrBayes
http://evolution.gs.washington.edu/phylip/software.etc1.html#CONSEL
http://evolution.gs.washington.edu/phylip/software.dist.html#Populations
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.etc1.html
http://evolution.gs.washington.edu/phylip/software.dist.html#Winboot
http://evolution.gs.washington.edu/phylip/software.pars.html#mesquite
http://evolution.gs.washington.edu/phylip/software.etc1.html#Phylo_win
http://evolution.gs.washington.edu/phylip/software.etc2.html#PAST
http://evolution.gs.washington.edu/phylip/software.etc1.html#treefinder
http://evolution.gs.washington.edu/phylip/software.etc1.html#RAXML
http://evolution.gs.washington.edu/phylip/software.dist.html#Phyltools
http://evolution.gs.washington.edu/phylip/software.etc1.html#PHASE
http://evolution.gs.washington.edu/phylip/software.etc1.html#PHYML
http://evolution.gs.washington.edu/phylip/software.etc1.html#BEAST
http://evolution.gs.washington.edu/phylip/software.dist.html#r8s-bootstrap
http://evolution.gs.washington.edu/phylip/software.etc1.html#MrBayesTreeScan
http://evolution.gs.washington.edu/phylip/software.dist.html#T-REX
http://evolution.gs.washington.edu/phylip/software.etc1.html#MTgui
http://evolution.gs.washington.edu/phylip/software.etc1.html#MrModeltest
http://evolution.gs.washington.edu/phylip/software.etc1.html#BootPHYML
http://evolution.gs.washington.edu/phylip/software.etc1.html#Porn*
http://evolution.gs.washington.edu/phylip/software.dist.html#DS Gene
http://evolution.gs.washington.edu/phylip/software.etc1.html#ProtTest
http://evolution.gs.washington.edu/phylip/software.etc1.html#ModelGenerator
http://evolution.gs.washington.edu/phylip/software.etc2.html#simplot
http://evolution.gs.washington.edu/phylip/software.etc1.html#MCS
http://evolution.gs.washington.edu/phylip/software.dist.html#Permute
http://evolution.gs.washington.edu/phylip/software.etc1.html#ELW
http://evolution.gs.washington.edu/phylip/software.etc1.html#MultiPhyl
http://evolution.gs.washington.edu/phylip/software.etc2.html#GHOSTS
http://evolution.gs.washington.edu/phylip/software.pars.html#PaupUp

Tree-based sequence alignment

TreeAlign
ClustalW

MALIGN

GeneDoc

GCG Wisconsin Package
TAAR

Ctree

DAMBE

FootPrinter
ALIFRITZ
T-Coffee
ArboDraw
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http://evolution.gs.washington.edu/phylip/software.etc1.html#TreeAlign
http://evolution.gs.washington.edu/phylip/software.etc1.html#ClustalW
http://evolution.gs.washington.edu/phylip/software.etc1.html#MALIGN
http://evolution.gs.washington.edu/phylip/software.etc1.html#GeneDoc
http://evolution.gs.washington.edu/phylip/software.dist.html#GCG
http://evolution.gs.washington.edu/phylip/software.etc1.html#TAAR
http://evolution.gs.washington.edu/phylip/software.etc1.html#Ctree
http://evolution.gs.washington.edu/phylip/software.pars.html#DAMBE
http://evolution.gs.washington.edu/phylip/software.etc1.html#POY
http://evolution.gs.washington.edu/phylip/software.etc1.html#ALIGN
http://evolution.gs.washington.edu/phylip/software.etc1.html#DNASIS
http://evolution.gs.washington.edu/phylip/software.pars.html#FootPrinter
http://evolution.gs.washington.edu/phylip/software.etc1.html#ALIFRITZ
http://evolution.gs.washington.edu/phylip/software.etc1.html#T-Coffee
http://evolution.gs.washington.edu/phylip/software.etc2.html#ArboDraw

i Tree plotting/drawing

PHYLIP
PAUP*
TreeTool
TreeView
NJplot
DendroMaker
Tree Draw Deck
Phylodendron
ARB
unrooted
DAMBE
TREECON
Mavric
TreeExplorer
TreeThief
Bionumerics

FORESTER
MacClade
MEGA

Mesquite
Phylogenetic Tree Drawing

APE

T-REX
TreeJuxtaposer
Spectronet
TreeSetViz
Drawtree server

TreeGraph
Bosque
ArboDraw

PaupU
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http://evolution.gs.washington.edu/phylip/software.pars.html#PHYLIP
http://evolution.gs.washington.edu/phylip/software.pars.html#PAUP
http://evolution.gs.washington.edu/phylip/software.etc2.html#TreeTool
http://evolution.gs.washington.edu/phylip/software.etc2.html#TreeView
http://evolution.gs.washington.edu/phylip/software.etc2.html#NJplot
http://evolution.gs.washington.edu/phylip/software.etc2.html#DendroMaker
http://evolution.gs.washington.edu/phylip/software.etc2.html#TreeDrawDeck
http://evolution.gs.washington.edu/phylip/software.etc2.html#Phylodendron
http://evolution.gs.washington.edu/phylip/software.etc2.html#ARB
http://evolution.gs.washington.edu/phylip/software.etc2.html#unrooted
http://evolution.gs.washington.edu/phylip/software.pars.html#DAMBE
http://evolution.gs.washington.edu/phylip/software.dist.html#TREECON
http://evolution.gs.washington.edu/phylip/software.etc2.html#mavric
http://evolution.gs.washington.edu/phylip/software.etc2.html#TreeExplorer
http://evolution.gs.washington.edu/phylip/software.etc2.html#TreeThief
http://evolution.gs.washington.edu/phylip/software.pars.html#Bionumerics
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.pars.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.dist.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.etc1.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.serv.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.pars.html

Analyzing particular types of data

Here you will find lists of programs that analyze types

of data other than molecular sequence data

u RAPDs, RFLPs, or AFLPs
tfpga
RAPDistance
Fingerprinting II Informatix
Software
GelCompar IT
Bionumerics
Winboot
REAP
RESTSITE
MVSP
DENDRON

Phyltools
Network

. Continuous quantitative characters
PHYLIP
Mesquite
ANCML
COMPARE
CMAP
PDAP
ACAP
Phylogenetic Independence
APE
CAIC
TreeScan
PHYLOGR
Continuous

Gene frequencies (aside from microsatellite loci)

Microsatellite data

PHYLIP
DAMBE
DISPAN

Microsat
Populations
MSA
YCDMA
Network
M
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http://evolution.gs.washington.edu/phylip/software.dist.html#TFPGA
http://evolution.gs.washington.edu/phylip/software.etc2.html#RAPDistance
http://evolution.gs.washington.edu/phylip/software.dist.html#FingerprintingII
http://evolution.gs.washington.edu/phylip/software.dist.html#GelCompar
http://evolution.gs.washington.edu/phylip/software.pars.html#Bionumerics
http://evolution.gs.washington.edu/phylip/software.dist.html#Winboot
http://evolution.gs.washington.edu/phylip/software.dist.html#REAP
http://evolution.gs.washington.edu/phylip/software.dist.html#RESTSITE
http://evolution.gs.washington.edu/phylip/software.dist.html#MVSP
http://evolution.gs.washington.edu/phylip/software.dist.html#DENDRON
http://evolution.gs.washington.edu/phylip/software.dist.html#Phyltools
http://evolution.gs.washington.edu/phylip/software.etc1.html#Network
http://evolution.gs.washington.edu/phylip/software.pars.html#mesquite
http://evolution.gs.washington.edu/phylip/software.pars.html#mesquite
http://evolution.gs.washington.edu/phylip/software.etc2.html#ANCML
http://evolution.gs.washington.edu/phylip/software.etc2.html#COMPARE
http://evolution.gs.washington.edu/phylip/software.etc2.html#CMAP
http://evolution.gs.washington.edu/phylip/software.etc2.html#PDAP
http://evolution.gs.washington.edu/phylip/software.etc2.html#ACAP
http://evolution.gs.washington.edu/phylip/software.etc2.html#PI
http://evolution.gs.washington.edu/phylip/software.etc2.html#APE
http://evolution.gs.washington.edu/phylip/software.etc2.html#CAIC
http://evolution.gs.washington.edu/phylip/software.etc2.html#treescan
http://evolution.gs.washington.edu/phylip/software.etc2.html#PHYLOGR
http://evolution.gs.washington.edu/phylip/software.etc2.html#Continuous
http://evolution.gs.washington.edu/phylip/software.pars.html#PHYLIP
http://evolution.gs.washington.edu/phylip/software.pars.html#DAMBE
http://evolution.gs.washington.edu/phylip/software.dist.html#DISPAN
http://evolution.gs.washington.edu/phylip/software.dist.html#GDA
http://evolution.gs.washington.edu/phylip/software.dist.html#popgene
http://evolution.gs.washington.edu/phylip/software.dist.html#YCDMA
http://evolution.gs.washington.edu/phylip/software.dist.html#FSTAT
http://evolution.gs.washington.edu/phylip/software.dist.html#Arlequin
http://evolution.gs.washington.edu/phylip/software.dist.html#DnaSP
http://evolution.gs.washington.edu/phylip/software.etc2.html#APE
http://evolution.gs.washington.edu/phylip/software.dist.html#DIVAGE
http://evolution.gs.washington.edu/phylip/software.dist.html#GeneStrut
http://evolution.gs.washington.edu/phylip/software.etc1.html#poptrfdos
http://evolution.gs.washington.edu/phylip/software.dist.html#Genepop
http://evolution.gs.washington.edu/phylip/software.dist.html#SPAGeDi
http://evolution.gs.washington.edu/phylip/software.dist.html
http://evolution.gs.washington.edu/phylip/software.etc1.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.dist.html
http://evolution.gs.washington.edu/phylip/software.etc2.html
http://evolution.gs.washington.edu/phylip/software.dist.html
http://evolution.gs.washington.edu/phylip/software.etc1.html
http://evolution.gs.washington.edu/phylip/software.etc1.html

PHYLIP
i Phylogeny Inference Package

= PHYLIP (Phylogeny Inference Package) is available
free in Windows/MacOS/Linux systems.

= Parsimony, distance matrix and likelihood methods
(bootstrapping and consensus trees).

= Data can be molecular sequences, gene frequencies,
restriction sites and fragments, distance matrices and
discrete characters.

Kirsi Kostamo 915



i

PHYLIP

Phylogeny Inference Package

PHYLIP (Phylogeny Inference Package) includes
programs to carry out parsimony, distance matrix
methods, maximum likelihood, and other methods on
a variety of types of data including:

DNA and RNA sequences, protein sequences,
restriction sites, 0/1 discrete characters data, gene
frequencies, continuous characters and distance
matrices.

It is the most widely-distributed phylogeny package,
with fovc?r 20,000 registered users, some of them
satisfied.

It competes with PAUP* to be the program
responsible for the most published trees.
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PHYLIP

Phylogeny Inference Package

Rt

;_'iD:"-.,asEnnus2"-.,phvIip"-.,phyIi|:|3.E5"-.,E:-:E"-.,seqhuul:.eue

Kirsi Kostamo 518



PHYLIP

Phylogeny Inference Package
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MEGA

Molecular Evolutionary Genetic Analysis
MEGA 6

= MEGA is an integrated tool for conducting sequence
alignment, inferring phylogenetic trees, estimating
divergence times, mining online databases, estimating
rates of molecular evolution, inferring ancestral
sequences, and testing evolutionary hypotheses.

= MEGA is used by biologists in a large number of
laboratories for:

1. Reconstructing the evolutionary histories of species and

2. Inferring the extent and nature of the selective forces
shaping the evolution of genes and species.

3. Clustal W is already built-in in MEGA 6.
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MEGA

Molecular Evolutionary Genetic Analysis
MEGA 7
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PCR detection of Pantoea spp.

Based on 16S rRNA sequences

= Dendrogram constructed by neighbor
joining analysis of the 16S rRNA gene
sequences from different Pantoea
species and a Pseudomonas syringae
strain sequence (AF094749) as an
outgroup.

= The nucleotide sequences were
analyzed using the BioEdit and Mega
4.0 software.

= Multiple sequence alignments were
performed using the ClustalW
program.

= Phylogenetic analysis was carried out
by the neighbor joining algorithm
implemented with Mega 4.0.

= Bootstrap values for phylogenetic
comparisons were based on 1000
pseudoreplicates.

57 "5z L AF364847 1| Pantoea ananatis LMG 20103
— DQ195523 1| Pamoea ananatis BO 622
41— D0133547 1) Pantoea ananatis BO 577
DQ133545 1| Pantoea ananatis BO 543

FJ999950.1| Pantoea agglomarans EQH21
AY642383 1| Pantoea stewartii 0028

ga — AF373198.1| Pantoea stewartn GSPB 2626
= 796080.1| Pantoea stewartii LMG 2715
&1 EF189920 1| Pantoea stewarti JL2
64

EF189919 1| Pantoea stewarti 40G

GQ374472.1| Pantoea agglomerans XI2

97 GQ374475.1| Pantoes agglomerans HJ
100 E GQ374471.1| Pantoea agglomerans XJ1
GQ3IT4474.1| Pantoea agglomerans GS2

FJ611887 1| Pantoea citrea LMG 23359
EFE88006.1| Pantoea punctata LMG 22050
FJ756351 1| Pantoea punctata DSM 13700
EFB88007 1| Pantoea terrea LMG 22051
FJT56363.1| Pantoea terrea DSM 13701
FJ756352 1| Pantoea citrea DSM 13699
EFE88008 1] Pantoea citrea LMG 22049
DQ838097 1| Pantoea punctata JCM B88S

53

100
00

1

AF034749 1] Pseudomonas synngae
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PCR detection of Serratia marcescens
Causing Cucurbit Yellow Vine Disease

Based on 16S rRNA sequences

Phylogenetic distance tree compiled
from 16S rDNA sequence data
using programs DNADIST and
NEIGHBOR, with the endosymbiont
of Sitophilus oryzae as outgroup.

Branches with bootstrap values less
than 500 were collapsed, and two
branches (bootstrap values 510 and
606) were of relative lengths
insufficient for resolution at the
scale of this figure.

Strains indicated in bold font were
used in this study; the remainder
are database reference
strains(NCBI RefSeq 16S

rrna database).

Rascoe et 4/,2003

E. carotovora (AJ233411)

S. ficaria (AJ233428)

895

JM-983

K. planticola (AF129443)

JM-965

971
——E. asburiae (AB004744)

S. rubidaea (AJ233436)

796

- HO1-A
615
— S. marcescens (AJ233431) (DSM 30121)

Wo1-A
742
RO1-A
510

985 |

Z01-A

CPO1(4)CU

98A-742
675
90-166 001
606 —

HO02-A
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PCR detection of P. syringae

Based on 16S rRNA sequences

Dendrogram based on 16S rDNA
gene sequences of endophytic
Pseudomonas syringae ISF FR1, P.
syringae pathovars and
Pseudomonas spp. obtained with
neighbor-joining algorithm.
Multiple alignment of 16S rDNA
sequences were performed using
the ClustalW algorithm.

Cluster analysis was conducted
using MEGA, version 3.1 (Kumar et
al.,2004) software.

The scale bar represents the
number of substitutions in each
sequence.

Bootstrap values (1,000 replicates)
are also shown.

Scortichini and Loreti,2000

— ! coronviiioions LMG13190
! # 5. v, erindvvepae MAFF 302259

# adior MAFF 3014637

!y, pv. pvasenficala 14484
P2 trevore CFBP 61117
¥ 5 . plvsoalicals MAFF 302282

&2 ' 5. pv pist PRIOS
—+ o, o eand? ISPaANe 595

38 ﬁ # caviapapaae ATOC 36315

Y q—)i £ pv. savasanol ATCC 135227
311 5. pv aprvicoe MAFF 101464

ISF FRI
3 py. ghwiea MAFF 302260

P2 x pw syvingae NCPPB 3869

£ 5 py bvsasonesios KOZ 8101

P & pr. coryli NCPPB 4273
£ 5. pv. sirvgae NCPPB 281

P u pv syvingae BT282

P eusercotoe IMC 24007

5, v awewd MAFF 302279

llf Maarescens PCLY

99| 72 mandelii CIP 105273

F avellanae ISF 2059

0o

£ avellamae BPIC 714

160 |
B rvetlanae PO

524




The calculation of association

coefficients for two organisms

Phylogenetic
relationships are
not measured
with a simple
coefficient.

The Calculation of Association Coefficients
for Two Organisms

In this example, organisms A and B are compared in terms of the
characters they do and do not share. The terms in the association
coefficient equations are defined as follows:

Organism B
1 0
1 a b
Organism A
0 ¢ d

a = number of characters coded as present (1) for both organisims

b and ¢ = numbers of characters differing (1,0.0r 0,1) between
the two organisms

d = number of characters absent (0) in both organisms
Total number of characters compared = a + b +c¢+d

_ - X a+d
The simple matching coefficient (Ssw) = ————— >
a

The Jaccard coefficient (S;) “TF s 4o
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!'_ Examples of Phylogenetic analyses

Mainly based upon:
= 16S rDNA sequences
= 16S-23S rDNA intergenic spacer sequences(ITS)
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Phylogenetic analysis of Acidovorax
species based upon 16S rDNA sequences
Neighbor(neighbour)-joining tree

= Neighbor-joining tree
obtained from 16S rRNA
gene sequences.

= The scale bar represents 1
estimated base substitution
per 200 nucleotide positions.

= Percentages refer to
bootstrap values of 100
calculated trees.

= EMBL/GenBank accession
numbers are shown in
parentheses.

= An expanded version of this
tree, showing more taxa, is
available as supplementary
material in IJSEM Online.

i — A, delalisidy ATCC 17505 (AFOTETEL)
2008 W@s CCUG 24137 (AFOTETES)
A defluvii BSB4117 (Y18616)
A, temperans CCUG 117787 (AFOTETEE)

- A, avenase subsp. svense ATCC 198607 (AFOTATSO)
— A, avenae subsp, citrull ATCC 296257 (AFOTRTE1)

A, avenae subsp. caltleyae NCPPB 9617 (AFOTATEZ)
L:anthun‘f CFBP 32327 (AJDOT013)
A. valerianeliae CFBP 4730" (AJ431731)

A. konjaci ATCC 338067 (AFOTATED)
Comamanas testosteroni
ATCC 119967 (M11224)

100

Taxon labels in bold indicates
A. valerianellae strain CFBP.

Gardan et a/,,2003 o527




Phylogenetic analysis of coryneforms
based upon 16S rDNA sequences

= Phylogene-tic tree S-hOWIng the Arthroboctergfobiformas,i;\‘TCGED1DL(N;3?:111)"ATCC482T(x79463)
relationship of the isolated
genotypes within the family

Leifsonia poae Ac-1401" (AF116342)
Microbacteriaceae.

st syt 0 s
= The tree is based on a 1486 bp
alignment of the 16S rDNA

Leucobacter komagatae IFO 15245 (D17751)
sequences and was constructed 3}
Microbacterium thalassium IFO 16060 (AB0D4713)
= The values are the number of time . Sl Corttecenu atreu Dl 20528 (X745

jenensis DSM 9580" (X92492) _
Cryobacterium psychrophilum JCM 1463 (D45058)

using Neighbor-Joining method
(Saitou & Nei, 1987).

Microb, imperiale IFQ 12610 (AB0OT414)

Microbacterium barkeri DSM 20145 (X774486)

- 100 Rathayibacter toxicus JCNIT 9889" (DB4127)

thattatbranch _apr%eared in 100 e
bootstrap replications. '

Micre 1 lacticum DSM 20427" (X77441)
Frigoribacterium faeni DSM 10308 (Y18807)

Microbacterium liquefaciens DSM 206387 (XTT444)
Microbacterium foliorum DSM 12966" (AJ249780)
Microbacterium phyllosphaerae DSM 13468 (AJ277840)
Micr | DSM 20166 (X77445)
Maximum likelihood method i
(Felsenstein, 1981). |
= To estimate the root position of the e isgensi b, s NGPPS 106 (05751
tree, Brevibacterium linens was used R e— e

Clavibacter michiganensis subsp. sepedonicus ATCC 331 13" (U09784)
Clavibacter mick subsp. nebraskensis ATCC 27794 (U09763)

Clavibacter michiganensis subsp. michiganensis NCPPB 2979" (U09762)
Genotype B1 - P 202/10 (AJ310415)

Clavibacter michiganensis subsp. tessellarius ATCC 33566" (U03254)

Microbacterium aurantiacum IFQ 15234 (ABO04728)
tercola boreus DSM 13056 (AF224722)

Microbacterium ketosireduecens IFO 145487 (AB004724)
a s a n O ut ro u I— Genotype D "Curtobacterium herbarum” DSM 14013" (AJ310413)
g p . 100 Genotype A - P 269/26 (AJ310414)

Micr dextranolyticum IFO 14592 (ABDO7417)
* 71 ¢l Curtobacterium flaccumfaciens pv. flaccumfaciens LMG 36457(AJ31 2209)

Genotype C “Plantibacter flavus” DSM 14012" (AJ310417)
Microbacterium arabinogalactanolyticum IFO 14344" (ABO0O4715)
= Dots indicate branches of the tree s o b oo
that were also formed using the i Mrueacredkii vl
= Strains characterized in this study
are in bold characters.
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Phylogenetic analysis of Erwinia species
based upon upon 16S rDNA sequences

= Rooted tree, subset of a
larger tree available as
supplementary material, S
result of a neighbor-joining ——
bootstrap analysis (1000 L
replications). et

Begggsssgy
- Ko &= B L

f}w
—

= Bootstrap percentages are W omomm
indicated only for branches e

j

T e

that were retrieved also by senen
MP (strict consensus of 6

equally parsimonious trees)
and ML at P<0.01, »
therefore indicating robust
clades. Or o

= ML analysis, in likelihood [

ra
——
n
8258
g
giag
£18
H
R4
-

B

SEEECEC| e R et R BRIk pREEEEEEHY

i

Enwinis rufiofvom

ZpEzEzz2
= BLEER
i ] e e

=

-
dEREEER
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Phylogenetic relationships of
certain bacterial clades

Five Phylogenetic groups in class Mollicutes

Archeae
Suliblobns

Fhyrtoplas ma

Clambacter

Gram +

Spiroplasiea

M pewnemiae

Agrobactermm

Frtomoplasma ellvalmiae

GL | ™ jifies oo Joas s flovumn
Myeoplasma ryooides

Spiroplasma bunkeln
Ureapl asma wrealyticien }
2

UGA

T [ —lpeoplasma preumoniae
=lrp
—lvcoplasma howgnis }
WL, GLJ Mycoplasma sualvi

— Arhlepias g laidiawid

‘ L
Armaeroplasma ohactaclasticum

Clostyridiumm frmaocannn
Asteroleplas ma aaerobium ]- 5
Boaeallus subtiis

E
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Phylogenetic analysis of Pseudomonas
species based upon 16S rDNA sequences

The tree is based on a 1282 bp
alignment of 16S rDNA
sequences and was constructed
using the neighbour joining
method.

Dots indicate branches of the
tree that were also formed using
the maximume-likelihood
method.

To estimate the root position of
the tree, E. coli (accession no.
J01695) was used as an
outgroup.

The values are number of time
that a branch appeared in 100
bootstrap replications.

Strains characterized in this
study are in bold.

Bar, relative sequence
divergence.

15 P. viridifiava LMG 23527 (Z76671)
* 80, P. avellanae P 90 (U49384)
P_amygdali LMG 21237 (Z76654)
P. cannabina CFBP 23417 (AJ49282T)
P. syringae LMG 12477 (Z76669)
P ficuserectae LMG 56947 (Z76661)
Genotype D; P. congelans P 538/237 (AJ492828)
P. savastanai pv. glycinae MAFF 302260 (AB001443)
P. caricapapayae ATCC 3361 57 (D84010
P. savastanoi pv. savastanoi ATCC 135227 (AB021402)

76),P. chlororaphis LMG 50047 (Z76657
, ! P. syringae pv. coronafaciens LMG 131907 (Z76660)
, P. meliae MAFF 3014637 (AB021382)

P. tremae CFBP 61117 (AJ492826)
P frederiksbergensis DSM 130227 (AJ 2493821r

P. brassicacearum CFBP 11706' (AF100321)

P, thivervalensis CFBP 112617 (AF100323)
P, kilonensis 520-207 (AJ292426)

P. corrugata ATCC 297367 (D84012)
§1— P. mandelii CIP 1052737 (AF058286)
P lini CFBP 57377 (AY035996)
P. costantinii CFBP 57057 (AF374472)
P. tolaasii LMG 23427 (Z76670)
P. palleroniana CFBP 43897 (AY091527)
P, extremarientalis KMM 34477 (AF405328)
Genotype B; P. poae P 527/1 3TT(A.|492829]
Genotype A; P. trivialis P 513/19" (AJ492831)

P. salomonii CFBP 20227 (AY091528)

P. orientalis CFML 96-1707 (AF0B4457)
P fluorescens DSM 500907 (Z76662)

P veronii CIP 1046637 (AF064460)
P marginalis LMG 221 o' (Z76663)
P rhodesiae CIP 1046647 (AF064459)
P. grimontii CFML 97-514" (AF268029)
P. migulae CIP 1054707 (AF074383)
P brennerii CFML 97-3917 (AF268968)
— Genotype E1; P 515/127 (AJ492830)
P. cedrina CFML 96-1 98T_|§AF054461)
P azotoformans |1AM 1603" (D84009)
) gessardii CIP 1054697 (AF074384)
P. libaniensis CIP 1054607 (AF057645)
P. mucidolens 1AM 124067 (D84017)
54 P. synxantha 1AM 123567 (DB4025)

o7y, P. jessenii CIP 1052747 (AF068259)
P. vancouverensis DhA-51 (AJ011507)

100

72

I P cichorii LMG 21627 (Z76658)
P aurantiaca ATCC 336637 (AB021412)

P. taetrolens IAM 1653 (D84027)

O —
2 P. lundensis ATCC 49968 (AB021395)
|—|' 1005 P. psychrophila E-37 (AB041885) 0.01
P fragi IFO 34567 (AB021413)

* Pathovar reference strain




Phylogenetic
relationships

of Rhizobia and related

rDNA sequence analyses

species based on 16S

Inferred relationships of
species in the genus
Rhizobium using Maximum
Likelihood.

Sequences from type
strains are marked *.

There is no significant
internal division of the
Rhizobium clade to suggest
that it represents more
than one genus.

Plant pathogenic
(Agrobacterium) species
are distributed within the
genus.

Young et al.,2004

A. palegaes D11343*
A. palegas XET2E5
A. galegas AFD25363

A. galegae AYS09213
L— R loessen s2 AF3G4068*

R
R
A, radl
R
AR

undicola Y7047
A. giardin liks AY427206
A, piandini |LBa344*
[ R. dagjeonanss AY3A1343 Group 2a
A. rubi AYE2E204
R. rubi XET228"

A. lamymoorel AYE26582
R. lamymoorel 230542

dinbacter AYE2EI2E

AYB26385

AYBRRIE4

AYB263ET

AYBRRIBT

A ra
. radiobacter
. radiobactar

inhactar
. radiobacter
b

mdiohacter DA4600° ___

A gaiagas AY1E7EA1
A. gailegas A167330
A, witls AYB2E06
A. huautlenss AFTR2E352*

Group 2b

A galegas AYEIE25
A galegas AY SX0216

A. galegae AYS00214

6343
A, yangiingenze AFD03375*
A. gaficum AFO08130*
L— A mongoienss UBERA0

A. et AYE0E2 0
P A. gallicurm AF447558
A, galicum AF417561

A. gallicum AYE09241
- [1_monooisnss AYE0EZ2

A. leguminosarum AY 198964
C A. leguminosarum U29388
- A. leguminosaninm 20386
 A. leguminosamm Laoga2e*
L A. leguminosarum L34074
A. e AY4B58ET

_| R. et AY4656B4
[ A. et 47303
A, eti U2BO1S
A. rhizogenss AYE26339
A. rhizogenes SYG26302
A. rhizogenes AYE26393
R. rubi AYB2E305
R. rhizogenes 014504 *
A. rhizogenes AY 626398
A rhizogenes AYEEE300
A. rhizogenas AYE26391
A. tropici 011344
A. mongolenss A 5200

L R edf L28030
A. st AY 117636
A. hainansn: sa UT1078*

A caufinodans X67224*
B. japonicum LESa33*

Group 1

— G charges




Phylogenetic analysis of Xanthomonas species
based upon 16S-23S rDNA ITS sequences

= ITS sequences were aligned using the clustal w program.

= Evolutionary distances were obtained by the p-distance method.

= Topology of the phylogenetic tree was assessed by the neighbour-
joining method and bootstrap values were obtained from 2000

replicates using the mega.
= Bar, 0£01 changes per nucleotide.

X. arboricola ICMP 35T (AF209752)
e X, vesicatoria XV1111 (AF123088)

.x campestris LMG 5637 (AF200755)
- X vasicola LMG 7367 (AF209765)
X, pisi LMG 8477 (AF209761)

X cucurbitae LMG 6907 (AF209757)

90

" X. campestris pv. gardneri XCGA (AF123093)

X, oryzae HE319 (ABO2628T)
X, bromi LMG 9477 (AF209754) .
X cassavae LMG 6737 (AF200756) Cluster 1
e X hortorum LMG T33T (AF209758)

X. melonis LMG 86707 (AF200760)

‘[’_,rmg{ma LMG T08T (AF260972)

X codiaei LMG Sb]’BTAFEGGQ 71y

X axonopodis pv. passiflorac ICMP 3151F (AF209766)

-X. uronopodrsp axonopodis LMG 5387 (AF200753)
X sacchari LMG 4717 (AF209762) — Cluster 11

X. albilineans ICMP 196 (AF209751) — Cluster 1
X translucens LMG 8767 (AF2097 64)— Cluster 1V

‘ QS__’—)( Ivacinthi LMG 7397 (AF209759) — Cluster V
Stenotrophomonas maltophilia ATCC 13637 (L28166)

X theicola LMG 86847 (AF209763) — Cluster VI

Goncalves and Rosato,2002
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Celebrating the 20th anniversary
of the first Xanthomonas
genome sequences

= Celebrating the 20th anniversary of the first
Xanthomonas genome sequences— how genomics
revolutionized taxonomy, provided:

1. insight into the emergence of pathogenic bacteria,
2. enabled new fundamental discoveries, and

3. helped developing novel control measures — a
perspective from the French network on
Xanthomonads.

Koebnik and Cesbron et a/,2024 534



Celebrating the 20th anniversary
of the first Xanthomonas
genome sequences

= NCBI Xanthomonas genome
statistics (as of 13 July 2023).
Xanthomonas genome assembly

= metadata were extracted from NCBI
GenBank at
https://www.ncbi.nlm.nih.gov/datas
ets/genome/?taxon=338.

= GenBank assembly levels ‘Contig’,
‘Scaffold” and ‘Chromosome’ were
considered together as Draft level.

= The complete list of genomes and
relevant metadata are available in
Supplementary Table S1.

Koebnik and Cesbron et a/,,2024
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https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=338

Celebrating the 20th anniversary
of the first Xanthomonas
i genome sequences

= Phylogenetic tree of the 32 valid species of Xanthomonas provided
after TYGS analysis (Meier-Kolthoff et al/.,2022).

= Tree inferred with FastME 2.1.6.1 (Lefort et a/, 2015) from GBDP
distances calculated from genome sequences retrieved from Genbank.

= The branch lengths are scaled in terms of GBDP distance formula d5.

= The numbers on branches are GBDP pseudo-bootstrap support values
> 70% from 100 replications, with an average branch support of
97.2% (Farris, 1972).

= The Newick file was edited in iTOL (https://itol.embl.de/) and rooted
on the outgroup Stenotrophomonas maltophilia.

= The complete list of genomes and GenBank Assembly accession
numbers are available in Supplementary Table S2.

Koebnik and Cesbron et al,,2024 536



Celebrating the 20th anniversary
of the first Xanthomonas
i genome sequences

= Phylogenetic tree of the 32 valid species of Xanthomonas provided
after TYGS analysis (Meier-Kolthoff et al/.,2022).

= Tree inferred with FastME 2.1.6.1 (Lefort et a/, 2015) from GBDP
distances calculated from genome sequences retrieved from Genbank.

= The branch lengths are scaled in terms of GBDP distance formula d5.

= The numbers on branches are GBDP pseudo-bootstrap support values
> 70% from 100 replications, with an average branch support of
97.2% (Farris, 1972).

= The Newick file was edited in iTOL (https://itol.embl.de/) and rooted
on the outgroup Stenotrophomonas maltophilia.

= The complete list of genomes and GenBank Assembly accession
numbers are available in Supplementary Table S2.

Koebnik and Cesbron et a/,2024 537



Celebrating the 20th anniversary
of the first Xanthomonas
sequences

genome

Xanthomonas maliensis

Xanthomonas campestris pv. campestris

Xanthomonas vesicatoria
Xanthomonas dyei
Xanthomonas pisi

m Xanthomonas melonis

100 Xanthomonas cucurbitae
o0 Xanthomonas codiaei
100 Xanthomonas cassavae

Xanthomonas floridensis

Xanthomonas fragariae

Xanthomonas arboricola pv. juglandis
Xanthomonas euroxanthea
Xanthomonas populi

Xanthomonas hortorum pv. hederae
Xanthomonas hydrangeae

Xanthomonas nasturtii

Xanthomonas bromi

Xanthomonas prunicola

Xanthomonas vasicola

Xanthomonas oryzae pv. oryzae
Xanthomonas axonopodis pv. axonopodis
00 Xanthomonas phaseoli pv. phaseoli
Xanthomonas citri pv. citri

Xanthomonas euvesicatoria pv. euvesicatoria
Xanthomonas albilineans

|

g

100
100
00
T
100
1 100
B8
100

100

Xanthomonas sacchari
o Xanthomonas yougii

00 Xanthomonas theicola
‘m—‘i l Xanthomonas translucens pv. translucens
Xanthomonas hyacinthi
Xanthomonas bonasiae

Stenotrophomonas maltophilia

Koebnik and Cesbron et a/,2024
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Phylogeny

Bacillus and novel genera originated from

genus Bacillus

= Schematic outline of the
phylogenetic diversity of 16S
rDNA of aerobic, rod shaped
and spore-forming, Gram-
positive bacteria, classified as
species of Bacillus, genera that
originated from the dissection of
Bacillus, and species that were
affiliated to novel genera
because of their distinct
phylogenetic positions.

» Bacillus species were found to
form clusters that have been
named RNA groups 1 to 6.

Berkeley et a/,2002

Paenibacillus, B. mucilaginosus,
B. edaphicus, RNA group 3

Ammoniphilus Thermobacillus
Aneurinibacillus Brevibacillus,
Alicyclobacillus, \ RNA group 4
Sulfobadillus
B tusciae Amphibacillus,
: B. horti
B schlegelii / B. thermosphaericus,
Thermoactinomyces 5 B. thermodloacae
sy /// Exiguobacterium
Streptococcus g
La%ociurmtus B. alcalophilus, B. dausii,
. ococaus - B. veddeni, and others,
sterid, ) RNA group 6
Brochothrix /
Staphylococcus Gracilibacillus,
Virgibacillus, Salibacillus,

obad;‘;‘us, B. haloalkaliphilus

B. laevolacticus,

Main Bacillus cluster, Sporolactobacillus

RNA group 1
B. stearothermophilus group,
Saccharococcus,

RNA group 5

Some Bacillus species,
Caryophanan, Kurthia,
Planococcus, Filibacter,
Sporosarcing,

5% RNA group 2
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Phylogenetic relationships
of Bacilli RNA groups

Detailed neighbour-joining tree
of species of RNA groups 1, 2
and 5.

The dotted area indicates the
uncertainty of the order at
which the lineages diverge from
each other.

The area was chosen somewhat
arbitrarily and may just as well
cover more recent branching
points.

The bar indicates 10%
nucleotide substitutions.

B, Bacillus; T, type strain.
Berkeleyet al,,2002

B. marinus”
'B. aminovorans' DSM 4337

B. globisporus™
B. psychrophilus™
B. pasteuril”

Sporosarcina ureae”

B. insolitus”

Planococcus kocuri™

Planococcus citreus”

Planococcus okeanokoites”
Planococcus memeekini™

Kurthig zopfil"
— B. fusiformis”

—— B sphaericus’
Caryophanon latum™
Curyaphanqui tenue”

B. silvestris
e B. oleronius" .

B. sporothermodurar
B. badiusT

B vallismortis™
’—,—fﬁf B. mojavensis’
B. subtilis"
B. amyloliquefaciens”
B. atrophaeus”

B ffmemforTmfsT

B. pumilus

B. cohnii™
—E B. horikoshii™
B. halmapalus?

B. fastidiosus"

Brevibacterium frigoritolerans’
‘B. maroccanus’ NCIMB 10500
B. simplex"

Arthrobacter viscosus DSM 20159
B. psychrosaccharolyticus™
B megaterium’
L 5 flows’

B. azotoformans”

i B. benzoevorans”
B. drculans”

B. infernus DSM 10276

* B. coagulans NCDO 1761
Bt ans’

U4

B. methanolicus C1

L
B. lentus NCDO 1761

B. cereus NCTC 11143
B. pseudomycoides”
B anthracis strain Sterne
B. thuringiensisT

'B. medusa”
LLB, wethenstephanensisT
T

B. mycoides
B. smithiiT

B. stearothermophilusT
B. thermocatenulatus"
B. thermoleovorans’
‘B. caldolyticus’ DSM 405
‘B. caldotenax’ DSM 406

B. kaustophilus™
'B. caldovelox’ DSM 411
B. thermodenitrificans”

‘B. caldoxylolyticus’ S1812
—— B. mermohgfucosrdasms'r
Saccharococcus thermophilusT
'B. flavothermus’ DSM 2641
B. pallidus™
‘B. thermoalkaliphilus' DSM 6866

10%

RNA group 2

RNA group 1

RNA group 5




‘L Glossary of general terms

Analogue: An organ or structure that is similar in function to one in another
kind of organism but is of dissimilar evolutionary origin.

Bioinformatics: Bioinformatics have become an essential tool not only for basic
research but also for applied research in biotechnology and biomedical sciences
(Kamel, 2003).

Bioinformatics is an emerging scientific discipline that uses information
technology to organize, analyze, and distribute biological information in order to
answer complex biological questions.

Bioinformatics is an interdisciplinary research area, which may be broadly defined
as the interface between biological and computational sciences (Singh and
Kumar, 2001).

Bioinformatics programs that used to process the interest sequence against
those deposited in the database such as Gene Runner version 3.05, Basic Local
Alignment Search Tools (BLASTn) and Ribosomal Database Project (RDP).

Ee?ﬁncestor: An alternative term for the Last Common Ancestor of all life on
arth.
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‘L Glossary of general terms

Clusters of Orthologous Groups of Proteins (COGs): Phylogenetic
classification of proteins encoded in complete genomes.

Dendrogram: A branching diagram that shows the relative sequence similarity
between many different proteins or genes to indicate the phylogenetic
relationships; typically horizontal lines indicate the degree of differences in
sequences, while vertical lines are used for clarity to separate branches.
Domain: The highest taxonomic division in the classification of living organisms.
The three domains are the Archaea, the Bacteria and the Eucarya. Domains are
subdivided into kingdoms. While the three domain model is widely used in
astrobiology, some biologists prefer other schemes such as the Five-Kingdom

system.

Eubacteria: An alternative name for the domain bacteria (or true bacteria).
The electropherogram is a graphical representation of data received from a
sequencing machine and is also known as a trace.

Gene flow: Movement of genes (under examination) through specific process,
from one population to another population geographically separated apart.

Genetic polymorphism: The stable, long term existence of multiple alleles at a
ﬁene locus. Technically a locus is said to be polymorphic if the most common
omozygote occurs at a frequency of less than 90% in the population.
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Glossary of general terms

= Homologous: Diploid organisms that has inherited the same allele from both
parents ie carries identical alleles at the corresponding sites on homolgous
chromosomes.

= Homology: Similarity attributed to descent from a common ancestor.

= Last Common Ancestor: The last common ancestor of all organisms living
today. The root of the tree of life.

= Lateral Gene Transfer: The transfer of genes between different species.
Lateral gene transfer may have been widespread in the early stages of life on
Earth and this complicates the interpretation of the tree of life.

» LUCA: Another term used for the Last Common Ancestor of all living organisms.
Acronym for Last Universal Common Ancestor.

= Monophyletic group: Derived from a common ancestor. Taxa derived from
and including a single founder species.

= Orthologous/orthologue/orthology: Genes in different species that are
homologous (similar) because they are derived from a common ancestral gene
(during speciation).

= Open reading frame (ORF): A DNA sequence lying between start and stop
codons which is capable of transcription.
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Glossary of general terms

= Paralogous/paraloque/ %araloqy: Two genes from the same organism
which are similar because they derive from a gene duplication.

= Paraphyletic group: Groups which have evolved from and include a single
ancestral species (known or hypothetical) but which do not contain all the
descendants of that ancestor.

= Polymorphism: The existence within a species or a population of different
forms of individuals, ...

= Polyphyletic group: A group that does not include the common ancestor of
the group. The common ancestor is placed in another group or a taxonomic
group having origin in several different lines of descent.

= Pre-RNA World: A hypothetical early stage in the development of life which
preceeded the RNA World and used some other genetic material in place of RNA
or DNA.

= RNA polymerase: The basic structure of RNA polymerase consists of four
polypeptides — two identical a chains plus two other chains (B and ') that are
related to one another but are not identical.
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Glossary of general terms

= RNA World: A hypothetical early stage in the development of life in which RNA
molecules provided both the genome and the catalysts, roles which
subsequently were taken over by DNA and proteins.

= Ribotyping: Restriction fragment length polymorphism analysis of rRNA genes
that is used for differentiating between species or strains.

= Tree of Life: A phylogenetic tree covering all groups of life on Earth. The term
is commonly used for the tree derived by molecular phylogeny using small sub-
unit ribosomal RNA as pioneered by Carl Woese in the 1970s.
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