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•Send draft of student project
•Go through mb analysis of glyRS run

Cenancestor
(aka MRCA or LUCA)
as placed by ancient duplicated
genes (ATPases, Signal
recognition particles, EF)

To Root

• strictly bifurcating
• no reticulation
• only extant lineages
• based on a single
molecular phylogeny
• branch length is not
proportional to time

The Tree of Life according to SSU ribosomal RNA (+)
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Evolutionary processes analogous to the ones
proposed to occur in the microbial world
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Cartoons from Science Made Stupid, T. Weller, 1986.
from http://www.besse.at/sms/ Slide kindly provided by Kenneth Noll. 

Escherichia coli, strain CFT073, uropathogenic
Escherichia coli, strain EDL933, enterohemorrhagic
Escherichia coli K12, strain MG1655, laboratory strain,

Welch RA, et al. 
Proc Natl Acad Sci U S A. 2002; 99:17020-4 

“… only 39.2% of their
combined (nonredundant)
set of proteins actually are
common to all three
strains.”

METAGENOME

Welch et al, 2002
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Strain-specific

Pan-genome
+ + +

Genomic Islands

Binnewies, Motro et al., Funct. Integr. Genomics (2006) 6: 165–185 

Sampling curves for types of bacterial genes

One bacterial genome is selected at random and compared successively to the
other available bacterial genomes in random order.  This process is repeated.

Number of genes in initial genome with
recognizable homologs in all sampled genomes

Number of genes in initial genome without
recognizable homologs in all sampled genomes

f(x) = 2434*e(-x/1.4) 
       +  410*e(-x/8.9) 
       +    92*e(-x/99) 
       +   117 (bacterial core)

On average 116.7 +/- 0.6 genes per bacterial
genome belong to the bacterial core.

The bacterial pan-genome is “open” - each
new sequenced genome will contribute about
200 new genes.

f(x) =   939*e(-x/0.5) 
       +   731*e(-x/2.3) 
       +   455*e(-x/10) 
       +   329*e(-x/31) 
       +   385*e(-x/162) 
       +   213
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Gene frequency in a typical genome

-Pick a random gene from any of the 293 genomes

-Search in how many genomes this gene is present

-Sampling of 15,000 genes 

F(x) = sum [ An*exp(Kn*x)]

(Character genes)(Accessory pool) (Extended Core)

Kézdy-Swinbourne Plot
If   f(x)=K+A • exp(-k•x), then
f(x+∆x)=K+A • exp(-k•(x+∆x)).

Through elimination of A:
f(x+∆x)=exp(-k • ∆x) • f(x) + K’

And for x→∞,
f(x)→K, f(x+∆x)→K

Novel genes after looking in x genomes 
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only values with x ≥ 80 genomes were included

Even after comparing to a very large (infinite) number of bacterial
genomes, on average, each new genome will contain about 230
genes that do not have a homolog in the other genomes.

~230 novel genes
per genome

Core

Essential genes
found in all bacterial

genomes

~ 100-200 gene
families

(found in every genome)

Extended Core

Genes with well defined
function; homologs are
frequently encountered

~ 10,000 gene
families

(found in 1/2 to 1/30 genomes)

Accessory Pool
Genes that can be used to distinguish strains or

serotypes
(Mostly genes of unknown functions)

~ 125,000 gene
families

(unique or 1/170 genomes)

71.4%

4%

24.6%

Gene frequency in individual genomes

Core

Extended Core

Accessory Pool
(mainly genes acquired 
form the mobilome)

Approximate number of genes sampled in 200 bacterial genomes:

25,160 core genes
453,781 extended core genes
156,259 accessory genes

Trunk-of-my-car analogy:
Hardly anything in there is the is the result of providing a selective advantage.
Some items are removed quickly (purifying selection), some are useful under
some conditions, but most things do not alter the fitness.

Could some of the inferred purifying selection be due to the acquisition of
novel detrimental characteristics (e.g., protein toxicity)?

•Most transferred genes belong to the “accessory
pool”, are only under weak selection, and often
found in genomic islands.

•All types of genes have been horizontally
transferred, including ribosomal RNA operons and
genes encoding ribosomal proteins.

Rope as a metaphor to describe an organismal lineage
(Gary Olsen)

Individual fibers = genes that travel for some time in a lineage.

While no individual fiber present at the beginning
might be present at the end, the rope (or the
organismal lineage) nevertheless has continuity.

However, the genome as a whole will acquire the character
of the incoming genes (the rope turns solidly red over time).

The Phylogenetic Position of Thermotoga

(a) concordant genes,
(b) all genes & according to 16S
(c) according to phylogenetically discordant genes

Gophna, U., Doolittle, W.F. & Charlebois, R.L.:  
Weighted genome trees: refinements and applications. J. Bacteriol. (2005) 
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    Supertree   vs. Supermatrix

Schematic of MRP supertree (left) and parsimony supermatrix (right) approaches to the analysis of
three data sets. Clade C+D is supported by all three separate data sets, but not by the supermatrix.
Synapomorphies for clade C+D are highlighted in pink. Clade A+B+C is not supported by separate
analyses of the three data sets, but is supported by the supermatrix. Synapomorphies for clade
A+B+C are highlighted in blue. E is the outgroup used to root the tree.

From
:

Alan de Q
ueiroz John G

atesy :
The superm

atrix approach to system
atics

Trends Ecol Evol . 2007 Jan;22(1):34-41 Phylogenetic
information
present in
genomes

Break information 
into small quanta 
of information 
(bipartitions or 
embedded quartets)

Spectral Decomposition of
Phylogenetic Data

Analyze spectra
to detect
transferred genes
and plurality
consensus.

BIPARTITION OF A PHYLOGENETIC TREE

Bipartition (or split) – a division of a
phylogenetic tree into two parts that are
connected by a single branch.
It divides a dataset into two groups, but
it does not consider the relationships
within each of the two groups.

95 compatible to illustrated 
bipartition

incompatible to illustrated 
bipartition

* * * . . . . .
Orange vs Rest
. . * . . . . *

Yellow vs Rest
* * *. . . * *

“Lento”-plot of 34 supported bipartitions (out of 4082 possible)

13 gamma-
proteobacterial 
genomes 
(258 putative 
orthologs):

•E.coli
•Buchnera
•Haemophilus
•Pasteurella
•Salmonella
•Yersinia pestis 
  (2 strains)
•Vibrio
•Xanthomonas 
  (2 sp.)
•Pseudomonas
•Wigglesworthia

There are
13,749,310,575

possible
unrooted tree
topologies for
13 genomes

Consensus clusters of
eight significantly
supported bipartitions

Phylogeny of putatively transferred gene
(virulence factor homologs (mviN)) 

only 258 genes analyzed 

10 cyanobacteria:

•Anabaena
•Trichodesmium
•Synechocystis sp.
•Prochlorococcus
  marinus
  (3 strains)
•Marine
  Synechococcus
•Thermo-
  synechococcus
  elongatus
•Gloeobacter
•Nostoc
  punctioforme

“Lento”-plot of supported bipartitions (out of 501 possible)

Zhaxybayeva, Lapierre and Gogarten, Trends in Genetics, 2004, 20(5): 254-260.

Based on 678
sets of
orthologous
genes
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PROBLEMS WITH BIPARTITIONS  

• No easy way to incorporate gene families
that are not represented in all genomes.

• The more sequences are added, the
shorter the internal branches become, and
the lower is the bootstrap support for the
individual bipartitions.

• A single misplaced sequence can destroy
all bipartitions.

Bootstrap support values for embedded quartets

+ : tree calculated from one pseudo-
sample generated by bootstraping
from an alignment of one gene family
present in 11 genomes

Quartet spectral analyses of genomes iterates
over three loops:
Repeat for all bootstrap samples.
Repeat for all possible embedded quartets.
Repeat for all gene families.

: embedded quartet for genomes
1, 4, 9, and 10 .
This bootstrap sample supports the
topology ((1,4),9,10).

1
4

9
10

1
10

9
4

1
9

10
4√

Zhaxybayeva et al. 2006, G
enom

e R
esearch, 16(9):1099-108
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Total number of gene families
containing the species quartet

Number of gene families
supporting the same topology
as the plurality
(colored according to bootstrap
support level)

Number of gene families
supporting one of the two
alternative quartet topologies

Illustration of one component of a quartet spectral analyses
Summary of phylogenetic information for one genome quartet for all gene
families

330 possible
quartets

quartets
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685
datasets
show
conflicts
with
plurality

1128 datasets
from relaxed
core (core
datasets +
datasets with
one or two taxa
missing)

Quartet Spectrum
of 11 cyanobacterial
genomes 

Genes with orthologs outside the cyanobacterial phylum:
Distribution among Functional Categories 

(using COG db, release of March 2003)

Cyanobacteria do

not form a coherent

group (160)

Cyanobacteria do

form a coherent

group, but conflict

with plurality (294)

700 phylogenetically

useful extended

datasets

Plurality Signal form Quartet Decomposition

Gloeobacter

marine Synechococcus

3Prochlorococcus

2Prochlorococcus

1Prochlorococcus

Nostoc

Anabaena

Trichodesmium

Crocosphaera

Synechocystis

Thermosynechococcus

N
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Tr
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S

Th

G

1P

2P

3P

mS

Modified from Zhaxybayeva, O., Gogarten, J.P.,
Charlebois, R.L., Doolittle, W.F., Papke, R.T. (2006)
Genome Res. 16(9):1099-108

Flow Chart
for
Quartet
Decomposition
Analysis

A) Template tree

B) Generate 100 datasets using Evolver with certain
amount of HGTs

C) Calculate 1 tree using the concatenated dataset or 100
individual trees

D) Calculate Quartet based tree
using Quartet Suite Repeated 100 times…

 

Supermatrix versus
                Quartet based Supertree

inset: simulated phylogeny

Ancient Gene Transfer and Phylogenetic
Reconstruction: Friends or Foes?

Popular view
 Gene transfer is a disruptive

force in phylogenetic
reconstruction.

New view
 Events of ancient gene transfer

are valuable tools for
reconstructing organismal
phylogeny. 1. Any ancient gene transfer to the

ancestor of a major lineage
implicitly marks the recipient and
descendents as a natural group.

2. The donor must exist at the
same time or earlier than the
recipient.

Ancient HGTs
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Gene “ping-pong”
between different
lineages can be used to
build correlations
between different parts
of the tree/net of life.

Presence of a
transferred  gene
is a shared derived
character that can
be useful in
systematics.

Pl
ac

e 
w

he
re

 b
ac

te
ria

l
ho

m
ol

og
s j

oi
n 

th
e 

tre
e 

in
ou

r a
na

ly
se

s Animals/fungi tyrRS
group within the
Haloarchaea

Phylogenetic analyses of tyrRS protein sequences

modified from Huang, Xu, and Gogarten (2005) MBE 22(11):2142-6

Multiple protein sequence alignment for tyrRS. 

Signature residues for association of metazoan/fungal/haloarchaeal homologs

Transferred tyrRS supports monophyletic opisthokonts 

The same conclusion is reached,  if haloarchaeal type tyrRS in opisthokonts is
explained by ancient paralogy and differential gene loss.
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Plurality Signal form Quartet Decomposition

Gloeobacter

marine Synechococcus

3Prochlorococcus

2Prochlorococcus

1Prochlorococcus
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Modified from Zhaxybayeva, O., Gogarten, J.P.,
Charlebois, R.L., Doolittle, W.F., Papke, R.T. (2006)
Genome Res. 16(9):1099-108

 These conflicting observations are not limited to pro-
karyotes. In incipient species of Darwinʼs finches frequent
introgression can make some individuals characterized
by morphology and mating behavior as belonging to the
same species genetically more similar to a sister species
(Grant et al. 2004 “Convergent evolution of Darwin's
finches caused by introgressive hybridization and
selection” Evolution Int J Org Evolution 58, 1588-1599).

Species evolution versus plurality consensus 

 In case of the marine Synecchococcus and Prochlorococcus spp. the
plurality consensus is unlikely to reflect organismal history.

This is probably due to frequent gene transfer mediated by phages
 e.g.:

Example of inter-
phylum transfer:
threonyl tRNA
synthetase

Monophyly of primary photosynthetic eukaryotes is supported by more than 50
ancient gene transfers from different bacterial phyla to the ancestor of the red algae
and green plant lineage.
• E.g., ancient gene transfer of frp-gene (florfenicol resistance protein)

Gene from Green plants
and Red algae groups with
delta proteobacteria

modified from Huang and Gogarten (2006), 
Trends in Genetics 22, 361- 366

Red Algal and Green Plant Genes of
Chlamydial Origin

Consistent phylogenetic signal links
Chlamydiae, red algae and green plants.

Gene Name or Gene Product Presence Putative Function 
ADT/ATP translocase R and G ATP/ADP transport 

Phosphate transporter G Phosphate transport 

Sodium:hydrogen antiporter R and G Ion transport 

Cu-ATPase R and G Ion transport 

4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (gcpE) 

((GcpE) 

R and G Isoprenoid biosynthesis 

4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (i spE ) R and G Isoprenoid biosynthesis 

2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (isp D ) R and G Isoprenoid biosynthesis 

Enoyl-ACP reductase (fabI) R and G Fatty acid biosynthesis 

Beta-ketoacyl-ACP synthase (fabF) R and G Fatty acid biosynthesis 

Glycerol-3-phosphate acyltransferase R and G Phospholipid 

biosynthesis 
Polynucleotide phosphorylase R and G RNA degradation 

Phosphoglycerate mutase G Glycolysis 

Oligoendopeptidase F R Amino acid biosynthesis 

Aspartate transaminase R and G Amino acid metabolism 

Malate dehydrogenase G Energy conversion 

Tyrosyl-tRNA synthetase R and G Translation 

23S rRNA (Uracil-5-)-methyltransferase R and G RNA modification 

Isoamylase R and G Starch biosynthesis 

Hypothetical protein R Unknown 

Sugar phosphate isomerase G Sugar interconversion 

CMP-KDO synthetase G Cell envelope formation 
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Chlamydial-type genes in red algae and plants are often specifically
associated with Protochlamydia (Parachlamydia)

4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (ispE)Beta-ketoacyl-ACP synthase (fabF)
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Tyrosyl-tRNA synthetase

Cyanobacteria

Chlamydiae + red algae +
green plants

The chlamydial genes (plant & red algae) group separate from the
cyanobacterial homologs

 

Cyano-
bacteria

Chlamydiae, red algae+
green plants

Polynucleotide Phosphorylase 

Examining possible Hypotheses

2. Chlamydiae acquired plant-like  genes via
Acanthamoeba hosts (Stephens et al. 1999; Wolf et al.
1999; Ortutay et al. 2003).

3. Chlamydial and plant sequence similarities reflect an
ancestral relationship between chlamydiae and
cyanobacteria (Brinkmann et al. 2002; Horn et al. 2004).

1. Plants acquired chlamydial genes via insect feeding
activities (Everett et al. 2005).

No. All these genes are of bacterial origin. The direction of
gene transfer is from bacteria to eukaryotes.

No. Genes of chloroplast ancestry should still be more similar to
cyanobacterial than to chlamydial sequences. In many instances
the cyanobacterial homologs form a clearly distinct, and
separate clade.

No. The ancestor of red algae and green plants is much
older than insects.

What do we learn from the data??
(Chlamydial genes in red algal and plant genomes)

Unless a stable physical association existed, it is
highly unlikely for any single donor to transfer such a
number of genes to a single recipient.

Our Hypothesis: An ancient, unappreciated
symbiotic association existed between chlamydiae
and the ancestor of red algae and green plants.

Genes from this chlamydial symbiont might have
been crucial to establish communication between
host and the cyanobacterial cytoplasms.

WhiteWhite: α-proteobacterial (mitochondrial) symbiont

Hypothesis:  Chlamydiae and the primary plastids 

Gene transfer to the nucleus

nucleus

mitochondrion

Transport of nuclear encoded proteins to symbiont
Direction of symbiotic benefit 

A) The Host

YellowYellow: parasitic chlamydial bacterium

Hypothesis:  Chlamydiae and the primary plastids 

Gene transfer to the nucleus

nucleus

mitochondrion

Transport of nuclear encoded proteins to symbiont
Direction of symbiotic benefit 

B) The Host invaded by a parasite

Green: cyanobacterium (as food)

cyanobacterium 
in food vacuole 

parasitic
chlamydial
bacterium

Hypothesis:  Chlamydiae and the primary plastids 

Gene transfer from the symbionts to the nucleus

nucleus
Genes might be 
transferred between
the different symbionts

Transport of nuclear encoded proteins to symbiont
Direction of symbiotic benefit 

C) The chlamydial symbiont becomes mutalistic 

The machinery that
provides benefits to the
chlamydial parasite also
begins to provide some
benefits to the enslaved
cyanobacterium

Hypothesis:  Chlamydiae and the primary plastids 

Gene transfer from the symbionts to the nucleus

nucleus

Direction of symbiotic benefit 

D) The cyanobacterium evolves into an organelle 

Products from genes
that were transported
to the nucleus are
targeted into the
cyanobacterium

mitochondrion

Chlamydial and cyanobacterial type gene products 
are targeted to the plastid 

Hypothesis:  Chlamydiae and the primary plastids 
D) Loss of chlamydial symbiont

With the help of genes
contributed by the
chlamydial parasite, the
cyanobacterium has
evolved into a
photosynthetic organelle

The chlamydial symbiont is lost - possibly without trace, except for the genes that
facilitated the integration of the metabolism of the host with that of a photoautotroph.

This hypothesis also explains why the evolution of an organelle from a primary
endosymbiont is rare.  A photoautotroph with a single compartment has few
transporters available that would allow integration with the host metabolism.
The simultaneous  presence of an intracellular parasite allows for the integration of
the two cytoplasms.

The Coral of Life (Darwin)
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Mapping Metabolic Pathways on the
Tree of Life

“Our results suggest that the last common ancestor of
Archaea was not a methanogen and that methanogenesis
arose later during subsequent microbial evolution. This
leaves sulphur reduction as the most geochemically plausible
metabolism for the base of the archaeal crown group.”

Chris House, Bruce Runnegar, and Sorel Fitz-Gibbon
conclude from their analyses of genome based phylogenetic
trees (Geobiology 1, 15-26, 2003):

Modified from: Galagan et al., 2002

Thermo-
plasmatales

Pyrococci

Mapping Metabolic Pathways on the
Tree of Life

“Our results suggest that the last common ancestor of
Archaea was not a methanogen and that methanogenesis
arose later during subsequent microbial evolution. This
leaves sulphur reduction as the most geochemically plausible
metabolism for the base of the archaeal crown group.”

Chris House, Bruce Runnegar, and Sorel Fitz-Gibbon
conclude from their analyses of genome based phylogenetic
trees (Geobiology 1, 15-26, 2003):

This conclusion is at odds with the ancient origin of many of the
enzymes specific to methanogens.
Enzymes involved in methylamine reduction use pyrrolysine as a
21 amino acid. The enzyme that charges the pyrrolysine tRNA is
as old as the genetic code.

Class II aaRS Phylogeny

Aspartate

Lysine
(only class II)

Pyrrolysine

Phenylalanine
Serine

Pyrrolysine as 21st amono acid:
A genetic “life raft”?

http://www.avionpark. com/catalog/images/Fighing% 20boat%20sinks%20with%20life%20raft%20web.jpg

Evolution of Aceticlastic
Methanogenesis in Methanosarcinales

via Horizontal Gene Transfer from
Clostridia

Modified from: Galagan et al., 2002

Thermo-
plasmatales

Pyrococci

Methanogenesis
 Unique to subset of Archaea
 Energy production via

reduction of multiple carbon
substrates to CH4

 900 Million metric tons of
biogenic methane produced
annually.

 Over 66% of biogenic methane
is produced from acetate,
mostly by Methanosarcina
genera.

From: Galagan et al., 2002

Aceticlastic
methanogenesis-
specific pathway:
acetate kinase (AckA) and
phosphotransacetylase (Pta)

CODH complex:
reversible Acetyl-CoA
synthesis

Phosphotransacetylase (Pta)
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acetate kinase (AckA)

acetoclastic
methonogens and
cellulolytic clostridia

AckA/PtaA Clostridia acetigenic pathway

Methanosarcina 
aceticlastic pathway

Figures drawn with Metacyc (www.metacyc.org)

PtaAPtaA

AckA

AckA

HGT

• Methanogenesis from acetate evolved in the
Methanosarcinales via HGT of AckA and Pta genes from a
species closely related to cellulolytic Clostridia

• The transfer was a relatively recent singular event
involving derived taxa.

• The ancestral state of the recipient likely was a
chemoautotrophic methanogen that used the CODH
complex for Acetyl-CoA synthesis from C-1 substrates.
(Grahame et al. 2005 Arch Microbiol 184  32-43, 2005)

• Gene transfer of AckA/PtaA would provide metabolic
reversal of CODH reaction in presence of acetate, with no
additional genes required.

The Coral of Life (Darwin) Coalescence – the
process of tracing
lineages backwards
in time to their
common ancestors.
Every two extant
lineages coalesce
to their most recent
common ancestor.
Eventually, all
lineages coalesce
to the cenancestor.

t/2
(Kingman,
1982)

Illustration is from J. Felsenstein, “Inferring Phylogenies”, Sinauer, 2003

Coalescence of ORGANISMAL and MOLECULAR Lineages

•20 lineages

•One extinction and one speciation
event per generation

•One horizontal transfer event once in
10 generations (I.e., speciation
events)

RED: organismal lineages (no HGT)
BLUE: molecular lineages (with HGT)
GRAY: extinct lineages 

RESULTS:

•Most recent common ancestors are different for organismal and
molecular phylogenies

•Different coalescence times

•Long coalescence time for the last two lineages

Time 

Adam and Eve never met 
Albrecht Dürer, The Fall of Man, 1504

Mitochondrial
Eve

Y chromosome
Adam

Lived 
approximately 

50,000 years ago 

Lived 
166,000-249,000 

years ago 

Thomson, R. et al. (2000)
Proc Natl Acad Sci U S A 97,
7360-5

Underhill, P.A. et al. (2000)
Nat Genet 26, 358-61

Cann, R.L. et al. (1987)
Nature 325, 31-6

Vigilant, L. et al. (1991)
Science 253, 1503-7

The same is true for ancestral rRNAs, EF, SRP, ATPases! EX
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Modified from Zhaxybayeva and Gogarten (2004), TIGs 20, 182-187
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Bacterial 16SrRNA based phylogeny
(from P. D. Schloss and J. Handelsman,
Microbiology and Molecular Biology Reviews,
December 2004.)

The deviation from the “long
branches at the base” pattern
could be due to
• under sampling
• an actual radiation

• due to an invention that was
not transferred
• following a mass extinction

Conclusions
• Ancient gene transfers provide good cladistic markers, especially
for relationships between phyla.

• Organismal evolution is only insufficiently described as a single
furcating tree. Life is a “dance” (a network of interactions changing
over time). Interactions between lineages are of different duration
and can involve gene transfer.

•To unravel early evolution concepts of population genetics need to
be applied also to higher taxonomic units of prokaryotic evolution.

• Individual gene trees coalesce to an MRCA, but these molecular
MRCAs did not co-exist in the organismal MRCA.

• Tracing metabolic pathways through the net/web of life might
provide hints to the order in which metabolic pathways evolved.

• Some pathways that dominate the extant biosphere appear of
comparatively recent origin.
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Signature Proteins

…

The Proteolipid is less conserved within Eukaryotes, and
has diverged beyond ready recognition fir inter domain

comparisons:


