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The Tree of Life according to SSU ribosomal RNA (+)
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Tree, Web, or Coral of Life?

“The tree of life should perhaps be called
the coral of life, base of branches dead”

Page B26 from Charles Darwin’s (1809-1882) notebook
(1837)

. }‘%\'ﬁ g ' - -
Charles Darwin The captivating coral. According to the ideas of Horst Bredekamp, parts of the
Photo by J. Cameron, 1869 diagram in Darwin's origin of species (centre) more or less directly reflect the
branching properties of a specimen Darwin collected himself.

From Florian Maderspacher:

“The captivating coral--the origins of early evolutionary imagery.”
Curr Biol 16: R476-8 2006



The Coral of Life (Darwin)

Present Day

Rate of speciation
approx. balanced by
rate of extinction
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The Coral of Life (Darwin)

Present Day [;) Y
Rate of speciation &{
approx. balanced by

rate of extinction
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Gene Transfer and Phylogenetic
Reconstruction: Friends or Foes?

Popular view New view
4 Gene transfer is a disruptive force 4 Events of ancient gene transfer are
in phylogenetic reconstruction. valuable tools for reconstructing

organismal phylogeny.



Bacteria Eukaryotes Archaea

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 Ancient HGTs

time or earlier than the recipient.
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Place where bacterial homologs
join the tree in our analyses

Phylogenetic analyses of tyrRS protein sequences
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modified from Huang, Xu, and Gogarten (2005) MBE 22(11):2142-6



Multiple protein sequence alignment for tyrRS.
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Methanosarcina EYMLNVLKLSRSVTLNRARRSMDEVGRAMDDP--TVSQMVYPLMQAIDIAMLG-~-VDIAVGGIDQRKI
Methanococcoides EYMLNVLKLTQATSLNRAKRSMDEVGRKMEDP--KVSQOMVYPIMQOAVDIALLG---VDVAVGGIDQRKTI
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DLYRILSITSKHDAKKAGAEWWRQVENP--MVSSILVYPSMOALDEVHLS - ~--VDAQFGGVDQRKII
DDVLRLSAQVSQRDALKAGAEVVKQVESP--LLSGLLYPLLOALDEQYLK-~-VDGQFGGVDQRK|I
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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.

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



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



Red Algal and Green Plant Genes of
Chlamydial Origin

Gene Name or Gene Product Presence Putative Function
ADT/ATP translocase Rand G ATP/ADP transport
Phosphate transporter G Phosphate transport
Sodium:hydrogen antiporter Rand G Ion transport
Cu-ATPase Rand G Ion transport
4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (gcpE) Rand G  Isoprenoid biosynthesis
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (isp E) Rand G Isoprenoid biosynthesis
2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (isp D) Rand G  Isoprenoid biosynthesis
Enoyl-ACP reductase (fabl) Rand G Fatty acid biosynthesis
Beta-ketoacyl-ACP synthase (fabF) Rand G Fatty acid biosynthesis
Glycerol-3-phosphate acyltransferase Rand G  Phospholipid
Polynucleotide phosphorylase Rand G RNA degradation
Phosphoglycerate mutase G Glycolysis
Oligoendopeptidase F R Amino acid biosynthesis

Aspartate transaminase

Malate dehydrogenase

Tyrosyl-tRNA synthetase

23S rRNA (Uracil-5-)-methyltransferase
Isoamylase

Hypothetical protein

Sugar phosphate isomerase

CMP-KDO synthetase

Rand G
G
Rand G
Rand G
Rand G

Amino acid metabolism
Energy conversion
Translation

RNA modification
Starch biosynthesis
Unknown

Sugar interconversion

Cell envelope formation

Consistent phylogenetic signal links

Chlamydiae, red algae and green plants.

modified from

Huang and Gogarten 2007, Genome Biol 8:R99



Chlamydial-type genes in red algae and plants are often specifically associated with
Protochlamydia (Parachlamydia)
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Beta-ketoacyl-ACP synthase (fabF)



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

homologs
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Examining possible Hypotheses

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

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

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

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

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

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.



What do the data suggest?

(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.



Hypothesis: Chlamydiae and the primary plastids
A) The Host

nucleus

mitochondrion

VWhite: a-proteobacterial (mitochondrial) symbiont
--------------- » Gene transfer to the nucleus

—  Transport of nuclear encoded proteins to symbiont

—= Direction of symbiotic benefit

Huang and Gogarten 2007, Genome Biol 8:R99



Hypothesis: Chlamydiae and the primary plastids
B) The Host invaded by a parasite

nucleus

. : cyanobacterium
mitochondrion :
in food vacuole
parasitic chlamydial
bacterium
“(ellovy: parasitic chlamydial bacterium

Green: cyanobacterium (as food)

............... » (QGene transfer to the nucleus

—  Transport of nuclear encoded proteins to symbiont

—= Direction of symbiotic benefit

Huang and Gogarten 2007, Genome Biol 8:R99



Hypothesis: Chlamydiae and the primary plastids

C) The chlamydial symbiont becomes mutalistic

nucleus

Genes might be
transferred between
the different symbionts

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

Gene transfer from the symbionts to the nucleus

—  Transport of nuclear encoded proteins to symbiont

—= Direction of symbiotic benefit

Huang and Gogarten 2007, Genome Biol 8:R99



Hypothesis: Chlamydiae and the primary plastids

D) The cyanobacterium evolves into an organelle

nucleus

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

-------------- » Gene transfer from the symbionts to the nucleus

— Direction of symbiotic benefit



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.



volution of Aceticlastic Methanogenesis 1n
Methanosarcinales via Horizontal Gene
Transfer from Clostridia

Fournier and Gogarten (2008) J. Bacteriol. 190(3):1124-7



Bacteria Archaea Eucarya

[, Methanosarcina A
bacteria acetivorans Slime
\ Molds
(5.7Mb)
Halobacterium Fungi
Gram T T (2.6 Mb)
positives | mvfﬂdu()bf%ufwff'um
Purple thermoautotrophicum Plants
bacteria {1.7MD)
Methanococcus \rchaeoglobus Ciliates
Cyanobacteria jannaschii ferotl
Flavobacteria (1.6 Mb)
Aeropyrum Thermo-
pernix plasmatales Flagellates
(1.7 Mb) Pyrococci
Sulfolobus Trichomonads
solfaticarus
Thermotogales (3.0 Mb)

Modified from: Galagan etal:
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Methanogenesis

Unique to subset of Archaea

Energy production via reduction of
multiple carbon substrates to CH,

900 Million metric tons of biogenic
methane produced annually.

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



Methanogenesis
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Phosphotransacetylase (Pta)

Fusobacterium nucleatum subsp. nucleatum

——— Thermoanerobacter tengcongensis

100, 100, 1.00

Thermoanaerobacter ethanolicus ATCC 33223
—{ 100, 100, 1.00

Thermoanaerobacter ethanolicus X514

49,76, 0.89

Clostridium novyi

99, 98, 1.00

Clostridium acetobutylicum

54, 44, 0.93 Clostridium tetani

1 50, 55,0.71 Clostridium beijerinki

40, 51, 0.41

99,100, 1.00 . Clostridium perfringens SM101
100, 100, 1.00

Clostridium perfringens ATCC 13124

63, 86, 1.00
Clostridium perfringens str. 13

Halothermothrix orenii

34,35, 0.40

Syntrophomonas wolfei

16, 45, -

Carboxydothermus hydrogenoformans

Clostridium phytofermentans

96, 94, 1.00

Caldicellulosiruptor saccharolyticus acetoclastic

|| 6619, 004 m Clostridium cellulolyticum methonogens and
— Clostridium thermocellum Ce||u|o|ytic clostridia

—— Methanosarcina barkeri
* 100, 100, 1.00

—l: Methanosarcina mazei
9

94, 82, 1.00

9,99, 0.98
Methanosarcina acetivorans

Modified form Fournier and Gogarten (2008) Evolution of Acetoclastic Methanogenesis in
Methanosarcina via Horizontal Gene Transfer from Cellulolytic Clostridia. J. Bacteriol.

190(3):1124-7



acetate kinase (AckA)

Fusobacterium nucleatum subsp. nucleatum

Clostridium difficile
80, 70, 1.00

Clostridium sp. OhILAs
—I 93, 97, 1.00
Alkaliphilus metalliredigenes

Clostridium novyi

Clostridium perfringens SM101 (1)
I 100, 100, 1.00
I'l Clostridium perfringense ATCC 13124 (1)

94, 96, 0.85 )
Clostridium perfringens str. 13 (1)

| 24, 25,0.33 66, 29, 0.98

85, 85, 1.00
Clostridium beijerincki
85.84 100 ] 49.49.078 Clostridium perfringens str. 13 (2)
e r 100, 100

[ Clostridium perfringens SM101 (2)
76, 39
Clostridium perfringens ATCC 13124 (2)

—Ii Clostridium tetani
87,84,1.00 o s
Clostridium acetobutylicum

Desulfotomaculum reducens

36,41,0.15
Y ——— Methanosarcina barkeri H
* reina ba acetoclastic methonogens
Methanosarcina acetivorans | | I | . I ..
22,24, 0.66 —I 99, 100, 1.00
68, 64, 0.90 Methanosarcina mazei and cellulo yt|C C OSt”d 1a
I e Clostridium thermocellum ce I I u I Olytlc clostrl d 1a
| 33, 14,j0.63 Clostridium cellulolyticum
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Modified form Fournier and Gogarten (2008) Evolution of Acetoclastic Methanogenesis in
Methanosarcina via Horizontal Gene Transfer from Cellulolytic Clostridia. J. Bacteriol.

190(3):1124-7
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Can one reconstruct microbial pylogeny?

PHYLOGENY: from Greek phylon, race or class, and -geneia, born.
“the origin and evolution of a set of organisms, usually of a species” (Wikipedia);

The phylogeny of a species does not necessarily occur in a tree-
like process!



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

BACTERIA EUKARYOTES
High CG G+ ARCHAEA

Low GC G+ Other Bacteria

Deep Branching
Bacteria

Crenarchaeota

Other Euryarchaeota

Pyrococci

(a) Some genome based approaches (favoring concordant genes) (b)
according to 16S & other genome based approaches

(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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-Pick a random gene from any of the 293 genomes

-Search in how many genomes this gene is present

-Sampling of 15,000 genes

23.38% 69.85% 6.77%
4 (Accessory pool) (Character genes) (Extended Core) =

[ T—— _
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 292

F(x) = sum [ A_*exp(Kn™)]

50 100 150 200 250 292



Gene frequency in individual genomes

Accessory Pool

(mainly genes acquired
form the mobilome)

> 125,000 gene

Character Genes i
families

~15,000 gene families

25%

—

9%
am— Extended Core
Genes found in nearly all
Approximate number of genes sampled in 200 bacterial genomes: bacterial genomes
£3,160 core genes ~150 gene families

453,781 extended core genes
156,259 accessory genes



Kézdy-Swinbourne Plot
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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.



Bootstrap support values for embedded quartets

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

2 4 9 7 9 in 11 genomes

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

10 1>_<9 \
4 \/ 10 \

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.

801-6601:(6)91 'Udieasay awouan ‘900z ‘e 1o enskeghxeyz



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

Total number of gene families
containing the species quartet

Number of gene families
supporting the same topology as
the plurality

100%

0 (colored according to bootstrap &

. 80% support level) =
]

A

90%

0
. 95% Number of gene families

supporting one of the two
. 990/0 alternative quartet topologies

=

A QUARTET h



Quartet Spectrum |
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Genes with orthologs outside the cyanobacterial phylum:

Distribution among Functional Categories
(using COG db, release of March 2003)

- INFORMATION STORAGE AND PROCESSING

- CELLULAR PROCESSES AND SIGNALING

|:| METABOLISM
- POORLY CHARACTERIZED

- Q Q
%, %, 7%, 75 % %, 0% %
% Y % %o (D 6.0,
SR ) Vo o <o 7. S o
O xS Ox @ & xS
% /é,) @/)G 28 % %) /@’/)f 7
%, % Q. & % s "oy
% 7O S
> %y oo Y D TE
& \9/‘0 Ox (//é > 6 O/)))
% %,

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



Plurality Signal form Quartet Decomposition

Gloeobacter

marine Synechococcus

3Prochlorococcus

2Prochlorococcus

1Prochlorococcus

Nostoc

Anabaena

Trichodesmium

Crocosphaera

e Synechocystis

Thermosynechococcus

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




Example of inter-
phylum transfer:
threonyl tRNA
synthetase

Legionella
Coxiella
Nitrosomonas
Chromobacterium
Ralstonia
Burkholderia
Bordetella
Acinetobacter
Pseudomonas
Xylella
Xanthomonas
— Vibrio
= Shewanella
100 Haemophilus
Pasteurella
Erwinia
Yersinia
Salmonella
100-Escherichia

100 Prochlorococcus MIT9313
—'_—‘r?’mchlmoccus MED4
Prochlorococcus CCMP1375
Francisella

100 Ehrlichia
Anaplasma

Rickettsia
—— Bradyrhizobium
Bartonella
Mezorhizobium
Agrobacterium
Caulobacter
Gluconobacter

Bdellovibrio
Desulfovibrio
Geobacter

100——m Camﬁvlobacter
L Helicobacter

Thermoanaerobacter
Clostridium

Bacillus
- Staphylococcus

Streptococcus
[ Lactococcus
Enterococcus

Pirellula

—

Synech

P _1 mol Deinococcus
— Thermus

100 ——— Porphyromonas

acteroides

%m-—ﬁmo phaera
Svnechococcus
100 'l—( Sloéobacter

Thermosynechococcus

ocystus

Trichodesmium
Nostoc

100

Tropheryma

Propionibacterium
Bifidobacterium

Streptomyces

Corynebacterium
Nocardia
Mycobacterium




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.:

Transfer of photosynthesis genes to and from
Prochlorococcus viruses

Debbie Lindell**, Matthew B. Sullivan**, Zackary I. Johnson*, Andrew C. Tolonen?, Forest Rohwers,
and Sallie W. Chisholm* Wl

www. pnas.org/cgl/dol/10.1073/pnas. 0401526 101 PNAS | July 27,2004 | wol. 101 | no.30 | 11013-11018

4 These conflicting observations are not limited to pro-
karyotes. In incipient species of Darwin’s 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).




Time, Population Size, and
Speciation

O Animals: example Galapagos finches, speciation in progress is
accompanied with frequent introgression, only defining characteristics (song,
beak shape) group according to species. A few million years post-hybridization
barriers block frequent introgression and species and gene trees become
congruent (e.g., marine iguanas).

O Bacteria: Retchless and Lawrence estimate that speciation between E. coli
and Salmonella was a process that lasted over 70 million years. (Science.
2007 317:1093-6). (Species specific genes separate first, other genes, not
located in the vicinity of specific genes separate later).

O How long would it take to have speciation in case of gigantic population
sizes, as in the case of Prochlorococcus or Halorubrum?



Multi Locus Sequence |l g
Analysis of Halorubrum § 512 ?c:
strains ot TN

4 Recombination T 'R
occurs within N e’ N
(selective sweep of 2 8
one marker did not .
carry the other 2 ‘rE S I
markers along) and A
between B
phylotypes.
Nevertheless =
distinct types '
persist. .

f BB

Papke et al. 70 1: 5
PNAS 104, 14092-14097 2007 [ W A




|LA
Hunt DE, David LA, Gevers D, Preheim SP, Aim EJ, Polz MF.
Resource partitioning and sympatric differentiation among closely related

bacterioplankton. Science 320:1081-5 (2008)
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Does the partitioning into fuzzy phylotypes
reflect ecological adaptation?



“Kill the Winner”

4 Phages (bacterial viruses) mainly attack the dominant bacterial type.
4 This type is thereby reduced and another type becomes dominant.
4 Phages evolve to kill this bacterial type

& ...

T. Frede Thingstad (2000):
Elements of a theory for the
mechanisms controlling
abundance, diversity, and
biogeochemical role of lytic
bacterial viruses in aquatic
systems. Limnol. Oceanogr.

459 1320 -1 328 Biomass of individual bacterial species. // The simulation was started in the
theoretical steady state discussed in the text. At time 100 h, the affinity of
bacterial species No. 7 was changed from 0.065 to 0.11. // bacterial species
No. 7 replaced bacterial species No. 6, and virus No. 7 replaced virus No. 5.

T '
e



Does the partitioning into fuzzy phylotypes
reflect ecological adaptation?

4 Phages are one of the main conduits for gene transfer.

4 Phage receptors frequently are also involved in conjugation
(e.g. F-phage).

4 In many communities phages partition the bacterial population
(temporal and spatial).

4 This partitioning based on phage susceptibility creates groups
with limited between group genetic exchange.

4 The exchange groups created by phage predation might
precede the adaptation to other environmental conditions.

4 Different ecotypes might evolve within these partitions.
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