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1 Zusammenfassung

Phylogenetische und phylogenomische Analysen werden durch eine Vielzahl an
Fehlerquellen beeinflusst, die zu Rekonstruktionsartefakten und Fehlinterpretati-
on der tatsdchlich stattgefundenen evolutiondren Ereignisse fithren konnen. Die
betroffenen Schritte sind: Clusteranalyse, anschlieflendes Alignment orthologer
Sequenzen, sowie die Rekonstruktion der Stammbaume.

Ein Beispiel, welches die inhdrenten Probleme bei der Aufkldrung tiefster Diver-
genzen in Stammbdumen verdeutlicht ist die Frage nach der dltesten Verzweigung
in der Evolutionsgeschichte der Prokaryoten. Untersuchungen zur Bestimmung
der Position einer Wurzel innerhalb einer prokaryotischen Phylogenie kamen
bisher zu sehr widerspriichlichen Ergebnissen. In der vorliegenden Arbeit wurde
ein verbreitetes Verfahren zur Gruppierung orthologer Sequenzen dazu verwen-
det, Proteinfamilien unterschiedlicher Altersgruppen zu generieren. Die aus dem
Vergleich dieser Gruppen ermittelten Aufteilungsinformationen wurden zur Re-
konstruktion phylogenetischer Netzwerke verwendet, auf deren Basis die Wurzel
im Stammbaum der Prokaryoten zuverldssig zwischen Archaebakterien und Eu-
bakterien, als die beiden dltesten Gruppen, bestimmt werden konnte. Fehleranfal-
lige Schritte, wie die Rekonstruktion von Sequenzalignments und Stammb&dumen,
wurden dabei vermieden. Aufierdem wurde gezeigt, dass es fiir die betrachteten
Sequenzen nur einige wenige prokaryotische Gruppen mit erhchten relativen Evo-
lutionsraten gab, die Archaebakterien jedoch, entgegen der Aussagen in anderen
Studien, nicht zu diesen gehorten.

Auf der Stufe des Sequenzalignments konnen Artefakte statistisch hinreichend
unterstiitzte und dennoch falsch rekonstruierte Stammbadume generieren. Unstim-
mige Aste zwischen Genbdumen und einem Referenzstammbaum der betrachteten
Organismen werden hdufig als Anzeichen lateralen Gentransfers gedeutet. Analy-
sen im Rahmen dieser Arbeit deuteten darauf hin, dass vor allem problematische
Alignments Unstimmigkeiten als Artefakte bei der phylogenetischen Rekonstrukti-
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on generieren. Untersuchungen anhand der Ergebnisse einer Studie zur Ableitung
lateraler Gentransferereignisse, auf der Basis orthologer Genfamilien aus 144 pro-
karyotischen Genomen, zeigten, dass Verdnderungen in den Eigenschaften der
zugrundeliegenden Alignments die Anfilligkeit hierfiir begiinstigten und damit
eine korrekte Ableitung der Stammbdume verhinderten. Allein mit Hilfe dieser
Unterschiede in den Eigenschaften war es moglich, mit 80 prozentiger Sicher-
heit zu bestimmen, ob ein bestimmtes Genalignment hinreichend unterstiitzte
unstimmige Aste generieren wiirde oder nicht, unabhéngig von einem eventuell
vorhandenen phylogenetischen Signal in den entsprechenden Sequenzen.

Die Bedeutung verldsslich erstellter Sequenzalignments zur Vermeidung von Ar-
tefakten in phylogenomischen Analysen wird noch einmal unterstrichen, wenn die
Ableitung endosymbiotischer Gentransferereignisse vom Vorfahren der Plastiden
in Algen- und Pflanzengenomen betrachtet wird. In Abhéngigkeit der Alignment-
verlasslichkeit konnte ein grofier Anteil von Genen endosymbiotischen Ursprungs
in den untersuchten photosynthetischen Eukaryoten ermittelt werden. Die Suche
nach einem Cyanobakterium mit der zu einem hypothetischen Vorfahren der
Plastiden dhnlichsten Gensammlung ergab, dass eine Phylogenie auf der Basis
universell verteilter kernkodierter Proteine cyanobakteriellen Ursprungs und ihrer
cyanobakteriellen Homologe kein verlédssliches Ergebnis zulédsst. Die erzeugten
Stammb&dume sowie die zugrundeliegenden Alignments enthielten Anzeichen fiir
wohlbekannte Artefakte in der Rekonstruktion von Stammb&dumen. Aus diesem
Grund wurden alternativ die Verteilungsmuster und die mittlere Sequenzidentitét
der Algen- und Pflanzengene cyanobakteriellen Ursprungs in cyanobakteriellen
Genomen untersucht. Hierbei konnte eine hohe Ahnlichkeit zu den Gensamm-
lungen der heutigen Untergruppen IV und V festgestellt werden. Im Gegensatz
zu allen anderen Cyanobakterien zeichnen sich deren Vertreter vor allem durch
ihre zahlreichen Moglichkeiten der Zelldifferenzierung und der Moglichkeit mo-
lekularen Stickstoff in dafiir spezialisierten Zellen zu binden, als eine sehr hoch
entwickelte Gruppe aus. Sequenzanalysen ergaben, dass der komplexe filamentose
Phénotyp mit echten Verzweigungen der Untergruppe V vermutlich nur auf weni-
ge Gene zuriickzufiihren ist, welche Einfluss auf Komponenten der Zellteilung
ausiiben. Aus universellen Proteinfamilien, die in allen untersuchten Genomen je-
weils einfach kodiert vorlagen, wurde ein Stammbaum der Cyanobakterien erstellt.
Dieser ldsst einen Ursprung der oxygenen Photosynthese im SiifSwasser vermuten
und legt auflerdem einen gemeinsamen Ursprung aller filamentosen Staimme nahe.

Ein Netzwerk cyanobakteriellen Gentransfers auf Basis dieses Stammbaumes konn-



te zeigen, dass lateraler Gentransfer ein sehr hdufiges Ereignis in der Evolution
der Cyanobakterien darstellt, dabei jedoch selten viele Gene gemeinsam iiber-
tragen wurden. Die Verzerrung der cyanobakteriellen Phylogenie durch diesen

verbreiteten Transfermechanismus konnte jedoch ausgeschlossen werden.






2 Summary

Phylogenetic and phylogenomic analyses are prone to copious sources of errors
which can lead to reconstruction artifacts and misinterpretation of the true history
of the evolutionary events that sequences in question have undergone. Affected
operations are mainly cluster analysis, alignment of orthologous sequences, and
the reconstruction of evolutionary trees.

One example, which illustrates inherent problems in solving deep divergences
in phylogenetic trees is the question concerning the most ancient split in the
evolutionary history of prokaryotes. Up until now, studying the position of a root
in the prokaryotic phylogeny lead to very conflicting results. We were able to use a
familiar method for clustering orthologous sequences to generate protein families
of different age groups. The genome split information derived from comparisons
between these groups were used to reconstruct phylogenetic networks. On basis of
these networks, the root in the evolutionary tree of prokaryotes could be robustly
estimated between archaebacteria and eubacteria as being the oldest prokaryotic
groups. Therefore, error-prone steps like reconstruction of sequence alignments
and phylogenetic trees were avoided. Moreover, elevated evolutionary rates were
shown to exist only in a few prokaryotic lineages, archaebacteria being none of
these as had been consistently suggested before.

At the stage of sequence alignment, artifacts can generate statistically well sup-
ported yet erroneous reconstructed trees. Conflicting branches between gene trees
and a reference phylogeny of the analyzed organisms are often interpreted as indi-
cators of lateral gene transfers. Analyses under this study indicated that majorly
problematic alignments are generating these conflicts as artifacts in the phylo-
genetic reconstruction. In the analyzed dataset, changes in alignment properties
supported this vulnerability and therefore impeded reliable reconstruction of trees.
Only by the observed differences in properties it was possible to predict with 80

percent certainty, if a particular alignment would generate sufficiently supported
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conflicting branches or not, disregarding the potentially existing phylogenetic
signal in the respective sequences.

The importance of creating reliable sequence alignments to prevent artifacts in
phylogenomic analyses is emphasized by the reconstruction of endosymbiotic gene
transfer events from the ancestor of plastids into genomes of algae and plants. In
dependance on alignment reliability, a hight proportion of genes of endosymbiotic
origin could be estimated in the analyzed photosynthetic eukaryotic genomes. The
attempt to identify the collection of genes with the highest similarity to that of a
hypothetical ancestor of plastids among recent cyanobacterial genomes, based on
a phylogeny of universally distributed nuclear encoded proteins of cyanobacterial
origin and their cyanobacterial homologs, showed that this method can hardly
be relied on. Reconstructed trees and underlying alignments proved to contain
indicators of well known tree building artifacts. Hence, presence / absence patterns
and average sequence identity of genes of cyanobacterial origin from algae and
plants in cyanobacterial genomes were analyzed. Highest similarity could be
observed with the collection of genes present in recent subsections IV and V.

From all other cyanobacteria, these representatives are distinguished by nume-
rous capabilities in cell differentiation and the ability to fix molecular nitrogen in
specialized cells as a highly evolved group of cyanobacteria. Analyzes revealed
that the complex true-branching filamentous phenotype of subsection V members
is presumably referable to a few genes which influence components of cell division.
Universal protein families encoded in all studied genomes as single-copy genes,
were used to reconstruct the cyanobacterial species tree. It supports the origin of
oxygenic photosynthesis in fresh water environment and furthermore suggests a
common ancestry of all filamentous strains. A cyanobacterial gene transfer network
based on this backbone phylogeny marked lateral gene transfer as being a very
frequent event in the evolution of cyanobacteria, however the coupled transfer of
many genes was rare. A biased cyanobacterial species tree due to this prevailing

transfer mechanism could be rejected.



3 Einleitung

3.1 Stammbaume fruher und heute

Seit jeher beschiftigten sich die Menschen mit der Frage nach ihrer Abstammung.
Ab dem 18. Jahrhundert warf vor allem die auf dem von Carl von Linné entwickel-
ten hierarchischen System basierende Beschreibung zahlreicher neuer Pflanzen
und Tierarten verstdrkt die Frage nach der Herkunft und den Verwandtschaftsbe-
ziehungen aller Lebewesen auf. Bevor molekulare Sequenzdaten von Organismen
zur Verfligung standen, gab es bereits Versuche, evolutiondre Stammb&dume von
den Lebewesen abzuleiten und darzustellen. In den Anfingen dieser Disziplin
war es dabei jedoch nur moglich, morphologische oder embryologische Merkmale
unter den seinerzeit entdeckten und untersuchten Organismen zu bewerten und
in einen verwandtschaftlichen Kontext einzuordnen. Die ersten Baume spiegelten
jedoch nicht die Beziehungen zwischen den Taxa wider, sondern stellten viel-
mehr Klassifizierungen durch Verbindungshierarchien oder Klammerungen dar
und waren dadurch noch keine echten phylogenetischen Baume (Tassy, 2010).
Lamarcks Tafel der Entstehung der Tiere (Lamarck, 1809) sowie Barbancois detail-
reichere Version dieses Baumes (Barbancois, 1816) beschreiben die direkte Vorstufe
phylogenetischer Baume (Tassy, 2010). Charles Darwin skizzierte in seinen Auf-
zeichnungsbtichern 1837 den als ,I think”-Baum bekanntgewordenen Entwurf zur
Beschreibung der evolutiondren Verwandtschaft zwischen den Lebewesen. Die
einzige Abbildung in seinem bekannten Werk ,, The Origin of species”zeigt einen
durch natiirliche Variation und Selektion hervorgegangenen theoretischen phylo-
genetischen Baum (Darwin, 1859). Ernst Haeckel beschiftigte sich ebenfalls mit
Stammbé&dumen. Abbildungen in seinen Biichern zeigten einen monophyletischen
Stammbaum der Organismen (Haeckel, 1866) und die Abstammung des Men-
schen in der Phylogenie der damals bekannten Gruppen der Protozoen, Metazoen,
Wirbeltiere und Sdugetiere (Haeckel, 1874).



3 Einleitung

Erst etwa ein Jahrhundert spater wurde mit der Entdeckung der DNA und
ihrer Struktur als Trdger der Erbinformationen aller Lebewesen (Watson und
Crick, 1953) und Untersuchungen beziiglich der am besten geeigneten Molekiile
als Basis fiir die Rekonstruktion molekularer Stammbaume (Zuckerkandl und
Pauling, 1965) die Erforschung verwandtschaftlicher Beziehungen aufgrund von
Gemeinsamkeiten und Unterschieden in ihren vererbten Molekiilen selbst moglich.
Neue Forschungen auf diesem Bereich waren vor allem auf dem Gebiet der Mi-
krobiologie bahnbrechend bei der Erforschung einer Systematik prokaryotischer
Organismen. Fiir Bakterien, Algen und Protozoen war die bis zu diesem Zeit-
punkt fiir Tiere und Pflanzen iibliche Analyse morphologischer Merkmale unter
Umstdnden problematisch, da sie teilweise keine komplexen intrazelluldren Struk-
turen aufwiesen und sich morphologisch betrachtet nicht stark genug voneinander
unterschieden (Graur und Li, 2000). Die Entwicklung der Proteinsequenzierungs-
methoden und die Moglichkeit der schnellen Sequenzierung von Nukleinsduren
(Sanger, Nicklen und Coulson, 1977) lieflen die Anzahl der verfiigbaren Vergleichs-
sequenzen stetig anwachsen und hatten einen grofien Einfluss auf die molekulare
Phylogenetik (Graur und Li, 2000). Es dauerte nicht lange bis Woese und Fox (1977)
die Struktur der prokaryotischen Doméne mit der grundlegenden Aufteilung in
Archaebakterien und Eubakterien auf der Basis ribosomaler RNA nachwiesen und
damit die Einteilung aller Lebewesen in die drei Hauptreiche der Archaebakterien,
Eubakterien und Eukaryoten ableiteten. Uber die Verwandtschaftsbeziehungen die-
ser Gruppen im Stammbaum des Lebens gab es jedoch bis heute sehr kontroverse
Hypothesen (O’Malley, Martin und Dupré, 2010).

Fortschritte in der automatischen Sequenzierungstechnologie sowie in den
Computer-gestiitzten Berechnungsmethoden zur Assemblierung hunderttausen-
der 300bp bis 500 bp grofier Stiicke komplementdrer DNA (Adams et al., 1992,
1991) ermoglichten schliefSlich die schnelle, verldssliche und kosteneffektive auto-
matische Sequenzierung kompletter Genome unabhéngig von bereits existierenden
Genomkarten mit Hilfe der sogenannten Shotgun-Sequenzierung (Fleischmann
et al., 1995). Dieser Zeitpunkt lautete eine neue Ara ein, in der Vergleiche zwischen
kompletten Genomen zu einer unverzichtbaren Komponente der Aufkldarung
und des Verstandnisses der Vielfalt biologischer Phanomene wurden. Vollstandig
sequenzierte Genome ermoglichten damit erstmals die Deliniearisierung des ge-
samten Netzwerks der Beziehungen zwischen Genen unterschiedlicher Genome
(Tatusov, Koonin und Lipman, 1997).
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3.2 Phylogenetische Rekonstruktion und inhdrente Fehlerquellen

3.2.1 Gruppierung homologer Sequenzen

Das exponentiell steigende Angebot an Sequenzen der verschiedensten Orga-
nismen in den Datenbanken des angebrochenen Genomzeitalters erforderte die
Ablosung der mehr oder weniger willkiirlichen Gruppierung von Genen nach
ihrer Ahnlichkeit durch vollstindige und konsistente Gruppierungsverfahren fiir
Gene, die aus einem gemeinsamen Vorfahren hervorgegangen waren (Tatusov,
Koonin und Lipman, 1997). Die auf jedes Artentstehungsereignis folgende Diver-
genz der molekularen Sequenzen erzeugt eine Spur welche die Rekonstruktion
von Stammesverzweigungen (Kladogenese) ermoglicht solange man ausschliefdlich
zueinander orthologe (Fitch, 1970) Gene betrachtet (Fitch, 1970, 1995). Soll also der
Stammbaum verschiedener Organismen auf der Basis eines Gens rekonstruiert
werden, miissen zunéchst die orthologen Sequenzen dieses Gens beziehungsweise
des davon abgeleiteten Proteins aus den untersuchten Genomen identifiziert und
in Gruppen zusammengefasst werden.

Es gibt verschiedene Verfahren, die der Identifikation orthologer Gene oder
Genfamilien dienen, bei denen Paraloge, also Sequenzen deren Homologie eine
Folge der Genduplikation ist (Fitch, 1970), demnach idealerweise ausgeschlossen
werden sollten. Einige Methoden laufen nicht vollstindig automatisch ab und
erfordern die manuelle Betreuung (Tatusov et al., 2003, 2001), andere sind voll-
stindig automatisiert (Jensen et al., 2008; Li, Stoeckert und Roos, 2003; Remm,
Storm und Sonnhammer, 2001), benétigen deshalb jedoch sehr viel aufwendigere
Algorithmen (Altenhoff und Dessimoz, 2009).

Roth, Gonnet und Dessimoz (2008) widmen sich mit ihrem Algorithmus OMA
dem Problem der Ableitung von pseudo-orthologen Sequenzen, die durch diffe-
rentiellen Verlust von Genen in einigen Genomen auftreten konnen (Altenhoff und
Dessimoz, 2009). Weitere Beispiele fiir die Identifikation orthologer Sequenzen sind
die im Ensembl-Projekt zur Annotation von Chordaten-Genomen implementierte
Ableitung orthologer Sequenzfamilien durch Rekonstruktion und Angleichung
von Genbdumen und Speziesbdumen (Hubbard et al., 2007), sowie der paarweise
Genvergleich in Kombination mit einem Leitbaum (engl. guide tree) und der kon-
servierten Gennachbarschaft (Coordinators, 2013) wie sie in der Datenbank des
National Center for Biotechnology Information (NCBI) angewendet wird (Altenhoff
und Dessimoz, 2009). Ein sehr einfaches und dennoch effizientes Verfahren (Wolf
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und Koonin, 2012), ist die Gruppierung von Paaren benachbarter bidirektionaler
bester Treffer (Overbeek et al., 1999).

Das TRIBE-MCL-Verfahren

Ein anderes Verfahren zur Darstellung orthologer Gruppen ist TRIBE-MCL (En-
right, van Dongen und Ouzounis, 2002) und verwendet den sogenannten Markov-
Gruppierungs-Algorithmus (engl. clustering algorithm) zur Gruppierung von Gra-
phen durch Fluss-Simulation van Dongen (2000). Bei diesem Verfahren wird zu-
néchst eine Matrix mit den Ahnlichkeiten der zu gruppierenden Sequenzen erstellt.
Diese werden standardmafSig mit Hilfe einer BLAST-Suche (Altschul et al., 1997)
ermittelt, bei der jede Sequenz mit jeder anderen verglichen wird und die Tref-
ferpaare mit ihren lokalen Sequenzidentitdten berechnet werden. Zur Erzeugung
orthologer Sequenzfamilien kann das konservativere Verfahren der reziproken
BLAST-Suche (Tatusov, Koonin und Lipman, 1997) mit anschliefiender Berechnung
der Sequenzidentititen aus einem paarweisen globalen Alignment, beispielswei-
se dem Needleman-Wunsch-Algorithmus, angewendet werden (Needleman und
Wunsch, 1970).

TRIBE-MCL wurde vor allem entwickelt, um Probleme bei der Erstellung von
Proteinfamilien aufgrund komplexer Multidomé&nenstrukturen zu l6sen, die vor
allem fiir grofie eukaryotische Datensdtze auftreten (Enright, van Dongen und Ou-
zounis, 2002). Hierbei ist die Matrix ein Graph mit den Verbindungen zwischen den
Sequenzen und einer Gewichtung der Aste, die den Ahnlichkeitsbeziehungen zwi-
schen den Knoten entspricht. Diese werden in Verbindungswahrscheinlichkeiten
tiberfithrt und die Matrix anschlieflend durch iterative Durchldufe von Matrix-
Expansion durch Multiplikation sowie Matrix-Dekomprimierung verdndert. Am
Ende dndert sich die Matrix nur noch wenig und beschreibt die Gruppierung in
die einzelnen Sequenzfamilien (Enright, van Dongen und Ouzounis, 2002). Die
Abbildung 3.1 verdeutlicht das Verfahren anhand einiger Sequenzen und ihrer
Ahnlichkeitsmatrix. In jedem Schritt werden durch die angewendeten Matrixope-
rationen die Verbindungswahrscheinlichkeiten von Asten in Bereichen mit hoher
Dichte erhoht, wahrend sie in Bereichen mit geringer Dichte reduziert werden.
Die Gesamtzahl der Verbindungen wird dadurch schrittweise reduziert, bis sich
schliefilich die eigentlichen Sequenzfamilien heraus kristallisieren.

Durch die iterative Reduzierung der Anzahl der Verbindungen beziehungsweise

der Verbindungswahrscheinlichkeiten zwischen den Knoten werden universellere

10
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Abbildung 3.1: Gruppierungsverfahren des TRIBE-MCL-Algorithmus (Enright, van Don-
gen und Ouzounis, 2002).

Familien nach und nach in Sequenzfamilien mit spezifischeren Funktionen fiir
eine kleinere Anzahl an Taxa aufgeteilt. Werden geringe paarweise Sequenzidenti-
taten zuvor ausgeschlossen, lassen sich die Familien wihrend der Gruppierung
tendenziell leichter in unterschiedliche spezifischere Familien aufteilen. Mit einer
schrittweisen Erhohung des Schwellenwertes fiir die paarweise Sequenzidentitit
wird es also moglich, den Zerfall von universelleren in spezifischere Familien zu
beobachten und diese miteinander zu vergleichen. In Abschnitt 5.1 wird dieses
Verfahren praktisch angewendet. Mit Genomaufteilungsmustern aus Vergleichen
unterschiedlich gruppierter Sequenzfamilien unter aufsteigenden Schwellenwerten
paarweiser Identitit wurden phylogenetische Netzwerke rekonstruiert, welche die
Ableitung der frithesten Stammesaufteilungen unter den Prokaryoten erlauben
(Abschnitt 6.1).

Das auf der Graphentheorie beruhende TRIBE-MCL-Verfahren (Enright, van
Dongen und Ouzounis, 2002) zur Gruppierung von Sequenzfamilien oder or-
thologen Gruppen stellt eine zuverldssige Losung des Gruppierungsproblems,
insbesondere fiir Proteinfamilien mit komplexen Multidoméanenstrukturen wie sie
typisch fiir eukaryotische Datensatze sind, bereit. Die Anwendung des beschrie-
benen Gruppierungsverfahrens kann bei der gemeinsamen Gruppierung vieler
homologer Sequenzen sowohl prokaryotischen als auch eukaryotischen Ursprungs
allerdings zu Problemen fiihren (Griinheit, 2010). Intradomé&nen-spezifische Verbin-
dungen eukaryotischer Sequenzen auf der einen, und prokaryotischer Sequenzen
auf der anderen Seite werden untereinander jeweils eine hohere Gewichtung auf-
weisen als die interdoménen-spezifischen Verbindungen zwischen Sequenzen von
Prokaryoten und Eukaryoten. Am Ende des Gruppierungsverfahrens zerfallen
dann interdoméanen-spezifische Sequenzfamilien, welche gleichzeitig Orthologe
von Prokaryoten und Eukaryoten beinhalten mit sehr hoher Wahrscheinlichkeit
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jeweils in einzelne Teile. Ein Teil besteht dann aus den entsprechenden prokaryo-
tischen Sequenzen wihrend der andere nur den eukaryotischen Sequenzanteil
beinhaltet. Diese Problematik kann dadurch vermieden werden, dass zunachst
prokaryotische und eukaryotische Sequenzen separat von einander gruppiert wer-
den. Erst anschlieffend werden die jeweiligen Proteinfamilien dann miteinander

verbunden. Dieses Verfahren wurde in Abschnitt 5.3 angewendet.

3.2.2 Sequenzalignment

Zur Analyse molekularer Sequenzdaten wurde in der Anfangszeit ein bereits
bekanntes hierarchisches Verfahren zur Erstellung von Gruppen (engl. hierarchical
clustering) auf die beobachteten Unterschiede zwischen den betrachteten Sequen-
zen angewendet. Bei diesem Verfahren wurden schrittweise jeweils zwei Gruppen
minimaler Distanz mit Hilfe von Asten iiber einen hypothetischen gemeinsamen
Vorfahren zu einer Gruppe hoherer Ordnung verbunden. Die Distanz einer Gruppe
zu einer anderen wird dabei in jedem Schritt tiber ihren arithmetischen mittleren
Abstand neu berechnet (Sokal und Michener, 1958). Im ersten Schritt bestehen
die Gruppen dabei lediglich aus den einzelnen zu vergleichenden taxonomischen
Einheiten sowie einer Matrix, welche die paarweisen Unterschiede zwischen den
Einheiten quantitativ beschreibt (Distanzmatrix).

Die Unterschiede zwischen den Sequenzen konnten dabei beispielsweise durch
paarweise DNA-DNA-Hybridisierung ermittelt werden (Graur und Li, 2000). Die
Idee war dabei, dass zwei Einzelstrdnge von verschiedenen Arten, welche tiber
viele Wasserstoffbriicken ihrer komplementaren Nukleinbasen interagieren, eine
hohere Schmelztemperatur aufweisen als Sequenzen mit weniger Ubereinstim-
mungen. Diese Unterschiede in den Schmelztemperaturen konnten damit direkt
fiir das beschriebene Gruppierungsverfahren verwendet werden. Der inhédrente
Nachteile dieses Verfahrens waren die sehr aufwendige Kreuzhybridisierung und
die Verwendung von Isotopen (Cho und Tiedje, 2001).

War dagegen die molekulare Sequenz der Nukleinsduren bekannt oder standen
Aminosduresequenzen unterschiedlicher Proteine zur Verfiigung, konnten die
Unterschiede in der eigentlichen Sequenzabfolge direkt aus diesen quantifiziert
werden. Entscheidend hierfiir war allerdings, die homologen Bereiche der Sequen-
zen zu bestimmen. Dieses Sequenzalignment setzt als Bedingung voraus, dass
die Sequenzen iiberhaupt mit einander vergleichbar sind, also einen gemeinsa-
men Ursprung haben (Feng und Doolittle, 1987). Das Alignieren von Sequenzen
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beinhaltet die korrekte Identifikation homologer Nukleotide oder Aminosduren
und die Positionierung von Liicken, welche Insertionen oder Deletionen reprasen-
tieren (Loytynoja und Goldman, 2008). Die homologen Bereiche von Sequenzen
werden aneinander ausgerichtet, um Sequenzpositionen mit Schliisselfunktionen
zur Ableitung der evolutiondren Geschichte zu ermitteln (Katoh et al., 2002). Das
Alignment ist die Voraussetzung fiir praktisch alle vergleichenden Sequenzanaly-
sen und die phylogenetische Rekonstruktion und stellt damit eine fundamentale

Funktion in der molekularen Biologie dar (Penn et al., 2010).

Vom paarweisen zum multiplen Alignment

Obwohl der paarweise Vergleich nah verwandter Sequenzen bereits durch aus-
schlieflliche visuelle Betrachtung und Bewertung moglich war, fiihrte dieses ermii-
dende und intuitive Verfahren bereits nach wenigen Jahren zur Entwicklung eines
noch heute verwendeten Verfahrens zur Bestimmung eines optimalen globalen
paarweisen Sequenzalignments, dem Needleman-Wunsch-Algorithmus (Needle-
man und Wunsch, 1970). Dieses Verfahren ermoglichte ein Alignment zweier Prote-
insequenzen unter der Bertiicksichtigung von Insertions- und Deletionsereignissen,
reprasentiert durch Liicken in einer der Sequenzen (engl. gaps) und zugehorigen
Strafpunkten (engl. gap penalty). Diese erhohen die Signifikanz der maximalen
Ubereinstimmung durch verringerte Gewichtung derjenigen Alignmentpfade, die
viele Liicken in den Sequenzen erforderten (Needleman und Wunsch, 1970). Basis
des Verfahrens war eine Austauschmatrix, die aufgrund der Klassifizierung der
Aminosduren, in iibereinstimmende und nicht-tibereinstimmende Paare sowie die
Anzahl der jeweils korrespondierenden zugrunde liegenden Basen erstellt wurde
(Needleman und Wunsch, 1970). Diese Matrix konnte spédter durch modernere
Austauschmatrizen wie beispielsweise BLOSUM (Henikoff und Henikoff, 1992),
JTT (Jones, Taylor und Thornton, 1992) oder WAG (Whelan und Goldman, 2001)
ersetzt werden.

Eine spezielle Form des paarweisen Sequenzalignments entwickelten Smith und
Waterman (1981). Ihr Algorithmus war in der Lage, ein optimales Abschnittspaar
zweier Sequenzen (lokales Alignment) durch die Einfithrung von Deletionen und
Insertionen beliebiger Lange zu finden (Smith und Waterman, 1981).

Beide Verfahren liefsen sich prinzipiell auf hohere Dimensionen des Sequen-
zalignments verallgemeinern, in denen drei oder mehr Sequenzen gleichzeitig

miteinander verglichen wurden (Smith, Waterman und Fitch, 1981), wie es spa-
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ter die Programme MSA (Lipman, Altschul und Kececioglu, 1989) und DCA
(Stoye, Moulton und Dress, 1997) zeigten. Problematisch wurde hierbei jedoch
die Komplexitiat der Berechnung einer optimalen Losung im multidimensionalen
Sequenzraum.

Feng und Doolittle (1987) hatten schliefdlich die Idee, durch die iterative An-
wendung des paarweisen Needleman und Wunsch Algorithmus ein multiples
Alignment zu berechnen. Das Prinzip dieses Verfahrens beruht im wesentlichen
auf dem schrittweisen paarweisen Alignment der Sequenzen anhand einer Di-
stanzmatrix. Dabei werden in jedem Schritt die beiden Sequenzen oder Gruppen
mit den geringsten Unterschieden paarweise aligniert. Die Positionen einmal ein-
gefiihrter Liicken in die Sequenzen bleiben in folgenden Schritten unverdandert
(Feng und Doolittle, 1987). Auf dieser Methode beruht die Mehrzahl der heute
verwendeten progressiven Alignmentverfahren, die teilweise die Sensitivitdt noch
verbessern konnten ohne dabei Einbufien in Geschwindigkeit und Effizienz dieser
Methode in Kauf zu nehmen (Edgar, 2004; Grasso und Lee, 2004; Notredame,
Higgins und Heringa, 2000). CLUSTAL W ist ein weit verbreiteter Vertreter dieses
Verfahrens (Dessimoz und Gil, 2010; Thompson, Higgins und Gibson, 1994).

Prinzipiell kann ein multiples Alignment dadurch verbessert werden, dass
man es mit einem Strukturmodell vergleicht, das auf der Basis gleichwertiger
struktureller Elemente der beteiligten Proteine der jeweiligen Proteinfamilie erstellt
wurde (strukturelles Alignment), und daraus eine Bewertung der Giite eines jeweils
moglichen Alignments ableitet. Die Schwierigkeit, ein Alignment auf diese Weise
objektiv zu bewerten, lag zunachst vor allem in der begrenzten Anzahl solcher
struktureller Alignments, welche als Modelle verwendet werden konnten (Gotoh,
1996). Mit der steigenden Anzahl dieser strukturellen Modelle fiir verschiedenste
Proteinfamilien wurde es jedoch moglich, das multiple Alignment vor allem fiir
divergente Proteinsequenzen mit einer iterativen Prozedur durch Verweise auf
strukturelle Alignments gegeniiber dem progressiven Alignment zu verbessern
(Gotoh, 1996). Fiir viele Proteinfamilien fehlen heute leider immer noch strukturelle
Informationen oder diese sind schwer anzuwenden (Notredame, Higgins und
Heringa, 2000).

Die beiden Hauptprobleme des progressiven Alignments neben der Abhéngig-
keit der verwendeten Alignmentparameter beruhen auf der besonderen Strategie
des Algorithmus (engl. greedy). Zum einen besteht das Problem des lokalen Mini-
mums (Thompson, Higgins und Gibson, 1994). Des weiteren kénnen einmal ins
Alignment eingebaute Fehler sich auch noch in allen nach folgenden Alignment-
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schritten negativ auswirken und dadurch vervielfdltigen. Notredame, Higgins
und Heringa (2000) versuchten diese Vervielfédltigung der Fehler gerade in den
ersten Schritten des Alignments zu minimieren, indem fiir das eigentliche multi-
ple Alignment mit unterschiedlichen Programmen eine Bibliothek globaler und
lokaler paarweiser Alignments der Sequenzen erstellt wird. In jedem Schritt des
progressiven multiplen Alignments flieSen dann jeweils Informationen dartiber
ein, wie alle Sequenzen untereinander alignieren, anstatt nur das aktuelle Paar zu
betrachten (Notredame, Higgins und Heringa, 2000).

Ein weitererer interessanter Ansatz ist die Erzeugung eines Sequenzalignments
basierend auf der schnellen Fourier-Transformation in Kombination mit einer
iterativen Verbesserungsstrategie, wie er im Programm MAFFT implementiert
wurde (Katoh et al., 2002). Das Verfahren reduziert die benotigte Rechenzeit
vor allem fiir sehr viele Sequenzen im Alignment. Dabei werden die einzelnen
Aminosduren einer Proteinsequenz zunéchst in eine Sequenz aus Rauminhalts-
und Polaritdtswerten umgewandelt.

Das Programm MUSCLE (Edgar, 2004) verwendet ebenfalls eine progressive
Alignmentstrategie, versucht jedoch die Rechenzeit fiir die zur Berechnung der
Distanzmatrix notigen paarweisen Alignments zu reduzieren. Hier werden die
Distanzen der Sequenzen stattdessen aus iibereinstimmenden k-Tupeln berechnet.
Schliefllich wird aus diesen der Leitbaum erzeugt. Da der Zeitaufwand fiir den
ersten Schritt dadurch stark minimiert wird, werden die Laufzeiten inklusive des
nachfolgenden progressiven Alignments sowie der Anwendung einer Verfeine-
rungsstrategie fiir ein Alignment tausender Sequenzen gegeniiber t-Coffee und
MAFFT ohne Einbuflen bei der Prizision noch verbessert.

Bei Grasso und Lee (2004) wird das multiple Sequenzalignment nicht mehr in
der iiblichen linearen Reprasentation betrachtet, sondern durch einen gerichteten
azyklischen Graphen ersetzt, welcher dadurch als partiell geordnet bezeichnet
wird (engl. partial order alignment). Wahrend beim progressiven Standardverfahren
Sequenzen immer paarweise mit einer gemittelten Sequenz, also einem Profil,
aligniert werden, erlaubt dieses Verfahren in jedem Schritt die Beriicksichtigung
der moglichen Alignments einer Sequenz mit allen moglichen homologen Rekom-
binationen der bereits im partiellen Alignment befindlichen Sequenzen. Dadurch
gehen vor allem in komplexen Alignments in der Umgebung von Regionen mit
vielen Liicken in den entsprechenden Sequenzen weniger Informationen verloren
(Grasso und Lee, 2004).
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Problematische Alignmentbereiche und phylogenetisches Signal

Die hauptsachliche Ursache fiir Fehler im Alignment von Sequenzen besteht darin,
dass komplizierte evolutionédre Ereignisse wie Insertionen und Deletionen nicht
getrennt als solche modelliert werden, sondern nur sehr vereinfacht durch das
Einfiihren von Liicken in den entsprechenden Sequenzen basierend auf bestimm-
ten Parametern dargestellt werden. Die Platzierung dieser Liicken ist es, die das
automatisierte Sequenzalignment so problematisch macht (Higgins, Blackshields
und Wallace, 2005; Kawakita et al., 2003).

Eine verbreitete Methode, das Problem des fehlerhaften Alignments in Bereichen
mit vielen Insertionen oder Deletionen zu umgehen, ist, diese Bereiche vor weiteren
Analyseschritten zu entfernen. Problematisch ist dabei allerdings, dass gerade
in diesen Bereichen auch phylogenetische Signale enthalten sind (Dessimoz und
Gil, 2010). Dartiber hinaus bleiben fiir konservierte Proteine auf diese Weise am
Ende nur wenige und vorwiegend nicht informative Positionen tibrig. Castresana
(2000) schliefst mit Hilfe des Programms GBLOCKS diese Bereiche aus, wobei
der Verlust an informativen Positionen jedoch moglichst gering gehalten werden
soll. Ein Ergebnis ihrer Arbeit war, dass in derartig behandelten Alignments die
Aminosdurezusammensetzung der Sequenzen einheitlicher war und zum anderen
die beobachteten Distanzen zwischen den Sequenzen abnahmen. Fiir basalere Aste
in tiefen Phylogenien konnte das Verfahren jedoch keine wirkliche Verbesserung
durch Erhohung der Unterstiitzungswerte (engl. branch-support) liefern (Castresana,
2000). Einiges deutet darauf hin, dass gerade die Signale fiir die Auflosung tiefer
Phylogenien in diesen problematischen Bereichen enthalten sind (Kawakita et al.,
2003) und sich die Entfernung von Bereichen mit Liicken nachteilig auswirkt
(Dessimoz und Gil, 2010).

Alignmentfehler in schwer zu rekonstruierenden Bereichen mit vielen Insertio-
nen und Deletionen sollten idealer Weise minimiert werden, um auf diese Weise
den Informationsgehalt der Sequenzen nicht zu verfdlschen und ihn in seiner
Gesamtheit zu bewahren und nutzbar zu machen. Die traditionell verwendeten
Alignmentalgorithmen beschranken sich auf schlichte Positionierung von Liicken-
zeichen als vereinfachte Modelle der Insertion und Deletion. Zwangslaufig fiihrt
dies zu einem Ubermaf an Deletionen und Sequenzaustauschen einhergehend mit
sehr wenigen Insertionen und der unplausiblen Rekonstruktion dieser Ereignisse
(Loytynoja und Goldman, 2008). Die Ursache hierfiir ist vor allem, dass in den

meisten verwendeten progressiven Methoden Insertionen gegeniiber Deletionen
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systematisch benachteiligt werden, da fiir eine Insertion multiple Liickenstrafpunk-
te vergeben werden miissen, ganz im Gegensatz zu einer Deletion (Loytynoja und
Goldman, 2005, 2008).

Am Beispiel eines traditionellen Sequenzalignments fiir ein HIV und SIV Hiill-
Glykoprotein und zusatzlichen Sequenzsimulationen konnte gezeigt werden, dass
herkémmliche Verfahren keine iiberzeugende Methode fiir die Evolution dieser
Region liefern, da sie beim Alignieren der Regionen nahe beieinander liegender
Insertionen (kollabierte Insertionen, engl. collapsed insertions) versagen (LOytynoja
und Goldman, 2008). Das vorgestellte Alignmentverfahren verhindert das Ver-
schmelzen von benachbarten jedoch unabhéngigen Insertionsorten dadurch, dass
Insertionsereignisse zundchst auch als solche markiert werden. Dadurch kann
anschlieflend das Alignment dieser Sequenzstiicke mit nicht-homologen Sequen-
zen verhindert werden. Stellt sich in den folgenden Schritten des progressiven
Alignments jedoch heraus, dass es sich tatsdchlich um Deletionsereignisse handelt,
kann die Markierung fiir diese Sequenzstiicke wieder aufgehoben werden.

Eine allgemeine Tendenz zu kompakten Alignments aus visuell ansprechend
aneinander ausgerichteten tibereinstimmenden Blocken mit moglichst wenigen
Liicken sollte gerade fiir nicht-kodierende DNA-Sequenzen oder Teile von Protein-
sequenzen, in denen Insertionen und Deletionen weniger organisiert stattgefunden
haben, hinterfragt werden (Higgins, Blackshields und Wallace, 2005).

Quantifizierung von Unsicherheiten als Folge des Alignmentverfahrens

Das Alignmentverfahren selbst kann bereits unabhingig von den eingestellten
Parametern Artefakte erzeugen. Fiir bestimmte Sequenzbereiche ist das Alignment
deshalb unter Umstdnden unzuverldssiger als fiir andere (Landan und Graur, 2007).
Im progressiven Alignment wird {iblicherweise in jedem Schritt ein optimales
paarweises Alignment mit Hilfe des Verfahrens der dynamischen Programmie-
rung (engl. dynamic programming) erzeugt. Gerade in Bereichen mit vielen Liicken
sind oft alternative Alignmentpfade moglich, die ihrerseits ein ebenso optimales
Alignment liefern. Vom jeweiligen Alignmentprogramm wird normalerweise nur
eine dieser Moglichkeiten betrachtet und weiter verwendet. Diese Ambiguitaten
konnen unterschiedlich auf das Alignment verteilt sein, nur kurze Bereiche be-
treffen oder sich sogar auf weite Teile erstrecken. Es ist naheliegend anzunehmen,
dass weiterfithrende Analysen und die hieraus abgeleiteten Ergebnisse auf der
Basis weniger verldsslich alignierter Bereiche ebenfalls zu unsicheren oder falschen
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Ergebnissen fiihren konnen.

Landan und Graur (2007) stellten eine einfache Methode vor, welche die rasche
Identifizierung und Quantifizierung dieser bis dahin vernachlassigten Unsicherhei-
ten in multiplen Alignments und nachfolgender Analysen erlaubte, die sogenannte
Heads-or-tails-Methode. Die Methode beruht auf der einfachen Idee, dass ein Align-
ment unabhingig von der anfanglichen Orientierung der Sequenzen sein sollte (5
oder 3’, N-Terminus oder C-Terminus). Ein idealer Algorithmus sollte in jedem
Fall das selbe Alignment erzeugen. In der Realitét ist dies jedoch nicht der Fall:
aus Unterschieden in den Alignments der jeweiligen Sequenzen in der originalen
sowie in umgekehrter Orientierung konnen zum einen Unsicherheiten im Align-
ment quantifiziert werden, zum anderen erlaubt die Methode die Aufteilung eines
Alignments in sichere und unsichere Bereiche. Mit Hilfe dieses Verfahrens konnte
im Laufe dieser Arbeit beispielsweise analog zu Deusch et al. (2008) ein starker
Zusammenhang zwischen der Qualitit eines Alignments und des geschitzten An-
teils endosymbiotischer Gentransferereignisse in Algen und Pflanzen festgestellt
werden. Ignoriert man diesen Zusammenhang, werden diese Ereignisse sehr stark
unterschéatzt (Abschnitt 5.3, Abschnitt 6.3).

Penn et al. (2010) konnten mit einer weiteren Methode zur Quantifizierung posi-
tionsspezifischer Alignmentverlasslichkeit nachweisen, dass Unsicherheiten in den
bei progressiven Alignmentverfahren verwendeten Leitbdumen die Hauptursache
von Unsicherheiten im Sequenzalignment darstellen. In diesem Verfahren wer-
den aus einem berechneten Basisalignment durch zuféllige Auswahl von Spalten
mit Zuriicklegen mehrere neue Pseudoalignments erzeugt (engl. bootstrapping).
Eine aus diesen Pseudoalignments generierte Menge abgeleiteter Leitbdume wird
anschlieffend dazu verwendet, um alternative Alignments der urspriinglichen
Sequenzen zu berechnen. Aus dem Vergleich des Basisalignments mit diesem
Satz alternativer Alignments konnen dann sehr genau unsichere Positionen im
multiplen Alignment identifiziert werden. Es konnte weiterhin gezeigt werden,
dass ihr vorgestelltes Programm GUIDANCE bei der Vorhersage unverldsslicher
Regionen im Alignment die Heads-or-tails-Methode (Landan und Graur, 2007)

sogar noch in ihrer Leistung {ibertrifft.
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3.2.3 Stammbaume
Standardverfahren zur phylogenetischen Rekonstruktion

Ab den 1970er Jahren wurden Methoden zur Ableitung phylogenetischer Baume
auf der Basis molekularer Sequenzdaten nach dem Prinzip der minimalen Evoluti-
on (engl. minimum evolution) beziehungsweise maximaler Parsimonie entwickelt.
Beim Standardalgorithmus werden dabei alle fiir die betrachteten Sequenzen
moglichen Topologien fiir die betrachteten Sequenzen untersucht, oder eine Teil-
menge dieser, welche mit hoher Wahrscheinlichkeit der korrekten Phylogenie sehr
dhnlich ist. Anschlieflend wird die Topologie ausgewihlt, welche die wenigsten
evolutiondren Verdnderungen benétigt um die beobachteten Sequenzunterschiede
zu erkldren (Saitou und Nei, 1987). Distanzbasierte Methoden wurden implemen-
tiert, welche das Problem des zeitintensiven Standardalgorithmus dadurch 16ste,
dass der ermittelte Baum nicht zwangsldufig dem Baum minimaler Evolution
entsprechen musste (Faith, 1985; Farris, 1972; Fitch, 1981; Sattath und Tversky,
1977; Tateno, Nei und Tajima, 1982). Die Effizienz den korrekten Baum zu erhalten
war hier jedoch oft hoher als bei der Anwendung des Standardalgorithmus (Saitou
und Nei, 1987).

Ein anderer Ansatz, einen eindeutigen Baum unter dem Prinzip der minimalen
Evolution zu berechnen die heute sehr verbreitete und effiziente Methode zur
Verbindung von Nachbarn (engl. neighbor-joining, NJ) von Saitou und Nei (1987).
Es werden jeweils Paare operativer taxonomischer Einheiten (engl. operational
taxonomic units, OTUs) gesucht, welche beginnend mit einer Sterntopologie in
jedem Schritt der Gruppierung der Einheiten die Gesamtlinge aller Aste minimiert
(Saitou und Nei, 1987).

Ein Nachteil der Neighbor-Joining-Methode, beziehungsweise aller distanzba-
sierten minimalen Evolutionsmethoden, ist die Konvertierung der beobachteten
Sequenzunterschiede in evolutiondre Distanzen. Hierbei werden die verfiigbaren
Daten komprimiert und die korrekte Berechnung der Distanzen fiir divergente Se-
quenzen wird in zunehmendem Mafse von der Korrektur multipler Substitutionen
abhingig (Holder und Lewis, 2003). Eine Moglichkeit, auf diese Uberfithrung zu
verzichten, wurde mit der auf Sequenzzeichen basierenden Parsimoniemethode
zur phylogenetischen Rekonstruktion erreicht. Im Gegensatz zu den distanzbasier-
ten Methoden beruht diese nicht mehr auf einer Matrix paarweiser Unterschiede.
Stattdessen wird die evolutive phylogenetische Geschichte der Sequenzen jeweils

auf einen Baum projiziert und jeder mogliche Baum beziiglich der minimal be-
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notigten Mutationen bewertet. Ein entscheidender Nachteil dieser Methode ist
jedoch ihre starke Neigung zum Versagen bei konvergenter Evolution an langen
Asten und das haufige Auftreten gleich-parsimonischer (engl. equally parsimonious)
Baume (Holder und Lewis, 2003).

Ein weiteres sehr verbreitetes Verfahren zur Rekonstruktion phylogenetischer
Baume basiert auf der maximalen Wahrscheinlichkeit (engl. maximum likelihood,
ML) (Felsenstein, 1973, 1981). ML berechnet fiir jeden moglichen Stammbaum
zu vergleichender Sequenzen eine Wahrscheinlichkeit, die beschreibt, wie gut
der entsprechende Baum die zu beobachtenden Unterschiede in den Sequenzen
erklart (Felsenstein, 1981). Der Baum mit der grofiten Wahrscheinlichkeit wird
ausgewdhlt. Die Wahrscheinlichkeit berechnet sich dabei auf der Basis eines Evo-
lutionsmodels, welches die relativen Wahrscheinlichkeiten der beobachtbaren
Ereignisse beschreibt. Diese Modelle berticksichtigen auch die Wahrscheinlichkei-
ten unsichtbarer Ereignisse und konnen somit multiple Austausche an der gleichen
Sequenzposition korrigieren (Holder und Lewis, 2003).

Parsimonie, sowie auch die Methode maximaler Wahrscheinlichkeit, sehen die
Implementierung eines erschopfenden (engl. exhaustive) Algorithmus vor, bei dem
jeder mogliche Baum betrachtet wird. Jeder dieser Biume erhélt hierbei eine
Bewertung, so dass sich am Ende die Phylogenie unter dem gewiinschten Optimie-
rungskriterium unter allen betrachteten Baumen auswahlen ldsst. Da die Anzahl
moglicher, verschiedener Baume exponentiell mit der Anzahl der enthaltenen
Sequenzen ansteigt, ist es spétestens ab 20 Sequenzen praktisch unmdoglich eine
vollstandige Suche durchzufiihren (Felsenstein, 1981; Graur und Li, 2000). Aus
diesem Grund wurden heuristische Verfahren entwickelt, die ausgehend von einer
Ausgangstopologie, zum Beispiel Neighbor-Joining, nur zu dieser dhnliche Baume
untersuchen (Graur und Li, 2000). Da das Aussortieren von Baumen nach be-
stimmten Kriterien nur eine Abschédtzung darstellen kann, besteht die Moglichkeit,
dass die erstellte Phylogenie nicht dem optimalen Baum entspricht, der bei der
vollstindigen Suche gefunden wiirde (Felsenstein, 1981). Die generelle Giite eines
heuristischen Verfahrens kann mit Hilfe von Sequenzsimulationen abgeschétzt
werden, bei denen die tatsdchliche Phylogenie der Sequenzen immer bekannt ist
(Stoye, Evers und Meyer, 1998). Im Einzelfall lassen sich aus den aufgefiihrten
Griinden jedoch keine Riickschliisse darauf ziehen, ob der Algorithmus tatsdchlich
den optimalen korrekten Baum ermittelt hat oder der Baum nur eine Ndherung
ist.

Eine jiingere Entwicklung auf dem Gebiet der Rekonstruktion von Stammbau-
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men stellt die Bayes’sche Ableitung der Phylogenie dar (Huelsenbeck et al., 2001;
Larget und Simon, 1999; Mau, Newton und Larget, 1999; Rannala und Yang, 1996).
Die entscheidende Grofie ist hierbei die a posteriori-Wahrscheinlichkeit, als Wahr-
scheinlichkeit des korrekt rekonstruierten Baumes. Im Bayes’schen Theorem wird
diese aus der a priori-Wahrscheinlichkeit einer Phylogenie zusammen mit der Wahr-
scheinlichkeit die zu beobachtenden Daten fiir diesen Baum zu erhalten, und der
a priori-Wahrscheinlichkeit fiir die gegebenen Daten berechnet (Huelsenbeck et al.,
2001). Da die Berechnung der a posteriori-Wahrscheinlichkeit wegen ihrer Komple-
xitdt in der Praxis normalerweise nicht moglich ist, wird ein Markov-Ketten Monte
Carlo (MCM)-Algorithmus verwendet, um diese abzuschdtzen (Huelsenbeck et al.,
2001). Der Grundgedanke hinter dieser Idee ist dabei, eine Markov-Kette mit
den Parametern des statistischen Models als Zustandsraum und die Verteilung
der a posteriori-Wahrscheinlichkeiten der Parameter als stationdre Wahrscheinlich-
keitsverteilung zu erstellen (Huelsenbeck et al., 2001). Der MCM-Algorithmus
besteht im wesentlichen aus zwei Schritten, wobei zunéichst ein neuer Baum durch
stochastische Verdanderung des aktuellen Baumes vorgeschlagen wird. Dieser neue
Baum wird dann mit einer bestimmten Wahrscheinlichkeit entweder beibehal-
ten oder verworfen. Wird der Baum beibehalten, ist er die Grundlage weiterer
Veranderungen. Eine Schwierigkeit bei dieser Methode ist, dass die verwendeten
Markov-Ketten nicht immer in eine stationdre Verteilung konvergieren, weil die
Kette beispielsweise zu lang wird oder der Mechanismus neue Baume vorzuschla-
gen nicht optimal ausgelegt ist. In einer geeignet konstruierten und hinreichend
lange gelaufenen Markov-Kette entspricht die a posteriori-Wahrscheinlichkeit eines
Baumes genau dem Anteil, wie oft dieser Baum gefunden wurde (Huelsenbeck
et al., 2001).

Von der Phylogenetik zur Phylogenomik

Phylogenomische Methoden zur Rekonstruktion von Stammbadumen stellen in den
meisten Fillen einfache Erweiterungen phylogenetischer Standardmethoden dar,
welche auf Datensitze einzelner Gene angewendet wurden (Philippe et al., 2011).
Bei der Supermatrix-Methode werden beispielsweise die Alignments einzelner Ge-
ne in einem zusammenhdngenden Alignment zusammengefiigt und anschlieffend
nach phylogenetischen Standardverfahren bearbeitet. Problematisch ist dabei aller-
dings, dass die einzelnen Gene mit unterschiedlichen Austauschraten evolvieren
konnen. Die Methode benutzt hingegen nur ein einfaches Substitutionsmodell,
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welches die Heterogenitdt zwischen Genen im evolutiondren Prozess ignoriert
und dadurch systematische Verzerrungen in den abgeleiteten Biumen hervorrufen
kann (Rannala und Yang, 2008). Dies muss in jedem Fall bei der anschliefSlenden
Analyse eines zusammengefiigten Alignments beriicksichtigt werden. Bei einer
anderen Methode werden zunéchst alle Stammbé&ume aus den Einzelalignments er-
stellt. Anschlieflend werden diese Einzelbaume dann mit Hilfe eines heuristischen
Verfahrens in einer Konsensusphylogenie vereint (engl. supertree). Die Supertree-
Methode neigt durch die unabhingige Bestimmung der jeweiligen Parameter fiir
jedes einzelne Gen zur Uberanpassung der Daten, wobei sich die Varianzen vergro-
Bern. Des Weiteren fehlt eine statistische Basis fiir die verwendeten heuristischen
Methoden zur Berechnung der Konsensusphylogenie (Rannala und Yang, 2008).

Die Verwandtschaft einzelner Gene oder Proteine kann sehr gut durch phy-
logenetische Baiume beschrieben werden. Mit der Sequenzierung vollstandiger
Genome und der Moglichkeit viele Gene einer Art und ihre Orthologe gemeinsam
betrachten zu kdnnen entstanden jedoch neue Probleme. Es gibt evolutiondre
Prozesse, welche sich prinzipiell nicht auf der Basis eines bifurzierenden Baumes
beschreiben lassen. Diese sind Hybridisierung, endosymbiotischer Gentransfer,
Verteilung von molekularen Merkmalen kurz nach einem Artentstehungsereig-
nis (engl. lineage-sorting) und lateraler Gentransfer vor allem unter Prokaryoten
durch Transduktion, Transformation oder Konjugation (Rannala und Yang, 2008;
White et al., 2007). In diesen Féllen konnen die herkommlichen Methoden zur
Bestimmung phylogenomischer Stammb&dume versagen, da beziiglich der Ar-
tentstehungsereignisse verschiedene widerspriichliche Signale moglich sind und
einzelne Genbdume vom Stammbaum der jeweils betrachteten Arten abweichen
konnen (Bryant und Moulton, 2004; Fitch, 1997). Dieses Problem ldsst sich vermei-
den, wenn die Informationen grofier Sammlungen von Einzelbdumen in einem
phylogenetischen Netzwerk zusammengefasst werden. Die Erzeugung phylogene-
tischer Netzwerke kann durch die Zerlegung der Aste (engl. split decomposition)
(Bandelt und Dress, 1992), NeighborNet (Bryant und Moulton, 2004) oder Konsen-
susnetzwerke (Holland, Delsuc und Moulton, 2005) erfolgen. Im Gegensatz zu
einem phylogenomischen Konsensusbaum, in dem nur die Verzweigungen mit
dem grofiten Anteil angezeigt werden konnen, konnen in Netzwerken auch diese
widerspriichlichen Signale dargestellt werden (Bryant und Moulton, 2004; Fitch,
1997).

Allerdings konnen die beschriebenen Konflikte in den Genbdumen ebenfalls

eine Folge von Zufallsprozessen und systematischen Fehlern in der phylogeneti-
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schen Rekonstruktion (Rannala und Yang, 2008; Stiller, 2011). Parallele Evolution,
Heterogenitdt des Models und Stichprobenfehler konnen die Bestimmung eines
eindeutigen Baums erschweren (Bryant und Moulton, 2004). Die genannten Effekte
reduzieren sich meist mit der Betrachtung einer grofseren Menge an Positionen
eines Gens (Rannala und Yang, 2008). Bei der Interpretation unstimmiger Stamm-
baume fiir verschiedene Gene miisste in diesem Zusammenhang daher stets
kritisch gepriift werden, ob alternative Erklarungen wahrscheinlicher sind, bevor
sie als Folge lateralen Gentransfers beurteilt werden. In Abschnitt 5.2 beziehungs-
weise Abschnitt 6.2 wird gezeigt, dass widerspriichliche Stammbaumtopologien
eine Folge unverldsslich erstellter Alignments fiir problematische Sequenzen sein

konnen.

Fehlerquellen bei der Rekonstruktion von Stammbaumen

Wie die vorhergehenden Schritte der Gruppierung orthologer Sequenzen und des
Sequenzalignments ist auch die Ableitung phylogenetischer oder phylogenomi-
scher Stammb&aume anfillig fiir vielfaltige Fehlerquellen. Einerseits konnen sich
Fehler bei der Gruppierung orthologer Sequenzen hier stark negativ auswirken.
Nur mit Hilfe orthologer Sequenzen kénnen die zugrundeliegenden Stammver-
zweigungsereignisse korrekt abgeleitet werden (Fitch, 1970, 1995). Des Weiteren
konnen sich Fehler im Alignment der untersuchten Sequenzen nachteilig auf
die korrekte Rekonstruktion ihrer Phylogenie auswirken (Landan und Graur,
2007). In der vorliegenden Arbeit konnte beispielsweise ein grofier Einfluss der
Verlasslichkeit zugrunde liegender Alignments mit dem Anteil abgeleiteter Gen-
transferereignisse aus den von diesen abgeleiteten Stammb&dumen festgestellt
werden (Abschnitt 5.3, Abschnitt 6.3).

Zusatzlich zu diesen sich fortsetzenden Fehlern aus notigen vorgeschalteten
Schritten auf dem Weg zur Ableitung eines korrekten Stammbaums, sind die ein-
zelnen phylogenetischen Rekonstruktionsmethoden mehr oder weniger stark von
inhdrenten Fehlerquellen betroffen. Dies soll im Folgenden niher erldutert werden.
Als erstes sind hier die heuristischen Verfahren genannt. Es wird ein optimaler
Stammbaum gesucht, der die evolutiondre Geschichte der Sequenzen korrekt
widerspiegelt. Allerdings ist die Losung dieses Problems durch die nétige Betrach-
tung aller moglichen Baume nicht in polynomialer Zeit 16sbar (NP-vollstandig).
Deshalb miissen zur Losung von Problemen dieser Art heuristische Methoden
angewendet werden. Es kann jedoch nicht garantiert werden, dass diese tatsdchlich
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den Baum finden, der dem globalen Optimum im Suchraum entspricht (Felsen-
stein, 1981; Penny, Hendy und Steel, 1992). Mit anderen Worten bedeutet dies,
dass es unter Umstdnden eine Phylogenie gibt, die die beobachteten Sequenzdaten
besser beschreiben wiirde mit der logischen Konsequenz, dass der ausgegebene
Baum falsch ist.

Wie bereits bekannt ist, enthalten auch Regionen mit Liicken im Alignment ein
phylogenetisches Signal (Dessimoz und Gil, 2010; Kawakita et al., 2003). In den
meisten Programmen zur phylogenetischen Rekonstruktion wird diese Informatio-
nen allerdings systematisch ignoriert (Lloyd und Calder, 1991; Penny, Hendy und
Steel, 1992). Dabei ist die sehr einfache Nutzung des phylogenetischen Signals
von Insertionen und Deletionen ein wichtiger Vorteil der Parsimoniemethode. Es
konnte sogar gezeigt werden, dass dieses Verfahren fiir den speziellen Fall, dass
Insertions- und Deletionsereignisse korrekt identifiziert wurden, sogar andere
Verfahren bei der Rekonstruktion vor allem tiefer Phylogenien tibertreffen kann
(Dessimoz und Gil, 2010).

Grundlage fiir die fehlerfreie Rekonstruktion von Stammbadumen mit Distanz-
methoden, maximaler Wahrscheinlichkeit oder nach Bayes ist jeweils ein Evoluti-
onsmodell, das die Verdnderungen der Sequenzen zuverldssig beschreibt (Abascal,
Zardoya und Posada, 2005). Die Wahl eines passenden Modells ist entscheidend.
Eine generelle Schwéche von Methoden maximaler Wahrscheinlichkeit liegt da-
bei in der hohen Unsicherheit der Interpretation der Sequenzzeichen, so dass es
schwierig wird, jemals ein vertrauenswiirdiges Wahrscheinlichkeitsmodel aus-
zuwdhlen (Felsenstein, 1978). Wird ein unpassendes Modell verwendet, konnen
multiple Substitutionen nicht mehr zuverlassig erkannt werden. Dies fiihrt zur
Verstarkung des nicht-phylogenetischen Signals und kann damit zu Artefakten
bei der Rekonstruktion von Stammbadumen fithren (Philippe et al., 2011). Vor
allem die unentdeckte oder ignorierte Variation der Evolutionsraten zwischen
einzelnen Alignmentpositionen als bedeutender evolutiondrer Prozess (Lopez,
Casane und Philippe, 2002) in Verbindung mit Substitutionsratenvariation zwi-
schen verschiedenen Stammen (engl. heterotachy) fiihrt zu falschen Ergebnissen bei
der Anwendung Modell-basierter Verfahren zur Stammbaumrekonstruktion wie
Distanzmatrixmethoden oder maximale Wahrscheinlichkeit (Yang, 1996). So gibt
es Félle in denen alle Standardmethoden der phylogenetischen Rekonstruktion
versagen, falls Heterogenitdten zwischen den Evolutionsraten der untersuchten
orthologen Sequenzen verschiedener Stimme vorhanden sind (Lockhart et al.,
2006).
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Abascal, Zardoya und Posada (2005) bieten mit ihrem Programm ProtTest die
Moglichkeit, das passendste Evolutionsmodel aus einer Auswahl an verschiedenen
Modellen zu bestimmen. Natiirlich kann es auch hier vorkommen, dass das am
besten passende Model die reale Evolution der Sequenzen nicht optimal modelliert,
jedoch kein besseres Model zur Verfiigung steht. Es ist schwer abzuschétzen, in
welchem Ausmafs die Konsistenz verschiedener phylogenetischer Rekonstrukti-
onsmethoden durch Abweichungen des verwendeten Evolutionsmodels von den
realen Vorgéangen beeinflusst wird (Penny, Hendy und Steel, 1992). Beispielswei-
se konnen Unterschiede im GC-Gehalt der untersuchten Sequenzen fehlerhafte
Gruppierungen verursachen (Penny, Hendy und Steel, 1992; Penny et al., 1990).

Beim Vergleich von nur vier DNA-Sequenzen liefen sich mit Hilfe von Simula-
tionen die folgenden generellen Aussagen beziiglich der relativen Effizienz der
vorgestellten Verfahren feststellen. Sowohl die gewichtete als auch die ungewichte-
te parsimonische Rekonstruktion einer Phylogenie sind generell weniger effizient
als Neighbor-Joining oder die Methode maximaler Wahrscheinlichkeit. Des weiteren
ist die Methode maximaler Wahrscheinlichkeit der Neighbor-Joining-Methode nur
dann leicht iiberlegen, wenn alle Annahmen korrekt sind. Eine Verletzung der
Grundannahmen beeinflusst eher die korrekte Bestimmung der Astldngen als die
Ableitung der korrekten Topologie (Tateno, Takezaki und Nei, 1994). Sehr diver-
gente Sequenzen verhalten sich in etwa wie zuféllige Sequenzen und enthalten
deshalb wenige phylogenetische Informationenen. In diesem Fall ist durch die
Ungiiltigkeit der verwendeten Evolutionsmodelle jede Methode zur Bestimmung
der Phylogenie dieser Sequenzen unzuverldssig (Nei, Takezaki und Sitnikova,
1995; Rzhetsky und Nei, 1995). Die Methode maximaler Wahrscheinlichkeit ist
anfillig fiir Anderungen des Substitutionsmusters iiber den betrachteten evolu-
tiondren Zeitraum. Hier geht der Vorteil dieser Methode gegeniiber anderen, die
weniger strenge Annahmen iiber das Substitutionsmuster benétigen, verloren (Nei,
1996). Ausserdem wird die generelle Wahrscheinlichkeit, einen korrekten Baum zu
erhalten, mit der Anzahl der betrachteten Sequenzen geringer (Nei, 1996).

Neben der Auswahl eines passenden Evolutionsmodells ist vor allem auch die
Gruppierung langer Aste bei der Rekonstruktion einer Phylogenie problematisch
(engl. long-branch attraction artifacts, LBA (Felsenstein, 1978)). Die zu untersuchen-
den Ereignisse liegen oft sehr weit zurtick in der evolutiondren Geschichte der
Sequenzen, wodurch lange terminale Aste und damit einhergehende multiple Sub-
stitutionen an gleicher Position, also Homoplasien, unvermeidlich sind (Philippe

et al., 2011). Hier werden die Sequenzen nicht aufgrund ihrer wahren Verwandt-
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schaftsbeziehungen gruppiert, sondern es wird stattdessen eine artifizielle Position
im Baum unabhédngig eines zugrunde liegenden phylogenetischen Signals einge-
nommen. Diese nicht-phylogenetischen Signale werden durch unerkannte oder
falsch abgeleitete multiple Substitutionen generiert (Philippe et al., 2011).

Stiller und Hall (1999) fanden beispielsweise Anzeichen dafiir, dass die basa-
le Topologie im Stammbaum der Eukaryoten abgeleitet aus ribosomalen DNA
(rDNA)-Sequenzen vollstandig als ein Artefakt der Variation molekularer Evolu-
tionsraten zwischen den eukaryotischen Taxa erkldrt werden konnte. Es besteht
also in der Praxis immer die Moglichkeit, dass ein rekonstruierter Stammbaum
eventuell fehlerbehaftet sein konnte, vor allem die Positionierung tiefer Aste in
einer Phylogenie ist unverlédsslich (Kumar und Rzhetsky, 1996).

Durch LBA kann sogar die Positionierung einer zur Wurzelung eines gege-
benen phylogenetischen Baumes gewéhlten Aussenseitergruppe (engl. outgroup)
beeintrachtigt werden (Stiller und Hall, 1999). Taxa, welche erheblich schneller
evolvieren als andere, werden durch eine iiber einen sehr langen Ast verbundene
Auflenseitergruppe angezogen. Sie werden dadurch falschlicherweise an der Basis
des Baumes positioniert (Philippe et al., 2011; Philippe und Laurent, 1998).

Grund fiir die Manifestierung von LBA innerhalb einer Phylogenie kann sein,
dass parallele Austausche hdufiger sind als informative nicht parallele Austau-
sche (Felsenstein, 1978). Typisch ist das Auftreten von zahlreichen einzigartigen
Sequenzaustauschen fiir bestimmte Sequenzen an ansonsten konservierten Posi-
tionen. Hierdurch entstehen viele scheinbare synapomorphe Positionen, die vor
allem in Datensdtzen mit limitiertem phylogenetischen Signal zu den bekannten
falschen basalen Gruppierungen fiihren (Stiller und Hall, 1999). Das Verfahren der
maximalen Parsimonie ist anfélliger fiir dieses Phanomen als die anderen beschrie-
benen Verfahren, jedoch sehr zuverlassig, falls diese beschriebenen Parallelismen
nur vereinzelt vorhanden sind (Felsenstein, 1978).

Die Verzerrung der Nukleinsdure- beziehungsweise der Aminosdurenzusam-
mensetzung (engl. compositional bias) als weiterer systematischer Fehler kann sogar
vollstandig unterstiitzte Biume auf der Basis des Bootstrap-Verfahrens generie-
ren, welche dennoch falsch sind (Phillips, Delsuc und Penny, 2004). In diesen
gruppieren sich Sequenzen mit einer dhnlichen Zusammensetzung unabhéngig
von ihrer evolutiondren Geschichte. Fiir mitochondrielle Genome konnte gezeigt
werden, dass die Rekodierung der Nukleotide in Purine und Pyrimidine das
phylogenetische Signal gegentiber diesem Fehler erhthen konnte (Phillips, Delsuc
und Penny, 2004).
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Eine Moglichkeit, das Auftreten von sehr langen Asten in einer Phylogenie
zu vermeiden, besteht darin, mehr Sequenzen hinzuzufiigen, so dass diese Aste
im besten Fall in kiirzere aufgebrochen werden. Mit Beginn des Zeitalters der
Phylogenomik entstand die Hoffnung, die zahlreichen unstimmigen Ergebnisse
aus phylogenetischen Analysen einzelner oder weniger Gene durch die stetige
Addition weiterer Sequenzen miteinander in Einklang bringen zu konnen. Diese
konnte sich jedoch bis heute nicht erfiillen (Philippe et al., 2011).

Folgen die Ereignisse der Artentstehung bezogen auf den gesamten evolutio-
ndren Zeitraum relativ kurz hintereinander, ist es schwer, die zeitliche Abfolge
dieser Ereignisse korrekt zu rekonstruieren (Philippe et al., 2011; Philippe, Chenuil
und Adoutte, 1994). Unter Umstdnden reicht die Anzahl der betrachteten Sequenz-
zeichen nicht aus, um die Phylogenie in einem solchen Bereich vollstindig aufzu-
16sen (Saitou und Nei, 1986). Die Auflosung dieser kurz auf einander folgenden
Ereignisse kann ebenfalls durch eine unvollstandige Verteilung von Merkmalen
auf die Arten (engl. incomplete lineage sorting) (Philippe et al., 2011) verhindert
werden.

Die heutzutage haufig auftretenden Unstimmigkeiten zwischen Stammbdumen
unterschiedlicher Gensammlungen werden gern als Zeichen vorherrschenden
lateralen Gentransfers oder anderen nicht baumartigen biologischen Prozessen
gedeutet. Jedoch treten diese Diskrepanzen hdufig auch dann auf, wenn genau be-
kannt ist, wie die entsprechenden Molekiile evolvieren. White et al. (2007) konnten
anhand eines Datensatzes plastiddrer Gene, fiir welchen lateraler Gentransfer und
paraloge Sequenzen weitestgehend vernachlédssigt werden konnten, zeigen, dass
das phylogenetische Signal mit zunehmender Divergenz der Sequenzen abnimmt
und sich bei tiefen Divergenzen dhnlich zu randomisierten Datensdtzen verhalt.
Vor allem die Informationen {iber interne Aste gehen dabei verloren, wihrend der
Anteil nicht-phylogenetischen Signals grofier wird. Bei der Verwendung zusam-
mengefiigter Alignments konnte die Vergrofierung der nicht-phylogenetischen
Signale im Gegensatz zur Betrachtung einzelner Gene zum Teil verhindert werden.
Das hierbei verbliebene Signal hatte in diesem Fall jedoch ebenfalls wenig mit
der korrekten Phylogenie zu tun. Dieser Verlust des phylogenetischen Signals mit
steigender Sequenzdivergenz kann zum Teil tiefe Divergenzen mit vermeintlich
falschen jedoch hinreichend unterstiitzten Topologien (Martin et al., 1998) erklaren.

Zur Rekonstruktion eines phylogenomischen Stammbaums kann man alle Genfa-
milien betrachten, welche universell in allen untersuchten Organismen vorhanden

sind (Lukjancenko, Wassenaar und Ussery, 2010). Diese sogenannte Stammmenge

27



3 Einleitung

an Genen (engl. core genes) kann dann beispielsweise in einer Supermatrix zusam-
mengefiigt und analysiert werden. Durch das strikte Kriterium der Universalitit
reduziert man die zu betrachtenden Sequenzen sehr stark. Durch zusétzlichen
Ausschluss von Genen, die in ihrer Geschichte lateralem Transfer unterlagen,
konnte in einem représentativen Fall zur Rekonstruktion eines Stammbaums aller
Lebewesen auf diese Weise nur etwa ein Prozent der Protein-kodierenden Gene
eines durchschnittlichen Organismus bei der phylogenetischen Rekonstruktion
berticksichtigt werden (Ciccarelli et al., 2006; Dagan und Martin, 2006). Diese
Methode hat jedoch auch ohne die Einbeziehung lateraler Transferereignisse einen
entscheidenden Nachteil: Je mehr Taxa in die Analyse einbezogen werden, desto
mehr schrumpft die Stammmenge an Genen, die betrachtet werden konnen.

Ein Artikel von Lukjancenko, Wassenaar und Ussery (2010) verdeutlicht das
Ausmaf dieses Effekts sehr anschaulich. In ihrer Vergleichsanalyse von 61 sequen-
zierten Genomen nur einer einzigen Art (Escherichia coli) ermittelten sie einen
Anteil von lediglich 6 % an universellen Familien unter allen im Pangenom ent-
haltenen Genfamilien. Ein derart geringer Anteil an Genen kann daher nur mit
Vorsicht fiir die Evolution aller betrachteten Gene beziehungsweise der betrachte-

ten Organismen an sich herangezogen werden (Dagan und Martin, 2006).

Minimierung von Fehlerquellen

Wir sehen also, dass in jedem Schritt der phylogenetischen Rekonstruktion von
Stammbédumen unabhéngig voneinander systematische Verzerrungen beziehungs-
weise Fehler eingefiihrt werden konnen. Nachfolgende Schritte basieren jeweils auf
den Ergebnissen der vorherigen Schritte. Die Stammbaumrekonstruktion hangt
beispielsweise von einer verldsslichen Clusteranalyse und der Berechnung eines
korrekten Sequenzalignments ab. Fehler in vorauslaufenden Schritten werden
tendenziell noch verstarkt.

Es ist angebracht diese inhdrenten Fehlerquellen bei der Analyse weitestgehend
zu minimieren. Zusitzlich zu einer sinnvollen Auswahl an Sequenzen verschiede-
ner Organismen miissen die Limitierungen der einzelnen Verfahren, angefangen
bei der beschriebenen Clusteranalyse, immer bewusst sein. Fiir das Alignment-
verfahren ist es vorteilhaft, eine Methode auszuwihlen, welche neueste Entwick-
lungen und Forschungsergebnisse auf diesem Gebiet mit einbezieht. Da die Beur-
teilung der Giite eines Alignments in der Praxis nur schwer eingeschitzt werden
kann, sind Verfahren hilfreich, welche die Abschdtzung der Verldsslichkeit der ali-
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gnierten Positionen zulassen, wie dies zum Beispiel fiir die Heads-or-tails-Methode
oder das Guidance-Verfahren (Landan und Graur, 2007; Penn et al., 2010) der Fall
ist. Die ermittelten Ergebnisse aus den Analysen auf Basis dieser Alignments
miissen dann optimalerweise jeweils in Zusammenhang mit diesen moglichen
Artefakten im Alignment in Verbindung gebracht werden (Abschnitt 5.3).

Zur phylogenetischen oder phylogenomischen Rekonstruktion von Genstamm-
bdumen sollte zundchst ein fiir die Daten passendes Evolutionsmodell ausge-
wihlt werden (Abschnitt 5.3). Zudem ist fiir die Auflosung tiefster Divergen-
zen in Stammbédumen eine moglichst korrekte Behandlung der Insertions- und
Deletionsereignisse und die anschlieffende Anwendung eines phylogenetischen
Rekonstruktionsverfahrens, welches diese Regionen iiberhaupt beriicksichtigt,
wiinschenswert. Zu Berticksichtigen ist auch die Frage, inwieweit lateraler Gen-
transfer die zu beobachtenden Daten beeinflusst haben konnte, um keine falschen
Riickschliisse zu ziehen. Ist ein phylogenetischer Baum tiberhaupt ein addquates
Mittel, die vorhandenen Daten zu beschreiben oder sollten andere Methoden der
Darstellung in Betracht gezogen werden? In einigen Féllen kann es sehr hilfreich
sein, eine gegebene Phylogenie mit einem phylogenetischen Netzwerk derselben
Sequenzen zu vergleichen, um diesen Einfluss abzuschétzen (Abschnitt 5.3, Ab-
schnitt 6.3). Unter Umstdnden konnen alternative Losungsansitze lange offene
Fragen beantworten, welche mit Hilfe der Standardmethoden immer wieder zu
widerspriichlichen Ergebnissen gefiihrt haben (Abschnitt 5.1, Abschnitt 6.1).

Joseph Felsenstein formulierte 1978 einen Satz, der auch vier Jahrzehnte spater
noch seine Giiltigkeit hat, und beschreibt, dass man einer phylogenetischen Metho-
de erst dann vertrauen sollte, wenn ihre einwandfreie Funktion restlos bewiesen
ist: , If phylogenetic inference is to be a science, we must consider its methods
guilty until proven innocent”(Felsenstein, 1978).

29
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Die Aufklarung biologischer Zusammenhénge erfordert oftmals die Rekonstruk-
tion sehr weit zuriickliegender Evolutionsereignisse. Beispiele hierfiir sind die
Frage nach der frithesten Aufteilung im Stammbaum der Prokaryoten und damit
im Stammbaum aller lebenden Organismen. Auch die Frage, welches rezente Cya-
nobakterium die hochste genomische Ahnlichkeit zum gemeinsamen Vorfahren
aller Plastiden hat betrifft das weit zurtickliegende Ereignis der primdren Endo-
symbiose. Die Rekonstruktion dieser frithen Ereignisse beinhaltet standardmaéfig
die Berechnung tiefer phylogenomischer Stammb&dume und deren Interpretation.
Je tiefer die betrachteten Divergenzen in einer Phylogenie liegen, desto anfalliger
ist deren Ableitung jedoch fiir Rekonstruktionsfehler.

Die in dieser Arbeit angewendeten Methoden sollten anhand der genannten
Beispiele nach alternativen Losungswegen suchen, welche bekannte Fehlerquellen
moglichst vermeiden sollten. Neben der Aufkldrung der evolutiondren Ereignisse
war es insbesondere das Ziel, die Betrachtung moglicher Fehlerquellen mit in die
Auswertung einzubeziehen, welche im Zusammenhang mit Unsicherheiten im
Sequenzalignment als grundlegendem Schritt phylogenetischer und phylogeno-
mischer Analysen stehen. Die Ergebnisse sollten unter diesen Aspekten kritisch
betrachtet werden. Des Weiteren sollte untersucht werden, in welchem Ausmaf3
problematisch zu alignierende Alignments aus sich heraus die Ableitung unstim-
miger Genbdume im Vergleich mit einem Stammbaum der zugrundeliegenden
Spezies negativ beeinflussen, also zu fehlerhaft rekonstruierten Baumen fiihren

konnen.
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Abstract

Eukaryotes arose from prokaryotes, hence the root in the tree of life resides among the prokaryotic domains. The position of
the root is still debated, although pinpointing it would aid our understanding of the early evolution of life. Because
prokaryote evolution was long viewed as a tree-like process of lineage bifurcations, efforts to identify the most ancient
microbial lineage split have traditionally focused on positioning a root on a phylogenetic tree constructed from one or several
genes. Such studies have delivered widely conflicting results on the position of the root, this being mainly due to
methodological problems inherent to deep gene phylogeny and the workings of lateral gene transfer among prokaryotes
over evolutionary time. Here, we report the position of the root determined with whole genome data using network-based
procedures that take into account both gene presence or absence and the level of sequence similarity among all individual
gene families that are shared across genomes. On the basis of 562,321 protein-coding gene families distributed across
191 genomes, we find that the deepest divide in the prokaryotic world is interdomain, that is, separating the archaebacteria
from the eubacteria. This result resonates with some older views but conflicts with the results of most studies over the last
decade that have addressed the issue. In particular, several studies have suggested that the molecular distinctness of
archaebacteria is not evidence for their antiquity relative to eubacteria but instead stems from some kind of inherently
elevated rate of archaebacterial sequence change. Here, we specifically test for such a rate elevation across all prokaryotic
lineages through the analysis of all possible quartets among eight genes duplicated in all prokaryotes, hence the last
common ancestor thereof. The results show that neither the archaebacteria as a group nor the eubacteria as a group harbor
evidence for elevated evolutionary rates in the sampled genes, either in the recent evolutionary past or in their common
ancestor. The interdomain prokaryotic position of the root is thus not attributable to lineage-specific rate variation.

Key words: phylogenies, early evolution, tree of life, microbial genomics, lateral gene transfer.

~1.5 Ga of age (Javaux et al. 2001; Knoll et al. 2006), fol-
lowed by eukaryotic algae at ~1.2 Ga (Butterfield 2000).
Biomarker evidence once suggested the possible presence
of eukaryotes by 2.7 Ga, but the biomarkers were subse-

Introduction

Geochemical and isotopic data indicates that life on earth
was already flourishing by the time that the oldest known
sedimentary rocks had formed some 3.5 Ga (Ueno et al.

2006) and that by about 3.2 Ga prokaryotic communities
in anaerobic marine environments looked very much like to-
day’s (Nisbet 2000; Rasmussen 2000; Shen et al. 2001;
Brasier et al. 2006; Grassineau et al. 2006). Microfossil data
reflect a more or less continuous record of abundant pro-
karyotic communities from ~3.5 Ga onward, with eukar-
yotes appearing later. The presence of diversified and
unequivocally eukaryotic cells is documented in sediments

quently shown by virtue of their isotope fingerprint not
to have arisen within the rocks in which they occur (Fischer
2008; Rasmussen et al. 2008). Accordingly, eukaryotes ap-
pear about 2 billion years later in the geological record than
do prokaryotes, consistent with the results of recent molec-
ular and genomic investigations indicating that eukaryotes,
which ancestrally possess mitochondria, arose from prokar-
yotes, lineages to which both mitochondria and their host

© The Author(s) 2010. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/
2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Genome Biol. Evol. 2:379-392. doi:10.1093/gbe/evg025 Advance Access publication May 18, 2010 379



4
<
H
-]
-
@)
>
=
A
Z
<
>4
©)
®)
=
=
=
3
=
©)
Z
M
&

Dagan et al.

GBE

can be traced (Rivera and Lake 2004; Embley and Martin
2006; Pisani et al. 2007; Cox et al. 2008; Koonin 2009).
Thus, the first 2 billion years of life on earth, in particular,
the very first phases of life’s history, are about prokaryote
evolution only. Hence the position of the root in the “tree
of life” concerns the deepest divide among the prokaryote
groups.

Early efforts to locate the root in the tree of life focused
on phylogenies of individual genes (Gogarten et al. 1989;
lwabe et al. 1989; Brown and Doolittle 1995). But with
the recognition of lateral gene transfer (LGT) as a widespread
and altogether normal mechanism of natural variation
affecting prokaryote genome evolution (Doolittle 1999;
Mclnerney and Pisani 2007), concerns became increasingly
severe, and well founded, that any individual gene could
serve as a reliable proxy for the evolution of a whole genome
all the way back to the earliest divergence events in life’s
history.

More recently, indels present in seven anciently conserved
proteins (IF2, EF-G, Hsp70, HisA, S12, GyrA, PyrD) have been
used to infer the position of the root (Lake et al. 2009). This
approach first excluded the root from the archaebacteria
(Skophammer et al. 2006), then from the Gram-negative
eubacteria (Lake et al. 2007) and finally placed it within
the eubacteria, on a branch separating the firmicutes and
the archaebacteria from all else (Lake et al. 2008). These
studies were, however, criticized on the basis that the align-
ments were problematic (Di Giulio 2007). Furthermore there
is the issue that seemingly robust indels can in fact arise in-
dependently at the same spots of a protein alignment (and
structure) during evolution (Bapteste and Philippe 2002). In
addition, the LGT caveat holds for the indel data as well, that
is, it is highly questionable whether the evolutionary pat-
terns preserved in the indels of any one gene are indicative
for the evolution of the entire genome. Indeed, it is presently
difficult at best to muster evidence that any gene has re-
mained immune to lateral transfer over the fullness of geo-
logical time (Bapteste et al. 2009). Moreover, the approach
to phylogeny using indels, as extensively applied by Gupta
and colleagues over the years (Gupta 1998; Gupta and
Lorenzini 2007), has the drawback that rather than looking
at all the indels, which would contain a large amount of con-
flicting data, one only looks at a few specifically chosen in-
dels, giving the impression that indel data lack substantial
conflict.

Another recent approach to inferring the position of the
root in the tree of life entails the logical-parsimonious anal-
ysis of characters (Cavalier-Smith 2006b). However, that ap-
proach entails a dismissal of molecular data from genomes
as inapplicable to the study of microbial evolution because it
allows lineage-specific and gene-specific variations of evo-
lutionary rate to be assumed without penalty by invoking
“guantum evolution” wherever convenient to account for
any observed pattern of sequence similarity or lack thereof

(Cavalier-Smith 2010b). As such, the method is independent
of tests with evidence founded in gene sequence similarity. It
nonetheless places the root within the Chloroflexi, anoxy-
genic photosynthetic eubacteria (Cavalier-Smith 2010a),
and prescribes an origin of the archaebacteria (and eukar-
yotes) from actinobacteria only 850 Ma (Cavalier-Smith
2006a). That suggestion is distinctly at odds with geochem-
ical evidence for biological methane production >3 Ga
(Canfield 2006; Ueno et al. 2006), with biomarker evidence
for archaebacteria in 2.7 Ga deposits (Ventura et al. 2007)
and is difficult to reconcile with the observation that many
archaebacteria inhabit hydrothermal niches that have ex-
isted for as long as there has been water on earth (Sleep
et al. 2004). It is furthermore at odds with unequivocal mi-
crofossil evidence for the existence >850 Ma of eukaryotes
(Butterfield 2000; Javaux et al. 2001), which in the neomur-
an theory are viewed as descendants of the same actinobac-
terial group as archaebacteria.

Genome-wide data deliver yet other distinctly differing
results with respect to the position of the root. Wong
etal. (2007), for example, used a combination of data types
in an analysis that placed the root close to Methanopyrus
within the archaebacteria. That rooting is consistent with
isotope evidence for the antiquity of methanogenesis (Ueno
et al. 2006). In other work, Zhaxybayeva et al. (2005) ana-
lyzed 12 anciently duplicated gene pairs and concluded that
the root probably lies between the archaebacteria and the
eubacteria but pointed to the caveat that 12 genes might
not speak for the whole genome because of LGT and fur-
thermore pointed out a lack of strong phylogenetic signal
in their data. Boussau et al. (2008) investigated rRNA phy-
logeny and about 50 proteins also concluded that the root
probably lies between archaebacteria and eubacteria. In-
deed, various authors embrace the view that the root lies
between archeabacteria and eubacteria because of the
few molecular characters that these groups share in com-
mon in their genome comparisons (Dagan and Martin
2007; Mclnerney et al. 2008; Battistuzzi and Hedges
2009; Koonin 2009) but without providing specific molec-
ular analyses to support that view.

Specific attempts to root the tree of life through data anal-
yses deliver conflicting results, although most commonly
a eubacterial root (Gogarten et al. 1989; Lake et al. 2009).
Particularly problematic with any rooting of the tree of life
within the eubacteria, however, is that the archaebacteria—
which 1) generally share very few genes with eubacteria
(Snel et al. 1999; Graham et al. 2000), 2) have different
plasma membrane and cell wall chemistries than eubacte-
ria (Martin and Kénig 1996; Claus et al. 2005; Engelhardt
2007), 3) have different machineries of DNA maintenance
than eubacteria (Chong et al. 2000; Frols et al. 2009), 4)
employ many different cofactors than eubacteria (Dimarco
et al. 1990; Deppenmeier 2002; Fujihashi et al. 2007), and
5) have different core promotor and RNA polymerase
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structures than eubacteria (Bell and Jackson 2001)—
assume the status of a derived group of eubacteria in such
schemes. Importantly, all current eubacterial root views
(Lake et al. 2008; Cavalier-Smith 2010b) invoke the hith-
erto untested corollary assumption that there is some form
of systematic acceleration in the evolutionary rate of se-
guence change within the archaebacterial lineage. Such
studies are furthermore based on a few specifically chosen
characters, not whole genome data.

Genomes sequences should contain more evidence ad-
dressing the deepest divide among prokaryotes than just
a few genes do. The root inferred from whole genomes
should correspond to the bipartition separating those ge-
nomes that share the fewest genes in common and the least
sequence similarity. That root should, in turn, correspond to
the most ancient, in terms of geological time, split in the
prokaryotic world, barring the existence of lineage-specific
rate fluctuations across that divide, a hefty caveat. Here, we
pinpoint the most ancient prokaryote genome divergence
on the basis of whole genome data. By analyzing gene dis-
tribution patterns, we reconstruct a phylogenetic network
of 191 prokaryotes. Using the midpoint rooting approach
(Farris 1972), we then identify the root position within
the network. Furthermore, we show through quartet anal-
ysis of the eight ancient paralogous genes that arose by du-
plication in the prokaryote common ancestor that the
position of the root so identified cannot be attributed to
lineage-specific increases in rates of sequence change.

Materials and Methods

Orthologous Protein Families Completely sequenced
prokaryotic genomes were downloaded from the National
Center for Biotechnology Information (NCBI) Website
(http://www.ncbi.nlm.nih.gov/; genomes available at August
2005). For each species, only the strain with the largest num-
ber of geneswas used. Of 191 genomes (562,321 proteins)in
the data, 22 are archaebacterial and 169 are eubacterial. All
proteinsin the 191 genomes were clustered by similarity into
gene families using reciprocal best Blast hit (BBH) approach
(Tatusov et al. 1997). Each protein was Blasted against each
of the genomes. Pairs of proteins that resulted as reciprocal
BBHs of £ value < 107 '° were aligned using Clustalw
(Thompson et al. 1994) to obtain amino acid identities. Pro-
tein pairs with >30% amino acid identity where clustered in-
to protein families of >2 members using the Markov cluster
algorithm (MCL; Enright et al. 2002) setting the inflation pa-
rameter, /, 0 2.0. For the comparison of gene distribution pat-
terns over different protein similarity thresholds, six
additional sets of protein families were clustered using as-
cending threshold (T;, where i = {35,40,45,50,55,60}) for
the percent amino acid identity between protein pairs that
are included in the analysis. Protein families reconstructed
by the MCL algorithm include both orthologous and paralo-

gous proteins. Because, in this study, we are interested in or-
thologous proteins only, we sorted out the paralogous genes
from the protein families. To distinguish between orthologs
and paralogs, we used the number of reciprocal BBHs foreach
gene within a family. In the case of multiple genes for a ge-
nome in a certain protein family, orthologs are expected to
have more reciprocal BBHs in other genomes than paralogs.
Thus, for each genome, only the protein with the maximum
number of reciprocal BBHs is considered.

Splits Network Protein families from each protein similarity
threshold were compared with the protein families recon-
structed under a 5% higher threshold. Proteins that are in-
cluded within one family at a certain threshold may be
clustered into one or more families at the higher threshold.
The first case indicates a conservation of the family and the
latter indicates one split or more. Thus, for each of the fam-
ilies in the higher threshold (those that comprise proteins
clustered into a single family at the lower threshold),
a new split is recorded in a binary pattern that includes
191 digits; if the protein family includes a protein from ge-
nome i then digit x; in its corresponding patternis “1,” other-
wise it is "0.” Species that are not represented in the protein
family are coded as “?". All splits for a certain threshold were
then summarized by a splits network using SplitsTree (Huson
and Bryant 2006).

Midpoint Rooting in Splits Network The root within the
splits network was located by adapting the midpoint rooting
approach in phylogenies (Farris 1972). This method assumes
that all lineages evolve at roughly similar rates. In a phylog-
eny, the root is located half way along the path connecting
the pair of taxa that are furthest apart in the tree (fig. 1a).
Here, the distance between two taxa in the tree is measured
according to “phenetic distance,” the length of the path
(i.e., the sum of split weights) from one taxon to the other
in the tree.

In a split network, there can be multiple paths between
any two nodes, and the phenetic distance between two no-
des in a split network is therefore defined as the length of
the “shortest” path connecting the nodes. As well, there can
be multiple shortest paths between two nodes, giving mul-
tiple possible midpoint locations (fig. 16).

To locate the root of the split network, a pair of taxa at
maximum phenetic distance is identified. Ties can be broken
arbitrarily: any pair with the maximum distance will give the
same root location. Once a pair is selected, the set of path
midpoints half way between the two taxa is obtained. An
arbitrary reference taxon v is selected, and the splits in
the network are numbered 1, 2, ..., m. The location of each
midpoint node x is then encoded as a vector (xq, X2, ..., Xm)
of length m where x; = 1 if the shortest paths from v to x
traverse an edge labeled by split i and x; = O if they don't. In
a split network, all the shortest paths between any two

Genome Biol. Evol. 2:379-392. doi:10.1093/gbe/evg025 Advance Access publication May 18, 2010 381
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(1,0,0,0,1,0.3) V.

i (1,0,0,0,0,0.7)

Fic. 1.—Midpoint rooting trees and networks. (a) The pathway from node v; to v; and the midpoint (red circle) in a phylogenetic tree is shown.
(b) An illustration of the procedure used to root a split network. The two most distant taxa are v; and v;. There are two shortest paths between these two
taxa (colored arrows) and two midpoints. The numbering of the splits is indicated, noting that the two central splits are associated with two edges each.
The vector encoding is made with reference to taxon v;. The encoding for the root is (1,0,0,0.5,0.5), which corresponds to the center of the central

box (red circle).

nodes will cross over edges labeled by the same set of splits
(Dress and Huson 2004). This encoding is extended to loca-
tions along edges or within boxes by allowing the compo-
nents of the vector to take on fractional values between
0and 1. Let (z4, 2, ..., Zm) be the average of the midpoint
location vectors; this is the location vector for the root. To
determine the position of the root in the network, a path is
traced starting from v and using edges labeled by splits i for
which z; = 1 (and never two edges with the same labels).
The fraction components of the location vector then deter-
mine the position of the root along the edge or within a box.

It can be shown that in any planar drawing of the split
network, the position of the root in the plane will be exactly
the average of the positions of the midpoint. Also, when the
split network is actually a tree, this network root will be ex-
actly the midpoint root.

The robustness of the midpoint network root was tested
using a type of jackknife resampling approach. By this ap-
proach, the most distant pair of taxa is excluded from the
splits network, and the midpoint root is recalculated. This
procedure was repeated until the root was no longer found
between archaebacteria and eubacteria. We note that if
a large number of pairs need to be removed to modify
the position of the root then that position will also be stable
if random taxa are removed according to a statistical jacknife
procedure.

Test of the Global Clock Assumption Ancient paralogous
genes were identified by their four-letter synonym within
NCBI's genome annotations (ptt files). Genomes for which
proteins were not found using the four-letter synonym were
searched by reciprocal BBH procedure using an already iden-
tified protein from the same lineage (see below) as a query
and the genome in question as subject. The annotation of
proteins identified this way was double-checked manually.
The taxonomic classification of the 191 species is done by
NCBI taxonomy database (http://www.ncbi.nlm.nih.gov/
taxonomy). For species within Firmicutes or Proteobacteria
phyla, the lineage is defined as the taxonomic class other-
wise it is defined as the taxonomic phylum.

Quartets of ancient paralogs (fig. 2a) were assembled
from the sequences of two ancient paralogs from two dif-
ferent lineages for all possible species pairs. Sequence align-
ments were reconstructed using ClustalW (Thompson et al.
1994). Sequence alignment reliability was tested using the
HoT procedure (Landan and Graur 2007), and only align-
ments with a sum-of-pairs score >80% were included in
the analysis. Phylogenetic trees reconstructed from quartets
of ancient paralogs may result in three possible topologies
(fig. 2b). The most likely tree topology for each quartet was
tested with the SH test (Shimodaira and Hasegawa 1999)
using ProML of PHYLIP (Felsenstein 1996). Only quartets
of vertical topology (t,er) Were considered for further anal-
ysis.

Different models of evolutionary rate variation along the
branches were tested using the PAML package (Yang 2007).
Each quartet was first tested for global molecular clock
model (rgiopa). assuming equal rates on all branches
(fig. 20), using the null hypothesis Hy: all branches evolve
with rate ry. This model has three parameters corresponding
to the n — 1 interior nodes in a rooted tree, whereas the
alternative hypothesis H; assumes different rates for all five
branches in an unrooted tree and therefore has five param-
eters for a tree of four taxa (Yoder and Yang 2000). The max-
imum log-likelihood values under both models (/o and /4,
respectively) are estimated with CodeML, and twice the
log-likelihood difference, 2Al = 2(I; — Io) was compared
with a %2 distribution with degrees of freedom (df) = 2
to test whether the global clock hypothesis is rejected (Yang
1998). Quartets for which the global clock hypothesis was
rejected were subsequently tested for a lineage-specific rate
(Nineage) @ssuming different rates between the two lineages
and equal rates between each paralogs pair (fig. 2c). The
null hypothesis in this case is Ho: branches a4, B, evolve with
rate ry and branches a, B, evolve with rate r,. The alterna-
tive hypothesis H; assumes the free-rate model again with
its five parameters. Because the lineage-specific rate model
has two free parameters less than the free-rate model, we
analogously compare 2A/ = 2(I; — Ip) with a ? distribution
with df = 2 to test whether the null hypothesis is rejected.
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Lineage1 Lineage2

o, B, a, B,

|
Paralog1 | | Paralog2

tven C) rglobal

B,

Fic. 2.—Ancient paralogs quartet analysis. (a) Ancient paralogs are defined as paralogous proteins that were duplicated in the common ancestor
of archaebacteria and eubacteria. (b) For a phylogenetic tree of four OTUs (operational taxonomic units), there are three possible topologies. No LGT
among the major taxa results in topology t,e (in black), whereas evolution by LGT may result in any of the other two topologies (in gray). (c) Here, we
tested two different rate models for the t,ert topology: in the rgiona model all OTUs evolve in the same rates. In the rjneage model, OTUs from the same

lineage evolve in the same rate, which differs between the lineages.

Results and Discussion

Splits Networks for Prokaryotic Genomes We clustered
the 562,321 protein-coding sequences that occur among
191 completely sequenced prokaryotic genomes from
15 higher level taxa with standard procedures (Enright
et al. 2002) into groups based upon sequence similarity
threshold. The clustering threshold corresponds to a value
of amino acid identity, T3, designating the 30% threshold,
for example, indicating that each protein in the cluster at
T30 must share at least 30% amino acid identity with one
other member (not with all other members) in the cluster.
Depending upon the threshold set for the clustering proce-
dure, these proteins fall into comparatively few large and
inclusive families of distantly related sequences, or many
smaller families whose members share high sequence iden-
tity. For example, clustering using Tsq results in 57,743 fam-
ilies, 103 of them are nearly universal, including >90% of
the species and 39,781 families include between 2 and
4 species.

Across different clustering thresholds T; of increasing
stringency (in 5% increments, e.g., Tzo, T3s, Ta0, €tC.),
a given family will tend to break apart into two or more sep-
arate families, each containing a smaller number of more
highly conserved sequences at higher values of T;. Depend-
ing upon the distribution of sequence similarities within
a given family, an individual increase in clustering stringency,
AT;, may or may not introduce such a split within the protein
family. Each new split within the family, termed here a pro-
tein family split, corresponds to a split among the strains
(genomes) in which the family is present, termed here a ge-
nome split. The set of all genome splits can be readily con-
verted into networks using NeighborNet (Bryant and
Moulton 2004) in SplitsTree (Huson and Bryant 2006), which

constructs phylogenetic networks based on the Neighbor-
Joining algorithm (Saitou and Nei 1987). In the resulting
networks, splits separating the genome set reflect overall
sequence similarity between members of all protein families
shared across the corresponding genomes, regardless of
whether that similarity stems from vertical descent, differen-
tial loss, or LGT.

At the amino acid identity threshold of 25% (75s), the
562,321 proteins fall into 53,429 families of >2 proteins.
Of those, only 3,832 (7% of the total) of the families have
members occurring in both archaebacteria and eubacteria.
The fraction of protein families with this broad distribution
decreases with the increase of protein similarity threshold,
down to 172 (0.2%) in Tgo. The fraction of archaebacterial-
specific proteins remains almost constant (10-11%) across
values of T, whereas the proportion of eubacterial-specific
proteins increases from 83% to 90%. The proportion of
group-specific protein families increases with the protein
similarity threshold in most groups (e.g., Actinobacteria
and a-Proteobacteria), whereas in Cyanobacteria this pro-
portion is almost constant (supplementary table S1, Supple-
mentary Material online). Hence, reconstruction of protein
families using ascending amino acid identity threshold gen-
erally yields more exclusive protein families of increasingly
narrow taxonomic range. Moreover, when increasing the
protein similarity threshold, inclusive protein families (e.g.,
proteobacterial specific) split into more exclusive protein
families (e.g., o- and B-Proteobacteria).

The set of all protein family splits was then extracted by
comparison of families clustered at incrementally increased
thresholds. To illustrate, at T>5 only six protein families are
present in all 191 species in the data set (fig. 3). Three of
them—translation elongation factor G (fig. 3a), ribosomal
protein L1 (fig. 3b), and ribosomal protein L5 (fig. 3c)—split
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into two protein families: one archaebacterial specific and
one eubacterial specific. Only two of these families are still
universal at Tsq: ribosomal proteins L11 (fig. 3d) and S11
(fig. 3e). The last family, valyl-tRNA synthetase (ValRS),
splits at Tszg into one eubacterial-specific family and one
including all archaebacteria, five Actinobacteria, and seven
a-Proteobacteria (fig. 37). At Tss, the latter ValRS family splits
into three families, two of them containing archaebacteria
only and one including the Thermoplasmatales (Euryarch-
aeota), Actinobacteria, and a-Proteobacteria. At T,o, the
latter family splits into three families specific to Thermoplas-
mata, Actinobacteria, and a-Proteobacteria, respectively.
These splits are the result of lateral transfer of ValRS genes
from archaeabacteria to a-Proteobacteia and Actinobacteria
(Raoult et al. 2003), followed by vertical descent within
these groups.

Prokaryotic Genome Clusters Comparison of networks
obtained from different protein similarity thresholds shows
that ancient genome splits contain more information about
divergence of the major taxa than recent ones (fig. 4). This is
because using higher protein similarity thresholds results in
an increased proportion of taxon-specific families (supple-
mentary table S1, Supplementary Material online), a shift
of the split information to the tips of the network, and as
a result, a collapse of the network into a star-like topology
(supplementary fig. S1, Supplementary Material online).
Overall, the protein family split networks tend to recover tra-
ditionally recognized prokaryotic groups at higher taxo-
nomic levels (fig. 5). Splits of protein families in the lower
thresholds, for example, the To5 — T3q splits and T35 —
Tao splits, contain enough information to recover the diver-
gence of the major prokaryotic groups, so that most of them
are “monophyletic” in the sense of there being a split in the
data that unites them to the exclusion of all other taxa irre-
spective of conflicting splits using figure 5. This is a some-
what liberal use of the word monophyletic in this context
because it focuses on the criterion “is there any signal unit-
ing them” as opposed to asking “does any signal divide
them.” A network is a composite of multiple potentially con-
flicting signals, and the presence of a split separating out
a clade suggests (in an unrooted sense) the presence of
at least some phylogenetic evidence in favor of the clade
being monophyletic for at least part of the genome. It is no-
table that only three higher groups examined here failed
that monophyly criterion at all thresholds: the proteobacte-
ria, the euryarchaeotes, and the clostridia (fig. 6). This is
worth a brief consideration.

In general, the lack of monophyly for groups in the pres-
ent analysis is most easily attributed to patchy patterns of
gene sharing across groups, for example, as afforded by
LGT during evolution. That the proteobacteria are not
monophyletic in our analyses is largely attributable to their
frequency in the sample size and their general tendency to

harbor large and diverse genomes with abundant LGT (Lang
and Beatty 2007; Dagan et al. 2008). More curious is the
lack of monophyly for the clostridia, which contains many
acetogens (Pierce et al. 2008; Ljungdahl 2009) and the eur-
yarchaeotes, where the methanogens reside (Thauer et al.
2008). Acetogens and methanogens are strict anaerobes
and inhabit environments that have existed since there
was first life on earth (Martin et al. 2008), they both gain
their energy from the reduction of CO, with H,, they both
harbor forms that can generate their chemiosmotic ion gra-
dients without the participation of cytochromes (Mdiller
2003) or quinones (Thauer et al. 2008; Biegel et al.
2009). The lack of monophyly might relate to the large
amounts of gene exchange across higher taxa involving
these groups, for example, as in the hundreds of clostridial
genes found in Thermotogales (Zhaxybayeva et al. 2009), or
the dozens (Chistoserdova et al. 1998) to hundreds
(Deppenmeier et al. 2002) to thousands of genes (Ng
et al. 2000) that have been exchanged between some eur-
yarchaeotes and eubacteria. Another possible interpretation
is that if LGT is as prevalent in the environment and over
geological time as some are claiming (Doolittle and Bapteste
2007), then the oldest prokarytic groups will have had the
greatest opportunity to exchange genes with other groups
hence, eroding their monophyly be the measure of whole
genome comparison used here. In that sense, and with
the corresponding caveats, the lack of monophyly for the
clostridia and euryarchaeotes could reflect their antiquity
relative to the other groups sampled here.

In the three most ancient split networks (fig. 4), archae-
bacteria are monophyletic but within this kingdom the eur-
yarchaeotes are paraphyletic, consistent with the findings of
other recent studies (Fukami-Kobayashi et al. 2007; Cox
et al. 2008; Puigbo et al. 2009). Only three species out of
the 191 genomes do not branch with their traditionally as-
signed taxonomic group within the splits networks (for de-
tails, see supplementary table S2, Supplementary Material
online).

The Root of Prokaryotes The concept of rooting is familiar
in the realm of phylogenetic trees but has so far not been
developed in the context of phylogenetic networks. The sim-
plest form of rooting entails finding the two most distance
species and placing the root on their midpoint, but it also
entails a global rate constancy assumption (Farris 1972).
Midpoint rooting for a network must, however, take into
account multiple paths between pairs of taxa. Here, the
midpoints are calculated for all equally shortest paths be-
tween the two most distant species and then all midpoints
are "averaged” into a new root location within the network
(see Materials and Methods). The two most distant species
in the T,5 — T3q network are Thermoplasma acidophilum
(Euryarchaeota) and Mycoplasma pneumoniae (Teneri-
cutes). Averaging the midpoint among all shortest paths
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results in a root location on the split between archaebacteria
and eubacteria (fig. 5).

In order to test the robustness of the root placement be-
tween archaebacteria and eubacteria, we applied a jackknife
resampling approach to our network rooting procedure. In
this approach, the rooting procedure is iterated, whereby in
each iteration the most distant species from the previous it-
eration are excluded from the network until the result loca-
tion of the root changes. Here, we repeated the rooting
procedure until the root was no longer located between
archaebacteria and eubacteria. The robustness of the root
location is thus dependent on the number of iterations.
The original placement of the root is between T. acidophilum
and M. pneumoniae. After excluding those two species
from the network, we find that the root is placed between
Sulfolobus acidocaldarius DSM 639 and Mycoplasma geni-
talium. Excluding the most distant pair in each step results in
smaller distances as the iterations proceed (supplementary
table S3, Supplementary Material online). After applying the
exclusion and rerooting procedure iteratively for 20 times,

we still find the root on the split separating archaebacteria
(Methanosarcina acetivorans) from eubacteria (Mycobacte-
rium bovis). Further exclusion of M. acetivorans as a member
of the euryarchaeota group results in a network devoid of
archaebacteria, rerooting of which places the root on a split
between Actinobacteria and the remaining eubacteria.

The split networks reconstructed for increasing T; also
show that the split found in the rooted network is also
the most ancient split among prokaryotes because it is
the strongest split at the lowest amino acid identity thresh-
olds and weakens when higher thresholds (more closely
related proteins only) are queried (fig. 4, supplementary
fig. S1, Supplementary Material online). However, just as
with rooting trees, this approach to rooting the network
can be sensitive to rate variation because split weight can
be affected by variation in the rate of sequence change
among groups. Hence, it was important to test for lineage-
or genome-specific rate variation, which we did for 191
genomes using eight ancient paralogs that were duplicated
in the common ancestor of genomes sampled here.
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Comparison of Evolutionary Rates among Lineages
Ancient paralogs are protein pairs that were duplicated prior
to the divergence of eubacteria and archaebacteria (fig. 2a).
Here, we use eight such paralogs in order to compare evo-
lutionary rates among prokaryotic lineages (Kollman and
Doolittle 2000): 1) adenosine triphosphate (ATP) synthase
o (atpA) and B (atpB) subunits, 2) carbamoyl-phosphate syn-
thase small (carA) and large (carB) subunits, 3) SRP proteins
(ftsY, ffh), 4) isoleucyl-tRNA synthetase (ileS) and valyl-tRNA
synthetase (valS), 5) aspartate carbamoyltransferase (pyrB)
and ornithine carbamoyltransferase (argF), 6) threonyl-tRNA
synthetase (thrS) and seryl-tRNA synthetase (serS), 7) trans-
lation elongation factors EF-G (fusA) and EF-Tu (tufA), and 8)
tyrosyl-tRNA synthetase (tyrS) and tryptophanyl-tRNA syn-
thetase (trpS). For all possible species pairs that represent
two different higher taxa (called here lineages for conve-
nience) shown in supplementary table S4 (Supplementary
Material online), we investigated the corresponding ancient
paralog quartet. Of course, LGT of ancient paralogs can

generate topologies other than that expected by vertical in-
heritance alone (Zhaxybayeva et al. 2005). We therefore
tested each quartet for a vertical topology (fig. 2b) using
the SH test. Quartets of vertical topology (tyert) Were then
tested for a global clock model (rgiopa) Using the maxi-
mum-likelihood ratio test (Yang 2007). In the cases where
Igiobal Was rejected, the quartet was tested for lineage-
specific rates (fig. 2¢). Quartets of vertical topology that
accepted the lineage-specific rates model (fjineage) PErMIt
identification of lineage-specific rate increases, that is,
which of the two genomes is undergoing more rapid
sequence change.

Thus, orthologs of the eight ancient paralogs were iden-
tified in all genomes and were used to assemble 115,750 se-
guence quartet alignments. Alignment quality was tested
using the HoT procedure (Landan and Graur 2007). Employ-
ing a conservative cutoff for alignment reliability of identical
sum-of-pairs score >80% resulted in 56,297 alignments for
which we reconstructed maximum-likelihood trees; the re-
maining 59,453 alignments were excluded because about
half (49 + 16%) of the site patterns (columns) in the align-
ment were irreproducible in the simplest alignment compar-
ison (N-terminal vs. C-terminal seeding). The proportion of
tuert trees within consistent alignments is very high, ranging
between 90% of ATP synthase quartets and 100% of
the carbamoyl-phosphate synthetase and translation elonga-
tion factor EF-Tu and EF-G quartets (supplementary table S5,
Supplementary Material online). In total, of the 56,297 repro-
ducible alignments, 55,765 (99%) gave a t,o;; quartet result.
This high proportion of vertical topologies—for the paralo-
gous two taxon case—suggests that LGT of these genes be-
tween the higher level taxonomic groups sampled here is
quite rare, whereby this result does not address the frequency
of transfer of these genes among closely related lineages. Us-
ing a maximum-likelihood ratio test, we were able to accept
a global clock model for most (75%) of the t,.,; quartets. Fur-
thermore, 58% (5,611) of the quartets comparing archae-
bacterial and eubacterial lineages passed the global clock
model test. Hence, in most cases, there is no significant dif-
ference in evolutionary rates between the different lineages
for the proteins we tested (Novichkov et al. 2004).

We performed this test specifically to address the empir-
ical validity of repeated assertions that the archaebacteria
are an evolutionarily young group of organisms—only
850 million (Cavalier-Smith 2006a, 2009, 2010a, 2010b)
or 1 billion (de Duve 2007) years of age—whose distinctness
atthe molecular level is attributable to some unspecified mu-
tational mechanism of increased sequence change, quan-
tum evolution (Cavalier-Smith 2010b), within the genome
of archaebacteria in general or the archaebacterial common
ancestor. Our results clearly indicate that there is no such lin-
eage-specific effect for the archaebacteria (supplementary
table S4, Supplementary Material online), although lineage-
specific effects can be detected for other groups.
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About one fifth (19%) of the total t,e;; quartets uncover
significant lineage-specific rate increases (fineage; SUppPle-
mentary table S4, Supplementary Material online); in these
cases, both paralogs from the same lineage have the same
degree of increased rate. Using these 10,728 fjneage quar-
tets, we can compare the rates among lineages and rank
lineages into slow- versus fast-evolving categories. The fast-
est lineages in this ranking are the y-Proteobacteria, the
a-Proteobacteria, the Actinobacteria, and the Bacilli
(fig. 7). The splits of these four lineages within the splits net-
works are furthermore distinct across most protein similarity
thresholds (fig. 3), suggesting a slight bias in the eubacterial
clustering due to infraeubacterial evolutionary rate varia-
tion. But the two archaebacterial classes, euryarchaeota
and crenarchaeota, are found to have at best an average
rate in the lineage comparisons. They are slower than most
eubacterial classes in the pairwise comparison (fig. 7), with
only 4% (euryarchaeotes) and 10% (crenarchaeotes) of the
tyert quartets suggesting a higher rate in the respective arch-
aebacterial class. Hence, the weight of the rooted split be-
tween archaebacteria and eubacteria cannot be attributed
to faster archaebacterial evolutionary rates. Furthermore,
the argument that archaebacteria are only 850-1,000
MY old (Cavalier-Smith 2006a; de Duve 2007) is rejected be-
cause its corollary that their molecular distinctness can be
explained away by assuming an increased archaebacterial
evolutionary rate is shown here to be untrue. Our findings
are, however, fully consistent with the view that the arch-

aebacteria are a very ancient lineage of organisms, at least
as ancient as the eubacteria (Stetter 2006; Thauer 2007),
a view that is furthermore consistent with isotope data
for the antiquity of archaebacterial metabolism.

Life at the Root The debate about the position of the root
in the tree of life has focused mainly on its position and to
some extent on the biology of the first organisms. The issues
of microbial lifestyle (autotrophy vs. heterotrophy: Lane
et al. 2010) and cellularity, that is, the transition from rep-
licating molecules in inorganic compartments to genetically
specified replicating cells (Martin and Russell 2003; Koonin
and Martin 2005; Branciamore et al. 2009) have received
attention of late. However, by far the most heavily debated
aspect of life at the root concerns temperature.

The view of thermophilic origins attracted much atten-
tion following the suggestions by Karl Stetter (Stetter
et al. 1990) and Pace (1991) that prokaryotes inhabiting
many of the extreme kinds of environments we see today
are, to some extent, inhabiting environments that existed
in a fully “modern” form on early earth: anoxic volcanic set-
tings and hydrothermal vents, both which are often quite
hot (>80 °C). In trees rooted between the prokaryotic do-
mains, the hyperthermophiles branched first, suggesting
that maybe the first organisms were hyperthermophilic ar-
chaea and bacteria (Stetter et al. 1990; Pace 1991). That
view spawned the counterhypothesis of thermoreduction
(Forterre 1995, 1996), which positsthatthe hyperthermophilic
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origins scenario is wrong by virtue of a misplaced root. In
that view, the eukaryotes are seen as the ancestral form of
life on earth, prokaryotes having evolved from them via
reductive evolution. Although thermoreduction in the orig-
inal sense can now be excluded because all eukaryotes ei-
ther have or had mitochondria (Cox et al. 2008; van der
Giezen 2009), meaning that eukaryotes as we know them
cannot be ancestral to prokaryotes, the issue of tempera-
ture at life's root remains current.

Recently, gene trees have been used to infer the temper-
ature of early earth environments based on statistical argu-
ments (Gaucher et al. 2003, 2008). Boussau et al. (2008), for
example, suggested that the first organisms (the common
ancestor of archaeabacteria and eubacteria in their view)
arose and lived at about room temperature (~20 °C) based
on the estimated GC content of inferred ancestral sequen-
ces in maximume-likelihood trees. Is such a low temperature
for life at the root realistic? Amend and McCollom (2009)
recently calculated that in geochemically promising environ-
ments for the origin of life, the Gibbs energy of reaction
(AG,) toward the synthesis of total prokaryotic cell mass
was unfavorable (+-500 Joules per gram of cells) at 25 °C
but exergonic at 50, 75, and 100 °C, with values of
-1,016, —873, and —628 Joules per gram of cells, respec-
tively, dropping sharply again at 125 °C (Amend and
McCollom 2009). Clearly, the synthesis of the first cells must
have entailed a fundamentally exergonic reaction, as life
cannot have arisen against the laws of thermodynamics.
If thermodynamics are favorable in the range of
50-100 °C but not at 25 °C, then this can be taken as a
constraint for phylogenetic models rather than a variable
for estimation, when it comes to considering temperature
at the root.

Part of the rational against the view of thermophilic ori-
gins was once founded in the circumstance that nucleoside
triphosphates are very unstable at temperatures around
100 °C (Forterre 1996), for which reason such temperatures
were deemed to be incompatible with the notion of an RNA
world. However, Constanzo et al. (2009) recently reported
that RNA chains dozens to over 100 nucleotides in length
arise spontaneously, in hot (>80 °C) water, and without cat-
alysts yet not from nucleoside triphosphates rather from the
ribonucleoside 3',5’ cyclic monophosphates at concentra-
tions around 1 mM. Temperatures around 85 °C yielded
rapid polymerization, below 60 °C the reaction rates drop-
ped sharply (Constanzo et al. 2009). Thus, from the thermo-
dynamic and chemical perspective, life at the root might be
more likely in the range of 50-100 °C than at values
approaching room temperature. That view is consistent
with the recent discovery of a novel bifunctional fructose-
1,6-bisphosphate aldolase/phosphatase from thermophilic
eubacteria and archaebacteria that provides comparative
biochemical evidence in favor of chemolithoautotrophic ori-
gins (Say and Fuchs 2010).

Conclusions

Recent studies on the position of the root of prokaryotic life
have suggested that it lies within anoxygenic photosynthetic
eubacteria (Cavalier-Smith 2006b) or within the eubacteria
between the actinobacteria and the firmicutes (Lake et al.
2009). In such eubacterial root scenarios, the archaebacteria
are seen as derived from specific groups of the eubacteria, in
which case an elevated rate must be invoked for the arch-
aebacteria in order to account for their molecular diver-
gence. We have shown that no indication of such an
archeabacterial rate elevation exists in available genome se-
guence data. Our analyses indicate that the deepest divide
in the living world is that between archaebacteria and eu-
bacteria, as earlier studies indicated (Gogarten et al. 1989;
Iwabe et al. 1989) and as is compatible with much recent
genome data (Koonin 2009). Like supertree approaches
(Pisani et al. 2007), our method takes the signal of all
genes—including those that have undergone LGT—into
account rather than demanding that gene families harbor-
ing LGT events first be identified and purged from the data.
In contrast to supertree and supermatrix methods, however,
our procedure is independent of individual phylogenetic
trees and utilizes an approach entailing phylogenetic net-
works to the study of evolutionary genome comparisons.

Supplementary Material

Supplementary figure S1 and tables S1-S5 are available
at Genome Biology and Evolution online (http://www
.oxfordjournals.org/our_journals/gbe/).
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A Machine-Learning Approach Reveals That Alignment Properties Alone Can
Accurately Predict Inference of Lateral Gene Transfer from Discordant

Phylogenies

Mayo Roettger, William Martin, and Tal Dagan

Institut fiir Botanik III, Heinrich-Heine Universitit Diisseldorf, Germany

Among the methods currently used in phylogenomic practice to detect the presence of lateral gene transfer (LGT), one of
the most frequently employed is the comparison of gene tree topologies for different genes. In cases where the
phylogenies for different genes are incompatible, or discordant, for well-supported branches there are three simple
interpretations for the result: 1) gene duplications (paralogy) followed by many independent gene losses have occurred,
2) LGT has occurred, or 3) the phylogeny is well supported but for reasons unknown is nonetheless incorrect. Here, we
focus on the third possibility by examining the properties of 22,437 published multiple sequence alignments, the
Bayesian maximum likelihood trees for which either do or do not suggest the occurrence of LGT by the criterion of
discordant branches. The alignments that produce discordant phylogenies differ significantly in several salient alignment
properties from those that do not. Using a support vector machine, we were able to predict the inference of discordant
tree topologies with up to 80% accuracy from alignment properties alone.

Introduction

The phylogenetic approach for lateral gene transfer
(LGT) inference from the frequency of incongruent
branching patterns in gene trees has so far delivered widely
conflicting results, ranging from estimates that as few as
2% (Ge et al. 2005) to possibly 14% of all genes in pro-
karyote genomes are affected by LGT (Beiko, Harlow, and
Ragan 2005). Such divergent estimates using phylogenetic
tree comparisons can, in principle, be attributed to many
factors including the obvious, such as lineage sampling,
the inherent uncertainties of various approaches to phylo-
genetic reconstruction (Penny et al. 1992; Hillis 1995;
Lopez et al. 2002) and the threshold levels of support
set to score the presence of genuinely conflicting topolo-
gies. But phylogenetic trees of molecular sequences are
always inferred from multiple sequence alignments. Nei
etal. (1995) and Nei (1996) pointed out early on that align-
ment of highly diverged sequences may result in erroneous
phylogenetic reconstruction. Interest in this aspect of phy-
logeny has renewed with several reports investigating
the alignment step itself as it specifically relates to
phylogenetic inference (Landan and Graur 2007; Deusch
etal. 2008; Loytynojaand Goldman 2008; Wong et al. 2008)

Here, we wished to examine the extent to which LGT
inference by the phylogenetic method might be sensitive
to the properties of alignments themselves. For this pur-
pose, we investigated the comprehensive data set com-
piled and carefully analyzed by Beiko, Harlow, and
Ragan (2005), who kindly made their data available. Their
data set is highly suitable for the present study 1) because
it consists of 22,437 carefully assembled gene families of
prokaryotic orthologs, in which paralogs have been sorted
out by using a conservative similarity cutoff (Beiko,
Harlow, and Ragan 2005, Supplementary Material on-

Key words: lateral gene transfer, molecular phylogeny, discordant
tree topologies, support vector machine, principal component analysis.
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line), 2) because they used a widely employed filter,
Gblocks (Castresana 2000), to exclude poorly aligned re-
gions from their analysis prior to phylogenetic reconstruc-
tion, and 3) because they used a very stringent
(conservative) threshold for the scoring of discordant phy-
logenies. In brief, Beiko, Harlow, and Ragan (2005) con-
structed a consensus supertree for the proteins encoded in
144 prokaryotic genomes and constructed from the same
data 22,437 individual phylogenetic trees containing from
4 to 144 sequences each using a Bayesian approach. They
inferred LGT only from highly significant (posterior prob-
ability > 0.95) discordant tree topologies in comparison to
the consensus supertree topology (Beiko, Harlow, and
Ragan 2005). For 5,822 of those trees, one or more
LGT was inferred on the basis of discordance to the con-
sensus topology, we designate those amino acid sequence
alignments as “LGT positive” or LGT for short. The re-
maining 16,615 of the alignments investigated by Beiko,
Harlow, and Ragan (2005) did not produce branches
(bipartitions) that were discordant (conflicting) with the
consensus supertree topology and are considered here
as “vertical gene inheritance” or VGI alignments. We ex-
amined the properties of the LGT alignments in compar-
ison to the properties of the VGI alignments.

Methods

For the analysis, we used a data set of 22,437 protein
families from 144 prokaryotes for which LGT) was in-
ferred using the phylogenetic method (Beiko, Harlow,
and Ragan 2005). The data for each protein family include
a multiple sequence alignment yielding the highest score
according to the word-oriented objective function (Beiko,
Chan, and Ragan 2005) from a set of alignments recon-
structed by several different algorithms: ClustalW
(Thompson et al. 1994), T-coffee (Notredame et al.
2000), MAFFT (Katoh et al. 2002), POA (Grasso and
Lee 2004), and PRRP (Gotoh 1996), a partial alignment
of relatively conserved regions constructed with Gblocks
(Castresana 2000), and a phylogenetic tree inferred with
MrBayes (Huelsenbeck and Ronquist 2001). Bipartitions
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in the phylogenetic tree were considered as concordant if
they overlap with the reference supertree, or discordant
otherwise, which were interpreted as LGT events (Beiko,
Harlow, and Ragan 2005).

Multiple Alignment Properties

For each protein family (alignment), we calculated
alignment properties as follows: Number of operational tax-
onomic units (OTUs) is the number of orthologs in the fam-
ily. Proportion of gaps is the proportion of gap characters in
the Gblocks output alignment. Entropy was calculated for
each Gblocks output alignment as the average entropy of its
sites. For the calculation, we used the Shannon information
content normalized by the number of OTUs in the align-
ment (Valdar 2002):

Zzﬁti 1 (_ j'f ZIK: 1 pi,eollngpi,col)

Entropy = N )
sites

where N5 1s the number of alignment sites, K is the al-
phabet size, which is 21 in this case (20 amino acids plus
one gap symbol), and p; .. the probability of observing the
ith character in alignment column col. The 4, factor is used
to scale the entropy into a [0,1] range by the number of
OTUs (Ngeq) and the alphabet size K.

s = llog, (min(Nyeq, K))].

Invariant sites are positions in the Gblocks alignment
where all sequences contain the same amino acid, and in-
formative sites are defined as alignment columns containing
at least two different amino acids, each one observed in at
least two sequences at the position. Average pairwise iden-
tity is calculated as the proportion of amino acid identities
between all sequence pairs and averaged for the protein
family as follows:

2
API =
Nseq(Nseq - 1)]vsites
o Neg—1 Ng,
Nsites seq i { 1 : ai,COl a.fchI }
)
col=1 i=1 j=i+1 0: dicol # ol

where a; ., is the observed amino acid in Gblocks-align-
ment sequence i at position col.

In addition, we tested for alignment reliability using
the Heads-or-Tails (HoT) method (Landan and Graur
2007). Tails alignments were obtained by aligning the re-
versed sequences of each protein family using exactly the
same alignment procedure that was used for the original
(Heads) alignments. Column score (CS) is calculated as
the proportion of identical columns between Heads and
Tails alignments, and sum of pairs score (SPS) was calcu-
lated as the proportion of identical residue position pairs
between Heads and Tails alignments.

Each alignment comprises protein sequences from dif-
ferent species, each sequence named by Beiko et al. with
a unique pipeline id. Additional files contained information
about the original gi number in the RefSeq database (Pruitt
et al. 2005) together with the current gi number in the da-

tabase and the genome id of the sequence used by the
National Center for Biotechnology Information (NCBI).
Two hundred and twenty-three proteins in 183 alignments
had no information about the sequence except the original gi
number in the database. These database entries were re-
placed or removed from the database. In the calculation of
the number of different phyla and the classification of the
sequence into the kingdom groups, we discarded these se-
quences from the alignment. We obtained taxonomical clas-
sification information for each sequence from NCBI and
counted the number of sequences being classified as different
phyla for each cluster. We used the term archaea for clusters
that contain only sequences classified as of archaebacterial or-
igin, the term eubacteria for clusters that contain only sequen-
ces classified as of bacterial origin, and the term universal for
clusters that contain sequences of both kingdoms.

For the comparison of the property distributions be-
tween LGT and VGI alignments, the Wilcoxon nonpara-
metric test was used.

Orthologs Pairwise Distances

Protein pairwise distances between orthologs from
LGT and VGI families were calculated for several genome
pairs that were selected for their high frequency in the data:
1) Vibrio vulnificus versus Yersinia pestis (1,406 protein
pairs where both species were present in the respective pro-
tein families), 2) Brucella suis versus Mesorhizobium loti
(1,697 protein pairs), 3) Agrobacterium tumefaciens versus
M. loti (2,205 protein pairs), and 4) Bradyrhizobium
Jjaponicum versus M. loti (1,794 protein pairs), 5) Staphy-
lococcus aureus versus Bacillus cereus (924 protein pairs),
6) Nostoc sp. versus Pyrococcus furiosus (114 protein
pairs), and 7) Bacteroides thetaiotaomicron versus Sulfolo-
bus solfataricus (62 protein pairs). Pairwise protein distan-
ces were extracted from the distance matrix calculated
from the multiple sequence alignments with PROTDIST
(Felsenstein 1996) using Jonen-Taylor-Thornton substitu-
tion matrix (Jones et al. 1992). In addition, we calculated
pairwise distances with the same method after realigning
the orthologous sequences using MUSCLE (Edgar 2004).

Classification Procedure

Prediction of LGT (discordant tree bipartition) from
alignment properties entailed a support vector machine
(SVM) classifier (Christiani and Shawe-Taylor 2000).
For the SVM training and classifying procedures, we used
the svmtrain and svmclassify functions from the MATLAB
7.6 bioinformatics toolbox with the following parameters:
Radial basis function (RBF) kernel, RBFSigmaValue = 1,
Mlp_ParamsValue = [1,—1], MethodValue = SMO, Box-
ConstraintValue = 1, and AutoscaleValue = true. In order
to obtain significance levels for the SVM performance, we
applied 10-fold crossvalidation in each step using the small
1/10 subset for training and the 9/10 for testing. The LGT/
VGI ratio in the training set was adjusted by randomly se-
lecting different numbers of LGT and VGI samples from
the preliminary training set to form an equal-sized training
set for each validation step.
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Fi. 1.—Distributions of alignment properties in the LGT and VGI groups. Differences in the distributions of the two groups were tested by the

Wilcoxon nonparametric test (P values presented at the top of each graph).

SVM performance was evaluated by “accuracy,” that
is, the proportion of alignments correctly classified as LGT
or VGI, “sensitivity,” which is the true positive rate or the
number of true positives (LGT alignments that are classified
as such) divided by the sum of true positives plus false neg-
atives (LGT alignments classified as VGI), and “specific-
ity,” as the true negative rate or the number of true
negatives (VGI alignments that are classified as such) di-
vided by the sum of true negatives plus false positives
(VGI alignments classified as LGT).

To test the performance of the classifier under different
LGT/VGI proportions in the training set and in the test set,
we used LGT proportions ranging from 25% to 75% while
including all 11 alignment properties.

To explore the contribution of the different features
and their combinations to the classification performance,
we tested all possible 2,047 combinations of the 11 align-
ment features analyzed in this study using a training set with
equal proportions of LGT and VGI alignments.

Multivariate Analysis

We performed principal component analysis (PCA)
using the princomp function of MATLAB 7.6. The data
for each alignment property were normalized before the
analysis, so that all properties had only values ranging from
Zero to one.

Results and Discussion

It is known that the probability of obtaining incorrect
trees increases with the number of sequences (OTUs)
analyzed (Nei 1996). The LGT alignments investigated
here contained significantly larger numbers of OTUs
(P < 0.0001) than the VGI alignments (fig. 1A). No VGI
alignment in the present sample contains more than 65 se-
quences, whereas 5% of the LGT alignments contain >65 se-
quences. It is also known that for a given level of sequence
divergence, the probability of obtaining incorrect trees is
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Table 1

General Statistics of Protein Family Alignment Properties Grouped by LGT and VGI Categories

Range (Min—Max) Mean = SD Median
MSA Parameter VGI LGT VGI LGT VGI LGT
Normalized Shannon entropy 0.000-0.772 0.002-0.777 0.294 + 0.151 0.343 £ 0.117 0.292 0.341
Average pairwise identity 0.160-1.000 0.160-0.990 0.621 + 0.176 0.523 + 0.132 0.610 0.510
Proportion of gaps 0.000-0.675 0.000-0.671 0.052 + 0.072 0.080 + 0.084 0.025 0.053
Number of OTUs 4-65 4-144 6.6 +42 19.0 + 21.7 5.0 11.0
Alignment length 14-3,135 31-2,837 325.0 £203.9 352.0 £ 2123 287.0 311.0
Proportion of invariant sites 0.000-1.000 0.000-0.992 0.381 + 0.247 0.191 + 0.160 0.337 0.153
Proportion of informative sites 0.000-1.000 0.000-1.000 0.524 £ 0.250 0.366 + 0.188 0.502 0.343
CS (HoT) 0.000-1.000 0.000-1.000 0.856 + 0.212 0.823 + 0.213 0.948 0.905
SPS (HoT) 0.037-1.000 0.053-1.000 0.939 £ 0.118 0.943 £ 0.111 0.986 0.984
Number of different phyla 1-11 1-16 1.323 + 0.708 2.651 £ 2.475 1.0 2.0

Note.—The data set contains 22,437 protein family alignments, 5,822 of which are LGT and 16,615 are VGI.

higher when short sequences are analyzed than when longer
sequences are analyzed (Nei 1996). However, the LGT protein
families investigated here contain sequences that are signifi-
cantly (P < 0.0001) longer than VGI protein families (supple-
mentary fig. S1, Supplementary Material online), producing
also longer alignments (mean = 352; table 1) than the VGI
alignments (mean = 325; table 1) (fig. 1B), suggesting that
if incorrect trees are involved in LGT inference in the present
data, then short sequences are not the cause.

The probability of obtaining incorrect trees increases
when sequence divergence becomes too great (Nei 1996).
Several alignment properties can address the issue of se-
quence divergence. Normalized Shannon entropy provides
an estimate for the average number of different amino acids
that occur per site in an alignment (Valdar 2002). The mean
normalized Shannon entropy of LGT alignments is about
17% higher than for the VGI alignments in the present data
(fig. 1C), a highly significant difference (P < 0.0001). Av-
erage sequence identity across all pairwise comparisons is
a very simple and robust measure of sequence variability
in an alignment. The average pairwise identity of the VGI
alignments (mean = 0.621; table 1) is significantly higher
(P < 0.0001) than in the LGT alignments (mean =
0.523) (fig. 1D). In addition, LGT alignments contain on av-
erage 50% more gaps than VGI alignments (fig. 1E; table 1).
Another proxy for sequence divergence in an alignment is
the proportion of invariant sites, the mean of which is 2-fold
higher (P < 0.0001) in the VGI alignments than in the LGT
alignments (fig. 1F). Furthermore, the proportion of infor-
mative sites, defined here as alignment columns containing
at least two different amino acids each observed in at least
two sequences at the position, is significantly lower (P <
0.0001) in the LGT alignments (mean = 0.366; table 1) than
in the VGI alignments (mean = 0.524; table 1) (fig. 1G).

Thus, several alignment parameters that are known to
increase the probability of obtaining incorrect trees—higher
numbers of OTUs, sequence divergence exceeding 50%
differences on average, and low numbers of informative
sites—are significantly different in the LGT and the VGI
alignments, and in all cases, LGT alignments are skewed
toward the value that increases the probability of obtaining
an incorrect tree. This does not directly indicate that the
LGT alignments have produced branches that are highly
supported but nonetheless incorrect (Delsuc et al. 2003),
yet the tendency is consistent.

The proportion of invariant sites, the proportion of
informative sites, and average pairwise identity show an
inverted trend to the Shannon entropy in the PCA of the
total data set (fig. 2). These three measures correlate neg-
atively with Shannon entropy (r = —0.84, r = —0.82, and
r = —0.97, P < 0.0001, respectively, supplementary fig.
S2A-C, Supplementary Material online). This means that
the less variable alignments may lack phylogenetic infor-
mation due to high proportions of invariable sites, where
the proportion of informative sites in these alignments will
still be high. Yet these correlation coefficients are weaker in
the LGT alignments (r = —0.70 and » = —0.77 and r =
—0.95, P < 0.0001, respectively, supplementary fig. S2D—
F, Supplementary Material online), than in the VGI align-
ments (r = —0.87 and r = —0.84 and r = —0.98, P <
0.0001, respectively; supplementary fig. S2G—I, Supple-
mentary Material online) so that even though the LGT
alignments are more variable than the VGI alignments, they
generally contain not only fewer invariant sites but also
fewer informative sites.

High alignment variability in the LGT alignments
could be also the result of large numbers of sequences per
alignment, as is the case for the LGT group alignments
(fig. 1A). However, we found no correlation between num-
ber of OTUs and normalized entropy (r = 0.01, P = 0.27),
and only weak correlation between number of OTUs and av-
erage pairwise identities (r =—0.11, P < 0.0001), or the
proportion of gaps (r = 0.23, P < 0.0001; supplementary
fig. S3, Supplementary Material online). Also, the number
of phyla represented in the alignment, another possible source
for higher alignment variability, is higher in the LGT groups
than in the VGI group (fig. 1H). But this measure as well
shows no significant correlation with any of the variability
measures (supplementary fig. S4, Supplementary Material
online). Hence, the high variability of the LGT alignments
is not explained by the large number of sequences or the large
number of phyla represented in these families.

The more variable the sequences in an alignment are,
the more difficult they are to align and the more likely it is
that the alignment procedures themselves can produce col-
lections of site patterns that induce topological effects at the
tree-building stage (Landan and Graur 2007; Wong et al.
2008). Thus, the LGT alignments, which are more variable
than those in the VGI group, might be more error prone at
the alignment step than the VGI alignments. To estimate
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this effect, we compared alignment reliability of LGT and
VGI alignments using the HoT method (Landan and Graur
2007). For these HoT comparisons, we realigned the orig-
inal sequences (i.e., before filtering with Gblocks) as kindly
provided by Beiko, Harlow, and Ragan (2005) in the C-to-
N-direction to form the Tails alignments and compared
them with the original (Heads) alignments. Both HoT pa-
rameters show an inverted trend to the number of OTUs,
number of different phyla, and the proportion of gaps in
the PCA analysis (fig. 2). Moreover, we found that the
LGT alignments have a significantly (P < 0.0001) lower
CS, which is the proportion of site columns reconstructed
identically in the Heads and Tails alignment (fig. 1/), and
a slightly but significantly (P < 0.0001) lower SPS, which
is the proportion of identically reconstructed site pairs
(fig. 1J), than the VGI alignments. Hence, LGT alignments
contain significantly more alignment artifacts that are intro-
duced by the sequence alignment process alone, indepen-
dent of subsequent tree-building procedures. The bias in
alignment quality within the LGT set is unlikely to be re-
lated with the erroneous guide tree used for the alignment
because alignment errors are only marginally affected by
the guide-tree quality (Landan and Graur 2008). Beiko,
Harlow, and Ragan (2005) used a very conservative rule
for inclusion in the LGT set that comprises only trees hav-
ing at least one highly significant (“posterior probability” >
0.95) discordant branch, whereas all other trees are consid-
ered as VGI. This results in abias toward highly supported
(though not necessarily true) trees in the LGT set, where the
proportion of highly significant branches per tree is 47 *
28% versus 48 t+ 40% (median 41% vs. 33%) in the
VGI set. To test if this bias is related to the differences
we found in the alignment properties, we deleted from
the VGI set those alignments yielding trees with no highly
significant branches, leaving 13,811 alignments yielding
trees having at least one highly significant (posterior prob-
ability > 0.95) concordant branch. This resulted in a set of
trees, designated here VGI95, having a much higher pro-
portion of highly significant branches per tree (57 +

37%, median 50%). A comparison of alignment properties
between the LGT and VGI9S sets resulted in identical con-
clusions to those detailed above for the comparison be-
tween the LGT and VGI sets (supplementary fig. S5,
Supplementary Material online), so that the bias toward
highly resolved trees in the LGT set has no relation to
the bias in multiple alignment properties.

The comparison of alignment properties between VGI
and LGT alignments summarized so far (fig. 1; table 1)
shows that the LGT alignments are more variable than
the VGI alignments. It is thus possible that the laterally
transferred protein-coding sequences are inherently more
variable than vertically inherited ones. To test this possibil-
ity, we compared pairwise protein distances between ge-
nomes to see if there were differences between LGT and
VGI sequences with respect to overall sequence conserva-
tion. If so, then orthologous sequence pairs from VGI align-
ments should have smaller protein distances (i.e., should be
more conserved) than orthologous pairs from LGT align-
ments. We tested that hypothesis for seven frequent genome
pairs having proteins in both groups. The contrary was ob-
served: Orthologous pairs from LGT alignments are more
conserved (i.e., have smaller protein distances) than orthol-
ogous pairs from VGI alignments (fig. 3; supplementary
fig. S6, Supplementary Material online). Hence, the higher
variability observed in LGT alignments cannot be ex-
plained by a systematic bias in protein conservation among
inherited versus laterally transferred proteins. This conclu-
sion seems to contradict the bias toward variable multiple
sequence alignments in the LGT set. A possible reconcil-
iation between these two findings may be found in a study
by Elhaik et al. (2006) showing that conserved proteins
have higher probability of being detected by a similarity
search, which leads to the composition of larger protein
families, hence alignments with more OTUs that are prob-
ably more difficult to align. However, we found no corre-
lation between the number of OTUs and the different
alignment variability measures in our data set (supplemen-
tary fig. S3, Supplementary Material online).
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Clustering of conserved orthologous proteins results
not only in bigger families, but also in families having pro-
teins from many taxomonic groups (supplementary fig. S4A,
Supplementary Material online). However, the number of
phyla alone is unlikely to reflect the relatedness among
the sequences in the protein family because a protein family
including sequences from eubacteria and archaebacteria is
expected to contain more variability than a protein family
including sequences from eubacteria only. Therefore, we
divided the multiple alignments into those that comprise
1) eubacterial proteins only, 2) archaeal proteins only, and
3) “universal” alignments including proteins from both
groups. A comparison of alignment properties among these
three categories shows that universal families are much
bigger than either eubacterial or archaeal families (fig. 4A).
Moreover, all variability measures show that the universal
alignments are more variable than alignments in the other
two categories: Their entropy is higher (fig. 4C), their mean
pairwise distance is higher (fig. 4D), and they contain more
gaps (fig. 4F) and less invariant sites (fig. 4F). Universal
alignments also seem to be of lower quality, in that they
contain fewer informative sites and their alignments are less
reliable (fig. 4G-I).

Finally, we tested for dependency between the taxo-
nomical composition of the alignments and their classifica-
tion as VGI or LGT and found these two properties are

significantly dependent (P < 0.001, using % test). LGT
alignments comprise about 30% of the archaeal or eubac-
terial alignments (as in the total data), but they are overrep-
resented in the universal group where they comprise 57% of
the multiple alignments (fig. 4/). This leads us to conclude
that the clustering of conserved sequences resulted in pro-
tein families that are not only large (as predicted by Elhaik
et al. 2006) but also have a universal taxonomic distribution
that covers much more diverse sequences and that seems to
be the reason for their variability.

Our results so far suggest that alignments possessing
properties that are known to increase the probability of ob-
taining incorrect branches are more frequent in the LGT
group than in the VGI group. We then asked a slightly he-
retical question: Can we predict whether an alignment is
likely to generate a tree with a strongly supported discor-
dant branch on the basis of alignment properties alone? For
this, we used an SVM classifier (Christiani and Shawe-
Taylor 2000). In brief, a SVM is an algorithm that, provided
with a learning set of features that might or might not cor-
relate to a classificatory decision of the type “yes” or “no,”
gains experience with the learning set, and then is asked to
classify objects, correctly if possible, on the basis of features
alone. In the present case, the features correspond to align-
ment parameters as summarized in figure 1 and table 1, and
the desired classification is the proper assortment of the
alignment into LGT or VGI groups as predetermined by
phylogenetic analysis. The classification performance is
evaluated by its accuracy, sensitivity, and specificity (see
Methods).

The SVM algorithm was thus trained and queried us-
ing the present alignments. In order to calculate SVM per-
formance and standard deviations (SDs), we performed
a 10-fold crossvalidation using 1/10 of the data in each step
for training and the rest for testing. Accuracy, sensitivity,
and specificity of the classifying process are to a vast extent
influenced by the ratio of LGT/VGI in the training set. Ac-
curacy and sensitivity are maximal when the proportion of
LGT in the training set is equal to the total data (25%) and
they decrease when higher LGT proportions are used. The
specificity of the SVM classification is minimal at 25%
LGT alignments in the training set and increases when
higher proportions are used. When LGT proportion in
the training set is fixed to 50%, all SVM performance meas-
ures are found in equilibrium (fig. 5A). The ratio of LGT/
VGI alignments in the test set has no influence on the per-
formance of the SVM classifier (fig. 5B). In our SVM clas-
sification procedure, we used training sets having an LGT/
VGI ratio = 1 (see Methods). Performance of the classify-
ing process was evaluated by trying all possible 2,047 com-
binations of the 11 properties to explore if there is a set of
features that, if omitted from the training process, will de-
teriorate the results, or if there are some features that tend to
impair the performance when included in the analysis.

Table 2 shows the combination of features that yielded
the top performance values of accuracy, sensitivity, and
specificity. We cannot really decide which is the best com-
bination of feature vectors to be included in the training pro-
cess because widely different combinations of features
induce consistent results in the classification performance.
But it seems that for equally high performance values for
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In other words, the alignment properties of the LGT
and VGI groups, although having strongly overlapping dis-
tributions for all parameters (fig. 1; table 1), are nonetheless
sufficiently different in a consistent manner that we can cor-
rectly predict about 78% of the time whether a Bayesian
phylogenetic inference will generate a branch from a given
alignment that is sufficiently discordant to be scored as an
LGT. On the strength of this finding and circumstance that
for each alignment parameter the LGT alignments were al-
ways skewed toward values that are known from simulation
studies to generate incorrect branches (Nei 1996), it is likely
that reliable construction of phylogenetic trees is affected
and incorrectly reconstructed branches may be a possible
source of LGT inference. The correlations are consistent
with the view (Landan and Graur 2007) that sequence sets
problematic at the level of alignments are likely to be prob-
lematic at the level of phylogenetic inference as well.

In principle, one could use our trained SVM on other
alignment data sets in order to predict which alignments
will result in discordant branches comparing with a refer-
ence tree. However, one would still have to distinguish be-
tween discordant branches stemming from either genuine
LGTs or phylogenetic reconstruction artifacts. The results
presented here indicate that the latter are more frequent in
problematic alignments; hence, alignment quality has high
impact on evolutionary inference from phylogenetic trees.
A similar observation was recently presented for phyloge-
netic inference of ancient LGTs during the endosymbiosis
of plastids (Deusch et al. 2008). This indicates that it is
important to monitor and assess alignment quality in
large-scale phylogenetic analyses, particularly those imple-
menting automated or semiautomated phylogeny pipelines.

Supplementary Material

Supplementary tables S1-S4 and supplementary fig-
ures S1-S6 (and additional supporting figures) are available
at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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Abstract

Cyanobacteria forged two major evolutionary transitions with the invention of oxygenic photosynthesis and the bestowal of photo-
synthetic lifestyle upon eukaryotes through endosymbiosis. Information germane to understanding those transitions is imprinted in
cyanobacterial genomes, but deciphering it is complicated by lateral gene transfer (LGT). Here, we report genome sequences for the
morphologically most complex true-branching cyanobacteria, and for Scytonema hofmanni PCC 7110, which with 12,356 proteins
is the most gene-rich prokaryote currently known. We investigated components of cyanobacterial evolution that have been vertically
inherited, horizontally transferred, and donated to eukaryotes at plastid origin. The vertical component indicates a freshwater origin
forwater-splitting photosynthesis. Networks of the horizontal component reveal that 60% of cyanobacterial gene families have been
affected by LGT. Plant nuclear genes acquired from cyanobacteria define a lower bound frequency of 611 multigene families that, in
turn, specify diazotrophic cyanobacterial lineages as having a gene collection most similar to that possessed by the plastid ancestor.

Key words: plastid evolution, endosymbiosis, phylogenomics, true-branching cyanobacteria, nitrogen fixation.

(Bekker et al. 2004) and because one uniquely fateful

Introduction cyanobacterium became, via endosymbiosis, the ancestor of
Cyanobacteria are crucial players in Earth and life history all plastids among photosynthetic eukaryotes (Gould et al.
because they generated the oxygen that has been present 2008). Though they continue to impact global geochemical

in the Earth’s atmosphere for the last 2.4 billion years cycles through Ny-fixation (Moisander et al. 2010), and the

© The Author(s) 2012. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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sequestering of trace metals (Morel and Price 2003) as well as
phosphorous (van Mooy et al. 2009), their main ecological
significance is the oxygen-producing photosynthetic appar-
atus that fuels most contemporary food chains. Their main
evolutionary significance is that they mediated two pivotal
innovations in life’s history—water-splitting photosynthesis
and the origin of primary plastids. Clues to both of those
major evolutionary transitions should, in principle, be im-
printed in cyanobacterial genomes. But reconstructing those
events is not straightforward, because lateral gene transfer
(LGT) redistributes genes among prokaryote genomes
(Ochman et al. 2000), and among cyanobacterial genomes
in particular (Raymond et al. 2002; Mulkidjanian et al. 2006;
Dufresne et al. 2008; Shi and Falkowski 2008), over geological
time.

By necessity, and perhaps more so than for any other pro-
karyotic group, LGT has always been hard-wired into the
bigger picture of cyanobacterial evolution. To explain the
origin of cyanobacterial water-splitting photosynthesis, both
of the main competing theories require LGT to account for the
distribution of photosystems across prokaryotic groups (Xiong
and Bauer 2002; Hohmann-Marriot and Blankenship 2011).
This is because the reaction centers of photosystems | and |l
clearly share common ancestry (Baymann et al. 2001;
Hohmann-Marriot and Blankenship 2011), but without
specifying how they entered the cyanobacterial ancestor
genome. One theory posits that the two photosystems
evolved in independent lineages and became merged in the
founder cyanobacterium via LGT (Baymann et al. 2001), while
the alternative has it that the photosystems diverged within a
photosynthetic (protocyanobacterial) ancestor and were sub-
sequently exported via LGT to some anoxygenic photosyn-
thetic lineages (Xiong and Bauer 2002; Mulkidjanian et al.
2006; Sharon et al. 2009). Compatible with a role for LGT
in photosystem evolution is the finding that the genes for both
photosystems | and Il are mobile in marine phage metagen-
omes (Lindell et al. 2004; Sharon et al. 2009).

LGT also figures into the origin of plastids, because many
genes were transferred from endosymbiont to host.
Chloroplasts were once free-living cyanobacteria and con-
tained approximately 2,000 proteins (Richly and Leister
2004), a number comparable with a cyanobacterium, yet
the genomes of modern plastids contain only 5-10% as
many genes as those of their free-living cousins. This suggests
that hundreds or thousands of the plastid ancestor’s genes
were either lost or relocated to the host nucleus during the
course of plant evolution via endosymbiotic gene transfer
(EGT) (Gould et al. 2008). Furthermore, the phylogenetic iden-
tity of the plastid ancestor remains debated because of LGT.
Different phylogenetic trees trace the plastid ancestor near the
base of cyanobacterial diversification (Criscuolo and Gribaldo
2011), near coccoid cyanobacteria within the Synechococcus—
Prochlorococcus (SynPro) clade (Reyes-Prieto et al. 2010),
near the nitrogen-fixing Cyanothece clade (Deschamps et al.

2008), or near filamentous, heterocyst-forming cyanobacterial
lineages (Deusch et al. 2008). The simplest explanation for
such findings—in an evolutionary context that incorporates
LGT—is that the plastid ancestor donated one (chimeric) gen-
ome’s worth of genes to the host, and that LGT has been
reassorting the homologs of these genes among free-living
cyanobacterial and other prokaryote genomes ever since
(Deusch et al. 2008). Because of LGT over time, the question
of which “lineage” of cyanobacteria gave rise to the plastid
loses meaning (Doolittle and Bapteste 2007), because
the genomes and nature of the “lineages” have changed
since the time of plastid origin over 1.2 billion years ago
(Deusch et al. 2008; Gross et al. 2008). However, comparison
of plant genes acquired from the plastid ancestor with cyano-
bacterial homologs can reveal which modern cyanobacteria
harbor a collection of genes most similar to that of the plastid
ancestor.

So far, missing in genomic studies of cyanobacterial evolu-
tion are sequences from the group designated as subsection VV
(Rippka et al. 1979). Subsection V cyanobacteria grow as fila-
ments that differentiate heterocysts (specialized N,-fixing
cells), they produce cyst-like resting cells (akinetes) as well as
differentiated motile trichomes (hormogonia), and most ex-
hibit true branching. The developmental and morphological
variety of subsection V cyanobacteria places them among the
most complex of prokaryotes, for which reason they were
even long thought to be the direct ancestors of all eukaryotes
but only in the days before the endosymbiotic origin of plastids
has been postulated (Mereschkowsky 1905) and eventually
gained compelling support (Doolittle 1980). To better under-
stand the role of subsection V species in cyanobacterial evo-
lution and their possible relationship to the plastid ancestor,
we have sequenced five genomes sampling a broad spectrum
of filamentous, true-branching architecture (fig. 1A and B),
and diverse geographical locations including rice fields in
India (Fischerella muscicola PCC 73103 and Chlorogloeopsis
fritschii PCC 6912), and hot springs in New Zealand (F. musci-
cola PCC 7414), Wyoming, USA (F. thermalis PCC 7521), and
in Spain (C. fritschii PCC 9212) (Rippka et al. 1979). In addition
Scytonema hofmanni PCC 7110, a Nostocales representative
(subsection IV) isolated from a limestone cave (Crystal cave,
Bermuda) (Rippka et al. 1979), whose filaments form false
branches (fig. 1C) and exhibit aerial growth, was included
for comparison.

Materials and Methods

Cyanobacterial Cultures and DNA lIsolation

Stock cultures were maintained at 37°C on slants (or plates) in
BG110 medium (Rippka and Herdman 2002), supplemented
with 5mM NaHCO5 and solidified with 0.9% (w/v) washed
agar (Sigma, A 8678). For DNA isolation, cultures were grown
at 37°C in BG11 medium (Rippka and Herdman 2002), with
orbital shaking (100 rpm) in an Infors Incubator, at a PPFD of

32 Genome Biol. Evol. 5(1):31-44.  doi:10.1093/gbe/evs117  Advance Access publication December 7, 2012
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F. muscicola*:
PCC 7414

D
Genus Chlorogloeopsis Fischerella Scytonema
Species fritschii fritschii muscicola muscicola thermalis hofmanni
PCC strain 6912 9212 73103 7414 7521 7110
Assembled scaffolds 8 21 37 16 4 81
Bases in scaffolds 7,819,561 7,698,501 7,573,287 7,008,859 5,482,660 12,073,012
%GC 415 415 38.6 40.4 40.5 415
No. CDSs 7,439 7,571 7,231 7,167 5,340 12,356

8§ CDS density (%) 82 82 78 79 79 83
Mean gene length (bp) 830 829 820 778 825 806
rRNA operons 4 3 3 3 4 3
No. tRNA 45 41 43 59 42 67
No. Plasmids 2 n.d” n.d” 0 0 n.d”

 Not determined.

E

PCC 7521
PCC 7414
PCC 73103
PCC 9212

PCC 6912

Fischerella thermalis ]

Fischerella muscicola |

Fischerella muscicola |

Chlorogloeopsis fritschii |

Chlorogloeopsis fritschii |

ofmanni

Ypce 7110

Scytonema hofmanni |
PCC 7110

Genes common within:

[ Cyanobacteria
[0 Subsections V,IV, Il

@ Subsections V,IV
‘ W Subsection V

E Genus
‘ ‘ I ‘ [ Singletons
0 2000 4000 6000 8000 10000 12000 14000
No. genes

Fic. 1.—Genomes of Stigonematales and Scytonema. (A) Fischerella muscicola PCC 7414, forming true lateral branches. (B) Chlorogloeopsis fritschii
PCC 6912, undergoing cell divisions in more than one plane but never producing lateral branches. Heterocysts and hormogonia, differentiated by members
of both genera are marked by red and cyan arrows, respectively. (C) Scytonema hofmanni PCC 7110 showing false branching filaments (black arrow) and
heterocysts (red arrow). (D) Genomic features of the six novel sequenced genomes. Genomes have been deposited in NCBI under accessions (PRINA104961,
PRINA104963, PRINA104969, PRINA104967, PRINA104965, and PRINA157363). Fully annotated versions are available at www.molevol.de/resources.
(E) Frequency distribution of protein coding genes in the new genomes, and comparison with other cyanobacterial genomes examined.

30pumol quanta m~2s~'. Cultures were harvested after

3-6 weeks of incubation, depending on density of the inocu-
lum and the growth rates of the strains. DNA isolation from
strains of Chlorogloeopsis was performed as described
(Franche and Damerval 1988), with the addition of 1%
Sarkosyl during lysozyme treatment to remove polysacchar-
ides and a final RNA digestion step. Polysaccharide-free
high molecular weight genomic DNA (gDNA) from strains
of Fischerella was obtained by following a protocol for
polysaccharide-rich plants (Sharma et al. 2002).

Genome Sequencing and Annotation

Prior to genome sequencing the identity of the gDNA was
verified by sequencing of the 165 rDNA with primers 101F
(ACTGGCGGACGGGTGAGTAA) and 1047R (GACGACAGCC
ATGCAGCACC), and comparison against cyanobacterial
sequences available in NCBI. Genome sequencing was

performed on the Genome Sequencer FLX using Titanium
chemistry (Roche Applied Science, Penzberg, Germany) yield-
ing a 10- to 32-fold coverage. Genome scaffolding was
achieved by 3 kbp paired-end standard runs. The sequencing
libraries were prepared from 4 pg of gDNA for whole genome
shot gun sequencing and 5ug of gDNA for paired-end
sequencing, according to the supplier's instructions.
Additionally, a fosmid library was constructed with the Copy
Control Fosmid Library Production Kit (Biozym Scientific, Hess.
Oldendorf, Germany). Terminal DNA sequences of cloned
genomic inserts were determined with an ABI 3730xI DNA
Analyzer  (Life  Technologies, Darmstadt, ~Germany).
Furthermore, Sanger-reads were generated from fosmid
clones to cover the gaps between contigs for each of the
five genomes. Sequence data were assembled with the GS
De Novo Assembler Software (ver. 2.0.01.14, 2.3, and 2.5.3).
For each genome, large (>500bp) and small contigs

Genome Biol. Evol. 5(1):31-44.  doi:10.1093/gbe/evs117  Advance Access publication December 7, 2012 33
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(<500bp) were obtained, including numerous repetitive
elements and insertion segments. For finishing purposes, all
DNA sequences were uploaded into the Consed program
(Gordon et al. 1998). The final annotation including COGs
(Tatusov et al. 2001) of the genome sequences was accom-
plished with the GenDB software (Meyer et al. 2003). Gene
prediction was performed by means of combining results of
the software tools GLIMMER (Delcher et al. 1999), CRITICA
(Badger and QOlson 1999), and GISMO (Krause et al. 2007).

Phylogenetic Analysis of Cyanobacterial Genomes

Fully sequenced cyanobacterial proteomes were downloaded
from NCBI version March/2011. For the reconstruction of
cyanobacterial gene families, we conducted an all-against-all
BLAST search (Ver. 2.2.17) (Altschul et al. 1997) using the
protein sequences. Reciprocal best BLAST hits (rBBH) were
performed using a threshold of E value < 10~'° and percent
amino acid identity >30. For the clustering analysis, the overall
protein sequence similarity between rBBH proteins, calculated
as the percent of identical amino acids, was multiplied by the
length ratio of the two proteins. Clusters of gene families were
inferred from the rBBH similarity matrix using the MCL ver.
1.008 clustering procedure (Enright et al. 2002), with the
inflation parameter (I) set to 2.0. For the reconstruction of a
consensus tree phylogeny, 324 gene families present as single
copies in all cyanobacterial genomes analyzed were aligned
with MAFFT (Katoh et al. 2002) ver. 6.717b. Phylogenetic
trees were reconstructed using the Neighbor-Joining (NJ)
approach (Saitou and Nei 1987). Protein sequence distances
were calculated with PROTDIST (Felsenstein 1993), and
applying the JTT substitution model (Jones et al. 1992).
Phylogenetic trees were reconstructed with NEIGHBOR
(Felsenstein 1993). The consensus phylogeny was recon-
structed with CONSENSE (Felsenstein 1993). A concatenated
alignment was reconstructed from the aligned protein se-
guences, and all genes were weighted equally (supplementary
fig. S1, Supplementary Material online). A phylogenetic tree
was reconstructed from the concatenated alignment using
the NJ approach and the software described as earlier.
A phylogenetic network was reconstructed with SplitsTree
Ver. 4.10 using the default parameters (Huson and Bryant
2006). A minimal lateral network (MLN) was reconstructed
using the consensus phylogeny as the reference tree, and
the gene families described earlier according to the approach
described in Dagan et al. (2008). Maximum likelihood phyl-
ogeny was reconstructed using PhyML (Guindon et al. 2010)
with LG model + | (estimation of invariant sites) + G (gamma
distribution with 4 rate categories). Tree topology (SPR),
branch length, and rate parameters were optimized.

Phylogenetic Analysis of the Plastid Ancestor

Sequences of nuclear-encoded proteins from the whole
genomes of Arabidopsis thaliana, Oryza sativa subsp. japonica,

Physcomitrella patens, Chlamydomonas reinhardltii, Enta-
moeba histolytica, Dictyostelium discoideum, Filobasidiella
neoformans, Saccharomyces cerevisiae, Schizosaccharomyces
pombe, Drosophila melanogaster, Ciona intestinalis, Danio
rerio, Gallus gallus, Canis lupus familiaris, and Homo sapiens
were obtained from RefSeq database release November 2009
(Pruitt et al. 2007). Nuclear proteomes of Cyanidioschyzon
merolae version February 2005 (Matsuzaki et al. 2004),
Ostreococcus tauri version 2.0 (Palenik et al. 2007), and
Xenopus tropicalis release 4.1, August 2005 (Bowes et al.
2008), were downloaded from the respective genome project
websites. Additionally, 650 fully sequenced genomes of pro-
karyotes, including those of 46 cyanobacterial representatives,
were downloaded from NCBI RefSeq database release
November 2009 (Pruitt et al. 2007). To avoid clustering
artifacts of distantly related eukaryotic and prokaryotic se-
guences, the sequences of cyanobacteria and photosynthetic
eukaryotes were first clustered into separate sets of protein
families. Matrices of algal/plant and cyanobacterial sequences
were constructed from reciprocal best BLAST hits using an
all-against-all BLAST, and thresholds of E-value < 10~'° and
amino acid sequence identities >25%. Clusters of homolo-
gous protein sequences were reconstructed from each of the
matrices using MCL (Enright et al. 2002) Ver. 08-312, 1.008,
with scheme =7 and /= 2.0. Protein sequences of noncyano-
bacterial prokaryotes and nonphotosynthetic eukaryotes were
added to the plant/algal clusters of proteins, depending on
their sequence homologies using the above threshold, and a
limit of three sequences per phylum. Overlapping plant/algal
and cyanobacterial clusters were joined. The sequences of
protein families were aligned using MAFFT (Katoh et al.
2002) Ver. 6.717b (2009/12/03). Multiple sequence align-
ment quality was assessed using the HoT-method (Landan
and Graur 2007). Plant/algal protein sequences with Sum of
Pairs Score <80% were excluded from the cluster.
Phylogenetic trees were reconstructed using maximum likeli-
hood approach with PhyML (Guindon et al. 2010) and the
best-fit model as inferred with ProtTest (Abascal et al.
2005). The search for a best-fit model using ProtTest was re-
stricted for nuclear gene substitution models including JTT
(Jones et al. 1992) and WAG (Whelan and Goldman 2001)
matrices. These were tested with all combinations of +I (esti-
mation of invariant sites), +G (gamma distribution with 4 rate
categories), and +F (using amino acid frequencies from the
alignment) parameters. Branch lengths, model, and topology
were optimized. From among 35,862 trees in total, WAG
model was found as the best fit in 89% of the trees, with
WAG + 1+ G as the more prevalent choice (34%). Genes of
endosymbiotic origin in algal and plant genomes were inferred
from the phylogenetic trees by searching for sisterhood be-
tween cyanobacterial protein sequences and their counter-
parts encoded by the nuclear genes of the photosynthetic
eukaryotes (Martin et al. 2002). Protein families in the latter
phototrophs were counted as having resulted from EGT(s), if
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at least one of them had a cyanobacterial sequence as the
nearest neighbor. Concatenated alignments were analyzed
and used for tree construction by the same methods as
described earlier.

Results

Genomes of Subsection V (Stigonematales) and
Scytonema

The genome size distribution of the five Stigonematales strains
(5.9+ 2 Mb; fig. 1D) is similar to that of subsection IV mem-
bers (Nostocales) (Larsson et al. 2011). With only 5,340 CDSs,
F. thermalis PCC 7521 has the smallest genome among the
subsection V members, whereas the genome of S. hofmanni
PCC 7110 (subsection IV) has 12,356 predicted ORFs, making
it the most gene-rich prokaryote sequenced to date (fig. 1D).
Clustering of all 223,941 CDSs encoded in 51 cyanobacterial
genomes by protein sequence similarity resulted in 18,185
cyanobacterial protein families and 47,174 singletons.
Protein families with metabolic or cellular functions have
significantly more duplicates in strains of subsection V than
in those of subsection IV (P<2.2x 107", paired t test).
Subsection V and IV strains do not differ in gene copy
number for information processing protein  families
(P=0.11, paired t test). The genome of strain PCC 7521 con-
tains fewer duplicates (P<2.2 x 107'6, paired t test) than
the other two representatives of Fischerella. The frequency
of genes shared with other filamentous cyanobacteria
and the distribution of gene function are similar (fig. 1€ and
supplementary fig. S2, Supplementary Material online)
among the three phenotypically similar Fischerella strains
(Rippka et al. 1979).

Patterns of gene presence and absence might identify
genes related to cyanobacterial morphological diversity
(Stucken et al. 2010; Larsson et al. 2011). A subset of
22 protein families is unique and common to all filamentous
cyanobacteria in our sample (supplementary table ST,
Supplementary Material online), only few of which have
known function. Subsection V members share 7+1% of
their proteome with those of subsection IV, and 73 protein
families are specific to heterocyst-forming strains (supplemen-
tary table S2, Supplementary Material online). Most of the
remaining subsections IV- and V-specific genes fall into cell
wall, membrane, and envelope biogenesis COGs, such as gly-
cosyltransferases, exopolysaccharide synthesis, and secretion.
Some of the subsection V-specific protein families might be
involved in the multiseriate filament phenotype and formation
of true branches. On average, only 2% of the proteins
encoded in subsection V genomes are specific to
true-branching forms. Only 46 gene families are uniquely
shared among subsection V genomes (supplementary table
S3, Supplementary Material online). Although their functions
are yet unknown, their classifications entail mostly cell wall,

membrane, envelope biogenesis, and signal transduction
functions. The relative paucity of proteins comprising the
core set of the true branching cyanobacteria suggests that
this phenotype hinges upon very few expressed proteins,
which may mainly affect regulation of cell division genes
and/or localization of their products.

Vertical and Lateral Components of Cyanobacterial
Genome Evolution

To reconstruct a cyanobacterial backbone phylogeny, we
identified all 324 single-copy protein families common to
all 51 cyanobacteria in our sample and reconstructed their
phylogenetic trees. The consensus tree (fig. 2), rooted with
Gloeobacter violaceus, indicates a single origin for the fila-
mentous architecture, and the concatenated alignment
(564,408 sites) yielded an identical topology with NJ (supple-
mentary fig. S3, Supplementary Material online), where
all branches are supported by 100% bootstrap replicates.
Maximum likelihood reconstruction yielded a phylogeny in
which filamentous cyanobacteria are polyphyletic (supple-
mentary fig. S3, Supplementary Material online), the differ-
ence to NJ being the position of Microcoleus chthonoplastes
PCC 7420, a filamentous strain isolated from salt marshes
(Rippka et al. 1979). Current whole-genome cyanobacterial
phylogenies group Microcoleus with subsection | (Criscuolo
and Gribaldo 2011), vyielding paraphyly for filamentous
forms. Although 55 of our 324 single copy gene trees support
that position for Microcoleus, 111 recover filamentous mono-
phyly, discrepancies that might reflect the workings of LGT
(Raymond et al. 2002; Mulkidjanian et al. 2006; Shi and
Falkowski 2008; Dufresne et al. 2008). To test the consistency
of the backbone (consensus) phylogeny, we reconstructed a
phylogenetic network using SplitsTree (Huson and Bryant
2006). The resulting network reveals a paucity of conflicting
splits in the data (supplementary fig. S4, Supplementary
Material online). A total of 92 out of 212 splits are compatible
with the NJ tree topology and their sum of split weight
amounts to 96% of the total network; and thus, the NJ tree
explains most of the split variability in the data.

To estimate the degree and distribution of LGT in cyano-
bacterial evolution, we reconstructed a MLN, which infers
LGT frequencies by allowing increasing amounts of LGT per
protein family across a given backbone phylogeny (here the
consensus tree), and identifying for all gene families the LGT
frequency at which the distributions of modern genome sizes
and inferred ancestral genome sizes agree best (Dagan et al.
2008). The MLN analysis conservatively assumes that all gene
trees for all protein families are compatible (Dagan et al. 2008)
and entails no gene tree comparisons. It revealed that 6,068
(34%) of the cyanobacterial protein families require no LGT to
account for their gene distributions, whereas 12,116 (66%)
protein families have undergone at least one LGT event.
Because the method does not tally conflicting gene trees for
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Fic. 2.—Vertical and lateral gene evolution in cyanobacterial genomes. NJ consensus (or backbone) tree, inferred from 324 single-copy protein families
common to all 51 cyanobacteria in our sample, and rooted with Gloeobacter violaceus PCC 742 1. Branches indicating vertical gene evolution are indicated in
black. The MLN is indicated by edges that do not map onto the vertical component, with number of genes per edge indicated by a color gradient from cyan
(1 gene) to orange (736 genes). The phylogenetic position of the eukaryotic clade reconstructed using 23 core genes is marked by “a.” The SynPro clade is

marked by an arrow.

homologous sequences, these are conservative lower bound
estimates, in contrast to other recent studies (Raymond et al.
2002; Mulkidjanian et al. 2006; Shi and Falkowski 2008;
Dufresne et al. 2008). Our estimate is found in agreement
with earlier quantification of LGT frequency among cyanobac-
teria using an embedded quartets approach (Zhaxybayeva
et al. 2006).

The MLN is presented in figure 2, and shows vertical
components of cyanobacterial evolution and a network of
1,183 edges indicating laterally shared genes. Within the net-
work, 358 edges (32%) represent a single laterally shared
gene, whereas most edges (55%) carry <3 genes. Only
91 (7%) of edges carry >20 genes. Thus, bulk transfers of
tens of genes or more are rare. The clade of marine
Prochlorococcus and Synechococcus (SynPro) strains, which
are recognized as being closely related environmental special-
ists of reduced genome size (Rocap et al. 2003; Dufresne et al.
2008), appear to have the lowest LGT frequency. The inter-
twined phylogenies within this clade (Zhaxybayeva et al. 2009)
go undetected because the MLN is reconstructed from gene
presence/absence data that are uninformative for the recon-
struction of recombination events at the intra-species level
(Dagan et al. 2008). The most highly connected nodes impli-
cate the four contemporary strains Acaryochloris marina MBIC
11017, Cyanothece PCC 7425, M. chthonoplastes PCC 7420,

and S. hofmanni PCC 7110 (fig. 2). Two of these strains,
A. marina, an atypical marine unicellular cyanobacterium pro-
ducing chlorophyll d as the primary photosynthetic pigment
(Swingley et al. 2008), and M. chthonoplastes, a marine mat
former, have the largest genomes (8.36 and 8.65 Mb, respect-
ively) known for members of subsections | and lll, and show an
expansion of protein families (Larsson et al. 2011). The MLN
pinpoints large genomes as harboring gene pools that are
frequently transferred among cyanobacteria, and identifies
subsection V strains as being more highly connected with
strains of subsections IV and Ill (1.4 edges/node) than with
unicellular strains (0.3 edges/node), also when strains of the
SynPro clade are excluded (0.7 edges/node). This may suggest
the existence of a LGT barrier between unicellular (mostly
marine) and filamentous (mostly terrestrial) cyanobacteria.

The Nature of the Plastid Ancestor

To identify plant nuclear genes of cyanobacterial origin,
we reconstructed 35,862 phylogenetic trees containing both
eukaryotic and prokaryotic homologs and looked for trees
in which plants and cyanobacteria branch together. In the
present sample, considering all trees, between 8.7% and
11.5% of all nuclear genes in photosynthetic eukaryotes
sampled branch with cyanobacterial homologs (table 1).
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Proportion of Plant Genes of Endosymbiotic Origin
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No. Total Tree Set CS>80% <3 homologues
Proteins
No. No. Putative EGT Bootstrap No. No. Putative No. Protein  No. Putative
Trees EGT Support Trees EGT Families EGT

Arabidopsis thaliana 30,897 9,025 801 (8.9%)  87.89+20.10 3,306 424 (12.8%) 2,091 136 (6.5%)

Oryza sativa 26,712 7,292 637 87%)  84.82+21.41 2,596 347 (13.4%) 1,623 95 (5.9%)

Physcomitrella patens 35,468 8,847 903 (10.2%)  84.74+22.11 3,425 542 (15.8%) 1,402 78 (5.6%)

Ostreococcus tauri 7,715 3,495 403 (11.5%) 84.64+21.20 1,232 247 (20.1%) 324 26 (8.0%)

Cyanidioschyzon merolae 4,761 2,688 307 (11.4%)  83.92+20.05 844 167 (19.8%) 223 15 (6.7%)

Chlamydomonas reinhardtii 14,262 4,515 478 (10.6%)  83.81+21.04 1,646 283 (17.2%) 599 41 (6.8%)

Total 119,815 35862 3,529 (9.8%)  84.97+20.98 13,049 2,010 (154%) 6,262 391 (6.2%)
B0 7 e e 2100 most frequent functional categories (supplementary fig. S5,
Supplementary Material online). Clearly, the quantitative
s 1 contribution of cyanobacteria to plant genomes was great,
and the backbone of plant metabolism was acquired from
them—-plants are, biochemically, cyanobacteria wrapped in

g 207 1900 o a bigger box.

3 g To trace the nature of the plastid ancestor, we first
£ 15 5 assembled a dataset of 23 nuclear genes of plastid origin pre-
"é g sent in all plant and cyanobacterial genomes sampled. The
E 1o 200 2 tree of concatenated alignments, rooted by G. violaceus
PCC 7421, shows a deep branch placing plastids basal

JZ:}M""’* among cyanobacteria (designated with an “a” in fig. 2).
57 N, Tl {11186 Expanding the data set to include 200 universal cyanobacterial
gene families with a single, composite plant OTU (genes
acquired from cyanobacteria and present in at least one

0 0.2 0.4 0.6 0.8 1

Ccs

Arabidopsis thaliana
Physcomitrella patens
Oryza sativa

Chlamydomonas reinhardtii
==e== Ostreococcus tauri
=== Cyanidioschyzon merolae

Fic. 3.—Phylogenetic characteristics of EGT inference. The frequency
of EGT as inferred from alignments of varying reliability degrees. The dis-
tribution of alignment reliability as estimated by column score (CS) is pre-
sented in bars, colored according to the respective eukaryotes. The CS
measure is calculated as the proportion of alignment sites whose recon-
struction is independent upon the direction upon which the sequences are
fed to the alignment algorithm (Landan and Graur 2007). The frequency
of genes inferred as EGT is plotted above in the eukaryote-dependent
strongly colored lines, with the proportions inferred from trees recon-
structed by maximum likelihood and NJ approaches in solid and dashed
lines, respectively.

For the most reliable alignments, where false negatives are less
likely, the proportion of genes acquired from plastids ranges
between 16% of the genes in Arabidopsis genome and
>20% of the genes in the smaller genomes of
Ostreococcus and Cyanidioschyzon (fig. 3), with energy me-
tabolism and carbohydrate metabolism (99 genes) being the

plant) yielded the same long, deep branch. Long basal
branches are characteristic of long-branch attraction (LBA), a
well-known phylogenetic artifact. Compositional heterogen-
eity such as AT bias and heterotachy can cause LBA (Lockhart
et al. 2006), and a basal position due to an LBA often involves
the grouping of strains in which strain-specific character states
are abundant (Stiller and Hall 1999). The sequences of the
23 universally distributed proteins in the six photosynthetic
eukaryotes were found to contain significantly more unique
substitutions  than  their  cyanobacterial homologues
(P=7 x 107, one-tailed Kolmogorov-Smirnov test, supple-
mentary fig. S6, Supplementary Material online), and an
examination of the larger set of 200 phylogenetic trees recon-
structed for genes of endosymbiotic origin shows that the
eukaryotic clade branch length is on average 10-fold larger
than that of the cyanobacterial branches. The basal position of
plastids among cyanobacteria in the concatenated alignment
tree (fig. 2 and supplementary fig. S6, Supplementary Material
online) is attributable to LBA. Worse, given that LGT is fre-
guent among cyanobacteria (Raymond et al. 2002;
Mulkidjanian et al. 2006; Shi and Falkowski 2008; Dufresne
et al. 2008), there is no reason to suspect that any “core”
gene phylogeny will be a faithful proxy for the rest of the
genome (Doolittle and Bapteste 2007).
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Fic. 4.—Presence/absence and sequence similarity patterns of cyanobacterial protein families by comparison with their homologs of endosymbiotic
origin in six photosynthetic eukaryotes. Amino acid sequence similarity between the cyanobacterial proteins (x axis) and their counterparts in the eukaryotic
plastid-derived set of protein families (y axis), as deduced for the genomes in the data set. Cell shades in the matrix correspond to the similarity ranking for
each protein family (i.e., line) according to a color gradient from red (high similarity) to blue (low similarity). White cells correspond to genes lacking in the
respective genomes. Protein families are ordered according to their distribution pattern into (A) nearly universal, (B) sparse representation or (C) highly
frequent in the oceanic species, and (D) generally sparse representation. Cyanobacterial strains are ordered according to the MLN in fig. 2.

Therefore, we turned our attention to the larger set of nu-
clear genes of cyanobacterial origin whose homologs are not
universally distributed among cyanobacteria. For 611 plant
nuclear gene families identified as plastid acquisitions, we
scored gene presence and absence, and protein sequence
identity among cyanobacterial genomes (fig. 4). The SynPro
clade lacks a substantial portion of these plastid ancestor gene
families. A total of 245 (40%) protein families possessed by
plants are absent in all Prochlorococcus strains, 137 (22%) are
absent in all Synechococcus strains (fig. 4). The similarity map
also shows that overall protein sequence similarity of plant
nuclear genes is highest to homologs in members of subsec-
tion IV and V. For 225 (37%) protein families, the average
amino acid identity between the cyanobacterial genes and
their plant homologs is significantly higher for subsection V

genomes (a = 0.05, Kolmogorov-Smirnov test and FDR) than
for subsection | genomes. When subsection IV and V genomes
are combined and compared with those of subsection I, the
value increases to 270 (44%) (.= 0.05, Kolmogorov-Smirnov
test and FDR). Thus, subsection IV and V genomes harbor
more homologs of genes that plants acquired from cyanobac-
teria and those have higher sequence similarity to their plant
homologs than genomes of subsection I. Similar amino acid
usage in different organisms may sometimes lead to an over-
estimation of species relatedness (Rodriguez-Ezpeleta and
Embley 2012). Here, we tested for such possible bias using
a principle component analysis (PCA) for the amino acid fre-
guencies encoded by the 611 genes of endosymbiotic origin.
The transformation of amino acid usage into two principal
components explains in total 89% of the variability observed
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(supplementary fig. S7, Supplementary Material online).
Furthermore, the PCA reveals that the eukaryotic species do
not group with the filamentous cyanobacteria; hence, the
protein sequence similarity observed between those two
groups is not a result of biased amino acid usage.
Consequently, we can conclude that in the present sample,
the collection of genes possessed by the ancestor of plastids
was most similar to that in filamentous, heterocyst-forming
cyanobacteria (fig. 2).

Discussion
Possible Initial Benefits of Plastids

Today plastids supply fixed carbon to plant cells, but they also
have a myriad of other functions in amino acid, lipid, and
cofactor biosynthesis as well as nitrogen metabolism. What
was the biochemical or physiological context of the symbiosis
that gave rise to plastids—what initially associated the founder
endosymbiont to its host in the first place? Traditional reason-
ing on the selective advantage that was crucial to the estab-
lishment of the plastid has it that the production of
carbohydrates by the cyanobacterial endosymbiont was the
key, a view that was clearly expressed by Mereschkowsky
(1905, p. 605) in his initial formulation of endosymbiotic
theory: “Plant cells receive with no effort whatsoever large
amounts of preformed organic substrates (carbohydrates),
which their chromatophores willingly supply.”

An alternative suggestion is that the initial advantage of
plastids may have simply been their uniquely useful metabolic
end product, O,, as a boost to respiration in early mitochon-
dria (Martin and Muller 1998). The chemical benefit of O,
could, of course, have only been of value if the initial endo-
symbiosis had taken place at a time in Earth’s history, or in an
environment, where O, was not freely available in sufficient
amounts. Fossil evidence supports the notion that the primary
plastid endosymbiosis occurred at least 1.2 billion years ago
(Butterfield 2000) and molecular estimates suggest that plas-
tids might have arisen by approximately 1.5 billion years ago
(Parfrey et al. 2011). Geochemists have found over the last
decade that an approximately 2 billion year span of protracted
ocean anoxia ended only about 580 Ma (Anbar and Knoll
2002; Johnston et al. 2009; Lyons et al. 2009; Lyons and
Reinhardt 2009; Sahoo et al. 2012). The six major eukaryotic
assemblages or “supergroups” currently recognized, includ-
ing plants, arose and diversified during that time (Parfrey et al.
2011), that is, while the oceans were still anoxic (Muller et al.
2012). Such geological context (ocean anoxia during most of
the Proterozoic) would be compatible with a possible role for
O, as an initial benefit in the plastid evolution. Indeed, for
Stanier (1970), the production of O, was a reason to suggest
that plastids arose before mitochondria did. Of course,
Proterozoic ocean anoxia was likely less pronounced in the
photic zone than below it (Johnston et al. 2009). A freshwater

origin of plastids is also a possibility to consider, whereby the
present data linking plastids phylogenomically more closely
with freshwater cyanobacteria than with marine forms
(fig. 2) would be compatible with that view.

Another suggestion is that the key to establishment
of the plastid was the origin of carbon translocators in
the plastid inner membrane and that the incorporation of
a metabolite antiporter like the triose phosphate translocator
in the ancestral plastid membrane was the essential step
for establishing the primary endosymbiosis by allowing the
plant ancestor to profit from cyanobacterial carbon fixation
(Weber et al. 2006). In the same vein, it was furthermore
argued that the key to establishment of the plastid entailed
the insertion of additional host-controlled metabolite
exchange proteins into plastid membranes fulfilling a similar
export role (Gross and Bhattacharya 2009). A problem
with theories that focus on carbon exporters as the key
innovation at plastid origin is that cyanobacteria are well
known to produce copious amounts of exopolysaccharides
(De Philippis and Vincenzini 1998), such that there would be
no need to evolve or insert transporters for provision of
carbohydrates to be realized by the host.

The theory for the initial benefit of plastids that is currently
best founded in direct observation, we would argue, is
that nitrogen fixation was a key to the establishment of
the symbiosis (Kneip et al. 2007). This view is supported by
the circumstance that in modern symbioses involving
cyanobacteria, nitrogen (not reduced carbon) is usually the
key nutrient underlying the success of the partnership
(Rai et al. 2000; Raven 2002). Accordingly, the cyanobacterial
endosymbionts are nitrogen fixing forms and combined nitro-
gen (@mmonium) is the nutrient provided by the cyanobacter-
ium. This is true for diatoms with N,-fixing cyanobacterial
endosymbionts (Prechtl et al. 2004; Kneip et al. 2008),
prymnesiophytes with associated N-fixing cyanobacteria that
might be ectosymbionts (Thompson et al. 2012), cyanobionts
in lichens (Rikkinen et al. 2002), coralloid roots of cycads
(Costa et al. 2004), the angiosperm Gunnera (Chiu et al.
2005), and the water-fern Azolla (Ran et al. 2010). In the
case of Azolla and Rhopalodia, the N,-fixing cyanobacteria
live as intracellular endosymbionts (Kneip et al. 2008; Ran
et al. 2010).

Recent studies have suggested that a filamentous pheno-
type and heterocyst differentiation may have been hallmark
phenotypic characteristics of the plastid ancestor (Deusch
et al. 2008; Ran et al. 2010; Larsson et al. 2011). Indeed, in
modern cyanobacterial symbioses, fixed nitrogen is the main
currency of benefit that the cyanobacterial symbiont provides
to its host (Kayley et al. 2007). The early physiological associ-
ation of the plastid ancestors with their host might thus have
been similar to that of the unicellular nitrogen-fixing endosym-
biont and its diatom host Rhopalodia (Kneip et al. 2008), or
the highly reduced Nostoc azollae, an obligate cyanobiont of
water-ferns, whose genome has drastically been reduced,
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with a large portion of the remaining genes specifically dedi-
cated to heterocyst differentiation and nitrogen fixation (Ran
etal. 2010). A potential problem with this view is that nitrogen
fixation has not been retained by any modern plant (Allen and
Raven 1996). Why not? One possible reason concerns the
circumstance that cyanobacterial O, production led to an oxi-
dation state of the environment in which nitrate became
abundant (Falkowski et al. 2008)—in a world of abundant
nitrate, nitrogenase is less necessary, hence less likely to be
retained, although one should recall that modern cyanobac-
terial symbionts do fix nitrogen for their hosts. Perhaps,
more importantly, in oxic environments cyanobacteria that
express nitrogenase must exhibit either temporal separation
of photosynthesis and nitrogen fixation (N,-fixation occurring
mainly in the dark; Mitsui et al. 1986), or other means of
protecting the notoriously O,-sensitive enzyme from inactiva-
tion such as diazocyte differentiation in Trichodesmium
(Sandh et al. 2012), or heterocyst formation in subsections
IV and V (Kumar et al. 2010). It is possible that such
nitrogenase-protecting strategies, whereas readily accessible
to genetically autonomous prokaryotes, are not among the
realm of possibilities that plastids, which relinquished most of
their genetic autonomy, can developmentally attain.

Many Endosymbionts, or Only One with Many Genes?

Gene transfer following plastid origin readily explains plant
nuclear genes that branch with cyanobacteria. However,
many plant-specific genes branch with other prokaryotes
(fig. 5A). Plant genes that branch with chlamydial homologs
have led to the inferences that a chlamydial endosymbiont
accompanied the origin of plastids (Brinkman et al. 2002;
Huang and Gogarten 2007; Price et al. 2012). This theory
postulates that the plant ancestor consumed cyanobacteria
as food and was parasitized by environmental chlamydias
(Huang and Gogarten 2007; Moustafa et al. 2008), whereby
the chlamydias were key to establishing the plastid because
chlamydia-like bacteria donated genes that allowed export of
photosynthate from the cyanobacterial plastid ancestor and its
polymerization into storage polysaccharide in the cytosol (Price
et al. 2012). The flaw with this theory is that it is based on the
uncritical interpretation of computational results of genome
comparisons that, as has long been known (Rujan and Martin
2001; Martin et al. 2002; Esser et al. 2007; Dagan et al. 2008),
would implicate many other groups of prokaryotes far more
strongly than they would implicate chlamydias as active by-
standers at the origin of plastids. The focus on chlamydia as
opposed to, say spirochaetes or proteobacteria, is arbitrary
and to some extent ad hoc. If one were to take the chlamydia
theory seriously, or think it through in full, the transiently sym-
biotic and gene-dealing “chlamydioplast” would have to take
a number and wait in line next to the actinobacterioplast,
the clostridioplast, the bacilloplast, the bacteriodetoplast,
and the spirochaetoplast, and so forth. (fig. 54). Beyond the
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Fic. 5.—Taxon distribution of nearest neighbors to plant genes.
(A) Tree samples distribute as following: Arabidopsis: 2,324; Oryza:
1,792; Physcomitrella:  2,511; Ostreococcus: 968; Chlamydomonas:
1,218; and Cyanidioschyzon: 693. Microbial taxonomic groups having
a low frequency of nearest neighbors were grouped into the “Others”
bar. Those include Aquificae, Dictyoglomi, Elusimicrobia, Fibrobacteres,
Fusobacteria, Gemmatimonadetes, Korarchaeota, Nanoarchaeota,
Nitrospirae, Tenericutes, Thaumarchaeota, and Thermotogae. (B) A com-
parison of alignment quality (CS) between trees of Arabidopsis genes
having a cyanobacterial nearest neighbor (black) and trees where a nearest
neighbor from a different prokaryotic group was inferred (colored accord-
ing to the taxa). In all groups but the Euryarchaeota, the alignment quality
of trees where a noncyanobacterial nearest neighbor was inferred is
significantly lower in comparison with tree topologies having cyanobac-
teria as their nearest neighbor (using Wilcoxon test, a« =0.05). These re-
sults suggest that the inference of noncyanobacterial nearest neighbors to
plant genes is less reliable than the inference of cyanobacterial nearest
neighbors.
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cyanobacterial signal, which corresponds to a tangible double
membrane-bounded and DNA-containing organelle, the
other putative phylogenetic signals in the data, especially
that involving chlamydia, are better explained in terms of
known phenomena, such as LGT among free-living prokary-
otes (Dagan et al. 2008) and by phylogeny reconstruction
errors (White et al. 2007; Stiller 2011) (fig. 5B), both of
which we know to really exist, than in terms of gene dealing
endosymbionts whose existence is inferred from a few gene
trees. The null hypothesis for endosymbiotic theory in the age
of genomes should be: The ancestors of plastids underwent
LGT, just like modern cyanobacteria, whose genomes are
chimeras of genes from many sources (Mulkidjanian et al.
2006), and the plastid ancestor genome was probably no dif-
ferent (Richards and Archibald 2011). LGT among prokaryotes
accounts for the diverse sequence affinities of genes acquired
from the single ancestor of plastids with far fewer corollaries
than a one-symbiont-per-gene theory. We merely need
to incorporate the effect that LGT among prokaryotes will
have over geological time on the endosymbiotic origins of
organelles.

Clues to the Origin of Two Photosystems

One notable aspect of cyanobacterial phylogenomics pre-
sented in this study is that the marine cyanobacteria are not
basal in the trees (fig. 2 and supplementary fig. S3,
Supplementary Material online). These small unicellular cyano-
bacteria (diameter 1 um or less) share reduced genome sizes
(<3 Mb) as a common trait, and seem to have arisen from
ancestors with larger genomes (Larsson et al. 2011) that,
inferred from the phylogeny, lived in terrestrial, brackish, or
perhaps freshwater environments (Sanchez-Baracaldo et al.
2005). This led Blank and Sanchez-Baracaldo (2010) to sug-
gest that oxygenic photosynthesis arose in a freshwater envir-
onment. Our results support that view, and this conclusion has
implications for the origin of water-splitting photosynthesis.
Among many possibilities (Xiong and Bauer 2002; Hohmann-
Marriot and Blankenship 2011; Williamson et al. 2011), it
has been suggested that the progenitor of the cyanobacteria
had genes for both type | (RCI) and type Il (RCIl) photosynthetic
reaction centers (via gene duplication) but expressed either
set of genes depending on the reducing conditions in
the environment (Allen 2005): type RCl in the presence
of H,S for noncyclic electron flow, as in Chlorobium (or the
facultative anaerobic cyanobacterium Oscillatoria limnetica),
and type RCIl in the absence of H,S, for cyclic electron
flow, as in Rhodobacter (Allen 2005). Were regulation to fail
such that both type | and type Il reaction centers became
expressed in the absence of H,S, the protocyanobacterium
would oxidatively perish, unless it could extract electrons
from an environmentally available donor.

Such an electron donor could have been aqueous Mn"",
which has the utilitous property of being photo-oxidized by

ultraviolet light (Allen and Martin 2007), an abundant com-
ponent of solar radiation incident on the Earth’s surface
prior to accumulation of atmospheric oxygen. Attaining suit-
ably high concentrations of Mn"" as an environmentally
available electron donor in the ocean would be problematic,
but not in a freshwater setting. Allen et al. (2012) have
recently shown that an engineered, Mn-binding type Il re-
action center of Rhodobacter sphaeroides will produce O,
from O, in the presence of Mn in a light-dependent reac-
tion in which photo-damage is impeded in comparison
with that in a wild-type, Mn-free reaction center. Their
observation (Allen et al. 2012) is likely an important clue
to the origin of oxygenic photosynthesis, at which time
a protocyanobacterial type Il reaction center acquired, via
natural selection, the ability to (photo-)oxidize Mn""—itself
ultimately rereduced by water—and then to reduce a newly
constitutive type | reaction center. Transition from environ-
mental (substrate) Mn" ions to the catalytic Mn,Ca cen-
ter of cyanobacterial RCIl would then have permitted
light-dependent CO, and/or nitrogen fixation, in the
absence of electron donors other than water.

What Makes a Branching Cyanobacterium?

The morphological diversity of cyanobacteria poses an
intriguing question in the biology and evolution of cell differ-
entiation. Transposon mutagenesis of Synechococcus elonga-
tus PCC 7942 (subsection 1) revealed that the loss of several
genes involved in cell division leads to filament formation
(Miyagishima et al. 2005). However, our analysis revealed
that all recognized cyanobacterial cell division genes are pre-
sent in the genomes of filamentous cyanobacteria, including
those of subsection V. This suggests that the filamentous
phenotype in cyanobacteria of subsections lll, IV, and V is
not due to loss of genes for cell division, though it is currently
unknown whether those that are present are all expressed.
Genes common to both unicellular and filamentous cyanobac-
teria may also be important for determining trichome struc-
ture in members of subsections lll-V. This is suggested by
a recent study on the filamentous heterocystous strain
N. punctiforme ATCC 29133 (Lehner et al. 2011), which
showed that mutations of the amiC2 gene, encoding an ami-
dase involved in septa formation, will lead to a morphology
similar to that of colonial unicellular cyanobacteria, and
prevent heterocyst differentiation. Furthermore, filament
formation in S. elongatus PCC 7942 can be induced by
over-expression of the gene encoding FtsZ, which is known
as a cell division protein (Mori and Johnson 2001). Thus,
the lack of clear candidate genes whose distribution across
cyanobacterial genomes correlate with cellular morphology
and the experimental evidence that links between the expres-
sion level (rather than presence/absence) of cell division
proteins and filament formation suggest that a filamentous
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phenotype may result from modifications of the gene regula-
tory network and cell division program.

Supplementary Material

Supplementary figures S1-S7 and tables S1-S3 are available
at Genome Biology and Evolution online (http://Awww.gbe.
oxfordjournals.orgy).
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6 Zusammenfassung der Ergebnisse

6.1 Genome networks root the tree of life between prokaryotic

domains

Die Wurzel eines phylogenetischen Baumes gibt die Richtung und die Abfolge
der evolutiondren Ereignisse zwischen den untersuchten Taxa und ihren hypo-
thetischen Vorfahren vor. Die genaue Kenntnis iiber die Position der Wurzel
im phylogenetischen Stammbaum aller Lebewesen auf der Erde ist wichtig, um
fundamentale Riickschliisse auf die Entstehung des Lebens ziehen zu kénnen
(Lake, 2009). Die Position dieser Wurzel wird heute jedoch immer noch kontrovers
diskutiert. Einige Analysen leiteten die Wurzel und somit die dlteste Aufteilung
aller Lebewesen innerhalb der Eubakterien ab (Cavalier-Smith, 2006, 2009, 2010a,b;
de Duve, 2007). Dieses Szenario impliziert jedoch gleichzeitig eine erhohte ar-
chaebakterielle Evolutionsrate, um die substantiellen molekularen Unterschiede
zwischen Archaebakterien und Eubakterien zu erkldren (Cavalier-Smith, 2010b).
Dieser Teil der Arbeit beschéftigte sich mit der Frage, ob es tatsdchlich Anzeichen
fiir eine solche relative Erthohung der Evolutionsrate unter den Archaebakterien
gibt. Die tiblichen Methoden, eine Wurzel im phylogenetischen Baum zu be-
stimmen, haben mit Problemen der tiefen Genphylogenie (Philippe et al., 2011),
sowie des teilweise massiven lateralen Gentransfers unter Prokaryoten zu kimpfen
(Doolittle, 1999). Dies fiihrte zu weitgehenden Konflikten in den Ergebnissen. Bei
der Bestimmung der tiefsten und damit dltesten Aufteilung im Stammbaum aller
Lebewesen wurde hier deshalb ein alternatives Verfahren angewandt, welches
vollstindige Genomdaten verwendete und unabhingig von der Rekonstruktion
phylogenetischer beziehungsweise phylogenomischer Baume war. Gleichzeitig
konnten auch solche Gene, die in ihrer Geschichte lateralem Transfer unterlagen,
in die Analyse mit einbezogen werden, ohne diese gemafs tiblicher Praxis zuvor

aussortieren zu miissen.
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6 Zusammenfassung der Ergebnisse

Mit Hilfe von in 191 prokaryotischen Genomen kodierten Proteinsequenzdaten
konnte gezeigt werden, dass sich mit Hilfe unterschiedlicher Schwellenwerte fiir
die paarweise Aminosduresequenzidentitdt Proteinfamilien erzeugen lassen, aus
deren Vergleich unter benachbarten Schwellenwerten Genomaufteilungsinforma-
tionen (engl. splits) unterschiedlicher Altersklassen ermittelt werden konnten. Dies
ermoglichte es, phylogenetische Netzwerke fiir die unterschiedlichen Altersklas-
sen direkt aus den so gewonnenen Genomaufteilungsinformationen zu erstellen.
Fiir das phylogenetische Netzwerk der dltesten Aufteilungs-Kategorie wurde das
Midpoint-rooting-Verfahren (Farris, 1972) auf die Verwendung in phylogenetischen
Netzwerken angepasst und angewendet. Die ermittelte Wurzel teilt die beiden
prokaryotischen Domé&nen der Archaebakterien und der Eubakterien. Mit Hilfe
eines Jacknife-Verfahrens konnte diese Position als robust eingestuft werden.

Eine Analyse von Quartets paraloger Sequenzen, welche im letzten gemein-
samen Vorfahren der Prokaryoten dupliziert wurden (Kollman und Doolittle,
2000) zeigte, dass die betrachteten Gene einer nur geringen lateralen Transferrate
zwischen den hoheren taxonomischen Gruppen unterlagen. Fiir 75 Prozent dieser
Quartets wurde eine globale Evolutionsrate bestimmt, wahrend fiir 19 Prozent
linienspezifische Evolutionsraten festgestellt werden konnten. Letztere erlaubten
eine Einteilung in langsam bis schnell evolvierende taxonomischen Gruppen. Fiir
die Gruppe der archaebakteriellen Sequenzen ergab sich hierbei nur eine mittlere
Evolutionsrate. Das Szenario einer erhohten Evolutionsrate der Archaebakterien
konnte damit ausgeschlossen werden. Lediglich die Linien der 7y-Proteobakterien,
der a-Proteobakterien, der Aktinobakterien sowie der Bacilli wiesen erhohte relati-
ve Evolutionsraten auf.

Diese Arbeit unterstreicht, die Antiquitdt der Archaebakterien, welche minde-
stens genau so alt sind wie die Eubakterien.

6.2 A machine-learning approach reveals that alignment
properties alone can accurately predict inference of lateral

gene transfer from discordant phylogenies

Dieser Teil der Arbeit beschiftigte sich mit der Ableitung von Ereignissen latera-
len Gentransfers mit Hilfe der phylogenetischen Methode. Bei diesem Verfahren
werden phylogenetische Biume einzelner Gene beziehungsweise Proteine rekon-

struiert und mit einer Referenz, dem Stammbaum aller betrachteten Spezies,
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6.2 Roettger, Martin und Dagan (2009)

verglichen. Treten zwischen diesen beiden Topologien inkompatible Aste auf und
sind diese zusétzlich statistisch hinreichend stark unterstiitzt, kann davon ausge-
gangen werden, dass in der Evolutionsgeschichte des entsprechenden Gens ein
lateraler Transfer stattgefunden hat. Es wurde untersucht, ob es Anzeichen fiir sta-
tistisch hinreichend unterstiitzte Phylogenien gibt, welche dennoch inkorrekt sind.
Diese spiegeln dann nicht die tatsachlich stattgefundenen Evolutionsereignisse
wider und fiihren so zu falschen Aussagen beztiglich Art und Ausmafies lateralen
Gentransfers. Im speziellen sollte hier der Einfluss des Sequenzalignments auf die
Ableitung divergenter Phylogenien analysiert werden.

Anhand der Analyse von Ergebnissen einer bereits veroffentlichten Studie,
welche sich mit der Ableitung von lateralen Gentransferereignissen beschiftigte,
konnte ein starker Einfluss des Sequenzalignments auf die getroffenen Schlussfol-
gerungen festgestellt werden. Alignments, welche in der phylogenetischen Rekon-
struktion hinreichend stark unterstiitzte inkompatible Aste erzeugt hatten, wiesen
jeweils Eigenschaften auf, welche die Erzeugung inkorrekter phylogenetischer
Baume begiinstigen. Dies zeigte sich in einer erhohten Anzahl an beinhalteten Se-
quenzen, einer grofieren Sequenzdivergenz, einer geringeren Anzahl informativer
Postitionen sowie der Erhohung von Artefakten aufgrund des Alignmentverfah-
rens. Mit Hilfe einer Support-Vektor-Maschine konnte allein aus den Eigenschaften
der Alignments mit nahezu 80-prozentiger Sicherheit bestimmt werden, ob diese
wihrend der phylogenetischen Rekonstruktion inkompatible Aste mit ausreichend
hoher statistischer Unterstiitzung erzeugen werden. Hierbei waren die fiir die
Klassifizierung entscheidenden Parameter die Sequenzvariabilitidt, Alignmentver-
lasslichkeit, sowie die Unterscheidung, ob die untersuchten Alignments Sequenzen
aus unterschiedlichen Reichen (Eubakterien, Archaebakterien oder beide zusam-
men) enthielten.

Man kann davon ausgehen, dass die Verschiebung der Alignmenteigenschaften
in Richtung einer grofseren Wahrscheinlichkeit zur Manifestierung phylogeneti-
scher Artefakte, eine verldssliche Rekonstruktion phylogenetischer Baume verhin-
dert. Inkorrekt rekonstruierte Aste diirften also eine nicht zu vernachlidssigende
Quelle fiir die Ableitung von Ereignissen lateralen Gentransfers darstellen. Die Er-
gebnisse deuten darauf hin, dass bei problematischen Alignments von geringerer
Qualitdt sehr viel haufiger unstimmige Aste allein aufgrund von phylogeneti-
schen Rekonstruktionsartefakten auftreten, als dies fiir weniger problematische
Alignments der Fall ist.
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6.3 Genomes of stigonematalean cyanobacteria (subsection V)
and the evolution of oxygenic photosynthesis from
prokaryotes to plastids

Auf der Basis friitherer Untersuchen mit widerspriichlichen Ergebnissen (Criscuolo
und Gribaldo, 2011; Deschamps et al., 2008; Deusch et al., 2008; Reyes-Prieto et al.,
2010) und aktueller Genomdaten beschéftigte sich dieser Teil der Arbeit mit der
Frage, welche frei lebenden rezenten Cyanobakterien einem hypothetischen Vor-
fahren des Plastiden am dhnlichsten sind. Es sollte abgeschitzt werden, wie grofs
der Anteil in den Kerngenomen heutiger photosynthetischer Algen und Pflanzen
ist, der sich auf die Folgen einer primdren Endosymbiose zuriick fiihren I&sst.
Hierbei sollte vor allem auch der Einfluss der Qualitdt des Sequenzalignments auf
die erzielten Ergebnisse betrachtet werden. Zuséatzlich wurden vertikal und lateral
vererbte Komponenten der cyanobakteriellen Evolution untersucht. Dabei lag der
besondere Fokus auf einem moglichen Ursprung der oxygenen Photosynthese
in einer SiiBwasserumgebung. In die Analyse flossen Genomsequenzierungsda-
ten von funf Vertretern (Chlorogloeopsis fritschii PCC 6912, C. fritschii PCC 9212,
Fischerella muscicola PCC 7414, F. muscicola PCC 73103, F. thermalis PCC 7521) einer
in Genomdaten bisher nicht vertretenen Gruppe (Untergruppe V) der Cyanobakte-
rien ein. Diese stellen morphologisch aufgrund ihres filamentdsen Wachstums mit
echten Verzweigungen und der Differenzierung spezialisierter Zellen zur Stickstoff-
fixierung (Heterozysten) und Uberdauerung (Akineten) sowie durch die Bildung
eines beweglichen Filaments (Hormogonien), die komplexesten Cyanobakterien
und damit auch eine der komplexesten Gruppe der Prokaryoten tiberhaupt dar.
Zusatzlich wurde das Genom des filamentos mit Pseudoverzweigungen wach-
senden, Heterozysten-bildenden Cyanobakteriums Scytonema hofmanni PCC 7110
(Untergruppe 1V) sequenziert und analysiert. S. hofmanni ist mit 12.356 Protein-
kodierenden Genen zur Zeit der Gen-reichste Prokaryot.

Es konnte gezeigt werden, dass dem Phédnotyp der echten Verzweigungen,
welcher die Untergruppe V im Gegensatz zu allen anderen Cyanobakterien aus-
zeichnet, keine grofiere Stammmenge an Proteinen zugrunde liegt. Naheliegend
war deshalb, dass nur wenige exprimierte Proteine, welche hauptsachlich die Regu-
lation von Genen der Zellteilung und der Lokalisierung ihrer Produkte betreffen,
von Bedeutung sind. Eine cyanobakterielle Phylogenie von 324 Proteinfamilien,

deren Mitglieder in Einzelkopie pro Bakterienstamm vorlagen, legte einen gemein-
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samen Ursprung aller filamentdsen Cyanobakterien nahe und lieff die Entstehung
der oxygenen Photosynthese in einer Stifwasserumgebung vermuten. Vergleiche
dieses cyanobakteriellen Stammbaums mit einem phylogenetischen Netzwerk erga-
ben, dass diese Phylogenie nur sehr gering von Ereignissen lateralen Gentransfers
betroffen war. Es konnte somit als Referenz zur Analyse der lateralen Komponen-
te mit Hilfe eines minimalen lateralen Netzwerks (Dagan, Artzy-Randrup und
Martin, 2008) dienen. Fiir zwei Drittel der Proteinfamilien wurde mindestens ein
laterales Transferereignis abgeleitet, mit der Tendenz einer hoheren Transferrate
fiir Gene grofSer cyanobakterieller Genome. Die Ubertragung von zehn oder mehr
Genen stellte sich als duflerst seltenes Ereignis heraus. Zuséitzlich wurden Anzei-
chen fiir eine Barriere des lateralen Gentransfers zwischen der Untergruppe I und
den restlichen Cyanobakterien festgestellt.

Basierend auf 35.862 phylogenetischen Baumen kernkodierter Algen- und Pflan-
zenproteine sowie ihrer Homologe in Prokaryoten und nicht-photosynthetischen
Eukaryoten wurde untersucht, wie hdaufig Pflanzen und Cyanobakterien durch
einen gemeinsamen Ast von den restlichen Organismen abgeteilt werden. Da-
bei zeigte sich ein grofier Anteil von Genen endosymbiotischen Ursprungs in
den untersuchten Algen und Pflanzen mit vorwiegenden Funktionen im Energie-
und Kohlenstoffwechsel. Die unizelluldren Algen wiesen die grofiten Anteile von
Genen plastiddaren Ursprungs auf. Es zeigte sich, dass der abgeleitete Anteil an
entdeckten transferierten Genen fiir unverlédssliche Alignments geringer wird.
Dies unterstrich ein weiteres Mal die zentrale Bedeutung der Qualitdat multipler
Sequenzalignments in der molekularen Phylogenomik.

Der Versuch, mit Hilfe universeller kernkodierter Proteine cyanobakteriellen
Ursprungs in Algen und Pflanzen mit ihren entsprechenden cyanobakteriellen
Homologen, Riickschliisse auf die Positionierung eines abgeleiteten Plastiden-
vorfahren innerhalb der cyanobakteriellen Phylogenie zu erhalten, scheiterte mit
grofler Wahrscheinlichkeit an Artefakten in der phylogenetischen Rekonstruktion.
Diese wiesen typische Fehlerquellen fiir bekannte phylogenetische Probleme, wie
einen signifikant erhhten Anteil einzigartiger Austausche (Stiller und Hall, 1999)
in den Aminosduresequenzen der photosynthetischen Eukaryoten im Vergleich
mit den cyanobakteriellen Sequenzen sowie um ein Vielfaches erhohte Astlangen
auf. Aus diesem Grund wurde hier der Fokus auf die weit grofiere Menge an
Kerngenen cyanobakteriellen Ursprungs erweitert und Muster des Vorhanden-
seins beziehungsweise der Abwesenheit von Genen sowie die Aminosdureidentitit

von 611 Proteinfamilien im Vergleich mit den cyanobakteriellen Genomen aus-
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gewertet. Das Genrepertoire des hypothetischen Vorfahren der Plastiden wies
die grofite Ahnlichkeit zu heutigen filamentosen, Heterozysten-differenzierenden
Cyanobakterien (Untergruppen IV und V) auf. Eine mogliche tiberhohte Ablei-
tung der Verwandtschaft der untersuchten Sequenzen allein durch eine dhnliche
Aminosdurenzusammensetzung der Sequenzen konnte mit Hilfe einer Analyse
der prinzipiellen Komponenten (engl. principal component analysis) ausgeschlossen

werden.
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7 Anhang

Die folgenden Abschnitte enthalten das Anhangsmaterial zu den in Kapitel 5
aufgefiihrten Publikationen. Einige sehr umfangreiche Tabellen sind hier nicht
aufgefiihrt. Die jeweilige vollstandige Version des Anhangsmaterials kann von den
entsprechenden Internetseiten der wissenschaftlichen Zeitschriften heruntergela-
den werden (Genome Biology and Evolution online!, Molecular Biology and Evolution

online?).

1 http://www.gbe.oxfordjournals.org/
2 http://www.mbe.oxfordjournals.org/
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7 Anhang

7.1 Anhang zu Dagan et al. (2010)

b) T,—T,

Mollicutes

Spirochaetes

Bacteriodetes

a-proteobacteria
p-proteobacteria
y-proteobacteria
b-proteobacteria
Actinobacteria
Cyanobacteria

Figure S1: Protein family splits networks for higher protein similarity cutoffs.
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T,—T,

Mollicutes
Spirochaetes
Chlamydiae
Bacteriodetes
a-proteobacteria
B-proteobacteria
y-proteobacteria
d-proteobacteria
Actinobacteria
Cyanobacteria

e-proteobacteria
Clostridia

Bacilli
Euryarchaeota
Crenarchaeota

Midpoint
¢ Average root

— 0.01

Figure S2: Root-pathways in the protein family splits network. Only splits separating
the most distant pair of taxa are drawn. As an example for one possible minimum path
between these taxa respective edges are highlighted (bold line). This path passes each split
exactly one time.
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a) Distribution of BBHs to Leptospira interrogans serovar Lai
(E-value < 107° and percent identity > 25%)
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Figure S3: Nearest neighbors to Leptospira interrogans serovar Lai.
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Table S1:

Protein family sizes under different protein similarity thresholds.

Total

53429
57743
62062
66205
69671
71616
72011
70959

Universal
3831 (7%)
3080 (5%)
2352 (4%)
1688 (3%)
1121 (2%)
676 (1%)
367 (1%)
172 (0.2%)

Archaebacteria

Eubacteria

5101 (10%)
5831 (10%
6664 (11%
7293 (11%

7922 (1%
7672 (11%

44497 (83%)
48832 (85%)
53046 (85%)
57224 (86%)
60772 (87%)
63018 (88%)
63972 (89%)

Teo | 7062 (10%

)
)
)
7778 (11%)
)
)
)

63725 (90%)

Actinobacteria

5268 (10%)
5977 (10%)
6710 (11%)
7430 (11%)
8099 (12%)
8516 (12%)
8743 (12%)
8751 (12%)

Cyanobacteria Proteobacteria
1471 (3%) 18152 (34%)
1676 (3%) 20918 (36%)
1872 (4%) 23727 (38%)
2021 (4%) 26913 (41%)
2055 (4%) 29951 (43%)
1953 (4%) 32382 (45%)
1719 (3%) 34134 (47%)
1373 (3%) 35022 (49%)
a-proteo B-proteo
Tys | 3277 (6%) 1920 (4%)
T30 | 3946 (7%) 2327 (4%)
Tss5 | 4632 (9%) 2825 (5%)
Ty | 5479 (10%) || 3445 (6%)
Tys | 6310 (12%) || 4252 (8%)
Tso | 6923 (13%) || 5053 (9%)
Tss | 7401 (14%) || 5988 (11%)
Teo | 7624 (14%) || 6816 (13%)

y-proteo

6221 (12%)
7316 (14%)
8540 (16%)
10109 (19%)
11754 (22%)
13327 (25%)
14595 (27%)
15680 (29%)
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Table S2: Species that do not group with their taxonomical group.

Phytoplasma OY strain

The bacterium Phytoplasma OY strain  (Phylum:Tenericutes,
Class:Mollicutes, Candidatus Phytoplasma asteris) is an obligate pathogen
inhabiting both plant and insect. As a result to its adaptation to the rich
environment within the host, its genome has undergone a drastic reductive
evolution that eliminated many metabolic pathways, far more than any other
Mollicute (Oshima et al. 2004). In our splits networks the Phytoplasma OY
strain never groups with the other Mollicutes (Figure 2), rather it clusters
between Clostridia and Bacilli (phylum Firmicutes). Mollicutes were
traditionally defined as Firmicutes and only recently were they separated into a
new phylum (Ludwig et al. 2008). It is probably the reduced genome of
Phytoplasma OY strain that leads to lack of Mollicute-specific gene families
and hence its grouping with the more distantly related Firmicutes.

Magnetococcus sp.

strain MC-1

The chemolithoautotrophic bacterium Magnetococcus sp. strain MC-1
(phylum: Proteobacteria, class unclassified) belongs to a group of
proteobacterial magnetotactic cocci that are distantly related with the rest of
magnetotactic bacteria (Schiibbe et al. 2009). By the nearest neighbor measure,
the genome of strain MC-1 is a mosaic of proteobacterial genes, where a-
proteobacterial genes are the most frequent homologs (Esser et al. 2007). In our
splits network the Magnetococcus sp. splits always within Proteobacteria but
not with one of the subclasses in particular (Figure 2).

Leptospira interrogans serovar Lai

Leptospira interrogans serovar Lai (phylum: Spirochaetes) is a
representative virulent of the Leptospirosis disease. This bacterium has a large
genome in comparison to the other Spirochaetes and its physiology is quite
different as well (Ren et al. 2003). In our split networks, L. interrogans serovar
Lai never splits with the other Spirochaetes, and most commonly splits within
the d-Proteobacteria (Figure 2). An examination of the closest homologs to the
proteins of L. interrogans serovar Lai by the nearest neighbor measure reveals a
majority of proteins from d- and y- proteobacteria. Yet, sequence identity
distribution of these homologs is not significantly higher in comparison to the
background similarities in the whole dataset, suggesting that the high frequency
of d-proteobacterial nearest neighbors is due to small sample of completely
sequenced Spirochaete genomes rather than frequent lateral gene transfer
between the two groups (Figure S3).
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Table S3: Iterative root inference within the network by the Jackknife approach. In each
line the table shows the pair of species with maximum split weight distance. The following
line shows the result after exclusion of this pair and re-rooting. In each step the location
of the root is described.

No. Exclusions Maximum split weight distance between species Split weight distance Root placed between
0 Thermoplasma acidophilum Mycoplasma pneumoniae 0.381 archaebacteria eubacteria
1 Sulfolobus acidocaldarius DSM 639 Mycoplasma genitalium 0.370 archaebacteria eubacteria
2 Sulfolobus tokodaii Mycoplasma gallisepticum 0.351 archaebacteria eubacteria
3 Picrophilus torridus DSM 9790 Mycoplasma penetrans 0.334 archaebacteria eubacteria
4 Thermoplasma volcanium Borrelia garinii PBi 0.329 archaebacteria eubacteria
5 Pyrobaculum aerophilum Borrelia burgdorferi 0.324 archaebacteria eubacteria
6 Sulfolobus solfataricus Chlamydia muridarum 0.317 archaebacteria eubacteria
7 Aeropyrum pernix Ureaplasma urealyticum 0.308 archaebacteria eubacteria
8 Pyrococcus horikoshii Chlamydophila caviae 0.303 archaebacteria eubacteria
9 Methanopyrus kandleri Chlamydophila pneumoniae TW 183 0.301 archaebacteria eubacteria
10 Methanococcus jannaschii Chlamydia trachomatis 0.289 archaebacteria eubacteria
11 Pyrococcus abyssi Chlamydophila abortus S26 3 0.285 archaebacteria eubacteria
12 Thermococcus kodakaraensis KOD1 Treponema pallidum 0.280 archaebacteria eubacteria
13 Halobacterium sp Treponema denticola ATCC 35405 0.277 archaebacteria eubacteria
14 Archaeoglobus fulgidus Mycoplasma hyopneumoniae 232 0.279 archaebacteria eubacteria
15 Pyrococcus furiosus Mycoplasma mobile 163K 0.266 archaebacteria eubacteria
16 Methanococcus maripaludis S2 Mycoplasma pulmonis 0.265 archaebacteria eubacteria
17 Methanobacterium thermoautotrophicum Wolinella succinogenes 0.258 archaebacteria eubacteria
18 Haloarcula marismortui ATCC 43049 Helicobacter hepaticus 0.245 archaebacteria eubacteria
19 Methanosarcina mazei Mesoplasma florum L1 0.246 archaebacteria eubacteria
20 Methanosarcina acetivorans Mycobacterium bovis 0.242 archaebacteria eubacteria
21 Streptomyces avermitilis Helicobacter pylori 26695 0.178 Actinobacteria other eubacteria

Table S4: Quartet tree topologies for ancient paralogs. Only comparisons of archaebacteria
and other taxa are presented. The full table is found in the supplementary table (Table S5).

Trees t,er+ trees grouped into rate models
Tiineage
trert Fglobal Group A faster Group B faster Funknown

Ancient Percent Percent Percent Percent Percent Percent Percent

Group A Group B paralog pair No. No. Percent No. of tyert No. of tyen No. of tyer  Of Mneage No. Of tyerr  OF Fineage No. of ten
Archaebacteria Actinobacteria total 1074 1052 97,95 638 60,65 364 34,60 36 3,42 9,89 328 31,18 90,11 50 4,75
Archaebacteria Aquificae total 67 67 100,00 45 67,16 18 26,87 9 13,43 50,00 9 13,43 50,00 4 597
Archaebacteria Bacilli total 1586 1573 99,18 886 56,33 603 38,33 177 11,25 29,35 426 27,08 70,65 84 5,34
Archaebacteria Chlamydiae total 330 318 96,36 153 48,11 146 45,91 13 4,09 8,90 133 41,82 91,10 19 5,97
Archaebacteria Chlorobi total 75 75 100,00 51 68,00 20 26,67 2 2,67 10,00 18 24,00 90,00 4 5,33
Archaebacteria Chloroflexi total 52 52 100,00 36 69,23 13 25,00 0 0,00 0,00 13 25,00 100,00 3 577
Archaebacteria Clostridia total 274 272 99,27 177 65,07 71 26,10 32 11,76 45,07 39 14,34 54,93 24 8,82
Archaebacteria Cyanobacteria total 424 390 91,98 211 54,10 136 34,87 20 5,13 14,71 116 29,74 85,29 43 11,03
Archaebacteria Deinococcus-Thermus total 159 159 100,00 108 67,92 42 26,42 5 3,14 11,90 37 23,27 88,10 9 5,66
Archaebacteria Fusobacteria total 52 52 100,00 34 65,38 16 30,77 4 7,69 25,00 12 23,08 75,00 2 3,85
Archaebacteria Mollicutes total 531 500 94,16 252 50,40 203 40,60 26 5,20 12,81 177 35,40 87,19 45 9,00
Archaebacteria Planctomycetes total 67 67 100,00 29 43,28 36 53,73 0 0,00 0,00 36 53,73 100,00 2 2,99
Archaebacteria Spirochaetes total 305 301 98,69 159 52,82 9 31,89 11 3,65 11,46 85 28,24 88,54 46 15,28
Archaebacteria Thermotogae total 73 73 100,00 43 58,90 19 26,03 10 13,70 52,63 9 12,33 47,37 11 15,07
Archaebacteria  Alphaproteobacteria total 1249 1201 96,16 733 61,03 387 32,22 16 1,33 4,13 371 30,89 95,87 81 6,74
Archaebacteria  Betaproteobacteria total 841 833 99,05 501 60,14 263 31,57 14 1,68 5,32 249 29,89 94,68 69 8,28
Archaebacteria  Deltaproteobacteria total 244 241 98,77 139 57,68 75 31,12 15 6,22 20,00 60 24,90 80,00 27 11,20
Archaebacteria Epsilonproteobacteria total 230 223 96,96 137 61,43 67 30,04 8 3,59 11,94 59 26,46 88,06 19 8,52
Archaebacteria Gammaproteobacteria total 2293 2224 96,99 1279 57,51 787 35,39 77 3,46 9,78 710 31,92 90,22 158 7,10
Summary 9926 9673 97,45 5611 58,01 3362 34,76 475 4,91 14,13 2887 29,85 85,87 700 7,24

Table S5: Quartet tree topologies reconstructed for ancient paralogs. Only comparisons of
several different taxon groups with archaebacteria are presented. Comparisons are shown
for all ancient paralogs separately.

Diese Tabelle ist im Anhangsmaterial der Publikation auf der Internetseite der wissenschaftlichen
Zeitschrift Genome Biology and Evolution online! zu finden.
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7 Anhang

7.2 Anhang zu Roettger, Martin und Dagan (2009)

LGT > VGl LGT W VGI
p<<0.0001
DU R +
0 1000 2000 3000

Average sequence length

Figure S1: Distribution of mean sequence length per cluster for LGT and VGI. Differences
in the distributions of the two groups were tested by the Wilcoxon non-parametric test
(p-value presented at the top of graph).

86



7.2 Anhang zu Roettger, Martin und Dagan (2009)

r=-0.84 p<<0.0001 r=-0.82 p<<0.0001 r=-0.97 p<<0.0001
A B 1 C 1
- > 08 >, 038 -
a o Q s
9 o ; £ .
3 S 06 $ 06 :
° ° O o
(0] (0] (0]
N N N
© © 04 © 04
£ £ £ ;
2 2 2
0.2 0.2
0 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Proportion of invariant sites Proportion of informative sites Average pairwise identity
=-0.70 p<<0.0001 =-0.77 p<<0.0001 =-0.95 p<<0.0001
D E 1 F 1
- - 08 >, 08 .
Q. Q. [oX
o o [ °
5] g 06 $ 06 E
° ° el <4
(0] (0] [0]
N N N
© © 04 © 04
£ £ £ b
2 2 2
0.2 0.2
0 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Proportion of invariant sites Proportion of informative sites Average pairwise identity
=-0.87 p<<0.0001 =-0.84 p<<0.0001 =-0.98 p<<0.0001
G 1 H 1 I
>, 08 5. 08 -, 08 .
a Q Q -
o o o .
$ 06 S 06 S 06 .
© © ©
(0] (] (0]
N N N
© 04 © 04 = 04 Iy
£ £ £
2 2 2
0.2 0.2 0.2
0 0 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

Proportion of invariant sites Proportion of informative sites Average pairwise identity

Figure S2: Correlation between proportion of invariant sites and normalized entropy,
between proportion of informative sites and normalized entropy and between average
pairwise identity and normalized entropy for the whole dataset (A), (B), (C) for the LGT
alignments (D), (E), (F) and for the VGI alignments (G), (H), (I). Correlattion coefficient r
and p-value are shown above each diagram.
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Figure S3: Correlation between number of OTUs and normalized entropy (A), average
pairwise identity (B) and proportion of gaps (C). Correlation coefficient r and p-value are
shown above each diagram.
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Figure S4: Correlation between the number of different phyla in the alignments and
several different alignment features. Correlation coefficient r and p-value are shown above
each diagram.
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Figure S5: Distributions of alignment properties in the LGT and VGI95 groups (excluding
unresolved trees). Differences in the distributions of the two groups were tested by the
Wilcoxon non-parametric test (p-values presented at the top of each graph).
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Figure S6: Comparison of protein pairwise distances between genome pairs found in
LGT and VGI families. Distance distributions were compared using the Wilcoxon non-
parametric test (p-values presented at the top right of the graph).
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Figure S7: Principal component analysis: Contribution of alignment properties to the first
three principal components. Axes represent principal components (factors), alignment
properties are represented as vectors of their principal component coefficients. Three-
dimensional view of the component space (A). Two dimensional views of every two
respective components (B-C). The alignment length contribution to the first three principal
components is only marginal, so that it was not plotted.
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Figure S8: Comparison of protein pairwise distances between genome pairs found in
LGT and VGI9 families (excluding alignments yielding unresolved trees). Distance
distributions were compared using the Wilcoxon non-parametric test (p-values presented
at the top right of the graph).
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Figure S9: Distribution of highly resolved bipartitions for the LGT/VGI set (including
unresolved trees) (A) and the LGT/VGI95 set (excluding unresolved trees) (B).
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Figure S10: Differences in alignment features for alignments containing only eubacterial,
only archaebacterial sequences, or sequences from both superkingdoms (universal) for
LGT alignments only.
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Figure S11: Differences in alignment features for alignments containing only eubacterial,
only archaebacterial sequences, or sequences from both superkingdoms (universal) for
VGI alignments only.
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Figure S12: Performance of classification under different LGT proportions in the training
set (excluding alignments yielding unresolved trees).

Table S1: Prediction of LGT/VGI using a support vector machine classifier trained with
alignment properties. Alignment properties included in the training process are marked
with ?. All possible combinations are shown. Definitions of accuracy, sensitivity and
specificity can be found in the text.

Diese Tabelle ist im Anhangsmaterial der Publikation auf der Internetseite der wissenschaftlichen

Zeitschrift Molecular Biology and Evolution online? zu finden.

Table S2: Prediction of LGT/VGI95 using a support vector machine classifier trained
with alignment properties (excluding alignments yielding unresolved trees). Alignment
properties included in the training process are marked with ?. All possible combinations
are shown. Definitions of accuracy, sensitivity and specificity can be found in the text.

Diese Tabelle ist im Anhangsmaterial der Publikation auf der Internetseite der wissenschaftlichen

Zeitschrift Molecular Biology and Evolution online? zu finden.
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Table S3: Principal component coefficients for the 11 alignment properties for each factor.

Component (factor)

Alignment property 1 2 3 4 5 6 7 8 9 10 11
Number of OTUs 0.0463 -0.0023 0.1663 -0.5699 0.3106 -0.1318 -0.0680 0.0049 -0.016 0.7257 0.0044
Shannon entropy 0.3803 -0.1178 -0.1386 0.4017 0.2207 -0.0540 -0.4602 0.0135 0.1131 0.1739 0.5952
Average pairwise identity -0.4338 0.1416 0.1138 -0.2610 -0.3777 -0.0310 0.0916 0.0076 -0.072 -0.045 0.7425
Proportion of gaps 0.1583 0.1282 0.0542 -0.2026 -0.1960 0.8681 -0.2659 0.154 0.1609 0.0381 -0.026
Proportion of invariant sites -0.5155 0.1819 0.0582 0.2226 -0.2339 -0.1847 -0.6390 0.0251 0.1598 0.2068 -0.287
Proportion of informative sites -0.5122 0.1860 0.0319 0.2095 0.7275 0.3167 0.1252 0.0146 0.0076 -0.052 0.0994
Alignment length -0.0062 -0.0126 0.0031 -0.0304 -0.0195 0.1460 -0.0927 -0.983 -0.049 0.0075 0.0009
CS (HoT) -0.2530 -0.8266 0.0823 0.0489 -0.0364 0.1910 -0.1233 0.0733 -0.425 0.0621 -0.019
SPS (HoT) -0.1300 -0.4428 0.0795 -0.1318 0.0403 -0.0504 0.1007 -0.05 0.8559 -0.113 0.0327
Number of different phyla 0.0936 0.0116 0.2932 -0.4250 0.2861 -0.1737 -0.4767 0.0281 -0.119 -0.608 0.0069
Kingdom affiliation -0.1488 -0.0485 -0.9131 -0.3315 0.0669 -0.0114 -0.1390 0.019 -0.011 -0.086 -0.01

Table S4: Variance coverage of the factors extracted by principal component analysis
for the whole dataset and categorization of the main properties building the factor

(description).

Percentage
Component Variance of total

(Factor) (Eigenvalue) variance Cumulative Description
1 0.1998 61.71 61.71 Variability
2 0.0463 14.30 76.01 Reliability (CS)
3 0.0316 9.76 85.77 Kingdom affiliation
4 0.0162 5.01 90.78 -
5 0.0091 2.81 93.60 Informative sites
6 0.0071 2.18 95.78 Gap content
7 0.0056 1.74 97.52 -
8 0.0043 1.32 98.84 Alignment length
9 0.0020 0.61 99.45 Reliability (SPS)
10 0.0015 0.46 99.91 Number of OTUs
11 0.0003 0.09 100.00 Variability
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7.3 Anhang zu Dagan et al. (2012)

D Exact copy Eg Random sample

Figure S1: Producing a weighted concatenated sequence alignment. In the common
alignment concatenation procedure (top bar), a few long genes may contribute the majority
of alignment columns to the resulting alignment. In our data, for example, 39 % of the
genes account for 61 % of the columns. In weighted concatenation (bottom bar), each
gene is over-sampled to the size of the longest gene, by concatenating exact repeats of
its alignment, and the remainder being a random sample of columns (chequered blocks).
This ensures that all genes contribute the same number of columns to the concatenated
alignment.
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Figure S2: Functional classification of proteins in genomes of Subsection V cyanobacteria.
CDSs in each sequenced cyanobacterium were classified into functional categories accor-
ding to the COG functional classification (Tatusov et al., 2001). Functional categories are
colored according to the one letter code: J, translation, ribosomal structure and biogenesis;
K, transcription; L, replication, recombination and repair; D, cell cycle control, cell divi-
sion, chromosomal partitioning; V, defence mechanisms; T, signal transduction; M, cell
wall/membrane/envelope biosynthesis; N, cell motility; Z, cytoskeleton; U, intracellular
trafficking, secretion, vesicular transport; O, posttranslational modification, protein turno-
ver, chaperones; C, energy production and conversion; transport and metabolism of: G,
carbohydrate; E, amino acids; F, nucleotides; H, coenzymes; I, lipids; P, inorganic ions; Q,
secondary metabolites. R, general function prediction only; S, function unknown; -, no
COG annotation.
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TeloBP1 (Thermosynechococcus elongatus BP-1)
CyaPCC7822 (Cyanothece sp. PCC 7822)
CyaPCC7424 (Cyanothece sp. PCC 7424)
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SeyPCC6803 (Synechocystis sp. PCC 6803)
SynPCC7002 (Synechococeus sp. PCC 7002)
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NspuCCY9414 (Nodularia spumigena CCY9414)
NpunPCC73102 (Nostoc punciiforme PCC 73102)
ShofPCC7110 (Scytonema hofmanni PCC 7110)
FmusPCC73103 (Fischerella muscicola PCC 73103)
FmusPCC7414 (Fischerella muscicola PCC 7414)
FthePCC7521 (Fischerella thermalis PCC 7521)
CfriPCC6912 (Chlorogloeposis fritschii PCC 6912)
CiriPCC9212 (Chlorogloeopsis fritschii PCC 9212)
SynJA33Ab (Synechococcus sp. JA-3-3Ab)
SynJA23Ba2-13 (Synechococcus sp. JA-2-3B'a(2-13))
GVioPCC7421 (Gloeobacter violaceus PCC 7421)
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PmarCCMP1986 (Prochlorococcus marinus subsp. pastoris str. CCMP1986)

0.3

Figure S3: Maximum likelihood and neighbor-joining phylogenies reconstructed from the
concatenated alignment of 324 universal cyanobacterial single-copy proteins. The trees are
rooted by Gloeobacter violaceus PCC 7421. Bootstrap support on neighbor-joining tree was
100 % for all branches. Incompatible branches between neighbor-joining and maximum
likelihood phylogeny highlighted as dashed red lines. Prochlorales (grey), Chroococcales
(blue), Oscillatoriales (green), Nostocales (orange), Stigonematales (red), Gloeobacterales

(light green).
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Figure S4: NeighborNet reconstructed from weighted concatenated alignment of 324
universal cyanobacterial single-copy proteins.
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Figure S5: Functional categories of plant protein families of cyanobacterial origin. Func-
tional categories of CDSs were inferred by protein sequence similarity search in KEGG
database (Kanehisa et al., 2012). Functional main categories were assigned according to the
annotation of the best blast hit in the database with E-value < 10719 and identity of at
least 25 %. Protein families were classified into the functional categories according to the
most abundant functional assignment of their member proteins.
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Figure S6: Topology and distribution of unique characters in a maximum likelihood
phylogenetic tree reconstructed from universal cyanobacterial genes and plant nuclear
genes of cyanobacterial origin. The frequency of unique substitutions per organism was
calculated from the concatenated alignment of 23 universal protein families common to
cyanobacteria and plants. Amino acid position is counted as unique if the character state at
that position is unique to a particular organism. The tree is rooted by Gloeobacter violaceus
PCC 7421.
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Figure S7: Principal component analysis of amino acid usage within 611 proteins of
endosymbiotic origin. Average amino acid frequencies for respective amino acid sequences
for each cyanobacterium or photosynthetic eukaryote were used to perform a principal
component analysis using princomp function of MATLAB (The MathWorks Inc., 2012).
The first two principal components are shown. Sequences of photosynthetic eukaryotes are
indicated as black circles. Atha: Arabidopsis thaliana, Cmer: Cyanidioschyzon merolae, Crei:
Chlamydomonas reinhardtii, Osat: Oryza sativa, Otau: Ostreococcus tauri, Ppat: Physcomitrella
patens.

Table S1: Protein families identified as unique and common to all filamentous cyanobac-
teria (Subsections III, IV and V). Best BLAST hits in non-filamentous cyanobacteria, and
outside cyanobacteria are also cited.

Diese Tabelle ist im Anhangsmaterial der Publikation auf der Internetseite der wissenschaftlichen
Zeitschrift Genome Biology and Evolution online! zu finden.

Table S2: Protein families identified as specific for heterocyst forming cyanobacteria
(Subsections IV and V). Best BLAST hits in non-heterocyst forming cyanobacteria, and
outside cyanobacteria are also cited.

Diese Tabelle ist im Anhangsmaterial der Publikation auf der Internetseite der wissenschaftlichen
Zeitschrift Genome Biology and Evolution online! zu finden.
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Table S3: Protein families identified as uniquely shared among heterocystous cyanobacte-
ria of Subsection V. Best BLAST hits in other cyanobacteria, and outside cyanobacteria are
also cited.

Diese Tabelle ist im Anhangsmaterial der Publikation auf der Internetseite der wissenschaftlichen
Zeitschrift Genome Biology and Evolution online' zu finden.
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