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Abstract

Introduction

Bacterial diseases and infections are one of the major causes of morbidity and mortal-
ity worldwide thus understanding key virulence factors is important to efficiently fight
bacterial infections. It has been shown that effector proteins - as major virulence fac-
tors - contain very often a specific domain signature (so called eukaryotic-like domains
- ELDs). In this thesis the hypothesis if these effectors are the result of horizontal gene
transfer events with eukaryots as donor and pathogens as acceptor organism was tested.
Furthermore the evolutionary and phylogenetic relationship between the donor species
and the acceptor species was analyzed.

Methods

70 pathogens were chosen and their proteom was divided into ELD containing and non-
ELD containing proteins based on the effector database classification. A computational
method was implemented to use different available software solutions (e.g. phyloGenie,
raxML, mtrees, blammer, phat, SIMAP) to automatize a pre-screening of the proteom
based on similarity criteria (excluding e.g. housekeeping genes), calculating a multiple
alignment, constructing a phylogenetic tree and analyzing the relationship of taxa in
the tree (e.g. finding a monophyletic prokaryotic group with eukaryotic proteins) to
identify horizontal gene transfer. This was done using full-length proteins as well as only
domain sequences. The parameters used in these programs were tested and validated
exhaustingly. Subsequently to the constructions of the trees was the analysis of the
phylogenetic trees and the classification in HGT event with pathogen as gene acceptor
and eukaryote as donor.



Results

The results indicated that pre-filtering with alien index was applicable - reducing the
proteom by 40-50% yet conserving proteins with an ELD score and gaining a speed up
factor of about 2 for the subsequent tree construction. Tree reconstruction parameters
were tested by comparing positive signals for HGTs in Legionella pneumophila str. Paris
with known positive signals in the literature - showing that the results are identical with
some exceptions resulting from proteins with little homology. It was shown that the
differences in the trees obtained from maximum-likelihood in comparison to neighbor-
joining methods were negligible - thus the much faster neighbor-joining method could
be used. Using full length proteins tree analysis showed for 14 bacteria a significant
(p < 0.05) connection between ELDs and HGTs. Most of these bacteria are highly
pathogenic and virulent - and most protein donors are not from the phyla these bacteria
infects primarily. Utilizing domain sequences (domain structures are evolutionary more
stable than proteins) for multiple alignment and tree construction resulted in 33 positive
p-values out of 60 analyzed proteoms - with an overlap between positive signals from
protein sequences an domain sequences of 8 bacteria.

Summary

The results of this thesis shows that for a certain set of organisms a significant con-
nection between horizontal gene transfer events and eukaryotic-like domains can be
stated and this link becomes even more established when using domain sequences. The
8 pathogens which showed a significant connection between ELDs and HGTs on pro-
tein and on domain level were either pathogens which were known for their numerous
HGT events (Legionella pneumophila str. Lens, Legionella pneumophila str. Paris,
Legionella pneumophila subsp. pneumophila str. Philadelphia 1), their endosymbiotic
life-style (Wolbachia endosymbiont of Culex quinquefasciatus Pel) or their high virulence
and pathogenicity (Coxiella burnetii RSA 493, Francisella tularensis subsp. tularensis
NE061598, Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130) with the
exception of Acidaminococcus intestini RyC-MR95 which colonize the human gut flora
as commensal.




Abstract

Einleitung

Bakterielle Erkrankungen und Infektionen sind eine der haufigsten Todesursachen weltweit
- ein tieferes Verstdndnis von Virulenzfaktoren ist unumgénglich fiir eine effektive Bekdmp-
fung von bakterielle Infektionen. In fritheren Arbeiten wurde bereits gezeigt, dass Effektor-
Proteine - welche als Haupt-Virulenzfaktoren anzusehen sind - sehr oft eine spezifische
Domainsignatur besitzen (so genannte eukaryotic-like domains - ELDs). In dieser Arbeit
wurde die Hypothese, dass Proteine mit eukaryotic-like domains das Resultat von hori-
zontalen Gentransfer (HGT) mit Eukaryonten als Gen-Donatoren und Prokaryonten als
Gen-Akzeptoren sind, untersucht. Weiters wurde das evolutionédre und phylogenetische
Verhéltnis zwischen Donor und Akzeptor des HGT analysiert.

Methoden

70 Pathogene wurden randomisiert aus der effector.org Datenbank ausgewéhlt und ihr
Proteom in Proteine mit ELDs (verwendete Definition von ELDs entspricht der effec-
tor Datenbank Definition) und Proteine ohne ELDs unterteilt. Eine Softwarelosung
wurde implementiert, welche folgende Schritte fiir die Menge aller Proteine der Proteome
mit Hilfe vorhandener Software (verwendet wurden unter anderem phyloGenie, raxML,
mtrees, blammer, phat und SIMAP) automatisierte: (1) Vorselektion des Proteoms an-
hand von Sequenzéhnlichkeit, (2) Erstellen eines multiplen alignments, (3) Konstruktion
eines phylogenetischen Baumes und die (4) Analyse des Baumes (z.B. das Auffinden einer
monophyletischen, prokaryontischen Gruppe mit eukaryontischen Proteinen im Ast) zum
Auffinden eines HGT. Dieser Ansatz wurde sowohl auf Proteine als auch fiir Proteindo-
mains angewandt. Anschliefsend an die Parametersuche fiir die einzelnen Programme
wurde der methodische Ansatz angewendet, die phylogenetischen Bdume analysiert und
nach positiven/negativen Signalen fir HGTs mit Pathogene als Gen-Akzeptor und Eu-
karyonten als Gen-Donor klassifiziert.



Resultate

Die Selektion der Proteine mittels Ahnlichkeitskriterien stellte sich als sehr effektiv heraus
- es reduzierte die zu analysierenden Proteine um 40-50% und fiihrte zu vernachléssig-
barem Verlust an potentiellen HGT Kandidaten. Die Suche nach optimalen Parametern
zur Konstruktion von phylogenetischen Béume wurde mittels bekannten Beispielen aus
der Literatur vollzogen - die Ergebnisse waren bis auf erklarbare Ausnahmen ident. Der
Vergleich zwischen Maximume-likelihood und Neighbor-joining Methoden zur Konstruk-
tion von phylogenetischen Badumen zeigte am Beispiel eines Chlamydia Stammes keinen
Unterschied im Ergebnis - was zum Verwenden einer Neighbor-joining Methode fiir die
weitere Analyse fiihrte. Angewendet auf Proteine zeigt die entwickelte Methode fiir14
Pathogene einen signifikanten (p < 0.05) Zusammenhang zwischen ELDs und HGTs.
Die meisten dieser Pathogene sind hoch virulent und pathogen - und nach Analyse des
Baums ist ersichtlich das nur wenige Gene-Donoren dem Phylum angehéren welches das
Pathogen infiziert. Wendet man die entwickelte Methode auf Proteindomains an (Do-
mains sind evolutionér stabiler als komplette Proteinsequenzen) ergeben sich in 33 von
60 Fallen signifikante p-values und damit eine signifikante Korrelation zwischen ELDs
und HGTs. Die Ergebnisse fiir Proteine und Proteindomains iiberschneiden sich in acht
Pathogenen.

Zusammenfassung

Die Ergebnisse dieser Arbeit zeigen, dass man fiir eine bestimmte Gruppe an Bakterien
einen signifikanten Zusammenhang zwischen HGTs und ELDs zeigen kann und dieser
Zusammenhang bei Verwendung von Domaininsequenzen tendenziell starker wird. Die
acht Pathogene, welche sowohl auf Proteinsequenz- als auch auf Domainsequenzebene
einen signifikanten Zusammenhang zwischen ELDs und HGTs zeigten, rekrutieren sich
aus Bakterien, welche fiir ihre hohe Anzahl an HGTs aus der Literatur bekannt sind (Le-
gionella pneumophila str. Lens, Legionella pneumophila str. Paris und Legionella pneu-
mophila subsp. pneumophila str. Philadelphia 1), eine endosymbiontische Lebensweise
besitzen (Wolbachia endosymbiont of Culex quinquefasciatus Pel) oder hoch virulent
und pathogen sind (Coxiella burnetii RSA 493, Francisella tularensis subsp. tularensis
NE061598, Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130) mit der
Ausnahme von Acidaminococcus intestini RyC-MR95.




Contents

1 Introduction 1
1.1 Bacterial effector proteins . . . . . . .. .. ... 2
1.1.1 Bacterial Secretion Systems . . . . . . . ... ... ... 3
1.1.2 Computational methods for the prediction of secreted virulence
factors . . . . . L 15
1.1.3 Host-Pathogen interaction networks . . . . . ... ... ... ... 17
1.2 Eukaryotic-like proteins . . . . . . . ..o 19
1.2.1 Protein domains . . . . . . ... ... 22
1.2.2 PFAM . . . . 22
1.2.3 Eukaryotic-like domains/proteins . . . . . . . .. ... 23
1.2.4 Computational methods to identify ELDs - Effectors Database . . 24
1.3 Proposed evolution of eukaryotic like domains/proteins . . . . . . . . . .. 27
1.4 Horizontal gene transfer . . . . . .. .. ... o000 29
1.4.1 Overview . . . . . .. 29
1.4.2 Biological mechanisms of HGT in bacteria . . . . . . . .. ... .. 31
1.4.3 Biological mechanisms of HGT in eukaryotes . . . .. .. ... .. 34
1.4.4 Computational methods to identify horizontal gene transfer . . . . 36
1.5 Aims of the Master Thesis . . . . . . .. .. ... ... .. ... ...... 40
2 Methods 41
2.1 Large-scale construction of multiple-alignment and phylogenetic trees for
known bacterial symbionts/pathogens . . . . . ... ..., 41
2.1.1 Overview . . . . . .. 41
2.1.2 Methods and parameters . . . . . . . . ... ... ... ... .. .. 45
2.2 Construction of domain trees . . . . . . . ... ... ... ... ..., 47
3 Results and Discussion 49
3.1 Distribution of phyla in the effectors database . . . . . . . .. . ... ... 49
3.2 Parameter screening for the alien index . . . . . . . ... ... ... .... 50
3.3 Validation of the tree reconstruction and tree analysis parameters . . . . . 60
3.4 Discussion of the used PHAT search strings . . . . . ... ... ... ... 68
3.5 Comparison of neighbor-joining and maximum-likelihood tree reconstruction 78
3.6 Results obtained for analysis of proteins using the AT . . . . . . ... ... 80



3.7 Large-scale search for HGTs from eukaryotes to bacteria utilizing Al and
phylogenetic tree reconstruction . . . . . .. ... oo 83
3.7.1 Variation of ELD-scores . . . . . ... .. ... ... .. ...... 83
3.7.2 Analysis with ELDs-score >4 . . . . . . . ... ... ... ..... 84
3.7.3 Phylogenetic origin and dynamics . . . . . .. ... 90
3.8 Tree construction based on protein domains . . . . . . . . ... ... ... 97
3.8.1 Protein domains for Legionella pneumophila str. Paris . . . . . . . 97
3.8.2 Analysis of domain trees for 60 bacteria . . . . .. ... ... ... 99
4 Conclusion and outlook 107
Literatur 127
Appendices 128

A Tree analysis of all proteins of Wolbachia endosymbiont of Culex quin-
quefasciatus Pel and Francisella tularensis subsp. tularensis NE061598
with ELD score equal to or greater than 4 and a bit-score ratio of
equal to or greater than 0.5 using different PHAT search strings 129

B Variation of the ELD-Score and its impact on the y?-square test 133

C Details for 146 domain trees obtained from Legionella pneumophila

str. Paris which resulted in a positive PHAT signal and having a
proposed eukaryotic origin 149
D Comprehensive table for results obtained for 70 prokaryots 153

List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

Summary of known bacterial secretion systems . . . . . ... .. ... .. 5
Sketch of the type II secretion pathway in Gram-negative bacteria . . .. 8
Sketch and electron microscope image of T3S Injectosome . . . . . . . .. 9
Schematic view of the role of type IV secretion in bacteria . . . . . . . .. 11
Schematic overview of the type V secretion systems in bacteria . . . . . . 13
Schematic overview of the type VI secretion systems assembly and function 14
Genomic and functional based methods to detect effectors . . . . . . . .. 17

Effectors that target the host cytoskeleton . . . . . . . ... .. ... ... 20



1.9 Schematic representation of suggested horizontal gene transfer events in
selected signaling domains . . . . . . ... ... oL oL
1.10 Phylogenetic tree built with a Neighbor-Joining method from a multiple
sequence alignment for sphingosine-phosphate lyase proteins . . . . . . . .
1.11 Horizontal Gene Transfer . . . . . . . . .. .. .. ... ... .. .....
1.12 Schematic view of the natural transformation of recipient bacteria and
selection of transformants . . . . . . . ... ... L
1.13 Schematic overview of plasmids and conjugative transfer in the horizon-
tal/lateral transfer of genes . . . . . . ... ... Lo

2.1 Overview of the workflow . . . . . . . . . . . . . . ... ...

3.1 Distribution of phyla in the effector database . . . . .. ... .. ... ..

3.2 Legionella pneumophila: Impact of changing Al filter criteria on total
quantity of proteins . . . . . . ...

3.3 Legionella pneumophila: Impact of changing Al filter criteria on subsets
of proteins . . . . . . ...

53

3.4 Coxiella burnetii: Impact of changing Al filter criteria on subsets of proteins 57

3.5 Coxiella burnetii: Impact of changing Al filter criteria on total amount of
proteins . . . ...
3.6 Chlamydia trachomatis D/UW-3/CX: Impact of changing Al filter criteria
on subsets of proteins . . . . . .. ...
3.7 Chlamydia trachomatis D/UW-3/CX: Impact of changing Al filter criteria
on total amount of proteins . . . . . . . .. ... ... ...
3.8 Multiple sequence alignment of YP 122389 done by COBALT . . .. ..
3.9 Blast results of YP 123949 . . . . . . . ... o o
3.10 Neighbor joining tree calculated based on the multiple sequence alignment
for YP 123949 done by COBALT . . . . . ... ... ... ... ....
3.11 Multiple sequence alignment of YP 122389 done by COBALT . . .. ..
3.12 Phylogenetic tree reconstruction using COBALT for a protein of Legionella
pneumophila Str. Paris - YP 122389.1. . . . .. . ... ... ... . ...
3.13 Protein tree for YP 005661992 in Chlamydophila pneumoniae LPCoLN .
3.14 Protein tree for YP 002823667 in Sinorhizobium fredii NGR234 . . . ..
3.15 Protein tree for YP 094149 in Legionella pneumophila subsp. pneu-
mophila str. Philadelphia 1 . . . . . . ... ... 0o



LIST OF TABLES 4

List of Tables

3.1
3.2

3.3
3.4

3.5
3.6

3.7

3.8
3.9
3.10
3.11
3.12
3.13

3.14

Al

B.1

C.1

D.1

Distribution of phyla . . . . . . . . .. ... 50
ACC numbers and further details for all proteins which have an ELD score

greater or equal to 4 in Legionella pneumophila str. Paris . . . . . . . .. 56
Evaluation of the quality of the phylogenetic tree reconstruction . . . . . . 66

Tree analysis of all proteins of Legionella pneumophila str. Paris with
ELD score equal to or greater than 4 and a bit-score ratio of equal to or
greater than 0.5 using different PHAT search strings . . . . ... ... .. 71
Evaluated results for the used PHAT query string . . . . . ... ... ... 73
Comparison of the results obtained with different PHAT search strings for
trees from Chlamydia trachomatis D/UW-3/CX using either a neighbor-
joining or a maximum-likelihood tree reconstruction method . . . . . . . . 79
Overview of the number of proteins, number of positive ELD signals, num-
ber of all proteins with an Al score above 0.5 and number of proteins with

an Al score above 0.5 and positive ELD signal . . . . . . . ... ... ... 83
Overview of the results - Part 1/3 . . . . .. ... ... ... ... ... .. 86
Overview of the results - Part 2/3 . . . . .. ... ... ... .. ... ... 87
Overview of the results - Part 3/3 . . . . . . ... ... ... .. ..... . 88
Possible phylogenetic donor-acceptor relationship for HGTs . . . . . . .. 97

Results for the analyzed domain trees of Legionella pneumophila str. Paris 98
Comparison of the significant results obtained from protein and domain

treeanalysis . . . . . .. 102
Details for domain trees obtained for 60 prokaryotes . . . .. .. .. ... 106

Tree analysis of all proteins of Wolbachia endosymbiont of Culex quinque-
fasciatus Pel and Francisella tularensis subsp. tularensis NE061598 with
ELD score equal to or greater than 4 and a bit-score ratio of equal to or
greater than 0.5 using different PHAT search strings . . . . .. ... ... 132

Variation of the ELD-Score and its impact on the x2-square test . . . . . 148

Details for 146 domain trees which resulted in a positive PHAT signal and
having a proposed eukaryotic origin . . . . . . . ... .00 152

Comprehensive table for results obtained for 70 prokaryotes . . . . . . .. 174




Chapter 1

Introduction

Bacterial diseases and infections are one of the major causes of morbidity and mortality
worldwide (e.g. chronic lower respirator diseases ranking as number three on the list of
leading causes of death in the US in 2008/9') - thus it should come as no surprise that
much research has been done to elucidate molecular mechanisms by which pathogenic
bacteria have evolved and developed pathogenicity. One of the crucial keystones for
pathogens to function efficiently is their ability to impair the host enough to promote
their survival, yet not killing their host prior to dissemination. This is primarily done
by protein secretion - which is one of the main mechanism bacteria utilise to modulate
their interactions with the biotic environment. This is especially noteworthy for bacteria
which have a pathogenic associations with host eukaryotic organisms - secreted bacterial
proteins are in this cases a key virulence mechanism. A stable relationship between bac-
teria and eukaryotes is often initiated and maintained by the secretion of a broad arsenal
of secreted virulence factors (which are not expressed in related non-pathogenic strains)
which are able to utilize the host cellular machinery - so called effectors [Tseng et al.,
2009, Shames et al., 2009].

Not only pathogens but also symbionts interact with their host protein network by uti-
lizing effector proteins - since bacteria make up about 90 % of the cellular population
of our bodies it is important to understand how these bacteria influence and effect our

lives. This is especially true since it became clear that populations of human cells have

!data provided by the U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES
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a constant relationship with the human microbiome making use of protein-protein in-
teractions and under certain conditions these interactions can become pathogenic. The
human microbial flora has been associated with obesity, metabolic disease, infant growth,
colorectal cancer and only recently it was shown that genes acquired by horizontal gene
transfer are enriched in cancer samples [Arthur et al., 2012, Riley et al., 2013|. Bacterial
effectors which are successfully transported from the bacteria to the host cell are able
to fulfill diverse functions - ranging from manipulation the immune response of their
host, rearranging host cytoskeleton to hijacking the MAPK or ubiquitination pathway to
name just a few [Mattoo et al., 2007]. For some organisms it has been shown that their
effector proteins resemble not only the function of eukaryotic proteins but have also simi-
larity to eukaryotic proteins on the sequence and structure level (these domains/proteins
are called eukaryotic-like domains/proteins) - leading to an ongoing investigation of the
evolution of effector proteins [Gomez-Valero et al., 2011a, Al-Khodor et al., 2008].

Also in the light of the finding that more and more bacterial strains are resistant to
common antibiotics there is a rising need for new targets in fighting bacterial infections -
understanding the evolution and behaviour of effectors may lead to a better understand-
ing of pathogen-host interaction, virulence, host adaptions, resistance and infection on a
molecular level which in turn provides new targets for drug development. The aim of this
master thesis is to investigate the evolutionary dynamic of effectors and to test the hy-
pothesis that many eukaryotic-like domain containing proteins are typically acquired by
horizontal gene transfer comprehensively - utilizing the fact that horizontal gene transfer

can be detected by tree reconziliation - and analyzing their evolutionary dynamic.

1.1 Bacterial effector proteins

Bacterial effectors are proteins/small molecules that fulfill their function outside the
prokaryotic cell and interact with proteins in the host cell to selectively bind and regu-
late the biological activity of proteins [Crow et al., 2012|. To meet this requirement both

Gram-negative and Gram-positive bacteria have evolved specialized transport mecha-
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nisms to translocate proteins from the bacterial interior to the exterior or host cell cyto-
plasm - a process named secretion [Beeckman & Vanrompay, 2010].

Seven different bacterial secretion systems and the Sec pathway have been described so
far as possible transport systems for effectors. There is little homology between the sys-
tems, each of them is unique in terms of molecular structure and way of translocation.
A single bacterium can deliver up to 100 different effector proteins into individual host
cells. These effectors are often multifunctional proteins with overlapping properties and
interactions for the main purpose of triggering specific host responses [Dean, 2011].
These effectors can be organized in classes using their different sub-cellular targets (e.g.
Mitochondrial-targeting sequences, Membrane targeting motifs, nuclear localization se-
quences and transcription.related domains, effectors that exploit E3 ligases or mimic host
E3 ubiquitin ligases). They can also be classified utilizing their biochemical function (e.g.
Phosphatases, PiPases, Kinases, Lipases, Proteases, Cyclases, Lyases). A prominent ex-
ample for proteases is e.g. the YopJ effector which is present in Yersinia and acts as
an anti-inflammatory effector by binding the mitogen-activated protein kinase (MAPK)
and preventing phosphorylation [Dean, 2011]. Another example for a well studied and
important class of effectors are the TAL (Transcription activator-like) effectors which are
injected by Xanthomonas bacteria via type 3 secretion system to infect plant cells. The
TAL effectors are of great interest in various fields of molecular biology for their ability
to bind DNA with high sequence specificity and their relative ease of retargeting them
to different DNA sequences [Mak et al., 2012, Boch et al., 2009].

1.1.1 Bacterial Secretion Systems
Overview

In Gram-negative bacteria there are six known secretion pathways (called type I to type
VI secretion systems and abbreviated T1SS to T6SS) - each of them displaying consid-
erable diversity. In Gram-positive bacteria there are some of the same secretion systems
present as in gram-negative bacteria and one specific to this group: the type VII secretion

system. A summary is shown in Figure 1.1.
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For Gram-negative bacteria the barrier to be crossed for proteins consists of an inner and
an outer membrane, in between lies the periplasmic space. Gram-positive bacteria only

have one membrane and therefor no periplasmic space.

Gram-negative bacteria transport proteins across the inner and outer membranes in a
single step using the Type I, Type III, Type IV or Type VI secretion pathway. Sec or
Tat (for Type II and type IV secretion) systems often transport unfolded or folded pro-
teins via a stop at the periplasmic space - where their final three-dimensional structure
is obtained - before transporting them across the outer membrane via the Type II, Type
V or less commonly the Type I or Type IV secretion pathway.

A characteristic of proteins being secreted using sec-dependent pathways (Type IT se-
cretion system and type V secretion system ) is a short terminal signal sequence (~ 30
amino acids) which is cleaved by peptidases in the periplasmic space, in contrast to type
I secretion system, type III secretion system and usually also type IV secretion systems

which are able to secrete proteins without any such signal [Tseng et al., 2009].

In Gram-positive bacteria proteins are normally translocated across the membrane
by the two-arginine (Tat) or Sec pathway - in the case of Gram-positive bacteria with
a hydrophobic, nearly impermeable cell wall the Type VII secretion system translocates
proteins [Shames et al., 2009, Hacker & Carniel, 2001, Tseng et al., 2009).

Type III, type IV and VI penetrate the host cell membranes and inject proteins into
the cytosol in contrast to the other systems which can be used if effector entry into the
cytosol is not required [Arnold et al., 2012|. Type III and especially type IV systems have
been shown to be of great importance in interactions between bacterial and eukaryotic
cells and in the translocation of bacterial effector molecules directly into the eukaryotic
cell. Commonly encoded in large clusters of contiguous genes this two secretion systems

are often considered as pathogenicity islands in bacteria [Bingle et al., 2008].
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Figure 1.1: Summary of known bacterial secretion systems. The secretion systems are
simplified sketched - only the basics of each mechanism are shown. HM: Host membrane;
OM: outer membrane, IM: inner membrane; MM: mycomembrane; OMP: outer mem-
brane protein; MFP: membrane fusion protein. ATPases and chaperones are shown in
yellow [Tseng et al., 2009|.

Sec pathway and twin-arginine pathways

The general secretion pathway (Sec) and the two-arginine (Tat) translocation pathway
are universal to all three domains of life - even though there are differences in number of
translocase components and energy sources. The sec machinery is used to insert proteins
into the endoplasmatic reticulum of eukaryotes and into the inner membrane (cytoplas-
mic membrane) of bacteria and archaea - but it cannot transfer folded proteins across
the membrane. Whereas the Tat system is able to translocate folded proteins across
the cytoplasmic membrane in bacteria and archaea (also across the chloroplast thylakoid
membrane in eukaryotes). The sec and tat pathways both function to insert proteins into
the membrane as well as transport proteins across the inner and - using the secretion
and translocation unit - outer membrane [Yuan et al., 2010]. The Sec pathway uses a
hydrophobic N-terminal sequence for recognizing proteins destined for secretion, the tat
secretion pathway utilizes a motif rich in basic amino acid residues (S-R-R-x-F-L-K) in

the N-terminal region of large co-factor containing proteins [Tseng et al., 2009].

The Sec translocon core compound consists of a heterotrimeric protein complex desig-
nated as SecYEG in Bacteria and Sec61af7y in eukaryotes. The translocon can facilitate

the transport across or integration of proteins in the membrane in either a co-translational
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or post-translational way. In bacteria the majority of inner membrane proteins use the
co-translational, the majority of secreted proteins the post-translational pathway. Note-
worthy is that the selection step for both pathways lie at an early stage of translation

once the nascent chain emerges from the ribosomal exit tunnel [du Plessis et al., 2011].

Type I secretion system

The type I secretion system (T1SS) is a sec-independent transport system and bypasses
the periplasm. It recognizes a specific secretion signal at the C-terminus of the secreted
protein which is not cleaved during secretion. Many proteins secreted by the T1SS
have distinctive glycine rich repeats (GGXGXDXXX) that specifically bind calcium ions.
This repeats are in various numbers (up to 50) present in most secreted proteins, forming
distinctive beta-sandwiches or beta-roll structures with calcium ions in the turns whereas
there are also cases without any repeats (HasA) or other kind of repeats.

This glycin rich repeats have been found up to now only in cyanobacteria and in all
classes of proteobacteria. Proteins with this repeat are widely diverse in size (varying
from 90 up to 9000 residues), with only little exceptions very acidic (pI around 4) and
have very few or no cystein residues. In addition to glycin rich repeats many proteins
have repeats which are homologue to regions in adhesion molecules. The translocator
consists of three proteins that span the cell envelope - one outer membrane protein and
two cytoplasmic membrane proteins (an ATP-binding cassette (ABC) and a membrane

fusion protein (MFP)) [Delepelaire, 2004].

Type II secretion system

Type II secretion systems (T2SS) are conserved and common (but not universal) among
Gram-negative bacteria. Bacterial pathogens of plants (Pseudomonas fluorescens, Er-
winia spp., Xanthomonas spp.), animals (Aeromonas hydrophila) and humans (Klebsiella
oxytoca, Pseudomonas aeruginosa, Legionella pneumophila) utilize predominantly the
T2SS to secrete extracellular toxins, surface-associated virulence factors and hydrolytic

enzymes (e.g., cellulases, elastases, amylases, proteases, phoPHATases, lipases) [Douzi
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et al., 2012]. A detailed description of its component is given in Figure 1.2.

The secretion into the extracellular medium is a two-step process in which proteins are
released into the periplasm before transported across the outer membrane. The Tat ex-
port pathway is responsible for the transport across the inner membrane of proteins that
require cytoplasmic folding. Proteins that are translocated as unfolded precursors are

transported via the Sec pathway in the periplasmic space.

Type III secretion system

Unlike the two secretion systems already discussed (Type I and Type II) Type III se-
cretion systems (T3SS) predominantly translocate proteins in the cytoplasm of its eu-
karyotic host cells. T3SS secretion system is a key feature of the virulence of many
bacterial pathogens (including species of Chlamydia, Xanthomonas, Pseudomonas, Ral-
stonia, Shigella, Salmonella, Escherichia and Yersinia), causing several of the world’s
most important disease. It allows injection of effector proteins into the cytosol of target
animal or plant cells. Also bacteria which have a symbiotic relationships with plant or
animal hosts often possess a T3SS [Beeckman & Vanrompay, 2010].

The T3S system - called the injectisome - is build up from two pairs of rings spanning
across the IM and OM, connected by a rod structure and an about 60 nm long needle
protruding outside the bacteria. It is by far the most complex protein secretion system
know so far - composed of approximately 25 proteins. The injectisome is shown in Fig-
ure 1.3. The injectisome has a common evolutionary origin with the bacterial flagellum,
as suggested by the fact that the basal bodies are similar in both and include many pro-
teins with a significant similarity and homology |Troisfontaines & Cornelis, 2005, Dean,

2011].

Type IV secretion system

In comparison to other secretion systems the type IV secretion system’s (T4SS) key fea-
ture is it’s unique ability to transport nucleic acids in addition to proteins into plant and

animal cells, as well as into yeast and other bacteria. The T4SS complex is present in
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Figure 1.2: Sketch of the type II secretion pathway in Gram-negative bacteria. (a)
Proteins which are secreted via the T2SS are shown as yellow circles. They are first
transported across the IM utilizing either the Sec (purple) or Tat (brown) mechanism.
The secreton (shown in blue/green) further recognizes and transports this exoproteins
subsequently across the OM. (b) A more detailed but still schematic view of the secreton.
It is divided into three sub complexes: Shown in blue is the Secretin GspDgq, it C-
terminus forms a dodecameric pore in the OM while its N-terminus protrudes in the
periplasm. Colored in green are the IM surface proteins (Fg, Ly, Mz) and the ATPase
GspEpg. The blue/green part are the connection between the secretin and the IM surface
(GspCp). In orange and red the pseudopilus are shown. Gsp proteins are indicated by
their corresponding letters [Douzi et al., 2012].
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Figure 1.3: Sketch and electron microscope image of T3S Injectosome. (A): a resting
T3S injectisome is shown - spanning from IM across the periplasmatic space and OM.
The needle protrudes beyond the extracellular space outside the bacterium. Effectors as
well as translocators are stored in the cytosol.

(B): when activated the translocators form a pore into the target cell membrane and the
effectors are transported into the cyotosol of the target cell.

(C): electron micrograph of the surface of Yersinia enterocolitica with protruding needles
[Troisfontaines & Cornelis, 2005|.

_—Translocators
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Gram-positive as well as in Gram-negative bacteria.

Type IV secretion systems is homologous in many bacteria (but not present in all), in-
cluding the pathogens Agrobacterium tumefaciens C58 (VirB), Helicobacter pylori (CAG;
ComB), Pseudomonas aeruginosa (TraS/TraB), Bordetella pertussis (Ptl), E. coli (Tra),
Legionella pneumophila (Dot) and the nitrogen-fixing plant mutualist Mesorhizobium
loti [Tseng et al., 2009]. Although functional similar, they are not all derived from the
same sets of genes - which the only known exception of VirB10 (Trbl) which is present
in all characterized systems [Cao & Saier, 2003].

The T4SS family can be divided into three groups based on its functions - schematically
shown in Figure 1.4.

The first group is able to mediate the conjugative transfer of plasmid DNA or trans-
posons into a wide range of bacterial species. For at least two Gram-negative species
(Eschericha coli and Agrobacterium tumefaciens) it has been shown that they are able to
deliver DNA substrates into fungal, plant or human cells. Conjugation provides a pos-
sibility to exchange genetic material therefor promoting genomic plasticity and adaptive
responses of bacteria to changes in the environment.

The second group is able to mediate DNA uptake from and release into the extracellular
milieu - promoting further genetic exchange. This has been shown for some Gram-
negative bacteria including Helicobacter pylori and Neisseria gonorrhoeae.

The third group delivers virulence proteins into eukaryotic (and mammalian) host cells.
This has been shown for pathogenic Gram-negative bacteria like H.pylori, Brucella suis

and Legionella pneumophila [Fronzes et al., 2009].

Type V secretion system

A very large number of proteins are secreted utilizing the type V secretion pathway
(T5SS), even more than via the T2SS. Most of this proteins contribute to the virulence
of animal or human pathogens [Tseng et al., 2009).

The T5SS is perhaps the most simple secretion mechanism and commonly present in the

outer membrane of Gram-negative bacteria. It is subdivided into the auto-transporter




CHAPTER 1. INTRODUCTION 11

a Conjugation

Conjugative plasmid
or transposon

b DNA uptake (transformation) and release
I X
X - ﬂ I —
DNA \.‘/ Genome DNA
fragment fragment

¢ Effector translocation

Bordetella pertussis Helicobacter pylori

Cé,-roxin Agrobacterium tumefaciens
c> © o
Legionella pneumophila
l : Brucella suis
y :

Figure 1.4: Schematic view of the role of type IV secretion in bacteria. (a): Conjugative
type IV secretion systems - transport of plasmids or transposoms between a donor and
recipient cell, possible in Gram-negative and Gram-positive bacteria.

(B): Transformative type IV secretion systems - DNA uptake and release mediated by
the T4SS system. (C): Effector translocation via the T4SS - transport of DNA or protein
virulence factors inside eukaryotic cells [Fronzes et al., 2009].




CHAPTER 1. INTRODUCTION 12

system (type Va or AT-1), the two-partner secretion pathway (type Vb), and the type Ve
system (also termed AT-2) - all using the Sec machinery for transport in the periplasm.
[Henderson et al., 2004]. Proteins which are secreted using the T5SS all have a -strand
which is inserted in the OM and forms the pore in the bacterial OM for translocation of
the folded passenger domain. In some cases (like adhesins) the passenger domain stays
attached to the g-strand and the protein is anchored in the OM - while in other cases
the passenger domain is cleaved and forms a soluble enzyme or toxin [Tseng et al., 2009].
More shared features include a N-terminal signal sequence, a functional passenger do-
main, a linker region necessary for translocation and a C-terminal region associated with
the formation of the transmembrane pore [Beeckman & Vanrompay, 2010]. A schematic
overview of the three different classes of T5SS is shown in Figure 1.5.

The similarities in the primary structures as well as the biogenesis of the secreted pro-
teins are noteworthy, as well as the N-terminal signal peptide for transport via the Sec

machinery in the periplasm.

Type VI secretion system

The type VI secretion system (T6SS) is a newly described (first named in 2006) machinery
for protein transport across the cell envelope of Gram-negative bacteria, widespread in na-
ture and not confined to known pathogens although T6SS gene clusters are usually found
within pathogenicity islands - for example: Pseudomonas aeruginosa HSi (Hep-secretion
island), EaEc (enteroaggregative Escherichia coli) pheU, Salmonella typhimurium Sci
(Salmonella centrisome island), Francisella tularensis Fpi (Francisella pathogenicity is-
land) or on chromosomes that show a bias towards virulence or survival in the eukaryotic
host cell. Core components conserved among all T6SSs include the T4SS IemF- and
IcmH-like proteins, a putative lipoprotein, the ClvP AAA+ ATPase (a potential energy
source) and the Hep (Haemolysing co-regulated protein) and VgrG (valine-glycine re-
peats) proteins. The needle complex shares similarities with the T4 bacteriophage tail
spike [Miyata et al., 2013]. The secretion is done in one step and Sec independent [Cas-

cales, 2008|. An overview of the type VI secretion systems assembly and function is




CHAPTER 1. INTRODUCTION 13

B W

HN G = ; LCOOH  HN COOH N = )-COCH
H, N S, CO0H
Type Va Type Vb Type Ve
v
- : signa\ sequence L\ 7 : folded passenger domain : linker region * B*Slrai'ld
~d

Figure 1.5: Schematic view of the role of type V secretion systems in bacteria. From
left to right the auto-transporter secretion pathway (type Va), the two-partner system
(type Vb) and the type Vc or AT-2 family is depicted. For all three different classes
the transport across the IM is performed by the Sec machinery. The signal sequence
is cleaved in the periplasmatic space and the [-domain inserts into the OM forming
a pore. The passenger domain is translocated through the pose to the bacterial cell
surface [Henderson et al., 2004].
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shown in Figure 1.6.
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Figure 1.6: Schematic overview of the type VI secretion systems assembly and function.
Starting at the inner membrane, a channel is formed by the IcmF-like and IcmH-like
proteins associated at the cytoplasmic side of the IM with the ClpVAAA*ATPase and
the type VI secretion (T6S) subunits. The ClpV multimer (shown in red) is recruited
by a pathway starting with PpkA and PppA (in the presence of Hcp), which regulate
the forkhead-associated (FHA) phosphorylation. A multimer of associated lipoproteins
in combination of the periplasmic subunits is shown at the outer membrane. The blue
arrow indicate the route for substrate translocation through the cell envelope and the
host-cell membrane - a one-step mechanism through an inner channel and a two-step
mechanism with accumulation in the periplasm is shown. J, L, M and H (TssJ, TssL,
TssM and TssH) represent the T6S core components [Cascales, 2008].

Recent studies showed that some effectors transported by the type VI secretion sys-
tem (type VI lipase effectors) target phosphatidylethanolamine, the major component of
bacterial membranes, thus functioning as antibacterial effectors |[Russell et al., 2013, Ler-

oux et al., 2012].
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Type VII secretion system

The type VII secretion system is a recently suggested name for the former known ESAT-
6 secretion system (ESX-1-ESX-5). This system, intensely studied in Mycobacterium
tuberculsis but also present in other actionobacteria and Gram-positive bacteria, trans-
ports small, highly immunogenic proteins that lack classical signal sequences. These
proteins are characterized by the amino acid sequence Trp-Xaa-Gly (WXG) and a size
of about 100 amino acids (WXG-100 proteins). In mycobacteria the secreted proteins
typically contain additional N-terminal motifs (PE - proline-glutamic acid and PEE -

prolin-proline-glutamic acid) [Simeone et al., 2009].

1.1.2 Computational methods for the prediction of secreted virulence

factors

Identification of secreted proteins for all seven secretion systems still remains a challenge.
The detection of secreted proteins with high sensitivity and specificity is important to
identify virulence factors and interaction partners in host-pathogen interaction networks.

Three different methods for identification of secreted proteins are discussed below.

Homology-based methods

Since there is experimental evidence for the characterization of some proteins as effectors
homology searches can be applied to detect effector candidates. This has all the advan-
tages and disadvantages of homology search - i.e., this approach is restricted to known
effector protein families, susceptible to sequence without functional change but on the
other hand HGTs are detectable [Arnold et al., 2012|. This can be done using a simple

BLAST search against known effectors.

This has been done e.g. to add type III secreted effectors to the repertoire of the
Sakai strain of enterohemorrhagic E.coli (EHEC). In the case of EHEC this approach

identified 65 candidates of which 60% were experimentally verified to be secreted [Tobe
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et al., 2006).

Signal based methods

Signal based methods utilize secretion signals (peptide sequences which are recognized
by the respective secretion system) to predict secreted proteins. This method is only
usable for secretion systems which have a defined and known secretion system. Type II
and V secretion systems (sec-dependent pathways) have a defined cleavage signal and
hydrophobic N-terminal signal sequence - proteins utilizing one of these two systems can
be characterized with high accuracy (sensitivity and selectivity > 88%) as implemented
in the SignalP detection software [Bendtsen et al., 2004].

For type III secretion system the exact signal leading to secretion is not known - but
it has been shown that the first 100 amino acid at the N-teriminus may contain the
signal peptides and chaperone-binding sequences needed to translocate proteins with the
T3S. Due to low sequence similarities and lack of common features among different T3S
signal sequences all signal based approaches use amino-acid frequencies of k-meres from
the N-terminus (which is responsible for substrate recognition in T3SS) of proteins and
binary classification algorithms (neural networks, Naive Bayes classifiers and support
vector machines) [Arnold et al., 2012]. An example for a classifier that uses N-terminal
position-specific amino acid composition (AAc) features is BPBAac. It is trained using
Support Vector Machine based on the AAc feature extracted utilizing a Bi-profile Bayes
model [Wang et al., 2011]|. Cross-validation experiments showed a sensitivity up to 90
% and a specificity ranging between 88-97 percentage. For the other secretion systems
signal sequences are not well defined [Arnold et al., 2012]. Type IV secreted proteins
are hard to identify - a number of bioinformatic screening strategies were adopted to
identify candidates but these methods are not exhaustive and are not generally appli-
cable for secretion signal detection. Thus a SVM model using features calculated from
residue composition and position specific scoring matrix profiles was implemented - this
was tested on experimentally validated TIVSS effectors resulting in the identification of

TIVSS effectors with an accuracy of 93% |Zou et al., 2013|.
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Genomic and functional based methods

Genomic and functional based methods enable the detection of effectors for which the
signal of substrate recognition for the transport system is unknown. To do this more
general features of effectors must be exploit like their genomic organization (pathogenicity
islands or CG content) or phylogenetic distribution of orthologs (since some of them have
been acquired by horizontal gene transfer from eukaryotes). A summary of this features
is given in Figure 1.8. Also proteins with eukaryotic like domains (ELDs - eukaryotic like
domains are being introduced in section subsection 1.2.3) serve as a basis for detection and

indicate furthermore their function as effectors in the host [Arnold et al., 2012, Burstein

et al., 2009].
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Figure 1.7: Genomic and functional based methods to detect effectors [Burstein et al.,
2009].

1.1.3 Host-Pathogen interaction networks

It is evident that the interaction between a host and a microbe is an important contri-
bution to both health and disease of the host. There are three forms of species-species

interaction:
1. Neutral interaction - two organisms do not depend on each other for proliferation.

2. Commensal interaction - one organism depends on the other for growth. If the host
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pays a fitness price this is called parasitism (or host-pathogen interaction).
3. Symbiosis - species-species interaction in which both partners gain fitness.

Focusing on pathogens/symbionts, interaction networks can be studied on the level of
genome-scale metabolic networks. This is usually combined with constraint-based mod-
eling (e.g., steady-state conditions) to investigate the (metabolic) interaction between
microbes and their host. Modeling of metabolic networks enables prediction of the phe-
notypic characteristics of single organisms to communities [Thiele et al., 2013].

Host-pathogen interaction networks can also be studied on the interactome level - mainly
the interaction of secreted proteins with host proteins [Arnold et al., 2012]. To give a
rough estimation of the huge and complex network different PPIs give rise to: it has
been estimated that the size of the binary human interactome comprise of about 130,000
PPIs (only about 8% are yet identified) [Thiel et al., 2012|. Focusing on interactoms the
interaction with the host can be viewed as interference of pathogenic proteins with the
interaction network of the host. For pathogens this happens after bacterial attachment
to host cell surface receptors since bacterial pathogenic proteins are - in contrast to viral
proteins - either secreted or injected into host cells. There are some typically key signal-
ing events bacterial effectors target - usually to induce rearrangements of the cytoskeleton
and promote bacterial-host association or internalization (depending on their lifestyle)
subsequently followed by manipulation of host cell signaling pathways involved in atten-
uation or evasion of the innate defenses of the host. One example for effectors that target
the host cytoskeleton of eukaryotes are SopE, SopE2 and SptP (present in Salmonella)
which act as guanidine exchange factors and activate either CdC42 alone or Cdc42 and
Rac-1 - exploiting the fact that many eukaryotic signal pathways are controlled by mem-
bers of the Rho family of GTPases. Many pathogens mimic eukaryotic protein-protein
interaction domains to remodel the host’s PPI network. A well studied example is the
influenza A non-structural protein 1 which contains regions to bind the SH2 and SH3
domain of PI3K. These proteins are mainly responsible for the virulence of a bacteria and

disturbing their interaction with the host may often lead to the death of the pathogen
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- therefor being of great interest for new antibacterial therapeutics |[de Chassey et al.,
2012, Mattoo et al., 2007]. But it has also been recognized that the modulation of PPIs
is one of the most challenging tasks in drug discovery - therefor deeper understanding of
the network is a crucial step [Thiel et al., 2012].

To understand PPI networks it is necessary to solve a number of sub-problems: (I) Pre-
diction of possible pathogen effectors; (2) Identifying the host binding partners and (III)
Understanding the impact of this interaction on the host system. There are few experi-
mental data for host-pathogen interaction available but their relative paucity emphasizes

the need for computational predictions.

The identification of host binding partners for proteins can be done on different
level: predicting links among conserved protein domains or predicting interaction between
protein structures. An example for a tool which predicts links among conserved protein
domains is the Domain interaction MAp (DIMA) - which combines contact evidence

provided by iPFAM and phylogenetic domain profiling [Pagel et al., 2006].

1.2 Eukaryotic-like proteins

It has been shown in a number of single-organism studies that many effector proteins
contain a specific domain signature which is usually found only in eukaryotes - their
detection is a computational prediction method for effector proteins. These proteins
are called eukaryotic-like proteins and the domain signature is called eukaryotic-like do-
main [Price et al., 2010, Voth & Heinzen, 2009, Cazalet et al., 2004].

It has been known for some time that these structures exist - to the author’s knowledge
one of the first appearances of the term ELD was in 1992 in the course of investigat-
ing Bordetella pertussis and one of its multiple adhesin proteins: pertussis toxin. This
toxin can bind to glycoconjugates on human cilia and macrophages and sequence com-
parison of the carbohydrate recognition domain to plant and animal lectins showed that

these sequences are strongly related to a subset of eukaryotic carbohydrate recognition
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Figure 1.8: Effectors which target the host cytoskeleton. Cytoskeletal rearrangement is
mediated by the Rho family of GTPases which are controlled by activating via G pro-
teins. YpkA (present in Yersinia phosphorylates and inactivates Gag-mediated path-
ways. YopT cleaves and inactivates RhoGTPases while SopE and SptP (both present
in Salmonella) modulate and control membrane invagination by mimicking guanidine
exchange factors (GEF) and GTPases activating proteins (GAP). The WxxxE effectors
(Map, IpgB1 and IpgB2) elude endogenous RhoGTPases to directly induce formation of
filopodia, lamellipodia and stress fibers. Actin polymerization is done by Tarp (present in
Chlamydia) and SipC (Salmonella). SipA facilitates and spatially controls SipC-mediated
actin polymerization. Salmonella utilizes SseF /G to position the SCVs (Salmonella con-
taining vesicle - a vesicular compartment within Salmonella replicates) in close proximity
to the the golgi network - this is done by recruiting dynein (dark gray triangles) to micro-
tubule networks. VirA (present in Shigella) - and its EPEC homolog EspG - disassemble
microtubules to induce RhoGTPase-mediated cytokeletal rearrangements. This enables
bacteria to attache themselves to the host, to enter or move within the cytoplasm [Mattoo
et al., 2007].
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domains of the C type [Saukkonen et al., 1992|. In the following years eukaryotic-like
proteins/domains were found in a variety of species (e.g. Sensory rhodopsin I in the
archeon Halbacterium salinarium [Munoz-Dorado et al., 1993], Serin/Threonine kinases
in Myxococcus xanthus [Spudich, 1993] or src¢ homology 3 domain in Staphylococcus
aureus |Whisstock & Lesk, 1999]) - but since sequenced organisms were rare it was hard
to distinguish between orthology or horizontal gene transfer. This changed around 1999
when genome sequences of organisms from each of the three divisions of life came available
- making it possible to detect horizontal gene transfer (as shown in Figure 1.9) [Ponting

et al., 1999].

C. trachomatis
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Figure 1.9: Schematic representation of suggested horizontal gene transfer events in se-
lected signaling domains. Arrows in blue indicate proposed HGT events and the red
arrow represents gene acquisition from mitochondrial endosymbiosis. Domains repre-
sented within the green oval are suggested to have been present in the last common
ancestor of the three domains of live. For lysozyme, LysM, LRR and cyclase domains
the direction of the transfer between eukaryotes and bacteria was not clear from this
study [Ponting et al., 1999].

In the following years it became more and more clear that many of these eukaryotic-like
domains/proteins are part of the effector repertoire of pathogens and play a key role in

their virulence [Milani et al., 2012].
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1.2.1 Protein domains

Protein structures can be analyzed on different structural levels: the primary structure
refers to the amino acid composition; secondary structure refers to different motifs like a-
helix or B-sheet, the tertiary structure refers to the sum of structural units of a polypep-
tide chain and quaternary structure refers to the 3D structure of a multi-polypeptide
complex.

Domains are the building blocks of the tertiary structure with distinct function, conserved
structure and sequence and can often function and retain its correct three-dimensional
structure even when separated from the rest of the polypeptide chain. Domains also
function as evolutionary building blocks - retaining its function even when integrated in
new proteins [Nelson & Cox, 2004]. Domains vary in sequence length from between 25
up to 500 amino acids - shorter domains such as zinc fingers are stabilized by metal ions
or disulfide bridges whereas longer domains are usually stabilized by hydrophobic and
electrostatic interactions.

Protein domains are clustered into protein families whose members have diverged from a
common ancestor and have similar structure, sequence and usually also similar function.
A strong evolutionary relationship is normally evident within a protein family [Chothia,
1992, Hegyi & Gerstein, 1999]. To determine the function of a protein it is often more
suitable to start with known domains rather than trying to identify protein function
based on sequence similarity with proteins of known function. The relationship between
sequence similarity and functional similarity is not straightforward - whereas the com-
mon elements in distantly related protein sequences with similar function are often their

underlying structures or folds [Hegyi & Gerstein, 1999].

1.2.2 PFAM

Related domains are summarized into protein families which are collected in the Pfam
database in which each family is represented by a multiple sequence alignment and an

inherent hidden Markov model (HMM).
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Families are multitudes of proteins that have a significant degree of sequence similarity
suggesting that members of the same PFAM family share a common evolutionary history
and some functional aspect.

PFAM contains two types of families: manually curated high quality Pfam-A families
and automatically generated Pfam-B families. The Pfam-A families are built following a
four-step procedure:

(1) first, a high-quality multiple sequence alignment (seed alignment) is built,

(2) followed by the construction of a profile hidden Markov model (HMM) from the seed
alignment,

(3) this HMM model is then used to search against the UniProtKB sequence database;

(4) all hits above a certain threshold are then included in the full alignment for the family.
In addition to the UniProtKB also the NCBI non-redundant database and a collection

of metagenomic samples are included in the analysis [Punta et al., 2012a).

1.2.3 Eukaryotic-like domains/proteins

For Legionella pneumophila strands it has been shown that many eukaryotic-like proteins
(the definition varies but the minimum agreement is that the normalized blast result of
the protein of interest against the bacterial NCBI nr-db must be lower than against the
eukaryotic NCBI nr-db to be characterized as ELP) are involved in exploitation and
modulation of host cellular functions. Also, it hast been shown that many ELPs not
only have high sequence similarity to eukaryotic proteins but also cluster in phylogenetic
trees with eukaryots therefor suggesting that these proteins are obtained by horizontal
gene transfer rather than convergent evolution |Lurie-Weinberger et al., 2010].

Eukaryotic-like domain (ELD) is a term used to describe domain signatures in effec-
tors that are typically found in eukaryots. Therefor it can be conjectured that ELDs
may function as possible identification of yet unknown effectors. This has been shown
in particular for bacterial proteins that contain ankyrin repeats which are involved in
protein-protein interaction in various eukaryotic systems. In Legionella pneumophila all

ankyrin containing proteins are translocated into the host cell via the Dot/Icm type IV
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secretion system and are required for intracellular proliferation in human macrophages as
well as in protozoa (therefor being an important virulence factor) [Cazalet et al., 2004].
Other domains - like the F-box eukaryotic domain that is involved in ubiquitination of
eukaryotic proteins - have also been seen in bacterial proteins which are translocated into
the host cell [Price et al., 2010, Al-Khodor et al., 2008].

One of the first studies suggesting horizontal gene transfer as a possible evolutionary
scenario for acquiring ELDs/ELPs was done about an effector protein called RalF that
functions as an exchange factor for the ADP ribosylation factor (ARF) family of guano-
sine triphosphatases (GTPases) in 2002. The high degree of sequence similarity between
the Sec7-like domains in RalF and ARF-GEFs in eukaryots combined with the fact that
Sec7-homology domains have only been found in two prokaryots gave rise to the hy-
pothesis that this gene was acquired by a horizontal gene transfer event from eukaryots
to prokaryots [Nagai et al., 2002]. This finding led to studies identifying a variety of
ELDs/ELPs in L. pneumophila and discussing their possible evolutionary history - this
is further discussed in section 1.3 [Cazalet et al., 2010, Gomez-Valero et al., 2009, Gomez-

Valero et al., 2011b].

1.2.4 Computational methods to identify ELDs - Effectors Database

Effective is a database of predicted secreted bacterial proteins. It provides pre-calculated
results for all publicly available pathogenic and symbiotic bacteria [Jehl et al., 2011].
Proteome data and features from a variety of different sources are integrated into the
effectors database and structured in a genome repository. The annotated proteins of
all publicly available completely sequenced genomes listed in the RefSeq database as
well as all domain signatures detected by Pfam (Version 26) were also included [Rattei
et al., 2010, Punta et al., 2012b]. The effectors database has implemented two differ-
ent strategies to determine the likelihood for protein secretion: (1) the identification of
eukaryotic-like protein domains (ELD) and (2) the recognition of amino acid sequences
corresponding to signal peptides.

The systematic, large-scale approach to identify eukaryotic-like protein domains is based
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on the comparison of domain frequencies in all genomes available in the genome reposi-
tory. The aim is to use a numeric score to distinguish between a uniform distribution of
domains over different classes of organisms and an enrichment of eukaryotic-like domains
in the proteomes of pathogenic bacteria. The possibility of bacterial contamination in
eukaryotic genomes was precluded by restriction to protein domains that are present
both in pathogenic and at least in 3 eukaryotic genomes. For every remaining domain a
background model is estimated, using the average and standard deviation of its frequen-
cies in all non-pathogenic genomes.

The following example is taken from the Effectors database homepage (www.effectors.
org) to show the actual calculation of the ELD-score:

The MACPF (membrane-attack complex/perforin domain - OF01823) domain is present
in the proteom of 28 pathogens/symbionts, 3 non-pathogens and 33 eukaryotes. The av-
erage background frequency for non-pathogens can be calculated with knowledge of the
number of non-pathogens the domain is present in (3) and the number of non-pathogenic
bacteria listed in the genome repository (292):

Xnonfpathogens = 3/292 (11)

The result for the average background frequency in this example is 0.01. The standard

deviation in non-pathogens can be estimated as:

Onon—pathogens — \/Xnonfpathogens % 23-0.01 (12)

The result is 0.1. The calculation of the score for a particular pathogen with a proteome

that contains 1 protein with this domain (therefor c=1) is as following:

~ Koon
SCOREpahogen = —— L1101 (13)

Onon—pathogens

Although the distribution of domains has varying shapes, it has been shown that the do-

main enrichment scores follow the characteristics of Z-scores and therefor scores higher
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than 3-5 can be considered as significant. Domains that occur only in proteome of
pathogens and eukaryotes are listed with a score of 10000, domains which occur in just
one pathogenic proteom have a score of 9000 [Jehl et al., 2011].

In this thesis the pre-calculated predictions for whole bacterial genomes and the calcu-
lated ELD scores were used to divide the genomes into proteins containing ELDs and
proteins with no such domains.

All pre-calculated bacterial genomes were downloaded (version: november 2012, 1058

bacteria) and 70 bacteria were randomly chosen for further analysis.
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1.3 Proposed evolution of eukaryotic like domains/proteins

The detection of sequences that have close proximity to eukaryotic proteins follows the
question of the evolutionary origin and function of such sequences. The analysis of L.
pneumophila genomes has revealed that many of the predicted or experimentally verified
Dot /Iem secreted substrates are proteins similar to eukaryotic proteins or contain motifs
mainly or only found in eukaryotic proteins. The hypothesis is that this is not only true
for L. pneumophila - specifically that most proteins which are characterized as ELPs
or contain ELDs are effector proteins and there is an evolutionary benefit in mimick-
ing/obtaining eukaryotic-like proteins/domains. Analysis of ELPs/ELDs in Legionella
(Legionella pneumophila str. Paris, str. Philadelphia 1 and Lens) revealed that many
such events are likely to be involved in interfering with eukaryotic cellular functions and
therefore constitute virulence factors but also that some are important for the life cycle
of L. pneumophila. Ankyrin repeats, SEL1 (TPR), Set domain, Sec7, serine threonine
kinase domains (STPK), U-box, and F-box motifs are all eukaryotic domains which were
previously described in the proteom of L. pneumophila and characterized as ELDs -
sphingosine-1-phosphate lyase and sphingosine kinase, eukaryotic like glycoamylase, cy-
tokinin oxidase, zinc metalloprotease and an RNA binding precursor are examples for
ELPs in L. pneumophila. Functional prediction and functional studies have confirmed
their involvement in eukaryotic cell modulation [Gomez-Valero et al., 2011b, Briiggemann
et al., 2006,Cazalet et al., 2010|. There are two possible scenarios to explain the evolution
of effector proteins: (a) convergent evolution or (b) horizontal gene transfer. As discussed
in subsection 1.4.1 there is an ongoing discussion about the importance of HGTs in re-
spect of genetic viability and the evolution of bacteria [Gomez-Valero et al., 2009].

A closer look at Figure 1.8 shows how specific these effectors act in the host cell and how
they modulate the interaction between proteins.

The evolutionary origin is normally determined by phylogenetic tree reconstruction and
parsimony - e.g., in Legionella a species tree was constructed and a protein tree was

mapped on the species tree topology. This method showed the possibility that at least
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some ELPs and also ELDs have been acquired by horizontal gene transfer from eukary-
ots. This has been suggested by recent studies for L. pneumophila [Nagai et al., 2002].
Given the lifestyle of L. pneumophila the acquisition of some of the eukaryotic like genes
by HGT events from protozoa seems plausible - the ralF was the first gene for which a
HGT from eukaryotes has been suggested, another one is the eukaryote-like sphingosine-
1-phosphate lyase of L. pneumophila (the phylogenetic tree is shown in Figure 1.10)
that is encoded by lpp212 [Garcia et al., 2004, Gomez-Valero et al., 2011b, Cazalet et al.,
2010, Cazalet et al., 2004].

100 Pongo abelii
Homo sapiens
Bos taurus
|_[ Mus musculus
9" Rattus norvegicus
Gallus gallus
Danio rerio
Drosophila melanogaster
Aedes aegypti
|L. pneumophila (strain Lens)
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Figure 1.10: Phylogenetic tree built with a Neighbor-Joining method from a multiple
sequence alignment for sphingosine-phosphate lyase proteins. In red are the L. pneu-
mophila sequences shown that are embedded in the eukaryotic clad thus suggesting a
HGT [Gomez-Valero et al., 2011b].

Given the fact that HGT events are independent evolutionary processes it is surprising
that many ELPs/ELDs are conserved in all six L. pneumophila strains. This might

indicating an ancient gene transfers - the favored explanation for this is that these early
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HGT events might have allowed a common Legionella ancestor to colonize an intracellular
niche or to adapt better to the intercellular environment of a specific protozoan species
leading to the evolution of the species L. pneumophila [Gomez-Valero et al., 2011b].
ELPs/ELDs that are not conserved and of eukaryotic origin are acquired at different
time points throughout the evolution of Legionella which can be roughly estimated based
on their phylogenetic distribution in the protein tree [de Felipe et al., 2005, Price et al.,
2010, Gomez-Valero et al., 2011b, Lurie-Weinberger et al., 2010].

1.4 Horizontal gene transfer

1.4.1 Overview

Genetic variability - and organismic variability mostly boils down to genetic variability
(this is not without exceptions [Diard et al., 2013]) - is one of the keystones for the
survival of life. In eukaryotes, variability in the genome is primarily due to sexual repro-
duction which involves chromosomal recombination - shuffling of pre-existing sequences
- during meiosis. In prokaryotes other factors determine the rate of evolution, including
frequent occurrence of point mutations, high levels of recombinations, gene silencing and
the transfer of genetic material between different species - named horizontal or lateral
gene transfer [Hacker & Carniel, 2001].

Horizontal gene transfer (HGT) - described as the non-genealogical transmission of ge-
netic material from one organism to another’ is of considerable importance for the un-
derstanding of the evolution of Bacteria and Archaea [Goldenfeld & Woese, 2007]. The
phylogenetic incongruence - emerging in the 1990s while studying phylogenetic relation-
ships in microorganisms - between molecular, morphological and physiological markers
and certain genes revealed a pressing need to understand the evolution of organism and
its genes to a greater extend. The identity of and relation between the three domains
of life (Bacteria, Eukaryots and Archaea) is based on the sequences of small subunit
ribosomal RNAs (SSU rRNAs) - rooting has been done independently, using certain key
proteins [Woese et al., 1990, Gupta, 1998|. This tree is widely accepted as the most
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important single guide to understanding genealogical relationships and is supported by
many molecular data sets. However, there are also molecular data sets which disagree
- rooting and/or branching differently than then the rRNA tree. On this background
the concept of horizontal gene transfer between organisms emerged and offered a way to

unify these opposing data sets [Hilario & Gogarten, 1993|.

It has been shown that transfer of genetic material cannot only occur among but also
between domains of life in all possible directions: from Bacteria to Archaea, from Ar-
chaea to Bacteria, from Archaea to Eukarya, from Bacteria to Eukarya, from Eukarya
to Bacteria and even within Eukarya [Boto, 2010, Doolittle, 1999b|. The importance of
horizontal gene transfer for evolution is widely debated - there are voices pointing out
that HGT is a mechanism that permits the acquisition of evolutionary novelties and
therefor questions the conception of a gradualist process driving the appearance of novel
traits and functions. This calls - more drastically speaking - the tree-based view of the
evolution of life into question. [Boto, 2010, Doolittle, 1999a, Doolittle, 1999b].

For a long time the prevailing opinion seemed to be that HGTs are rare and therefore
insignificant for the general understanding of evolution - this changed quickly with the
emerging of sequenced-based genomics [Ochman et al., 2000]. Nowadays, it is estimated
that the genome of each microbial organism consist of between 1.6 and 32.6 per cent
genes that were acquired by horizontal gene transfer [Boto, 2010]. This leads, among
other reasons, to huge differences in gene repertoires even among closely related bac-
teria such as E.coli and Haemophilus influenzae - indicating that vertical transfer of
genetic material is not enough to describe genome evolution conclusively [Koonin et al.,
2001]. Besides E.coli and Haemophilus influenzae, another example is the pathogenic sis-
ter species of E.coli: Salmonella enterica. The phenotypical diversification between the
two species are mostly due to new genetic material acquired by horizontally transferred
genes or loss of genes but not derived from the stepwise mutational changes resulting
from point mutations. Stepwise mutational changes only rarely lead to novel functions,

whereas traits encoded by acquired DNA will occasionally enable the ability to explore
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new environments [Lawrence & Ochman, 1998|.

(a) SSU rRNA ‘Universal tree’  (b) Lateral transfer of gene X

Bacteria  Archaea Eukarya Bacteria  Archaea Eukarya

TCBeTIBS*TIG

Figure 1.11: Horizontal Gene Transfer. (a) shows a simplified version of a universal
phylogenetic tree derived from SSU rRNA. B1-B3 are three bacterial and A1-A3 are three
archaeal taxa. (b) shows a genomic tree for the case that gene X has been transferred
(HGT) from an ancestor of B2 and B3 to an ancestor of A2. It is also possible to
explain this example by paralogy and differential gene loss, but for such a mechanism
many steps are purely speculative and constructed rendering such a scenario much more
unlikely [Koonin et al., 2001].

In bacteria, gene transfer takes place by using three different mechanisms: transfor-
mation - responsible for the uptake and incorporation of naked DNA; transduction -
encapsidated host DNA is transferred into a bacteriophage which functions as a vector
for injecting DNA into a recipient cell; and conjugation - cell contact depending DNA

transfer mechanism nearly ubiquitous in bacteria [Davison, 1999].

1.4.2 Biological mechanisms of HGT in bacteria
Transformation

The term transformation describes a mechanism which is responsible for acquisition of
naked DNA from the extracellular environment, integration and functional expression of
this DNA. The ability of a bacteria to undergo transformation is called genetic compe-
tence - it is a transient physiological state, which is tightly controlled by approximately
20 to 50 proteins and a reaction to environmental variables like nutritional signals, altered

growth condition, cell density or starvation. Up till now it is not possible to determine if
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a given bacterial isolate can develop competence during its life cycle - at the momentary
point of research it seems that only about 1 % of the described bacteria are transformable.
Many human pathogenic bacteria are naturally transformable - this includes bacteria of
the genera Campylobacter, Haemophilus, Helicobacter, Neisseria, Pseudomonas, Staphy-
lococcus and Streptococcus [Thomas & Nielsen, 2005].

A requirement for the uptake of free DNA is it’s abundance in the environment - and
free DNA is indeed present in great abundance since it is released from dead organ-
isms |Lorenz & Wackernagel, 1994].

The uptake of genetic material - by definition achieved when exogenous, DNase-sensitive
DNA is converted into DNase-protected DNA - means for Gram-negative and Gram-
positive bacteria slightly different things in regard to where the DNA is located after the
uptake. In Gram-negative bacteria uptake of DNA can be achieved by translocation of
DNA across the outer membrane into the periplasmic space, whereas for Gram-positive
bacteria it means that the DNA is located in the cytosol.

Gram-positive and Gram-negative microorganisms use related proteins to import chromo-
somal DNA and Plasmids which are partly homolog to proteins involved in the assembly
of type IV pili and T2SS [Chen & Dubnau, 2004]. The schematic model of the mechanism

of natural transformation is shown in Figure 1.12.

Conjugation

Conjugative transfer is specifically linked to plasmid acquisition or mobile transposable
elements, event though it is also possible but much more unlikely to acquire whole chro-
mosomes from different bacteria. It is mediated by cell-to-cell junctions and the formation
of a pore connecting the cytoplasm of both bacteria thus allowing DNA to pass through
this structure.

Conjugative transfer is considered to be a diverse collection of processes - ranging from
large self-transmissible plasmids in Gram-negative bacteria using the type IV secretion
apparatus for unspecific plasmid trading to a very tightly regulated transfer system only

allowing transfer to a limited group of bacteria species in some Gram-positive bacte-
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Figure 1.12: Schematic view of the natural transformation of recipient bacteria and
selection of transformants. The first step of transformation involves the binding of ex-
ogenous DNA to the surface of competent cells. The mechanism for the translocation
varies among bacteria and is yet not fully characterized. The DNA is transported single-
stranded into the cytoplasm - in B. subtilis it has been shown that the present of surface
endonucleases (such as NucA) which introduces double-stranded cleavages increase the
rate of DNA intake. Finally, following uptake, the transferred DNA has to be integrated
into the bacterial genome for its persistence. Integration can be achieved by homologous
recombination or by sequence-independent, illegitimate recombination. Plasmids that
managed to reconstitute a replication-proficient form do not need to integrate into the
host genome [Thomas & Nielsen, 2005].
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ria [Thomas & Nielsen, 2005]. A schematic overview of the mechanism of conjugation is

discussed and shown in Figure 1.13.

Transduction and gene transfer agents

For a fair share of horizontal gene transfer between different bacterial species phages are
responsible - it was shown that two-thirds of all gamma-proteobacteria and low G+C
gram-positive bacteria harbor prophages (including Salmonella spp. and E. coli). Trans-
duction only occurs after phage infection. The transfer of genetic material can occur
in two cases: (a) imprecise excision of the phage genome from bacterial chromosome -
termed specialized transduction - or (b) faulty packaging of host DNA instead of phage
DNA - called generalized transduction [Briissow et al., 2004]. A process similar to gen-
eralized transduction but with differences is HGT via gene transfer agents (GTAs). This
are prophages which are defective and incapable of self-replication and tend to package

bacterial genome fragments [Stanton, 2007].

1.4.3 Biological mechanisms of HGT in eukaryotes

When the need arise to predict whether a prokaryotic gene was transferred via HGT
from eukaryotes the contrary case should also be considered: that probably the gene is
of prokaryotic origin and was transferred to an eukaryotic ancestor.

There are two different ways of gene transfer in eukaryotes: (a) endosymbiotic gene
transfer: the transfer of genes from organelles (mitochondria or plastids) with an en-
dosymbiotic origin to the nucleus of the eukaryotic cell and (b) HGT between unrelated
species. While the first scenario is widely accepted, the later is very controversial.
Claims that over 100 human genes are of prokaryotic origin and only recently transferred
were soon rejected by more in-depth reanalysis using phylogenetic methods |Lander et al.,
2001, Stanhope et al., 2001, Andersson, 2005]. While it appears for now as if this is an

extremely rare scenario, it cannot be formally excluded [Genereux & Logsdorn, 2003|.
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Figure 1.13: Schematic overview of plasmids and conjugative transfer in the horizon-
tal/lateral transfer of genes. Starting in the donor cell, the events for the successful
transfer of plasmids are: (a) the plasmid is integrated into the chromosome by recom-
bination between insertion sequence elements; (b) a transposable element is transferred
through a circular intermediate from the chromosome to the plasmid; (c¢) at the mating-
pare apparatus a rolling-circle replication is initiated. The events in the recipient cell are
as following: (d) the genetic material is re-circularized (e) and attacked by restriction
endonucleases (shown as scissors); (f) replication and (g) integration into the chromo-
some by illegitimate Campbell recombination. Since it is also possible that chromosomal
DNA is transferred (yet not as numerous as plasmids) (h) shows the transfer between
chromosomal DNA and resident chromosome [Thomas & Nielsen, 2005].
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1.4.4 Computational methods to identify horizontal gene transfer

The task to identify horizontal gene transfer inevitably rely on some unusual feature of
a subset of genes that distinguishes them from other genes in the genome. Since for the
vast majority of HGTs it is not possible to directly observe the event (but sometimes
it is [Babic et al., 2008]) the proof of such an event remains probabilistic. Thus several
different criteria and methods based on them have been developed in order to identify

their presents in the genome of a host organism [Koonin et al., 2001].

Sequence composition

This method is based on the ’genome hypothesis’ according to which codon usage,
oligonucleotide frequency and GC content are distinct signatures of each genome. The as-
sumption of this method is that directional mutation pressures within bacterial genomes
impart a specific bias to the composition of long-term members of the genome. This
happens in a way such that recently acquired genes will appear aberrant by comparison
if they have evolved in a genome with a different mutational bias [Lawrence & Ochman,
2002].

Therefor every gene that is - compared to the mean of the genome in this aspects - dif-
ferent may be a good candidate for HGTs. This approach identifies many recently trans-
ferred genes - however, there are also other causes for compositional bias and it is also
important to keep in mind that an untypical nucleotide composition is no proof of HGT
since selective effects or mutation bias could also account for this composition |Lawrence
& Ochman, 1998, Koonin et al., 2001, Gogarten & Townsend, 2005]. Furthermore not all
recently acquired genes show compositional bias, also ancient HGTs - due to sequence
adoptions - are not detectable rendering this method insensitive to some events and sce-
narios. In principle, examination of the phylogenetic conflict among loci is the most
direct approach to screen for horizontally transferred genes [Koonin et al., 2001].

An advantage of this method is that it does not rely on comparison with other genomes
- therefore providing an independent mean of assessing the impact of HGT [Lawrence &

Ochman, 2002].
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Phyletic Patterns

The availability of many completely sequenced genomes enables the building of clusters of
orthologous (direct evolutionary counterparts related by vertical descent) genes (COGs).
The presence or absence of a species in a cluster of orthologous genes is called a phyletic
pattern. If this pattern is for a given species not in accordance with the species tree,
this is a strong hint for a HGT (e.g., presence of a gene in all eukaryotes and one
bacterial lineage). The advantages of this method - besides its independency of other
genomic data - are the possibility to identify potential donors, ancient transfers and it is
possible to analyze large sets of genomes in reasonable time [Koonin et al., 2001]. One
of the disadvantage is that gene loss or lineage-specific mutation rates can also generate

unusual species distributions in COGs |[Lawrence & Ochman, 2002].

Sequence similarity based methods

This and the following method (Phylogenic tree reconstruction) both use the concept of
homologs. Homologs are genes that share a common origin therefore displaying a greater
similarity to each other than to most other genes [Koonin, 2005]. Probably the most
intuitive and simplest way to identify possible HGTs is to conduct a similarity search
against a sequence database and evaluate the taxonomy of the best hits - if they belong
to homologs from distant taxa the chances for a HGT are not bad. A standard way to
identify similarities of a given gene to its homologs is to use a BLAST search [Altschul
et al., 1990| against the NCBI genome database. This has been done in this thesis and
will be discussed in the Methods section in more detail but for now the basic workflow
should held as example: genes from bacteria were compared to their best hits - whenever
the gene had significantly better ’similarity’ to an eukaryotic gene than to a prokaryotic
one this gene was noted as possible HGT. This method is fast and automatable - these
advantages come at the expense of precision due to some reasons including e.g., varying
mutation rates in different taxa as well as the similarity score threshold chosen for a
particular search [Koonin, 2005]. Also, it was previously shown that the best BLAST hit

does not necessarily represent the closest sequence relatives - as shown by the predicted
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113 lateral gene transfers from bacteria to vertebrates published by the human genome
consortium based on BLAST results - none of which were supported by phylogenetic
analysis [Frickey & Lupas, 2004, Lander et al., 2001].

To describe quantitatively with a numeric value for a given gene (e.g., bacterial gene) the
relationship between the best in-group (bacteria) against best out-group (eukaryotes or
archaea) a so-called alien index was introduced in 2008 |Gladyshev et al., 2008|. First,

E-values were used to calculate the difference, resulting in the following equation:
AT = In((In-group E-value) 4 ¢~2%) — in((Out-group E-value) + ¢~2%) (1.4)

This quickly changed and E-values were replaced by Bit-scores [Boschetti et al., 2012]
and not the difference but the ratio was calculated [Williams et al., 2012] resulting in the

following relationship for the Al:

Bit-score of In-group

Al

~ Bit-score of Out-group
Phylogenic tree reconstruction and reconcialiation

Phylogenic tree reconstruction can be separated in two different steps:

(1) distances between character sets are estimated (either using Bayesian inference, maxi-
mum likelihood or maximum parsimony), (2) and subsequently a tree is inferred from the
estimated distances. The implicit assumption - that a set of sequences has evolved from
a common ancestor by mutation and selection without recombination events - should be
kept in mind. This excludes several evolutionary mechanisms like hybridization, horizon-
tal gene transfer, recombination or gene duplication followed by gene loss. To identify
gene duplications, losses and transfers the gene tree is mapped on the species tree. This
can be done manually or programs can be used. Examples for the implementation are:
the GeneTree program (using a modification of Eulenstein’s linear time algorithm to
perform the tree-mapping) or the T-rex web server [Page, 1998, Koonin et al., 2001, Boc

et al., 2012]. In this thesis the T-rex web server was tested as an alternative for the phat
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java application which does not map the gene tree on the phylogenetic tree but analyzes
the relationship of species in the gene tree. One of the reasons why this method was
not used in the final investigation was its inability to handle homologs in the gene tree -
resulting from its use of bipartition dissimilarity for tree inferring [Boc et al., 2010].

In this thesis two different tree reconstructing methods were used: (a) the Neighbor
Joining (NJ) algorithm and (b) the Maximum-likelihood (ML) approach. Both methods
produce with the same data and same evolutionary model very similar trees. They differ
greatly in their time consumption (also due to the fact that the NJ method generates
only one tree in contrast to the ML method) and NJ is regarded as being not as sensitive
to subtle sequence dissimilarities as the ML mehtod [Felsenstein, 1981, Saitou & Nei,
1987, Diard et al., 2013].

This approach is regarded as the most reliable prediction method for detecting HGT
events, allowing in addition the detection of ancestral transfer and determination the di-
rection of the transfer. On the other hand the problem of phylogenetic tree construction
is considered to be an NP-complete problem therefor very computationally intensive and
almost non-applicable for larger datasets [Foulds & Graham, 1982]|. Even the polyno-
mial heuristic approaches (UPGMA and Neighbor-Joining) are computational intensive
and the probabilistic methods like Maximum-likelihood are so even more |[Koonin et al.,
2001]. The NJ tree reconstruction method is

Since the amount of sequences being generated exceeds our ability to manually analyze
them it became necessary to investigate these sequences with automated methods in a
reasonable time. If this is done for one or more organism this method is called genome-
wide phylome calculations - incorporating all steps from the seed sequence to the multiple
alignment and the final phylogenic tree. An example for such a pipeline is PhyloGenie

which was used as major method in this thesis |[Frickey & Lupas, 2004].
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1.5 Aims of the Master Thesis

It has been shown that many ELD containing proteins and ELPs are effector proteins and
modulate host protein functions. There are two possible ways to obtain such proteins:
by (a) convergent evolution or (b) horizontal gene transfer. The aim of this thesis was to
investigate the possibility of a significant link between ELD containing proteins/domains
and horizontal gene transfer from eukaryotes to prokaryotes - in other words to test the
hypothesis that proteins containing ELDs are the result of an horizontal gene transfer
at some point in the past. This was investigated using a dataset of 70 proteoms of
known pathogens/symbionts, which were chosen randomly from 648 bacteria present in
the effector database the distribution of the taxonomic lineages are shown in section 3.1).
To analyze these proteoms a large-scale phylogenetic tree reconstruction was performed
and subsequently the relationship of the prokaryotic seed protein with its homologs in
prokaryotes and /or eukaryotes was analyzed. A first dataset was generated using proteins
as input for tree construction, a second dataset utilized domains as input. If there is a
direct relationship between ELDs and horizontal gene transfer significantly more proteins
containing an ELD should cluster with eukaryotic species in the phylogenetic tree in
comparison to proteins without ELDs. This has not been shown for many organism till
now and hast not been not performed - to the author’s knowledge - in such a large scale
approach (full proteom of 70 pathogens/symbionts). Phylogenetic trees which show HGTs
for proteins with ELDs would also enable to investigate the origin of the horizontal gene
transfer event. It would be interesting to see if there is a taxonomic connection between
the donor of the HGT and the host organism of the pathogen. which These findings

would show the evolutionary history of these effector proteins.
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Methods

2.1 Large-scale construction of multiple-alignment and phy-

logenetic trees for known bacterial symbionts/pathogens

2.1.1 Overview

A workflow (a graphic representation is shown in 2.1) was implemented to analyze the
phylogenetic relationship between a protein of interest (or seed protein) and its homologs
in other organism. First the similarity between the seed protein and its best hit in eukary-
otes and prokaryotes was compared - failing to reach a certain threshold value resulted in
its exclusion from further analysis (these excluded proteins are e.g., housekeeping proteins
unique to the domain prokaryotes) - thus functioning as a first filter. The remaining pro-
teins were aligned with its homologs and phylogenetic trees were constructed. This was
done utilizing a grid engine to calculate multiple sequence alignments and phylogenetic
trees in parallel since this calculations had to be done for every protein of the proteom
of 70 bacteria that fulfilled the AT criteria rendering cpu power the rate determing part.

This workflow can be sectioned in the following parts:

1. Retrieving a complete list of proteins for all bacteria classified as pathogens/symbionts

and present in the effectors database!. This list is further divided into two sub-

Lwww.effectors.org
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groups based on the score used in the effectors database for the presence of eukaryotic-
like domains (ELD) in prokaryotic proteins. If a protein contains a eukaryotic-like
domain the 'uniqueness’ of this domain in prokaryotes is scored from 4 to 10000 -
the higher the more significant is the finding. The proteome of a prokaryote was
divided into two groups: non-ELD containing proteins (nELDP) and ELD contain-
ing proteins (ELDP) - a protein with a ELD-score of four or higher is regarded
as member of the ELD group whereas proteins with a score of four or lower are
regarded as members of the non-ELD group [Jehl et al., 2011]. This leads to two

lists for each organism.

2. For each bacteria a similarity search of its proteins against an eukaryotic and
prokaryotic (excluding the family of the bacteria) database is performed. For exam-
ple for Legionella pneumophila str. Paris a similarity search against all eukaryotes
and all prokaryotes except bacteria that belong to the family Legionellaceae is done.
Based on the ratio between the best bit-score for a eukaryotic and the best bit-score
for a prokaryotic protein the proteome is further filtered. Between 40 to 60 % of
the proteins are excluded based on either no match in eukaryotes or a low ratio of

eukaryotic vs. prokaryotic bit-scores.

3. A FASTA file with the protein sequences is built based on the protein’s acc num-
ber making use of Bio Perl’s Database object interface to GenBank [Stajich et al.,
2002]. This FASTA file is the starting point for using the PhyloGenie pipeline with
some minor modifications. PhyloGenie is an established work flow for phyloge-
netic tree construction and analysis - for every protein a multiple alignment based
on BLASTP results is built using blammer and a profile-Hidden-Markov Model
(HMM) search against the full-length sequences [Frickey & Lupas, 2004].

4. Using the multiple alignments tree construction can be done either by utilizing
the PhyloGenie specific tree construction package mtrees.jar (utilizing a neighbor-
joining clustering method for creating phenograms) or raxML (utilizing a maximum-

likelihood clustering method for creating phenograms [Stamatakis, 2006]), both
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producing trees in newick format (New Hampshire bracket format).

5. Trees were analyzed for differences between the species and gene tree. This was
done either manually (using the improved ATV software named "archaeopteryx’) or
automatically (using the PHAT program which is part of the phyloGenie package)
for the taxonomic relationship between the seed protein (the original protein of
interest), eukaryotic and other prokaryotic proteins [Han & Zmasek, 2009, Frickey
& Lupas, 2004]. The obtained trees are unrooted - in the course of analyzing
the relationship between the different nodes of the tree rooting is performed for
the seed sequence and the tree is analyzed in relation to this tip note.. Using
an iterative approach the requirements for a positive signal increased - starting
from the question: Are there any monophyletic nodes with the seed organism and
eukaryotes? The final search gave only a positive signal if there were monophyletic
nodes with more than three eukaryotes and less than 20 prokaryotes which are not
in the taxonomic family than the seed organism. This was quantitatively analyzed
and compared to their affiliation to the ELD or non-ELD classification from the
effectors database - based on this knowledge a chi-square test was performed to
analyze if this two binary properties (classified as ELD/non-ELD and signal/no-
signal with PHAT) are in/dependent from each other.

There was no pipeline available to combine pre-filtering of a proteom with a sequence
similarity criteria with phylogenetic tree reconstruction, tree analysis and automatic
result processing for a variety of organisms. It was crucial to implement a pipeline that
can deal with the large data set and the grid system, making the calculations feasible in a
reasonable timeframe and performing all steps automatically - the pipeline implemented

in this thesis was able to do all of the mentioned steps.
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Figure 2.1: Overview of the workflow
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2.1.2 Methods and parameters
Method and parameters used for calculating the alien index

A similarity search for the protein of interest against a database of all known eukaryotic
proteins (excluding Pinus, Populus trichocarpa and Oryza sativa Indica Group for their
known prokaryotic contamination) and all known prokaryotic proteins (excluding the
all prokaryotes belonging to the same taxonomic family as the bacteria of interest) was
performed using the pre-calculated Similarity Matrix of Proteins (SIMAP) [Rattei et al.,
2010]. This saved much computational time in comparison to a BLASTP search.

The E-value cut-off was set to 1x10~% and the results were limited to 20000 entries.

Method and parameters used for multiple alignment and tree reconstruction

For phylogenetic tree reconstruction and the preceding multiple alignment the PhyloGe-
nie package was used [Frickey & Lupas, 2004| - automating the steps from seed sequence to
phylogenetic tree reconstruction. PhyloGenie used for sequence comparison the BLASTP
v2.26 and for the multiple sequence alignments the Java program Blammer.

Certain characters (’(’,”)’,",”,”;") had to be substituted by underscores in the input Fasta
sequence, the NCBI non-redundant sequence database and the NCBI taxonomy files to
work with the PhyloGenie pipeline. BLASTP was evoked with the following parameter
set: -e 10 - b 2000 -v 2000. The parameter -e describes the expectation value thresh-
old; parameter -b sets the upper limit of database sequences with HSPs to the query
(database sequences to show alignments for); -v controls the upper limit of one line de-
scriptions to show in the result. The BLASTP search was performed against the NCBI
non-redundant (nr) sequence database obtained from the NCBI website?. It was - to-
gether with the NCBI taxonomy files - stored locally at the 28. December 2012.
Blammer performs five post-processing steps for BLAST results converting sets of high-
scoring segment pairs (HSPs) to multiple alignments. In the first step full-length se-

quences for HSPs below an expectation values of 10 are extracted, enabling the search of

2www.ncbi.nlm.nih.gov
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the sequence database with a profile hidden Markov model (HMM) in a later step. The
HSPs of the query sequence with an E-value better than 107> and a coverage greater
than 60 % are extracted and a multiple alignment is built based on the most dissimi-
lar 600 sequences using static ’alignment pillars’ of minimal 100 consecutive ungapped
columns and realigning all residues between such pillars using ClustalW [Larkin et al.,
2007, Frickey & Lupas, 2004|. The HMM generated from the HSPs of the most dissimilar
sequences is then used to search the database of full-length sequences generated in the
first step - the alignment for phylogenetic tree reconstruction consists of a maximum of
2000 HMM-HSPs with E-values better than 1076, Phylogenetic trees were calculated
using the neighbor-joining (NJ) tree reconstruction method in combination with the

Poisson distance correction scheme and bootstrapping with 100 replicates.

Method and parameters used for scoring of phylogenetic tree reconstruction

The JAVA program PHAT was used to search the phylogenetic trees the previously
described method yielded for both the ELD containing and non-ELD containing group.
Three iterative query strings were used to increase the selectivity of every analysis.

The first query searched for every node that contained the taxonomic name of the bacteria
the tree was built from and furthermore an undefined number of eukaryotes. To obtain
this nodes the query string 'Taxonomic name of seed prokaryote & Fukaryots’ was used.
The second query searched for every node that contained the taxonomic name of the
bacteria the tree was build from and at least five eukaryotes. The query string used for
this analysis is "Taxonomic name of seed prokaryote & {Eukaryots>5}’.

The third query searched for every node that contained the taxonomic name of the
bacteria the tree was build from, not more than 20 other prokaryotic species and at
least three eukaryotes. The query string used is ’(Taxonomic name of seed prokaryote &
{Eukaryots>3} & {*Bacteria<20})’.

These search strings were the result of an extensive search and validation for strings
that give - with reasonable sensitivity and specificity - similar results than manually

investigation of the trees. Sensitivity and specificity of the used phat string was evaluated




CHAPTER 2. METHODS 47

for three organisms (for further information see 3.5) resulting in a sensitivity of 95 % and

specificity of 93 %.

2.2 Construction of domain trees

Construction of domain trees for Legionella pneumophila str. Paris

Tree construction was done using the hidden Markov models and multiple sequence
alignment for all unique protein domains present in Legionella pneumophila str. Paris
provided by the Pfam protein families database [Fukami-Kobayashi et al., 2007, Punta
et al., 2012a, Yang & Bourne, 2009|. This and other pre-calculated files are in the 27th
PFAM release available at ftp://ftp.sanger.ac.uk/pub/databases/Pfam/releases/
Pfam27.0/ - Pfam-A .full.gz was used to extract the relevant multiple alignments for
the domain trees. Also a list with all domains present in the proteome of Legionella
pneumophila str. Paris is provided by the Pfam Database.

For every domain a multiple sequence alignment was obtained - many of them exceeding
15,000 sequences and making it impossible to generate phylogenetic trees. therefore
similar sequences were clustered based on sequence identity and only one representative
was used in order to decrease the total amount of sequences. This was done using Cd-Hit
- starting with clustering all sequences with a sequence similarity of above 90% [Li &
Godzik, 2006]. All multiple sequence alignments that were still not processable by mtree
after this clustering step the sequence similarity was gradually reduced from 80% to 75%,
70%, 60% and finally 50 % |Li & Godzik, 2006].

The phylogenetic trees were constructed using mtrees and analyzed utilizing the PHAT

package.

Construction of domain trees for all other analyzed prokaryotes

The starting point for the analysis was the same as above: the pre-calculated full hmm
models provided by the Pfam protein families database. The protein alignments were

converted from Stockholm to Multiple Fasta Format and for every domain a file with



ftp://ftp.sanger.ac.uk/pub/databases/Pfam/releases/Pfam27.0/
ftp://ftp.sanger.ac.uk/pub/databases/Pfam/releases/Pfam27.0/
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its multiple sequence alignment was created resulting in 14831 files. These multiple
sequence alignments were searched for the occurrence of one of the 70 organisms of
interest - if none was present they were excluded from the analysis pool resulting in
6755 multiple sequence alignments for domains of interest. Phylogenetic domain trees
were obtained for these multiple sequence alignments - if the number of sequences were
below 1500 without further pre-processing, if the number of sequences was above 1500
a Cd-Hit run was performed with 0.8 sequence identity and a word length of 5 and if
the number of sequences after this first Cd-Hit run was still above 2000 a second Cd-Hit
run was performed using 0.6 sequence identity and a word length of 3. If - after the
second Cd-Hit run - the multiple sequence alignment contained below 6000 sequences
tree reconstruction was performed, if it contained above 6000 sequences the multiple
sequence alignment was skipped. Tree reconstruction was not always successful - mostly
due to memory limitations for multiple sequence alignments above 2500 species. This
was regarded as tolerable limitation since it can be assumed that the more species are
present in a multiple alignment the lesser are the chances for the detection of a HGT in
this alignment. Normally, domains that fall in the region of above 6000 species in the
multiple alignments are present in a wide range of proteins and house keeping genes -
often present in more than one domain of life (e.g. PF00004 - ATPases Associated with

diverse cellular Activities).




Chapter 3

Results and Discussion

3.1 Distribution of phyla in the effectors database

The distribution of phyla in the effectors database is not evenly; this is contingent on
their cultivability, on the difference in members of bacterial phyla and the fact that
different bacteria are of different interest for biology and research in general. It is not
possible to analyze all 648 bacteria present in the effectors database (in average a bacteria
has between 2000-3000 proteins - analyzing all of them would lead to an unmanageable
amount of data but over all the requirements for computational power and time would
be unfeasible for the used grid system) - so it was important to take a representative
sample from the phyla present in the database.

70 bacteria were randomly choose from a total of 648 bacteria present in the effectors
database (as shown in Table 3.1 and in Figure 3.1).

It is clear from the numbers and the figure that mostly Proteobacteria (34), Firmicutes
(13), Actinobacteria (10) were analyzed. Fusobacteria (0), Fibrobacteres/Acidobacteria
group (0), Synergistetes (0), Cyanobacteria (0) and Elusimicrobia (0) represent only a
small part of the pathogens (in sum 9 taxa from these five phyla are present in the effector

database) and were excluded from the analysis.
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Phylum Amount of organisms present  Amount of organisms
in effectors database analyzed in this thesis

Proteobacteria 352

Firmicutes 137

Actinobacteria 56

Tenericutes 31
Chlamydiae/Verrucomicrobia group 25
Spirochaetes 21
Bacteroidetes/Chlorobi group 17
Fusobacteria 4
Fibrobacteres/Acidobacteria group 2
Synergistetes 1

Cyanobacteria 1

Elusimicrobia 1

34
13

—_
]

OO OO O WWW

Table 3.1: Distribution of phyla in the effector database and analyzed in this thesis

3.2 Parameter screening for the alien index

Phylogenetic tree reconstruction is both time and CPU consuming. Thus a filter criteria
to diminish the amount of proteins for which tree reconstruction was necessary - exclud-
ing e.g., housekeeping genes and other genes only present in prokaryotes - was applied.
The filter criteria was a simple test which determines for every protein of interest the

ratio between the best prokaryotic and best eukaryotic homology hit.

Al bit score of best eukaryotic hit

= 3.1
bit score of best prokaryotic hit (3:1)

The higher the ratio (normally ranging between 0.1 to 1.5) the more likely the protein
will cluster with eukaryotic proteins in a phylogenetic tree reconstruction.

This method’s advantage are the simplicity of the test, automatability and the small
time requirement (which was mostly due to the fact that the SIMAP database was used
instead of a BLASTP search) - the disadvantage are the poor sensitivity and specificity
making it only usable as a pre-filter. Older HGTs are almost impossible to determine by

blast results - therefore using only a bit score ration to determine phylogenetic relation-
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Figure 3.1: Distribution of phyla in the effector database

ships is not enough.

It was important to determine a specific value for the AI that allowed to diminish the
amount of proteins for which a phylogenetic tree reconstruction had to be calculated
while preventing the loss of potential proteins that underwent horizontal gene transfer.
Therefore the workflow as described was performed with changing bit score ratio values
for three bacteria. The impact of the AI cut-off was monitored and is shown in the
following section.

For three organisms (Legionella pneumophila st. Paris, Coxiella burnetii RSA 493,
Chlamydia trachomatis D/UW-3/CX - the first two had shown promising candidates
for horizontal gene transfer in former analysis) phylogenetic tree reconstruction was per-
formed for all proteins exceeding a bit score ratio of 0.1. To determine which threshold
value should be used the amount of trees which were both positive for having a ELD
(the characterization of the effectors database was used) and PHAT (PHAT is a soft-
ware solution for analyzing phylogenetic relationships in a tree - the program is further
discussed and its parameters validated in section 3.4) selected as positive match (e.g.,
for Legionella pneumophila str. Paris a positive match was defined as finding a node in

the tree that had Legionella pneumophila str. Paris and at least five eukaryotes but not
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more than 20 other bacterias) were monitored. The biggest loss of proteins for the anal-
ysis resulted from the initial, lowest Al-score of 0.1. This is a finding that is consistent
through all bacteria that were analyzed and important to note for the interpretation of

Table 3.7.

Legionella pneumophila str. Paris

The genome of Legionella pneumophila st. Paris translates to 3166 proteins - after setting
the cut-off to 0.1 2428 proteins remain in the analysis (76%). 96 ELDs were characterized
for Legionella pneumophila str. Paris in 89 proteins - 82 of them remained in the analysis
pool after a bit-score ratio cut-off of 0.1. Details for all proteins with an ELD score greater
or equal to 4 and remaining in the analysis pool after applying an Al cut-off of 0.1 are
shown in Table 3.2. This analysis was only done for Legionella pneumophila str. Paris.
It should be noted that the proteins for which either manual classification (investigation
of trees using a tree viewer and manually interpreting the tree) or classification using
PHAT (automatized analysis of the phylogenetic relationship of taxa in a tree using the
PHAT package) resulted in a positive signal for eukaryotic origin are all present at a
bit-score ratio cut-off of 0.5. This finding indicates that there is no bias introduced with
the large-scale usage of automatized tree analysis (using the PHAT package) towards a
certain bit-score ratio.

Many proteins get eliminated just by applying an Al of 0.1 - this also includes all genes
that have no homologs in eukaryotes.

Increasing the bit score ratio had only minor influence on the proteins which were clas-
sified as ELDs by PHAT until exceeding an Al score of 0.5 but reducing the quantity of
proteins to about 57% of the initial amount. Figure 3.2 and Figure 3.3 show how the
figures change when gradually increasing the AI. The category named 'pELD+pPHAT’
was the most important - this showed that applying the cut-off did not lead to a loss of
positive hits from PHAT in the ELD category. This must be kept in mind as it remains
as a potential bias for the y2-test. In Table 3.2 this is further described by showing that

the manually assigned positive hits in the ELD category do not change until an AT of 0.5
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Al vs. quantity of proteins
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Figure 3.2: Legionella pneumophila: Impact of changing Al filter criteria on total quan-
tity of proteins. The vertical red line indicates x = 0.5, whereas the horizontal red line
is a projection on the y-axis.
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is superseded.

ACC-number ELD-score Al-score >0.2 >0.5 >1.0 Manually assigned LIPHAT L2PHAT

YP 122247 9 0.63 P P - - - -
YP 125351 4 0.58 P P - - - -
YP 125158 4 0.89 P P - - - -
YP 122671 8 0.69 P P - - - -
YP 124367 8 0.69 P P - - - -
YP 124239 4 0.27 P - - - - -
YP 124636 5 0.5 P P - - - -
YP 123283 7 0.5 P P - - - -
YP 124764 7 1.18 P P P - - -
YP 124830 5 0.62 P P - - - -
YP 123814 6 0.19 - - - - -
YP 124394 10000 0.98 P P - - -

YP 124559 5 0.19 n n - - - -
YP 122224 6 0.28 P n - - - -
YP 122870 4 0.6 P P - - - -
YP 123607 7 1.38 P P P - - -
YP 123468 8 0.99 P P - - - -
YP 123778 4 0.95 P P - - - -
YP 122547 5 0.92 P P - - - -
YP 123903 6 0.28 P - - - - -
YP 124079 10000 1.17 P P P - - -
YP 124228 7 0.99 P P - - - -
YP 124377 5 1.13 P P P - - -

YP 122389 5 1.11 P P P - - -
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ACC-number ELD-score Al-score >0.2 >0.5 >1.0 Manually assigned LIPHAT L2PHAT

YP 125022 5 0.36 P - - - - -
YP 124275 10 0.85 P P - - - -
YP 125189 10000 1.16 P P P - - -
YP 122366 4 0.2 P - - - -
YP 122841 5 1.12 P P P - - -
YP 123514 4 0.87 P P - - - -
YP 123956 4 0.67 P P - - - -
YP 122371 4 0.58 P P - - - -
YP 123944 4 0.58 P P - - - -
YP_ 123539 5 0.38 P - - - - -

YP 124506 5 0.88 P P - - - -
YP 123342 4 0.49 P - - - - -
YP 125156 6 0.31 P - - - - -

YP 122161 6 0.25 P - - - - -
YP 124576 4 0.2 P - - - - -
YP 123705 4 0.84 P P - - - -

YP 122690 10000 1.09 P P P - - -

YP 125198 8 0.69 P p - - . .
YP_ 124257 10 0.83 P P - - . .
YP 123657 6 0.41 p - . - . .

YP 124602 4 0.6 P P - - - -
YP 122708 4 0.16 - - - - - -
YP 124507 4 0.88 P P - - - -
YP 124945 4 0.73 P P - - - -
YP 124784 4 0.78 P P - - - -
YP 125190 4 0.75 P P - - - P
YP 124175 7 1.07 P P P - - -
YP 122223 9 0.27 P - - - - -
YP 124001 5 1.11 P P P - - -
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ACC-number ELD-score Al-score >0.2 >0.5 >1.0 Manually assigned LIPHAT L2PHAT

YP 124240 8 0.43 P - - - - -

YP 124751 4 0.69 P P - - - -

YP 125196 4 0.91 P P - - - -

YP 124822 5 0.96 P P - - - -

YP 125160 4 0.92 P P - - - -

YP 123559 4 0.72 P P - - - -

YP 122579 8 0.31 P - - - - -

YP 123416 9 0.61 P P - - - -

YP 124460 6 0.21 P - - - - -

YP 124388 5 1.12 P P P - - -

YP 125003 8 0.68 P P - - - -
P9 w0 1P PP P PP

YP 123064 4 0.26 P - - - - -
YPpe: s 1P PP PP

YP 123922 8 0.55 P P - - - -

YP 124376 4 0.9 P P - - - -

Sum 79 63 16 16 16 16

Table 3.2: The ACC numbers for all proteins which have an ELD score greater or equal
to 4 and remained in the analysis pool after the cut-off of 0.1 for Legionella pneumophila
str. Paris are shown. The minus sign and P correspond to either a negative or positive
signal. Bit score ratios were tested starting with an Al of 0.1 and finishing with 1.01 -
not all steps are shown. The numbers in the last row are the sums of the positive signals
for the corresponding column. In red are the acc numbers of proteins which were of
eukaryotic origin based on manually investigation shown. L2PHAT and L1PHAT (Level
2 and Level 1 PHAT constraints) means the signals for HGTs detected by PHAT - Level
2 stands for the constraints used for the final results and Level 1 stands for a loose set
of the rules normally resulting in more signals but less precision of the results (for a
discussion of these constrains see section 3.4).
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Coxiella burnetii RSA 493

Coxiella burnetii RSA 493 has 1847 proteins in its proteom - an applied bit-score ratio
cut-off of 0.1 excludes 571 proteins (69% of proteins remained in the analysis). The
overall impression of the influence of the cut-off on the protein quantity is similar to
what was observed with the Legionella pneumophila proteome. Increasing the bit score
ratio had only minor influence on the proteins which were classified being of eukaryotic
origin by PHAT until exceeding an AI score of 0.5 but about 46% of all proteins were
excluded thus considerably diminishing the amount of necessary tree reconstructions and
significantly reducing the computational time for the analysis. Figure 3.4 and Figure 3.5
show how the figures change when gradually increasing the AI. What should be noted
is that the an AI of 0.1 lead from 26 proteins containing ELDs to 22 ELDs (84 % of

proteins with ELDs remained in the analysis pool).

How bit score ratio influences amount of proteins
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Figure 3.4: Coxiella burnetii: Impact of changing Al filter criteria on different subsets of
proteins.

Chlamydia trachomatis D/UW-3/CX

The Chlamydia trachomatis D/UW-3/CX proteome contains 895 proteins. A bit-score

ratio cut-off of 0.1 led to the exclusion of 205 proteins (76 % of proteins remained in the
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Al vs quantity of proteins
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Figure 3.5: Coxiella burnetii: Impact of changing Al filter criteria on total amount of
proteins.

analysis).

Increasing the bit score ratio had only minor influence on the proteins which were clas-
sified as of eukaryotic origin by PHAT until exceeding an Al score of 0.5 - but the total
number of proteins decreased by about 43%. The number of proteins which were cate-
gorized as containing an ELD and having a positive signal for eukaryotic origin based on
the PHAT analysis did not change until an Al score ratio cut-off of 0.7 was superseded.
Figure 3.6 and Figure 3.7 show how the figures change when gradually increasing the Al.
This reduction was essential since for Chlamydia trachomatis D/UW-3/CX phylogenetic
tree reconstruction was not only done using a NJ method but also a maximum-likelihood
tree construction method - the time consumption of more trees in the analysis pool would

have rendered this unfeasible with the available means.

In conclusion the assumption that an alien index of above 0.5 diminishes the amount
of proteins significantly and on the other hand keeps potential HGTs in the pool for fur-
ther analysis seems valid. As noted before the decrease of proteins which were classified

as having a ELD in their sequence was mainly due to the introduction of a cut-off of 0.1.
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The step from no cut-off to a cut-off for proteins below an alien index of 0.1 is responsible

for the major loss in ELD containing proteins.

How bit score ratio influences quantity of proteins
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Figure 3.6: Chlamydia trachomatis D/UW-3/CX: Impact of changing Al filter criteria
on different subsets of proteins.
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Figure 3.7: Chlamydia trachomatis D/UW-3/CX: Impact of changing Al filter criteria
on total amount of proteins.
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3.3 Validation of the tree reconstruction and tree analysis

parameters

In previous studies the analysis of L. pneumophila genomes showed the presence of an
unexpected high number and variety of eukaryotic-like proteins (ELPs) and proteins
containing eukaryotic-like domains - possibly reflecting its co-evolution with fresh-water
amoebae [Cazalet et al., 2010]. To validate the quality of the tree reconstruction the
obtained results were compared to previously conducted analysis of the Legionella pneu-
mophila str. Paris genome done by [Lurie-Weinberger et al., 2010] and |[Gomez-Valero
et al., 2011b|. In these studies proteins with ELDs and eukaryotic-like proteins were
identified and their phylogenetic origin based on manual phylogenetic tree analysis af-
firmed.

In the study done by Lurie-Weinberger et al. only eukaryotic-like proteins (ELPs) were
studied. Using the normalized BLASTP bit score proteins were compared against bac-
teria and eukarya protein datasets - if the BLASTP bit score of the protein of interest
against the best eukaryotic hit had a greater bit score than the BLASTP bit score of
the protein of interest against the best bacterial hit and the difference superseded 0.05
the protein is regarded as eukaryotic-like protein and phylogenetic tree analysis was per-
formed. The results of the study by Lurie-Weinberger et al. were compared to the results
obtained in this thesis - a summary is shown in Table 3.3.

The classification as ELP is similar to a positive Al signal - although the constraints for
a positive signal in this study for the AI are milder (Al score ratio of above 0.5 was re-
garded as positive signal whereas for ELPs the Al score ratio need to be above 1.00). As
a result every ELP should have a positive signal in the Al - with the exception of 1pp2146
(YP _124458) and lpp2248 (YP _124559) this is true. These two proteins were further
analyzed and instead of the SIMAP database a BLASTP search against the nr NCBI
database was performed (even though normally these two methods are equivalent) which
resulted also in an Al of below 0.5. What should be noted is that proteins like 1pp0037,

which was previously described as having only eukaryotic homologs, had, besides a high
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enough Al score to pass through the ratio threshold, only Legionella specific hits in the
multiple alignment, resulting in a Legionella-only phylogenetic tree. Using another ap-
proach to evaluate this protein a BLASTP search was performed on the NCBI homepage
and the COBALT (Constraint-based Multiple Alignment Tool) multiple alignment tool
was used to reconstruct a phylogenetic tree using a neighbor joining tree reconstruction

method [Papadopoulos & Agarwala, 2007]. The tree is shown in Figure 3.12.

Putative conserved domains have been detected, click on the image below for detailed results.
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Figure 3.8: Multiple sequence alignment of YP 122389 done by COBALT.

A closer look at the blast result (shown in Figure 3.11) showed that there are only
Legionella pneumophila specific hits with high alignment scores. This protein produces
no significant alignments for non-legionella proteins and therefore no signal for HGTs

in the workflow used in this thesis but were characterized as of eukaryotic origin by
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Lurie-Weinberger et al. in 2010. The differences in results may be a consequence of
different methods and parameters for multiple sequence alignments. In this thesis multi-
ple sequence alignment was achieved using the provided PhyloGenie routine which uses
the BLASTP results and Blammer to generate a hidden Markov model (HMM) of the
most dissimilar high-scoring segment pairs (HSPs) to search the sequence database and
generating a multiple alignment. In contrast COBALT and also MUSCLE (as used by
Lurie-Weinberger et al.) utilizing protein domains for better performance. Very often (for
example YP 124001) showed only for Legionella homologs a coverage above 30 %. All
other bacteria or eukaryotes had coverage below 30 %, yet the used parameters allowed
blammer only to accept proteins for the HMM calculation with at least 60 % sequence
coverage.

In the shown example (YP 122389) the blammer result agrees with the COBALT result
- but e.g., for YP 123949 they disagree. The sequence coverage is still not enough for
blammer to construct a multiple sequence alignment for proteins other than Legionella
- yet COBALT can. The multiple sequence alignment and the calculated tree are shown
in Figure 3.9 and Figure 3.10.

28 proteins were described as of eukaryotic origin, the approach used in this thesis could
confirm the claim for 15 of these proteins. Of the remaining 13 four were - after manually
investigation - re-evaluated and considered as of eukaryotic origin. Of the 9 remaining
proteins 2 were confirmed as potential HGTs using exclusively the COBALT workflow
on the NCBI homepage but the multiple alignment and tree reconstruction provided by
the PhyloGenie package did not yield enough homologs for tree reconstruction due to
the sequence coverage restriction. The origin of the other six proteins could either not

be confirmed or were of bacterial descent.

Effective - the bacterial effector database - showed 96 ELD containing proteins, with a
minimal ELD score of 4. Gomez-Valero et al. identified 42 proteins with ELDs, 37 of
them highly conserved in other L. pneumophila strains [Gomez-Valero et al., 2011b]. Of

this 42 proteins only 18 were also present in the selection of the proposed ELD containing




CHAPTER 3. RESULTS AND DISCUSSION 63
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Figure 3.9: Blast results of YP _123949.

proteins provided by the effectors database and of this 18 proteins 6 resulted in a positive
signal after testing for HGT with phylogenetic tree reconstruction. All 6 proteins were
also analyzed by Lurie-Weinberger et al., 4 of them were regarded as of eukaryotic ori-

gin. It seems like there is little agreement on the method to evaluate eukaryotic domains.

In conclusion it seems that the phylogenetic tree reconstruction methods lead to sim-
ilar results for the exception of homologs with little coverage. Representative for the
multiple alignment made with COBALT of as Legionella-only categorized trees the mul-
tiple alignment of YP 122389 is shown in Figure 3.11. Coverage was very often below
30 % and E-values above 0.05. The alignment was built around the putative conserved
domain but with little alignment in other regions.

To sum up it seems that of the 28 proteins with ELDs with proposed eukaryotic origin

15 were found in with the normal workflow applied in this thesis. Of the 13 proteins
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Figure 3.10: Neighbor joining tree calculated based on the multiple sequence alignment
for YP 123949 done by COBALT.

that were not categorized as potential HGTs from eukaryotes four were - after manual
re-evaluation - categorized as positive for HGTs from eukaryotes - the analysis of the

other nine remained inconclusive and are therefore not regarded as positive signals.
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Putative conserved domains have been detected, click on the image below for detailed results.
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Figure 3.11: Multiple sequence alignment of YP 122389 done by COBALT.
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ACC Number Gene name Al L2PHAT LIPHAT M C Bootstrap support
this thesis Lurie-Weinberger

YP 124254 Ipp1940 + + + + / Low Low

YP_122719  lpp0379 + o+ + + |/ LE LE

YP 124222  lppl905 + o+ + + / Low Low

YP_ 124246 lpp1932 + 4+ + + / LE LE

YP 124370 Ipp2058 + + + + / Low Low

YP 122205 Ipp0050 + + + + / Low Low

YP 123763 Ipp1439 +  + + + / LE Medium

YP 123846  lppl522 + o+ + + / High (100)  High (100)

YP_ 123965  lppl647 + o+ + + / Low High (82)

YP 124273 Ipp1959 + + + + /  Lowl0 Low

YP 124440 Ipp2128 + + + + / Low Low

YP 124446 lpp2134 + o+ + + / Low Low

YP 124773 Ipp2468 + 4+ + + / Low Low

YP 125324  lpp3022 + o+ + + / Low High (100)

YP 122661 lpp0321 + + + + / Low Low

YP 122389  Ipp0037 + - - - - 1O LE

YP_ 122807 1pp0469 + - - + + High (83) Low

YP 123481  Ippll57 + - + + 4+ Medium (63) High (100)

YP_ 123949  lppl631 + - - -+ 1O High (82)

YP 124001 lpp1683 + - -+ LO LE

YP 124173  Ippl855 + - - - - 1O LE

YP 124377 lpp2065 + - - - - LO LE

YP 124458  lpp2146 _ / /- LE

YP_ 124559  lpp2248 - / /- Low

YP 124764 lpp2459 + - - - - Low LE

YP 124931 1pp2626 + - + + + Low Low

YP_ 125053 lpp2748 + + T 7 Low

YP_ 125082 lpp2777 + - - + + LE LE

Table 3.3: Evaluation of the quality of the phylogenetic tree reconstruction. Shown are
all proteins which were characterized as ELP and of eukaryotic origin in the study by
Lurie-Weinberger et al. in 2010. The approach used in this thesis showed for the 28 ELP
only 15 of eukaryotic origin. Explanation of abbreviations: p=positive; n=negative; LE
represents genes with only eukaryotic homologs; NEH stands for not enough homologs
for tree analysis; low bootstrap support is below 50; LO is used to mark genes which had
only homologs in Legionella; AI=Alien Index; L2PHAT and L1PHAT (Level 2 and Level
1 PHAT constraints) means the signals for HGTs detected by PHAT - Level 2 stands
for the constraints used for the final results and Level 1 stands for a loose set of the
rules normally resulting in more signals but less precision of the results, M=manually
checked to determine phylogenetic origin, C=workflow consisting of the NCBI BLASTP
and COBALT multiple alignment and tree reconstruction. -+ /- means either positive or
negative signal; / stands for not done; 7 means that it was not possible to unambiguous
interpret a tree reconstruction.
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QOW

Figure 3.12: Phylogenetic tree reconstruction using COBALT for a protein of Legionella
pneumophila Str. Paris - YP_122389.1. The parameters used for the multiple align-
ment with the built-in routine of the PhyloGenie package did result in a Legionella-only
alignment and tree.
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3.4 Discussion of the used PHAT search strings

Three different search strategies were applied to analyze the relationship between eu-

karyotes and the seed organism in the phylogenetic trees:

1. ’(Taxonomic name of seed prokaryote & Eukaryota)’ - for the taxonomic name of
seed prokaryote the species name of the prokaryote was inserted. This string was
positive if there was a eukaryote present in the tree reconstruction. It was necessary
to investigate this in addition to the Al score because of the differences in multiple

alignment and pairwise alignment.

2. '(Taxonomic name of seed prokaryote & {Eukaryota>3})’ - taxonomic name of
seed prokaryote corresponds to the species name of the prokaryote. This string was
positive if there was a node with more than 3 different species (neither paralogs
nor homologs in the same species but different strain were counted) of eukaryotes
and the seed prokaryote. Since there is no root the tree is analyzed in relation to
the seed species name - this means that this search string was positive if there were

more than five different eukaryotic species present.

3. ’(Taxonomic name of seed prokaryote & {Eukaryota>3} {*Bacteria<20})’ taxo-
nomic name of seed prokaryote corresponds to the species name of the prokaryote.
This string was positive if there was a node with more than 3 different species of

eukaryotes, the seed prokaryote and less than 20 other prokaryotic species.

The search strings results in a positive signal if any node in the tree is found that corre-
spond to the statement.

The syntax of the PHAT tree for the used elements is as following: brackets are used to
describe a node, curved brackets are used to describe a quantitative statement, amper-
sand is used as AND-junction, the exclamation mark is used as a NOT-statement and
the asterisk before bacteria means count only bacteria OHTER than the seed prokaryote.
The search term in (3) was developed using a trial and error strategy. For Legionella
pneumophila str. Paris, Wolbachia endosymbiont of Culex quinquefasciatus Pel and

Francisella tularensis subsp. tularensis NE061598 all proteins having an Al greater or
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equal than 0.5 and a ELD score greater or equal than 4 were manually categorized in
two groups: proteins containing ELDs and having an eukaryotic origin or proteins con-
taining ELDs and are not of eukaryotic descent. Afterwards different search terms were
applied with the aim to reproduce the manual categorization using PHAT. Also different
phylogenetic levels (e.g., instead of using the seed species using the seed genus or family)
were sampled with the same aim. For Legionella pneumophila str. Paris the following

search terms were sampled:

1. (Legionella pneumophila str. Paris & {Eukaryota>3} & {*Bacteria<20})

2. (Legionella pneumophila str. Paris & Eukaryota{>3} & {*Bacteria<20})

3. (Legionella & Eukaryota{>3} & {*Bacteria<20})

4. (Legionella pneumophila str. Paris & Eukaryota{>3} & !(*Bacteria))

5. (Legionella & Eukaryota{>3} & !(*Bacteria))

6. (Legionella & Eukaryota{>3} & (!(!Legionella)))

7. (Legionella & {Eukaryota>3} & (!(!Legionellaceae)))

8. (Legionella pneumophila str. Paris & {Eukaryota>3} & !(*cellular organism))

9. (Legionella pneumophila str. Paris & {Eukaryota>3} & !(*Legionellaceae))

10. (Legionella pneumophila & {Eukaryota>3} !(*Legionellaceae))

11. (Legionella & {Eukaryota>3} & !(*Legionellaceac))

12. (Legionella pneumophila str. Paris & {Eukaryota>3} & {*Legionellaceae<2})
In the following table Table 3.4 all proteins with ELD scores greater or equal than 4 and
a bit-score ratio greater or equal than 0.5 are shown. 12 different search strategies were

applied - out of shortage of space in the table the different sampling terms were called

P1-P12 - the number corresponds to the different PHAT strings shown above.

ACC number M P1 P2 P3 P4 P5 P6 Pr P8 P9 P10 P11 P12

YP 122247  x oo oo _ ]
YP 122371  x - - - - - P P - - - . ]
YP 122389  x oo oo _ -
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ACC number M P1 P2 P3 P4 P5 P6 P7r P8 P9 P10 P11 P12

YP 122547  x oL Lo _ ]
YP 122671  x oL L _ _
YP_ 122690  x oL Lo _ _

YP 122841  x - - - -

YP 12280 x - - - - - P P - - - o .
YP 123283 ? - - - - - P P - - - - .

YP 123416 x - - - oo

YP 123468  x oo oL _ -
YP 123514  x - - - - - P P - - - ; )
YP 123559  x S L L _ _
YP 123607  x .o _ _
YP 123705  x S L L _ _

YP 123778  x - - - - - P P - - - ; ]
YP 123922  x  - - - - oo ] ]
YP 123944  x - - - - - P P - - - ; ]

YP 123956  x S L L _ _
YP_ 124001  x S .o _ _
YP 124079  x . _ -
YP 124175  x S .o _ _

YP 124228  x  - - - oo

YP 124257  x . ] ]
YP 124275  x - - - < . oo ] ]
YP 124367  x . ] ]
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ACC number M P1 P2 P3 P4 P5 P6 P7r P8 P9 P10 P11 P12

YP 124376 x(?) - - - - - P P - - - ] .
YP 124377  x oo oL _ ]
YP 124388  x oo oo _ -
YP 124394  x oo Lo _ _

YP 124506 x - - - - - P P - - - _ )
YP 124507 x(?) - - - - - P P - - - ; .
YP 124559  x(?) - - - - - oo _ )
YP 124602 x - - - - - P P - - - _ _
YP 12463 x - - - - - P P - P P P P

YP_ 124751  x - - - - - P P - - - _ _
YP 124764  x .o _ _
YP 124784  x oo oL _ -
YP 124822  x .o _ _
YP 124830  x oo oL _ -
YP 124945  x - - - - - P P - - - ; )
YP 125003  x S L L _ -
YP_ 125158  x .o _ _

YP_ 125160  x - - - - - P P - - - . -
YP_ 125189  x oL Lo _ _
YP 125190  x - P P - - P - - - . -
YP_ 125196  x - - - - - P P - - - - _

YP 125198  x - - - oo

YP 125351 X - - - - - P P - - - - -

Sum 15 14 16 16 1 4 32 30 O 7 9 9 7

Table 3.4: Tree analysis of all proteins of Legionella pneumophila str. Paris with ELD
score equal to or greater than 4 and a bit-score ratio of equal to or greater than 0.5 using
different PHAT search strings. The ACC numbers are given; M stands for manually
evaluated; P stands for positive for eukaryotic origin whereas -’ indicates a negative
signal for eukaryotic origin.
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For Wolbachia endosymbiont of Culex quinquefasciatus Pel and for Francisella tularensis

subsp. tularensis NE061598 the following search terms were used in the PHAT analysis

(the search strings are only shown for Wolbachia as seed species):

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

(Wolbachia endosymbiont of Culex quinquefasciatus Pel & {Eukaryota>3} & {*Bacte-
ria<20})

. (Wolbachia endosymbiont of Culex quinquefasciatus Pel & Eukaryota{>3} & {*Bacte-

ria<20})
(Wolfbachia & Eukaryota{>3} & {*Bacteria<20})

(Anaplasmataceae & Eukaryota{>3} & {*Bacteria<20})

. Wolbachia endosymbiont of Culex quinquefasciatus Pel & Eukaryota{>3} & !(*Bacteria)

Wolbachia & Eukaryota{>3} & !(*Bacteria)

Wolbachia & {Eukaryota>3} & !(*Bacteria)
Anaplasmataceae & Eukaryota{>3} & !(*Bacteria)
(Anaplasmataceae & {Eukaryota>3} & !(*Bacteria))
(Wolbachia & Eukaryota{>3} & !(!Wolbachia))

(Wolbachia & {Eukaryota>3} & !(!Wolbachia))
(Anaplasmataceae & Eukaryota{>3} & !(!Anaplasmataceae))

Wolbachia endosymbiont of Culex quinquefasciatus Pel & {Eukaryota>3} & !(*cellular
( y quing ¥

organism))

(Wolbachia endosymbiont of Culex quinquefasciatus Pel & Eukaryota{>3} & !(*cellular

organism))

(Wolbachia endosymbiont of Culex quinquefasciatus Pel & {Eukaryota>3} & !(*Anaplas-

mataceae))
(Wolbachia & {Eukaryota>3} & !(*Anaplasmataceae))
(Anaplasmataceae & {Eukaryota>3} & !(*Anaplasmataceae))

(Wolbachia endosymbiont of Culex quinquefasciatus Pel & {Eukaryota>3} & {*Anaplas-

mataceae<2})
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In table Table A.1 all proteins from Wolbachia and Francisella with ELD scores equal
to or greater than 4 and a bit-score ratio of equal to or greater to 0.5 are shown. The
18 different search strategies were applied - out of shortage of space in the table the
different sampling terms were called P1-P18 - the number corresponds to the different
PHAT strings shown above.

In the final results presented in Table 3.8 to Table 3.10 and in Table D.1 protein trees in
the category pELD+pPHAT were pre-filtered with PHAT and the positive PHAT signals
were manually verified.

What should be noted is that the first three search strings for Legionella pneumophila as
well as for Wolbachia and Francisella tularensis were - for the most part - in accordance
to the manual classification of the tree reconstruction. Even though generic terms like
‘under 20 bacteria’ seem to be random and hard to argue for this particular search string
yielded the best result of all approaches (shown in Table 3.5). The false positive and
false negative rate was very low compared to all other queries resulting in a sensitivity

of 95 % and specificity of 93 % for this three organisms.

Legionella pneumophila ~ Wolbachia Francisella tularensis
Positive  Negative Positive  Negative Positive Negative
True 14 49 24 29 3 20
False - 1 - 4 2 2

Table 3.5: Evaluated results for the used PHAT query string.

Protein trees which resulted in a positive signal using this PHAT string and having an
ELD score equal to or greater than 4 were manually verified. Often trees like the one
shown in Figure 3.13 resulted in positive signals - in the case of YP 005661992 the
phylogenetic tree can be explained by a HGT (a possible donor phylum for the genetic
material would be Stramenopiles) from eukaryotes to Proteobacteria or Chlamydiae and
further horizontal gene transfer in prokaryotes. Another possibility - and probably more
likely - is that after changing the early branching of the tree (which has very low bootstrap

support) prokaryotes and eukaryotes cluster in different branches - making this a protein
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that was present in the last common ancestor of prokaryotes and eukaryotes and was
only preserved in the shown species. This theory is also supported by the different
deep branches of the seed family. In conclusion this tree’s topology is far from a clear
case - selective gene loss is next to HGT a valid interpretation. A clear, qualitative
interpretation of this phylogenetic tree is not possible. This tree should stand as an
example for many trees that showed such a topology - it was rarely possible to determine
the origin unambiguous and a HGT scenario with just one HGT event was rarely enough
to explain the topology of the tree. This also explains partly why the PHAT search string
’(Taxonomic name of seed prokaryote & {Eukaryota>3} {*Bacteria<20})’ works better
than most other strings that only allow one HGT. .

The used PHAT string also detected trees like the one shown in Figure 3.14 which were -
after manual evaluation - removed from the pPHAT-+pELD group. The observed topol-
ogy of the protein tree in Figure 3.14 can be best interpreted by rearranging the early
branching of the tree, clustering eukaryotes and prokaryotes in two different branches.
The phylogenetic distribution of only fungi containing this protein makes selective gene
loss in eukaryotes a possible mechanism to construct such a tree topology. But neverthe-
less the possibility of convergent evolution and the unlikely but still possible scenario of
HGT events from prokaryotes to eukaryotes should be kept in mind.

Tree topologies like the one shown in Figure 3.15 form by far the majority. Very often
even less prokaryotes are present. The topology of the tree shows similarities to the tree
shown in Figure 3.13 - the topology of the tree can be explained by two possible HGT
events. The first HGT had most likely as gene donor a species belonging to the phylum
Viridiplantae. In the second HGT event genetic material was presumably exchanged be-
tween Gammaproteobacteria and the delta/epsilon subdivisions of Proteobacteria which
is one way to explain the protein tree topology.

What should be kept in mind while analyzing the phylogenetic relationship of organisms
in neighbor-joining trees is that the deeper the branching of the tree the more reliable is
the topology - the topology near the root - and especially the position of the root - are

very doubtable and should at best be used as hints rather than facts.
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Figure 3.13: Protein tree for YP 005661992 in Chlamydophila pneumoniae LPCoLN.
Eukaryots are shown in green, Prokaryotes are shown in light blue, Parachlamydia in
dark blue and Chlamydia/Chlamydophila in red. The seed organism is the lowest red
ent
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Figure 3.14: Protein tree for YP 002823667 in Sinorhizobium fredii NGR234. Eukaryots
are shown in green, Prokaryotes are shown in light blue and the family of the family
the seed organism (Rhizobium/Sinorhizobium) in red.
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Figure 3.15: Protein tree for YP 094149 in Legionella pneumophila subsp. pneumophila
str. Philadelphia 1. Eukaryots are shown in green, Prokaryotes are shown in light blue
and and the family of the seed organism (Legionellacaea) in red.
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3.5 Comparison of neighbor-joining and maximum-likelihood

tree reconstruction

It was important to determine the quality and robustness of the neighbor-joining (NJ)
trees. To evaluate this for one organism (Chlamydia trachomatis D/UW-3/CX) phylo-
genetic trees were calculated using RAXML - a maximum-likelihood (ML) tree recon-
struction method. This was only done for one organism - after the Al cut-off of 0.5
473 proteins remained in the analysis and the same number of multiple alignments were
calculated, functioning as starting points for the phylogenetic tree construction. This
took - with an average of 10x(8 CPUs) working on this problem - about three months.

Chlamydia trachomatis D /UW-3/CX was used mostly because of its small proteome (895
proteins - divided into 22 proteins containing ELDs and 873 proteins without ELDs).
Table 3.6 shows the differences in the result. For proteins which were categorized as con-
taining ELDs and the PHAT analysis resulted in a positive signal there is no difference

in the two different tree reconstruction methods.

Closer investigation of the two trees (NP_ 219537 and NP _219568) which are positive
for eukaryotic origin and have an ELD-score > 4 constructed using RAxML show that
NP 219537 is distinctively of eukaryotic origin while for NP 219568 this question can
not be answered unambiguous but seems very likely.

The same trees were also positive in the analysis with the neighbor-joining trees. The
topology of the trees did not differ in crucial nodes.

The category nPHAT-+pELD also resulted in the same amount of positive signals for the
different PHAT queries. pPHAT+nELD and nPHAT+nELD showed different results -
the neighbor-joining tree construction method seems to tend to give more positive signals
in contrast to maximum-likelihood method. This might result from the fact that 3 trees
build with the NJ method in contrast to 37 trees build with the ML method did not
yield a tree (this happened out of different reasons - one was that a time cut-off of 1

month on 8 CPUs was set and every analysis that took longer was discarded) and were
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therefore regarded as belonging to the nPHAT and nELD group. This was only done in

this analysis, otherwise they were excluded.

Chlamydia trachomatis ELDP:22 nELDP:873
D/UW-3/CX
pAI+pELD pAI+nELD nAI+pELD nAl4+nELD
19 495 3 378
NJ pPHAT | pELD pPHAT nELD nPHAT pELD nPHAT [nEID
PHAT1 4 384 18 489
PHAT2 4 300 18 573
PHAT3 2 58 20 815
ML pPHAT  pELD pPHAT [nELD nPHAT | pELD nPHAT  nEID
PHAT1 4 356 18 517
PHAT?2 4 267 18 606
PHAT3 2 59 20 814

Table 3.6: Comparison of the results obtained with different PHAT search strings for
trees from Chlamydia trachomatis D/UW-3/CX using either a neighbor-joining or a
maximum-likelihood tree reconstruction method. PHAT1 used (Chlamydia trachomatis
D/UW-3/CX & Eukaryota), PHAT?2 (taxname & {Eukaryota>3}) and PHAT3 (Chlamy-
dia trachomatis D/UW-3/CX & {Eukaryota>3} & {*Bacteria<20}) as search string.
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3.6 Results obtained for analysis of proteins using the Al

The list Table 3.7 shows the number of total proteins, number of proteins containing

an ELD, proteins which had an Al above 0.5 and the intersection of both groups - the

number of proteins which had an Al above 0.5 and contained an ELD - for every analyzed

organism. The final results add to this list the phylogenetic tree analysis - but with the

alien index alone some results can be obtained.

Name Porteins ELDP pAl  pAI+pELD pELP pELP+pELD 2
Pseudomonas aeruginosa DK2 5863 360 2711 205 162 13 0.3968
Staphylococcus aureus subsp. au- 2620 40 1129 18 64 1 0.6224
reus 71193

Chlamydophila pneumoniae 1051 23 567 17 75 3 0.4819
CWL029

Mycoplasma gallisepticum 737 4 576 4 84 0 NA
NCO06_ 2006.080-5-2P

Helicobacter pylori PeCanl8 1491 16 666 8 37 0 NA
Mycoplasma wenyonii str. Mas- 651 9 323 9 68 0 NA
sachusetts

Francisella tularensis subsp. tu- 1529 36 1043 22 33 2 0.4014
larensis SCHU S4

Streptococcus pyogenes MGAS315 1858 36 638 7 31 0 NA
Escherichia coli CFT073 5324 155 2017 80 303 3 0.06115
Streptococcus mutans UA159 1952 29 677 9 12 0 NA
Yersinia pestis CO92 3882 64 1634 32 135 2 0.8503
Coxiella burnetii RSA 493 1810 26 999 12 61 6 4.162e-07
Rickettsia typhi str. Wilmington 836 10 647 9 159 0 NA
Haemophilus influenzae R2846 1631 23 846 8 15 0 NA
Onion yellows phytoplasma OY-M 721 89 500 83 80 4 0.05267
Leptospira  interrogans serovar 3662 157 1905 113 173 10 0.4232
Copenhageni str. Fiocruz L1-130

Chlamydia trachomatis D/UW- 895 22 514 19 40 2 0.5893
3/CX

Legionella  pneumophila subsp. 2931 62 1769 49 202 11 0.001602

pneumophila str. Philadelphia 1
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Name Porteins ELDP pAl  pAI+pELD pELP pELP+pELD 2
Staphylococcus aureus RF122 2509 40 1111 16 68 1 0.6831
Bartonella quintana str. Toulouse 1139 1 695 1 36 0 NA
Mycoplasma hyopneumoniae 232 691 7 504 7 93 0 NA
Legionella pneumophila str. Lens 2920 67 1735 51 186 15 2.237e-07
Legionella pneumophila str. Paris 3147 89 1812 63 200 16 1.431e-05
Campylobacter lari RM2100 1544 20 636 9 18 0 NA
Polynucleobacter necessarius 2074 28 1274 20 32 1 0.9164
subsp. asymbioticus  QLW-
P1IDMWA-1
Xanthomonas campestris pv. vesi- 4628 104 2198 48 122 3 0.8811
catoria str. 85-10
Actinobacillus succinogenes 1307 2079 22 1016 11 22 1 0.5757
Campylobacter fetus subsp. fetus 1715 2 667 1 6 0 NA
82-40
Sinorhizobium fredii NGR234 6362 867 2583 451 107 8 0.08393
Shewanella putrefaciens 200 4179 41 1492 12 16 0 NA
Chlamydophila pneumoniae LP- 1105 25 562 17 75 2 0.8742
CoLN
Borrelia recurrentis Al 977 3 715 3 104 0 NA
Lactococcus garvieae Lg2 1938 29 702 13 12 0 NA
Bacteroides vulgatus ATCC 8482 3983 302 736 59 27 0 NA
Nocardiopsis dassonvillei subsp. 5497 177 1445 41 49 0 NA
dassonvillei DSM 43111
Polynucleobacter necessarius 1507 2 920 2 16 0 NA
subsp. necessarius STIR1
Salmonella enterica subsp. enterica 4758 105 1798 52 223 4 0.8441
serovar Heidelberg str. SL476
Streptococcus gordonii str. Challis 2050 51 665 14 20 0 NA
substr. CH1
Cryptobacterium curtum DSM 1355 22 721 6 9 0 NA
15641
Marinomonas posidonica IVIA-Po- 3489 40 1765 17 22 1 0.6186

181
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Name Porteins ELDP pAl  pAI+pELD pELP pELP+pELD 2
Francisella tularensis subsp. tu- 1709 42 1105 27 34 3 0.06257
larensis NE061598
Streptococcus mutans NN2025 1893 24 671 10 13 0 NA
Candidatus Liberibacter asiaticus 1102 18 643 12 22 0 NA
str. psy62
Staphylococcus aureus subsp. au- 2693 45 1154 21 68 1 0.7274
reus TCH60
Listeria monocytogenes HCC23 2972 114 1042 56 23 1 0.677
Bifidobacterium animalis subsp. 1565 14 714 6 15 0 NA
lactis DSM 10140
Pseudomonas aeruginosa LESB58 5902 374 2752 214 164 12 0.7188
Pectobacterium wasabiae WPP163 4431 102 1779 37 151 5 0.5718
Bifidobacterium longum subsp. in- 1975 47 784 19 15 0 NA
fantis 157F
Acidaminococcus intestini RyC- 2383 70 866 31 6 0 NA
MR95
Wolbachia endosymbiont of Culex 1161 73 794 59 145 34 = undef;
quinquefasciatus Pel
Mycobacterium africanum 3814 142 928 48 60 5 0.1193
GMO041182
Bifidobacterium animalis subsp. 1569 14 718 6 15 0 NA
lactis V9
Arcobacter nitrofigilis DSM 7299 3125 15 35 50 = undef;
Escherichia coli TAI1 4326 110 1840 59 271 13 0.02538
Helicobacter pylori B38 1367 14 634 6 23 0 NA
Streptococcus dysgalactiae subsp. 2050 44 686 7 26 1 0.937
equisimilis ATCC 12394
Treponema pallidum subsp. pal- 980 4 550 2 26 0 NA
lidum str. Chicago 1002
Corynebacterium pseudotuberculo- 2090 10 677 3 12 0 NA
sis 1002
Helicobacter mustelae 12198 1398 3 637 2 18 0 NA
Rothia mucilaginosa DY-18 1903 9 887 3 92 0 NA
Corynebacterium diphtheriae 31A 2352 19 736 5 11 0 NA
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2

Name Porteins ELDP pAl  pAI+pELD pELP pELP+pELD x
Novosphingobium sp. PP1Y 4613 225 1875 87 38 6 0.005821
Bacillus thuringiensis BMB171 5327 323 1736 116 70 5 0.8975
Erwinia amylovora ATCC 49946 3565 20 1449 10 135 1 0.7624
Herbaspirillum seropedicae SmR1 4732 106 2396 79 122 1 0.4448
Rothia dentocariosa ATCC 17931 2217 24 802 7 40 0 NA

Table 3.7: Overview of the number of proteins, number of positive ELD signals, number
of all proteins with an AI score above 0.5, number of proteins with an Al score above
0.5 and positive ELD signal for all analyzed prokaryotes, number of proteins with an Al
score above 1.00 and number of proteins with an Al score above 1.00 and positive ELD

signal.

The concept of ELPs (an ELP is defined as a protein that has an Al score of above 1.05) is
also of interest in this analysis. Proteins that are categorized as ELPs should - in theory
- also contain ELDs. The two concepts are closely related - the one is a description of
eukaryotic origin on domain the other on protein level. The data generated in this thesis
does not support this - the intersection between this two groups (proteins with an alien

index above 1.00 and proteins containing ELDs) is very little.

3.7 Large-scale search for HGTs from eukaryotes to bacteria

utilizing AI and phylogenetic tree reconstruction

3.7.1 Variation of ELD-scores

The used threshold for the classification of an eukaryotic like domain was a ELD-score of
4 or above. The ELD-score allows to distinguish between protein domains that are uni-
formly distributed and eukaryotic like domains that are enriched in pathogenic bacteria.
It was shown that this score has all the characteristics of a Z-scores - hence constituting
the amount of standard deviations above a gaussian bell-shaped curve (e.g., a Z-score of
+4 means that the difference of a given value to the mean is four times the standard de-

viation) and is significant for values of 4 or higher. If this score is gradually increased the
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impact on the amount of members of the different groups and on the p-value is shown in
Table B.1. It was not possible to detect a clear trend in the x? p-values - the significance
of the relationship between containing a ELD and showing a horizontal gene transfer
event from eukaryotes to prokaryotes in the protein-tree does not increase or decrease

consistently with a change in the ELD score threshold.

3.7.2 Analysis with ELDs-score > 4

70 bacteria were analyzed with the implemented workflow using blammer for multiple
sequence alignment and mtrees (neighbor-joining) for phylogenetic tree calculation. An
overview of the results are given in Table 3.8, Table 3.9 and Table 3.10 and a compre-
hensive table of all results is given in Table D.1. Proteins of all bacteria were classified

in four groups:

1. pPHAT+pELD - protein was characterized as containing a ELD (ELD = ELD-
score of > 4) and the investigation of the phylogenetic tree reconstruction with

PHAT resulted in a positive signal for an eukaryotic origin.

2. nPHAT+pELD - even though the protein was characterized as containing an ELD
either the Al was too low or the analysis of the phylogenetic tree did not result in

a positive signal for an eukaryotic origin.

3. pPHAT+nELD - this group contains proteins which had no predicted ELD in
their sequence and phylogenetic tree reconstruction and investigation with PHAT

resulted in a positive signal for eukaryotic origin.

4. nPHAT+nELD - protein had no predicted ELD in its sequence and either had a

too little Al or PHAT returned a negative signal for eukaryotic origin.

A Pearson’s x? test was performed using this four groups to establish a possible signif-
icant dependency between predicted ELDs and a positive signal for eukaryotic origin.
It was not possible to obtain x? results for all bacteria investigated - there were cases

with zero proteins in one of the four groups (usually the pELD-+pPHAT group) described
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above which lead to an inconclusive test result. For this bacteria only NA (Not Available)
is listed in the x? and p-value column. The results are shown in Table 3.8, Table 3.9 and
Table 3.10. There is a significant dependency between ELDs and HGTs if the p-value
is below 0.5 - otherwise this result can not be regarded as significant and could also be
produced by chance.

It must be noted that very often the amount of ELDs does not correspond to the amount
of proteins containing ELDs. An extreme example is Francisella tularensis subsp. tu-
larensis NE061598 which has 90 ELDs but only 42 proteins with ELDs - in average
two ELDs on every protein. This becomes obvious when the sum of the two groups
pPHAT+pELD and nPHAT+nELD (in this case 42) does not correspond to the amount
of ELDs. For the calculation of the x2-test the amount of proteins containing an ELD

was consulted.




Taxonomic name Excluded ELD nELD pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ 2 p-value
family pELD nELD pELD nELD
(TaxID)
135621 363 5521 17 5846 4 13 356 5490 6.1754  0.01295
Staphylococcus aureus subsp. aureus 71193 90964 40 2583 3 2618 0 3 40 2577 NA NA
Chlamydophila pneumoniae CWL029 809 23 1029 62 989 2 60 21 968 0.0164  0.898
Mycoplasma gallisepticum NC06 _2006.080-5- 2092 4 740 2 723 0 14 4 719 NA NA
2P
Helicobacter pylori PeCanl8 72293 16 1479 2 1489 0 2 16 1473 NA NA
Mycoplasma wenyonii str. Massachusetts 2092 9 643 14 637 0 14 9 627 NA NA
Francisella tularensis subsp. tularensis SCHU 34064 82 1522 40 1487 2 38 34 1455 0.3479  0.5553
S4
Streptococcus pyogenes MGAS315 1300 36 1829 0 1858 0 0 36 1822 NA NA
Escherichia coli CFT073 543 155 5214 2 5322 0 2 155 5167 NA NA
Streptococcus mutans UA159 1300 29 1931 2 1950 0 2 29 1921 NA NA
Yersinia pestis CO92 543 159 3907 6 3818 0 6 64 3812 NA NA
118968 26 1821 35 1784 7 28 19 1756 74.0123 < 2.2E-16
775 10 827 36 800 3 33 7 784 7.6476  0.005685
712 23 1613 2 1630 1 2 22 1606 5.0318  0.002489
2146 99 650 12 709 7 5 82 627 19.7269 8.93E-006
170 157 3510 83 3579 14 83 143 3422 22.5193  0.00000208
Chlamydia trachomatis D/UW-3/CX 809 22 873 48 847 2 58 20 815 0.0005  0.9827
444 62 2881 59 2872 11 63 51 2806 53.449  2.654E-013
Staphylococcus aureus RF122 90964 40 2469 2 2501 0 2 40 2459 NA NA
Bartonella quintana str. Toulouse 772 1 1141 1 1138 0 1 1 1137 NA NA
Mycoplasma hyopneumoniae 232 2092 7 684 6 685 0 6 7 678 NA NA
444 67 2867 64 2856 12 52 55 2801 71.7078 < 2.2e-16
444 96 3070 72 3142 14 58 75 3000 67.9736 6.83E-014
Campylobacter lari RM2100 72294 20 1525 2 1542 0 2 20 1522 NA NA
Polynucleobacter necessarius subsp. asymbi- 119060 28 2049 9 2065 0 9 28 2037 NaN NalN
oticus QLW-P1DMWA-1
Xanthomonas campestris pv. vesicatoria str. 32033 143 4583 33 4616 2 31 102 4493 0.7992  0.3713
85-10
Campylobacter fetus subsp. fetus 82-40 72294 2 1717 6 1709 0 6 2 1707 NA NA

Table 3.8: Overview of the results - Part 1/3. In red cells are the names of bacteria for which the Pearson’s x? test returns a
p-value below 0.05. The column named ’Excluded’ shows the TaxID of the family that was excluded from the Al calculation

in the all-prokaryotes database.



Taxonomic name Excluded ELD nELD pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ 2 p-value
family pELD nELD pELD nELD
(TaxID)
Chlamydophila pneumoniae LPCoLN 809 25 1080 58 1047 2 56 23 1024 0.029 0.8647
Borrelia recurrentis A1l 137 3 987 20 857 0 20 3 954 NA NA
Lactococcus garvieae Lg2 1300 29 1939 1 1937 0 1 29 1908 NA NA
Bacteroides vulgatus ATCC 8482 815 307 3759 8 3975 0 8 302 3673 NA NA
Nocardiopsis dassonvillei subsp. dassonvillei 83676 177 5320 13 5484 0 13 177 5307 NaN NaN
DSM 43111
Polynucleobacter necessarius subsp. necessar- 119060 2 1506 5 1502 0 5 2 1500 NA NA
ius STIR1
Salmonella enterica subsp. enterica serovar 543 105 4675 6 4752 1 5 104 4648 1.0449  0.3067
Heidelberg str. SL476
Streptococcus gordonii str. Challis substr. 1300 51 2000 3 2047 0 3 51 1996 NA NA
CH1
Cryptobacterium curtum DSM 15641 84107 22 1335 6 1349 0 6 22 1327 NA NA
Marinomonas posidonica IVIA-Po-181 135620 40 3451 20 3469 0 20 40 3429 NA NA
34064 90 1746 40 1786 5 35 37 1632 13.2088  0.0002786
Streptococcus mutans NN2025 511691 24 1871 0 1883 0 0 24 1869 NA NA
Candidatus Liberibacter asiaticus str. psy62 82115 20 1089 18 1084 1 17 17 1067 0.1492  0.6993
Staphylococcus aureus subsp. aureus TCH60 90964 45 2648 5 2688 0 5 45 2643 NA NA
Listeria monocytogenes HCC23 186820 114 2860 7 2965 1 6 113 2852 0.208 0.6483
Bifidobacterium animalis subsp. lactis DSM 31953 14 1552 5 1560 0 5 14 1546 NA NA
10140
Pseudomonas aeruginosa LESB58 135621 379 5546 16 5883 3 16 371 5512 1.4942  0.2216
543 102 4335 10 4421 5 5 97 4324 81.248 < 2.2e-16
Bifidobacterium longum subsp. infantis 157F 31953 47 1952 7 1968 0 7 38 1930 NA NA
909930 70 2331 7 2376 2 5 68 2308 8.4193  0.003713
942 73 1202 80 1081 24 56 42 1039 89.9378 < 2.2e-16
Mycobacterium africanum GM041182 1762 142 3688 16 3798 1 15 141 3657 0.016 0.8992
Bifidobacterium animalis subsp. lactis V9 31953 14 1555 5 1564 0 5 14 1550 NA NA
Arcobacter nitrofigilis DSM 7299 72294 15 3111 34 3091 0 34 15 3076 NA NA
Escherichia coli TAI1 543 110 4239 2 4324 0 2 110 4214 NA NA
Helicobacter pylori B38 72293 14 1368 2 1365 0 2 14 1351 NA NA

Table 3.9: Overview of the results - Part 2/3. In red cells are the names of bacteria for which the Pearson’s x? test returns

a p-value below 0.05.



Taxonomic name Excluded ELD nELD pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ 2 p-value
family pELD nELD pELD nELD
(TaxID)
Actinobacillus succinogenes 1307 712 22 2057 8 2049 0 8 22 2047 NA NA
Sinorhizobium fredii NGR234 82115 867 5495 18 5513 3 15 843 5399 0.0022  0.9629
Shewanella putrefaciens 200 267890 41 4138 9 4055 0 9 34 4021 NA NA
Streptococcus dysgalactiae subsp. equisimilis 1300 45 2011 0 2050 0 0 44 2006 NA NA
ATCC 12394
Treponema pallidum subsp. pallidum str. 137 4 977 9 971 0 9 4 967 NA NA
Chicago
Corynebacterium pseudotuberculosis 1002 1653 10 2080 1 2089 0 1 10 2079 NA NA
Helicobacter mustelae 12198 72293 3 1395 4 1394 0 4 3 1391 NA NA
Rothia mucilaginosa DY-18 1268 9 1895 0 1904 0 0 9 1894 NA NA
Corynebacterium diphtheriae 31A 1653 20 2361 3 2349 0 3 19 2330 NA NA
41297 239 4425 31 4582 6 25 219 4363 11.1324  0.0008483
Bacillus thuringiensis BMB171 186817 323 5029 5 5322 1 4 322 5000 0.1362 0.7121
Erwinia amylovora ATCC 49946 543 20 3545 4 3559 0 4 20 3539 NA NA
Herbaspirillum seropedicae SmR1 75682 106 4629 7 4725 0 7 106 4619 NA NA
Rothia dentocariosa ATCC 17931 1268 24 2193 4 2208 0 4 24 2184 NA NA

Table 3.10: Overview of the results - Part 3/3. In red cells are the names of bacteria for which the Pearson’s x? test returns

a p-value below 0.05.
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In Table D.1 a detailed list for all bacteria is shown. It contains the name of the bacteria,
if available the KEGG name and number of the disease caused by the pathogen, the
amount of ELPs found in the genome (ELP = AI above or equal to 1), a short and longer,
more detailed description of the associated pathogenicity and a number ranging from 0
(symbiont) to 4 (extraordinary high virulence) roughly mirroring the virulence of the
pathogen. Also all proteins which were classified as ELD containing proteins and PHAT
analysis detected potential eukaryotic origin are included with its accession number, alien
index, domains and - if available - a short description of the protein function.

In the following prokaryotes the y2-text showed a dependency between ELD containing

proteins and proteins which were characterized as of eukaryotic origin:

1. Pseudomonas aeruginosa DK2 - Pseudomonas aeruginosa is the predominant mi-
croorganism in chronic lung infection of cystic fibrosis patients - Virulence: 2 -

Human pathogen (secondary infection) - risk group' 2

2. Coxiella burnetii RSA 493 - The etiological agent of Q-fever - Virulence: 4 - Human

pathogen (primary infection) - risk group 3

3. Rickettsia typhi str. Wilmington - Rickettsia typhi is the etiological agent of typhus

feve - Virulence: 4 - Human pathogen (primary infection) - risk group 3

4. Haemophilus influenzae R2846 - Serotype b is the most frequent cause of bacterial

meningitis - Virulence: 4 - Human pathogen (primary infection) - risk group 2

5. Omion yellows phytoplasma OY-M - Phytoplasmal infections can cause extensive

phloem necrosis - Virulence: 3 - Plant pathogen (primary infection)

6. Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130 - Mostly asymp-
totic but small numbers of the patients may develop febrile illness with icterus,
splenomegaly and nephritis, febrile illness with pulmonary haemorrhages or ocu-
lar manifestations - Virulence: 3 - Human pathogen, animal pathogen (primary

infection) - risk group 2

IThis category is due to the list of pathogens and their required biosafety level published by the
Bundesamt fiir Verbraucherschutz und Lebensmittelsicherheit, Germany
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7.

10.

11.

12.

13.

14.

Legionella pneumophila subsp. pneumophila str. Philadelphia 1 - Etiological agent
of Legionaires disease and Pontiac fever - Virulence: 3 - Human pathogen (pri-

mary/secondary infection) - risk group 2

. Legionella pneumophila str. Lens - Etiological agent of Legionaires disease and

Pontiac fever - Virulence: 3 - Human pathogen (primary/secondary infection) -

risk group 2

. Legionella pneumophila str. Paris - Etiological agent of Legionaires disease and

Pontiac fever - Virulence: 3 - Human pathogen (primary/secondary infection) -

risk group 2

Francisella tularensis subsp. tularensis NE061598 - the etiological agent of tu-

laremia - Virulence:4 - Human pathogen (primary infection) - risk group 3

Pectobacterium wasabiae WPP163 - causing soft rotting in potatoes - Virulence:

3 - plant pathogen (primary infection) - risk group 1

Acidaminococcus intestini RyC-MR95 - occasionally associated to infective pro-
cesses but always as part of polymicrobial infections - Virulence: 1 - Human

pathogen/symbiont (secondary infection) - risk group ?

Wolbachia endosymbiont of Culex quinquefas- ciatus Pel - Wolbachia bacteria col-
onize Onchocerca volvulus as mutualistic symbionts - Virulence: 3 - Endosymbiont

of athropoda - risk group 1

Novosphingobium sp. PP1Y - discussed as a potential human pathogen - Virulence:

? - Possible human pathogen - risk group 7

3.7.3 Phylogenetic origin and dynamics

All protein trees belonging to the pPHAT+pELD group were manually verified. Also,

if possible, the origin of the HGT was determined. It was rarely easy to determine the

donor of the genetic material - very often it was not even possible to give a clear answer
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regarding the phylum of the donor. It must be kept in mind that many of the phyloge-
netic trees are very large and paralogs from the seed organism (not always coming up on
the same leaf in the tree) and from all other organisms are present in the phylogenetic
tree. Furthermore the root is determined by midpoint rooting - this means the longest
edge of the graph is split at its half-point and the root is assigned to this point. It is nor-
mal that this rooting method is applied since there is no out-group which could be used
instead but nevertheless it must be kept in mind that the root is doubtable. Furthermore
very often bootstrap values are low - resulting in an uncertain topology at early branches.
And - as with all tree constructing methods - a phylogenetic tree is the solution of fitting
a n+m distance matrix with nxm dimensions in a two dimensional representation - a task
that is by definition only an approximation. The proposed donor-acceptor relationship
for the genetic material (always from eukaryotes to prokaryotes) is shown in Table 3.11
for the manually verified pELD+pPHAT group.

Revealing the phylogenetic relationship between the HGT donor and the acceptor of ef-
fector proteins is an important step in understanding the evolution of pathogens (and
its effectors and pathogenicity). Since the NJ trees have bad bootstrap support in early
branches the following donor-acceptor relationships should only be used as rough guid-
ance. What can be said is that the donors are very often not from the phyla the bacteria
infects primarily - e.g., Xanthomonas campestris pv. Vesicatoria is a plant pathogen
yet its two ELD containing effectors come from fungi - the same situation applies to
Sinorhizobium fredii and its three effectors. Pseudomonas aeruginosa DK2 is a human
pathogen - its effector proteins are derived from Fungi. Different is the situation e.g.,
in Chlamydophila pneumoniae where the two effector proteins have their origin very
likely in Viridiplantaea - reflecting an ancestral relationship between Chlamydiaceae,

Cyanobacteria, and the Chloroplast [Brinkman et al., 2002].

TaxID: 1093787 TaxName: Pseudomonas aeruginosa DK2

Protein Acc Domains Origin

YP 006483810 PF03088 unclear relationship
YP 006480122 PF06355 Fungi
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YP 006483846 PF01989, PF04412 Fungi
YP 006485602 PF12710 Fungi

TaxID: 115713 TaxName: Chlamydophila pneumoniae CWL029

Protein Acc Domains Origin
NP_ 224551 PF032119 Viridiplantaea
NP_ 224810 PF032119 Viridiplantaea

TaxID: 177416 TaxName: Francisella tularensis subsp. tularensis SCHU S4

Protein Acc Domains Origin
YP 170294 PF02931 Opisthokonta-Metazoa-Caenorhabditis elegans
YP 170045 PF00328 Opisthokonta-Metazoa-Crassostrea gigas

TaxID: 227377 TaxName: Coxiella burnetii RSA 493

Protein Acc Domains Origin

NP _ 820201 PF01222 Amoebozoa-Centramoebida
NP_ 819913 PF00086 Opistokonta:Metazoa

NP _ 820468 PF08613 Euglenozoa

NP 819085 PF00368 Opisthokonta-Fungi

NP _ 820155 PF01222 Opisthokonta-Metazoa

NP 819228 PF00961 Viridiplantaea-Chlorophyta
YP 002332981 PF07671 Viridiplantaea

TaxID: 257363 TaxName: Rickettsia typhi str. Wilmington

Protein Acc Domains Origin

YP_ 067421 PF03219 unclear relationship
YP 067327 PF03219 unclear relationship
YP_ 067440 PF03219 unclear relationship

TaxID: 262727 TaxName: Haemophilus influenzae R2846

Protein Acc Domains Origin

YP 005829448 PF00312 Viridiplantaea

TaxID: 262768 TaxName: Onion yellows phytoplasma OY-M

Protein Acc Domains Origin

NP_ 950553 PF09419 unclear relationship
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NP_ 950369 PF00004 unclear relationship
NP 950784 PF00004 unclear relationship
NP _ 950947 PF00004 unclear relationship
NP_ 950929 PF00004 unclear relationship
NP_ 950296 PF00004 Opisthokonta

NP 950813 PF00004 bacterial origin

TaxID: 267671 TaxName: Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130

Protein Acc Domains Origin

YP_ 002595 PF10520 Opisthokonta

YP 001985 PF01344 Opisthokonta

YP_ 003198 PF12796 Opisthokonta

YP 000337 PF01731 Opisthokonta

YP 002923 PF12796 unclear relationship
YP 001274 PF04768 Opisthokonta

YP 003211 PF02493 Alveolata

YP 002479 PF08713 unclear relationship
YP_ 001020 PF12796 Opisthokonta

YP 000239 PF12796 unclear relationship
YP_ 000473 PF02493 Opisthokonta

YP 003271 PF03088 Opisthokonta

YP_ 002325 PF12796 Opisthokonta

YP 003053 PF01210, PF07479 unclear relationship

TaxID: 272561 TaxName: Chlamydia trachomatis D/UW-3/CX

Protein Acc Domains Origin
NP_ 219568 PF03219 Viridiplantaea
NP_ 219973 PF02201 unclear relationship

TaxID: 272624 TaxName: Legionella pneumophila subsp. pneumophila str. Philadelphia 1

Protein Acc Domains Origin

YP 096400 PF01150 unclear relationship

YP 095005 PF13516 Parabasalia:Trichomonidida
YP_ 095964 PF00328 unclear relationship

YP 095152 PF01369 Parabasalia:Trichomonidida

YP 095966 PF11901 Euglenozoa:Kinetoplastida
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YP 094355 PF13516 Opisthokonta:Fungi

YP_ 095974 PF08123 Opisthokonta:Metazoa

YP 096947 PF01150 Alveolata:Ciliophora

YP_ 095922 PF05761 Parabasalia:Trichomonidida
YP_ 094149 PF05761 Opisthokonta

YP 094979 PF13855 unclear relationship

TaxID: 297245 TaxName: Legionella pneumophila str. Lens

Protein Acc Domains Origin

YP_ 125472 PF05761 Viridiplantaea

YP_ 127384 PF12796 Opisthokonta:Fungi

YP 125721 PF11901 Opisthokonta:Fungi

YP 126094 PF12796 Opisthokonta:Fungi

YP_ 127648 PF13516 unclear relationship

YP_ 127387 PF12796 unclear relationship

YP 127630 PF09445 Stramenopiles: Pelagophyceae
YP_ 127207 PF01150 Parabasalia: Trichomonidida
YP_ 127255 PF01369 Opisthokonta

YP 126475 PF00328 unclear relationship

YP 126358 PF01150 Opisthokonta:Fungi

YP 128208 PF08123 unclear relationship

TaxID: 297246 TaxName: Legionella pneumophila str. Paris

Protein Acc Domains Origin

YP 124197 PF01150 Alveolata
YP 123088 PF12796 Opisthokonta
YP 123444 PF00328 Alveolata
YP 124726 PF09445 Alveolata
YP 124246 PF01369 Opisthokonta
YP 122460 PF05761 Viridiplantae
YP 125327 PF08123 unclear relationship
YP 124370 PF12796 Opisthokonta
YP 123335 PF13516 Viridiplantaea
YP 124373 PF12796 Opisthokonta
YP 123361 PF01150 Alveolata

YP 124254 PF13516 unclear relationship
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YP 122719 PF11901 unclear relationship
YP 124222 PF12796 unclear relationship

TaxID: 316273 TaxName: Xanthomonas campestris pv. vesicatoria str. 85-10

Protein Acc Domains Origin
YP 364278 PF04768 Opisthokonta:Fungi
YP 365163 PF03080 Opisthokonta:Fungi

TaxID: 394 TaxName: Sinorhizobium fredii NGR234

Protein Acc Domains Origin

YP 002824454 PF03328 Opisthokonta:Fungi
YP 002823667 PF04828 Opisthokonta:Fungi
YP 002826446 PF04828 unclear relationship

TaxID: 406984 TaxName: Chlamydophila pneumoniae LPCoLN

Protein Acc Domains Origin
YP 005661727 PF03219 Viridiplantaea
YP 005661992 PF03219 Viridiplantaea

TaxID: 454169 TaxName: Salmonella enterica subsp. enterica serovar Heidelberg str. SL476

Protein Acc Domains Origin

YP 002047662 PF14269

TaxID: 510831 TaxName: Francisella tularensis subsp. tularensis NE061598

Protein Acc Domains Origin

YP 005831663 PF02274 Alveolata:Ciliophora

YP 005831889 PF02931 Opisthokonta:Metazoa

YP 005831982 PF11940 Viridiplantaea:Chlorophyta
YP 005830479 PF02274 unclear relationship

YP 005831228 PF00328 Alveolata:Ciliophora

TaxID: 537021 TaxName: Candidatus Liberibacter asiaticus str. psy62

Protein Acc Domains Origin

YP 003064736 PF03219 unclear relationship

TaxID: 552536 TaxName: Listeria monocytogenes HCC23
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Protein Acc

Domains

Origin

YP 002350681

PF08719

unclear relationship

TaxID: 561231 TaxName: Pectobacterium wasabiae WPP163

Protein Acc Domains Origin

YP 003260359 PF13343 Opisthokonta:Fungi
YP 003259508 PF12796 Opisthokonta:Metazoa
YP 003259880 PF13343 Opisthokonta:Fungi
YP 003258518 PF12796 Opisthokonta:Metazoa
YP 003258335 PF06045 Opisthokonta:Fungi

TaxID: 568816 TaxName: Acidaminococcus intestini RyC-MR95

Protein Acc

Domains

Origin

YP_ 004897753
YP_ 004897754

PF05049
PF05049

Opisthokonta:Metazoa

Opisthokonta:Metazoa

TaxID: 570417 TaxName: Wolbachia endosymbiont of Culex quinquefasciatus Pel

Protein Acc

Domains

Origin

YP_ 001976067
YP_ 001975172
YP_ 001975493
YP_ 001975547
YP_ 001975413
YP_ 001975955
YP_ 001975179
YP_ 001976103
YP_ 001975536
YP_ 001975139
YP_ 001975025
YP_ 001975234
YP_ 001976012
YP_ 001975451
YP_ 001975284
YP_ 001975372
YP_ 001975491

PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796

Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa

Opisthokonta:Metazoa
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YP_ 001975140
YP_ 001975417
YP_ 001975197
YP_ 001975764
YP_ 001975619
YP_ 001975403
YP_ 001975193

PF12796,PF00023
PF12796,PF00023
PF12796,PF00023

PF12796

PF12796

PF12796,PF13637
PF12796,PF00023,PF13637

Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa
Opisthokonta:Metazoa

TaxID: 702113 TaxName: Novosphingobium sp. PP1Y

Protein Acc

Domains

Origin

YP_ 004532680
YP 004533567
YP_ 004533187
YP 004533918
YP_ 004534061
YP 004533910

Table 3.11: Possible phylogenetic donor-acceptor relationship for HGTs.

PF03080,PF14365
PF03332
PF02359,PF02933
PF13577
PF07110
PF13577

Opisthokonta:Fungi
Opisthokonta:Fungi
unclear relationship
Opisthokonta:Fungi
Opisthokonta:Fungi
Opisthokonta:Fungi

3.8 Tree construction based on protein domains

Utilizing protein domains for tree construction instead of the full length of a protein

has some immediate advantages: (1) protein domains are evolutionary units and their
occurrence and descent can be detected over long evolutionary distances, (2) using only
the most important part of the protein - structural as well as functional - for the mul-
tiple alignment minimizes the bias introduced by different mutation rates for different

segments of the protein.

3.8.1 Protein domains for Legionella pneumophila str. Paris

Tree construction was done using the hidden Markov models and multiple sequence
alignments for all unique protein domains present in Legionella pneumophila str. Paris

provided by the Pfam protein families database [Fukami-Kobayashi et al., 2007, Punta
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et al., 2012a, Yang & Bourne, 2009|. The total number of proteins in the proteome of Le-
gionella pneumophila str. Paris is 3145, the total number of domains (domain instances)
is 3643 and 1809 unique protein domains (domain occurrences) are present.

For 1809 domain occurrences multiple sequence alignments were obtained. It was pos-
sible to calculate starting from 1809 multiple sequence alignments 1704 protein domain
trees - for the other 105 domain occurrences the number of species who possessed this
domain were - even after clustering with CD-HIT based on a sequence identity of 50% -

too high to be handled by mtrees (normally above 3000-4000).

Legionella pneumophila str. Paris Domain Trees

pPHAT nPHAT | Sum

pELD 21 61 82
nELD 92 1635 1727
Sum 113 1696 |

Table 3.12: Results for the analyzed domain trees of Legionella pneumophila str. Paris.

The pPHAT+pELD results for domain trees were compared to the pPHAT+pELD re-
sults for protein trees: 14 phylogenetic trees constructed from proteins were both positive
for the pPHAT search string and had an ELD-score > 4. Seven of these proteins con-
tain domains which are positive for eukaryotic origin in phylogenetic trees based on do-
mains (Q5X0S1 - YP 125327, Q5X874 - YP 122719, Q5X2H2 - YP 124726, Q5X8Y3
- YP_ 122460, Q5X3V2 - YP_ 124246, Q5X650 - YP_ 123444, Q5X6D3 - YP_123361).
Investigation of the remaining 1551 phylogenetic trees based on domains showed in fur-
ther 113 trees positive hits for eukaryotic origin. All details for the positive PHAT hits
are shown in Table C.1 - the ELD-Scores in this analysis are obtained from the updated
Effective database (2012-12-08).

Of the 113 proteins that are characterized as containing ELDs 21 are positive for eukary-
otic origin. The y?-test for the domain trees shows a p-value of 6.8%107 3. It appears

as if the ELD classifications correspond to a greater degree to the results gained from
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domain trees than to protein trees. It is known that protein domains reflect their origin
much better but it must also be kept in mind that their is much phylogenetic information
lost when discarding the rest of the protein sequence and focusing only on the preserved

structures.

3.8.2 Analysis of domain trees for 60 bacteria

The results obtained from the analysis of the domain occurrence in Legionella pneu-
mophila str. Paris showed that it is essential to analyze - besides proteins - domain trees
to be able to understand the evolution of effector proteins.

Domain trees for 60 bacteria - for all of which proteins were previously analyzed - were
obtained and the results are summarized in Table 3.14. It should be noted beforehand
that from 6755 multiple sequence alignments for domains only 6630 trees were obtained
(loss of 125 trees or 1.8%) due to memory limitations and calculation errors for mul-
tiple sequence alignments superseding 6000 species. For individual organisms this lead
to a loss of about 5% of domain trees - these domains are automatically added to the

nPHAT+nELD category (these domain trees were never ELDs).

Significant p-values were obtained for 33 out of 60 bacteria :
1. Acidaminococcus intestini RyC-MR95
2. Arcobacter nitrofigilis DSM 7299
3. Bacillus thuringiensis BMB171
4. Bacteroides vulgatus ATCC 8482
5. Bartonella quintana str. Toulouse
6. Bifidobacterium animalis subsp. lactis DSM 10140
7. Bifidobacterium animalis subsp. lactis V9

8. Campylobacter fetus subsp. fetus 82-40
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Campylobacter lari RM2100

Clostridiales genomosp. BVAB3 str. UPII9-5

Coxiella burnetii RSA 493

Cryptobacterium curtum DSM 15641

Erwinia amylovora ATCC 49946

Francisella tularensis subsp. tularensis NE061598

Francisella tularensis subsp. tularensis SCHU

Herbaspirillum seropedicae SmR1

Legionella pneumophila str. Lens

Legionella pneumophila str. Paris

Legionella pneumophila subsp. pneumophila str. Philadelphia 1
Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130
Listeria monocytogenes HCC23

Marinomonas posidonica IVIA-Po-181

Nocardiopsis dassonvillei subsp. dassonvillei DSM 43111

Pectobacterium wasabiae WPP163

Polynucleobacter necessarius subsp. asymbioti- cus QLW-P1DMWA-1

Polynucleobacter necessarius subsp. necessarius STIR1
Pseudomonas aeruginosa LESB58
Rothia dentocariosa ATCC 17931

Rothia mucilaginosa DY-18
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30. Shewanella putrefaciens 200

31. Sinorhizobium fredii NGR234

32. Wolbachia endosymbiont of Culex quinquefasciatus Pel
33. Xanthomonas campestris pv. vesicatoria str. 85- 10

These results can be compared to the significant p-values obtained for the same categories
in the y2?-test with protein trees (summarized in Table 3.8, Table 3.9 and Table 3.10)
which resulted in 14 significant p-values. Merging both lists result in the table shown
in Table 3.13. There are 8 prokaryotes for which a positive p-value for the chi-square
test for proteins as well as for domains is present. It seems like the relationship between

ELDs and eukaryotic origin is much stronger on domain than on protein level.
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Taxonomic name Domain trees Protein trees
positive positive
positive positive
positive positive
positive positive
positive positive
positive positive
positive positive
positive positive
positive positive

Arcobacter nitrofigilis DSM 7299 positive negative

Bacillus thuringiensis BMB171 positive negative

Bacteroides vulgatus ATCC 8482 positive negative

Bartonella quintana str. Toulouse positive negative

Bifidobacterium animalis subsp. lactis DSM 10140 positive negative

Bifidobacterium animalis subsp. lactis V9 positive negative

Campylobacter fetus subsp. fetus 82-40 positive negative

Campylobacter lari RM2100 positive negative

Chlamydophila pneumoniae LPCoLN positive negative

Clostridiales genomosp. BVAB3 str. UPII9-5 positive negative

Cryptobacterium curtum DSM 15641 positive negative

Erwinia amylovora ATCC 49946 positive negative

Francisella tularensis subsp. tularensis SCHU positive negative

Haemophilus influenzae R2846 np positive

Herbaspirillum seropedicae SmR1 positive negative

Listeria monocytogenes HCC23 positive negative

Marinomonas posidonica IVIA-Po-181 positive negative

Nocardiopsis dassonvillei subsp. dassonvillei DSM 43111  positive negative

Novosphingobium sp. PP1Y negative positive

Onion yellows phytoplasma OY-M negative positive

Polynucleobacter necessarius subsp. asymbioticus QLW-  positive negative

P1IDMWA-1

Polynucleobacter necessarius subsp. necessarius STIR1 positive negative

Pseudomonas aeruginosa DK2 negative positive

Pseudomonas aeruginosa LESB58 positive negative

Rickettsia typhi str. Wilmington negative positive

Rothia dentocariosa ATCC 17931 positive negative

Rothia mucilaginosa DY-18 positive negative

Shewanella putrefaciens 200 positive negative

Sinorhizobium fredii NGR234 positive negative

Table 3.13: Comparison of the significant results obtained from protein and domain tree
analysis. The table shows a merged list of the significant chi-square results obtained for
protein and domain tree analysis. The 'np’ for Haemophilus influenzae should indicate
that this particular prokaryote was not among the 60 analyzed bacteria.




Taxonomic Name pELDs nELDs pPHAT+ pELD pPHAT+ nELD nPHAT+ pELD nPHAT+ nELD x p-value
2386 2 38 14 2348 5.8466 0.01561
Streptococcus mutans NN2025 9 1357 1 20 8 1337 0.9664 0.3256
Borrelia recurrentis Al 4 745 1 49 3 696 0.219 0.6398
1329 1 30 1 1299 4.5256 0.03339
872 4 79 7 793 6.5735 0.01035
1753 19 59 15 1694 207.9642  2.2e-16
1135 2 25 11 1110 4.8318 0.02794
1213 3 17 5 1196 43.8267 3.588e-11
1044 3 38 9 1006 9.3455 0.002235
787 3 81 6 706 2.8613 0.09073
Candidatus Liberibacter asiaticus str. psy62 9 918 0 36 9 882 0 1
2206 4 33 20 2173 24.8361 6.242e-07
2007 8 54 43 1953 24.4724 7.538e-07
Streptococcus gordonii str. Challis substr. CH1 20 1375 0 0 20 1375 NaN NA
1242 5 50 14 1192 17.2663 3.249¢-05
1575 4 34 9 1541 33.7675 6.211e-09
1766 21 61 22 1705 189.4429  2.2e-16
1743 5 19 28 1724 38.0672 6.835e-10
1730 7 40 81 1690 8.4642 0.003622
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Taxonomic Name pELDs nELDs pPHAT+ pELD pPHAT+ nELD nPHAT+ pELD nPHAT+ nELD x p-value
Escherichia coli CFT073 56 2618 1 28 55 2590 0 1
9 1233 2 26 7 1207 8.5454 0.003464
23 1985 8 42 15 1943 86.9254  2.2e-16
Haemophilus influenzae R2846 15 1443 0 9 15 1434 0 1
Rickettsia typhi str. Wilmington 7 834 2 64 5 770 1.8002 0.1797
Corynebacterium diphtheriae 31A 13 1449 0 0 13 1449 NaN NA
Helicobacter pylori B38 6 1105 0 20 6 1085 0 1
Prevotella denticola F0289 19 1389 1 25 18 1364 0.0655 0.798
Bifidobacterium longum subsp. infantis 157F 13 1263 0 24 13 1239 0 1
Mycobacterium africanum GM041182 34 1772 2 37 32 1735 0.832 0.3617
_ 20 1203 6 48 14 1155 25.6733  4.044e-07
Chlamydia trachomatis D/UW-3/CX 11 755 2 80 9 675 0.1003 0.7514
16 2221 2 31 14 2190 6.9195 0.008526
10 1141 2 24 8 1117 7.417 0.006461
Actinobacillus succinogenes 1307 17 1689 0 10 17 1679 0 1
1324 6 19 6 1305 127.446 2.2e-16
1242 6 32 3 1210 103.8018  2.2e-16
Lactococcus garvieae Lg2 11 1289 0 14 11 1275 0 1
Onion yellows phytoplasma OY-M 12 413 2 16 10 397 2.0796 0.1493
1251 1 19 1 1232 6.9856 0.008217
2328 8 68 46 2260 20.4735 6.046e-06




Taxonomic Name pELDs nELDs pPHAT+ pELD pPHAT+ nELD nPHAT+ pELD nPHAT+ nELD x p-value
Mycoplasma hyopneumoniae 232 4 480 1 23 3 457 0.4867 0.4854
Staphylococcus aureus subsp. aureus TCH60 18 1688 1 30 17 1658 0.0941 0.759
Staphylococcus aureus RF122 17 1636 0 23 17 1613 0 1
1609 12 118 33 1491 20.0021 7.736e-06
1411 2 25 16 1386 4.0835 0.0433
Escherichia coli IAT1 51 2585 2 29 49 2556 1.3943 0.2377
Streptococcus dysgalactiae subsp.  equisimilis 11 1338 0 19 11 1319 0 1
ATCC 12394
2617 4 40 59 2577 6.1197 0.01337
Treponema pallidum subsp. pallidum str. 4 771 1 41 3 730 0.3933 0.5306
Chicago
Salmonella enterica subsp. enterica serovar Hei- 50 2594 0 24 50 2570 0 1
delberg str. SL476
Candidatus Azobacteroides pseudotrichonymphae 4 840 0 23 4 817 0 1
genomovar. CFP2
2415 6 31 44 2384 31.1464 2.393e-08
2332 7 33 74 2299 20.8421 4.988e-06
1109 2 26 7 1083 7.4527 0.006334
2285 8 39 90 2246 17.059 3.624e-05
1727 2 56 6 1671 5.9044 0.0151
Corynebacterium pseudotuberculosis 1002 7 1393 1 26 6 1367 1.0113 0.3146
Helicobacter mustelae 12198 3 1154 0 26 3 1128 0 1



Taxonomic Name pELDs nELDs pPHAT+ pELD pPHAT+ nELD nPHAT-+ pELD

nPHAT+ nELD 2 p-value
38 1731 21 55 17 1676 232.8403 2.2e-16
1 1072 1 30 0 1042 7.918 0.004894

Table 3.14: Details for domain trees obtained for 60 prokaryotes. Taxonomic names are shown in red if the p-value returned
by the x? test was significant.



Chapter 4

Conclusion and outlook

The foundation of this thesis is based on three observations:

1. prokaryotes interact with their biotic environment using proteins (so called effec-
tors) - in the case of pathogens these effector proteins are virulence factors and

play a key role in the pathogenicity of the prokaryote [Mattoo et al., 2007];

2. effector proteins often exhibit a certain domain signature - so called eukaryotic-
like domains. FEukaryotic-like domains are defined through their abundance in
pathogens and eukaryots and their absence in non-pathogenic prokaryotes. Pro-
teins with eukaryotic-like domains act in eukaryotic cells as binding partners to eu-
karyotic proteins - showing great homology to the eukaryotic binding domain [Jehl
et al., 2011];

3. horizontal gene transfer between prokaryotes plays an important role in explaining
genetic viability and adaption to new niches [Gogarten & Townsend, 2005| - but
there are also many examples of horizontal gene transfer events between prokaryotes

and eukaryotes [Hotopp, 2011, Sanchez, 2011].

Combining these three observations it is possible to formulate the main hypothesis the
research done in this thesis wanted to investigate: are proteins with eukaryotic-like do-

mains the result of horizontal gene transfer? Are there significantly more horizontal-gene
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transfer events when looking at proteins with eukaryotic-like domains in comparison to
proteins without such a domain - and can this be shown at the whole protein level as
well as on the domain level? The null hypothesis in this research question was that
eukaryotic-like proteins and their similarity to the eukaryotic binding domain are the re-
sult of convergent evolution or vertical ancestry resulting in evenly distributed horizontal
gene transfer events in proteins with eukaryotic-like domains and proteins without ELDs.
To decide which hypothesis is applicable the proteom of 70 randomly chosen pathogens
was analyzed. The proteom of each organism was divided in ELD containing proteins
and non-ELD containing proteins based on the ELD-score introduced in the effector

database [Jehl et al., 2011].

To the author’s knowledge there are no previous studies using phylogenetic tree analysis
and reconciliation in such a large scale approach and no studies using this methodology
to detect HGTs in multiple pathogens.

Preceding the experiment to decide the research question was the search for the optimal

parameters of the used software.

Parameter search for the alien index

For three organisms phylogenetic trees were calculated for the whole proteom and the
impact of different alien indices on these sets was analyzed retrospectively. It was shown
that an alien index of 0.5 reliably removes prokaryotic proteins that have no homologs
in eukaryotes (e.g. household proteins) but leaves the set of proteins with ELDs intact.

It removes between 40-50% of the initial amount of proteins.

Parameter search for tree reconstruction and multiple-alignment

For parameter validation of the tree reconstruction method the results obtained for Le-
gionella pneumophila str. Paris were compared to the results from previous studies with
this organism. The used parameters for the phylogenetic tree reconstruction led to sim-

ilar results except for homologs with little coverage. But it should be kept in mind that
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there is no standard or truth against which phylogenetic trees can be compared - so even
when the overlap with previous studies is reassuring the accuracy of the phylogenetic

trees should be handled with caution.

Parameters for tree analysis

For automatic tree analysis the JAVA package PHAT was used. This program analyses
the relationship of different taxa in a phylogenetic tree based on a search string provided
by the user. The aim was to find tree topologies that are the result of a HGT event with
eukaryotes as gene donors and prokaryotes as gene acceptors - this was done by searching
for monohpyletic branches of the tree which contain eukaryotes as well as prokaryotes.
Rooting was done for the node of the seed species.

But there are also other possible HGT events that shape the genome of pathogens - e.g.,
HGT events from bacteria to bacteria which are not detectable with this method and
combined with HGT events from eukaryotes can lead to wrongly assigned donor phyla
or undetected HGT events with eukaryotes as gene donors.

Different search strings were used for three bacteria and the results compared to manually
positively classified trees for these prokaryotes - this approach resulted in a search string
with a sensitivity of 95 % and specificity of 93 % for this three organisms. The findings in
this thesis are based on the sensitivity and specificity of the used phat search string and
the assumption that the conclusive results for the final phat string in the three tested
organisms can be generalized to other pathogens. Before further discussing the results it
should be stated that manually classification of HGT vs non-HGT was rarely trivial - a
certain error rate should and must be considered.

The final phat string searched for nodes with more than three eukaryotes, the seed species
and less than 20 bacteria which are not from the taxonomic family of the seed species.
This search string excludes some evolutionary scenarios: horizontal gene transfer from
genes that are only present in one eukaryotic species or early HGT events to a large
monophyletic family of pathogens. But despite these constrains the benefits prevailed -

contamination of prokaryotic genomes with eukaryotic genes was avoided by requiring a
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minimum of three eukaryotes and the constrain of a maximum of 20 bacteria excluded

positive nodes near the root in trees with prokaryotes and eukaryotes.

Comparison of different tree reconstruction methods

Due to the high requirements maximum-likelihood methods like raxML have in regards
of time and CPU consumption the decision reached in this thesis to use a neighbor-
joining method like mtrees while facing the proteom of 70 bacteria was easy. Still, the
fact remains that maximum-likelihood methods better reflect the evolutionary reality
and their resolution of sequence similarities near the root is a given - therefore it was
important to estimate the differences in the outcome of the experiment resulting from the
decision against a maximum-likelihood method. This was done using phylogenetic trees
from the proteom of Chlamydia trachomatis D/UW-3/CX obtained with a maximum-
likelihood method and a neighbor joining method. The two different sets of trees were
analyzed using the previously discussed PHAT string and the results were compared. It
was shown that these two different methods were equivalent in their results. For de-
veloping a methodology which is suitable to investigate the relationship between ELDs
and HGTs in a large scale approach this step was crucial - if the results between this
two methods had differ to a larger extend the tree reconstruction would have become
either unreliable with neighbor-joining methods or very time and CPU consuming with

maximum likelihood methods.

Subsequent to the parameter search was the main experiment - analyzing the amount of
horizontal-gene transfer events in proteins with eukaryotic-like domains in comparison
with protein without eukaryotic-like domains.

The results - using full length proteins - showed for 14 bacteria significant p-values (p <
0.5) - the others were tested negative for a correlation between ELDs and HGTs. Most of
the positively tested organisms are highly pathogenic and virulent (e.g. Haemophilus

inuenzae R2846, Coxiella burnetii RSA 493, Francisella tularensis subsp. tularensis
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NE061598), some are known for their numerous HGTs (e.g. Legionella pneumophila
str. Lens and Paris) and others are tightly associated with either a specific host organ-
ism or an obligate intracellular lifestyle (e.g. Rickettsia typhi str. Wilmington, Wolbachia
endosymbiont of Culex quinquefasciatus Pel, Onion yellows phytoplasma OY-M). It ap-
pears as if the conclusion from these findings may very well indicate different types of
pathogens - e.g. one of the types is evolutionary adapted to a certain host via HGTs
(among other factors) obtained from eukaryotes and another type is either not competent
for HGTs or their ability to infect eukaryotes is not based on genetic material obtained
from an eukaryotic donor. For the last group it is hard to eliminate the possibility of
ancient horizontal gene transfer which is not detectable with the implemented method-
ology (rendering the distinction non-existing, even though it may exist at certain points

in time) - but this possibility is also true for the first group.

Variation in the ELD score did not show a clear trend (higher ELD score did not show
an increased significants).

Analyzing the phylogenetic relationship between the HGT donor and the acceptor for
proteins which were classified as being of eukaryotic origin and having an ELD score
above 4 showed that donors are very often not from the phyla the bacteria infects pri-
marily - e.g., Xanthomonas campestris pv. Vesicatoria is a plant pathogen yet its two
ELD containing effectors come from fungi, the same situation applies to Sinorhizobium
fredii and its three effectors and Pseudomonas aeruginosa DK2 (human pathogen yet
its effector proteins are derived from Fungi). But it must be said that it was often not
easy to interpret the tree topology and it was seldomly possible to determine the origin
unambiguous. Furthermore a HGT scenario with just a single HGT event was rarely

enough to explain the topology of the tree.

The result changed when using domain sequences instead of the full length protein se-
quences - it was possible to obtain significant p-values in 33 out of 60 analyzed proteoms.

These set of pathogens - the overlap is discussed below - contains bacteria which are
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pathogenic (e.g. Bacillus thuringiensis BMB171, Bartonella quintana str. Toulouse,
Campylobacter fetus subsp. fetus 82-40, Chlamydophila pneumoniae LP-CoLN, Er-
winia amylovora ATCC 49946), ubiquitous present in a wide variety of habitats (e.g.
Shewanella putrefaciens 200, Nocardiopsis dassonvillei subsp. dassonvillei DSM 43111)
and Symbionts (e.g. Arcobacter nitrofgilis, Bacteroides vulgatus ATCC 8482, Bifdobac-
terium longum subsp. incantis 157F, Bifidobacterium animals subs. lactis DSM 10140 ).
It appears that the majority of these group are also highly pathogenic prokaryotes - but
there are also symbionts and pathogens that appear mostly as parasites of immunodefi-

cient organisms.

Merging the resulting organism lists gave an overlap of 8 prokaryotes. These prokaryotes
are either known for their numerous HGT events (Legionella pneumophila str. Lens,
Legionella pneumophila str. Paris, Legionella pneumophila subsp. pneumophila str.
Philadelphia 1), their endosymbiotic life-style (Wolbachia endosymbiont of Culex quin-
quefasciatus Pel) or their high virulence and pathogenicity (Coxiella burnetii RSA 493,
Francisella tularensis subsp. tularensis NE061598, Leptospira interrogans serovar Copen-
hageni str. Fiocruz L1-130). It seems like the relationship between ELDs and eukaryotic
origin is much stronger on domain sequence than on protein sequence level. No clear

trend between number of ELDs and HGTSs in these ELDs was visible.

For further work the question remain if effectors are a closed group of proteins that
were transferred at some point in the evolution of a bacteria which marked its transfor-
mation to a pathogen - therefore setting the focus on the function of this set of proteins
since they may be the key to understand the evolution of pathogens in general. Another
possibility is that proteins are continuously obtained during the evolution of prokaryotes
- leading to new pathogens and/or more virulent bacteria. The finding of the thesis
point in both directions to some extend. On protein sequence level only very virulent
pathogens show a significant link between ELDs and HGTs, pointing in the direction

that these proteins are a finite set of effectors - and only pathogens have obtained them.
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On domain level the second scenario can be favoured - highly virulent pathogens have a
certain set of domains but also commensal bacteria have obtained some in the past. This
leaves the question if there is a general functional difference between sets of pathogenic
effectors and effectors in symbiotic bacteria, and also if a symbiotic prokaryote can be-
come pathogenic by obtaining further effectors.

Another topic for further work is the in-depth analysis of the obtained phylogenetic trees
which were only analyzed to answer the question of HGT events between eukaryotes and
prokaryotes. It would be very interesting to see if prokaryotes with a greater number of
such HGT events also have a tendency to obtain genetic material from other prokaryotes.
It would also be very interesting to try and assign time frames to HGT events relative
to each other in a pathogen - this might give insight in the evolution of pathogens. This
could be done by analyzing HGTs with eukaryotes as donors on different taxonomic levels
- in this thesis the HGTs were only examined on family level - other levels could be used

as well and would provide this kind of temporal information.
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Appendix A

Tree analysis of all proteins of
Wolbachia endosymbiont of Culex
quinquefasciatus Pel and Francisella
tularensis subsp. tularensis
NE061598 with ELD score equal to
or greater than 4 and a bit-score
ratio of equal to or greater than 0.5
using different PHAT search strings



ACC number M P1 P2 P3 P4 P5 P6 P7r P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18

Wolbachia endosymbiont of Culex quinquefasciatus Pel
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ACC number M P1 P2 P3 P4 P5 P6 P7r P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18
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Francisella tularensis subsp. tularensis NE061598
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ACC number M P1 P2 P3 P4 P5 P6 P7r P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18

YP 005831197 - - - - - - - - - - P P P P P P P P P
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YP 005831922 - - - - - - - - - - P P P P P P P P P
YP 005831954 - - - - - - - - - - - - - - - - - - -
YP 005831978 - - - - - - - - - - P P P P P P P P P
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Table A.1: Tree analysis of all proteins of Wolbachia endosymbiont of Culex quinquefasciatus Pel and Francisella tularensis
subsp. tularensis NE061598 with ELD score equal to or greater than 4 and a bit-score ratio of equal to or greater than 0.5
using different PHAT search strings. The ACC numbers are given; M stands for manually evaluated; P stands for positive for
eukaryotic origin whereas - stands for negative for eukaryotic origin. In the cases of added question marks it was not possible
to evaluate the assign origin without a doubt.



Appendix B

Variation of the ELD-Score and its impact on the
Xz—square test

Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

Pseudomonas 5863 4 360 5503 17 5846 4 13 356 5490 6.1754 0.01295
aeruginosa DK2 5 68 5795 2 15 66 5780 8.7351 0.003121

6 24 5839 1 16 23 5823 2.6808 0.1016

7 6 5857 1 16 5 5841 13.4402 0.0002463

8 4 5859 1 16 3 5843 20.6406 0.000005541

9 2 5861 1 16 1 5845 42.253 0.0000000000802

10 2 5861 1 16 1 5845 42.253 0.0000000000802
Staphylococcus aureus 2620 4 40 2580 3 2617 0 3 40 2577 NA NA
subsp. aureus 71193 5 23 2597 0 3 23 2594 NA NA

6 19 2601 0 3 19 2598 NA NA

7 14 2606 0 3 14 2603 NA NA

8 14 2606 0 3 14 2603 NA NA

9 11 2609 0 3 11 2606 NA NA

10 11 2609 0 3 11 2606 NA NA




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

Chlamydophila 1051 4 23 1028 62 989 2 60 21 968 0.0164 0.898
pneumoniae CWL029 5 22 1029 2 60 20 969 0.0342 0.8533

6 21 1030 2 60 19 970 0.0597 0.807

7 19 1032 2 60 17 972 0.1388 0.7095

8 18 1033 2 60 16 973 0.1955 0.6584

9 18 1033 2 60 16 973 0.1955 0.6584

10 18 1033 2 60 16 973 0.1955 0.6584
Mycoplasma 737 4 4 733 14 723 0 14 4 719 NA NA
gallisepticum 5 3 734 0 14 3 720 NA NA
NCO06 _2006.080-5-2P 6 1 736 0 14 1 722 NA NA

7 1 736 0 14 1 722 NA NA

8 1 736 0 14 1 722 NA NA

9 1 736 0 14 1 722 NA NA

10 1 736 0 14 1 722 NA NA
Helicobacter pylori 1491 4 16 1475 2 1489 0 2 16 1473 NA NA
PeCanl8 5 14 1477 0 2 14 1475 NA NA

6 14 1477 0 2 14 1475 NA NA

7 14 1477 0 2 14 1475 NA NA

8 12 1479 0 2 12 1477 NA NA

9 11 1480 0 2 11 1478 NA NA

10 6 1485 0 2 6 1483 NA NA
Mycoplasma wenyonii 651 4 9 642 14 636 0 14 9 627 NA NA
str. Massachusetts 5 9 642 0 14 9 627 NA NA

6 9 642 0 14 9 627 NA NA

7 9 642 0 14 9 627 NA NA

8 9 642 0 14 9 627 NA NA

9 9 642 0 14 9 627 NA NA

10 9 642 0 14 9 627 NA NA
Francisella tularensis 1529 4 36 1493 40 1489 2 38 34 1455 0.3479 0.5553
subsp. tularensis SCHU 5 28 1501 1 39 27 1462 0.0772 0.7811
S4 6 22 1507 1 39 21 1468 0.0103 0.919

7 21 1508 0 40 21 1468 NA NA

8 21 1508 0 40 21 1468 NA NA




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP
9 12 1517 0 40 12 1477 NA NA
10 3 1526 0 40 3 1486 NA NA
Streptococcus pyogenes 1858 4 36 1822 0 1858 0 0 36 1822 NA NA
MGAS315 5 30 1828 0 0 30 1828 NA NA
6 18 1840 0 0 18 1840 NA NA
7 15 1843 0 0 15 1843 NA NA
8 13 1845 0 0 13 1845 NA NA
9 13 1845 0 0 13 1845 NA NA
10 13 1845 0 0 13 1845 NA NA
Escherichia coli CFT073 5324 4 155 5169 2 5322 0 2 155 5167 NA NA
5 78 5246 0 2 78 5244 NA NA
6 47 5277 0 2 47 5275 NA NA
7 26 5298 0 2 26 5296 NA NA
8 3 5321 0 2 3 5316 NA NA
9 1 5323 0 2 1 5321 NA NA
10 1 5323 0 2 1 5321 NA NA
Streptococcus mutans 1952 4 29 1923 2 1950 0 2 29 1921 NA NA
UA159 5 17 1935 0 2 17 1933 NA NA
6 14 1938 0 2 14 1936 NA NA
7 4 1948 0 2 4 1946 NA NA
8 2 1950 0 2 2 1948 NA NA
9 2 1950 0 2 2 1948 NA NA
10 2 1950 0 2 2 1948 NA NA
Yersinia pestis CO92 3882 4 64 3818 6 3876 0 6 64 3812 NA NA
5 22 3860 0 6 22 3854 NA NA
6 19 3863 0 6 19 3857 NA NA
7 18 3864 0 6 18 3858 NA NA
8 15 3867 0 6 15 3861 NA NA
9 14 3868 0 6 14 3862 NA NA
10 9 3873 0 6 9 3867 NA NA
Coxiella burnetii RSA 1810 4 26 1784 35 1775 7 28 19 1756 74.0123 <2.2E-016
493 5 24 1786 7 28 17 1758 81.1264 <2.2E-016




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

6 22 1788 6 29 16 1759 62.4857 2.684E-015

7 22 1788 6 29 16 1759 62.4857 2.684E-015

8 22 1788 6 29 16 1759 62.4857 2.684E-015

9 21 1789 5 30 16 1759 42.5813 0.0000000000678

10 21 1789 5 30 16 1759 42.5813 0.0000000000678
Rickettsia typhi str. 836 4 10 826 45 791 3 42 7 784 7.6476 0.005685
Wilmington 5 7 829 3 42 4 787 12.7515 0.0003557

6 7 829 3 42 4 787 12.7515 0.0003557

7 7 829 3 42 4 787 12.7515 0.0003557

8 7 829 3 42 4 787 12.7515 0.0003557

9 7 829 3 42 4 787 12.7515 0.0003557

10 7 829 3 42 4 787 12.7515 0.0003557
Haemophilus influenzae 1631 4 23 1608 3 1628 1 2 22 1606 5.0318 0.02489
R2846 5 19 1612 1 2 18 1610 6.2729 0.01226

6 12 1619 1 2 11 1617 10.4444 0.00123

7 10 1621 1 2 9 1619 12.7112 0.0003635

8 10 1621 1 2 9 1619 12.7112 0.0003635

9 8 1623 1 2 7 1621 16.1128 0.00005968

10 8 1623 1 2 7 1621 16.1128 0.00005968
Onion yellows 721 4 89 632 12 709 7 5 82 627 19.7269 0.000008934
phytoplasma OY-M 5 80 641 6 6 74 635 14.9277 0.0001117

6 52 669 0 12 52 657 NA NA

7 33 688 0 12 33 676 NA NA

8 33 688 0 12 33 676 NA NA

9 33 688 0 12 33 676 NA NA

10 33 688 0 12 33 676 NA NA
Leptospira interrogans 3662 4 157 3505 97 3565 14 83 143 3422 22.5193 0.00000208
serovar Copenhageni 5 88 3574 6 91 82 3483 4.5346 0.03322
str. Fiocruz L1-130 6 71 3591 6 91 65 3500 7.2964 0.006909

7 44 3618 5 92 39 3526 9.919 0.001636

8 42 3620 5 92 37 3528 10.7182 0.001061

9 40 3622 5 92 35 3530 11.6025 0.0006586

10 35 3627 2 95 33 3532 0.3672 0.5445




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

Chlamydia trachomatis 895 4 22 873 60 835 2 58 20 815 0.0005 0.9827
D/UW-3/CX 5 21 874 2 58 19 816 0.0066 0.9351

6 20 875 2 58 18 817 0.0207 0.8855

7 18 877 1 59 17 818 0.078 0.7801

8 17 878 1 59 16 819 0.1245 0.7242

9 17 878 1 59 16 819 0.1245 0.7242

10 17 878 1 59 16 819 0.1245 0.7242
Legionella pneumophila 2931 4 62 2869 74 2857 11 63 51 2806 53.449 0.0000000000002654
subsp. pneumophila str. 5 28 2903 10 64 18 2839 113.2875 <2.2E-016
Philadelphia 1 6 23 2908 9 65 14 2843 111.6755  <2.2E-016

7 21 2910 9 65 12 2845 123.7909 <2.2E-016

8 14 2917 5 69 9 2848 50.1432 0.000000000001429

9 11 2920 5 69 6 2851 66.1034  4.279E-016

10 11 2920 5 69 6 2851 66.1034 4.279E-016
Staphylococcus aureus 2509 4 40 2469 2 2499 0 2 40 2459 NA NA
RF122 5 23 2480 0 4 23 2476 NA NA

6 19 2484 0 4 19 2480 NA NA

7 14 2489 0 4 14 2485 NA NA

8 14 2489 0 4 14 2485 NA NA

9 11 2492 0 4 11 2488 NA NA

10 11 2492 0 4 11 2488 NA NA
Bartonella quintana str. 1139 4 1 1138 1 1138 0 1 1 1137 NA NA
Toulouse 5 0 1139 0 1 0 1138 NA NA

6 0 1139 0 1 0 1138 NA NA

7 0 1139 0 1 0 1138 NA NA

8 0 1139 0 1 0 1138 NA NA

9 0 1139 0 1 0 1138 NA NA

10 0 1139 0 1 0 1138 NA NA
Mycoplasma 691 4 7 684 6 685 0 6 7 678 NA NA
hyopneumoniae 232 5 3 688 0 6 3 682 NA NA

6 3 688 0 6 3 682 NA NA

7 1 690 0 6 1 684 NA NA




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

8 1 690 0 6 1 684 NA NA

9 1 690 0 6 1 684 NA NA

10 1 690 0 6 1 684 NA NA
Legionella pneumophila 2920 4 67 2853 64 2856 12 52 55 2801 71.7078 <2.2E-016
str. Lens 5 27 2893 7 57 20 2836 60.8711 6.094E-015

6 22 2898 6 58 16 2840 53.792 0.0000000000002229

7 22 2898 6 58 16 2840 53.792 0.0000000000002229

8 14 2906 6 58 8 2848 90.2919 <2.2E-016

9 12 2908 6 58 6 2850 107.0527 <2.2E-016

10 12 2908 6 58 6 2850 107.0527 <2.2E-016
Legionella pneumophila 3147 4 89 3058 72 3075 14 58 75 3000 67.9736 <2.2E-016
str. Paris 5 63 3084 13 59 50 3025 88.6054 <2.2E-016

6 43 3104 8 64 35 3040 44.7829 0.00000000002201

7 35 3113 2 70 33 3043 0.6326 0.4264

8 27 3121 2 70 25 3051 1.3017 0.2539

9 18 3130 2 70 16 3060 2.9612 0.08528

10 15 3133 0 72 15 3061 NA NA
Campylobacter lari 1544 4 20 1524 2 1542 0 2 20 1522 NA NA
RM2100 5 8 1536 0 2 8 1534 NA NA

6 7 1537 0 2 7 1535 NA NA

7 5 1539 0 2 5 1537 NA NA

8 5 1539 0 2 5 1537 NA NA

9 5 1539 0 2 5 1537 NA NA

10 5 1539 0 2 5 1537 NA NA
Polynucleobacter 2074 4 28 2046 9 2065 0 9 28 2037 NA NA
necessarius subsp. 5 20 2054 0 9 20 2045 NA NA
asymbioticus 6 18 2056 0 9 18 2047 NA NA
QLW-P1DMWA-1 7 13 2061 0 9 13 2052 NA NA

8 7 2067 0 9 7 2058 NA NA

9 6 2068 0 9 6 2059 NA NA

10 5 2069 0 9 5 2060 NA NA
Xanthomonas 4628 4 104 4524 33 4595 2 31 102 4493 0.7992 0.3713

Campestris pv.
vesicatoria str. 85-10



Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

5 68 4560 2 31 66 4529 2.1724 0.1405

6 29 4599 2 31 27 4568 8.1971 0.004196

7 17 4611 2 31 15 4580 15.8536 0.00006844

8 17 4611 2 31 15 4580 15.8536 0.00006844

9 14 4614 2 31 12 4583 19.8398 0.000008421

10 9 4619 0 33 9 4586 NA NA
Campylobacter fetus 1715 4 2 1713 6 1709 0 6 2 1707 NA NA
subsp. fetus 82-40 5 1 1714 0 6 1 1708 NA NA

6 1 1714 0 6 1 1708 NA NA

7 1 1714 0 6 1 1708 NA NA

8 1 1714 0 6 1 1708 NA NA

9 0 1715 0 6 0 1709 NA NA

10 0 1715 0 6 0 1709 NA NA
Chlamydophila 1105 4 25 1080 58 1047 2 56 23 1024 0.029 0.8647
pneumoniae LPCoLLN 5 24 1081 2 54 22 1025 0.07 0.7913

6 23 1082 2 56 21 1026 0.0765 0.7821

7 21 1084 2 56 19 1028 0.1544 0.6944

8 20 1085 2 56 18 1029 0.2075 0.6487

9 20 1085 2 56 18 1029 0.2075 0.6487

10 20 1085 2 56 18 1029 0.2075 0.6487
Borrelia recurrentis Al 977 4 3 974 20 957 0 20 3 954 NA NA

5 1 976 0 20 1 956 NA NA

6 1 976 0 20 1 956 NA NA

7 1 976 0 20 1 956 NA NA

8 1 976 0 20 1 956 NA NA

9 0 977 0 20 0 957 NA NA

10 0 977 0 20 0 957 NA NA
Lactococcus garvieae 1938 4 29 1909 1 1937 0 1 29 1908 NA NA
Lg2 5 19 1919 0 1 19 1918 NA NA

6 13 1925 0 1 13 1924 NA NA

7 10 1928 0 1 10 1927 NA NA

8 10 1928 0 1 10 1927 NA NA




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP
9 10 1928 0 1 10 1927 NA NA
10 10 1928 0 1 10 1927 NA NA
Bacteroides vulgatus 3983 4 302 3681 8 3975 0 8 302 3673 NA NA
ATCC 8482 5 182 3801 0 8 182 3793 NA NA
6 130 3853 0 8 130 3845 NA NA
3983 7 118 3865 0 8 118 3857 NA NA
8 79 3904 0 8 79 3896 NA NA
9 61 3922 0 8 61 3914 NA NA
10 56 3927 0 8 56 3919 NA NA
Nocardiopsis 5497 4 177 5320 13 5484 0 13 177 5307 NA NA
dassonvillei subsp. 5 68 5429 0 13 68 5416 NA NA
dassonvillei DSM 43111 6 25 5473 0 13 25 5459 NA NA
7 6 5491 0 13 6 5478 NA NA
8 4 5493 0 13 4 5480 NA NA
9 2 5495 0 13 2 5482 NA NA
10 1 5496 0 13 1 5483 NA NA
Polynucleobacter 1507 4 2 1505 5 1502 0 5 2 1500 NA NA
necessarius subsp. 5 2 1505 0 5 2 1500 NA NA
necessarius STIR1 6 2 1505 0 5 2 1500 NA NA
7 2 1506 0 5 1 1501 NA NA
8 2 1506 0 5 1 1501 NA NA
9 2 1507 0 5 0 1502 NA NA
10 2 1507 0 5 0 1502 NA NA
Salmonella enterica 4758 4 105 4653 6 4752 1 5 104 4648 1.0449 0.3067
subsp. enterica serovar 5 57 4701 1 5 56 4696 2.5841 0.1079
Heidelberg str. SL476 6 40 4718 0 6 40 4712 NA NA
7 8 4750 0 6 8 4744 NA NA
8 5 4753 0 6 5 4747 NA NA
9 5 4753 0 6 5 4747 NA NA
10 0 4758 0 6 0 4752 NA NA
Streptococcus gordonii 2050 4 51 1999 3 2047 0 3 51 1996 NA NA
str. Challis substr. CH1 5 19 2031 0 3 19 2028 NA NA




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

6 19 2031 0 3 19 2028 NA NA

7 17 2033 0 3 17 2030 NA NA

8 12 2038 0 3 12 2035 NA NA

9 10 2040 0 3 10 2037 NA NA

10 8 2042 0 3 8 2039 NA NA
Cryptobacterium 1355 4 22 1333 6 1349 0 6 22 1327 NA NA
curtum DSM 15641 5 9 1346 0 6 9 1340 NA NA

6 6 1349 0 6 6 1343 NA NA

7 3 1352 0 6 3 1346 NA NA

8 3 1352 0 6 3 1346 NA NA

9 3 1352 0 6 3 1346 NA NA

10 3 1352 0 6 3 1346 NA NA
Marinomonas 3489 4 40 3449 20 3469 0 20 40 3429 NA NA
posidonica IVIA-Po-181 5 24 3465 0 20 24 3445 NA NA

6 10 3479 0 20 10 3459 NA NA

7 9 3480 0 20 9 3460 NA NA

8 5 3484 0 20 5 3464 NA NA

9 4 3485 0 20 4 3465 NA NA

10 4 3485 0 20 4 3465 NA NA
Francisella tularensis 1709 4 42 1667 40 1669 5 35 37 1632 13.2088 0.0002786
subsp. tularensis 5 30 1679 1 39 29 1640 0.0607 0.8054
NE061598 6 26 1683 1 39 25 1644 0.0201 0.8872

7 22 1687 0 40 22 1647 NA NA

8 22 1687 0 40 22 1647 NA NA

9 15 1694 0 40 15 1654 NA NA

10 3 1706 0 40 3 1666 NA NA
Streptococcus mutans 1893 4 24 1869 0 1893 0 0 24 1869 NA NA
NN2025 5 12 1881 0 0 12 1881 NA NA

6 7 1886 0 0 7 1886 NA NA

7 3 1890 0 0 3 1890 NA NA

8 1 1892 0 0 1 1892 NA NA

9 1 1892 0 0 1 1892 NA NA




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

10 1 1892 0 0 1 1892 NA NA
Candidatus Liberibacter 1102 4 18 1084 18 1084 1 17 17 1067 0.1492 0.6993
asiaticus str. psy62 5 10 1092 1 17 9 1075 0.7119 0.3988

6 7 1095 1 17 6 1078 1.3309 0.2486

7 1 1101 1 17 0 1084 14.5729 0.0001348

8 1 1101 1 17 0 1084 14.5729 0.0001348

9 0 1102 0 18 0 1084 NA NA

10 0 1102 0 18 0 1084 NA NA
Staphylococcus aureus 2693 4 45 2648 5 2688 0 5 45 2643 NA NA
subsp. aureus TCHG60 5 25 2668 0 5 25 1663 NA NA

6 21 2672 0 5 21 1667 NA NA

7 15 2678 0 5 15 1673 NA NA

8 15 2678 0 5 15 1673 NA NA

9 12 2681 0 5 12 1676 NA NA

10 12 2681 0 5 12 1676 NA NA
Listeria monocytogenes 2972 4 114 2858 7 2965 1 6 113 2852 0.208 0.6483
HCC23 5 59 2913 1 6 58 2907 0.9593 0.3274

6 50 2922 1 6 49 2916 1.2648 0.2607

7 47 2925 1 6 46 2919 1.3943 0.2377

8 18 2954 0 7 18 2947 NA NA

9 6 2966 0 7 6 2959 NA NA

10 1 2971 0 7 1 2964 NA NA
Bifidobacterium 1565 4 14 1551 5 1560 0 5 14 1546 NA NA
animalis subsp. lactis 5 12 1553 0 5 12 1548 NA NA
DSM 10140 6 6 1559 0 5 6 1554 NA NA

7 4 1561 0 5 4 1556 NA NA

8 2 1563 0 5 2 1558 NA NA

9 1 1564 0 5 1 1559 NA NA

10 1 1564 0 5 1 1559 NA NA
Pseudomonas 5902 4 374 5528 19 5883 3 16 371 5512 1.4942 0.2216
aeruginosa LESB58 5 71 5831 2 17 69 5814 7.1818 0.007365

6 25 5877 1 18 24 5859 2.2032 0.1377




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

7 8 5894 1 18 7 5876 8.7731 0.003057

8 7 5895 1 18 6 5877 10.1612 0.001434

9 1 5901 1 18 0 5883 76.9217 <2.2E-016

10 1 5901 1 18 0 5883 76.9217 <2.2E-016
Pectobacterium 4431 4 102 4329 10 4421 5 5 97 4324 81.248 <2.2E-016
wasabiae WPP163 5 30 4401 1 9 29 4392 2.7853 0.09513

6 13 4418 1 9 12 4409 7.5898 0.00587

4431 7 8 4423 1 9 7 4414 12.9174 0.0003256

8 8 4423 1 9 7 4414 12.9174 0.0003256

9 5 4426 1 9 4 4417 21.2381 0.000004056

10 2 4429 1 9 1 4420 54.5397  0.0000000000001523
Bifidobacterium longum 1975 4 38 1937 7 1968 0 7 38 1930 NA NA
subsp. infantis 157F 5 22 1953 0 7 22 1946 NA NA

6 14 1961 0 7 14 1954 NA NA

7 5 1970 0 7 5 1963 NA NA

8 4 1971 0 7 4 1964 NA NA

9 0 1975 0 7 0 1968 NA NA

10 0 1975 0 7 0 1968 NA NA
Acidaminococcus 2383 4 70 2313 7 2376 2 5 68 2308 8.4193 0.003713
intestini RyC-MR95 5 54 2329 2 5 52 2324 11.6403 0.0006454

6 19 2364 2 5 17 2359 37.7811 0.0000000007915

7 11 2372 2 5 9 2367 67.1719 2.488E-016

8 7 2376 2 5 5 2371 107.0722 <2.2E-016

9 3 2380 2 5 1 2375 253.3926 <2.2E-016

10 3 2380 2 5 1 2375 253.3926 <2.2E-016
Wolbachia 1161 4 66 1095 80 1081 24 56 42 1039 89.9378 <2.2E-016
endosymbiont of Culex 5 60 1101 24 56 36 1045 102.732 <2.2E-016
quinquefasciatus Pel 6 60 1101 24 56 36 1045 102.732 <2.2E-016

7 60 1101 24 56 36 1045 102.732 <2.2E-016

8 54 1107 24 56 30 1051 118.4272  <2.2E-016

9 54 1107 24 56 30 1051 118.4272  <2.2E-016

10 54 1107 24 56 30 1051 118.4272  <2.2E-016




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP
Mycobacterium 3814 4 142 3672 16 3798 1 15 141 3657 0.016 0.8992
africanum GMO041182 5 84 3730 0 16 84 3714 NA NA
6 65 3749 0 16 65 3733 NA NA
7 60 3754 0 16 60 3738 NA NA
8 36 3778 0 16 36 3762 NA NA
9 35 3779 0 16 35 3763 NA NA
10 35 3779 0 16 35 3763 NA NA
Bifidobacterium 1569 4 14 1555 5 1564 0 5 14 1550 NA NA
animalis subsp. lactis 5 12 1557 0 5 12 1552 NA NA
V9 6 6 1563 0 5 6 1558 NA NA
7 4 1565 0 5 4 1560 NA NA
8 2 1567 0 5 2 1562 NA NA
9 1 1568 0 5 1 1563 NA NA
10 1 1568 0 5 1 1563 NA NA
Arcobacter nitrofigilis 3125 4 15 3110 34 3091 0 34 15 3076 NA NA
DSM 7299 5 1 3124 0 34 1 3090 NA NA
6 1 3124 0 34 1 3090 NA NA
7 1 3124 0 34 1 3090 NA NA
8 1 3124 0 34 1 3090 NA NA
9 1 3124 0 34 1 3090 NA NA
10 1 3124 0 34 1 3090 NA NA
Escherichia coli TIAI1 4326 4 110 4216 2 4324 0 2 110 4214 NA NA
5 51 4275 0 2 51 4273 NA NA
6 31 4295 0 2 31 4293 NA NA
7 16 4310 0 2 16 4308 NA NA
8 7 4319 0 2 7 4317 NA NA
9 5 4321 0 2 5 4319 NA NA
10 1 4325 0 2 1 4323 NA NA
Helicobacter pylori B38 1367 4 14 1353 2 1365 0 2 14 1351 NA NA
5 12 1355 0 2 12 1353 NA NA
6 12 1355 0 2 12 1353 NA NA
7 10 1357 0 2 10 1355 NA NA




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

8 8 1359 0 2 8 1357 NA NA

9 7 1360 0 2 7 1358 NA NA

10 0 1367 0 2 0 1365 NA NA
Actinobacillus 2077 4 22 2055 8 2069 0 8 22 2047 NA NA
succinogenes 1307 5 9 2068 0 8 9 2060 NA NA

6 8 2069 0 8 8 2061 NA NA

7 4 2073 0 8 4 2065 NA NA

8 4 2073 0 8 4 2065 NA NA

9 4 2073 0 8 4 2065 NA NA

10 1 2076 0 8 1 2068 NA NA
Sinorhizobium fredii 6260 4 846 5414 18 6242 3 15 843 5399 0.0022 0.9629
NGR234 5 275 5985 2 16 273 5969 0.6673 0.414

6 142 6118 2 16 140 6102 2.9952 0.08351

7 98 6162 2 16 96 6146 5.3657 0.02054

8 88 6172 2 16 86 6156 6.2507 0.01241

9 64 6196 0 18 64 6178 NA NA

10 6 6254 0 18 6 6236 NA NA
Shewanella putrefaciens 4064 4 34 4030 9 4055 0 9 34 4021 NA NA
200 5 18 4046 0 9 18 4037 NA NA

6 6 4058 0 9 6 4049 NA NA

7 4 4060 0 9 4 4051 NA NA

8 4 4060 0 9 4 4051 NA NA

9 2 4062 0 9 2 4053 NA NA

10 1 4063 0 9 1 4054 NA NA
Streptococcus 2050 4 44 2006 0 2050 0 0 44 2006 NA NA
dysgalactiae subsp. 5 34 2016 0 0 34 2016 NA NA
equisimilis ATCC 12394 6 29 2021 0 0 29 2021 NA NA

7 29 2021 0 0 29 2021 NA NA

8 29 2021 0 0 29 2021 NA NA

9 0 2050 0 0 0 2050 NA NA

10 0 2050 0 0 0 2050 NA NA
Treponema pallidum 980 4 4 976 9 971 0 9 4 967 NA NA

Subsp. paltlidum Str.
Chicago



Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP
5 1 979 0 9 1 970 NA NA
6 1 979 0 9 1 970 NA NA
7 1 979 0 9 1 970 NA NA
8 1 979 0 9 1 970 NA NA
9 0 980 0 9 0 971 NA NA
10 0 980 0 9 0 971 NA NA
Corynebacterium 2090 4 10 2080 1 2089 0 1 10 2079 NA NA
pseudotuberculosis 1002 5 4 2086 0 1 4 2085 NA NA
6 4 2086 0 1 4 2085 NA NA
7 1 2089 0 1 1 2088 NA NA
8 1 2089 0 1 1 2088 NA NA
9 1 2089 0 1 1 2088 NA NA
10 1 2089 0 1 1 2088 NA NA
Helicobacter mustelae 1398 4 3 1395 4 1394 0 4 3 1391 NA NA
12198 5 3 1395 0 4 3 1391 NA NA
6 3 1395 0 4 3 1391 NA NA
7 3 1395 0 4 3 1391 NA NA
8 3 1395 0 4 3 1391 NA NA
9 3 1395 0 4 3 1391 NA NA
10 3 1395 0 4 3 1391 NA NA
Rothia mucilaginosa 1903 4 9 1894 0 1903 0 0 9 1894 NA NA
DY-18 5 7 1896 0 0 7 1896 NA NA
6 6 1897 0 0 6 1897 NA NA
7 3 1900 0 0 3 1900 NA NA
8 3 1900 0 0 3 1900 NA NA
9 3 1900 0 0 3 1900 NA NA
10 3 1900 0 0 3 1900 NA NA
Corynebacterium 2352 4 19 2333 3 2349 0 3 19 2330 NA NA
diphtheriae 31A 5 9 2343 0 3 9 2340 NA NA
6 8 2344 0 3 8 2341 NA NA
7 5 2347 0 3 5 2344 NA NA
8 5 2347 0 3 5 2344 NA NA




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

9 5 2347 0 3 5 2344 NA NA

10 5 2347 0 3 5 2344 NA NA
Novosphingobium sp. 4613 4 225 4388 31 4582 6 25 219 4363 11.1324 0.0008483
PP1Y 5 117 4496 6 25 111 4471 29.1913 0.00000006557

6 90 4523 6 25 84 4498 40.6821 0.0000000001791

7 70 4543 4 27 66 4516 19.9462 0.000007965

8 37 4576 1 30 36 4546 0.2579 0.6116

9 37 4576 1 30 36 4546 0.2579 0.6116

10 37 4576 1 30 36 4546 0.2579 0.6116
Bacillus thuringiensis 5327 4 323 5004 5 5322 1 4 322 5000 0.1362 0.7121
BMBI171 5 162 5165 0 5 162 5160 NA NA

6 65 5262 0 5 65 5257 NA NA

7 47 5280 0 5 47 5275 NA NA

8 26 5301 0 5 26 5296 NA NA

9 8 5319 0 5 8 5314 NA NA

10 8 5319 0 5 8 5314 NA NA
Erwinia amylovora 3563 4 20 3543 4 3559 0 4 20 3539 NA NA
ATCC 49946 5 14 3549 0 4 14 3545 NA NA

6 5 3558 0 4 5 3554 NA NA

7 4 3559 0 4 4 3555 NA NA

8 3 3560 0 4 3 3556 NA NA

9 2 3561 0 4 2 3557 NA NA

10 2 3561 0 4 2 3557 NA NA
Herbaspirillum 4732 4 106 4626 7 4725 0 7 106 4619 NA NA
seropedicae SmR1 5 81 4651 0 7 81 4644 NA NA

6 4 4728 0 7 4 4721 NA NA

7 1 4731 0 7 1 4724 NA NA

8 1 4731 0 7 1 4724 NA NA

9 1 4731 0 7 1 4724 NA NA

10 1 4731 0 7 1 4724 NA NA
Rothia dentocariosa, 2212 4 24 2188 4 2208 0 4 24 2184 NA NA
ATCC 17931 5 20 2192 0 4 20 2188 NA NA




Taxonomic name Sum ELD-Score ELDP nELDP pPHAT nPHAT pPHAT+ pPHAT+ nPHAT+ nPHAT+ X2 p-value
pELDP nELDP pELDP nELDP

6 16 2196 0 4 16 2192 NA NA

7 10 2202 0 4 10 2198 NA NA

8 7 2205 0 4 7 2201 NA NA

9 6 2206 0 4 6 2202 NA NA

10 6 2206 0 4 6 2202 NA NA
Prevotella denticola 2380 4 36 2344 3 2377 1 2 35 2342 4.6304 0.03141
F0289 5 19 2361 0 3 19 2358 NA NA

6 16 2364 0 3 16 2361 NA NA

7 12 2368 0 3 12 2365 NA NA

8 12 2368 0 3 12 2365 NA NA

9 5 2375 0 3 5 2371 NA NA

10 5 2375 0 3 5 2372 NA NA

Table B.1: Variation of the ELD-Score and its impact on the y?-square test. y2-square test was only performed if at least one
positive signal for the pPHAT+pELDP group was detected - this is indicated by '"NA’ in the x2-square and p-value columns.




Appendix C

Details for 146 domain trees
obtained from Legionella
pneumophila str. Paris which
resulted in a positive PHAT signal
and having a proposed eukaryotic

origin

UniProtKB AC/ID RefSeq Protein ~ Pfam-Domain ELD-Score
Q5X7D6 YP_123007.1 PF13380 -
PURTY YP 123965.1 PF01259 -
Q5X7D8 YP_123005.1 PF00999 -
Q5X6L0 YP 123283.1 PF09265 7
Q5X3M5 YP 124323.1 PF01474 -
Q5X960 YP 122383.1 PF04389 -
Q5X1V3 YP 124945.1 PF00657 4
Q5X8D3 YP_ 122660.1 PF00271 -
Q5X0Y2 YP 125266.1 PF13806 -
Q5X8V6 YP 122487.1 PF01323 -
Q5X127 YP 125221.1 PF01207 -
Q5X603 YP 123491.1 PF00485 -
Q5X3N1 YP 124317.1 PF05221 -
Q5WS62 YP 122239.1 PF01243 -
Q5X6D3 YP 123361.1 PF01150 48
Q5X4N8 YP_ 123956.1 PF09471 4
Q5X425 YP 124173.1 PF13091 -
Q5X407 YP 1241911 PF08007 -
Q5X8C7 YP_ 122666.1 PF04632 -
Q5X5D3 YP 123711.1 PF08031 -

CLPX YP 124146.1 PF10431 -



UniProtKB AC/ID RefSeq Protein  Pfam-Domain ELD-Score
Q5X650 YP 123444.1 PF00328 4
Q5X6W6 YP 123177.1 PF01648 -
Q5X7H5 YP 122968.1 PF02852 -
NUOD YP 125138.1 PF00346 -
Q5X896 YP 122697.1 PF00324 -
HGD YP 123572.1 PF04209 -
Q5X2D1 YP 124767.1 PF13847 -
Q5X123 YP 125225.1 PF01242 -
Q5X5M4 YP 123620.1 PF08245 -
Q5X3A0 YP 124448.1 PF14765 -
QHX3L1 YP 124337.1 PF00288 -
Q5X289 YP 124809.1 PF01382 7
QbHX47Z8 YP 123846.1 PF09084 -
Q5HX8P1 YP 122552.1 PF01156 -
Q5X1D7 YP 125111.1 PF00884 -
KAD YP 123690.1 PF05191 -
Q5HX4V2 YP 123892.1 PF05175 -
Q5X503 YP 123841.1 PF02817 -
Q5X197 YP 125151.1 PF06276 -
Q5X3V2 YP 124246.1 PF01369 10000
Q5X366 YP 124482.1 PF00848 -
LUBX YP 125189.1 PF04564 10000
QHX6MS5 YP 123268.1 PF00188 -
Q5X8K3 YP 122590.1 PF13450 -
Q5X8V1 YP 122492.1 PF03446 -
Q5X3S3 YP 124275.1 PF04488 10
Q5X155 YP 125193.1 PF12836 -
Q5HX6N2 YP 123261.1 PF13766 -
Q5WS17 YP 122284.1 PF02958 -
RL30 YP 122752.1 PF00327 -
Q5X1L0 YP 125038.1 PF02826 -
Q5HX4S52 YP 123922.1 PF14360 8
Q5X354 YP 124274.1 PF01965 -
Q5X5N8 YP 123606.1 PF14114 -
Q5HX424 YP 124174.1 PF07859 -
Q5X4R4 YP 123930.1 PF00326 -
Q5X7TW6 YP 122827.1 PF00723 -
Q5HX342 YP 124506.1 PF00925 5
Q5X114 YP 125234.1 PF00710 -
Q5X4D9 YP 124055.1 PF13621 -
Q5HX2E3 YP 124755.1 PF00122 -
Q5X4N5 YP 123959.1 PF14701 -
QHXTM5 YP 122918.1 PF00248 -
Q5XT7LO YP _122933.1 PF00890 -
Q5X6V9 YP 123184.1 PF00254 -
Q5HX6L5 YP 123278.1 PF01553 -
Q5X566 YP 123778.1 PF01433 4
Q5X5J9 YP 123645.1 PF00291 -
QHX4WS8 YP 123876.1 PF14378 -
Q5X341 YP 124507.1 PF07958 4
1F2 YP 125125.1 PF00009 -



UniProtKB AC/ID RefSeq Protein  Pfam-Domain ELD-Score
GCSH YP 122481.1 PF01597 -
Q5HX3L6 YP 124332.1 PF02535 -
Q5X203 YP 124895.1 PF14031 -
Q5X5N7 YP 123607.1 PF00314 7
Q5HX3I2 YP 124366.1 PF08719

Q5X6S2 YP 123221.1 PF00743 -
Q5X2B7 YP 124781.1 PF13475 -
Q5HX613 YP 123481.1 PF00205 -
DNAK YP 124321.1 PF00012 -
Q5X1R7 YP 124981.1 PF07466 -
QHX4AN2 YP 123962.1 PF00551 -
Q5X315 YP 124533.1 PF01979 -
Q5X5B5 YP 123729.1 PF03171, PF14226 -
Q5X7U7 YP 122846.1 PF12608 -
Q5X8Y3 YP 122460.1 PF05761 5
Q5X3Y8 YP 124210.1 PF00150 -
Q5X4B9 YP 124079.1 PF00620 10000
Q5X5X8 YP 123516.1 PF10672 -
Q5X374 YP 124474.1 PF01894 -
Q5HX2H2 YP 124726.1 PF09445 10
Q5X11I6 YP 125062.1 PF13410 -
FOLD YP 123585.1 PF02882 -
QHX47Z2 YP 123852.1 PF02265 -
Q5X795 YP 123048.1 PF03222 -
Q5HX0M5 YP 125373.1 PF01400 -
SYH YP 123825.1 PF13393 -
Q5X705 YP 123138.1 PF09360 -
Q5X373 YP 124475.1 PF00850 -
SYN YP 124548.1 PF01336 -
Q5X4S0 YP 123924.1 PF07366 -
Q5X0W7 YP 125281.1 PFO01179 -
Q5X493 YP 124105.1 PF00441 -
Q5X0S1 YP 125327.1 PF08123 14
Q5X1T4 YP 124964.1 PF13230 -
Q5HX3Z9 YP 124199.1 PF01764 -
Q5X2M3 YP 124675.1 PF00690 -
Q5X330 YP 124518.1 PF00120 -
MNME YP 125375.1 PF01926 -
Q5X7TM7 YP 122916.1 PF05721 -
QbX8A3 YP 122690.1 PF00617 10000
Q5X8G3 YP 122630.1 PF01126 -
Q5X8ES8 YP 122645.1 PF04828 -
Q5X348 YP 124500.1 PF04116

Q5X4J3 YP 124001.1 PF00023, PF00856 5
Q5X2U1 YP 124607.1 PF00724 -
Q5X2P9 YP 124649.1 PF01794 -
Q5X1S0 YP 124978.1 PF02463 -
Q5X5F0 YP 123694.1 PF00285 -
Q5HX7D9 YP 123004.1 PF01327 -
Q5X874 YP 122719.1 PF11901 1000
Q5X634 YP 123460.1 PFO08511 7



UniProtKB AC/ID RefSeq Protein  Pfam-Domain ELD-Score

Q5X8L7 YP 122576.1 PF00646 1000
Q5X377 YP 1244711 PF08240 -
Q5X5L5 YP 123629.1 PF00171 -
Q5WS48 YP 122253.1 PF13637 -
Q5X615 YP 123479.1 PF01593 -
Q5X4Q3 YP 123941.1 PF02894 -
Q5X3A1 YP 124447.1 PF02668 -
Q5X978 YP 122365.1 PF02678 -
Q5X6WO0 YP_ 123183.1 PF03313 -

Table C.1: Details for 146 domain trees which resulted in a positive PHAT signal and
having a proposed eukaryotic origin. All domains present in the protein are shown.



Appendix D

Comprehensive table for results obtained for 70
prokaryots

Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Pseudomonas aerugi- 152 HO00313 -  Pseu- Human pathogen - Pseudomonas aeruginosa is the predominant microorganism in chronic [Bjarnsholt et al., 2
nosa DK2 domonas aeruginosa secondary infection lung infection of cystic fibrosis patients. Preceding to chronic infection — 2010]
infection is the intermittent colonization of the lung - after established infection
the strains differ phenotypically from the intermittent strains. The
most prominent changes are the switch to mucoidity (alginate over-
production) and loss of epigenetic regulation of virulence such as the
Quorum Sensing
Output : pPHAT ,pELD:4 - pPHAT nELD:13 - nPHAT ,pELD:356 - nPHAT nELD:5490 Input: ELD: 363, nELD: 5521
ACC Al Domains Description
YP 006483810 0.66 PF03088
YP 006480122 1.14 PF06355
YP 006483846 0.88 PF01989, PF04412
YP 006485602 1.02 PF12710
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence



Staphylococcus au- 54 / Human pathogen - During 1997-1999, S. aureus was reported as the most abundant cause  [Deleo et al., 2009] 3
reus subsp. aureus primary /secondary of bloodstream, skin and soft tissue, and lower respiratory tract infec-
71193 infection tions in the United States, Canada and Europe. Staphylococcus aureus
subsp. aureus 71193 is community-associdated, methicillin-susceptible
and infects otherwise healthy individuals. The phylum Staphylococcus
aureus is the most abundant cause of bloodstream, soft tissue and lower
respiratory tract infections in Europe and the United States.
Output: pPHAT+pELD:4, pPHAT+nELD:13, nPHAT+pELD:356, nPHAT+nELD:5490 - Input: ELD: 40, nELD: 2583
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Chlamydophila 55 / Human pathogen - C.pneumoniae is a natural pathogen of humans and causes pneumonia  [Kalman et al., 1999] 3
pneumoniae primary infection and bronchitis. Chlamydia are obligate intracellular eubacteria. Ap-
CWL029 proximately 10% of pneumonia cases and 5% of bronchitis cases in the
United States are attributed to C. pneumoniae infection. The possi-
bility of chronic chlamydia infections may result following respiratory-
acquired infection.
Output: pPHAT+pELD:2, pPHAT+nELD:60, nPHAT+pELD:21, nPHAT+nELD:968 - Input: ELD: 23, nELD: 1029
ACC Al Domains Description
NP 224551 0.8 PF032119 ADP/ATP translocase
NP 224810 0.73 PF032119 ADP/ATP translocase
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Mycoplasma 78 / Animal pathogen - Infection with Mycoplasma gallisepticum leads to slow onset, chronic [Levisohn & Kleven, 3
gallisepticum primary infection respiratory disease in chickens, turkeys, game birds, pigeons and other  2000]
NC06_2006.080- wild birds. Further to note is that in common with other mycoplasmas,
5-2P M. gallisepticum is minute in size with minimal genetic material and
with a total lack of a bacterial cell wall. These properties are portrayed
in a high degree of interdependence between the host animal and M.
gallisepticum.
Output: pPHAT+pELD:0, pPHAT+nELD:14, nPHAT+pELD:4, nPHAT+nELD:719 - Input: ELD: 4, nELD: 740
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence




Helicobacter pylori 26 H00320 Helicobacter ~Human pathogen - A strong correlation has been established between H. pylori - a gram-

[Noto & Peek, 3

PeCanl8 pylori infection - primary infection negative pathogenic bacterium that specifically colonizes in the gastric = 2012b, Noto & Peek,
Hif1240 Immune epithelium - and a wide spectrum of gastrointestinal diseases, compris-  2012a)
thrombocytopenia ing gastric and duodenal ulceration, gastric adenocarcinoma, mucosa-

associated lymphoid tissue lymphoma and non-Hodgkin’s lymphoma of

the stomach. This findings resulted in the rating of H. pylori as a class

1 carcinogen for gastric cancer by the WHO and is considered as the

most common etiologic agent of infection-related cancers.
Output: pPHAT+pELD:0, pPHAT+nELD:2, nPHAT+pELD:16, nPHAT+nELD:1473 - Input: ELD: 16, nELD: 1479
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Mycoplasma weny- 38 / Animal pathogen - Mycoplasma wenyonii - an uncultivable, cell wall-less bacterium - is [dos Santos et al, 2
onii  str. Mas- secondary infection most commonly found in young, splenectomized or immuncompro- 2012, Genova et al.,
sachusetts mised cattles in which it attaches itself to erythrocytes. The infec- 2011]

tion is mostly asymptomatic and rarely requires treatment. Symp-

toms which are associated with M. wenyonii infections are anemia, bac-

teremia, edema (scrotal, hind, and limb), lymphadenopathy, transient

fever, anorexia, weight loss, infertility, and decreased milk production.

M. wenyonii appears to have low morbidity and animals can become

chronic, asymptomatic carriers.
Output: pPHAT+pELD:0, pPHAT+nELD:14, nPHAT+pELD:9, nPHAT+nELD:658 - Input: ELD: 9, nELD: 643
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Francisella tularensis 27 H00312 Tularemia Animal pathogen - Francisella tularensis is the etiologic agent of the zoonotic disease tu-  [Larsson et al., 2005, 4
subsp. tularensis primary infection laremia and - with an infectious dose between 10 and 50 CFU - one Molins et al., 2010]
SCHU S4 of the most infectious bacterial pathogens known to humans and ani-

mals. The known routs of infection are through the bite of an infected
arthropod (ticks, deerflies and mosquitoes), by coming in contact with
infected animal carcasses, through the ingestion of contaminated food
or water and by inhalation of infective aerosols.

Output: pPHAT+pELD:2, pPHAT+nELD:38, nPHAT+pELD:34, nPHAT-+nELD:1455 - Input: ELD: 82, nELD: 1522

ACC Al Domains Description
YP_ 170294 0.89 PF02931 ADP/ATP translocase
YP 170045 1.17  PF00328 ADP/ATP translocase

Name ELP KEGG Pathogenicity Pathogenicity-Long

Source Virulence



Streptococcus  pyo- 28 HO00333 Streptococ- Human pathogen -  Streptococcus pyogenes MGAS315 belongs to the group A Streptococ-  [Larsson et al., 2005, 3
genes MGAS315 cal infection primary infection cus (GAS) and an infection manifests with the following, possible symp-  Molins et al., 2010]
toms: Streptococcal toxic shock-like syndrome, pharyngitis, cellulitis,
sepsis, necrotizing fasciitis, and poststreptococcal acute rheumatic fever
and shows unusually high rates of morbidity and mortality.
Output: pPHAT+pELD:0, pPHAT+nELD:0, nPHAT+pELD:36, nPHAT+nELD:1822 - Input: ELD: 36, nELD: 1829
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Escherichia coli 276 H00279 Human pathogen - Uropathogenic Escherichia coli (UPEC) is the most abundant etiolog- [Dhakal et al., 2008] 3
CFT073 Uropathogenic primary infection ical agent of community-acquired urinary tract infections (UTI) ac-
Escherichia coli counting for about 80% of UTI infections worldwide. Uropathogenic
(UPEC) infection Escherichia coli (UPEC) infection is a prevalent infectious disease with
potentially severe complications (e.g., pyelonephritis).
Output: pPHAT+pELD:0, pPHAT+nELD:2, nPHAT+pELD:155, nPHAT-+nELD:5167 - Input: ELD: 155, nELD: 5214
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Streptococcus  mu- 8 H00297 Plague Human pathogen - Streptococcus mutans is the leading cause of dental caries worldwide [Maruyama et al., 3
tans UA159 primary infection - one of the most common infectious diseases afflicting humans and 2009, Suzuki et al.,
S.mutans is also considered to be the most cariogenic of all of the oral 2011, Vickerman
streptococci. Dental caries is one of the most common infectious dis- et al., 2007]
eases afflicting humans.
Output: pPHAT+pELD:0, pPHAT+nELD:2, nPHAT+pELD:29, nPHAT+nELD:1921 - Input: ELD: 29, nELD: 1931
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Yersinia pestis CO92 123 / Human  pathogen, Y. pestis is the etiological agent of plague - a deadly infectious disease.  [Parkhill et al., 2001] 4
Animal pathogen - The reservoirs of Y. pestis are rodents and transmission to humans is
primary infection accomplished by fleas as vectors. There are three major manifestations:
bubonic, septicemic, and pneumonic plagues. Severe epidemics in the
past include the Plague of Justinian in the sixth century, the Black
Death in the fourteenth century, and the Third Pandemic that began
in Central Asia in the nineteenth century.
Output: pPHAT+pELD:0, pPHAT+nELD:6, nPHAT+pELD:64, nPHAT+nELD:3754 - Input: ELD: 159, nELD: 3907
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence




Coxiella burnetii = 45 H00310 Q fever Human pathogen, The etiological agent of Q-fever - Coxiella burnetii (a gram-negative [Kabir, 2011, Se- 4
RSA 493 Animal pathogen - obligate intracellular bacterium) - is a category B bioterrorism agent shadri et al., 2003]
primary infection that is highly infective - the IDs5g is one via inhalation - to both humans
and livestock. Infection is commonly asymptomatic but may appear ei-
ther in an acute form - manifested mainly by fever (self-limited flu-like
disease, pneumonia, or hepatitis) or in a chronic form (mostly endo-
carditis).
Output: pPHAT+pELD:7, pPHAT+nELD:28, nPHAT+pELD:19, nPHAT+nELD:1765 - Input: ELD: 26, nELD: 1821
ACC Al Domains Description
NP 820201 1.8 PF01222 Delta(24(24(1)))-sterol reductase
NP 819913 100 PF00086 Thyroglobulin type-1 repeat containing protein
NP 820468 1.1 PF08613 cyclin
NP _ 819085 0.75 PF00368 Hydroxymethylglutaryl-coenzyme A reductase
NP _ 820155 0.83 PF01222 Sterol delta-7-reductase
NP 819228 1.3 PF00961 Homing Endonuclease, 23 rRNA intron
YP 002332981 1.1 PFO7671 HP
YP 170294 0.89  PF02931 ADP/ATP translocase
YP 170045 1.17  PF00328 ADP/ATP translocase
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Rickettsia typhi str. 156 H00322 Typhus fever ~Human pathogen - The rickettsiae - gram-negative, aerobic, coccobacillary, a- [Parola et al., 2005] 3
Wilmington primary infection proteobacteria - are obligate intracellular parasites with a life
cycle that involves both vertebrate and invertebrate hosts. Rickettsia
typhi is the etiological agent of typhus fever - infective louse and
flea are the transmitting vectors to human. The disease is widely
distributed in tropical and subtropical areas. Typhus fever present
with constitutional symptom and maculopapular exanthema.
Output: pPHAT+pELD:3, pPHAT+nELD:33, nPHAT+pELD:7, nPHAT+nELD:793 - Input: ELD: 10, nELD: 827
ACC Al Domains Description
YP 067421 0.74 PF03219 ADP/ATP carrier protein 3
YP_ 067327 0.65 PF03219 ADP/ATP carrier protein 3
YP 067440 0.8 PF03219 ADP/ATP carrier protein 3
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence




Haemophilus influen- 14 H00304 Haemophilus Human pathogen - Haemophilus influenzae are subdivided into 6 serotypes according to [et al., 1995, Lad- 3
zae R2846 influenzae infection primary infection their capsular polysaccharide composition. Serotype b (Hib) is the hani, 2012]
most virulent - in healthy children (below the age of 6) it is estimated
that Hib was responsible for 8 million serious infections worldwide and
371,000 deaths in 2002. In young children, Hib is the most frequent
cause of bacterial meningitis, with a fatality rate of 5% to 10% in
developed countries. Up to one-third of survivors develop significant
long-term neurologic complications. Hib is also by far the most impor-
tant cause of epiglottitis, which accounted for about 15% of all invasive
Hib infections.
Output: pPHAT+pELD:1, pPHAT+nELD:1, nPHAT+pELD:23, nPHAT+nELD:1607 - Input: ELD: 23, nELD: 1613
ACC Al Domains Description
YP 005829448 0.97 PF00312 308 ribosomal protein S15
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Onion yellows phyto- 62 / Plant pathogen - pri- The genus Phytoplasma - members of this genus are without cell wall  [Lee et al., 2000] 3
plasma OY-M mary infection and inhabit typically phloem sieve elements - is an economically impor-
tant group of bacterial phytopathogens transmitted by sap-sucking in-
sect vectors. Phytoplasma infections can cause extensive phloem necro-
sis.
Output: pPHAT+pELD:7, pPHAT+nELD:5, nPHAT+pELD:82, nPHAT+nELD:627 - Input: ELD: 99, nELD: 650
ACC Al Domains Description
NP 950553 0.61 PF09419
NP 950369 0.92 PF00004 ATP-dependent Zn protease
NP _ 950784 1.03  PF00004
NP _ 950947 0.97 PF00004 ATP-dependent Zn protease
NP 950929 0.98 PF00004
NP 950296 1.06  PF00004
NP 950813 0.93 PF00004 ATP-dependent Zn protease
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence




Leptospira inter- 127 HO00355 Leptospirosis Human pathogen, Leptospirosis is an emerging zoonotic bacterial infection caused by [Ren et al., 2003] 3

rogans serovar infectious disease Animal pathogen - spirochetes belonging to the genus Leptospira. Leptospira has a wide

Copenhageni str. primary infection host range and is recognized as an important emerging global public

Fiocruz L1-130 health problem because of its possible epidemic features and increasing
incidence in both developing and developed countries. Asymptomatic
infections are common in endemic areas. However, small numbers of
the patients may develop febrile illness with icterus, splenomegaly and
nephritis, febrile illness with pulmonary hemorrhages or ocular mani-
festations.

Output: pPHAT+pELD:14, pPHAT+nELD:69, nPHAT+pELD:143, nPHAT+nELD:3436 - Input: ELD: 157, nELD: 3510

ACC Al Domains Description

YP 002595 0.89 PF10520

YP 001985 0.52 PF01344

YP 003198 1 PF12796 Ankyrin

YP 000337 0.74 PF01731 Paraoxonase

YP 002923 0.93 PF12796 Ankyrin

YP_ 001274 0.93 PF04768 Acetylglutamate Kinase

YP_ 003211 0.95 PF02493

YP 002479 0.93 PFO08713

YP_ 001020 1 PF12796 Ankyrin

YP_ 000239 1.16 PF12796 Ankyrin

YP 000473 0.95 PF02493

YP_ 003271 0.77  PF03088 Strictosidine Synthase

YP 002325 1.02  PF12796 Ankyrin

YP 003053 0.86 PF01210, PF07479 NAD(P)H-dependent glycerol-3-phosPHATe dehydrogenase

Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence




Chlamydia tra- 27 H00347 - Chlamydial ~Human pathogen, Chlamydiaceae are obligate intracellular pathogens which undergo a [Stephens et al, 3
chomatis D/UW- urethritis, H00348 - Animal pathogen - unique biphasic life cycle that involves the inter-conversion between the  1998]
3/CX Lymphogranuloma primary infection extracellular infectious elementary body and the intracellular, replica-
venereum, HO00349 - tive reticulate body. C. trachomatis causes several human diseases of
Trachoma medical significance. Trachoma is the major infectious reason of blind-
ness worldwide. Infections with serovars A, B, Ba and C of Chlamydia
trachomatis leads to chronic keratoconjunctivitis in children which of-
ten results in scarring and blindness in adults. Only in 2002 at least
1.3 million people in poor, rural communities in developing countries -
especially in sub-Saharan Africa - were blind from trachoma.
Output: pPHAT+pELD:2, pPHAT+nELD:48, nPHAT+pELD:20, nPHAT+nELD:825 - Input: ELD: 22, nELD: 873
ACC Al Domains Description
NP 219568 0.81 PF03219 ADP/ATP translocase
NP 219973 0.79 PF03219 SWIB (YMT74) complex protein
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Legionella pneu- 162 HO00311 Legionellosis Human pathogen, Legionella spp. - a gram-negative bacteria - is the etiological agent [Carratala & Garcia- 3
mophila subsp. Infectious disease primary /secondary of Legionnaires disease. It can be nosocomial, community acquired or ~ Vidal, 2010]
pneumophila str. infection travel related. Legionella spp. colonize potable water systems and can

Philadelphia 1

be transmitted by inhalation of contaminated aerosols and aspiration.
Two different forms of disease can be caused by Legionella spp. in
humans: Legionaires disease - with an incubation period of 2-10 days -
is a multisystem illness that involves the lungs, causing pneumonia and
can result in neurological symptoms, diarrhea and high mortality (up
to 50%). Legionella spp. can also cause Pontiac fever which presents
itself with shorter incubation period (1-2 days) and results in acute, self-
limited, influenza-like disease that does not cause pneumonia. Patients
at risk for infection include the immunosuppressed, those with chronic
lung disease, smokers and the elderly.

Output: pPHAT+pELD:11, pPHAT+nELD:48, nPHAT+pELD:51, nPHAT+nELD:2821 - Input: ELD: 62, nELD: 2881

ACC Al Domains Description
YP 095005 0.73 PFO01150 Ecto-ATP diphosphohydrolase 11
YP 095964 0.81 PF13516



YP_ 095152 0.66 PF00328 Major Acid PhosPHATase
YP 095966 0.52 PF01369 Guanine nucleotide exchange protein
YP 094355 1 PF11901
YP 095974 1.13 PF13516
YP 096947 1.12 PF08123
YP 095922 0.83 PF01150 Ectonucleoside triphosPHATe diphosphohydrolase I
YP 094149 0.57 PF05761 Cytosolic IMP-GMP specific 5-nucleotidase
YP 094149 0.57 PF13855 Leucine rich repeat
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Staphylococcus 57 / Animal pathogen - Staphylococcus aureus - a highly adaptive and versatile gram-positive  [Herron-Olson et al., 3
aureus RF122 primary infection  bacterium - infection results in a variety of serious diseases in multiple 2007,Xue et al., 2011]
- bovine mastitis- host species (including humans). In comparison with the sequenced S.
causing aureus strains associated with human infection, it attracts attention

that the allelic variation in bovine strain RF122 was high among viru-

lence and surface-associated genes involved in host colonization, toxin

production, iron metabolism, antibiotic resistance and gene regulation.

Furthermore it should be noted that the majority of the RF122-unique

genes were encoded by mobile genetic elements (Transposons, Plasmids,

Group 2 introns).
Output: pPHAT+pELD:0, pPHAT+nELD:2, nPHAT+pELD:40, nPHAT+nELD:2461 - Input: ELD: 40, nELD: 2469
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Bartonella quintana 35 H00326 - Human pathogen - The genus Bartonella contains three major human pathogens which are [Alsmark et al., 3
str. Toulouse losis, primary infection facultative intracellular bacteria. Bartonella quintana is the causative 2004, Velho et al.,

Trench fever agent of trench fever. Bartonella quintana infects humans via the hu-  2003]

man body louse, Pediculus humanus, which also serves as the vec-
tor for the typhus pathogen, Rickettsia prowazekii. B. quintana and
B.henselae are unique among bacterial pathogens. They are able to
induce tumor-like lesions of the skin (bacillary angiomatosis), the liver,
and the spleen (bacillary peliosis) in immunocompromised individuals,
predominantly AIDS patients. Not only the host immunity is responsi-
ble for the infection, other factors such as the virulence of the bacteria,
the inoculation route, and the participation of vectors also play a crucial
role.

Output: pPHAT+pELD:0, pPHAT+nELD:1, nPHAT+pELD:1, nPHAT+nELD:1137 - Input: ELD: 1, nELD: 1141




Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Mycoplasma  hyop- 88 / Swine pathogen - pri- Mycoplasma hyopneumoniae is the etiological agent of porcine enzootic [Minion et al., 3
neumoniae 232 mary infection pneumonia. Symptoms of this mild, chronic pneumonia of swine are 2004, Opriessnig
often complicated by opportunistic infections with other bacteria. et al., 2011]

Output: pPHAT+pELD:0, pPHAT+nELD:6, nPHAT+pELD:7, nPHAT+nELD:678 - Input: ELD: 7, nELD: 684
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Legionella pneu- 154 HO00311 Legionellosis Human pathogen, Already described for Legionella pneumophila subsp. pneumophila str. [Carratala & Garcia- 3
mophila str. Lens Infectious disease primary /secondary Philadelphia 1. Vidal, 2010]

infection
Output: pPHAT+pELD:12, pPHAT+nELD:52, nPHAT+pELD:55, nPHAT+nELD:2801 - Input: ELD: 67, nELD: 2867
ACC Al Domains Description
YP 125472 0.57 PF05761
YP 127384 0.99 PF12796
YP_ 125721 1 PF11901
YP_ 126094 1.05 PF12796
YP 127648 1.07 PF13516
YP 127387 1.07 PF12796
YP_ 127630 0.95 PF09445
YP 127207 0.82 PF01150
YP 127255 0.51 PF01369 RalF protein, translocated into host cells by the Dot/Icm system
YP_ 126475 0.67 PF00328 Major Acid PhosPHATase Map (Histidine-acid phosPHATase)
YP 126358 0.73 PFO01150
YP_ 128208 1.14 PF08123
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Campylobacter lari 10 H00321 Campylobac- Human pathogen, The clinical symptomatology of C. lari infections constitutes of gas- [Jousimies-Somer, 3
RM2100 ter infection animal pathogen - troenteritis with abdominal pain, fever and diarrhea. Campylobacter 1997, Miller et al.,

secondary infection lari has also been associated with bacteremia in immunocompromised — 2008]

and in patients with gastroenteritis. Serious sequelae of Campylobac-
ter infection have been reported, including Guillian-Barre and Reiter
syndromes.

Output: pPHAT+pELD:0, pPHAT+nELD:2, nPHAT+pELD:20, nPHAT+nELD:1522 - Input: ELD: 20, nELD: 1525




Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Polynucleobacter 24 / Plant symbiont Polynucleobacter necessarius subsp. asymbioticus strain QLW-  [Meincke et al., 2012] 0
necessarius subsp. PIDMWA-IT is a planktonic freshwater bacterium which resides in
asymbioticus QLW- the family Burkholderiaceae (class Betaproteobacteria). This strain
P1DMWA-1 earned attention because it represents a subspecies with cosmopolitan

and ubiquitous distribution in standing freshwater systems.
Output: pPHAT+pELD:0, pPHAT+nELD:9, nPHAT-+pELD:28, nPHAT-+nELD:2037 - Input: ELD: 28, nELD: 2049
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Xanthomonas 104 / Plant pathogen - pri- Xanthomonas campestris pv. vesicatoria - a gram-negative, rod-shaped [Thieme et al, 3
campestris pv. mary infection proteobacterium with a high genomic G+C content - is the causative 2005, Giirlebeck
vesicatoria str. 85-10 agent of bacterial spot disease in pepper and tomato plants. Xan- et al., 20006]

thomonas campestris colonize - locally restricted - plant intercellular

spaces which leads to macroscopically visible disease symptoms which

include water-soaked lesions that later become necrotic. Pathogenicity

of X. campestris pv. vesicatoria depends on the type III protein se-

cretion system which is encoded by the chromosomal hrp gene cluster

(hypersensitive response and pathogenicity) and translocates effector

proteins into the plant cell.
Output: pPHAT+pELD:2, pPHAT+nELD:31, nPHAT+pELD:102, nPHAT+nELD:4493 - Input: ELD: 143, nELD: 4583
ACC Al Domains Description
YP 364278 0.64 PF04768 Acetylglutamate Kinase
YP_ 365163 1.04 PF03080
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Actinobacillus  suc- 20 / Animal symbiont A. succinogenes is a member of the Pasteurellaceae family. While most [Guettler et al., O
cinogenes 130Z Pasteurellaceae are investigated for their pathogenic traits, A. succino- 1999, Mckinlay et al.,

genes is studied for its industrially attractive metabolic trait of succi-  2010]

nate production. Because A. succinogenes and has never been reported

in association with any disease, Mckinlay et al. investigated its genome

sequences for Pasteurellaceae pathogenicity genes and confirmed its po-

tential for non-pathogenicity.
Output: pPHAT+pELD:0, pPHAT+nELD:8, nPHAT+pELD:22, nPHAT+nELD:2047 - Input: ELD: 22, nELD: 2057
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence



Campylobacter fetus 3 H00321 Human pathogen, Campylobacter infection is most commonly caused by Campylobacter [Schmidt et al., 3
subsp. fetus 82-40 lobacter infection animal pathogen - jejuni and manifests itself as a diarrhoeal disease with the rare possi- 1980, Altekruse
secondary infection bility of affecting the bloodstream. Serious sequelae of Campylobacter et al., 1999]

infection - including Guillian-Barre and Reiter syndromes - has been re-

ported. The incidence of campylobacteriosis in HIV-infected patients is

higher than in the general population. Deaths from C. jejuni infection

are rare but may occur, primarily in infants, the elderly and patients

with underlying illnesses.
Output: pPHAT+pELD:0, pPHAT+nELD:6, nPHAT+pELD:2, nPHAT4+nELD:1707 - Input: ELD: 2, nELD: 1717
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Sinorhizobium fredii 102 / Plant symbiotic Sinorhizobium fredii NGR234 - a Gram-negative, motile and aerobic [Margaret et al, O
NGR234 a-proteobacteria belonging to the order Rhizobiales - is classified as a 2011, Schmeisser

plant symbiont and forms nitrogen-fixing nodules with more legumes et al., 2009]

than any other microsymbiont.
Output: pPHAT+pELD:3, pPHAT+nELD:15, nPHAT+pELD:843, nPHAT+nELD:5399 - Input: ELD: 867, nELD: 5495
ACC Al Domains Description
YP 002824454 0.82 PF03328 4-hydroxy-2-oxovalerate aldolase
YP 002823667 0.98 PF04828 Glutathione-dependent formaldehyde-activating protein
YP 002826446 0.96 PF04828 Glutathione-dependent formaldehyde-activating protein
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Shewanella putrefa- 10 / Human pathogen - Shewanella sp is ubiquitous present in a wide range of natural and en- [Furukawa & Dale, 1
ciens 200 secondary infection - gineered habitats. It has the ability to conduct dissimilatory metal 2013, Pagani et al.,

very rare reduction which can is extensively studied for potential applications.  2003]

Shewanella putrefaciens - a facultative anaerobe Gram-negative bac-

terium with the ability to reduce iron and manganese metabolically -

has been isolated from marine environments as well as from anaerobic

sandstone in the Morrison formation in New Mexico. There is no lead

on any pathogenicity.
Output: pPHAT+pELD:0, pPHAT+nELD:9, nPHAT+pELD:34, nPHAT+nELD:4021 - Input: ELD: 41, nELD: 4138
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence




Chlamydophila 61 H00351 - Chlamydial ~ Animal pathogen Chlamydiaceae are obligate intracellular pathogens which undergo a  [Mitchell et al., 2010, 3
pneumoniae LP- pneumonia (Koala) - primary unique biphasic life cycle that involves the inter-conversion between the ~ Myers et al., 2009|
CoLN infection extracellular infectious elementary body and the intracellular, replica-
tive reticulate body. Chlamydophila pneumoniae is one of the most
successful chlamydial species. It has successfully established a niche in
a range of warm-blooded and cold-blooded hosts which include humans,
horses, marsupials, frogs and reptiles and the koala. The koala (Phasco-
larctos cinereus) is commonly infected with C. pneumoniae, developing
respiratory illnesses similar to that in humans with clinical symptoms
such as sneezing, coughing, nasal discharge and chest congestion.
Output: pPHAT+pELD:2, pPHAT+nELD:56, nPHAT+pELD:23, nPHAT-+nELD:1024 - Input: ELD: 25, nELD: 1080
ACC Al Domains Description
YP 005661727 0.73 PF03219 ADP/ATP carrier protein family
YP 005661992 0.8 PF03219 ADP/ATP carrier protein family
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Lactococcus garvieae 12 / Human pathogen, Lactococcus garvieae is a major pathogen of fish and causes fatal haem-  [Morita et al., 2011] 3
Lg2 Animal pathogen - orrhagic septicemia. The septicemia infection caused by L. garvieae is
primary infection named lactococcosis and causes important economic losses in the fish
farming industry. L. garvieae has also been isolated from buffaloes
with mastitis and clinical specimens of human blood, urine, and skin.
Based on this findings L. garvieae is considered an emerging zoonotic
pathogen.
Output: pPHAT+pELD:0, pPHAT+nELD:1, nPHAT+pELD:29, nPHAT+nELD:1908 - Input: ELD: 29, nELD: 1939
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Bacteroides vulgatus 19 / Human symbiont Bacteroides vulgatus ATCC 8482 is derived from the distal gut of  [Xu et al., 2007] 0
ATCC 8482 healthy human and shows no signs of pathogenicity.
Output: pPHAT+pELD:0, pPHAT+nELD:8, nPHAT+pELD:302, nPHAT-+nELD:3673 - Input: ELD: 307, nELD: 3759
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence




Nocardiopsis das- 38 / Secondary infection Nocardiopsis dassonvillei is of interest because of its ecological adapt- [Xu et al., 2007] 2
sonvillei subsp. abilities. Members of N. dassonvillei have been isolated from a large
dassonvillei DSM variety of natural environments such as soil and marine sediments, from
43111 different animal and plant tissues as well as from human patients pre-

senting with conjunctivitis or cholangitis.
Output: pPHAT+pELD:0, pPHAT+nELD:13, nPHAT+pELD:177, nPHAT+nELD:5307 - Input: ELD: 177, nELD: 5320
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Polynucleobacter 14 / Plant symbiont Polynucleobacter necessarius is an obligate endosymbiont of freshwater [Hahn et al., 2009] 0
necessarius subsp. ciliates living in the cytoplasm of E. aediculatus.
necessarius STIR1
Output: pPHAT+pELD:0, pPHAT+nELD:5, nPHAT+pELD:2, nPHAT+nELD:1500 - Input: ELD: 2, nELD: 1506
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Salmonella enterica 210 H00113  Salmonel- Human pathogen - Inrecent years, S. Heidelberg has been the third or fourth most common [Alvarez-Ordénez 3
subsp. enterica losis primary infection Salmonella serotype causing disease in the U.S., estimated at 84,000 et al., 2011, Fricke
serovar  Heidelberg cases of illness annually.Salmonellosis (non-typhoid) is an infectious dis- et al., 2011]
str. SL476 ease caused by any serotype of bacteria in the genus Salmonella, other

than Salmonella that causes typhoid and paratyphoid fever. Salmonel-

losis is one of the most frequently occurring food-borne diseases world-

wide, usually acquired via the food chain. Foods prepared with con-

taminated raw eggs, egg products, and insufficiently heated poultry

meat and pork have been identified as the primary sources of human

Salmonella infections. Salmonellosis is characterized by the acute on-

set of fever, abdominal pain, nausea, diarrhea, and sometimes vomiting.

The disease is usually self-limiting, lasting a few days. However, some

cases have been reported with more serious complications following in-

fection, especially in immunocompromised people, the elderly, pregnant

women and children.
Output: pPHAT+pELD:1, pPHAT+nELD:5, nPHAT+pELD:104, nPHAT+nELD:4648 - Input: ELD: 105, nELD: 4675
ACC Al Domains Description
YP 002047662 0.62 PF14269 PQQ enzyme repeat
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence




Streptococcus  gor- 15 / Human pathogen - Originally isolated from human teeth plaque. Streptococcus gordonii [Vickerman et al., 3
donii  str. Challis primary infection is a primary colonizer of the multispecies biofilmmulti species on tooth  2007]
substr. CH1 surfaces forming dental plaque and a potential agent of endocarditis.

Many oral streptococci, including Streptococcus gordonii, are naturally

transformable, being able to take up exogenous DNA from the environ-

ment and incorporate it into their genome.
Output: pPHAT+pELD:0, pPHAT+nELD:3, nPHAT+pELD:51, nPHAT+nELD:1996 - Input: ELD: 51, nELD: 2000
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Cryptobacterium 8 / Human pathogen - The type strain 12-3T and a second strain of the species, KV43-B, [Kumar et al, 3
curtum DSM 15641 primary /secondary both classified in C. curtum were isolated from a periodontal pocket 2003, Nakazawa

infections sample of an adult patient and from necrotic dental pulp. C. curtum et al., 1999, Mavrom-

can also be isolated from human oral and dental infection like pulpal matis et al., 2009]

inflammations, advanced carries, dental abscesses or periodontitis.
Output: pPHAT+pELD:0, pPHAT+nELD:6, nPHAT+pELD:22, nPHAT+nELD:1327 - Input: ELD: 22, nELD: 1335
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Marinomonas posi- 21 / Plant symbiont / [Lucas-Elio et al, 0
donica IVIA-Po-181 2012]
Output: pPHAT+pELD:0, pPHAT+nELD:20, nPHAT+pELD:40, nPHAT+nELD:3429 - Input: ELD: 40, nELD: 3451
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Francisella tularensis 27 HO00312 Tularemia Human pathogen - Francisella tularensis - a highly pathogenic gram-negative coccobacillus [Nalbantoglu et al., 4
subsp. tularensis primary infection - is the etiological agent of tularemia. The vast majority of infections is 2010
NE061598 ulceroglandular in nature and transmitted by contact with an infected

host (e.g., rabbit or cat) or vector (e.g., tick or mosquito). A minority of
infections displace serious symptoms such as pneumonic tularemia and
can be life-threatening. F. tularensis is considered a potential biowar-
fare agent.

Output: pPHAT+pELD:5, pPHAT+nELD:35, nPHAT+pELD:37, nPHAT+nELD:1632 - Input: ELD: 90, nELD: 1746

ACC Al Domains Description

YP 005831663 0.82 PF02274
YP_ 005831889 0.89 PF02931



YP 005831982 0.97 PF11940 Aminopeptidase N
YP 005830479 0.79 PF02274
YP 005831228 1.17  PF00328
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Streptococcus  mu- 9 / Human pathogen -  Streptococcus mutans is the major pathogen of dental caries. Occa- [Maruyama et al, 3
tans NN2025 primary infection sionally infection can also lead to endocarditis. 2009]
Output: pPHAT+pELD:0, pPHAT+nELD:0, nPHAT-+pELD:24, nPHAT+nELD:1869 - Input: ELD: 24, nELD: 1871
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Candidatus Liberib- 17 / Plant pathogen - pri- Citrus huanglongbing - caused by any of three uncultured species of  [Duan et al., 2009| 3
acter asiaticus str. mary infection Gram-negative a-Proteobacteria: Candidatus Liberibacter asiaticus,
psy62 Ca. L. americanus, and Ca. L. africanus - is the most destructive

disease of citrus worldwide. In consistence with its intracellular nature,

Ca. L. asiaticus displays no type III and type IV secretion systems

and also lacks extracellular degradative enzymes typical for free-living

or plant-colonizing bacteria. Instead it appears to have all type I se-

cretion system genes needed for toxin effector secretion and multidrug

efflux.
Output: pPHAT+pELD:1, pPHAT+nELD:17, nPHAT+pELD:17, nPHAT+nELD:1067 - Input: ELD: 20, nELD: 1089
ACC Al Domains
YP 003064736 0.55 PF03219
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Staphylococcus au- 54 / Human pathogen -  Already described for Staphylococcus aureus RF122. [Highlander et al., 1
reus subsp. aureus secondary infection - 2007]
TCH60 community acquired

meticillin susceptible

Output: pPHAT+pELD:0, pPHAT+nELD:5, nPHAT+pELD:45, nPHAT+nELD:2643 - Input: ELD: 45 nELD: 2648
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence




Listeria monocyto- 15 HO00332 Listeriosis Avirulant strain - Listeriosis - caused by Listeria monocytogenes, a Gram-positive, fac- [Gilmour et al, 3
genes HCC23 Human pathogen - ultative anaerobic bacteria - is a severe food borne infection with a  2010]
primary infection high case fatality rate. Groups at high-risk for listeriosis include the

elderly and immunocompromised patients, newborns, pregnant women

and infants.
Output: pPHAT+pELD:1, pPHAT+nELD:6, nPHAT+pELD:113, nPHAT-+nELD:2852 - Input: ELD: 114, nELD: 2860
ACC Al Domains Description
YP 002350681 0.9 PF08719 Swarming motility protein YbiA
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Bifidobacterium ani- 13 / Human symbiont Bifidobacterium animalis subsp. lactis - a gram-positive lactic acid [Barrangou et al., 0
malis subsp. lactis bacterium - is usually located in the guts of healthy humans and has  2009]
DSM 10140 been identified in the infant gut biota. It is a dominant genus considered

beneficial to humans and includes probiotic strains.
Output: pPHAT+pELD:0, pPHAT+nELD:5, nPHAT+pELD:14, nPHAT+nELD:1546 - Input: ELD: 14, nELD: 1552
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Pectobacterium 144 / Plant pathogen - pri- P. wasabiae isolates are pathogenic to potatoes causing soft rotting. [Pitman & Harrow, 3
wasabiae WPP163 mary infection 2010]
Output: pPHAT+pELD:5, pPHAT+nELD:5, nPHAT+pELD:97, nPHAT+nELD:4324 - Input: ELD: 102, nELD: 4335
ACC Al Domains Description
YP 003260359 0.62 PF13343 Extracellular solute-binding protein
YP 003260359 0.62 PF13343 Extracellular solute-binding protein
YP 003259508 1.18  PF12796 Ankyrin
YP 003259880 0.67 PF13343 Extracellular solute-binding protein
YP 003258518 0.55 PF12796 Ankyrin
YP 003258335 1.09 PF06045 Rhamnogalacturonate lyase
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Bifidobacterium 9 / Human symbiont Bifidobacterium longum - a Gram-positive anaerobic branched rod-  [Sela et al., 2008] 0
longum subsp. infan- shaped bacterium - can be found in the intestines of infant humans.
tis 157F Inhibiting the growth of Gram-negative bacteria by producing lactic

acid Bifidobacterium can be seen as beneficial to humans; they are also
able to digest the complex sugars in human breast milk.



Output: pPHAT+pELD:0, pPHAT+nELD:7, nPHAT+pELD:38, nPHAT+nELD:1930 - Input: ELD: 47, nELD: 1952

Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Acidaminococcus in- 4 / Human A. intestini - a Gram-negative bacterium - colonize the human gut [D’Auria et al., 2011] 1
testini RyC-MR95 pathogen/symbiont - flora as commensal. It has been occasionally associated to infective

secondary infection processes but always as part of polymicrobial infections and might act

as a reservoir of antibiotic resistance mechanism.

Output: pPHAT+pELD:2, pPHAT+nELD:5, nPHAT+pELD:68, nPHAT+nELD:2308 - Input: ELD: 70, nELD: 2331
ACC Al Domains Description
YP 004897753 0.64 PF05049 hypothetical protein
YP 004897754 0.51  PF05049 hypothetical protein
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Wolbachia endosym- 126 H01043 - Onchocerci- Endosymbiont Human onchocerciasis is an infection caused by the filarial nematode  [Klasson et al., 2008] 3

biont of Culex quin-

quefasciatus Pel

asis, H01086 - Lym-
PHATIc filariasis

arthropoda - Human
pathogen (indirect)

Onchocerca volvulus transmitted by Simulium blackflies. Wolbachia
bacteria colonize Onchocerca volvulus as mutualistic symbionts and
are widely associated with affecting the nematode survival.

Output: pPHAT+pELD:24, pPHAT+nELD:56, nPHAT+pELD:42, nPHAT+nELD:1039 - Input: ELD: 73, nELD: 1202

ACC

Al

Domains

Description

YP_ 001976067
YP_ 001975172
YP_ 001975493
YP_ 001975547
YP_ 001975413
YP_ 001975955
YP_ 001975179
YP_ 001976103
YP_ 001975536
YP_ 001975139
YP_ 001975025
YP_ 001975234
YP_ 001976012
YP_ 001975451

1.05
1.09

1.08
1.02
1.11
1.12
0.94
1.08
0.94
1.11
1.01
1.01

PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796
PF12796

Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein
Ankyrin repeat domain protein



YP 001975284 1.11  PF12796 Ankyrin repeat domain protein
YP 001975372 0.99 PF12796 Ankyrin repeat domain protein
YP 001975491 1 PF12796 Ankyrin repeat domain protein
YP 001975140 1.04 PF12796,PF00023 Ankyrin repeat domain protein
YP 001975417 1.1 PF12796,PF00023 Ankyrin repeat domain protein
YP 001975197 1.01  PF12796,PF00023 Ankyrin repeat domain protein
YP 001975764 1.02 PF12796 Ankyrin repeat domain protein
YP 001975619 0.99 YP_001975619 Ankyrin repeat domain protein
YP 001975403 1.03 PF12796,PF13637 Ankyrin repeat domain protein
YP 001975193 0.95 PF12796,PF00023,PF1383ikyrin repeat domain protein
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Mycobacterium 51 H00342 - Tuberculo- Human pathogen - Mycobacterium africanum is responsible for up to half of human tuber- [Jong et al., 2010] 3
africanum sis primary infection culosis (TB) in West Africa.
GMO041182
Output: pPHAT+pELD:1, pPHAT+nELD:15, nPHAT+pELD:141, nPHAT+nELD:3657 - Input: ELD: 142, nELD: 3688
ACC Al Domains Description
YP 004724760 0.93 PF01329 Pterin-4-alpha-carbinolamine dehydratase
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Arcobacter nitrofig- 29 / Plant symbiont. / [Pati et al., 2010] 0
ilis DSM 7299
Output: pPHAT+pELD:0, pPHAT+nELD:34, nPHAT+pELD:15, nPHAT+nELD:3076 - Input: ELD: 15, nELD: 3111
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Escherichia coli IAI1 260  / Human symbiont. / [Touchon et al, O
2009
Output: pPHAT+pELD:0, pPHAT+nELD:2, nPHAT+pELD:110, nPHAT-+nELD:4214 - Input: ELD: 110, nELD: 4239
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence




Helicobacter pylori 19 HO00320 - Helicobac- Human pathogen Helicobacter pylori - a Gram-negative, microaerophilic bacterium - is [Thiberge et al, 3
B38 ter pylori infection primary infection found in approximately 50% of the human population and are associ- 2010]
ated with several inflammatory gastroduodenal diseases. There is also
a strong correlation with two types of gastric cancers: gastric adeno-
carcinoma and gastric extra-nodal marginal zone B-cell lymphoma. H.
pylori pathogenicity mechanisms include the cag-pathogenicity island
(cagPAI) as a major pro-inflammatory actor, but its association with
MALT lymphoma strains has yet to be verified.
Output: pPHAT+pELD:0, pPHAT+nELD:2, nPHAT+pELD:14, nPHAT+nELD:1351 - Input: ELD: 14, nELD: 1368
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Streptococcus  dys- 23 / Human pathogen S. dysgalactiae subsp. equisimilis was long regarded only as a human [Suzuki et al., 2011] 3
galactiae subsp. and symbiont commensal organism but is recently also recognized as an increasingly
equisimilis ATCC important human pathogen. It is associated with causing a spectrum
12394 of human diseases including cellulitis, peritonitis, septic arthritis, pneu-
monia, endocarditis, acute pharyngitis, bacteremia and toxic shock syn-
drome. Many of these infections are similar to those caused by Strepto-
coccus pyogenes in human, and indeed this two organisms share many
of the same virulence genes.
Output: pPHAT+pELD:0, pPHAT+nELD:0, nPHAT+pELD:44, nPHAT+nELD:2006 - Input: ELD: 45, nELD: 2011
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Treponema pallidum 19 HO00354 - Syphilis Human pathogen - Treponema pallidum subsp. pallidum is the etiological agent of Syphilis  [Cejkova et al., 2012] 3
subsp. pallidum str. primary infection - one of the oldest recognized venereal infection. Its symptoms include
Chicago genital ulceration, skin rash, and development of serious systemic dis-
ease.
Output: pPHAT+pELD:0, pPHAT+nELD:9, nPHAT+pELD:4, nPHAT+nELD:967 - Input: ELD: 4, nELD: 977
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Corynebacterium 9 / Animal pathogen - Corynebacterium pseudotuberculosis - a facultative intracellular [Ruiz et al., 2011] 3
pseudotuberculosis primary infection pathogen - causes caseous lymphadenitis and mainly infects sheep and
1002 goats but can also lead to ulcerative lymphangitis in equines; superfi-

cial abscesses in bovines, pigs, deer and laboratory animals; arthritis
and bursitis in ovines; pectoral abscesses in equines and - more rarely
- in camels, caprines and deer. There are also reports of rare cases of
human infections.



Output: pPHAT+pELD:0, pPHAT+nELD:1, nPHAT+pELD:10, nPHAT+nELD:2079 - Input: ELD: 10, nELD: 2080

Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Corynebacterium 16 / Animal pathogen - Helicobacter mustelae infection manifests itself with gastritis, ulcers  [O’Toole et al., 2010] 3
pseudotuberculosis primary infection and gastric cancer in ferrets and other mustelids. H. mustelae remains
1002 the only helicobacter besides H. pylori that causes gastric ulceration

and cancer in its natural host.
Output: pPHAT+pELD:0, pPHAT+nELD:4, nPHAT+pELD:3, nPHAT+nELD:1391 - Input: ELD: 3, nELD: 1395
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Rothia mucilaginosa 74 / Human symbiont - Rothia mucilaginosa is a member of commensal bacterial flora in the  [Nambu et al., 2013] 1
DY-18 secondary infection oral cavity and has received attention as a potential opportunistic

pathogen.
Output: pPHAT+pELD:0, pPHAT+nELD:0, nPHAT+pELD:9, nPHAT+nELD:1894 - Input: ELD: 9, nELD: 1895
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Corynebacterium 10 HO00343 - Diphtheria ~ Human pathogen - Corynebacterium diphtheriae - a gram-positive, highly pleomorphic [Trost et al., 2012] 4
diphtheriae 31A primary infection bacterium - is one of the most prominent human pathogens and the

etiological agent of the communicable disease diphtheria.
Output: pPHAT+pELD:0, pPHAT+nELD:3, nPHAT+pELD:19, nPHAT+nELD:2330 - Input: ELD: 20, nELD: 2361
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Novosphingobium 32 / Possible human Novosphingobium sp. is a gram-negative, strictly aerobic, ubiquitous [Bogdanos & Ver- 7?7
sp. PP1Y pathogen bacterium that is found in soil, water, and coastal plain and is recently  gani, 2009]

discussed as a potential human pathogen.

Output: pPHAT+pELD:6, pPHAT+nELD:25, nPHAT+pELD:219, nPHAT+nELD:4363 - Input: ELD: 239, nELD: 4425

ACC Al Domains Description

YP 004532680 0.84 PF03080,PF14365 hypothetical protein
YP 004533567 1.36 PF03332 HAD family hydrolase
YP 004533187 0.51  PF02359,PF02933 ATPase AAA

YP 004533918 2.64 PF13577 hypothetical protein
YP 004534061 0.58 PF07110 hypothetical protein

YP 004533910 2.64 PF13577 hypothetical protein




Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Bacillus thuringiensis 57 / Insect pathogen - pri-  Insect pathogen which is used as a biopesticide displaying a high trans-  [He et al., 2010] 3
BMBI171 mary infection formation frequency.
Output: pPHAT+pELD:1, pPHAT+nELD:4, nPHAT+pELD:322, nPHAT-+nELD:5000 - Input: ELD: 323, nELD: 5029
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Erwinia amylovora 118 / Plant pathogen - pri- Erwinia amylovora - a plant-associated member of the Enterobacteri- [Sebaihia et al., 3
ATCC 49946 mary infection aceae - is associated with fire blight, a devastating infection of rosaceous  2010]

plants, especially pear and apple.
Output: pPHAT+pELD:0, pPHAT+nELD:4, nPHAT+pELD:20, nPHAT+nELD:3539 - Input: ELD: 20, nELD: 3545
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Herbaspirillum sero- 108 / Plant symbiont / [Baldani & Baldani, 0
pedicae SmR1 2005]
Output: pPHAT+pELD:0, pPHAT+nELD:7, nPHAT+pELD:106, nPHAT-+nELD:4619 - Input: ELD: 106, nELD: 4629
Name ELP KEGG Pathogenicity Pathogenicity-Long Source Virulence
Rothia dentocariosa 34 / Human pathogen - Rothia dentocariosa infections can - in rare cases - lead to endocardi- [Boudewijns et al., 2

ATCC 17931 tis. This inflammation of the endocardium occurs most frequently in

patients with prior heart conditions.

secondary infection

2003]

Output: pPHAT+pELD:0, pPHAT+nELD:4, nPHAT+pELD:24, nPHAT+nELD:2184 - Input: ELD: 24, nELD: 2193

Table D.1: Comprehensive table for results obtained for 70 prokaryotes including alien index, phylogenetic tree reconstruction

and analysis with PHAT, protein domains and ELDs.
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Fakultat fiir Lebenswissenschaften
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