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Abstract

The evolution of a large, diverse group of intracellular bacteria was previously very dif-

ficult to study. Recent advancements in both metagenomic methods and bioinformatics

has made it possible. This thesis investigates the evolution of the order Legionellales. The

study concentrates on a group of proteins essential for pathogenesis and host manipulation

in the order, called effector proteins. The role of effectors in host adaptation, evolution-

ary history and the diversification of the order were investigated using a multitude of

bioinformatics methods.

First, the abundance and distribution of the known effector proteins in the order

was found to cover newly discovered clades. There was a clear distinction between the

proteins present in Legionellales and the outgoup, indicating the important role of the

effectors in the order. Further, the effectors with known functions found in the new clades,

particularly in Berkiella, revealed potential modes of host manipulation of this group.

Secondly, the evolution of the effector gene content in the order shed light on the

evolution of the order, as well as on the potential evolutionary differences between Le-

gionellaceae and Coxiellaceae. In general, most of the effectors were gained early in the

last common ancestor of Legionellales and Legionellaceae, as further indication of their

role in the diversification of the order. New effector genes were acquired in the Legionel-

laceae even up to recent speciation events, whereas Coxiellacea have lost more protein

coding genes with time. These differences may be due to horizontal gene transfer in the

case of gene gains in Legionellaceae and loss of selection in the case of gene losses in

Coxiellaceae.

Third, the early evolution of core gained effector proteins for the order was studied.

Two of the eight investigated core effectors seem to have a connection to eukaryotes,

the rest to other bacteria, indicating both inter-domain and within bacteria horizontal

gene transfer. In particular, one effector protein with eukaryotic motif gained at the last

common ancestor of Legionellales, was found in all the clades and is therefore an important

evolutionary link that may have allowed Legionellales to utilize eukaryotic hosts.
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How did bacteria in the Legionellales-group adapt to
take over their hosts?

Popular science summary

Tea Ammunet

Much progress has been made in the ways we find and can study bacterial species. With

the improvements in the scientific methods, much new data has been collected about new

species and groups of previously known species. The knowledge about how all of these

species have come about during evolution has fallen behind the huge amounts of new data.

In order to know, how the many species in the group of bacteria including the pathogens

causing Legionnaire’s disease and Q fever have come about, a set of important proteins

was investigated in this thesis. These effector proteins aid the pathogenic bacteria to take

over the host cells, and therefore enable them to act in inflicting diseases. If these proteins

exist also in the newly discovered species, it may tell us, that these species can also act

as pathogens.

It is further interesting to know, when in evolutionary time these proteins have come

to exist. If they existed already in the early ancestors of this group of bacteria, they likely

are very important in defining the whole group. In general, genes and proteins tend to

be lost in time, as the bacteria evolve to use only certain host cells. The extent to which

these effector proteins are maintained, gained and lost from this group may therefore tell

us how the species have evolved through time.

The results of this thesis show, that the effector proteins are very widely spread within

the group of bacteria Legionellales. Many of them are found even in the new species. Yet,

not all of them are found outside this group, meaning that they have a certain function

for this group of species in particular. Moreover, many of these proteins were taken up or

evolved very early during evolution, when this group became distinctively different from

other bacteria. This indicates that the effectors are, indeed, very important in defining

the group Legionellales.
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1 Introduction

Host-adapted, intracellular bacteria, such as the species in the order Legionellales, are

difficult to cultivate in a laboratory setting due to their complex metabolic requirements.

However, recent advances in cultivation-independent genomics (e.g. metagenomics) have

made it possible to sequence environmental samples and reconstruct (almost) complete

genomes from novel clades. These methods have improved our current understanding of

the phylogeny of Legionellales and also revealed many previously unknown species.

The discovered diversity raised many questions both about the biology of the new

species and about how the diversity has evolved. So far, representatives from six genera

in the order Legionellales have been sequenced, namely Legionella, Rickettsiella, Diplorick-

ettsia, Coxiella, Berkiella and the relatively newly discovered Aquicella. Their lifestyles

vary from facultative intracellular to obligate, mutualistic insect endosymbionts (see e.g.

Mittl and Schneider-Brachert 2007, Qiu and Luo 2017, Santos et al. 2003). Although

many species are amoebal pathogens, and some are accidental human pathogens (Le-

gionella pneumophila, L. longbeachae, the agents of Legionnaires’ disease, and Coxiella

burnetii, the agent of Q-fever), the ecology and functions of the other species are largely

unknown.

The mode of evolution in bacteria goes in general from a period of innovation and

acquirement of genes to loss of non-essential genes (Wolf and Koonin 2013). For Legionel-

lales it has been proposed, that most of the essential structural genes defining the order

have been gained once, at the last common ancestor (Hugoson 2017). If so, these genes

would thus define the order that branches off from other gammaproteobacteria quite early

on. From there, diversification into the different clades would have taken place, possibly

including a reduction in genome size.

One of the drivers of diversification is host adaptation. With the multitude of hosts

and lifestyles present in the order, this kind of adaptation may well be behind the observed

diversity. Evidence of host adaptation include loss of housekeeping genes and a general

reduction of genome size, when bacteria evolve from a free-living extracellular lifestyle to

an obligate intracellular lifestyle.

Effector proteins, used to take over the host cell functions, provide good example of

a common group of essential proteins, that nevertheless show a role in host adaptation

in Legionellales. In total close to 6000 effector proteins have been predicted by machine

learning methods (Burstein et al. 2016). Around 330 effectors have been experimentally

verified (Qiu and Luo 2017), but in total 9300 effector proteins have been suggested to

exist (Burstein et al. 2016). However, only a few of the effector proteins seem to be

shared even among the family Legionella, meaning that many of them may have been lost

or acquired specifically for adapting to a particular host.

In general, comparing the genetic and genomic organisation of any known organism

with newly discovered organisms, may give indications of both the evolution and the

1



ecology of the species. The importance and abundance of effector proteins makes them a

good candidate for use in evolutionary analysis of an order. Therefore, in order to shed

light on the evolution of the order Legionellales, the occurrence of the effector proteins

among the species was investigated. Further, the occurrence of these proteins on an

evolutionary time scale was studied. Similarity or homology to known effector proteins in

the newly discovered clades may also shed light to their biology, and was thus additionally

studied in this thesis.

2 Background

The infamously well known species of the order Legionellales are Legionella pneumophila

and Coxiella burnetii. Primarily infecting amoeba, L. pneumophila gains virulence af-

ter amoebal infection (Swanson and Hammer 2000), and may infect human and other

mammalian alveolar macrophages when inhaled. The infection by L. pneumophila and

L. longbeachae may cause a fatal form of pneumonia (Legionnaire’s disease) or a milder

Pontiac fever in humans (see e.g. Carratalà and Garcia-Vidal 2010, Khodr et al. 2016,

Qiu and Luo 2017 for review). Similarly, C. burnetii can cause Q fever, a zoonosis that

spreads from livestock to humans (see Ghigo et al. 2009, Maurin and Raoult 1999 for re-

view). Q fever is regularly asymptomatic, but may develop fatal in patients with cardiac

diseases, lessened immunoresponse and in pregnant women.

The pathogenicity of many bacterial species is linked to specific genes or genomic

regions. In the order Legionellales, a specific Dot/Icm Type IV Secretion System (T4SS)

and its secreted effectors are keys to the endosymbiotic and pathogenic lifestyle (e.g.

Segal et al. 2005). Many Legionellales species manipulate their host cell functioning

and behavior by injecting effector proteins in to their host cytoplasm via the Dot/Icm

secretion system. In the case of L. pneumophila, these effector proteins make up to 10%

of the genome, whereas approximately 6% of the C. burnetii genome consists of genes

encoding effector proteins (Qiu and Luo 2017).

Recently, nearly 6000 effector proteins were predicted from 38 Legionella species by

machine learning methods (Burstein et al. 2016). These proteins formed 608 orthologous

groups, of which only seven were shared among the 38 Legionella. The large number

and diversity of effector proteins show a great deal of redundancy. The maintained high

numbers can be due to several proteins either affecting the same pathway, having been

recently acquired/duplicated or playing a role in host specific and environment specific

adaptation (Burstein et al. 2016).

Coxiella burnetii also secrete effectors into their host using a similar Dot/Icm Type IV

secretion system, although its overall lifestyle differs slightly from that of L. pneumophila.

Approximately 133 C. burnetii effectors have been found so far. Some of the C. burnetii

effector proteins are similar to, but most of the effector proteins can be distinguished from

those of Legionella pneumophila (Carey et al. 2011, Chen et al. 2010). The divergence
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between the effectors of these two species, is most likely due to different developmental

histories: Legionella have evolved to infect a variety of protozoan hosts, where as the pri-

mary hosts of C. burnetii are mammals (Carey et al. 2011). Similarly to L. pneumophila,

redundancy of the effector proteins has been observed in C. burnetii. Only 16 non-plasmid

encoded proteins are conserved between different pathotypes of C. burnetii (Van Schaik

et al. 2013). As with Legionella, the small proportion of concerved genes indicates that

the different proteins may have, for example, emerged due to host adaptation.

Inside the host cell, with the help of the effectors, Legionella pneumophila first builds

a Legionella-containing vacuole (LCV), recruits vesicles from the endoplasmic reticulum

(ER) and prevents the fusion of the symbiont-containing vacuoles with lyzosomes (Qiu

and Luo 2017, Rolando and Buchrieser 2014, Swanson and Hammer 2000), to name a

few. The effectors in C. burnetii help maintain an acidic environment of the formed

Coxiella containing vacuole (CCV) (Carey et al. 2011). In comparison to LCV, the CCV

develops from a phagosome to a phago-lysosome, that eventually fills almost all of the

host cytoplasm (Van Schaik et al. 2013). In contrast to Legionella-effectors, it seems

that Coxiella-effectors are not directing or aiding in the formation or maturation of the

CCV. However, later in the process, approximately 8 hours after infection, the effectors

in C. burnetii are secreted (Van Schaik et al. 2013). Both Legionella pneumophila and

Coxiella burnetii effectors are important in redirecting vesicle trafficking, slowing down

or preventing apoptosis (Latomanski et al. 2016, Qiu and Luo 2017), and some have been

shown to have a connection with the virulence of the species (Shames et al. 2017).

Many of the effectors found in Legionella species and in C. burnetii, are similar to

proteins found in eukaryotes (Chen et al. 2010, Gomez-Valero et al. 2011a, 2014, Lifshitz

et al. 2013). Usually these effector proteins contain domains, such as ankyrin repeats,

coiled coils and U-boxes, that are widely spread among eukaryotes (de Felipe et al. 2005,

Gomez-Valero et al. 2014, Lifshitz et al. 2013). Further, the genes encoding these effector

proteins may have a diverging G-C content compared to other genes in the genome (de Fe-

lipe et al. 2005, Van Schaik et al. 2013). Because of their similarity to eukaryotes, it has

been suggested that they have evolved closely with the host adaptation process (Gomez-

Valero et al., 2011a). The hypothesis about how these proteins have been acquired, include

convergent evolution from ancestrally inherited genes and inter-domain horizontal gene

transfer (HGT) from eukaryotes (de Felipe et al. 2005, Gomez-Valero et al. 2014, Van

Schaik et al. 2013). The similarity of the effector proteins to eukaryotic proteins may be

essential for overtaking host cell functions using molecular mimicry (Gomez-Valero et al.

2014).

Simultaneously with the increasing knowledge about L. pneumophila and C. burnetii

effector proteins and their functions, many novel clades within the order Legionellales have

been discovered (Figure 1). In additon to the Aquicella-clade, that was described from

water samples in 2003 (Santos et al. 2003), other unidentified sequences have been found

from, for example, the TARA North Pacific Ocean samples (closely related to Coxiella)
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and from a malaria mosquito Anopheles gambiae (Lionel Guy, personal communication

2017). The ecology and host range of these species is, however, still largely unknown.

It is currently hypothesized that there may have been only a single evolutionary event,

where most of the Legionellales genes were gained; many genes, including at least two of

the seven shared effector proteins were gained at this time point as well as the proteins

forming the Dot/Icm secretion system (Hugoson 2017). The divergence between the

effectors in Legionella and Coxiella indicate, that many, if not most of the proteins gained

in early evolutionary phases, were lost or radically changed. However, if all the effector

proteins were also gained in one time point, and to which extent the effectors found in L.

pneumophila and C. burnetii are present in the other species and clades of the order, is

not known. Furthermore, to our knowledge, the presence of the effector proteins in the

novel clades has not yet been thoroughly investigated.

The presence of the effector proteins in the novel clades may reveal information about

the ecology and biology of these species. In particular, the presence of the eukaryotic-like

proteins may reveal potential host organisms for the recently discovered clades, such as

Aquicella. Furthermore, similarity to proteins found in eukaryotes of these eukaryotic-like

effector proteins could shed light on the evolutionary context of these particular proteins.

2.1 Aims

The general aim of this master thesis project, was to explore the effector proteins in

the newly discovered and more well known genomes of the order Legionellales. In order

to reveal the biology and evolution of the effector proteins in this group, the previously

discovered knowledge on the novel clades and sequences in the order Legionellales was

utilized and combined with comparative genetics methods.

In more detail, the project investigated the presence and absence of known Legionella

pneumophila, Legionella longbeachae and Coxiella burnetii effectors within the order. Fur-

thermore, the evolution of the gene content of the order, particularly the gains and losses

of effector proteins, was investigated. In addition, the early evolution of the gained core

proteins in the order Legionellales was examined, particularly in relation to their evolu-

tionary history with eukaryotes.

3 Materials and methods

The aims and the questions of the project were answered by following the general work

flow presented in Figure A.1. Most of the work was carried out with bash scripts and

coding in Python and R. All bash scripts may be found in the public Bitbucket repository

(https://bitbucket.org/evolegiolab/legionellaleseffectors). Scripts are referred to by their

names in the descriptions below, and a short description of them is included in Table A.1

in the appendix. In addition, manual work was done collecting the published data and
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protein blast was run online (https://blast.ncbi.nlm.nih.gov/Blast.cgi) in order to reveal

the early evolutionary dynamics of the proteins.

3.1 Published material

The collection of the list of experimentally verified Legionella pneumophila, Coxiella bur-

netii and Legionella longbeachae effectors was gathered from recent research and review

articles. In total 13 published articles provided information and/or an experimentally

tested confirmation of 160 Coxiella burnetii effector proteins (Chen et al. 2010, Cunha

et al. 2015, Fielden et al. 2017, Graham et al. 2015, Lifshitz et al. 2013, 2014, Weber et al.

2013), 337 Legionella pneumophila effectors (de Felipe et al. 2005, Gomez-Valero et al.

2011a,b, Huang et al. 2011, Lifshitz et al. 2013, Qiu and Luo 2017, Zhu et al. 2011) and

129 Legionella longbeachae effectors (Gomez-Valero et al. 2011a,b, Lifshitz et al. 2013).

In addition, 42 potential but experimentally unverified Legionella (Fluoribacter) dumoffii

(Lifshitz et al. 2013), 41 Legionella drancourtii (Lifshitz et al. 2013) and 18 Rickettsiella

grylli (Lifshitz et al. 2013) effector proteins were found. Because the effectors of the latter

three species were not experimentally verified, they were excluded from further analysis.

All of the 129 L. longbeachae effector proteins, and 25 of the 160 C. burnetii effector

proteins were claimed to be homologs of L. pneumophila effectors. Homology was deter-

mined by the inclusion of ”effector domains”, such as the ankyrin domain and the Ser/Thr

kinase domain (Lifshitz et al. 2013), and/or a local alignment e-value (Chen et al. 2010,

Lifshitz et al. 2013, Weber et al. 2013).

Effector protein sequences were fetched from the National Center for Biotechnology

Information (NCBI) using Entrez Direct NCBI access provider (Kans 2013) through

bash scripting (edirect test.sh). The collected effector protein locus tags were listed with

notes on the species and the references. Each locus tag was then searched from the NCBI

protein database using functions esearch and efetch. The protein accession number was

extracted from the results and used to get the protein sequence. Protein accession number

and protein annotation were then extracted from the sequence result, and adjoined to the

list of locus tags (combine info.sh).

3.1.1 OrthoMCL protein groups

A recent collection of Legionellales genomes was gathered and assembled from metage-

nomics data in previous work (Hugoson 2017). This collection of sequences was annotated

with prodigal (Hyatt et al. 2010). Homologous genes were then grouped into protein

profiles with OrthoMCL (Li et al. 2003). OrthoMCL is based on all-against-all blast, after

which the results are assigned to a graph with sequences as nodes and similarities as edge

weights. A Markov Cluster algorithm is then applied on the graph, resulting in clus-

ters of orthologous proteins, here onwards called protein clusters. These previous results

of protein clusters were used as the basis when searching effector proteins from among
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Legionellales species.

3.2 Searching effectors from predicted protein clusters

The presence of the listed effector proteins in the order Legionellales was explored by

searching through the existing orthologous protein clusters (protacc to prodigal.sh). In

more detail, protein accession numbers from the effector list were first used to couple the

effectors to the unique sequence identifiers used in OrthoMCL. This identifier was then

searched for among the protein clusters and all the sequences each cluster contains. The

locus tags, species, protein accession, unique identifier and protein cluster for each locus

tag were then listed in a table.

3.2.1 Homologous protein clusters

Some of the effector proteins were found in different protein clusters. Particularly finding

effector proteins in different species from the same protein clusters prompted the ques-

tion, whether these effectors are homologous. In order to investigate this, we studied

the phylogenetic trees of these proteins. The non-unique clusters (including the potential

homologs), with all the sequences included in them, were combined, aligned with MAFFT

(Katoh et al. 2002, 2005, align homologs.sh) and trimmed with Trimal (Capella-Gutiérrez

et al. 2009). A maximum of 30% of gaps was allowed when trimming the aligned se-

quences. A phylogenetic maximum likelihood tree was constructed with IQ-Tree (Hoang

et al. 2018), using the WAG (Whelan and Goldman 2001) amino-acid substitution ma-

trix with empirical codon frequencies and gamma rate heterogeneity (trimm n tree.sh).

The trimmed alignments and the phylogenetic trees were visually inspected in AliView

(Larsson 2014) or FigTree (Rambaut 2014) in order to infer homology.

3.3 Presence of effector proteins in the order

Listed unique effector protein clusters were used to count the number of copies for each ef-

fector protein in each species in the order Legionellales (effector occurrence forAlleffs.sh).

Python code with Pandas and Seaborn packages were utilized to calculate further aspects

and to visualize the data (effector.table.ipynb).

In order to investigate the differences between families and smaller species groups,

key numbers, such as averages and proportions, were calculated dividing the species into

these groups. For the bigger species groups, the species were assigned to Legionellaceae,

Coxiellaceae and the outgroup (Figure 1). The outgroup species were selected so, that

it would include representative big genomes from other gammaproteobacterial families,

as well as orders from betaproteobacteria. For smaller species groups the species in the

Coxiellaceae-group were further assigned to Aquicella, Berkiella, Coxiella, Rickettsiella

and the general Gammaproteobacteria bacterium-groups (Figure 1). The group Aquicella
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was assigned very conservatively, including only species named Aquicella and two species

further in the clade. Thus this group, as it is named here, is polyphyletic.

3.4 Inferring the evolution of gene content

Gene content evolution was inferred by using the program Count (Csurös 2010). In short,

the program uses a phylogenetic tree and the occurrences of homologous proteins/genes

to estimate the likelihoods of phylogenetic birth-and-death-rates. A bayesian tree con-

structed from 109 highly conserved single-copy genes, of the order Legionellales and

an outgroup, was previously constructed with Monte Carlo Markov Chain sampler in

phyloBayes (Lartillot and Philippe 2004, 2006, Lartillot et al. 2007) under a site specific

CAT-GTR model (Figure 1, Lartillot et al. 2007). Also a previously constructed family

size table of all protein cluster occurrences in the order was used as an input to Count.

Optimized birth-and-death rates for each branch were calculated from the family size ta-

ble in Count. Root family size distribution was assumed to follow a Poisson-distribution.

The output gives the rates for gains, losses and duplications for each branch in the input

tree. Posterior probabilities for family sizes in inner nodes was then computed based on

the modeled gain- and loss-rates.

Count results on the number of gained and lost protein clusters was parsed with an

existing Python code, linking the gains and losses to tree node numbers. All gained and

lost clusters with a probability higher than 50%, were then listed and counted (allMod-

els GainLoss.sh). Further, the list of effector protein clusters was used to mark, when in

the tree (node) each effector protein cluster was gained and lost, as well as how many

gains and losses were observed per node (effectorSearch fromGainLoss.sh). A combination

of R and Python code was then used to a) transfer node annotations from Count to the

phylogenetic tree in the program (tree mods.R) and b) to visualize the number of gained

and lost effector protein clusters in the Legionellales tree (tree visualisation GL.ipynb).

3.5 Early evolution of core gained effectors

Gained effector proteins in particular in the last common ancestor (LCA) of Legionellales,

as well as those gained in the LCA of Legionellaceae and Coxiellaceae will tell us about

the early evolution of the order. The gained effector protein clusters in these nodes were

thus investigated further in relation to other organisms.

3.5.1 Effector protein clusters

Sequences from the gained effector protein clusters were combined, aligned with MAFFT

--linsi (mergeEffectorModels.sh) and trimmed with Trimal (gains trimm n tree.sh). A

maximum of 20% gaps was allowed, when trimming the aligned sequences. This amount

of gap allowance was chosen based on visual inspection. In order to compare the gained
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Legionella_jamestowniensis_JA_26_G1_E2

Legionella_quateirensis_ATCC_49507

Neisseria_meningitidis_MC58

Legionella_sp_40_6

Legionella_tunisiensis_LegM

Coxiella_like_endosymbiont_CRt

Legionella_tucsonensis_ATCC_49180

Francisella_tularensis_subsp_tularensis

Gammaproteobacteria_bacterium_RIFCSPLO_15

Gammaproteobacteria_bacterium_RIFCSPHI_28

Legionella_saoudiensis_LH_SWC

Gammaproteobacteria_bacterium_RIFCSPHI__4

Piscirickettsia_salmonis_LF_89_ATCC_VR

Gammaproteobacteria_bacterium_RIFCSPHI

Aquicella_Lusitana

Teredinibacter_turnerae_T7901

Gammaproteobacteria_bacterium_GWF2_41_1_1

Rifle_ACD_contigs_ACD21_113

Legionella_drozanskii_LLAP_1_ATCC_70099

Coxiella_sp_DG_40

Diplorickettsia_massiliensis_20B

Gammaproteobacteria_bacterium_RIFCSPHI_27

Fluoribacter_gormanii_LS_13

Legionella_rubrilucens_WA_270A_C2

Putative_Legionellales_ERR323788

Coxiellaceae_bacterium_CC99

Halomonas_huangheensis_BJGMM_B45

Legionella_sainthelensi_ATCC_35248

Gammaproteobacteria_bacterium_RIFCSPHI__7

Gammaproteobacteria_bacterium_RIFCSPHI__8

Legionella_fallonii_LLAP_10

Legionella_cincinnatiensis_CDC_72_OH_14
Legionella_gratiana_Lyon_8420412

Putative_Legionellales_TARA121

Gammaproteobacteria_bacterium_RIFCSPHI_25

Legionella_spiritensis_Mt_St_Helens_9

Pseudoalteromonas_luteoviolacea_S405424

Ca_Rickettsiella_isopodorum_RCFS_May_20

Rifle_ACD_contigs_ACD45_151

Legionella_geestiana_ATCC_49504

Gammaproteobacteria_bacterium_RIFCSPHI_23

Coxiella_sp_RIFCSPHIGHO2_12_FULL_42_15

Legionella_israelensis_Bercovier_4

Legionella_steelei_IMVS3376

Figure 1: A phylogenetic tree of the order Legionellales (coloured) and the outgroup

(black). The tree was constructed with the Markov Chain Monte Carlo algorithm in

phyloBayes using 109 highly conserved single copy genes under CAT-GTR model.

Substitutions per time unit are presented by the scale. The family Legionellaceae is

marked with red and the family members of Coxiellaceae in other colours. Futher

grouping into Coxiella (dark blue), Rickettsiella (light blue), Aquicella (green)

Berkiella (purple) and other Gammaproteobacteria bacterium (orange) are marked

on the tree. The branch support values were all found to be 1.
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protein clusters against other organisms, the proteins of a cluster were first combined as a

protein profile (pssm-matrix). This was done by first constructing a blast database from

each protein cluster. Then, psiblast (Bhagwat and Aravind, 2007) was run compar-

ing each protein cluster against a database of itself (eukaryote blast.sh). The resulting

position-specific scoring matrix (pssm) was then used in a further online blastp run

against everything else except Legionellales. The upper limit for accepted e-value was set

to 10−4. From the blast alignments, we could see that, in some cases, only part of the

protein was aligned with multiple organisms. Thus, in order not to take species specific

parts of the proteins into account, only the aligned parts of the resulting blast hits were

exported as fasta files for further studies.

Blast result identification lines were then modified (seq id fix.sh) to be compatible with

previous notation and one representative sequence per species was kept. The sequences

were then combined with those from the respective effector protein clusters. The combined

sequences were realigned with MAFFT --add (Katoh and Standley 2013) and trimmed with

Trimal (Capella-Gutiérrez et al. 2009, blast hit trees.sh). When trimming, 20% of gaps

was allowed. Maximum likelihood trees were built using LG (Le and Gascuel 2008) general

amino-acid matrix with empirical codon frequencies and gamma rate heterogeneity in

IQ-Tree (Hoang et al. 2018, blast hit trees.sh). Phylogenetic trees were then visualized

in FigTree (Rambaut, 2014).

4 Results

4.1 Effectors in predicted protein clusters

Out of the 626 locus tags found in C. burnetii, L. pneumophila and L. longbeachae, 497

were connected to a protein cluster. Some of the locus tags were not found from the NCBI

protein database reducing the number of protein accession numbers first by 22. Further,

some of the effector protein accession numbers were not found from the re-annotated

genomes, resulting in 572 effector proteins for the three species. Out of the total 572 C.

burnetii, L. pneumophila and L. longbeachae effectors, 497 were found from the orthoMCL

protein clusters/profiles. Some of the effectors were found from the same protein cluster,

giving us 375 unique effector protein clusters.

4.1.1 Homologous protein clusters

There were in total 36 cases, where several clusters contained locus tags, that were clas-

sified as homologous in the published papers. In 26 out of 36 cases, the phylogenetic tree

showed a clear division of the clusters. (Figure 2a).

In ten cases, the sequences from the annotated homologous clusters, were more or

less intertwined with each other (Figure 2b). In three of the ten cases, species that were

present in the intertwined cluster were also present elsewhere in the tree. This suggests
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0.5

cluster0110446

cluster0112917

LNYR01000049.1_36_Legqua_model0111127

cluster0111127

9 6

9 9

9 9

100

7 9

(a) An example of a division between an-

notated homologous effector protein clus-

ters. The protein clusters refer to locus tags

lpg0021 and LLO 0047 (cluster0111127,

blue), CBU 0235 (cluster0110446, yellow)

and CBU 0682 (cluster0112917, red)

0.3

cluster0112816

LNZB01000060.1_88_Legwal_model0112816

cluster0112816

CM001373.1_2239_Fludum_model0112816

cluster0119809

LNYD01000040.1_5_Flugor_model0112816

cluster0112816

cluster1002816

cluster0112816

5 7

9 7

3 4

9 7

4 1

4 6

9 3

100

100

100

4 6

9 9

8 3

(b) An example of potentially homologous

protein clusters. The protein clusters re-

fer to locus tags lpg2271 and LLO 2530

for cluster0112816 (blue) and LLO 1728 for

cluster0119809 (red)

Figure 2: Representative examples of phylogenetic trees for annotated homologous

proteins. The maximum likelihood method in IQtree was used to generate the

trees under WAG-substitution matrix and gamma rate heterogeneity. Maximum

likelihoods with bootstrap values are presented above branches. Substitutions per

time unit are given by the scale.

a possible duplication event and further development of the proteins as paralogs. In two

cases, the species in the intertwined cluster were not present at all elsewhere in the tree.

In these cases, it seems plausible, that a horizontal gene transfer may have taken place

between species in the family Legionella and the family Rickettsiella. In five cases, the

branches had very low support values throughout the tree, making the interpretation of

the trees uncertain. The general trend in these trees was that one or two sequences from

one cluster were intertwined with the branches of the other cluster/clusters, and exhibited

bootstrap maximum likelihood values below 70 or even below 30 on these branches.

Due to the low number of potential orthologous effector protein clusters, and the

uncertainty of many of the trees, the protein clusters were treated individually in the

further analysis.

4.2 Presence of effector proteins in the order

The number of gene copies in each of the 359 effector protein clusters are visualized as

a heatmap in Figure 3. Most of the proteins are present in one copy, but up to 15 gene

copies of one protein cluster were found in one species. From Figure 3, we can see clear
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Figure 3: The number of effector protein gene copies present for each species in the

Legionellales order, and the outgroup. Gene copy counts are marked with colour,

from zero (white) to 8 or over (purple). The groups Legionellacea, Coxiellacea and

the outgroup are marked with red, blue and black rectangles, respectively

differentiation of the presence of the protein clusters. Most clusters are present in at least

one copy in L. pneumophila, due to this species being the biggest source of our locus tags.

The lack of many effector protein clusters is evident in the species at the bottom of the

list, forming the outgroup.

Further analysis of the average gene copy numbers per species in the bigger species

groups per cluster reveal, that indeed, when some gene copies are still present in both

Coxiellaceae and Legionellaceae, the average gene copy numbers for the species in the

outgroup is zero (Figure 4). In total, 339 effector protein clusters are present in the

Legionellaceae, that forms the basis of our set of effector proteins, making 20 effector

protein clusters unique for Coxiellaceae. Within the Legionellaceae group, six effector

protein clusters were shared between all the species in the group. No effector protein

cluster was present in all of the species within Coxiellaceae, in contrast to the outgroup,
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within which 11 effector protein clusters were present in all the species.

Figure 4: The average number of gene copies per species per cluster for families

Coxiellaceae (blue), Legionellaceae (orange) and outgroup (green).

A similar trend, albeit with more variation, can be seen for the smaller species groups

presented in Figure 5: in all the other groups the average gene copy number per species

for some of the effector protein clusters peaks above zero for about half of the protein

clusters, except for the outgroup.

The total number of effector protein clusters present per group are 84, 47, 60 and

98 for Aquicella, Rickettsiella, Berkiella and Coxiella, respectively. The Berkiella-group

species shared the most effector protein clusters with 33 out of 60 clusters present in

all three species. More similarly to Legionellaceae and Coxiella, the species in the Rick-

ettsiella group and in the Aquicella group shared 19 out of 84 and 16 out of 47 effector

protein clusters, respectively. The numbers of shared protein clusters within the groups

for Legionellaceae, Coxiella and the outgroup are the same as above for the bigger groups.

In total, 290 effector protein clusters were not present at all in the outgroup consisting

of 18 species, of these 147 are visibly lacking from the outgroup as a white area in Figures 3

to 6. The 290 clusters not present in the outgroup include approximately 65% hypothetical
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Figure 5: The average gene copy number per effector protein cluster for smaller

species groups: Aquicella (blue), Berkiella (orange), Coxiella (green), Gammapro-

teobacteria bacterium (red), Legionellaceae (purple), outgroup (brown) and Rick-

ettsiella (pink).

proteins, but also known Dot/Icm-secreted effectors, such as SidC, SidE, SidD, SidF,

SidH, VipA, VipD, RalF and SdbC. Moreover, these missing effectors include proteins
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with common eukaryotic motifs (ankyrin repeats, coiled coils).

Finally, the proportion of species per each (small) species group, where the cluster was

present, was calculated. In Figure 6, the proportion is depicted as a heatmap. Again, it

is evident that a group of effector proteins is fairly common among all the groups (dark

blue), but almost a half of the protein families are missing from the outgroup (white).

Figure 6: The proportion of species per group where the cluster is present. The

proportions are marked by color from 0 to 5% (white) and from 5-20% (light blue)

to 80-100% (darkest blue). The proportions were counted for each smaller species

group.

4.3 Evolution of gene content

Altogether 438 effectors were gained and 420 effectors were lost throughout the evolution

of the order Legionellales at different stages and in different branches (see Figures 7, 8 and

A.2). The highest number of gained effector genes (locus tags) at a single point in time

was estimated to be 56 (Figure 7), and the highest number of lost effector genes (locus

tags) at a single time point was estimated to 26 (Figure 8). The highest numbers of gained

and lost effectors originated from 54 and 25 effector protein clusters, respectively.

Figure 7 shows the gains and losses for the Legionellaceae family. The red, gained,

effectors are present almost throughout the tree, in both inner and terminal nodes. Most of

the gained effectors, however, appear early in the tree. With time, and likely adaptation,

the effectors have been gradually also lost in the branches, showed by the blue color.

The evolution regarding gained and lost effectors in the Coxiellaceae family is shown

in Figure 8. Effectors were predicted to have been gained earlier in the evolution also for

this family. Some gains appear also in recent speciation events, such as for the recently

discovered Aquicella. However, the deeper branches and terminal nodes are, in general,

dominated by gene loss due to potential loss of selection. This is visible particularly for

the endosymbiotic Coxiellaceae.

The last common ancestors (LCA) to all Legionellales can be seen in Figure 8. In

both, LCA, sensu lato including Berkiella (first node from the left) and sensu stricto

(second node from the left), we can observe a few gained effectors. These core gained
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Figure 7: Modified phylogenetic tree from Figure 1 of Legionellaceae showing the

gained (red) and lost (blue) effector proteins for each node. If no effector was either

gained or lost, the node does not have a graph beside it.

effectors, in addition to the ones gained for the common ancestor of all Legionellaceae and

Coxiellaceae and their early evolution were investigated in further detail.
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Figure 8: Modified phylogenetic tree from Figure 1 of Coxiellaceae, showing the

gained (red) and lost (blue) effector proteins for each node. If no effector was

gained or lost, the node graph was not added.

4.4 Early evolution of core gained effectors

All of the core effectors and information on them are listed in table 1. Two of the eight

gained core effector protein clusters at the LCA of Legionellales showed similarity to other

orders than bacteria. These were cluster0110918, corresponding to locus tag lpg2300, and

cluster0111073, corresponding to locus tag lpg0896. Lpg2300 codes for an ankyrin repeat,

where as lpg0896 codes for a Sel1 protein family. These effectors were gained in the LCA

of Legionellales sensu lato, and sensu stricto, respectively.

The concatenated effector protein cluster and blast hit results tree for cluster0110918

can be seen in Figure 9. In the mid-point rooted tree, all Legionellales species (dark

green) aggregate together on one main branch, with some other bacteria (black), a couple

of fungi (yellow) and Trichomonas vaginalis as the only other eukaryote (blue). In the

sister clade we can see more fungi, sporadic other eukaryotes, Nicotina-plants (pink)

and the main cluster of eukaryotes consisting of mammals, fish and a snake. The other
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Table 1: Gained core effectors, their nodes of gain and protein families.

Node for gain Cluster Locus tags Protein family

Legionellales sensul lato cluster0110918 lpg2300 Ankyrin repeat

Legionellales sensu lato cluster011236 lpg1565 NMT1 superfamily

Legionellales sensu stricto cluster0111073 lpg0896 Sel1 superfamily

Legionellales sensu stricto cluster011084 CBU 2076
putative conserved

family Yqf0
Legionellales sensu stricto cluster0111097 CBU 0560 TraI 2 superfamily

Legionellales sensu stricto cluster0112144 CBU 0676 SDR superfamily

Coxiellaceae cluster0112917 CBU 0682 methyltransferase 11

Coxiellaceae cluster0113029 CBU 1334 ALMT superfamily

bacterial clades consist of, for example, Clamydiales-species, Brachyspira alvinipulli and

other endobionts. The branch support values vary from 100 to 20, with main branch

division likelihood estimated at 88. Thus, it is plausible, that this protein descends from

a common ancestor with the eukaryotes.

Sel1 family protein tree based on effector protein cluster0111073 can be seen in Fig-

ure 10. The majority of the blast hits outside Legionellales were other bacteria. The

bacterial hits came mostly from alpha-,beta- and other gammaproteobacteria, but also

from enterobacteria, other pathogenic bacteria, such as Massilia and Vibrio and some

endosymbionts. In addition, some eukaryotic species, including five mammalian species,

gave positive hits with the scoring matrix of this cluster.

The Legionellales-species are fairly well clustered together, as expected, in one of the

two main branches. One plant species and ten eukaryotic species, are all located in the

second main branch.

The support values for the maximum likelihood tree varied from 6 to 100. The main

branch division in this midpoint rooted tree got a low support of 28. Overall, the majority

of the branch support values were low, and thus not very reliable.

The six other core gained effector protein clusters did not get significant hits from

outside bacteria. After midpoint rooting all the trees, Legionellales species grouped well

together in three of the phylogenetic trees, whereas in the other three, the species were

dispersed among other bacterial species in the tree. The trees where Legionellales were

grouped together were for cluster0111097, corresponding to locus tag CBU 0560, clus-

ter0111236, corresponding to locus tag lpg1565 and cluster0113029, corresponding to lo-

cus tag CBU 1334. These effectors were gained in the LCA of Legionellales sensu stricto,

Legionellales sensu lato and Coxiellaceae, respectively. cluster0111097 effector is most

similar to the TraI-2 superfamily, cluster0111236 is alike the NMT1 superfamily for thi-

amine synthesis, and cluster0113029 is similar to the ALMT superfamily for aluminium

activate malate transporter (Table 1).

The other trio of core gained effector protein clusters were cluster0111084, corre-
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0.2

Phytophtora, 3 sequences

Coxiellaceae, 37 sequences

Synthetic construct

GAM09214.1_Geobacter_sp._OR-1

PIQ42946.1_Gammaproteobacteria_bacterium_CG12_big_fil_rev_8_21_14_0_65_46_12

Fish, 13 species

Plants, Nicotiana, 4 species

XP_022285795.1_Pochonia_chlamydosporia_170

Gammaproteobacteria_bacterium_RIFCSPHI_25_MGXT01000014.1_147_

PCI38410.1_Thiotrichales_bacterium

Gammaproteobacteria_bacterium_RIFCSPLO_15_MGYM01000037.1_5_

PKL16082.1_Spirochaetae_bacterium_HGW-Spirochaetae-5

XP_018587882.1_Scleropages_formosus

OGT31480.1_Gammaproteobacteria_bacterium_RIFCSPHIGHO2_12_FULL_35_23

b-proteobacteria, 4 sequences

XP_001327337.1_Trichomonas_vaginalis_G3

CFB-group bacteria, 6 species

WP_026992021.1_Flavobacterium_subsaxonicum

XP_020290492.1_Pseudomyrmex_gracilis

OLP94455.1_Symbiodinium_microadriaticum

XP_005545298.1_Macaca_fascicularis

Ascomycetes, 4 species

OUX31540.1_Rhodospirillaceae_bacterium_TMED256

XP_012208145.1_Saprolegnia_parasitica_CBS_223.65

ETE66416.1_Ophiophagus_hannah

Synthetic constructs, 5 sequences

XP_022484713.1_Penicillium_arizonense

WP_039457883.1_Candidatus_Jidaibacter_acanthamoeba

OGP59447.1_Deltaproteobacteria_bacterium_RBG_13_61_14

WP_011687504.1_Candidatus_Solibacter_usitatus

Mammals, 74 species

KJE90696.1_Capsaspora_owczarzaki_ATCC_30864

Berkiella-group, 4 sequences

CFB-group bacteria, 2 species

WP_028329564.1_Brachyspira_alvinipulli

Rickettsiella & Diplorickettsiella, 4 sequences

WP_011433993.1_Synechococcus_sp._JA-2-3B_a_2-13_

XP_010020713.1_Nestor_notabilis

XP_007834265.1_Pestalotiopsis_fici_W106-1

WP_088222781.1_Chlamydiales_bacterium_SCGC_AB-751-O23

Crenarchaeotes, 3 sequences

OGT68115.1_Gammaproteobacteria_bacterium_RIFCSPLOWO2_02_FULL_38_11

GBG27745.1_Aurantiochytrium_sp._FCC1311

WP_069967912.1_Desertifilum_sp._IPPAS_B-1220

Legionellaceae, 51 species

Ascomycetes, 2 sequences

KFZ02422.1_Pseudogymnoascus_sp._VKM_F-4518__FW-2643_

PKB04594.1_Halomonas_sp._es.049

WP_013537070.1_Thermovibrio_ammonificans

a-proteobacteria, 2 species

OJW72080.1_Candidatus_Amoebophilus_sp._36-38

WP_026968792.1_Algoriphagus_terrigena

PTY09227.1_Oncopeltus_fasciatus

CAL80017.1_Bradyrhizobium_sp._ORS_278

WP_010917657.1_Thermoplasma_volcanium

XP_015777717.1_Acropora_digitifera

XP_024218560.1_Halyomorpha_halys

WP_051534725.1_Deefgea_rivuli

Parachlamydia, 2 sequences

CFB-group bacteria, 5 species

XP_004995413.1_Salpingoeca_rosetta

b-proteobacteria, 4 sequences

XP_013758633.1_Thecamonas_trahens_ATCC_50062

OHB83756.1_Planctomycetes_bacterium_RBG_19FT_COMBO_48_8
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Figure 9: Maximum likelihood tree of combined sequences for cluster0110918 and

corresponding blast hits with the e-value threshold of 10−4. The tree was built with

IQtree, under LG substitution model with gamma distribution for rate variation.

Bootstrap-values are shown above branches, and the scale marks the number of

substitutions per time unit. Legionellales species are marked with dark green,

other bacteria with black, fungi with yellow, plants with pink and other eukaryotes

with blue color.

sponding to locus tag CBU 2076, cluster0112144 corresponding to CBU 0676 and clus-

ter0112917 corresponding to CBU 0682. These clusters are similar to a putative conserved

family Yqf0, the SDR superfamily for dehydratase and to SmtA methyltransferase, re-

spectively. The clusters were gained in the LCA of Legionellales sensu stricto, for clusters

0111084 and 0112144, and in the LCA of Coxiellaceae for cluster0112917 (Table 1).
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0.3

OHS99120.1_Tritrichomonas_foetus

PIR31615.1_Alphaproteobacteria_bacterium_CG11_big_fil_rev_8_21_14_0_20_44_7

GAF61145.1_Psychrobacter_sp._JCM_18903

WP_092611812.1_Janthinobacterium_sp._YR213

PDH40631.1_Candidatus_Thioglobus_sp._MED-G25

Gallionellales sp., 3 sequences

BBA34581.1_Methylocaldum_marinum

WP_090192568.1_Pseudomonas_pohangensis

KXU38679.1_Ventosimonas_gracilis

b-proteobacteria, 21 sequences

WP_091198370.1_Formivibrio_citricus

OGI44656.1_Candidatus_Muproteobacteria_bacterium_RIFCSPHIGHO2_01_FULL_65_16

WP_099475157.1_Emcibacter_sp._ZYL

XP_018554991.1_Lates_calcarifer

WP_094710122.1_Hahella_sp._CCB-MM4

WP_057957034.1_endosymbiont_of_Ridgeia_piscesae

WP_052470198.1_Thiolapillus_brandeum

OUU60164.1_Proteobacteria_bacterium_TMED61

WP_041361236.1_Methylococcus_capsulatus

WP_051323144.1_Budvicia_aquatica

CCB64043.1_Hyphomicrobium_sp._MC1

OGI60593.1_Candidatus_Muproteobacteria_bacterium_RIFCSPHIGHO2_01_FULL_61_200

OGL62141.1_Candidatus_Tectomicrobia_bacterium_RIFCSPLOWO2_02_FULL_70_19

KRT68574.1_candidate_division_NC10_bacterium_CSP1-5

Coxiellaceae, 12 sequences

CDA22641.1_Bacteroides_sp._CAG

BAV33606.1_Sulfuricaulis_limicola

WP_084349616.1_Moraxella_oblonga

PQM70072.1_Rhodobacterales_bacterium

Legionellaceae, 18 species

OIP27081.1_bacterium_CG2_30_54_10

PRD22598.1_Nephila_clavipes

WP_077243614.1_Thioalkalivibrio_halophilus

XP_002674554.1_Naegleria_gruberi

WP_009285998.1_Halomonas_titanicae

WP_027028373.1_Mesorhizobium_sp._URHA0056

OAI47036.1_Gammaproteobacteria_bacterium_SCGC_AG-212-F23

WP_104155420.1_Proteobacteria_bacterium

WP_066980373.1_Methylomonas_lenta

b-proteobacteria (7 sequences) & g-proteobacteria (1 species)

OUV63096.1_Gammaproteobacteria_bacterium_TMED119

WP_081660190.1_Rhodanobacter_sp._OR92

Legionellaceae, 9 species

ODJ88883.1_Candidatus_Thiodiazotropha_endolucinida

b-proteobacteria, 18 sequences

WP_069006661.1_Candidatus_Thiodiazotropha_endoloripes

WP_062616734.1_Flammeovirga_sp._SJP92

g-proteobacteria, 2 species

Gammaproteobacteria_bacterium_RIFCSPHI__2_MGYB01000039.1_2_

OUU46162.1_Candidatus_Puniceispirillum_sp._TMED52

WP_041158777.1_Halomonas_sp._KHS3

OJT95969.1_Alphaproteobacteria_bacterium_65-7

WP_100297429.1_Caviibacterium_pharyngocola

WP_066171812.1_Arcobacter_porcinus

Desulfovibrio, 4 sequences

PCL21491.1_Snodgrassella_alvi

WP_066386345.1_Arcobacter_thereius

WP_077465428.1_Rodentibacter_sp._Ppn85

WP_107220593.1_Thauera_aromatica

PHS09962.1_Acidithiobacillus_sp.

WP_013293418.1_Gallionella_capsiferriformans

Coxiellaceae, 12 sequences

CDD80718.1_Dialister_sp._CAG

WP_028752945.1_Rhizobium_leucaenae

PKO33913.1_Betaproteobacteria_bacterium_HGW-Betaproteobacteria-7

OHE26142.1_Syntrophus_sp._RIFOXYC2_FULL_54_9

PKP72641.1_Alphaproteobacteria_bacterium_HGW-Alphaproteobacteria-6

WP_035293895.1_Clostridium_sp._KNHs214

Legionella sp, 12 species

g-proteobacteria, 2 species

WP_087474166.1_Nitrospira_cf._moscoviensis_SBR1015

WP_093914323.1_Succiniclasticum_ruminis

WP_048399986.1_Candidatus_Achromatium_palustre

WP_078015687.1_Pyramidobacter_sp._C12-8

WP_061391693.1_Acinetobacter_venetianus

WP_059754534.1_Thiobacillus_denitrificans

WP_005879982.1_Oxalobacter_formigenes

WP_020408665.1_Hahella_ganghwensis

WP_051963475.1_Rhizobium_sp._OK494

PQM55627.1_Deltaproteobacteria_bacterium

OGV52027.1_Lentisphaerae_bacterium_GWF2_44_16

WP_027021553.1_Conchiformibius_steedae

OUW10259.1_Gammaproteobacteria_bacterium_TMED163

WP_105165908.1_Clostridium_taeniosporum

PIF04804.1_Arcobacter_sp.

WP_015492748.1_Thermoplasmatales_archaeon_BRNA1

WP_052746155.1_Sulfurovum_lithotrophicum

WP_052190764.1_Chitinibacter_sp._ZOR0017

Thalassiospira, 3 sequences

WP_007681254.1_alpha_proteobacterium_BAL199

Beggiatoa, 2 species

WP_022521562.1_Halomonas_sp._A3H3

Legionella_feeleii_WO_44C_LNYB01000008.1_62_

WP_090139047.1_Limnohabitans_sp._DM1

WP_085909117.1_Kiloniella_majae

Legionella_tunisiensis_LegM_CALJ01000223.1_4_

Acinetobacter, 4 sequences

WP_092573170.1_Rhizobium_lusitanum

Coxiella_sp_RIFCSPHIGHO2_12_FULL_42_15_MGOZ01000052.1_6_

AVR88319.1_Thauera_aromatica_K172

WP_015448049.1_Rhodanobacter_denitrificans

Legionella_oakridgensis_ATCC_33761_DSM_CP004006.1_1856_

b-proteobacteria, 3 sequences

WP_005210356.1_Clostridium_celatum

WP_006964363.1_Desulfotignum_phosphitoxidans

WP_087463247.1_Oleiphilus_messinensis

PIV07131.1_Syntrophobacterales_bacterium_CG03_land_8_20_14_0_80_58_14

Azospirillum sp. 5 sequences

Mammals, 5 species

WP_062602409.1_Rhizobium_sp._Leaf386

OGP85425.1_Deltaproteobacteria_bacterium_RBG_16_58_17

WP_020560496.1_Thiothrix_flexilis

WP_081741021.1_Hyphomicrobium_sp._802

WP_032676098.1_Enterobacter_cloacae_complex__Hoffmann_cluster_IV_

WP_008482474.1_Gallaecimonas_xiamenensis

OQW95315.1_Beggiatoa_sp._IS2

Sulficurvum, 3 sequences

WP_051534435.1_Deefgea_rivuli

WP_096461045.1_Sulfurifustis_variabilis

WP_018680062.1_Acinetobacter_tjernbergiae

Candidatus Puniceispirillum marinum, 2 sequences

OGT52452.1_Gammaproteobacteria_bacterium_RIFCSPHIGHO2_12_FULL_41_15

SCZ84265.1_Nitrosomonas_mobilis

WP_008869177.1_Desulfonatronospira_thiodismutans

OGI41056.1_Candidatus_Muproteobacteria_bacterium_RBG_16_62_13

WP_059287919.1_Enterobacter_kobei

OGQ00239.1_Deltaproteobacteria_bacterium_RBG_19FT_COMBO_60_16

GBG04037.1_Azospira_sp._I13

PLY31065.1_Nitrospira_sp._CG24A

KPJ95485.1_Gammaproteobacteria_bacterium_SG8_15

WP_096527242.1_Candidatus_Nitrosoglobus_terrae

PLX98117.1_Desulfuromonas_sp.

Asticcacaulis, 4 sequences

ODS67829.1_Acidovorax_sp._SCN_68-22

PPR35713.1_Alphaproteobacteria_bacterium_MarineAlpha9_Bin6

EEF23664.1_Ricinus_communis

PPD45240.1_Methylobacter_sp.

WP_087814715.1_Psychrobacter_cibarius

WP_085340171.1_Aquidulcibacter_paucihalophilus

Legionella sp., 6 species

OFZ68765.1_Betaproteobacteria_bacterium_RBG_16_58_11

GBE44970.1_bacterium_BMS3Bbin11

WP_047363678.1_Enterobacter_hormaechei

OYT88743.1_Burkholderiales_bacterium_PBB3

PPR24792.1_Alphaproteobacteria_bacterium_MarineAlpha10_Bin1

OGT64324.1_Gammaproteobacteria_bacterium_RIFCSPLOWO2_02_47_7

KII65782.1_Thelohanellus_kitauei

PKM43336.1_Gammaproteobacteria_bacterium_HGW-Gammaproteobacteria-1

WP_091356839.1_Amphritea_atlantica

OIP89650.1_Syntrophaceae_bacterium_CG2_30_58_14

WP_012566275.1_Rhodospirillum_centenum

OGV38144.1_Lentisphaerae_bacterium_GWF2_49_21

CRH04858.1_magneto-ovoid_bacterium_MO-1

WP_021776892.1_alpha_proteobacterium_RS24

WP_091644106.1_Aquisalimonas_asiatica

WP_010647355.1_Vibrio_campbellii

WP_072906054.1_Malonomonas_rubra

WP_101775834.1_Pasteurella_oralis

PPR75612.1_Alphaproteobacteria_bacterium_MarineAlpha3_Bin5

WP_084594273.1_Arhodomonas_aquaeolei

PPR13439.1_Alphaproteobacteria_bacterium_MarineAlpha12_Bin1

WP_083239501.1_Methyloceanibacter_superfactus

WP_047763135.1_Kiloniella_spongiae

WP_044250561.1_Kingella_negevensis

OGI49581.1_Candidatus_Muproteobacteria_bacterium_RIFCSPHIGHO2_01_60_12

OGS67673.1_Gallionellales_bacterium_GWA2_54_124

WP_029648075.1_Methylocystis_sp._SB2

OEU75489.1_Desulfuromonadales_bacterium_C00003068

WP_053819899.1_Candidatus_Thioglobus_singularis

WP_105169094.1_Pseudoalteromonas_sp._T1lg23B

PCI85452.1_Ectothiorhodospiraceae_bacterium

WP_024336550.1_Desulfotignum_balticum

a-proteobacteria, 4 sequences

OUX49948.1_Methylococcaceae_bacterium_TMED282
WP_100922632.1_Candidatus_Thiodictyon_syntrophicum

TARA_PSE_MAG_00004_TARA_PSE_MAG_00004_000000000009_6_

WP_104155420.1_Proteobacteria_bacterium_228

WP_049974573.1_Azospirillum_sp._B4

WP_102496316.1_Vibrio_splendidus

OGI53033.1_Candidatus_Muproteobacteria_bacterium_RIFCSPHIGHO2_02_FULL_65_16

WP_017292502.1_Geminocystis_herdmanii

WP_009164706.1_Pyramidobacter_piscolens

WP_020702132.1_Oxalobacteraceae_bacterium_AB_14

EDN66888.1_Beggiatoa_sp._PS

WP_077138952.1_Klebsiella_variicola

WP_099395324.1_Janthinobacterium_sp._BJB446

g-proteobacteria, 4 sequences

OUX33206.1_Gammaproteobacteria_bacterium_TMED260

KPJ92073.1_Gammaproteobacteria_bacterium_SG8_11

Legionella sp., 4 species

OEU73332.1_Desulfuromonadales_bacterium_C00003107

WP_008187718.1_Rhodobacteraceae_bacterium_HTCC2150

WP_023831046.1_Mesorhizobium_sp._L103C119B0

a-proteobacteria, 9 sequences

OQW59642.1_Nitrospira_sp._ST-bin4

WP_028095885.1_Dongia_sp._URHE0060

Coxiella_burnetii_RSA_493_AE016828.2_1705_

PPR64620.1_Alphaproteobacteria_bacterium_MarineAlpha3_Bin7

WP_027984483.1_delta_proteobacterium_PSCGC_5296

WP_046827691.1_Afipia_massiliensis
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Figure 10: Maximum likelihood tree of combined sequences for cluster0111073 and

corresponding blast hits with the e-value threshold of 10−4. The tree was built with

IQtree, under LG substitution model with gamma distribution for rate variation.

Bootstrap-values are shown above branches, and the scale marks the number of

substitutions per time unit. Legionellales species are marked with dark green,

other bacteria with black, archaea with red and eukaryotes with blue color.

5 Discussion

In this master thesis, the evolution of the effector proteins, found in the order Legionellales,

was explored by first investigating the presence of Legionella pneumophila, Legionella
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longbeachae and Coxiella burnetii effectors. Secondly, the evolution of the gene content

was inferred from a phylogenetic birth-and-death-rates model. Last, the early evolution

of the order was studied by comparing effector proteins gained in the LCA of Legionellales

to known proteins in other orders.

5.1 Effectors in the order

Overall, many of the 359 investigated effector protein clusters appear in several species in

the Legionellales order (Figure 3). However, 290 protein clusters were missing from the

outgroup, making a clear difference between the order and the outgroup (Figures 4 and

5). In addition, differences between groups in the order could be seen, some of which are

likely due to the bias in the published effector proteins towards Legionellaceae.

Multiple copies, up to 15, of some of the effector protein clusters were found in the order

Legionellales. Although redundancy in effector proteins is known, due to them functioning

in the same pathway, duplication events leading to paralogs are also a potential source for

divergence and new functions. There is already some indication, that paralogs of certain

effector proteins could have host-specific functions (Cazalet et al. 2004, Gomez-Valero

et al. 2011a).

Although none of the effector protein clusters were found in all the species in Legionel-

lales and the outgroup, there is a small proportion of effector proteins that seem to be

common in both the outgroup and Legionellales. These include both proteins linked to

common functions, such as transport and metabolism, as well as effector proteins with

potential host-interaction functions. As the experimental verification of the effectors is

sometimes only based on translocation, the ”effector”-status of the proteins with more

common functions could be questioned.

More interesting is the group of 290 effector protein clusters, that are not present in

the outgroup. As could be expected, these effectors include proteins that play an im-

portant role in the specific functioning of Legionellales species, Legionella pneumophila

in particular. For example, the effector protein VipA changes the cytoskeleton dynamics

of the host cell and VipD inteferes with the vesicle trafficking by removing a signal pro-

tein from the membrane (Qiu and Luo 2017), and they are not found in the outgroup.

Furthermore, the effector protein SidE is affecting a multitude of essential functions (Qiu

and Luo 2017), such as inhibiting autophagy and regulating ER dynamics, and was also

found missing from the outgroup. In addition, the effector RalF has a known function

in recruiting essential kinases to the Legionella-containing vacuole (LCV). Since these

effectors are essential in the success of Legionellaceae in invading a multitude of hosts, it

is logical that these effectors might not be present in the outgroup.

Among the 290 effectors missing from the outgroup were also many proteins with

known eukaryotic motives, such as ankyrin repeats and coiled coils. Thus, these genes

did not originate from the species in the outgroup. This rules out at least partially, the

hypothesis that the eukaryotic-like effectors would have been gained through evolution
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from the common ancestor of these outgroup species and Legionellales. They may have,

however, originated from other groups outside Legionellales. The eukaryotic-like effectors

likely play a significant role in adapting to eukaryotic hosts, thus defining the functions

in the order Legionellales.

Of further interest, are the effectors that can be found both in Legionellaceae and

the Coxiellaceae clades Aquicella, Berkiella and Rickettsiella. There were 38 effector

protein clusters present in Legionellaceae that were also present in the group Aquicella,

seven in the group Rickettsiella and 22 in the Berkiella-group, although they were not

present in the outgroup. Not much is known about the effectors present in Rickettsiella,

except for two of them: one serine/threonine-protein kinase and an ATPase. Among the

effector protein clusters in Aquicella we could find, for example an ankyrin repeat, a UVB

resistance protein and a U-box containing protein. Of these, the ankyrin repeat and the

U-box containing protein refer to a link with eukaryotes (de Felipe et al. 2005). Similarly

to Legionella-species, Aquicella infect amoeba. This probaly explains the aquired or

maintained eukaryotic-like effectors, since they are likely essential in the interactions with

eukaryotic hosts.

More effector proteins could be identified in the Berkiella group. Many of the proteins

were shared between all the three species included in the group, likely because two of

the species have the same origin. These effectors include an IcmL-like protein, histone

methylation motive containing protein, an ankyrin repeat, LigA interaptin, SidB, GTPase

activator, RalF, SdeD and a serine/theonine-protein kinase. Of these LigA, SidB, RalF

and SdeD are known L. pneumophila effectors. LigA has been described as essential for L.

pneumophila, when infecting its main host, Acanthamoeba castellanii (Fettes et al. 2000).

Further, RalF and SdeD play important roles in high-jacking vesicle trafficking (Qiu and

Luo 2017) and ubiquitylation (Luo and Isberg 2004), respectively. Other functions of

the effectors found in the Berkiella group include interacting with the secretion system

(IcmL-like protein) and inflicting potential epigenetic changes in the host cell. In addition,

effectors with eukaryotic like domains were found.

The two known Berkiella species have been described as invading amoebal nucleus

(Mehari et al. 2016). Thus, inflicting epigenetic changes in the host may be an essential

tool for the Berkiella to utilize its host. According to the findings here, they may also

hijack other parts of the host cell functioning, such as vesicle trafficking. Further, their

secretion may at least partly be similar to that of L. pneumophila.

Overall, the distribution of effector proteins in the order reflects previous studies on

Legionella effector proteins. According to Burstein et al. (2016), 38 Legionella species

share seven core effector genes. The results presented here show a similar conclusion,

when six effector protein clusters were found to be common among all Legionellaceae,

including the newly discovered sequences from TARA marine samples. The distribution

of the effector proteins in the other groups further reflects the trend of few shared effectors:

in Aquicella and Rickettsiella the majority of the effector proteins were not present in all
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of the species in the groups. Extremes were seen in the context of Berkiella, where among

the species, half of the effectors present were present in all of the species. This may be

due to the few number of species in the group so far. On the contrary, the Coxiella-group

did not share any of the effector proteins present.

Particularly interesting notation of the effectors present, is the ankyrin repeat pro-

tein missing from the outgroup. This protein, with locus tag lpg2300 in L. pneumophila,

CBU 1292 in C. burnetii and LLO 0584 in L. longbeachae appears even in the group Rick-

ettsiella. It has been previously noted to be conserved among Legionellaceae (Burstein

et al. 2016), and its presence in the other clades has also been noted (Lionel Guy, unpub-

lished).

5.2 Evolution of gene content

A clear concentration of new effector proteins gained in the order could be seen in the

earlier branches of the phylogenetic tree (Figures 7, 8). Two events for the most gains

could be seen just after the LCA of Legionellaceae and in the LCA of the clade containing

L. pneumophila (Figure 7). As effector proteins are essential in host adaptation, the

increase in their number even later in the Legionellaceae branches with relatively broad

host ranges, is not unexpected. In addition, since most of the effector proteins taken into

account in this study originate from L. pneumophila, it is expected that many of them

have been gained in Legionellaceae. However, the effectors that are present, and gained in

Coxiellaceae show a more regular pattern of a decreasing number of effectors in the later

branches of the phylogenetic tree (Figure 8). The patterns of effector gains and losses are

thus somewhat distinct between the families. As Coxiellacea tend to be more specialists

compared to Legionellaceae, the decrease in numbers of new, gained, effectors in Coxiella

can be expected, and more losses due to adaptations, or loss of selection, in the particular

hosts can thus be seen.

According to the results, many of the effector proteins, of which function is known in

L. pneumophila, were gained at the LCA of Legionellaceae or one node after (7). Since

the source of most of the verified effector proteins in this study is L. pneumophila, it is

logical that their origins might be concentrated in Legionellaceae. These effectors include

LegK1, LegAS4/RomA, LepB, MavN, SidP and RavK. Additionally gained in this node

were the locus tags lpg0393 of which function is known, and the aforementioned ankyrin

repeat lpg2300. Several of the effectors target cell metabolism and dynamics directly. For

example, LegK1 is an eukaryotic like serine/threonine protein kinase, that phosphorylates

the NF-κB inhibitor in the host cell (Rolando and Buchrieser 2014). This activation of

Nf-κB inhibits apoptosis, thus allowing the bacteria to escape one of the immune response

mechanisms of the eukaryotic cell. This protein is also marked as gained for the clade

including Aquicella. However, instead of gaining the protein twice, the more parsimonous

hypothesis would be, that it has been lost once in the Coxiella group. In addition, it

seems to have been lost from a few individual Legionella-species.
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Also in the main gained effectors for Legionellaceae are LegAS4/RomA. The protein

has a methyltransferase activity, methylating histones H3K9/H3K14 (Qiu and Luo 2017,

Rolando and Buchrieser 2014). Thus, the effector is capable of inducing epigenetic changes

in the host cell. In particular, the effector seems to suppress the host immune system with

the methylation (Qiu and Luo 2017).

Further two of the aforementioned group of effectors target the same system regulat-

ing vesicle trafficking as the SidE-group of effectors, namely RAB1. These effectors are

LepB and the yet unnamed locus tag lpg0393. Thus, hijacking host vesicle trafficking

has also evolved fairly early in the evolution of Legionellaceae. According to the results

from Count, however, these effectors would also have been lost from about 17 Legionella-

species, including L. massiliensis, L. tunisiensis and L. oakridgensis. All of them seem

to be capable of infecting amoeba (Campocasso et al. 2012, Tang et al. 1985), and L.

oakridgensis is also capable of causing Legionnaire’s disesase, although does so rarely.

As the pathogen of an eukaryote, L. oakridgensis, at least, would benefit in maintaining

genes affecting host vesicle trafficking. Thus, it remains unclear, why this loss would have

occurred.

The results from Count are further cast in the light of uncertainty due to the predicted

late appearance of some of the important effector proteins. Among these are the effectors

VipA and SidE. According to the phylogenetic birth-and-death-rates model, both of them

would have been gained at the emergence of the clade consisting of L. longbeachae and

four other Legionella species. However, these effectors have been originally annotated and

investigated from L. pneumophila, which clade separates from the bigger Legionellaceae-

group before L. longbeachae. In addition, according to the gains and losses results, the

MavN effector would have been gained also in the Rickettsiella-group. This is contrary

to our previous results, when looking into the presence of effector proteins in the order,

where the MavN effector protein could not be detected in this group (see section 5.1).

Count relies on a probabilistic model for phylogenetic profiles, which is then used in the

phylogenetic birth-and-death-rates model (Csurös 2010). The nature of the probabilities

themselves creates a degree of uncertainty to the results. Further, a cutoff of 50% prob-

ability was used, which may have been too generous in some cases. Moreover, although

the rates themselves are estimated from the data, both individual gene loss rates and

gene duplication rates are assumed to be uniform across the members (homologs) of the

gene family (Csurös 2010, Csurös and Miklós 2006). Gene gain by other means, such as

horizontal gene transfer (HGT), is treated as a constant (Csurös 2010, Csurös and Miklós

2006). However, Legionella-species seem to readily take up new genes from both closely

related species (Gomez-Valero et al. 2011b) as well as from other domains (de Felipe et al.

2005) with HGT. These events would both induce an ”unexpected” increase in the rates

for gained genes in the phylogenetic tree. Even though the eukaryotic-like genes have

been shown to be fairly conserved among Legionella, (Gomez-Valero et al. 2011b), the

predictions of gains and losses for the order as a whole may suffer from other parts of the
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tree lacking the myriad eukaryotic-like effectors or the prevalence for inter-domain HGT.

A hint of this may be seen comparing Figures 7 and 8, where the different dynamics of

the two parts of the tree (Legionellaceae and Coxiellaceae) can be seen even based on the

predictive models.

Further evidence for HGT may be found from Figures 9 and 10, where many bacteria,

unrelated to Legionellales, appear. Such bacteria include Chlamydiales, many enterobac-

teria and other intracellular bacteria. The trees were based on a pair of core gained

Legionellales effector proteins, and could thus indicate, that early in the evolution of Le-

gionellales, a horizontal gene transfer event might have taken place between the ancestor

of Legionellales and the other bacteria.

5.3 Early evolution of effector proteins

The core gained effectors were gained at around the last common ancestor of Legionellales,

highlighting their importance of the diversification of Legionellales from other bacteria.

At around this time, approximately 1.6 billion years ago (Hugoson et al. unpublished),

also the distinct type IV secretion system was gained. Thus, the secretion system and the

gained effectors at this node are likely to have played an important role in the development

of Legionellales ecology as exploiting eukaryotic organisms.

Further looking at the early evolution of the eight gained effector proteins in the LCA

of Legionellales, it seems that the origin varied from protein to protein. Two of them had

a suggested possible connection to an early ancestor with the eukaryotes (Figures 9 and

10). The other six have an origin in earlier bacterial ancestors, or have been obtained

through horizontal gene transfer from other bacteria, as discussed above.

The two clusters with similarities to eukaryotes, an ankyrin repeat (lpg2300) and a

Sel1 protein are well known from eukaryotes. The ankyrin repeat areas often interact

with cytoskeleton (de Felipe et al. 2005, Gomez-Valero et al. 2011a) and Sel1 is asso-

ciated with the ER for protein degradation (Mittl and Schneider-Brachert 2007). Both

domains are found regularly from bacteria that use amoeba as hosts, as well as from other

host associated bacteria, but it has been suggested that these proteins have been gained

independently during early evolution (Gomez-Valero et al. 2011a).

Ankyrin repeats, in particular, appear in many organisms, and may be present in many

copies. The blast alignment of the ankyrin repeat lpg2300 showed only partial matches

with many proteins. Except for some Gammaproteobacteria and Chlamydiales-bacteria,

where the alignment matched in full, the proteins partly matched with lpg2300, may

consist of non-homologous sections. This casts a veil of uncertainty on the phylogenetic

tree constructed from the aligned parts. The mixed grouping of bacteria, fungi and other

eukaryotes in the upper branch of the tree (Figure 9) may be a symptom of non-homology

or it may reflect the homology of the partial match only. Thus the common ancestry with

eukaryotes for this protein is possible, but uncertain based on our results.

Molecular mimicry is in general an important part of host adaptation (Cazalet et al.
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2004, Gomez-Valero et al. 2011a). According to our results, at least two of the eight

gained effectors for the LCA of Legionellales may be linked to adaptation with their

current hosts, amoeba, or even earlier protozoa. It may be, that it was these two, the

ankyrin repeat lpg2300 (with reservations) and the Sel1 protein lpg0896, that enabled

the takeover of the early eukaryotic host by the ancestor of Legionellales. Both of them

are still present also in Aquicella. There are, however, many more eukaryotic-like effector

proteins present in the order, particularly in Legionellaceae. The choice to concentrate on

the particular early nodes of the tree, may thus have limited the extend to which effectors

similar to eukaryotic proteins were detected. However, due to the timing of acquirement

of these effectors later in evolution or around the LCA of Legionellaceae, their role may

have more to do with host adaptation than defining the characteristics of the order.

In the parts where the other six phylogenetic trees can be relied on, it seems that the

species in the order Legionellales have been frequently interacting with other bacteria.

As previously noted, Legionella are at least prone to transfer genes horizontally among

each other (Gomez-Valero et al. 2011b), thus it is plausible that they have been and are

readily interacting with other bacteria as well.

6 Conclusion

This thesis project has shown that effector proteins from L. pneumophila, L. longbeacheae

and C. burnetii are widely spread among the species of the order Legionellales. However,

distinction in the distribution of the effectors could be made between the smaller clades.

The investigation into the effectors found in Aquicella did not reveal much more informa-

tion about the species. This may, however, mean that they have a set of unique effector

proteins, that do not have homologs in other Legionellales. Further investigation to these

potential genes is thus needed.

Much more was learned about Berkiella-species, by being able to link the function of

the effectors to known effectors from L. pneumophila. According to this evidence, many

effectors essential for host manipulation are shared between the two clades.

The majority of the effector proteins present in the order seem to have been acquired

at fairly early stages of the evolution of Legionellales, confirming what had been proposed

before. The core gained effectors at the LCA of the order have thus been significant in

the early evolution of the Legionellales. Further huge numbers of genes were gained later

in the diversification of Legionellaceae. However, the species in Coxiellaceae seem to have

lost more of the studied effectors the closer to present species you go. This may be due

to host adaptation in the form of loss of non-essential genes due to loss of selection. As

a potential peak of host specificity, the clade Coxiella does not share any of the studied

effectors even within the species in the clade, indicating very specialized functions.

Eukaryotic-like effector proteins were found in both Aquicella and Berkiella clades.

Possibly some more information about the function of Berkiella-species was uncovered
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looking at these effectors, as explained above. Further, some evidence was gained of

two core gained effectors having possible links to early eukaryotes, the ankyrin repeat

lpg2300 and Sel1 protein family protein. Although a weak evidence, these connections

may indicate a horizontal gene transfer event from eukaryotes to Legionellales that has had

a particularly important role in distinguishing the order from other gammaproteobacteria,

and allowing for the utilization of eukaryotic hosts.

Further evidence of potential HGT from other bacteria was seen from the other core

gained effectors. As previously suggested (de Felipe et al. 2005, Gomez-Valero et al.

2014), Legionella-species may be fairly readily taking in genes from other species. This

may indicate their flexibility to adapt to a wide host range.

In conclusion, the investigation into effector proteins in the order Legionellales has

shown some shared aspects between the species in Legionellales, as well as confirmed

some differences between, for example L. pneumophila and C. burnetii. Most prominently,

the evolutionary modes seem to differ between the two species. The evolutionary results

indicate differences in both evolution regarding host adaptation, as well as in the potential

links to eukaryotic ancestors. This study also revealed a set of effector proteins that have

likely affected the diversification of the whole order, and were gained in the LCA of

Legionellales. With the subsequent gains and losses, the diversification of the clades then

took place. Even though some of the effectors are still shared between the clades and give

insight into the ecology of the unknown species, more detailed work is needed to study

function of the newly discovered species.
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Figure A.2: Modified phylogenetic tree from Figure1 of the order Legionellales, showing

the gained (red) and lost (blue) effector proteins predicted by Count for each node. If no

gains and losses could be predicted, no graph was added.
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