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Genomic analysis of 38 Legionella species identifies large
and diverse effector repertoires

David Burstein!->, Francisco Amaro?3, Tal Zusman3, Ziv Lifshitz3>, Ofir Cohen!>, Jack A Gilbert4, Tal Pupko!,
Howard A Shuman? & Gil Segal®

Infection by the human pathogen Legionella pneumophila relies on the translocation of ~300 virulence proteins, termed
effectors, which manipulate host cell processes. However, almost no information exists regarding effectors in other Legionella
pathogens. Here we sequenced, assembled and characterized the genomes of 38 Legionella species and predicted their effector
repertoires using a previously validated machine learning approach. This analysis identified 5,885 predicted effectors. The effector
repertoires of different Legionella species were found to be largely non-overlapping, and only seven core effectors were shared by
all species studied. Species-specific effectors had atypically low GC content, suggesting exogenous acquisition, possibly from the

natural protozoan hosts of these species. Furthermore, we detected numerous new conserved effector domains and discovered
new domain combinations, which allowed the inference of as yet undescribed effector functions. The effector collection and
network of domain architectures described here can serve as a roadmap for future studies of effector function and evolution.

Several bacterial pathogens, such as the agents of tuberculosis, typhus,
typhoid fever, Q fever and Legionnaires’ disease, use specialized secre-
tion systems that translocate into the host’s cytoplasm a cohort of
proteins, termed effectors, which modulate host cell processes!. One
such pathogen is L. pneumophila, the causative agent of Legionnaires’
disease. These bacteria multiply in nature in a broad range of free-
living amoebae? and cause pneumonia in humans when contaminated
water aerosols are inhaled?. Besides L. pneumophila, more than 50
Legionella species have been identified, and at least 20 were associated
with human disease®.

The major pathogenesis system of L. pneumophila is composed from
a group of 25 proteins called Icm/Dot (intracellular multiplication/
defect in organelle trafficking), which constitute a type IVB secretion
system>. Type IV secretion systems are macromolecular devices,
evolutionarily related to bacterial conjugation systems, which trans-
locate effector proteins into host cells’. All the Legionella species
studied so far harbor a type IVB Icm/Dot secretion system?, which is
required for intracellular growth®. This secretion system is also found
in Coxiella burnetii, the etiological agent of Q fever!®!!, and in the
arthropod pathogen Rickettsiella grylli'.

Thus far, approximately 300 L. pneumophila effectors have been
experimentally shown to translocate into host cells via the Icm/Dot
secretion system. Deletion of a single effector-coding gene rarely
causes a detectable defect in intracellular growth!3. This is commonly

explained by functional redundancy involving, for example, multiple
effectors that perform similar functions, effectors that target different
steps of the same host cell pathway or effectors that manipulate paral-
lel pathways!4. Notably, only very few Icm/Dot effectors have been
identified in other Legionella species. The pool of effectors for each
species is believed to orchestrate its intracellular lifestyle, and effec-
tors present in different Legionella species might modulate different
host cell pathways through biochemical activities not mediated by
L. pneumophila effectors.

De novo sequencing of 38 Legionella species allowed us to explore
the diversity of effectors used by the Legionella genus, to study
the evolution of these special proteins and to infer new potential
functions mediated by them.

RESULTS

Sequencing, phylogeny and genomic characterization

We sequenced the genomes of isolates from 38 different Legionella
species (Online Methods and Supplementary Tables 1 and 2).
These sequences were analyzed along with three publically available
Legionella genomes (L. pneumophila, Legionella longbeachae and
Legionella drancourtii). Protein-coding genes were clustered into
16,416 orthologous groups, of which 1,054 were present in all 41
genomes. We designated these groups as LOGs for Legionella ortholo-
gous groups (Supplementary Table 3).
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Figure 1 Phylogenetic tree
of the Legionella genus.
A maximum-likelihood tree
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The species phylogeny was reconstructed on the basis of a con-
catenated alignment of 78 nearly universal bacterial proteins!® that
corresponded to single genes in each genome (Online Methods).
The phylogenetic tree (Fig. 1) indicates a division of the genus into
three major clades: (i) a clade containing 22 species including the
best studied Legionella pathogens—L. pneumophila, L. longbeachae,
Legionella bozemanii and L. dumoffii—responsible together for more
than 97.8% of human cases of Legionella infection!®; (ii) another major
clade characterized by long branches that encompasses 15 Legionella
species, including Legionella micdadei; and (iii) a deep-branching
clade consisting of Legionella oakridgensis, Legionella londiniensis and
Legionella adelaidensis. Finally, as previously reported!”, Legionella
geestiana is an outgroup to the rest of the Legionella genus (on the
basis of tree rooting using C. burnetii).

The length of the reconstructed genomes ranged from 2.37 Mb in
L. adelaidensis to 4.82 Mb in Legionella santicrucis (Fig. 1). Notably,
the deep-branching clade is characterized by species with significantly
smaller genomes as compared to the rest of the species (P=2.3 x 1078,
one-sided ¢ test). The GC content of the genomes was highly vari-
able, ranging from 36.7% in L. santicrucis to 51.1% in L. geestiana.
The genomes of five species forming a monophyletic group (Legionella
quinlivanii, Legionella birminghamensis, Legionella spiritensis,
Legionella erythra and Legionella rubrilucens) had significantly higher
GC content (43.0-47.7%; P = 0.0004, one-sided Wilcoxon test) than
the remaining genomes. Other species with high GC content were
spread across the Legionella tree (Supplementary Table 4).

The Icm/Dot secretion system

The Icm/Dot type IVB secretion system is the major pathogenesis
system of L. pneumophila. The system components are encoded by
25 genes organized in two separate genomic regions'®. In both Icm/
Dot regions, gene order and orientation were perfectly conserved
throughout the genus (Fig. 2 and Supplementary Fig. 1). The main
differences in organization were in the presence of gene insertions of

variable size that seem to be unrelated to the Icm/Dot secretion sys-
tem. For example, there is an insertion of seven genes between icmB
and icmF in Legionella brunensis, as compared to the insertion of a sin-
gle gene in L. pneumophila and no intervening gene in L. quinlivanii.
In 15 Legionella species, an OmpR family two-component regulatory
system is encoded next to the icmB gene, the last gene in the large
subregion of region II. These 15 species are monophyletic (Fig. 2),
suggesting that this regulatory system was acquired once and has
been preserved since then. Similar patterns of gene insertions were
observed in region I (Supplementary Note). Notably, the locations of
the gene insertions were highly conserved across the genus, suggesting
tight co-regulation within subregions composed of sets of icrm/dot
genes that were not separated throughout the genus evolution.

The Legionella genus effector repertoire

The L. pneumophila Icm/Dot type IV secretion system translocates a
large cohort of approximately 300 effector proteins!*20. To predict new
effectors in all available Legionella genomes, we first identified in each
species proteins highly similar to experimentally validated Legionella
effectors. These proteins served as training sets for a machine
learning procedure that we previously developed and proved high pre-
cision rates using experimental validations?1?2. The machine learning
procedure takes into account various aspects of the effector-coding
genes, including regulatory information, the existence of eukaryotic
motifs, the Icm/Dot secretion signal, and similarity to known effec-
tors and host proteins. Predictions were performed for each genome
separately, enabling the recognition of patterns unique to individual
Legionella species (Supplementary Fig. 2).

The number of putative effectors was highly variable, ranging from
52 in L. adelaidensis to 247 in Legionella waltersii (Fig. 1). Species
in different clades of the Legionella tree significantly differed in the
number of predicted effector-coding genes, even when accounting
for variance in genome size (ANOVA, P = 2.77 x 107°). The species
from the deep-branching clade contained on average 59 effectors, as
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Figure 2 Icm/Dot secretion system region |l in 41 Legionella species. In 15 genomes, genes encoding an OmpR family two-component system were
found (bright red). In three other genomes, putative effectors were found in region Il (bright yellow). Genes colored in gray represent non-effector genes
found between the two parts of the region. Gene symbols: T, icmT; S, icmS; R, icmR; Q, icmQ; P, icmP/dotM; O, icmO/dotL; N, icmN/dotK; M, icmM/
dotJ; L, icmL/dotl; K, icmK/dotH; E, icmE/dotG; G, icmG/dotF; C, icmC/dotE; D, icmD/dotP; J, icmJ/dotN; B, icmB/dotO; F, icmF; H, icmH/dotU.

A similar analysis of region | is presented in Supplementary Figure 1.

compared to an average of 107 in the major L. micdadei clade and
183 in the L. pneumophila clade. This variability does not seem to be
due to bias in the effector identification procedure (Supplementary
Fig. 3 and Supplementary Note). In total, we identified in the
Legionella genus a set of 5,885 putative effectors.

Orthologous groups of Legionella genes that consisted of >80% pre-
dicted effectors were designated Legionella effector ortholog groups
(LEOGs). We identified 608 LEOGs and found that most of them
were shared by a small subset of species. Surprisingly, only seven
effectors were ‘core effectors; that is, had orthologs in every Legionella
genome analyzed (Fig. 3). Notably, about 63% of the effector reper-
toire (3,715 effectors in 269 LEOGs) consisted of orthologs of experi-
mentally validated effectors from L. pneumophila and L. longbeachae.
The rest—2,170 effectors in 339 LEOGs—represent new putative
effectors, potentially with novel functionality.

We identified 15 cases of clear effector pseudogenization due to
nonsense mutations (Online Methods and Supplementary Table 5).
Our results suggest that some species are more prone to pseudog-
enization. For example, five pseudogenes in Legionella anisa and
L. bozemanii were homologous to complete genes in Legionella
steelei, but no pseudogene was identified in L. steelei itself. Effector
pseudogenization does not necessarily result in a non-functional

protein. This process might be part of effector evolution, leading to
diversification, as was suggested for effectors in C. burnetii'l.

The high number of effectors predicted in the Legionella genus
allowed us to perform genomic analyses on this extraordinary group
of genes. These analyses resulted in intriguing observations regard-
ing the distribution, function and evolution of the Legionella genus
effector repertoire.

The seven core effectors of the Legionella genus
In light of the high number of LEOGs found, the identification of
only seven core effectors in the Legionella genus was surprising.
The evolutionary histories of the core effectors are in good agreement
with the species tree (Online Methods and Supplementary Fig. 4),
and, whereas all core effectors are highly similar across species at the
protein level, their GC content is variable and similar to the average
genomic GC content of each species (Supplementary Table 4). In
combination, these findings suggest that these core effectors evolved
as part of the Legionella genus for an extended period of time.
Remarkably, only a single core effector (LOG_00212, represented
in L. pneumophila by 1lpg2300/LegA3) was found in all the bacte-
ria known to harbor an Icm/Dot secretion system. This effector was
present in all the Legionella species examined, as well as in C. burnetii
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Figure 3 Extent of effector sharing by the Legionella species studied.
Circles represent sets of effectors (eff.) shared by a different number of
Legionella species (sp.). The number of species in which these effectors
were found is indicated at the top of each circle, and the number of
effectors contained in the set is indicated on the bottom. The innermost
circle represents the set of core effectors shared by all Legionella species
studied. The outermost circle depicts the 258 species-specific effectors
and is divided on the basis of the number of species-specific effectors
found in each Legionella species. Notably, only seven effectors are shared
by all Legionella species, and most effectors (78.5%) are shared by ten
or fewer species (two outermost circles). Lpne, L. pneumophila; Ldra,

L. drancourtii; LIng, L. longbeachae; species abbreviations for newly
sequenced species appear in Supplementary Table 1.

(CBU_1292) and R. grylli (RICGR_1042). The homologs in these
bacteria show a high degree of similarity with their L. pneumophila
counterpart throughout the length of the protein (BLAST e value =
2 x 107116 and 3 x 107129, respectively). All members of this LEOG
contain a single ankyrin repeat at their N terminus. Ankyrin repeats
are usually found in eukaryotic proteins, where they mediate protein-
protein interactions in a wide range of protein families?>24.

An additional core effector, LOG_00334 (MavN), was found in
R. grylli (RICGR_0048) but not in C. burnetii. The L. pneumophila
MavN (Ipg2815) effector is strongly induced under iron-restricted
conditions. Mutants lacking the corresponding gene are defective
for growth on iron-depleted solid media, defective for ferrous iron
uptake and impaired in intracellular growth within their environ-
mental host, Acanthamoeba castellanii>>2°. These findings suggest
that this core effector might be involved in iron acquisition during
intracellular growth within the iron-poor milieu of the Legionella-
containing vacuole (LCV).

The five other core effectors were not found in either C. burnetii
or R. grylli, but two—LOG_00341 and LOG_01049 (RavC), repre-
sented in L. pneumophila by 1pg2832 and 1pg0107, respectively—had

Lsan Lecin  Lgra

Lnau
Ldra =) i

2-10 sp.

11-20 sp.

69 eff. Lade

213 eff.

Lwal Lpne
homologs in more distant bacteria. lpg2832 is homologous to pro-
teins in several Rhizobiales such as Bradyrhizobium oligotrophicum
(BLAST evalue = 1 x 10722). These bacteria are symbionts of legumi-
nous plants that fix atmospheric nitrogen and use a type IVA secretion
system for symbiosis?”-28. Ipg0107 (RavC) has homologs in several
members of the Chlamydiae phylum, such as Diplorickettsia massiliensis
(evalue = 2 x 10%%), Protochlamydia amoebophila (e value = 2 x 10734)
and Chlamydia trachomatis (e value = 3 x 10731). All these bacteria are
intracellular human pathogens that use a type III secretion system for
intracellular growth. The presence of these two effectors in evolutionar-
ily distant species could be the result of cross-genera horizontal gene
transfer (HGT), or, alternatively, these genes might have existed in a
common ancestor and been lost in the lineages lacking them. We tested

these alternative hypotheses by comparing two

1.0 Lora models representing these evolutionary scenar-
0.9 Lcin ios (Online Methods) and conclude that these
08 I[ﬁ-,zn ! effectors have been horizontally transferred
07 t:g across genera (P =5 x 10734 for LOG_00341
06 tz:]ee and 7 x 10799 for LOG_01049, likelihood-ratio
05 Ldum test) and were adapted in different pathogens
04 [gr |2 todifferent secretion systems.

08 IE;;:’ To obtain a first indication regarding the
Lboz importance of these seven core effectors,
plon, knockout mutants were constructed in
Loak L. pneumophila and tested for intracellular
I[?eeee growth in A. castellanii. The results indi-
per cated that LegA3 and MavN are partially
tmic |3  required for intracellular growth in this host
::Eféj (Supplementary Fig. 5), with the growth
tg;ae defects completely complemented when each
Loor
'I:::Z 4 Figure 4 Comparison of the putative effector
Lmor pools among Legionella species. The color
IEbir_ gradient represents the similarity between
Lg;i' 5 sets of effectors (light colors for high similarity).
Lery Clusters defined on the basis of similar effector
hr;:g repertoires (marked on the right) are in agreement
Llan with the clades of the phylogenetic tree
Hg:n 6 (Supplementary Fig. 6). Lpne, L. pneumophila;
Lhac Ldra, L. drancourtii; LIng, L. longbeachae;
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Figure 5 Protein architecture network of effectors. Each node represents a specific protein architecture (combination of effector domains;
Supplementary Table 8). Node labels indicate domains taking part in the architecture. Edges represent domains shared by architectures. Known domains
are colored; new conserved effector domains are in gray. Node size is proportional to the number of ORFs with the architecture represented by the node.

of the effectors was reintroduced on a plasmid. To conclude, although
the exact function of these seven Legionella genus core effectors is
unknown, their high conservation throughout the evolution of the genus
and, in some cases, beyond indicates that they perform critical functions
during infection. The fact that only two of the core effectors presented an
intracellular growth phenotype when deleted suggests that the function
of the other core effectors may be redundant, at least for intracellular
growth in A. castellanii. It is possible, however, that these core effectors
carry out essential functions required for growth in other hosts.

Unique effectors in the Legionella genus

Analysis of the LEOGs determined that 258 (42%) were species spe-
cific, meaning that they were observed in only one of the Legionella
species analyzed. Excluding L. pneumophila, the species with the
highest number of unique putative effectors was L. waltersii, with
23 species-specific effectors. Notably, every genome analyzed had at
least a single species-specific effector (Fig. 1). The GC content of
these effectors was consistently lower than the genomic GC content
(Supplementary Table 4), suggesting that these genes might have
been recently acquired from an exogenous source, possibly from the
natural protozoan hosts of Legionella, which are typically character-
ized by low GC content?’.

The 258 species-specific LEOGs included 188 LEOGs that dis-
played local similarity to at least one other Legionella protein (BLAST
e value <1 x 107) and 70 putative effectors with no similarity to
any other Legionella protein. Of these 70 unique putative effectors,
only five were similar to a known protein (e value <1 x 1074, BLAST
search against the NCBI non-redundant database; Supplementary
Table 6). Four of these were similar to proteins encoded by bacteria
from different ecosystems, and the fifth (Lmac_0005) was similar to
a hypothetical protein from Candidatus Protochlamydia amoebophila,
an endosymbiont of Acanthamoeba species®®. This hit was not highly
significant (e value = 3.09 x 1079), yet it might be the result of HGT
occurring inside a common protozoan host. For 62 of the 70 unique
effectors, we could find sequence-based support that these unique
proteins are indeed genuine effectors (Supplementary Note). The
fact that none of these 70 unique effectors had significant sequence
similarity to another Legionella-encoded protein demonstrates the
magnitude of functional novelty of the Legionella effectors. The low
GC content of species-specific effectors (Supplementary Table 4)
in combination with the fact that most of them contain an Icm/Dot-
associated regulatory element or an Icm/Dot secretion signal suggests
that recently acquired genes can be adapted to function as effectors
in a relatively short evolutionary timeframe.
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Dynamics of effector gain and loss

To gain insights into the evolutionary processes that shape the current
effector repertoire of each Legionella species, we examined the dynam-
ics of effector gain and loss along the phylogenetic tree. The results
of this analysis (Supplementary Fig. 6) demonstrate that the rate of
acquisition and loss of effectors in the L. micdadei clade is significantly
lower than that in the L. pneumophila clade (P = 1.4 x 10710, one-sided
Wilcoxon test)—that is, the species belonging to the latter clade have
a more dynamic repertoire of effectors. This finding is in agreement
with the number of unique LEOGs found in the different Legionella
species (Fig. 1). These analyses suggest that certain Legionella species,
including the most pathogenic ones, acquire genetic information from
outside the Legionella genus more frequently than others and adapt
these sequences to encode functional effector proteins.

Comparison of effector repertoires among the Legionella species
showed that, despite the dynamic nature of the effector repertoire, evo-
lutionarily close species tended to have similar sets of effectors (Fig. 4).
Phylogenetic analysis of effectors undergoing numerous HGT events
suggests that this is probably due to preferential HGT among closely
related species (Supplementary Fig. 7 and Supplementary Note).

Effector synteny and co-evolution

Effector-coding genes residing in close proximity on the genome
have been shown in some cases to function together in the host
cell31:32, We hence searched for effectors that were consistently
found together (within five ORFs of each other) across multiple
genomes. We found 143 pairs of effectors whose members were in
close proximity in at least two genomes, with 51 pairs found in five
genomes or more. The syntenic genes and their organization in each
genome are detailed in Supplementary Table 7. We further analyzed
which of these pairs displayed statistically significant co-evolution,
that is, which constituted syntenic effectors that were gained or lost
together during genus evolution more often than expected by chance.
The combined analysis identified 19 pairs of effectors that are syntenic
and co-evolved (Supplementary Table 7), some of which are already

known to have related functions. For example, AnkX (LOG_03154)
and Lem3 (LOG_032115) both modulate the host GTPase Rabl
(ref. 33) (counteracting each other). Similarly, SidH (LOG_04780) and
LubX (LOG_06016) were also shown to function together3. Recently,
it was reported that SidJ affects the localization and toxicity of effec-
tors from the SidE family3%3°. Here we found that the gene encoding
SdjA (a sid] paralog; LOG_04652) was consistently next to the gene
encoding SdeD (encoded by a sidE paralog; LOG_04652) in all six
genomes where both of them were present, and the gene encoding
SdeC (another paralog of sidE) was found next to that encoding SidJ
in five of the six genomes that encoded both effectors. These results
led us to examine additional syntenic effectors that co-evolved. We
found five such pairs of effectors in L. pneumophila (SidL-LegA11l,
Lpg2888-MavP, SidI-Lpg2505, Ceg3-Lpg0081 and CetLp7-Lem29)
that were not previously described to function as pairs. Notably,
SidL and SidI inhibit translation by interacting with the translation
elongation factor eEF1A and inhibit yeast growth3”:38. The LegA11
and Lpg2505 effectors might counteract the activity of SidL and SidI,
respectively, as the translational block mediated by SidL and SidI
early during L. pneumophila infection is probably removed to enable
successful infection.

Domain shuffling has a major role in effector evolution

Previous studies of L. pneumophila effectors reported that they
harbor numerous eukaryotic domains3%40 as well as effector-specific
domains*!42. The high number of effectors we found made it pos-
sible to identify and analyze conserved effector domains across the
Legionella genus. We identified Legionella effector domains (LEDs)
using two separate criteria: (i) similarity to known domains in domain
databases and (ii) conservation of effector regions across orthologous
groups (Online Methods). Conserved domains were detected in 56%
of the putative effectors. In total, 99 distinct domains were identi-
fied using the two criteria: 53 well-characterized (mostly eukaryotic)
domains and 46 new conserved domains, reported here for the first
time (Supplementary Table 8). Analyzing the protein architectures
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Figure 6 Architectures containing either the P14P-binding domain or LEDOO6. Each protein architecture containing either the PI4P-binding domain or
the novel, uncharacterized LEDOO6 domain is represented by a single putative effector.
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Figure 7 Diversity of ankyrin repeat-containing putative effectors. Each domain configuration that includes an ankyrin domain is represented by a
single example (architectures with a different number of ankyrin repeats are represented separately). The number of putative effectors, as well as the
number of Legionella species in which each configuration occurs, is indicated.

(different domain combinations), we noticed that the same domains
were often shared by different architectures. We visualized this phe-
nomenon as a network of protein architectures connected by shared
domains. The biggest connected subnetwork of architectures found,
which harbored many known effector domains such as ankyrin
repeats, the leucine-rich repeat (LRR) domain and the phosphati-
dylinositol 4-phosphate (PI4P)-binding domain, is displayed in
Figure 5. The network clearly demonstrates that several domains are
present in numerous effectors (indicated by node size in Fig. 5), as
well as in numerous different architectures (indicated by the number
of connected nodes harboring the same LED in Fig. 5). The network
represents a wealth of domains with known and unknown functions,
from which insights regarding possible effector functions can be
deduced.

The PI4P-binding domain localizes effectors (including Ipg2464-
SidM/DrrA, Ipg1101 and 1pg2603) to the LCV41:43, This domain is of
special interest because it indicates which functions might be targeted
to the LCV in different Legionella species. PI4P-binding domains
were found as part of eight architectures in 36 putative effectors.
In all these architectures, the PI4P-binding domain was located
at the C-terminal end, in some cases together with an additional

characterized domain (Fig. 6 and Supplementary Fig. 8). For exam-
ple, in Legionella parisiensis, the PI4P-binding domain was found on
a putative effector (Lpar_1114) together with a U-box domain. The
U-box domain is typically found in ubiquitin-protein ligases where it
determines the substrate specificity for ubiquitination (E3 ubiquitin
ligases)4%. In L. pneumophila, a functional U-box domain was found
in the LegU2/LubX (lpg2830) effector34, which does not contain a
PI4P-binding domain. The presence of a U-box domain together with
a PI4P-binding domain in Lpar_1114 suggests that this effector is
involved in protein ubiquitination on the LCV. Interestingly, it was
previously shown that ubiquitination occurs on the L. pneumophila
LCV as well, but no ORF containing both PI4P-binding and U-
box domains was found in this species. Instead, in L. pneumophila,
this function is mediated (at least in part) by LegAU13/AnkB
(Ipg2144), which contains a U-box domain and an ankyrin repeat.
This effector anchors to the LCV membrane by host-mediated far-
nesylation that occurs at the C-terminal end of the protein®>4°.
Collectively, these results demonstrate that Legionella species use a
variety of molecular mechanisms to direct effectors to the LCV.

An additional domain found together with the PI4P-binding
domain was the glycosyltransferase domain, which glycosylates
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proteins. In L. pneumophila, a functional glycosyltransferase domain
was found in the N terminus of the SetA effector (Ipg1978), in which a
C-terminal phosphatidylinositol 3-phosphate (PI3P)-binding domain
is required for proper localization to the early LCV#7 (PI3P- and PI4P-
binding domains are not homologous). We found glycosyltransferase
domains together with PI4P-binding domains in putative effectors from
three species (Supplementary Fig. 8 and Supplementary Table 8),
suggesting that these putative effectors also localize to the LCV.
The PI4P-binding localization domain was found with numerous
additional characterized domains as well as novel domains, which
possibly mediate additional functions on the LCV.

Analysis of the architectures containing the PI4P-binding domain
provided putative insights into the function of LED006, a prevalent
novel domain. Both the PI4P-binding domain and LED006 were
found with a protein tyrosine kinase domain, a glycosyltransferase
domain and a domain with unknown function—LEDO022 (Fig. 6 and
Supplementary Fig. 8). Similar to the PI4P-binding domain, LED006
was also located at the C-terminal end of all the putative effectors in
which it was found. The L. pneumophila effector LepB (Ipg2490), which
contains the LED006 domain, localizes to the LCV3343 and functions
as a GTPase-activating protein (GAP) for the Rab1 protein (a small
GTPase that regulates endoplasmic reticulum (ER)-to-Golgi traffick-
ing*?). The region overlapping LED006 is required for LepB targeting to
the LCV3348, and effectors containing the LED006 domain often harbor
a functional domain at their N terminus. These observations suggest
that LEDO0O6 is another domain involved in the targeting of effectors to
the LCV. The putative effectors in which only LED006 was identified
probably contain an N-terminal domain that was not conserved enough
to be identified by the stringent methods we applied.

Ankyrin repeats, which mediate protein-protein interactions and
direct effectors to their target proteins in the host, were the most
versatile domain according to our analysis. They appeared with a
multitude of various domains and architectures in different species.
Overall, ankyrin repeats were found in 22 different architectures
(35 different architectures when taking into account different
numbers of repeats) in more than 300 putative effectors (Fig. 7
and Supplementary Fig. 9). Whereas some of the ankyrin repeat—
containing architectures were present only in species-specific effec-
tors, others were widespread and appeared in all 41 species analyzed.
Some domains, including F-box, Fic and LRR domains, were found
adjacent to varying numbers of ankyrin repeats in different effectors,
further demonstrating the degree of domain variability in Legionella
effectors. Effectors with ankyrin repeats might target a host protein to
the LCV, in which case they would be expected to also have a locali-
zation domain. Alternatively, effectors with ankyrin repeats might
have an additional enzymatic domain that serves to manipulate the
targeted host protein.

The various architectures in which the domains are found and
the different organizations of shared domains demonstrate the vast
functional variability of the effectors in the Legionella genus and the
important effect that domain shuffling has on the evolution of the
virulence system of these intracellular pathogens.

DISCUSSION

Pathogens belonging to the Legionella genus cause severe, often fatal
disease in humans. This is despite the fact that Legionella have not
co-evolved with humans: Legionella are not transmitted from person
to person, and they are thus either defeated by their human hosts
or perish with them. They are able to manipulate numerous cellu-
lar pathways in humans owing to a large and versatile repertoire of

effector proteins acquired during their co-evolution with a variety of
protozoan hosts. De novo sequencing of 38 Legionella species allowed
us to predict and extensively analyze an enormous cohort of 5,885
putative effectors belonging to more than 600 orthologous groups.
The effectors were predicted using stringent species-specific cutoffs
to minimize false detection. Hence, the total number of effectors is
expected to be higher than that reported. We estimate, on the basis
of a second round of predictions performed on the combined set of
genomes (Online Methods), that the total number of effectors in the
genomes analyzed might be as high as 9,300. This amounts to 7.2%
of all the ORFs, as compared to L. pneumophila, where 10% of the
genome encodes validated effectors.

We found that the vast majority (78.5%) of the 5,885 putative
effectors identified in this study are shared by ten or fewer species,
and only a handful of effectors are present across the genus. These
findings, in combination with the atypically low GC content of spe-
cies-specific effectors, suggest that these genes have been recently
acquired, probably as part of an ongoing process of acquiring genes
from hosts and co-infecting pathogens and adapting them to func-
tion as effectors. Notably, we identified dozens of conserved effector
domains, which are the basic building blocks that, when rearranged
during the course of evolution, contribute to the myriad of functions
exerted by Legionella effectors.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. The whole-genome shotgun projects have been
deposited at the DNA Data Bank of Japan (DDBJ)/European
Molecular Biology Laboratory (EMBL)/GenBank under accessions
LNKA00000000, LNXS00000000, LNXT00000000, LNXU00000000,
LNXV00000000, LNXW00000000, LNXX00000000, LNXY00000000,
LNXZ00000000, LNYA00000000, LNYB00000000, LNYC00000000,
LNYD00000000, LNYE00000000, LNYF00000000, LNYG00000000,
LNYH00000000, LNYI00000000, LNYJ00000000, LNYKO00000000,
LNYL00000000, LNYM00000000, LNYNO00000000, LNYO00000000,
LNYP00000000, LNYQ00000000, LNYR00000000, LNYS00000000,
LNY'T00000000, LNYU00000000, LNY V00000000, LNYW00000000,
LNYX00000000, LNYY00000000, LNYZ00000000, LNZA00000000,
LNZB00000000 and LNZC00000000. The data have been deposited
with links to NCBI BioProject PRJNA285910.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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Sequencing, assembly and annotation. Thirty-eight Legionella isolates of the
following species were collected: L. adelaidensis, L. anisa, L. birminghamensis,
L. bozemanii, L. brunensis, L. cherrii, L. cincinnatiensis, L. drozanskii, L. dumoffii,
L. erythra, L. feeleii, L. geestiana, L. gormanii, L. gratiana, L. hackeliae,
L. israelensis, L. jamestowniensis, L. jordanis, L. lansingensis, L. londiniensis,
L. maceachernii, L. micdadei, L. moravica, L. nautarum, L. oakridgensis,
L. parisiensis, L. quateirensis, L. quinlivanii, L. rubrilucens, L. sainthelensi,
L. santicrucis, L. shakespearei, L. spiritensis, L. steelei, L. steigerwaltii, L. tucsonensis,
L. waltersii and L. worsleiensis (Supplementary Table 1). DNA was extracted
from each sample using the DNeasy kit (Qiagen), including proteinase
K and RNase treatments and following the manufacturer’s instructions.
The DNA was sequenced using the Illumina HiSeq platform, producing
a total of 773 Gb of 100-bp paired-ends reads with a target insert size of
200-300 bp. Low-quality reads from each of the samples were trimmed using
Trimmomatic®, and trimmed reads were assembled using Velvet®l. A combi-
nation of different Trimmomatic parameters and Velvet k-mer values was used
to optimize assembly, as measured by N50 length (Supplementary Table 2).

The assembled genomes had a high median coverage of 606x. The number
of contigs ranged between 12 and 154, and the median N50 length for the
38 genomes was 386 kb, with eight genomes having N50 >1.4 Mb (see
Supplementary Table 2 for details). The smallest reconstructed Legionella
genome was that of L. adelaidensis, which had a 2.37-Mb genome, and the larg-
est was that of L. santicrucis, for which we reconstructed 4.82 Mb. To ensure
that the observed variation in genome size was not due to assembly quality
or coverage, we tested for the correlation of genome size with coverage, N50
and the number of assembled contigs. None of these presented significant
correlation with genome length (Supplementary Table 2).

ORFs were predicted using Prodigal®? with default parameters. The ORFs
from the different genomes were clustered into LOGs using OrthoMCL3
(Supplementary Table 3). To assess genome completeness, we examined the
presence of 55 genes consisting of 31 single-copy universal bacterial genes>*
and the 24 genes encoding the components of the Icm/Dot secretion system,
which is universal in the Legionella genus. Of the 38 sequenced genomes,
36 contained 100% of the genes examined, and two genomes (L. cherrii and
L. santicrucis) were each missing a single gene (Supplementary Table 9).

ORF annotation was performed on the basis of similarity to available
fully sequenced Legionella genomes with preference given to L. pneumophila
Philadelphia-1 (Supplementary Table 10). Specifically, annotation was trans-
ferred from L. pneumophila Philadelphia-1 (NCBI accession NC_002942) to
BLAST hits. If no significant hit was found in comparison to Philadelphia-1,
than annotation was transferred from the best hit out of the following genomes:
L. longbeachae D-4968, L. longbeachae NSW150, L. pneumophila str. Corby,
L. pneumophila 2300/99 Alcoy, L. pneumophila str. Paris, L. pneumophila
str. Lens, L. pneumophila subsp. pneumophila ATCC 43290, L. pneumophila
subsp. Pneumophila and L. drancourtii LLAP12 (NCBI accessions
GCF_000176095.1, GCF_000091785.1, GCF_000092545.1, GCF_000092625.1,
GCF_000048645.1, GCF_000048665.1, GCF_000239175.1, GCF_000306865.1,
and GCF_000162755.2, respectively).

Machine learning approach for effector prediction. Icm/Dot effector predic-
tion was performed using the machine learning approach we have previously
described??. Briefly, for each ORF in each genome, we calculated an array of
features that are expected to be informative for the classification of the ORF as
an effector. The features used for learning included ORF length, GC content,
similarity to proteins in sequenced Legionella hosts (human, Tetrahymena
thermophila and Dictyostelium discoideum), similarity to C. burnetii RSA-493
ORFs, similarity to known Icm/Dot effectors, existence of eukaryotic domains
typically found in effectors, amino acid composition, similarity of CpxR- and
PmrA-binding sites within regulatory regions, presence of CAAX (a myris-
toylation pattern), information regarding transmembrane domains, presence
of coiled-coil domains, similarity of the amino acid profile to that of known
Iem/Dot effectors and strength of the Iem/Dot secretion signal'®. The full list
of features used is specified in Supplementary Table 11. These features served
as input to four different machine learning classification algorithms: (i) naive
Bayes®?; (ii) Bayesian networks>®; (iii) support vector machine (SVM)’; and
(iv) random forest®8. The final prediction score of each ORF was calculated

as a weighted mean of the prediction scores for the four classification algo-
rithms, where the weights were based on the estimated performance of each
algorithm. These performances were evaluated by the mean area under
the precision-recall curve® over tenfold cross-validation. The prediction
score and the Icm/Dot secretion signal score for each ORF are detailed in
Supplementary Table 10.

The machine learning prediction procedure was performed separately for
each genome to account for the unique effector characteristic in each spe-
cies. The training set for each species comprised close homologs of validated
effectors (selected on the basis of BLAST bit score 260; marked by “H” in
Supplementary Table 10). These effectors were used to train the machine
learning scheme that performed predictions for each genome separately.
The machine learning score threshold to consider an ORF as a putative effec-
tor was selected such that the set of effectors in each genome included at least
one-third of the effectors from the training set but no more than one-third of
the ORFs were newly predicted effectors. This is a conservative threshold: it
increased the set of effectors over the training set by only 22.4% (ORFs marked
by “ML” in Supplementary Table 10). In addition, ORFs that were part of
ortholog groups that included >80% effectors were also considered as effectors
by orthology (marked by “O” in Supplementary Table 10). Only a very small
fraction of the effectors (1.5%) were added because of orthology.

To test the significance of the different numbers of effectors encoded by
the species across the major clades, an ANOVA test allowing the comparison
of means across numerous groups was used. The percentages of ORFs that
encoded effectors were compared across the clades represented by different
colors in Figure 1. The percentage of effectors in each genome was used for
this comparison rather than the effector count to account for differences in
genome length.

To estimate the total number of effectors in the 41 Legionella species, we
performed a second round of learning, based on validated effectors and the
putative effectors predicted by the strict species-specific thresholds in the
first round of learning. This learning was performed on a combined data set
including all the genomes to allow effectors detected in one species in the first
round to aid in the identification of effectors in other species in this round of
prediction (the scores are detailed in Supplementary Table 10). Because this
learning is based on effectors that have not yet been validated, the predictions
should be considered speculative but can be useful in estimating the total
number of effectors in the genomes analyzed. The number of novel high-
scoring predictions (score >0.99) was 2,643. On the basis of the false positive
rate for the training set, we deduced that 744 additional effectors were scored
below this threshold. Combining these numbers with the 5,885 putative effec-
tors used as an input to this learning led us to estimate that the total number
of effectors is approximately 9,272.

Effector repertoire similarity was calculated as the mean of (i) the
fraction of effector ortholog groups shared by species i and j out of all the
effector ortholog groups represented in species i and (ii) the fraction of effec-
tor ortholog groups shared by species i and j out of all the effector ortholog
groups represented in species j.

Effector pseudogenes were identified by performing a strict BLAST search
(e value <1 x 10719) of all putative effector genes against the sequenced
genomes. Pseudogenes were identified if they covered at least 80% of the
homologous effector and had between one and four stop codons that split the
effector into two or more parts such that the second largest ORF was greater
than 20% of the length of the homologous gene.

Phylogeny reconstruction and evolutionary analyses. An initial evolutionary
tree was reconstructed on the basis of concatenated alignments of proteins
belonging to 93 ortholog groups that had one ortholog per Legionella species
and have been reported to be nearly universal in Bacteria!®. For each one of
these 93 proteins, a separate tree was also reconstructed and compared to
the concatenated tree using the AU test® on the protein’s multiple-sequence
alignment. The AU test (approximately unbiased test) determines whether an
observed multiple-sequence alignment is significantly better supported by one
of two maximum-likelihood phylogenies. Fifteen proteins with gene trees that
were significantly different from the combined phylogeny (AU test, P < 0.01,
after false detection rate (FDR) correction for multiple testing®!) were filtered
out. The final phylogeny was achieved by reconstructing an evolutionary tree
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based on the concatenated alignment of the remaining 78 nearly universal
single-copy proteins (marked in Supplementary Table 3).

To test whether the gene trees of the seven core effectors agreed with the
genus phylogeny, each of these trees was compared with the species tree
(Supplementary Fig. 4). With the exception of LOG_01106, the core effector
trees did not differ significantly from the species tree (AU test®, P < 0.01, after
FDR correction). Close examination of the LOG_01106 gene tree indicated
that the evolutionary history of this effector agreed with the species tree in
general, and the incongruent splits were not well supported by bootstrap values
(Supplementary Fig. 4).

The evolutionary rates of gain and loss of effectors were computed as
described in Cohen et al.2. Briefly, the phyletic pattern of effectors was coded
as a gapless alignment of 0’s and 1’s representing, respectively, the absence or
presence of specific effector families in each of the analyzed genomes. The gain
and loss rates for effectors were inferred using a maximum-likelihood frame-
work allowing for a gene-specific variable gain/loss ratio. Branch-specific gain
and loss events were inferred by a stochastic mapping approach that accounts
for tree topology, branch lengths, effector-specific evolutionary rates and the
posterior probability of the presence of the effector at each node of the tree.

To determine whether the presence of the core effectors LOG_00341
(Lpg2832) and LOG_01049 (RavC) in a few bacterial species outside of the
genus was the result of HGT events or multiple loss events, we compared the
likelihood of two probabilistic models: one model allowing both gains (HGTs)
and losses and a simpler model allowing only loss events. We tested these
two models across an extensive set of 1,165 microbial genomes, with phylog-
eny based on the MicrobesOnline species tree®3, by running the probabilistic
GLOOME algorithm® with a ‘gain and loss’ model and a ‘loss-only’ model.
The statistical significance of the difference between the models was calculated
by a likelihood-ratio test comparing the maximum log likelihoods obtained
for the two alternative models.

Co-evolution of syntenic effectors was estimated on the basis of the extent to
which pairs of effectors were gained and lost together during their evolution-
ary histories among the Legionella genomes. We used the algorithm CoPAP%>
that is based on a probabilistic framework in which gain and loss events are
stochastically mapped onto the phylogeny. The significance of co-evolutionary
interaction is estimated by computing the degree of shared gain and loss events
in the evolutionary histories of the effector pair analyzed while accounting for
the overall evolutionary dynamics of gain and loss.

The evolutionary histories of putative effectors that underwent HGT within
the Legionella genus were analyzed by reconstructing the gene trees for 96
effectors that were present in 4-40 species, that had no paralogs and that were
inferred to be gained at least twice during genus evolution. These trees were
compared to the species tree using the AU test®, and the P values obtained
were corrected for multiple testing using FDROL.

All phylogenetic trees were reconstructed using RAXMLS® under the LG
+ GAMMA + F evolutionary model with 100 bootstrap resamplings. AU test
Pvalues were calculated using CONSEL®’. C. burnetii was used as an outgroup
to root the tree.

Plasmid construction. To generate deletion substitutions in the seven
L. pneumophila core effectors, a 1-kb DNA fragment on each side of the planned
deletion was amplified by PCR using the primers listed in Supplementary
Table 12. The primers were designed to contain a Sall site at the position of
the deletion. The two fragments amplified for each gene were cloned into
pUC-18 digested with suitable enzymes to generate the plasmids listed in
Supplementary Table 12. The resulting plasmids were digested with suitable
enzymes, and the inserts were used for a four-way ligation containing the
kanamycin resistance cassette (Pharmacia) digested with Sall and the pUC-18
vector digested with suitable enzymes. The desired plasmids were identified by
plating transformed bacteria on plates containing ampicillin and kanamycin,
and after plasmid preparation the desired clones were identified by restriction
digests. The plasmids generated (Supplementary Table 12) were digested with
Pvull (which cuts on both sides of the pUC-18 polylinker), and the resulting
fragments were cloned into the pLAW344 allelic exchange vector digested with
EcoRV to generate the plasmids that were used for allelic exchange (listed in
Supplementary Table 12), as described previously®S.

To construct isopropyl B-p-1-thiogalactopyranoside (IPTG)-inducible
effectors, the L. pneumophila legA3 and mavN genes were amplified by PCR
using the primers listed in Supplementary Table 12. The PCR products were
then digested with BamHI and Sall for legA3 and with EcoRI and BamHI for
mavN and cloned into pMMB207C downstream of the Ptac promoter to gen-
erate the plasmids listed in Supplementary Table 12. These plasmids contain
the effectors under Ptac control, and they were used for intracellular growth
complementation assays. Intracellular growth assays of L. pneumophila strains
in A. castellanii were performed as previously described®.

Identification of Legionella effector domains. Each LEOG was represented by
a hidden Markov model (HMM), which was constructed as follows. The proteins
belonging to a given ortholog group were aligned by MAFFT”? version v7.164b
using the ‘einsi” strategy. HMMs were constructed from the multiple-sequence
alignments using hmmbuild from the HMMER suite’! version 3.1b1.

Characterized domains were identified by comparing LEOG HMMs
to domain databases using hhsearch version 2.0.15 from the HH-suite”2.
Specifically, an e-value threshold of 1 x 10~> for the hhsearch was used to
identify similarities between the LEOG HMMs and HMMs derived from the
following databases: (i) the NCBI Conserved Domain Database (CDD)73, (ii)
Pfam’4 and (3) SMART?>, downloaded from the HH-suite ftp site. Resulting
hits were manually curated to filter out domains of unknown function and
non-informative domains. Additional characterized domains were identified
during the process of novel domain detection.

Novel domains were identified as follows. All-against-all BLAST?® search of
all 5,885 putative Legionella effectors was performed with an e-value cutoff of
0.001. From the BLAST hits that received a bit score >40, we extracted maximal
joined segments longer than 50 amino acids that were nearly non-overlapping
(overlap of <10 amino acids). The extracted segments were searched using
BLAST against the putative effector data set with a threshold bit score of
40. Segments that had four or more hits were aligned and used to construct
HMMs (as described above). These HMMs, representing conserved domains,
were compared to each other using hhsearch. HMMs with a homology
probability score 295% and an e value <0.01 across at least 50% of their length
were designated as describing the same domain. The HMMs for the detected
domains were scanned for coiled-coil domains using COILS”?, and domains
that were >80% covered by coiled-coil domains were labeled as coiled-
coiled domains. The domain HMMs were further scanned against the HMM
databases of CDD73, Pfam’4 and SMART?, and those with a homology
probability score 295% and an e value <0.01 across at least 50% of their length
were annotated according to the characterized domain (after excluding
non-informative hits). The domain HMMs were used to scan the data set of
putative effectors. A domain was considered to be a novel Legionella effector
domain if it did not overlap any characterized domain and appeared in at least
80% of the members of two different ortholog groups, each composed of at
least two putative effectors.

In the effector domain network, each node represents an architecture, that
is, a combination of domains that was present in the same effector. An edge
between two architecture nodes represents a domain that is shared by the two
architectures. The size of each node is proportional to the number of putative
effectors that had the architecture represented by the node. The network was
visualized using the igraph package’® of R (ref. 79). The mapping of domain
architectures on the species tree was visualized using iTOLS0.
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