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Abstract

The identification of bacterial effectors is essential to understand how obligatory intracellular
bacteria such as Ehrlichia spp. manipulate the host cell for survival and replication. Infection
of mammals—including humans—by the intracellular pathogenic bacteria Ehrlichia spp.
depends largely on the injection of virulence proteins that hijack host cell processes. Several
hypothetical virulence proteins have been identified in Ehrlichia spp., but one so far has
been experimentally shown to translocate into host cells via the type IV secretion system.
However, the current challenge is to identify most of the type IV effectors (T4Es) to fully
understand their role in Ehrlichia spp. virulence and host adaptation. Here, we predict the
T4E repertoires of four sequenced Ehrlichia spp. and four other Anaplasmataceae as com-
parative models (pathogenic Anaplasma spp. and Wolbachia endosymbiont) using previ-
ously developed S4TE 2.0 software. This analysis identified 579 predicted T4Es (228
pT4Es for Ehrlichia spp. only). The effector repertoires of Ehrlichia spp. overlapped, thereby
defining a conserved core effectome of 92 predicted effectors shared by all strains. In addi-
tion, 69 species-specific TAEs were predicted with non-canonical GC% mostly in gene
sparse regions of the genomes and we observed a bias in pT4Es according to host-specific-
ity. We also identified new protein domain combinations, suggesting novel effector func-
tions. This work presenting the predicted effector collection of Ehrlichia spp. can serve as a
guide for future functional characterisation of effectors and design of alternative control
strategies against these bacteria.

Author summary

A fundamental step for the survival and replication of intravacuolar bacterial pathogens is
the establishment of a replicative niche inside host cells by the secretion of bacterial effec-
tor proteins in the cytoplasm of the infected cells. These effectors manipulate host signal-
ing pathways, thus allowing to escape the host degradative pathway and uptake nutrients
required for intracellular replication of bacteria. In this study, we used S4TE2.0 software
for high-throughput computational prediction of bacterial type IV effectors in zoonotic
bacteria of the Anaplasmataceae family. The analysis of protein architecture of effectors
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helped us to identify the cellular pathways targeted during the infection process. The dem-
onstration that effectors are modular components with a broad variety of protein architec-
tures nicely explains their pleotropic mode of action and enlightens their function. We
showed that bacterial adaptation to a given host during evolution requires a minimal rep-
ertoire of candidate effectors although further experimental determination is needed.
TA4Es are of increasing interest for basic research, including comprehension of hijacked
cellular pathways, manipulated innate immunity, and application for therapeutics. Indeed
pathogenomics-driven studies, especially on genetically intractable intracellular bacteria
such as Anaplasmataceae, have now a substantial impact for the development of host-tar-
geted antimicrobials, as an alternative to antibiotics.

Introduction

Gram-negative intracellular bacteria Ehrlichia spp. are pathogens of eukaryotic cells. They
have evolved to survive and replicate in a wide range of tick and mammalian hosts, including
humans. Following the first publication of the Ehrlichia chaffeensis genome sequence in 2006
[1], four other species of pathogenic Ehrlichia with a versatile host range have been sequenced
(https://gold.jgi.doe.gov/). For instance, E. chaffeensis, which is the agent of human monocytic
ehrlichiosis, can also cause disease in several other vertebrates, including dogs and deer [2]
whereas E. canis, E. muris and E. ruminantium have narrower host ranges [3-5].

For infection, Ehrlichia spp. depends on a dedicated protein complex, the type IV secretion
system (T4SS), which acts as a molecular syringe to translocate bacterial proteins into the host
cells [6]. The study of type IV effectors (T4Es) provides valuable insights into the mechanisms
by which an intracellular pathogen can manipulate eukaryotic cellular processes to survive and
replicate in host cell [7-9]. In Gram-negative intracellular bacteria, a large number of effectors
harbour eukaryotic-like domains [10]. These proteins interfere in different steps of the infec-
tion by mimicking the functions of eukaryotic proteins [11,12]. Being able to predict these
eukaryotic domains, as well as other protein-protein interaction motif or subcellular signalling
sequences, is an important step towards understanding the effectors’ mode of action. The iden-
tification of T4Es, as well as the elucidation of their function inside the host cell, will help
understanding the bacterial pathogenesis. A possible approach for the prediction of T4Es is the
analysis of T4E protein sequences using machine learning [13]. For this purpose, our labora-
tory developed the S4TE2.0 algorithm, which searches for a large number of motifs related to
the function (eukaryotic-like domains, protein-protein interaction, efc.) and the subcellular
location of predicted T4Es [14,15].

In different pathogenic bacteria, some effectors appear to be acquired by pathogenic bacte-
ria from eukaryotic cells by horizontal gene transfer [12,16,17]. Previous comparative effec-
tomics of closely related Ehrlichia chaffeensis strains at the intra-species level showed that
pT4Es repertoires are strongly conserved in these genomes. Despite this strong conservation
and the strong selective pressure due to their obligate intracellular way of life, at least one
strain-specific pT4E (ECHLIB_RS02720) has been identified in E. chaffeensis str. Liberty. This
effector appears to be involved in the differential inter-strain virulence observed between
Arkansas and Liberty strains in SCID mice [15]. Moreover, some intense recombination
events between E. ruminantium strains have been discovered, which may facilitate bacterial
adaptation for survival and adaptation under various environmental conditions in both vector
and host species [18]. These findings suggest that genomic plasticity plays an important role in
the evolution of these bacteria by horizontal gene transfer and recombination events.
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The genomes of many animal and plant pathogenic bacteria have been completely
sequenced in recent years. Comparative genomics studies demonstrated that repertoires of vir-
ulence-associated genes comprise a conserved and variable set of genes among bacterial species
but these genes may have different evolutionary histories and play distinct roles in pathogenic-
ity [19,20]. In comparative genomics, it is important to know all bacterial strains and pathovar
to fully understand the identification of the molecular determinants of virulence and host
specificity [19]. In this study, to overcome the problem of missing data on new species of Ehrli-
chia, we crossed results obtained for the genera Ehrlichia with those of the outgroup Ana-
plasma, which share several hosts.

Even though a large number of T4SS-translocated proteins have been identified in numer-
ous bacteria, only two T4Es have been functionally characterised in the family Anaplasmata-
ceae, and their role in invasion and pathogenesis is crucial. AnkA, was identified in Anaplasma
phagocytophilum, based on sequence homology with repeated ankyrin motifs [21]. Once
secreted by T4SS, AnkA is tyrosine-phosphorylated and then directed into the nucleus of the
host cell to silence CYBB gene expression [22-24]. The other known Anaplasmataceae eftector,
Ats-1, was identified in A. phagocytophilum and has an orthologue in E. chaffeensis (Etf-1)
[25]. Ats-1 is injected by T4SS into the cytoplasm of the host cell to recruit host autophago-
somes to the bacterial inclusion. Another portion of Ats-1 targets mitochondria, where it has
an antiapoptotic activity [26,27]. In contrast, Legionella pneumophila relies on a set of approxi-
mately 300 T4Es (10% of the genome) for efficient pathogenesis [28]. This molecular arsenal
targets many cell signalling and biochemical pathways in the host cell and allows the bacterium
to hijack host immunity to ensure its survival and development. We thus hypothesised that
many effectors remain to be identified in the Ehrlichia genus.

In this study, we predict the pangenome super-repertoire of T4Es and investigate how
they are related to genome plasticity and host specificity. We show that T4E gene repertoires
of Ehrlichia spp. comprise core and variable gene suites, which probably have distinct roles
in pathogenicity and different evolutionary histories. By analysing the protein architecture
of these effectors, we explored new functions of interest potentially involved in the patho-
genesis of this important genus of zoonotic bacteria. Our work thus provides resources
for functional and evolutionary studies aiming at understanding the host specificity of
Anaplasmataceae, functional redundancy between T4Es and the driving forces shaping T4E
repertoires.

Methods
Retrieval of genome sequences and prediction of type IV effectors

The complete genome sequences of the eight Anaplasmataceae studied were obtained from the
National Center for Biotechnology Information (NCBI) database (ftp://ftp.ncbi.nih.gov/
genomes/Bacteria/). Of the eight bacteria, four are Ehrlichia species: E. chaffeensis str. Arkansas
(NC_007799.1), E. canis str. St Jake (NC_007354.1), E. muris AS145 (NC_023063.1) and

E. ruminantium str. Gardel (NC_006831.1). Three are Anaplasma species: A. phagocytophilum
str. HZ (NC_007797.1), A. marginale str. Florida (NC_012026.1) and A. centrale str.

Israel (NC_013532.1). One is a Wolbachia species: W. endosymbiont of D. melanogaster
(NC_002978.6). The repertoires of predicted type IV effectors (pT4Es) were determined using
the S4TE 2.0 algorithm with default parameters [15]. S4TE 2.0 predicts and ranks candidate
T4Es by using a combination of 11 independent modules to explore 14 characteristics of type
IV effectors. One module searches for consensus motifs in promoter regions; three modules
search for five canonical features of the type IV secretion signal (C-terminal basicity, C-termi-
nal charges, C-terminal hydrophobicity, overall hydrophilicity, and E-blocks); six modules
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search for several protein domains in known T4Es (eukaryotic-like domains, DUF domains,
EPIYA motifs, nuclear localization signals (NLS), mitochondrial localisation signals (MLS),
prenylation domains, coiled-coil domains); and one module searches for global homology
with known T4Es [15].

Phylogenetic reconstruction and plasticity related to putative effectors

An initial evolutionary tree was reconstructed based on alignment of the concatenated core
genome of Anaplasmataceae. The core genomes of the eight studied bacteria were defined
using PanOCT software with the following parameters: E-value 10-5, percent identity > 30,
and length of match > 65 [29] and resulted in 554 orthologous genes (Fig 1). To evaluate
whether the core predicted type IV effectomes resulted in strong evolutionary events, the
tree was reconstructed based on alignment of five concatenated core effectors. Only ortholo-
gous genes present in the eight bacteria were used for this phylogenetic reconstruction (S1
Fig). All tree reconstructions were done using MAFFT multiple alignments with default
parameters [30] and RAXML under the GAMMA BLOSUMS62 model with 100 bootstrap
resamplings [31]. W. endosymbiont of D. melanogaster was used as an out group to root the
tree. The Circos algorithm [32] was used to represent effector rearrangements between the
four Ehrlichia species. By indicating each homology between pT4Es using a spectral color
scheme, patterns can be quickly spotted and interpreted. Homologies between effectors were
defined using the S4TE-CG algorithm (S4TE 2.0 comparative genomic tool) [15], and
PanOCT software [29], and homologous pT4ES were also plotted on a Venn diagram

(S2 Fig).

Comparison of predicted type IV effector repertoires

The similarity of pT4E repertoires was calculated as the mean of (1) the fraction of orthologous
pT4Es shared by species A and B, out of all effectors represented in species A, and (2) the frac-
tion of orthologous pT4Es shared by species A and B, out of all effectors represented in species
B. Results of side-by-side comparisons were plotted on colour-coded heat maps and sorted
according to the order defined by the phylogenetic tree.

Genome Number of ~ Number of ~Species-specific  Hosts
size (Mb) ORFs effectors effectors

1 I 1 I 1 I 1
2] 1.6 600 1,326 0 160 0 115

o b
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Fig 1. Phylogenetic tree of Ehrlichia and Anaplasma genus shows three different clades. A maximum likelihood tree of four Ehrlichia species (E.
chaffeensis str. Arkansas, E. canis str. Jake, E. muris AS145, E. ruminantium str. Gardel), three Anaplasma species (A. phagocytophilum str. HZ, A.
marginale str. Florida, A. centrale str. Israel) and W. endosymbiont of D. melanogaster (out group) was reconstructed on the basis of concatenated
nucleic acid alignment of proteins shared by all species (core genomes) with 100 bootstrap resamplings. The following are represented for each
bacterium: genome size (red), number of ORFs (blue), number of predicted T4 effectors (green), number of unique predicted effectors (yellow) and
known major hosts (black symbols).

https://doi.org/10.1371/journal.pchi.1008788.g001
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Analysis of Ehrlichia spp. genomic architectures and distribution of
predicted effectomes

The distribution of pT4Es was analysed in two different ways. First, S4TE 2.0 enables analysis
of the predicted effectome distribution according to local gene density. Second, the distribu-
tion predicted effectomes was determined according to their AGC content and genome
architecture.

To visualise the distance between each gene and its closest neighbours on the five prime
and three prime borders in a single representation, S4TE 2.0 sorted genes into two-dimen-
sional bins defined by the length of their 5’ and 3’ intergenic regions (5’FIR and 3’FIR) [14,15].
The colour-coded heat map depicts the gene density distribution. S4TE2.0 used the median
length of FIRs to distinguish between gene-dense regions (GDRs) and gene-sparse regions
(GSRs) and in-between regions (IBRs). Effectors were then drawn on this heat map according
to their flanking intergenic region 5 ’and 3’. This method makes it possible to visualise the
position of pT4Es according to genome density. An additional Circos graph was used to visual-
ise the distribution of effectors along the genome according to local gene density.

To visualise the local GC content according to the genome architecture in a single represen-
tation, we calculated the G+C content of each gene and then subtracted the mean of G+C con-
tent of all the genes in the genome, giving the AGC content of each gene. The genes were sorted
into two-dimensional bins defined by the length of their 5’ and 3’ FIRs. The mean AGC content
of genes in the same bin was calculated and is represented by a colour-coded heat map. GDRs,
GSRs and IBRs were defined as described above. Similarly, pT4ES were plotted on the heat map
according to their 5’FIR and 3’FIR. This method makes it possible to visualise the position of
pT4Es according to genome architecture and in relation with their GC content. An additional
density graph was used to quantify the AGC content of effectors compared to that of other
genes. This density graph was constructed using R graphics. The red line represents the density
of effectors according to AGC content and the black line represents density of all other genes.

Identification of protein domains in Ehrlichia spp.

Protein domains of Ehrlichia pT4Es were identified using S4TE2.0 and the Pfam database.
S4TE2.0 proposes six different modules to find several domains (eukaryotic-like domains, the
DUF domain, EPIYA motifs, NLS domains, MLS domains, the prenylation domain, coiled-
coil domains). In this study, only EPIYA, NLS, MLS, prenylation and coiled-coil domains
were used. We also used PfamScan to search for protein domains in the Pfam database.

We analysed the protein architecture of pT4Es using hive plots, which make it possible to
obtain a linear layout of the network of the various domain combinations among these proteins
[33]. The network of protein architectures connected by shared domains was families with Jhive
plot software [33]. Domains were plotted on axes (al, a2, a3) according to the following rules: On
the al axis, the number of links between different domains is strictly less than 15; on axis a2, the
number of links is between 15 and 40; and on axis a3, the number of links is strictly more than 40.
To get clearer view of less frequently represented domains, a second hive plot was created by omit-
ting the four most frequently represented domains (NLS, Coiled-coils, EPIYA, E block) with the
following parameters. On axis al, the number of links between domains is strictly less than 3; on
the a2 axis, the number of links is between 3 and 5; and on the a3 axis, the number of links is
strictly higher than 5. On both hive plots, the position of the domains on the axes (nodes) is sorted
according to the increasing number of links from the center to the outside.

The analysis of these two graphs prompted us to choose two families of putative effectors
for a detailed study of their architectural diversity. The ankyrin-containing putative effector
family was chosen to represent one of the two known effectors to be secreted in a type IV
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dependent manner in Anaplasmataceae, i.e. AnkA, ECH_0684. The HATPase_c-containing
putative effector family was chosen to represent an effector family with a low number of links
and containing a species-specific pT4E. In order to determine the evolution of Ank-containing
predicted T4Es, a time tree was constructed using the Reltime-ML method and the Tamura-
Nei model [34]. The analysis involved 11 nucleotide sequences. All positions containing gaps
and missing data were eliminated. A total of 1 836 positions comprised the final dataset. Evolu-
tionary analyses were conducted in MEGA7 [35]. To check the evolution of homologous gene
sequences to AnkA, dot plots were built using dotmatcher software in the EMBOSS package
[36] with a window size of 50 and a threshold of 50. All positions from the first input sequence
were compared with all positions from the second input sequence using a specified substitu-
tion matrix. Only the dot-plot comparing ECH-0684 (x-axis) and ERGA_CDS_03830 (y-axis)
sequences is presented here.

Results
The host spectrum matches the number of ORFs in Anaplasmataceae

The Anaplasmataceae phylogenetic tree shows a clear divergence between the two distinct Ehr-
lichia and Anaplasma clades (Fig 1): one clade contains the four Ehrlichia species including the
most widely studied species E. chaffeensis and the other contains the three Anaplasma species
A. phagocytophilum, A. marginale and A. centrale. Wolbachia endosymbiont of Drosophila mel-
anogaster was included as an outgroup. The length of the genomes ranged from 1.50 Mbp in
A. phagocytophilum to 1.17 Mbp in E. chaffeensis, E. muris and A. marginale (Fig 1). The GC
content differed considerably between Ehrlichia species and Anaplasma species. The GC con-
tent of Ehrlichia species ranged from 27.5% in E. ruminantium to 30.1% in E. canis. The GC
content of Anaplasma species was also highly variable, ranging from 41.7% for A. phagocyto-
philum to 50% for A. centrale. The number of predicted Type IV Effectors (pT4Es) was almost
constant (8% of the genome) whatever the genome considered and ranged from 44 for E. chaf-
feensis to 70 for E. ruminantium (Fig 1). SATE 2.0 identified a total set of 579 pT4Es in the Ehr-
lichia and Anaplasma genera. Despite this high number, only five pT4Es are shared by all
species (core effectome of Anaplasmataceae). The phylogenetic tree of core effectome is in
agreement with the core genome phylogenetic tree (S1 Fig) and with the 16S tree (not shown).
The pathogenic bacteria belonging to the Anaplasmataceae family infect a wide range of hosts.
We showed that this broader range of hosts is in accordance with the higher number of ORFs
in the genomes (Fig 1). For instance, E. chaffeensis, which contains the higher number of
ORFs, has the broadest host range. Inversely, E. ruminantium with a larger genome but fewer
ORFs, has a more limited host range. However, we point out that the number of species-spe-
cific effectors appears to be linked to the size of the genome (Fig 1).

Analysis of groups of putative effectors and their corresponding
Anaplasmataceae hosts suggests several host-specific effectors

To identify a possible link between pT4E repertoires and host specificity, we performed pair-
wise comparison of effector gene repertoires by calculating the fraction of shared effectors, and
then clustered species based on the similarities in their effector pools (Fig 2). The resulting
clusters strongly agree with the phylogenetic clades. Although pT4Es repertoires are versatile,
they show a certain level of conservation within a genus and between phylogenetically close
species. This is especially true for Ehrlichia genus as highlighted by the pale yellow cells in the
matrix diagram (Fig 2). In addition, it is interesting to note that E. muris has the same similar-
ity value (0.32) as A. marginale with A. phagocytophilum. The similarity between E. muris and
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Fig 2. Comparison of the pools of predicted Type IV effectors among Anaplasmataceae species revealed strong conservation
in Ehrlichia spp. The colour gradient represents the similarity between sets of effectors (pale colours mean high similarity). The
different species are ordered according to the phylogenetic tree (Fig 1). Clusters defined on the basis of similar effectors repertoires
are marked on the left by black lines.

https://doi.org/10.1371/journal.pchi.1008788.9g002

A. phagocytophilum could result from the fact that both bacteria can infect a common rodent
host. However, although E. ruminantium, A. marginale and A. centrale have the same hosts
(ruminants), there is less similarity between their corresponding repertoires (0.18).

Within Ehrlichia species, E. chaffeensis has the broadest host range. Among these preferen-
tial hosts, E. chaffeensis infects canids and rodents, which are also the specific hosts of E. canis
and E. muris respectively (Fig 1). Indeed, some preferential hosts of Ehrlichia species are
shared by Anaplasma species. Ruminants are infected by all Anaplasma species and by E. rumi-
nantium, rodents are infected by A. phagocytophilum, E. muris and E. chaffeensis and canids
are infected by A. phagocytophilum, E. canis and E. chaffeensis (Fig 1). The different preferen-
tial hosts were plotted on the a2 axes of a hive plot (Fig 3). The number of species-specific
pT4Es of Ehrlichia and Anaplasma is represented by the size of each node on the al and a3
axes, respectively. Links between the al or a3 and a2 axes represent effectors possibly involved
in host specificity. Links between the al and a3 axes represent the homology between Ehrlichia
species-specific effectors and Anaplasma species-specific effectors. For example, E. ruminan-
tium (green) shows 33 species-specific pT4Es, which could be involved in host-specificity
(ruminants). Thus, among these effectors, some share homology with species-specific pT4Es
of Anaplasma that are pathogenic on ruminants.
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Fig 3. Network analysis of Anaplasmataceae species-specific pT4Es and host range suggests the existence of host-specific
PT4Es. This network of species-specific pT4Es was drawn using the hive plot algorithm, which is a rational visualization method
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and edges are drawn as curved links. Ehrlichia species-specific pT4Es are represented by nodes on the al axis of the hive plot. The
size of each node is linked to the number of species-specific pT4Es for a given Ehrlichia species which is colour coded as shown in
the upper left rectangle: E. chaffeensis str. Arkansas (blue), E. canis str. Jake (orange), E. ruminantium str. Gardel (green) and E.
muris AS145 (red). Purple node is the combined subset of pT4Es specific to E. chaffeensis str. Arkansas and E. muris AS145.
Anaplasma species-specific pT4E are represented by nodes on the a3 axis whose size and nuance of grey depend on the Anaplasma
species. The different hosts of these 7 Anaplasmataceae bacteria are represented by grey nodes on the a2 axis. Curved links al-a2
and a3-a2 show the putative host specificity of each bacterium. Links between al-a3 represent shared host-specific effectors. The
colour of each link is related to the node from which it emerges.

https://doi.org/10.1371/journal.pchi.1008788.g003

The Ehrlichia pan-genome effector super-repertoire includes core and
variable effectors with possibly 30% of species-specific effectors

Fig 4 shows the position of the pT4Es on the genomes of the four Ehrlichia species and the
homologies between the effectors clearly indicate species-specific effectors (i.e. no orthologues)
and effectors belonging to the core effectome (i.e. present in all the strains) (Fig 4). Interest-
ingly, the colour code highlights an inversion of part of the genomes compared to E. chaffeensis
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Fig 4. Mapping of Ehrlichia spp. predicted Type IV effectors (pT4Es) and their homologies highlights the genomic
plasticity of this genus. Genomes of E. chaffeensis str. Arkansas (blue), E. canis str. Jake (orange), E. ruminantium str.
Gardel (green) and E. muris AS145 (red) are represented in the outer circle of this Circos graph. The second and third
circles represent the genes encoding the pT4Es (sense and antisense genes, respectively). The genes are colour coded
depending on the genome in which they originated and species-specific genes are in black. Links using a spectral color
scheme show homologies between pT4Es of the four genomes. The homologies between the pT4Es of the four
genomes are also represented by squares of the corresponding genome colour.

https://doi.org/10.1371/journal.pcbi.1008788.9g004

as reference (with the biggest number of ORFs). The super repertoire of pT4Es in the pangen-
ome of Ehrlichia spp. comprises 52 groups of orthologues, hereafter referred to as effector
orthologue groups (EOGs). In other words, 70% of Ehrlichia predicted effectors belong to
EOGs. Moreover, we found that most predicted effectors were shared by a small subset of spe-
cies (29 EOGs) and 23 effectors were “core effectors”, i.e. had orthologues in all Ehrlichia spe-
cies (Figs 4 and S2). Although the evolutionary tree of Ehrlichia core effectors (S1A Fig) is
somewhat congruent with the Ehrlichia phylogenetic tree (Fig 1), it is interesting to note some
discrepancies in the percentage identity between the 23 EOGs of the core effectome (S1B Fig).
Fourteen EOGs show high sequence identity between E. canis, E. muris and E. ruminantium.
Four EOGs show high pairwise identity between E. canis and E. muris and E. chaffeensis and E.
ruminantium. A single EOG show strong identity between E. canis and E. muris. Surprisingly,
only four EOGs show strong identity between all pT4Es, particularly between E. chaffeensis
and E. muris. For example, the EOG corresponding to AnkA (ECH_0684, black dot) show
high sequence identity between E. canis, E. muris and E. ruminantium rather than between
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E. chaffeensis and E. muris in contrast to what could be inferred from the phylogenetic tree of
core effectors (S1A and S1B Fig).

The analysis of effectors revealed that 30% of them (69) were only observed in one of the
Ehrlichia species analysed. The species with the highest number of unique pT4Es is E. rumi-
nantium, with 33 species-specific effectors. Notably, each Ehrlichia genome contains at least
six species-specific effectors (Figs 4 and S2). In addition, species-specific effectors appear to be
randomly located in the genome relative to other effectors. This is notable in the genome of E.
ruminantium, which has the higher number of species-specific effectors (Figs 4 and S2).

Predicted type IV effectors of Ehrlichia species are overrepresented in gene
sparse regions and in high GC content regions of the genome

In order to understand how genomic plasticity influences the distribution of pT4Es, we first
analysed the genome architecture of Ehrlichia species by looking at local gene density (Figs 5
and S3). The gene architecture of E. canis shows 29.2% of genes in gene dense regions (GDRs)
and in gene sparse regions (GSRs) while 41.6% of genes are in ‘in between’ regions (IBRs) (Fig
5). This genome architecture is also representative of other Ehrlichia species (S3 Fig). Although
29.2% of E. canis genes belong to GSRs, 42% of pT4Es and 42.9% of species-specific pT4Es are
in GSRs (Fig 5). Thus, compared to the whole genome, the GSR showed a 1.44-fold enrich-
ment in candidate type IV effector genes. The proportion of candidate T4Es in IBRs is not sig-
nificantly different, with 42.8% of E. canis genes belonging to IBRs and 43.5% of pT4Es—
42.9% of species-specific pT4Es—in IBRs (Fig 5). Consequently, the proportion of candidate
T4Es in GDRs is lower than the proportion of genes of the whole genome. These results sug-
gest that plastic regions with low gene density harbour pathogenicity genes and could play a
role in host-bacteria interactions.

Contemporary methods used to infer horizontal gene transfer events are based on analyses
of genomic sequence data. One interesting method consists in searching for a section of a
genome that significantly differs from the genomic average, such as GC content [37]. To
understand how genomic plasticity and horizontal gene transfers could influence the distribu-
tion of predicted T4Es, we analysed the genome architecture of Ehrlichia species according to
the local GC content (Figs 6 and S4). These figures show that there is an enrichment of pT4Es
in regions with high GC content. Indeed, 67.7%, 69.4% and 73.3% of the pT4Es of E. canis, E.
muris and E. chaffeensis, respectively, were found to have a higher AGC than the average of the
other genes (50% of genes less than or equal to the average AGC). It is noteworthy that species-
specific pT4Es are also over-represented in high GC content regions with 53.3% and 75% for
E. canis and E. muris, respectively. For E. ruminantium, the difference in GC content between
effectors and other genes is less pronounced because this genome has a mosaic structure with
zones of high density GC content (in red in S4A Fig). In addition, unlike the curve of the other
genes in the genome (normal curve), several density peaks are highlighted by the AGC-density
curve of putative effectors (Figs 6 and S4). These results show that pT4Es (and species-specific
pT4Es) are mostly located in high GC content regions that possibly favoured the acquisition of
new genes during the evolution of the host-pathogen relationship.

Domain shuffling seems to play a major role in effector evolution

Previous studies of T4Es revealed that they harbour numerous eukaryotic domains as well as
effector-specific domains [20,28]. The high number of effectors predicted by S4TE 2.0 made it
possible to identify and analyse conserved effector domains across the Ehrlichia genus. We
identified the domains present in Ehrlichia pT4Es using a similarity search of Pfam databases,
and outputs of S4TE 2.0 software. Conserved domains were detected in 97% of the pT4Es. A
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Fig 5. The distribution of Ehrlichia type IV effectomes according to local gene density shows an enrichment of pT4Es in gene sparse
regions. Distribution of E. canis str. Jake genes according to the length of their flanking intergenic regions (FIRs). All E. canis genes were
sorted in two-dimensional bins according to the length of their 5’ (y-axis) and 3’ (x-axis) FIRs. The number of genes in the bins is
represented by a colour-coded density graph. Genes whose FIRs were both longer than the median length of FIRs were considered as gene-
sparse region (GSR) genes. Genes whose FIRs were both below the median value were considered as gene-dense region (GDR) genes. In
between region (IBR) genes are genes with a long 5’ FIR and short 3’ FIR, and inversely. For E. canis, this median value is 225 bp for 5
FIRs and 304 bp for 3’ FIRs. The dashed line showing the median length of FIR delimits the genes in GSR, GDR and IBR. Candidate
effectors predicted using the S4TE 2.0 algorithm were s plotted on this distribution according to their own 3’ and 5 FIRs. A colour was
assigned to each of the three following groups: red to GDRs, orange to IBRs, and blue to GSRs. Specific pT4Es are represented by a dot
circled in black. In the top right corner, a Circos graph shows the distribution of E. canis str. Jake putative effectors along the genome. The
outermost and second circles (in grey) represent E. canis antisense and sense genes, respectively. The third and innermost circles represent
pT4Es. The black, red, orange and blue colour of each putative T4 effector corresponds to species-specific effectors located in GDRs, IBRs
and GSRs, respectively.

https://doi.org/10.1371/journal.pchi.1008788.g005

total of 116 distinct domains were identified by the two methods combined. When analysing
the protein architectures (different domain combinations), we noticed that the same domains
were often shared among different architectures. We visualised this phenomenon as a network
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Fig 6. The distribution of Ehrlichia type IV effectomes according to local gene density and AGC content shows an enrichment of pT4Es in
high GC content regions. Distribution of E. canis str. Jake genes according to the length of their flanking intergenic regions (FIRs). All E. canis
genes were sorted in two-dimensional bins according to the length of their 5’ (y-axis) and 3’ (x-axis) FIR lengths. For each gene, the AGC content
was calculated by subtracting the GC content of a gene by the average of GC content of all the genes. The mean of AGC of genes in the bins is
represented by a colour-coded density graph. GSR, GDR and IBR were defined as described for the analysis of local gene density. A colour was
assigned to each of the three following groups: red to GDRs, orange to IBRs, and blue to GSRs. Specific pT4Es are represented with a dot circled in
black. In the top right corner, a density graph indicates the density of pT4Es according to AGC content (red line) and the density of other genes

(black line).

https://doi.org/10.1371/journal.pcbi.1008788.9006

of protein architectures connected by shared domains (Fig 7). The network of protein architec-
ture of pT4Es was drawn using the hive plot algorithm. The network clearly demonstrates that
several domains are present in numerous effectors (indicated by the occurrence and the width
of the links), as well as in numerous different architectures (indicated by the number of links).
The most common domains in Ehrlichia T4Es are domains for protein subcellular location
like NLS or MLS, domains using protein-protein interactions like coiled-coils or Ank domains,
and domains for post-translational modification like EPIYA or HATPase_c. NLS, which are
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Id Domains Ocurrence
1 NLS 334
2 Coiled coils 226
3 EPIYA 182
4 Eblock 143
5 MLS 29
6 HATPase_c 20
7 Ank, TrbL 19
8 GTP_EFTU, IF-2, OxoGdeHyase_C, Toprim 15
9 E1_dh, Response_reg, Rotamase_2, SurA_N_3, Transket_pyr, BRCT, DNA_ligase, HHH_2 14-12
10 PCRF, RF-1 11
11 RNA_pol_Rpb, DUF3514, Ribosomal_L12, SEC-C, SecA, tRNA_SAD, tRNA-synt_2b 10-9
12 HGTP_an\codon, T4SS-DNA_transf, Topoisom_bac, UvrD_C, UvrD-helicase, zf-C4_Topoisom, CaaX 8
13 DNA_gyraseB, HSP90, MutS_I, MutS_II 7
14 An\codon_1, CarD_CdnL_TRCF, DEAD, Helicase_C, MutS_Ill, MutS_IV, MutS_V, Sigma70, TRCF, tRNA-synt_1, Bac_GDH, 6-5

DNA_pol3_alpha, DNA_processg_A, GGDEF, GTA_TIM, HHH_6, HiskA, Lon_C, LON_substr_bdg, Pep\dase, Phage-tail_3,

PHP
15 Aconitase, Aconitase_C, Acyltransferase, Aminotran_5, Band_7, CPSase_L_D2, CPSase_L_D3, DUF3023, Hexapep, HTH_8, 4

MGS, PEP-u\lizers, PPDK_N, Radical_SAM, Rrf2, S1, Sigma54_ac\vat, SRP_SPB, SRP54, SRP54_N, TGS, TRAM, UPF0004
16 HemY_N, HSP70, iPGM_N, Metalloenzyme, Ribosomal_S2, TPR_8, Transcrip_reg, YidC_periplas 3
17 ABC_tran, CagE_TrbE_VirB, DUF2312, GIDA, NAD_synthase, Pyr_redox_2, Pyr_redox_dim, Ribosomal_L28, SBP_bac_8, 2-1

tRNA-synt_1c, 2-oxogl_dehyd_N, 60KD_IMP, AAA, Abhydrolase_2, AIRS, DnaJ, DUF2497, FtsK, Methyltrans_RNA,

Pentapep\de, Phage_capsid, RmuC, RNase_E_G

Fig 7. Protein architecture network of Ehrlichia pT4Es shows a large number of interactions between protein domains. This network of
protein architecture of pT4Es is drawn using the hive plot algorithm, which is a rational visualization method for drawing networks based on
their structural properties. Nodes are mapped to and positioned on radially distributed linear axes, and edges are drawn as curved links. Each
node represents a specific domain or a list of specific domains (see table) found in Ehrlichia T4Es predicted by S4TE 2.0. Links between

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1008788  July 12, 2021

13/26


https://doi.org/10.1371/journal.pcbi.1008788

PLOS COMPUTATIONAL BIOLOGY Predicted pan-effectome of Ehrlichia spp.

domains represent the association of these domains in the architecture of Ehrlichia pT4Es. Links between NLS, Coiled-coils, EPIYA and E
block domains (the most abundant protein domains in Ehrlichia) and other nodes are red, blue, green and orange, respectively. Other links are
pale grey. The table of domains identifies the protein domains for each node (numbered) and their occurrences in Ehrlichia spp predicted T4
effectomes. All the domains are ranked on the three axes (al, a2, a3) according to the number of their links. Let X be the number of links
between one domain and the others, X < 15 was represented on al, 15 > X < 40 was represented on a2, and X > 40 was represented on a3,
thus defining the most abundant domains. al’, a2’ and a3’ split axes were drawn to represent the links between domains located on the same
axis.

https://doi.org/10.1371/journal.pchi.1008788.9007

known to address proteins to the nucleus of eukaryotes, were found in 67% (162) of the pT4Es.
The coiled-coils domains, known to mediate protein-protein interactions, were found in 36%
(87) of pT4Es. The EPIYA domains, known to be phosphorylation sites, were found in 31%
(76) of pT4Es. Finally, the E block domain, known as a secretion signal in Legionella pneumo-
phila, was found in 29% (70) of pT4Es. In addition to these four most abundant and best-
known domains, the network represents a wealth of domains with both known and unknown
functions. To facilitate the reading of the least represented domains, a second network was
built by removing the four most frequently represented domains described before (NLS,
coiled-coils, EPIYA and E block) (Fig 8). Interestingly, some domains like Ank repeats disap-
peared from the network. In other words, Ank repeat domains were always associated with at
least one of the four most widely represented domains.

In Ehrlichia species, Ankyrin repeats (Ank) appear to be associated with two different
domains (NLS and EPIYA). Overall Anks were found in 11 pT4Es in the four species (Fig 9A).
Although there is strong homology between different Ank-containing T4Es, differences in the
position of the different protein domains were observed. For example, the first of Ank-con-
taining pT4Es, Ecaj_0365, EMUR_01925 and ERGA_CDS_03830 are homologous with the
known effector AnkA ECH_0684 of E. chaffeensis, but the position of the Ank, EPIYA and
NLS domains differs, some domains are even absent in certain proteins (Fig 9A). Further, the
analysis of ECH_0684 and ERGA_CDS_03830 revealed seven duplications of about 200 amino
acids of ECH_0684 (from 200 to 400) in ERGA_CDS_03830 (showed by the seven groups of
diagonals on the upper side of the main diagonal in Fig 9C). Despite these differences, we were
able to highlight three groups of proteins with the time tree (Fig 9B). The second group on
Ank-containing pT4Es comprises Ecaj_0221, ECH_0877 and ERGA_CDS_02160 that show
conserved architectures, while the last group of Ank-containing pT4Es show versatile architec-
tures (Fig 9A). The evolutionary tree of the Ank-containing pT4Es is congruent with the phy-
logenetic tree of Anaplasmataceae species (Fig 1) for the first (AnkA orthologues) and second
groups. Moreover, these two groups appeared to derive from a common ancestral gene and
their difference may be linked to different coevolution in the bacterium and its host.

Another family of special interest is Ehrlichia pT4Es whose architecture harbours a
HATPase_c domain. The HATPase_c was found in only six pT4Es but is present in three dif-
ferent architectures. Two domain architectures are conserved among the different species of
Ehrlichia, while the third domain architecture is only represented by E. ruminantium
ERGA_CDS_03390, a species-specific pT4E (Fig 10). Some domains, including HisKA,
HSP90, Toprim, DNA_J, Reponse_ reg, were found adjacent to the HATPase_c domain.
HATPase_c is present in several ATP-binding proteins including histidine kinase, DNA gyrase
B or the heat shock protein HSP 90. The variety of protein domains carried by these pT4Es
indicates that this family may have a different mode of action. It is interesting to note that
effectors with domains related to DNA binding (DNA_j, Toprim) also have one or more NLS
domain (Fig 10A).

When we analysed the genomic environment of the ‘orphan’ pT4E ERGA_CDS_03390 in
more depth, we found that this gene is part of a cluster of six genes, three of which are sense
and three (including ERGA_CDS_03390) are antisense (Fig 10B). For 5 to 3’ the cluster is
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Id Domains Occurrence
1 2-oxogl_dehyd, E1_dh, HATPase_c, OxoGdeHyase_C, Transket_pyr 10
2 MLS 9
8 BRCT, DNA_ligase, HHH_2, Toprim 8
4 HGTP_an\codon, Response_reg, tRNA_SAD, tRNA-synt_2b 7
5 HTH_8, CaaX, SEC-C, SecA, UvrD_C, UvrD-helicase 5
6 CPSase_L_D3, DNA_gyraseB, GTP_EFTU, IF-2, MutS_I, MutS_lI, MutS_IIl, MutS_IV, MutS_V, PCRF, RF-1, Rotamase_2, SurA_N_3, 4
Topoisom_bac, zf-C4_Topoisom
7 An\codon_1, CarD_CdnL_TRCF, DEAD, GGDEF, Helicase_C, TGS, TRCF, tRNA-synt_1 3
8 AAA, Aconitase_C, Aminotran_5, DNA_pol3_alpha, GTA_TIM, HHH_6, HiskKA, Lon_C, LON_substr_bdg, MGS, Phage-tail_3, PHP, 2
Radical_SAM, Rrf2, Sigma54_ac\vat, SRP_SPB, SRP54, SRP54_N, TRAM, UPFO004
9 60KD_IMP, HemY_N, iPGM_N, Metalloenzyme, Methyltrans_RNA, PEP-u\lizers, PPDK_N, Pyr_redox_dim, RNase_E_G, S1, TPR_8, 1
YidC_periplas

Fig 8. Protein architecture network of putative effectors for rarely occurring domains. This network of pT4E protein architectures was drawn
using the hive plot algorithm to produce a rational visualization method based only on the network structural properties. Each node represents a
specific domain or a list of specific domains (see table) found in Ehrlichia T4Es predicted by S4TE 2.0. Links between domains represents the
association between these domains in the architecture of Ehrlichia pT4Es. Nodes representing the most abundant domains presented in Fig 7 (NLS,
Coiled-coils, EPIYA and E block domains) and their corresponding links to other nodes are not included in this graph to highlight the less
abundant protein domains in Ehrlichia spp predicted T4 effectomes. The table of domains identifies the protein domains for each node
(numbered) and their occurrences. All the domains are ranked on the three axes (al, a2, a3) according to the number of their links. Let X be the

number of links between one domain and the others, X < 3 was represented on axis al, 3 > X < 5 was represented on axis a2, and X > 5 was

represented on axis a3.

https://doi.org/10.1371/journal.pcbi.1008788.9008

composed as follows (i) a sense gene (ERGA_CDS_03370) encoding an enzyme involved in

the methylerythritol phosphate pathway (isopentenyl-pyrophosphate biosynthetic metabolic
pathway), (ii) an antisense gene (ERGA_CDS_03380) encoding CutA, an ion transporter, (iii)
ERGA_CDS_03390 encoding a protein homologous to VirA, which is a protein sensor
secreted by Agrobacterium tumefaciens, (iv) the last antisense gene (ERGA_CDS_03400) cod-
ing for a putative O-methyltransferase, (v) a sense gene encoding a hypothetical protein, and
(vi) a sense gene encoding a NAD(P)H-hydratase dehydratase, which acts on both hydrated
NADH and hydrated NADPH (Fig 10B). Although the average GC content of this part of
genome is 25.75%, the antisense cluster showed several peaks of GC content (mean GC con-
tent of 26.4% for the three antisense genes).

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1008788  July 12, 2021 15/26


https://doi.org/10.1371/journal.pcbi.1008788.g008
https://doi.org/10.1371/journal.pcbi.1008788

PLOS COMPUTATIONAL BIOLOGY Predicted pan-effectome of Ehrlichia spp.

A

Ecaj_0365
] [ |

— ‘ i ‘ ‘ *
ECH_0684
? L 2 4 &
O

EMUR_01925

<
‘ Ankyrin repeats
i >

<
< ® nis
ERGA_CDS_03830

— _— < I Epiva
Ecaj_0221
@ <> <

ECH_0877

@ o <&

EMUR_01110
ERGA_CDS_02160
& o—& &
EMUR_02100
} i O =
ECH_0653

ERGA_CDS_04060

0.08 ECH 0684
7 s T
011 EMUR 01925 < % S din z & 22
— E 4000, s / s ;oo ’
: Ecaj 0365 gp200 P .y 7,
3500f PP i Ve ’5/,/ P
oiog L FRGACDS03830 , I 2, 4 / Lo
B ¥ v
7 ‘., Ry 7 Uy 7.
: s
— Ecsjo2at 300 sy ‘. AR
o Z 7 e gig S 4
0.32 EMUR 01110 Bosds o A FEd, 2 =
0:17 S P Z # 54, . 4 4 Lty
« 4 4
013 ECH 0877 8 s ;007 i s g,
i <' 20004 7 , o 77, 4 7/ 4
y s p
ERGA CDS 02160 & “ . ./ il s
st s S A pa s
1500/ ’ e s erded
i L , /o Vs £ /
ERGA CDS 04060 / 7z ,
7z 2z s 4 L STy
B 7 ! & & » “ Z
0:44 EMUR 02100 100 ‘g . w5 ¥ g 5 7
/,‘Z “ 7 ; //// 7 s - o
Faro &
outgroup 00 s o, i A
IR Y, o) z
P fr4 g 7 " & so Z
: : : : : : T L2 T T T |/ T T T T
0.5 0.40 0.50 050 0.10 000 Relative Time 0 500 1000 1500 2000 2500 3000 3500 400D 4500
ECH_0684

Fig 9. Ankyrin-containing predicted type IV effectors show diverse architectures and inter- and intragenic rearrangements in Ehrlichia spp.
A. Each protein in Ehrlichia spp. pT4E whose architecture includes an ankyrin domain is represented. B. Relative time phylogenetic tree build from
11 nucleotide sequences of Ankyrin-containing predicted type IV effectors (pT4Es). ECH_0653 was used as outgroup. The numbers in front of
each node represent the relative theoretical time from the putative common ancestor of two branches. Evolutionary analyses were conducted in
MEGATY [34]. C. Dot plot of regions of similarities between ECH-0684 (x-axis) and ERGA_CDS_03830 (y-axis). This graph was constructed with
the dotmatcher software included in the EMBOSS package, where all positions from the first input sequence are compared with all positions from
the second input sequence using a specified substitution matrix and using a window size of 50 and a threshold of 50. The two sequences are the axes
of the rectangular dotplot. Wherever there is "similarity" between a position from each sequence a dot is plotted.

https://doi.org/10.1371/journal.pcbi.1008788.9009
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Fig 10. The strong domain diversity of HATPase_c-containing putative type IV effectors defines three conserved families of effectors in
Ehrlichia spp. A. Each protein in Ehrlichia spp. type IV effectome whose architecture includes a HATPase_c domain is represented. B.
Representation of the genomic context surrounding pT4E ERGA_CDS_03390 between position 557733 and 563669 of E. ruminantium str. Gardel
genome. Pale grey arrows represent sense genes and dark grey arrows represent anti-sense genes. The GC content of this region of the genome was
calculated using 200 bp windows and is represented by the black curve. The average GC content of this gene cluster (25.75% of GC) is indicated by
the horizontal red line.

https://doi.org/10.1371/journal.pcbi.1008788.g010

Discussion

The obligatory intracellular pathogens of the Ehrlichia genus cause fatal infectious diseases.
Although they are strictly restricted to their mammalian host or tick vector cells, Ehrlichia spp.
exhibit marked differences in host range [14]. Moreover, despite the reductive evolution of
their genome, they all have evolved a versatile type IV secretion system which translocates a
repertoire of effector proteins (T4Es) into the cytoplasm of host cells, hijacking innate immu-
nity, and manipulating numerous cellular pathways to their own advantage [38]. Thus, it was
tempting to speculate that T4E repertoires shape the Ehrlichia spp. host range. In order to ten-
tatively identify candidate genes involved in host specificity, we predicted Ehrlichia spp. T4Es
and analysed these T4E gene repertoires.
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Here, we report that the number of hosts infected by the bacteria appears to be related to
the number of ORFs in their genome. Bacteria can acquire and maintain a diverse repertoire
of accessory (variable) genes as a key feature to better adapt to changing environments and to
colonise a wider range of ecological niches. This is a well-known phenomenon among oppor-
tunistic or ubiquitous pathogens which have bigger genomes than bacteria living in specific
more constrained specific environments [39]. However, for the broad host spectrum E. chaf-
feensis, we only found six variable pT4Es that are species-specific effectors. The host range thus
does not appear to be only related to effector repertoires but to a wider set of genes, and may
also be governed by other pathogenicity factors such as host cell adhesion or other type of
effectors which ensure bacterial survival [40,41]. Similar observations have been made when
Pseudomonas syringae pathovars T3E repertoires were compared [42], thereby reinforcing the
hypothesis that a complex genetic basis underlies host range evolution in bacterial pathogens.
Some of the variable effectors of the Ehrlichia pangenome effector super-repertoire, species-
specific effectors, could harbour the strongest virulence phenotypes. Although we identified
species-specific genes but not strong host-specificity candidates, we highlighted a strong simi-
larity between the effector repertoires of E. muris and A. phagocytophilum, two bacteria that
share the same rodent host. Similarly, we found 12 Ehrlichia-specific effectors in Anaplasma
that share the same hosts, thus supporting the hypothesis of a coevolution model governed by
molecular dialogues between effector repertoires and host immunity. Regarding the question
of effector adaptation to different hosts, most Ehrlichia effectors may function as ‘generalists’
in a broad range of hosts, and immune response to effectors may be the primary driver of
effector repertoire diversification [43].

On the other hand, the function of the core effectors remains largely unknown but their
high conservation within the evolution of the Ehrlichia family shows that the core effectome
may fulfil a critical function during infection. We further reveal that T4E gene repertoires of
these pathogens comprise core and variable gene suites, which probably have distinct roles in
pathogenicity and different evolutionary histories. A frequent hallmark of genes with an
extrinsic origin is the difference in GC content of these genes compared with the mean content
of the host genome [44,45]. Around 70% of T4E genes exhibit a high mean GC%, whereas the
genomic mean content in Ehrlichia spp. is around 28%. The GC content of Ehrlichia predicted
T4Es is consistently higher than the genomic GC content, suggesting these genes were recently
acquired from an exogenous source by horizontal gene transfer (HGT), possibly from natural
hosts or the natural tick vector of Ehrlichia, which are typically characterised by high GC con-
tent. In addition, in the case of the 69 Ehrlichia species-specific effectors, the fact that none
showed significant sequence similarity to another Ehrlichia-encoded protein underlines the
magnitude of the functional novelty of the putative effectors we found. The high GC content
of species-specific effectors combined with the fact that most of them contain a secretion signal
(E block), suggest that recently acquired genes can adapt to function as effectors in a relatively
short evolutionary time and could be linked to jumps of the host barrier. Our results also sug-
gest that a majority of species-specific effectors may be part of the flexible genome in Ehrlichia
spp.

Despite their obligate intracellular nature, Ehrlichia ssp. show a high level of genomic plas-
ticity. As an example, the large numbers of species-specific pT4Es of E. ruminantium appear to
be randomly inserted into the genome and may therefore be the result of multiple acquisition
events. Similarly, we observed a large chromosomal inversion in the genome of E. chaffeensis.
It has been shown in numerous bacteria that effector-coding genes in close genomic proximity
can function together in the host cell [46-48]. Our search for pairs of effectors in Ehrlichia spp.
led to the identification of 18 pairs of which only seven were present in at least one other Ehrli-
chia genome. This suggests a certain degree of co-evolution of these pairs during the evolution
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of Ehrlichia genus, indicating they could have related functions important for Ehrlichia spp.
pathogenesis. Interestingly, one of these pairs was found in three Ehrlichia genomes, and one
of the gene had orthologues in the four Ehrlichia species and encoded a lipoprotein which
plays a role in Ehrlichia pathogenesis [49].

While analysing the protein architectures (different domain combinations), we noticed that
the same domains were often shared by different architectures. We visualised this phenome-
non using hive plots to reveal the network of protein architectures based on their structural
properties. This network clearly shows that several domains are present in many effectors and
form different architectures. Among the most connected architectures, we found well-known
effector domains including NLS domains, coiled-coil domains, EPIYA domains and E-block
domains. Similarly, among the less abundant architectures, we found domains including
HATPase_c domains, MLS domains, and BRCT domains, which are closely connected. These
networks represent a plethora of domains of known and unknown functions, which could pro-
vide information on possible effector functions.

Ankyrin-repeat (Ank) proteins mediate protein-protein interactions involved in a multi-
tude of host processes. Ank domain-containing effectors are crucial for the pathogenesis of
several obligate intracellular bacteria [7]. In addition, when associated with NLS domains,
such as Anaplasma phagocytophilum AnkA, some Ank-containing effectors target the host cell
nucleus to directly interfere with the host defences at the gene and chromatin level [50]. In
Ehrlichia spp., we showed that the Ank-containing pT4Es are associated with few other
domains (NLS and EPIYA) but they show a myriad of different protein architectures with
some sequence rearrangements (duplications). Hence, the sequence and position of the differ-
ent domains on the Ank-containing effectors point to the many protein interactions and cellu-
lar functions they may have in the host cell. Thus, the modular architecture of Ank-containing
effectors, as well as the intragenic recombination we showed, may have played a critical role in
the evolution of Ehrlichia virulence related to host specificity, as shown for Sid] in Legionella
pneumophila [51]. The great variety and polymorphism of Ank-containing pT4Es may be cru-
cial for increasing the Ehrlichia spp. genetic pool and may contribute to the resilience of the
bacteria. Further experiments should be conducted to clarify the importance of this
polymorphism.

The HATPase_c domain is found in several ATP-binding proteins including histidine
kinase and DNA gyrase. This domain is of particular interest because it could define a novel
effector function. Even though numerous type III effector kinases have been characterised
[52], no HATPase_c-containing T4E has been described to date. These effectors could be
highly novel proteins with previously unseen biochemical properties. In contrast to Ank-con-
taining effectors, this family of pT4E shows conserved protein architectures with a wide variety
of domain associations. ERGA_CDS_03390 is a species-specific pT4Es of the E. ruminantium
containing the HATPase_c domain. Even if orthologues of this gene are present in E. chaffeen-
sis and E. canis, they were not predicted as T4Es by SATE 2.0 software. Indeed,
ERGA_CDS_03390 had a score of 101 while ECH_0755 and Ecaj_0319 (homologous proteins
of ERGA_CDS_03390) scored below 72, the threshold of S4TE 2.0. The differential score of
ERGA_CDS_03390 is due to the presence of a PmrA promoter domain upstream from the
gene. The response regulator PmrA is a major regulator of the icin/dotA type IV secretion sys-
tem in Legionella pneumophila and Coxiella burnetii [53]. PmrA is important for the regulation
of the effectors and could enable positive regulation of the ERGA_CDS_03390 gene. Its
absence in E. chaffeensis and E. canis and the disappearance of the gene in E. muris suggests
that this gene no longer has any function in these species. In this sense, ERGA_CDS_03390
could encode a putative effector related to host specificity. ERGA_CDS_03390 is homologous
to VirA. VirA is a sensory component of a two-component signal transduction system. This

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1008788  July 12, 2021 19/26


https://doi.org/10.1371/journal.pcbi.1008788

PLOS COMPUTATIONAL BIOLOGY Predicted pan-effectome of Ehrlichia spp.

protein is composed of a HisKA domain, a HATPase_c domain and a response_reg domain.
The response_reg domain receives the signal from the sensor partner in bacterial two-compo-
nent systems. It is usually found in the N-terminal of a DNA binding effector domain [54].
Upstream and downstream from this gene are two antisense genes: (I) a gene encoding the
periplasmic divalent cation tolerance protein CutA (ERGA_CDS_03380) and (ii) an O-
methyltransferase (ERGA_CDS_03400). These two genes may be related to the function of
VirA. Indeed, in A. tumefaciens crosstalk has been demonstrated between chemotaxis and vir-
ulence induction signalling thanks to the interaction modulated by CheR methyltransferase
between VirA and transmembrane chemoreceptors MCPs [55]. In E. ruminantium, the three-
gene cluster containing ERGA_CDS_03390 pT4E could therefore be related to the perception
of the external environment and the subsequent induction of virulence. Moreover, this cluster
is antisense, surrounded by ERGA_CDS_03370 and ERGA_CDS_03420, two enzymes
involved in the synthesis of methylerithriol phosphate. Finally, the three genes of the cluster
(ERGA_CDS_03380, ERGA_CDS_03390, and ERGA_CDS_03400) have high AGC content
and are located in a gene-sparse region of the genome. Altogether, this suggests that the
ERGA_CDS_03390 cluster could be a functional cassette involved in E. ruminantium virulence
and may have been acquired by horizontal gene transfer (HGT).

The two other conserved families of HATPase_c-containing effectors are exemplified by
ERGA_CDS_02450, which encodes the heat shock protein 90 (HSP90), and ERGA_CDS_04380
gyrB, which encodes the beta subunit of DNA gyrase.

The HSP90 is an important cofactor in the response to oxidative stress and has been shown
to have a crucial function in innate immune response [56]. This family of pT4Es may therefore
be important for Ehrlichia to manipulate host immunity, possibly by avoiding or delaying
pathogen recognition.

GyrB is a topoisomerase that is necessary for relaxation of DNA during replication. GyrB
family of Ehrlichia pT4Es is expected to act in the nucleus and indeed it is noteworthy that
they harbour NLS directly upstream from the HATPase_c domain. Controlling the state of
DNA topology could be an efficient way for the bacterium to regulate specific host promoters.
These proteins could thus mimic host chromatin-regulatory factors, as described for other
effectors [50]. The property of subtle mimicry of the activities of cellular proteins is also one of
the most common features of type III secreted effectors [57]. Moreover, a remarkable feature
to note is that Bartonella toxin VbhT is secreted into target cells in a type IV-dependent man-
ner and acts as a gyrase inhibitor. This VbhT effector represents the missing link in the evolu-
tion of Bartonella effectors from inter-bacterial conjugative toxins to inter-kingdom host-
targeted effectors. [58].

Similarly, the family of Ehrlichia HATPase_c-containing pT4Es could be a further example
of the wonderful functional plasticity of effector proteins. It is worth mentioning that
ERGA_CDS_04380 has been shown to be overexpressed in the virulent Gardel strain of E.
ruminantium at early stages of infection [59]. This is reminiscent of the early expression of
Ehrlichia T4SS [60] and compatible with T4SS-dependent secretion into the host cell. Thus,
unravelling the role of HATPase_c-containing effectors in Ehrlichia pathogenesis will be a
major challenge but could also highlight the importance of chromatin remodelling in Ehrlichia
infections.

In this study, we showed that genomic plasticity sensu largo, i.e. from gene presence/
absence polymorphisms to protein domain shuffling, with hallmarks such as local gene den-
sity, G+C content, intergenic recombination, is a major driver for Ehrlichia spp. to acquire
and evolve new potential virulence functions. Our study revealed that Ehrlichia T4Es reper-
toires comprise core and variable gene suites, which likely have distinct roles in pathogenicity
as well as different evolutionary histories. We also identified several DNA rearrangements in

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1008788  July 12, 2021 20/26


https://doi.org/10.1371/journal.pcbi.1008788

PLOS COMPUTATIONAL BIOLOGY Predicted pan-effectome of Ehrlichia spp.

T4E genes, some of which could be correlated with the host specificity of Ehrlichia species.
Despite the fact that more genomic sequences of Ehrlichia strains and functional validations
are needed to provide evidence for robust associations between host range and T4E reper-
toires, our observations already suggest that the host range may be controlled by multiple or
differential combinations of T4E determinants, or determinants other than T4E, or that differ-
ences in the T4E protein amino acids sequence (and even expression) may also be involved.
We also identified new protein domain associations among Ehrlichia pT4Es, probably rear-
ranged over the course of evolution, which could contribute to the numerous potential func-
tions exerted by Ehrlichia effectors. A noticeable feature of Ehrlichia effectors is their modular
architecture, comprising domains or motifs that could confer an array of subversive functions
within eukaryotic cells. These domains/motifs therefore represent a fascinating repertoire of
molecular determinants with important roles during infection.

Our study illustrates the power of comparative genomics to decipher the genetic basis of
host specificity of this important family of pathogens. The properties in the cytoplasmic effec-
tor repertoires of Ehrlichia may predict the basis for pathogen host specificity. The study of
these T4Es will provide insights not only into fundamental aspects of host-pathogen interac-
tions, but also into the basic biology of eukaryotic cells.

Although the underlying basis for host specialization remains largely unresolved, adaption
to a host clearly requires coevolutionary maintenance of a compatible effector repertoire. Fur-
ther experimental determination of minimal bona fide TAEs repertoires required for Ehrlichia
to cause to disease in a given host is needed. A major challenge in the future will be using sys-
tems-level knowledge in pathogen genomics, for different host-bacteria interactions, to predict
the potential threat of emerging pathogens or to imagine science-based rapid response plans.

Supporting information

S1 Fig. Phylogenetic tree of Ehrlichia and Anaplasma T4Es shows three different clades.
S1A. A maximum-likelihood tree of 4 Ehrlichia species, 3 Anaplasma species and W. endosym-
biont of D. melanogaster (out group) was reconstructed on the basis of concatenated nucleic
acid alignments of pT4Es shared by all species (core effectome) with 100 bootstrap resam-
plings. S1B. The identity percentage was calculated for each effector ortholog group (EOG) of
the Ehrlichia core effectome, and is represented by a heat map. The colour gradient represents
the identity between effectors (pale colours mean high similarity).

(TIFF)

$2 Fig. Venn diagram of Ehrlichia spp. pT4Es shows a large number of specific effectors.
Predicted T4 effectomes of four Ehrlichia species compared with S4TE-CG and PanOCT to
find homologous proteins in each species. Results are plotted on a Venn diagram and a num-
ber indicates the occurrence of predicted effectors is each intersection.

(TIFF)

$3 Fig. Distribution of predicted type IV effectomes according to local gene density based
on the length of flanking intergenic regions (FIRs). Distribution of E. ruminantium str. Gar-
del, E. chaffeensis str. Arkansans and E. muris AS145 genes according to the length of their
flanking intergenic regions (FIRs). All the genes of each species were sorted into two-dimen-
sional bins according to the length of their 5’ (y-axis) and 3’ (x-axis) FIR lengths. The number
of genes in the bins is represented by a colour-coded density graph. Genes whose FIRs were
both longer than the median length of FIRs were considered as gene-sparse region (GSR)
genes. Genes whose FIRs were both below the median value were considered as gene-dense
region (GDR) genes. In between (IBR) genes are genes with a long 5’ FIR and short 3’ FIR, and
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inversely. For E. ruminantium, E. chaffeensis and E. muris, median values are 246 bp, 156 bp
and 207 bp for 5’ FIRs respectively and 405 bp, 138 bp and 219 bp for 3’ FIRs respectively. The
dashed line stands for the median length of FIR and delimits the genes in GSR, GDR and IBR.
Candidate effectors predicted using the S4TE 2.0 algorithm were s plotted on this distribution
according to their own 3’ and 5 FIRs. A colour was assigned to each of the three following
groups: red to GDRs, orange to IBRs, and blue to GSRs. Specific pT4Es are represented with a
dot outlined in black. On the right, a Circos graph shows the distribution of E. ruminantium
str. Gardel, E. chaffeensis str. Arkansans and E. muris AS145 pT4Es along the genome. The col-
our (red, orange or blue) of each gene corresponds to their location in GDR, IBR or GSR
regions respectively.

(TIFF)

$4 Fig. Distribution of the effectome according to the length of their flanking intergenic
regions (FIRs) and AGC content. Distribution of E. ruminantium str. Gardel, E. chaffeensis
str. Arkansans and E. muris AS145 genes according to the length of their flanking intergenic
regions (FIRs). All the genes of each species were sorted into two-dimensional bins according
to the length of their 5’ (y-axis) and 3’ (x-axis) FIRs. For each gene, the AGC content was calcu-
lated by subtracting the GC content of a gene by the average of GC content of all the genes.
The mean of AGC of genes in the bins is represented by a colour-coded density graph. Genes
whose FIRs were both longer than the median length of FIRs were considered as gene-sparse
region (GSR) genes. Genes whose FIRs were both below the median value were considered as
gene-dense region (GDR) genes. In between (IBR) genes are genes with a long 5’ FIR and
short 3’ FIR, and inversely. For E. ruminantium, E. chaffeensis and E. muris, median values are
246 bp, 156 bp and 207 bp for 5’ FIRs, respectively, and 405 bp, 138 bp and 219 bp for 3’ FIRs,
respectively. The dashed line showing the median length of FIR delimits the genes in GSR,
GDR and IBR. A colour was assigned to each of the three following groups: red to GDRs,
orange to IBRs, and blue to GSRs. Specific pT4Es are represented with a dot outlined in black.
A density graph is plotted in the top right corner. The red line represents the density of pT4Es
according to AGC content and the black line represents the density of the other genes.
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cies-specific types IV effectors for all Anaplasmataceae included in the study. These num-
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