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Members of the Xanthomonadales order include several plant pathogens of significant
economic and agricultural impact, such as Xanthomonas spp. Type 6 secretion
systems (T6SSs) are contractile nanomachines used by many bacterial species to
inject protein effectors into target prokaryotic and eukaryotic cells and provide a
competitive advantage for bacteria in different environments. Effectors with antibacterial
properties include peptidoglycan hydrolases, lipases and phospholipases that break
down structural components of the cell envelope, promoting target-cell lysis; and
RNases, DNAses, and NADases that affect target-cell metabolism, arresting growth.
Effectors with anti-eukaryotic properties are functionally more diverse. The T6SS of
Xanthomonas citri is the only example experimentally characterized so far within the
Xanthomonadales order and displays anti-eukaryotic function by providing resistance to
predation by amoeba. This T6SS is regulated at the transcriptional level by a signaling
cascade involving a Ser/Thr kinase and an extracytoplasmic function (ECF) sigma factor.
In this review, we performed in silico analyses of 35 genomes of Xanthomonadales and
showed that T6SSs are widely distributed and phylogenetically classified into three major
groups. In silico predictions identified a series of proteins with known toxic domains as
putative T6SS effectors, suggesting that the T6SSs of Xanthomonadales display both
anti-prokaryotic and anti-eukaryotic properties depending on the phylogenetic group
and bacterial species.

Keywords: Xanthomonadales, Xanthomonas, T6SS, bacterial killing, amoeba predation, effectors, toxins

INTRODUCTION

The order Xanthomonadales includes many Gram-negative rod-shaped bacteria with very diverse
physiological characteristics and habitats. Members of this group range from plant and human
pathogens to non-pathogenic environmental bacteria that are able to survive in adverse conditions
such as contaminated soil and hot springs (Saddler and Bradbury, 2005). Xanthomonadales is
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an early diverging branch of the Gammaproteobacteria
(Williams et al., 2010). The taxonomy of the order is
controversial, but a recent phylogenetic analysis has divided
Xanthomonadales into two main branches comprising the
families Xanthomonadaceae and Rhodanobacteraceae (Naushad
et al., 2015). Xanthomonadaceae includes genera Xanthomonas,
Xylella, Stenotrophomonas, Pseudoxanthomonas, Luteimonas,
Lysobacter, Thermomonas, Arenimonas, and Silanimonas;
while Rhodanobacteraceae includes genera Rhodanobacter,
Dyella, Frateuria, Luteibacter, Fulvimonas, Pseudofulvimonas,
Aquimonas, Dokdonella, and Rudaea (Naushad et al., 2015).

Species of the Xanthomonadaceae family have been by far
the most studied due to their importance as plant pathogens.
The genera Xanthomonas and Xylella contain species that
promote disease in more than 400 economically important
crops, including citrus, tomato, rice, cabbage, pepper, coffee,
grapes, and olives (Leyns et al., 1984; Rapicavoli et al., 2018).
Species within both genera vary in their ability to colonize
different plant tissues and show a high degree of host
specificity (Ryan et al., 2011). Stenotrophomonas is another
important genus in Xanthomonadaceae. Stenotrophomonas
maltophilia include several strains that are nosocomial
pathogens, causing bacteremia, endocarditis and pneumonia
in immunocompromised and cystic fibrosis patients (Adegoke
et al., 2017). Conversely, species like Stenotrophomonas
rhizophila are environmental bacteria found in association
with plants and have a well-documented ability to promote
plant growth, suppress colonization by plant pathogens and
degrade a wide variety of xenobiotics, making them potential
agents for biocontrol and bioremediation (Berg and Martinez,
2015). The genus Lysobacter comprises gliding predatory
bacteria that display broad-spectrum lytic activity against
nematodes, fungi, Gram-negative and Gram-positive bacteria
(Christensen and Cook, 2009), including species of significant
biotechnological and biocontrol interest (Ko et al., 2009;
Hayward et al., 2010).

Availability of genomic data from an increasing number of
Xanthomonadales species has provided important insights into
environmental adaptations and physiological diversity. Gene
clusters encoding bacterial secretion systems are recognized
as key virulence factors of pathogenic species within the
order (Büttner and Bonas, 2010). The type 6 secretion
system (T6SS) is a molecular nanomachine that provides
increased fitness to bacteria by firing a series of toxic effector
proteins into neighbor competitor species, thus shaping bacterial
communities. The T6SS of the biocontrol agent Pseudomonas
putida kills phytopathogens upon co-infection in planta, and
the Agrobacterium tumefaciens T6SS promotes plant colonization
by providing a competitive advantage (Ma et al., 2014; Bernal
et al., 2017). Anti-eukaryotic T6SSs are important for virulence
in mammalian hosts, as well as for bacterial survival in the
environment by providing resistance to predation by amoebas
and exhibiting killing activity against fungi (Hachani et al., 2016;
Bayer-Santos et al., 2018; Trunk et al., 2018). A role of T6SS
in nutrient acquisition by the secretion of metal-scavenging
proteins in the extracellular milieu has also been reported
(Si et al., 2017a,b).

The sole T6SS representative of the Xanthomonadales
order experimentally characterized to date from Xanthomonas
citri pv. citri is required for resistance against predation
by the soil amoeba Dictyostelium discoideum (Bayer-Santos
et al., 2018), a yet unexplored aspect of xanthomonad
biology that can be expected to be an important factor for
environmental survival and dissemination. The secreted
effectors and dynamics of X. citri-amoeba interactions
are still elusive. The X. citri T6SS does not confer a
competitive advantage in encounters with other Gram-
negative bacteria and X. citri antibacterial activity is dependent
on a type 4 secretion system (T4SS) (Souza et al., 2015;
Bayer-Santos et al., 2018).

T6SSs are encoded in the genome of several species within
Xanthomonadales. In this review, we performed in silico
analyses of Xanthomonadales T6SSs to describe the distribution
and genomic organization of T6SSs clusters in these species.
Furthermore, we identified putative T6SS effectors that provided
clues about the function of uncharacterized T6SS clusters in
several Xanthomonadales species.

TYPE 6 SECRETION SYSTEM

The T6SS is a contractile machinery composed of 13 core
structural proteins. This system is evolutionarily related to
the tail of bacteriophages (Basler and Mekalanos, 2012) and
assembles into three major complexes: the trans-membrane
complex, the baseplate and the tail. The trans-membrane
complex is composed of three proteins TssM, TssL, and TssJ.
The baseplate is formed by TssE, TssF, TssG, and TssK, and
represents an adaptor between the trans-membrane complex
and the tail. The tail has an internal tube formed by Hcp
topped with VgrG and is enveloped by a contractile sheath
composed of TssB and TssC (Nguyen et al., 2018). The
assembly of the tail requires TssA, which interacts with
baseplate, inner tube and sheath components and stabilizes the
distal extremity of the tube (Planamente et al., 2016; Zoued
et al., 2016; Dix et al., 2018). After contraction, the T6SS
tail is recycled via the ATPase ClpV that disassembles the
sheath into monomeric components (Kapitein et al., 2013).
In addition to the core structural proteins described above,
T6SS gene clusters also encode accessory proteins, which
comprise components required for the assembly of the secretion
apparatus, regulatory subunits acting transcriptionally or post-
translationally to control the expression or the activity of the
T6SS, and effectors and immunity proteins required for its
function (Silverman et al., 2012).

T6SSs deliver protein effectors into diverse cell types including
prokaryotic and eukaryotic cells in a contact-dependent manner
(Cianfanelli et al., 2016; Hachani et al., 2016). T6SSs were
also reported to display contact-independent functions in which
secreted effectors facilitate the acquisition of nutrients (Wang
et al., 2015; Si et al., 2017a,b). T6SS gene clusters have been
classified into four subtypes (T6SSi−iv) (Boyer et al., 2009; Bröms
et al., 2010; Russell et al., 2014; Bock et al., 2017): (i) the
majority of T6SSs belong to subtype T6SSi and are present
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in Proteobacteria; (ii) the Francisella pathogenicity island-like
systems were classified as T6SSii (Bröms et al., 2010); (iii)
Bacteroidetes T6SSs are distinct from the first two and were
classified as T6SSiii (Russell et al., 2014); and (iv) a contractile
system from Amoebophilus asiaticus was classified T6SSiv (Bock
et al., 2017). Proteobacteria T6SSi are the most diverse and
have been further subdivided into five phylogenetic clades
(Boyer et al., 2009). Xanthomonadales harbor three subtypes
of T6SSi belonging to clades 1, 3, and 4, which will be
discussed below.

GENOMIC ARCHITECTURE OF
XANTHOMONADALES T6SS CLUSTERS

From 71 Xanthomonadales species genomes retrieved from the
KEGG database (Kanehisa and Goto, 2000), we identified 35
genomes harboring one or two T6SS clusters (Supplementary
Table S1). Distribution of T6SS does not show a clear
correlation with species lifestyles and they are found in
several environmental bacteria and phytopathogenic species
that colonize distinct plant tissues (vascular and non-vascular
pathogens) (Supplementary Table S1). T6SS clusters are
absent in xylem-limited phytopathogens with reduced genomes,
including X. albilineans (3.78 Mb) and all members of the
Xylella genus (2.5 Mb).

According to phylogenetic analyses using the sheath
component TssC, T6SSs clusters separate into three groups
matching clades/groups 1, 3, and 4 proposed by Boyer et al.
(2009) (Figure 1A). Similarly, analysis of T6SS distribution
in plant-associated bacteria that included several members
of the Xanthomonas genus has shown an overrepresentation
of these three clades (Bernal et al., 2018). Group 3 presents
the most heterogeneous distribution among plant-associated
bacteria and the Xanthomonadales representatives are clustered
in a clade that includes Burkholderia species (Bernal et al.,
2018). Xanthomonadales group 4 T6SSs belong to subgroup
4B2 described by Bernal et al. (2018), which also includes
Ralstonia and Burkholderia species. The sole member of
group 1 is found in a Stenotrophomonas sp. isolated from
the phyllosphere and a phylogenetic analysis showed that
it belongs to the subclade 1.2A described by Bernal et al.
(2018), which includes P. putida species. Each group displays a
unique genetic architecture, contains different T6SS-associated
genes (Tag proteins) and present variable regions within or
in the vicinity of the structural gene clusters, which contain
putative effectors and/or regulatory proteins (Figure 1B).
The characteristics of each group are further described
in detail below.

Group 3 presents two main clusters of structural genes
separated by an insertion in which the content varies
depending on the bacterial species, ranging from ∼2.2 to
15.6 kb (Figure 1B). Group 3 was further divided into three
subclades (hereafter referred to as subgroup 3∗, 3∗∗, and 3∗∗∗)
(Figures 1A,B). Division of Xanthomonas group 3 T6SSs in
two subclades is also observed in the phylogenetic analysis
by Bernal et al. (2018), which did not include Dyella species.

Group 3∗ contains the only Xanthomonadales T6SS functionally
characterized to date from X. citri (Figure 1A) (Bayer-Santos
et al., 2018) and is restricted to Xanthomonas species, a few
of them also containing a second T6SS from subgroup 3∗∗∗
(Figure 1). The presence of one representative from each
subgroup in some species may indicate distinct functions in
bacterial physiology, despite similarities in cluster organization.

Group 3 shows unique features such as the presence
of components from the PpkA-PppA-FHA post-translational
phosphorylation pathway (Mougous et al., 2007) and its repressor
TagF (Silverman et al., 2011; Lin et al., 2018). It also contains
TagJ, which interacts with the ATPase ClpV and the sheath
component TssB to control the disassembly of the contracted
sheath (Forster et al., 2014). TagJ co-evolved with a specific subset
of the TssB/TssC/ClpV gene cluster (Forster et al., 2014). The
TssA component from group 3 is closely related to homologs
from group 4 T6SSs, belonging to the same phylogenetic clade
1 (TssA1) (Dix et al., 2018), while TssA from group 1 T6SS shows
a divergent C-terminal region and belongs to clade 2 (Dix et al.,
2018). In X. citri, the variable region is ∼15.6 kb and contains
the extracytoplasmic function (ECF) sigma factor EcfK and its
cognate kinase PknS, which were shown to be required for T6SS
activation and function (Bayer-Santos et al., 2018). Curiously,
EcfK/PknS are not present in the most similar T6SS cluster
from Dyella japonica and Dyella thiooxydans (Figure 1A), which
has an intermediate-size variable region of ∼5.2 kb. Despite
the differences in the variable region, T6SS from D. japonica
and D. thiooxydans are very similar to X. citri T6SS and
present conserved genes of unknown function downstream of
the PAAR and vgrG genes (Figure 1B, white arrows). A third
genetic architecture within group 3 can be observed in a branch
comprising Xanthomonas oryzae pv. oryzae, Xanthomonas oryzae
pv. oryzicola, and Lysobacter enzymogenes (subgroup 3∗∗∗).
These species contain even smaller insertions in the variable
region (∼2.2 kb) and tssA appears in a different orientation
(Figure 1B). Bacterial species carrying this subtype of T6SS
usually have a second T6SS belonging to group 4 or subgroup 3∗
(Figure 1A, blue).

T6SSs classified as group 4 display two genetic architectures.
In the majority of species, the structural core genes are
organized in conserved clusters and variability is found in
the vicinity of vgrG genes. These variable regions are very
large – ranging from 40 kb to 75 kb – and contain several
duplications of vgrG (up to 6), proteins with domains of
unknown functions (DUFs) and proteins with putative toxic
domains (Table 1). In some species, such as Xanthomonas
fragariae, the cluster of structural genes composed of tssM,
tagF, tagN, and tssA are located ∼300 kb from the other
structural cluster composed of tssJ, tssK, tssL, vgrG. Another
interesting and unique feature of T6SSs from group 4 is the
presence of a gene encoding TagX, which is a membrane-
associated peptidoglycan hydrolase proposed to help degrade
the bacterial wall for the insertion of T6SS machinery (Weber
et al., 2016). Group 4 T6SSs also contain the associated
genes tagN and tagM, but their role in T6SS biogenesis
or regulation was not yet clarified. Lysobacter gummosus
is the only example belonging to group 4 that contains
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FIGURE 1 | Phylogenetic classification of T6SSs within Xanthomonadales and genomic organization of T6SS gene clusters. (A) Phylogenetic distribution of
Xanthomonadales T6SS clusters. Maximum-likelihood consensus tree with 1000 bootstrap replicates built with amino acid sequence of TssC (XAC4146) homologs
aligned and grouped using MEGA 7.0 (Kumar et al., 2016). (B) Schematic representation of genomic regions encoding the different subtypes of T6SSs.

a divergent version of T6SS, displaying a different genetic
architecture (Figure 1B).

The only example of a Group 1 T6SS is found in
Stenotrophomonas sp. LM91. This system is very similar

to the T6SS from Vibrio cholerae and contains the sigma
factor σ54 transcriptional regulator, which was reported
to control the expression of T6SS in other bacteria
(Bernard et al., 2011). Group 1 T6SS also contains a gene

Frontiers in Microbiology | www.frontiersin.org 4 July 2019 | Volume 10 | Article 1635

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01635 July 16, 2019 Time: 15:43 # 5

Bayer-Santos et al. T6SSs of Xanthomonadales

TABLE 1 | List of PAAR and VgrG proteins from Xanthomonadales and putative toxic effectors identified by Bastion6 software.

Species T6SS
Group

PAAR Orphan
PAAR

VgrG (class) Orphan VgrG
(class)

Bastion6 predicted T6SS effectors

N Description1,2

X. vesicatoria ATCC 35937 3∗ 1 0 1 (I) 0 4 Hypothetical

X. vasicola pv. vasculorum SAM119 3∗∗∗ 0 0 1 (I) 0 1 Hypothetical

X. translucens pv. undulosa Xtu 4699 3∗∗∗ 0 2 1 (I) 0 1 Hypothetical

4 1 2 (II) 12# Tle1-like, DUF3304 (2), neuraminidase

2 orphans Tox-REase-5 (2)

X. perforans LH3 3∗ 1 0 1 (I) 0 3 Acid phosphatase, EEP
endo/exonuclease/phosphatase

3∗∗∗ 0 1 (I) 2 TIR_2 superfamily

X. oryzae pv. oryzicola CFBP7342 3∗∗∗ 0 3 1 (I) and 1 (II) 1 (I) and 10 (II) 3 Hypothetical

4 1 4 (II) 19 Tle1-like (4), DUF3304 (5), hydrolase

55 orphans Tle1-like (2), Tle3-like (2), Tle4-like (2), DUF2875
(5), DUF3304 (4), DUF1800, DUF1501,
catalase, peptidase (2), PAAR/Rhs
MafB19-deaminase, haemolysin, Tox-REase-5

X. oryzae pv. oryzicola BLS256 3∗∗∗ 0 1 2 (I) and 1 (II) 3 (I) and 5 (II) 1 Hypothetical

4 1 2 (I) and 3 (II) 14 Tle1-like (4), DUF3304 (3), hydrolase

39 orphans Tle1-like (2), Tle3-like (4), Tle4-like (3), DUF2875
(5), DUF3304 (5), DUF493, peptidase,
transglycosylase, carboxypeptidase, Rhs
repeat proteins (2), oxidoreductase

X. oryzae pv. oryzae PXO99A 3∗∗∗ 0 5 1 (I) and 1 (II) 1 (I) and 5 (II) 2 Hypothetical

4 1 3 (II) 12 Tle1-like (2), DUF3304 (2), transglycosylase

13 orphans Tle3-like (5), DUF2875 (4)

X. oryzae pv. oryzae MAFF 311018 3∗∗∗ 0 3 1 (I) 2 (I) and 7 (II) 0

4 1 5 (II) 14 Tle1-like (2), DUF3304 (5), DUF2345

51 orphans Tle1-like (4), DUF3304 (6), Tle3-like (5),
DUF2875 (5), murein hydrolase D,
muraminidase (2), carboxypeptidase,
peptidase, PAAR/Rhs XOO_2897-like
deaminase, Tox-REase-5 (2)

X. fragariae Fap21 4 1 0 4 (II) 2 (I) and 4 (II) 12 Hypothetical

27 orphans Tle1-like (2), DUF3304 (6), glycoside hydrolase,
Rhs repeat protein, PAAR/DUF4150
Colicin-DNAse

X. citri pv. fuscans 3∗ 1 0 1 (I) 0 4 Acid phosphatase, EEP
endo/exonuclease/phosphatase

X. citri pv. citri 306 3∗ 1 0 1 (I) 0 4 Acid phosphatase, EEP
endo/exonuclease/phosphatase, adhesin

X. campestris pv. vesicatoria 85-10 3∗ 1 0 1 (I) 0 4 Acid phosphatase, EEP
endo/exonuclease/phosphatase

3∗∗∗ 0 1 (I) 4 TIR_2 superfamily

X. axonopodis pv. citrumelo F1 3∗ 1 0 1 (I) 0 4 Acid phosphatase, EEP
endo/exonuclease/phosphatase

3∗∗∗ 0 1 (I) 3 TIR_2 superfamily

Stenotrophomonas sp. LM091 1 1 0 1 (II) 0 5 Tle3-like (2), DUF4274, DUF2875

Stenotrophomonas sp. KCTC 12332 4 1 2 1 (I) and 1 (II) 1 (II) 4 Hypothetical

6 orphans Tle1-like, Tle4-like, DUF4287

L. rhizovicinus DSM 16549 3∗∗∗ 0 0 1 (I) 0 1 Hypothetical

L. gummosus 3.2.11 4 1 2 1 (I) 1 (I) 4 Transglycosylase, peptidoglycan-binding
protein

7 orphans DUF4157, peptidase, DUF3244/DUF3218

(Continued)
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TABLE 1 | Continued

Species T6SS
Group

PAAR Orphan
PAAR

VgrG (class) Orphan VgrG
(class)

Bastion6 predicted T6SS effectors

N Description1,2

L. enzymogenes C3 3∗∗∗ 0 3 1 (I) 1 (I) 0

4 0 3 (II) 7 Tle4-like protein, hydrolase, peptidase,
phospholipase

3 orphans GTP-binding protein, TPR-repeat protein

D. thyooxidans ATSB10 3∗∗ 1 0 1 (I) 0 1 Hypothetical

D. japonica A8 3∗∗ 1 0 1 (I) 2 (II) 2 DUF5636, amidase

7 orphans Phospholipase, muraminidase, peptidase,
TPR repeat proteins (3)

#All genes flanking the two VgrGs were analyzed. 1Only proteins with putative toxic domains or DUFs previously associated with T6SS are described. 2Number of proteins
with identical domains are indicated in brackets when >1.

encoding the associated protein TagO, but its function
is still unknown.

FUNCTION OF PUTATIVE
XANTHOMONADALES T6SS
EFFECTORS

T6SSs translocate effectors by decorating the Hcp-VgrG-PAAR
puncturing device that is propelled against target cells, thus
delivering a cocktail of effectors after each contraction event. The
current model suggests that effectors can either interact with one
of these three proteins, named “cargo” effectors, or be presented
as an extra domain within the same proteins, named “specialized”
effectors (Durand et al., 2014; Cianfanelli et al., 2016).

In order to assess the repertoire of Xanthomonadales T6SSs
effectors, we manually analyzed the genomic regions encoding
the structural components Hcp, VgrG, and PAAR to search
for specialized effectors. All Xanthomonadales species analyzed
display only one copy of Hcp that is associated with a T6SS
structural cluster, and these Hcps do not present a C-terminal
extension (Supplementary Table S2A). The VgrG repertoire
of Xanthomonadales seems to be more diverse. VgrGs are
categorized into three classes (De Maayer et al., 2011): the first
is composed of proteins with a N-terminal VgrG domain; the
second class is formed by VgrG proteins carrying a C-terminal
domain of unknown function DUF2345, which is required for
interaction with cargo effectors (Flaugnatti et al., 2016); and
the third class comprises the evolved- or specialized-VgrG that
carry a C-terminal toxic domain. In Xanthomonadales, class
I VgrGs seem to be predominantly associated with the T6SSs
belonging to group 3 (Table 1 and Supplementary Table S2B).
Class II VgrGs are more abundant in species that carry a T6SS
belonging to group 4 (Table 1 and Supplementary Table S2B).
In addition, Xanthomonadales species that contain T6SS clusters
from group 4 usually have orphan VgrGs scattered in the genome
(Supplementary Table S2B), while species with T6SSs from
subgroup 3∗ do not harbor orphan VgrGs. Interestingly, a high
number of orphan VgrGs are found in the genomes of X. oryzae
from different strains. Moreover, no bona fide specialized VgrGs

(class III) were detected in the analyzed genomes (Table 1 and
Supplementary Table S2B). PAAR proteins were associated with
T6SS structural gene clusters in all groups, except species from
subgroup 3∗∗∗ (Figure 1, Table 1, and Supplementary Table
S2C). Most species harboring a subgroup 3∗∗∗ T6SS that lack
a PAAR protein also encode an additional T6SS cluster in their
genomes, either from subgroup 3∗ or 4 (Figure 1A). At this
point, it is unclear whether PAAR-like proteins could be shared
between two systems or whether subgroup 3∗∗∗ systems are
non-functional due to the loss of an associated PAAR protein.
Nevertheless, none of the Xanthomonadales PAAR proteins
associated with T6SS clusters have extended domains coding
for putative toxic proteins (Supplementary Table S2C). Orphan
PAAR proteins are present in genomes that contain a group 4
T6SS cluster, some of them with extended sizes that might encode
effector functions (Supplementary Table S2C). Among them,
three proteins that belong to the modular PAAR-Rhs-toxin group
of antibacterial toxins (Ma et al., 2017) are present in the genomes
of X. fragarie, X. oryzae pv. oryzae, and X. oryzae pv. oryzicola
(Supplementary Tables S2C, S3).

To search for cargo effectors using in silico analyses, we
arbitrarily chose to analyze a fixed number of 10 genes
immediately flanking all T6SS VgrGs using Bastion6 software
(Wang et al., 2018). We also searched for genes encoding
DUF4123, DUF2169 or DUF1795-containing proteins, which
act as adaptors for effector recruitment by T6SSs (Liang
et al., 2015; Unterweger et al., 2015; Bondage et al., 2016).
Genes encoding DUF1795 are not present in Xanthomonadales
genomes, while DUF2169 genes are located in association with
VgrG (Supplementary Table S2D), as previously described
(Liang et al., 2015; Unterweger et al., 2015). Fourteen DUF4123-
containing proteins were found encoded in Xanthomonadales
genomes, not associated with structural clusters or orphan VgrGs
(Supplementary Table S2E). We retrieved the two genes located
immediately downstream from each DUF4123-encoding gene for
effector prediction using Bastion6. Antibacterial cargo effectors
are usually encoded in bicistronic units with genes encoding
cognate immunity proteins, targeting components of the bacterial
cell-envelope and/or nucleic acids, such as peptidoglycan
hydrolases, amidases, lipases, and nucleases (Lien and Lai, 2017).
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Effectors with anti-eukaryotic properties are less studied and
functionally more diverse and include proteins involved in actin-
crosslinking, lipases, deaminases and catalases (Jiang et al., 2014;
Lien and Lai, 2017).

Analysis of the set of predicted T6SS effectors from
Xanthomonadales showed a high number of putative
antibacterial toxins associated with group 4 T6SS, which
display hydrolase, lipase, carboxypeptidase and muraminidase
domains (Table 1 and Supplementary Table S3). Interestingly,
most genomes harbouring a group 4 T6SS present multiple
copies of members of the superfamily of antibacterial T6SS
lipase effectors (Tle), more specifically from families Tle1, Tle3,
and Tle 4 (Russell et al., 2013) (Table 1 and Supplementary
Table S3). Furthermore, Tle1 copies are found in association
with T6SS clusters from group 4 in most genomes (Table 1 and
Supplementary Table S3). Tle1 homologs from Burkholdeia
thailandensis and Escherichia coli EAEC Sci-1 T6SS were shown
to have antibacterial activity (Russell et al., 2013; Flaugnatti et al.,
2016). In X. fragariae, putative antibacterial toxins containing
hydrolase domains and a colicin-DNAse domain are associated
with orphan VgrGs (Table 1 and Supplementary Table S3).
Similarly, a variety of putative effectors with hydrolase and
phospholipase domains were found associated to the variable
regions of L. enzymogenes group 4 cluster, which has 3 class II
vgrG genes (Table 1 and Supplementary Table S3). Interestingly,
five putative predicted effectors belonging to the Tox-REase-
5 family of restriction endonucleases that includes TseT, a
previously described antibacterial toxin from Pseudomonas
aeruginosa H2-T6SS (Burkinshaw et al., 2018) are present
in association with orphan DUF4123-containing proteins in
X. oryzae strains and Xanthomonas translucens pv. undulosa
(Table 1). As no example belonging to Xanthomonadales
group 4 T6SS has been functionally characterized to date,
based on the domains of putative effectors secreted by these
systems, we hypothesize that members of group 4 might display
antibacterial activity rather than anti-eukaryotic activity as
observed for the X. citri T6SS from group 3∗ (Bayer-Santos
et al., 2018). Interestingly, group 4 T6SSs are mostly found in
Xanthomonadales genomes that lack the antibacterial T4SS
(Souza et al., 2015; Sgro et al., 2019), as exemplified by all
X. oryzae strains.

Prediction of T6SS effectors associated with VgrGs from
group 3 identified a limited number of proteins of unknown
function (Table 1 and Supplementary Table S3). For the T6SSs
from subgroup 3∗, which are homologous to the anti-amoeba
T6SS from X. citri, two proteins were frequently identified in
the vicinity of VgrGs: an acid phosphatase and a protein with
lectin and phosphodiesterase domains from the EEP family
(endo/exonuclease/phosphatase) (Table 1). A distinct set of
conserved hypothetical proteins were identified in subgroup
3∗∗∗, including some with a TIR_2 domain typical of Toll-like
receptors. Bacterial proteins containing these domains have been
originally implicated in virulence by subversion of host immune
responses, but recent work showed their roles as NADases that
cleave NAD+ and interfere with cellular metabolism (Cirl et al.,
2008; Essuman et al., 2018). On the other hand, D. japonica
group 3 T6SS is the sole representative in the group that

presents several predicted antibacterial T6SS effectors (proteins
containing amidase, muraminidase, and phospholipase domains)
in the vicinity of VgrG, suggesting a role as an anti-prokaryotic
weapon (Table 1). These observations lead us to speculate that
distinct subgroups within group 3 might display diverse functions
in Xanthomonadales.

REGULATION OF T6SSS

Regulation of T6SSs assembly and firing events occur at
different levels: transcriptional, posttranscriptional, and post-
translational. Transcriptional regulation of T6SS genes is
highly variable among species and several components have
been implicated in this activity, including the nucleoid-
structuring protein H-NS, σ54 and regulators of nutrient
acquisition pathways such as Fur and PhoB-PhoR (Brunet
et al., 2011, 2015; Silverman et al., 2012). The X. citri T6SS
is regulated at the transcriptional level by a mechanism
involving an alternative sigma factor of the ECF family named
EcfK and a transmembrane eukaryotic-like serine-threonine
kinase (PknS), which is required for activation of EcfK
(Bayer-Santos et al., 2018).

Interestingly, T6SS clusters from subgroup 3∗∗∗ that do not
contain EcfK/PknS carry a gene for a LysR-type transcriptional
regulator that is predicted to be co-transcribed with the tssA
gene (Figure 1 and Supplementary Table S4). Genes encoding
a VirA/VirG-like two-component system are also found in a
putative operon associated with lysR-tssA in all subgroup 3∗∗∗
T6SS, except for Luteibacter rhizovicinus that form a distinct
branch within the group (Figure 1 and Supplementary Table
S4). This conservation in genome organization and the absence
of ecfK/pknS suggest that these regulators might be involved
in the control of subgroup 3∗∗∗ T6SS gene expression. T6SS
from Dyella spp. form a distinct branch in group 3 and do
not present ecfK/pknS homologs or lysR-type genes near their
T6SS clusters. No conserved gene encoding a transcriptional
regulator was identified in T6SS clusters from group 4,
except for a LuxR homolog that is present in the divergent
L. gummosus cluster.

Distribution of T6SS putative post-translational regulators
also differ among distinct clades. T6SS clusters from group 3
contain tagF-pppA-ppkA-fha genes, suggesting that activation of
T6SS assembly and firing is dependent on the activation of the
kinase PpkA, as originally described in P. aeruginosa (Mougous
et al., 2007; Casabona et al., 2013). Recent work has demonstrated
that PpkA acts by counteracting the inhibitory effect of TagF
on T6SS activity, and the distinction between defensive and
offensive T6SSs is mainly determined by the upstream input from
protein(s) responsible for activation of PpkA (Lin et al., 2018;
Ostrowski et al., 2018). In the defensive T6SS of P. aeruginosa,
an incoming attack is sensed in the periplasm by TagQRST,
while in the offensive Serratia marcensens T6SS, the signal is
sensed by RtkS (Ostrowski et al., 2018). The offensive/defensive
model has been described in only a few antibacterial T6SS and
the mechanism of post-translational activation of anti-eukaryotic
machines is possibly different.
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Whether the post-translational regulatory cascade
depending on tagF-pppA-ppkA-fha genes are functional in
Xanthomonadales remains to be determined experimentally.
Interestingly, T6SS clusters from group 4 do not encode
ppkA or pppA, but instead contain a tagF gene (Figure 1),
suggesting that a yet undescribed mechanism may be involved
in relieving repression imposed by TagF in this group. The
group 1 T6SS clusters from Stenotrophomonas sp. do not
encode any component of the post-translational regulatory
pathway, suggesting that activation occurs at the transcriptional
level through σ54.

PERSPECTIVES

Studies on the function, regulation and characterization of
effector repertoire of T6SSs from Xanthomonadales is only just
beginning. Much work is still required to understand how these
systems contribute to the biology and pathogenesis of members
of these important groups of bacteria. Further experimental
evidence is needed to clarify whether the different subtypes of
T6SSs pointed out in this review function as antibacterial and/or
anti-eukaryotic weapons and whether the predicted putative
effectors identified here are bona fide cargo proteins.
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