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Abstract

Xanthomonas translucens (Xt) is a plant-pathogenic bacterium responsible for
bacterial leaf streak (BLS), a disease threatening small-grain cereals worldwide.
Among xanthomonads, two distinct contact-dependent systems involved in
interbacterial competition have been identified, the Xanthomonadales-like type IV
(X-T4SS) and type VI (T6SS) secretion systems. These molecular weapons enable
bacteria to inject toxic effectors into nearby bacterial cells, thereby killing them or
inhibiting their growth. Despite their widespread occurrence, both systems remain
largely uncharacterised in the Xanthomonas genus, from functional, evolutive and
ecological perspectives. This thesis investigates the X-T4SS and T6SSs of
Xanthomonas translucens sensu lato, aiming to elucidate their contribution to
interbacterial competition in cereals. Genomics-informed screening revealed that X-
T4SS and T6SS clade i4 loci display mutually exclusive distributions in Xt strains. By
combining mutational studies along with fluorescence-based approaches, we
demonstrated that both Xt X-T4SS and T6SS-i4 systems play overlapping functions in
killing cereal-associated bacteria. Xt T65S-i4 killing dynamics was further visualised
by live confocal imaging. Comparative genetic and phylogenetic analyses support an
evolutionary model in which the ancestral X-T4SS evolved first, then underwent
degradation and loss in certain lineages, and was subsequently functionally replaced
by T6SS-i4, through horizontal transfer. In-depth in silico screening and comparative
genomic analyses revealed a wide diversity of T6SS effectors within the Xt complex.
In particular, across the genus Xanthomonas, we found that strains with a non-
vascular lifestyle exhibit greater T6SS effector diversity compared to vascular strains
from the same species. Bacteriolytic activity was confirmed for all Xt core T6SS
effectors. Respective effector-immunity interactions were assessed through
structural predictions, and identified cognate immunity proteins were
experimentally validated for their protective function. Finally, we showed that Xt
T6SS-i4 can impact the spatial organisation of another co-infected Xt strain in planta.
In conclusion, these findings highlight the X-T4SS and T6SS-i4 as key antibacterial
mechanisms contributing to survival and conferring competitive advantage to
Xanthomonas translucens in cereal phytobiomes.



Preamble

Bacteria live in complex microbial communities, engaging in diverse interactions to
survive. Competition for resources and space has driven the evolution of contact-
dependent mechanisms for killing bacterial competitors. This interbacterial arms
race plays a central role in shaping microbiome composition and has important
implications in the field of phytopathology. Innovative biocontrol strategies that
exploit beneficial organisms and their competitive potential within phytobiomes to
enhance plant health are highly promising, with their development supported by
advanced ‘omics’ technologies. Such plant disease biocontrol strategies align with
broader global initiatives, including the European One Health Action Plan and the
2030 Agenda for Sustainable Development.

The genus Xanthomonas is a large group of plant-associated bacteria causing
diseases in more than 350 host plants worldwide. Among those, Xanthomonas
translucens, the causal agent of bacterial leaf streak disease of cereals, poses a threat
in wheat and barley-producing areas. Yet, little is known about how X. translucens
interacts and competes with other microorganisms, both endophytically and
epiphytically, which limits the development of effective control strategies.

This thesis work investigates antibacterial secretion systems in X. translucens sensu
lato. In particular, two major secretion systems are studied: type IV (X-T4SS) and type
VI (T6SS). These nanoweapons have been more broadly described in proteobacteria
as delivering toxic effectors into neighbouring bacteria, inhibiting their growth or
causing cell death. Despite their prevalence in xanthomonads, their functional,
evolutionary, and ecological importance remain poorly characterised. This work aims
to clarify how X-T4SS and T6SS contribute to interbacterial competition and support
X. translucens survival and colonisation in Poaceae.

Chapter 1 provides an overview of current knowledge on the Xanthomonas X-T4SS
and T6SS antibacterial weapons. In parallel to this doctoral research, collaboration
with Dr. Ralf Koebnik led to the publication of a study reporting the complete
sequencing of three novel species within clade-1 xanthomonads. Accordingly, the
introduction begins with a brief overview of recent advances in clade-1, focusing on
this publication (see Appendix 1, Peduzzi et al., 2023). Chapter 1 then reviews the X.
translucens pathosystem and the antibacterial type VI (T6SS) and type IV (X-T4SS)
secretion systems in xanthomonads, covering their discovery, structure, distribution,
functions, and current knowledge in the Xanthomonadales order.

In Chapter 2, the distribution of X-T4SS and T6SS-i4 in the X. translucens complex
makes it an ideal model to study their function and evolutionary history. Chapter 3
uncovers the yet undescribed diversity of Xanthomonas T6SS-i4 effectors, and links
it to xanthomonads ecological lifestyles. Finally, Chapter 4 investigates how X-T4SS



and T6SS-i4 shape competition and survival of X. translucens against cereal
representative bacteria.

Finally Chapter 5 discusses the results obtained in the different chapters and gives
broader perspectives for X-T4SS and T6SS research, as well as overall conclusions.
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Introduction

1.1 The Xanthomonas translucens pathosystem

1.1.1 The genus Xanthomonas

Lysobacterales (syn. Xanthomonadales) is an early-branching order of the
Gammaproteobacteria and is itself divided into two families (Bansal et al., 2023). The
Lysobacteraceae (syn. Xanthomonadaceae) family includes, among others, major
phytopathogens  (Xanthomonas and  Xylella), nosocomial pathogens
(Stenotrophomonas maltophilia), and non-pathogenic environmental and plant-
associated bacteria (Stenotrophomonas rhizophila), or gliding predatory bacteria
(Lysobacter). The Rhodanobacteraceae family encompasses genera such as
Rhodanobacter, Dyella, or Frateuria (Bayer-Santos, DeMoraes Ceseti, et al., 2019).

The genus Xanthomonas currently comprises 39 plant-associated bacterial species,
causing diseases in many economically important crops worldwide (An et al., 2020;
Parte et al., 2020). These pathogens are known to infect hundreds of different
monocot and dicot plants, including economically significant crops such as rice
(Oryza sativa), tomato (Solanum lycopersicum), banana (Musa spp.), cassava
(Manihot esculenta), plum (Prunus spp.) or citrus (Citrus spp.), as well as widely
cultivated ornamental plants like pelargonium (Pelargonium spp.), dandelion
(Taraxacum officinale) or ivy (Hedera helix), thriving in a diverse set of ecological
niches worldwide.

The name Xanthomonas derives from the Greek words xanthus (“yellow”) and
monas (“unit”), referring to their characteristic yellow colonies. Xanthomonads are
Gram-negative, straight rod-shaped, measuring 0.4—0.6 x 0.8-2.0 um (Saddler &
Bradbury, 2015). They are obligatory aerobic, non-spore-forming, and bear a single
polar flagellum (Saddler & Bradbury, 2015). However, studies indicate the
occurrence of Xanthomonas with 0 or 2 flagella, challenging the traditional view of
Xanthomonas as strictly unipolar-flagellated bacteria (Darrasse et al., 2013 ; Jacobs
et al.,, 2015 ; Peduzzi et al., 2023).Colonies are typically yellow and mucoid because
they produce two key compounds: the yellow pigment xanthomonadin, which
protect against light-induced damage, and large amounts of the exopolysaccharide
xanthan gum, which increases stress tolerance and promotes attachment to plant
surfaces by supporting biofilm formation (Bianco et al., 2016; Poplawsky et al., 2000).
Xanthan exhibits high viscosity as well as thermal and pH stability. These properties
has enabled its rapid industrial adoption in various fields, including as a food additive
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(E415), cosmetics, oil recovery, wastewater treatment, drug delivery systems, and
tissue engineering (Kamoun & Kado, 1990; Onofre-Renteria et al., 2024). This
biopolymer is obtained by fermentation with Xanthomonas campestris and is
composed of glucose, mannose, glucuronic acid, pyruvic acid, and acetyl groups
(Onofre-Renteria et al., 2024).

Xanthomonads can be phylogenetically divided into two main groups, known as
clade-1 and clade-2 (Edmilson Gonc & Rosato, 2002; Ferreira-Tonin et al., 2012;
Hauben et al., 1997; Parkinson et al., 2009).

1.1.2 Clade-1 xanthomonads

Clade-1 xanthomonads represent an early-branching lineage within the genus,
subdivided into subclade 1A and 1B, and include different plant-associated bacteria
(Koebnik et al., 2021). Originally, this clade was mainly composed of pathogens
infecting monocotyledonous hosts, such as Xanthomonas translucens, Xanthomonas
cerealis and Xanthomonas graminis on Poaceae, Xanthomonas albilineans and
Xanthomonas sacchari on sugarcane, or Xanthomonas hyacinthi on hyacinths
(Bragard et al., 1997; Cohen et al., 2020; Fang et al., 2015; Pieretti et al., 2015).
However, recent genome sequencing efforts have uncovered additional diversity
within clade-1, leading to the description of novel species (Harrison et al., 2023). An
increasing number of non-pathogenic strains as well as strains isolated from
dicotyledonous hosts have been documented as falling into clade-1 xanthomonads,
listed in Table 1. Species delineation in this clade relies on a 95-96% Average
Nucleotide Identity (ANI) threshold and digital DNA-DNA hybridisation (dDDH) values
of 70% (McKnight et al., 2025; Peduzzi et al., 2023).

Non-pathogenic Xanthomonas strains have received limited attention due to their
asymptomatic nature, which makes them more difficult to detect, and their low
economic impact (McKnight et al., 2025). However, their study is important as it
helps refining species boundaries and shed light on Xanthomonas evolution, notably
the genetic determinants that underpin the transition from commensalism to
pathogenicity (McKnight et al., 2025; Pena et al., 2024). Moreover, their potential
coexistence with pathogenic strains on the same hosts could create opportunities
for horizontal gene transfer, potentially leading to the emergence of new pathogens.
As such, studying non-pathogenic species provides crucial insights into both the
mechanisms of plant disease and the evolutionary dynamics of the genus (McKnight
et al., 2025).

These genome-based criteria have also helped clarify the taxonomic status of new
strains. Some species-level clade (SLC) strains had previously been proposed by
Parkinson et al., among which SLC 5 to 7 were phylogenetically positioned within
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clade-1 (Parkinson et al., 2009). Three strains were confirmed as belonging to three
new species, including Xanthomonas campestris pv. phormiicola CFBP 8444 from
New Zealand flax, Xanthomonas sp. CFBP 8443T from common bean, and
Xanthomonas sp. CFBP 8445 from banana. Comparative genomic analyses further
demonstrated that strain CFBP 8445 is closely related to strains of Xanthomonas
indica (Peduzzi et al., 2023).

In-depth genome mining revealed unexpected features in X. campestris pv.
phormiicola strain CFBP 8444, Firstly, this pathogen was previously described by its
ability to produce coronatine (COR) analogues, a chlorosis-inducing phytotoxin
ordinarily produced by several phytopathogenic pseudomonads and hitherto
unreported in the Xanthomonas genus (Tamura et al., 1992; Zhao et al., 2001). COR
compounds are known to structurally mimic the plant hormone jasmonoyl-L-
isoleucine and affect plant signalling pathways (Bender et al., 1999). Notably,
previous work on Pseudomonas syringae has highlighted the role of COR in the
inhibition of Pathogen-Associated Molecular Pattern (PAMP)-triggered stomatal
closure (Melotto et al., 2006). Interestingly, genes related to the biosynthesis of COR-
like compounds were identified in X. campestris pv. phormiicola, suggesting novel
virulence mechanisms within Xanthomonas (Peduzzi et al., 2023). Secondly, this
same strain was found to possess an atypical flagellar gene cluster in addition to the
canonical one. This suggests that some clade-1 strains may produce alternative or
lateral flagella, challenging the traditional view of Xanthomonas as strictly unipolar-
flagellated bacteria (Peduzzi et al., 2023).

Since then, many other new species have been discovered extending the list of clade-
1 xanthomonads to 14 validly described species in the List of Prokaryotic names with
Standing in Nomenclature (LPSN), listed in Table 1 (Parte et al.,, 2020). A new
Xanthomonas surreyensis species was proposed which, however, belongs to the
same species as Xanthomonas bonasiae (Gilroy et al., 2021). Sequencing of a strain
pathogenic to canna revealed its phylogenetic position within the X. sacchari species,
highlighting the need to revise the current species description, which currently
restricts this taxon to sugarcane (Harrison et al., 2023). New non-pathogenic strains
were described belonging to new species, such as Xanthomonas hawaiiensis sp. nov.
(Chuang et al., 2024) isolated from Spathiphyllum and Colocasia, Xanthomonas
rydalmerensis sp. nov. (McKnight et al., 2024), Xanthomonas bundabergensis sp. Nov
(McKnight et al., 2025), and Xanthomonas tesorieronis sp. nov. (McKnight et al.,
2025) were isolated from Fragaria x ananassa, Xanthomonas medicagonis sp. nov.
(McKnight et al., 2025) was isolated from Medicago sativa, with unknown
pathogenesis. A novel species, Xanthomonas protegens sp. nov (Rana et al., 2024),
was described from healthy rice seeds and appears closely related to the other rice-
associated species Xanthomonas sontii and Xanthomonas indica.

In addition, new species-level clade (SLC) strains have been identified, yet to be
formally characterised. From our study, the sequencing of the three novel species
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also suggested the existence of at least four additional novel ones isolated from
sugarcane, orange or common bean (569; DD13; LMG9002, F4, 3498; LMG8992,
NCPPB1128) (Peduzzi et al., 2023). Pena et al. sequenced 83 Xanthomonas genomes,
identifying eight novel species, including four in clade-1 (I: F5; Il: F1; IV: F10; VIII:
3307, 3498, F4), all isolated from citrus and rainwater (Pena et al., 2024).

The type Il secretion system (T3SS) is a key virulence determinant in most
Xanthomonas species, enabling the delivery of effectors to modulate plant
physiology and immunity to the advantage of the bacterium. Within clade-1,
however, Hrp-T3SSs are largely restricted to subclade-1A, where a few members
encode a Hrp-T3SS, namely X. hyacinthi, Xanthomonas theicola, X. translucens, X.
graminis and X. cerealis (Koebnik et al., 2021). Interestingly, atypical T3SS gene
clusters have also been identified in subclade-1A. Firstly, X. theicola encodes both a
Hrp-T3SS and a second atypical T3SS closely related to those found in the
Oxalobacteraceae family (Koebnik et al., 2021). Secondly, X. albilineans lacks the
Hrp-T3SS but instead carries a Salmonella pathogenicity island-1 (SPI-1) T3SS gene
cluster, usually associated with animal pathogens and bacterial insect pathogens or
symbionts (Merda et al., 2017; Pieretti et al., 2015). Although its role in pathogenicity
remains unclear, this system has been well-conserved, suggesting potential
relevance in alternative ecological interactions, such as epiphytic survival or insect
association (Pieretti et al., 2015). Pathogenicity in X. albilineans, however, was
shown to be primarily mediated by albicidin, a potent DNA gyrase inhibitor that
induces white foliar stripes symptoms and additionally has antagonistic properties
(Hashimi et al., 2007). Among xanthomonads, X. albilineans stands out by its
markedly reduced genome size (~3 Mb), in contrast to the ~5 Mb genomes typical of
other xanthomonads, a feature likely linked to its xylem-invading lifestyle, and
reminiscent of Xylella fastidiosa (Pieretti et al., 2015). Beyond subclade-1A, most
clade-1 xanthomonads lack a T3SS, which is unsurprising for non-pathogenic strains
given the important role of this system in pathogenicity (Pena et al., 2024).
Exceptions do exist within Xanthomonas clade-2, such as some commensal
Xanthomonas arboricola isolates that lack T3SS but carry reduced T3SS repertoires
(Merda et al., 2017). This highlights non-pathogenic strains as valuable models for
exploring T3SS evolution (Pena et al., 2024). Furthermore, some pathogenic clade-1
members also lack an Hrp-T3SS, suggesting that alternative virulence mechanisms
may operate, similarly to X. albilineans with albicidin.
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Table 1. List of clade-1 Xanthomonas species, isolation hosts and pathogenicity.
Not validly published names of the List of Prokaryotic names with Standing in
Nomenclature (LPSN) list are placed in quotation marks. NS stands for Not Specified

and SPI-1 for Salmonella pathogenicity island 1.

o £
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g = 3 ki 2 = < 5
@ 2 s s 5 s =
e o
“SLC5” CFBP8443" 1A Common bean Dicot NS NoT3SS  Peduzzietal., 2023
X. albilineans CFBP2523" 1B  Sugarcane Monocot Pathogenic SPI-1T3SS Pieretti etal., 2015
X. bonasiae CFBP8703" 1A Ornamental plants  Dicot Non-pathogenic NS Mafakheri et al., 2022a
(weeping fig)
X. bundabergensis DAR80977" 1A Fragaria xananassa Dicot Non-pathogenic NoT3SS  McKnightetal., 2025
X. campestris pv. phormiicola, 1A New Zealand flax Monocot Pathogenic NoT3SS  Peduzzietal., 2023
syn. « SLC6 » CFBP8444"
X. cerealis CFBP2541" 1A Small-grain cereals, Monocot Pathogenic Hrp-T3SS Tambongetal., 2024
forage grasses, and Dicot
pistachio trees
X. graminis CFBP2053" 1A Forage grasses Monocot Pathogenic Hrp-T3SS Tambongetal., 2024
“X. hawaiiensis” A6251" 1B  Spathiphyllum and  Monocot NS No T3SS Chuangetal., 2024
Colocasia
X. hyacinthi CFBP1156" 1A Hyacinthus, Scilla, Monocot Pathogenic Hrp-T3SS Cohenetal., 2020
and other related
ornamental plant
“X. indica”, syn. “SLC7”, 1B Rice, banana Monocot Non-pathogenic NoT3SS  Peduzi etal., 2023;
syn. “X. surreyensis” PPL560" Rana etal., 2024
X. medicagonis DAR35659" 1B Medicago sativa Dicot NS NoT3SS  McKnightetal., 2025
“X. protegens” PPL118" 1B Rice Monocot Non-pathogenic NoT3SS  Ranaetal. 2024
“X. pseudalbilineans” GPE39" 1B Sugarcane Monocot Pathogenic No T3SS Champoiseau etal.,
2006
X. rydalmerensis DAR34855" 1B Fragaria x ananassa Dicot Non-pathogenic NoT3SS ~ McKnightetal., 2024
X. sacchari CFBP4641" 1B  Sugarcane, canna Monocot Pathogenic No T3SS Vauterin et al., 1995
“X. sontii” PPL1 1B Rice Monocot Non-pathogenic NoT3SS  Bansal etal. 2021
X. tesorieronis DAR34887" 1A Fragaria x ananassa Dicot Non-pathogenic NoT3SS ~ McKnightetal., 2025
X. theicola CFBP4691" 1A Teaplants Dicot Pathogenic Hrp-T3SS  Koebniketal., 2021
and non-
Hrp-T3SS
X. translucens DSM18974" 1A Small-grain cereals, Monocot Pathogenic Hrp-T3SS  Jaenickeetal., 2016
pistachio trees, and Dicot
asparagus, wild-rice
X. youngii AmX2" 1A Ornamental plants  Dicot Non-pathogenic NS Mafakheri etal.,

(amaranth)

2022a, Mafakheri et
al., 2022b
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1.1.3 The “Xanthomonas translucens” complex

The X. translucens complex exhibits remarkable genomic and ecological diversity
among strains, making it an ideal model organism for investigating antibacterial
systems in Xanthomonas; accordingly, this species complex was selected as the focus
of the present thesis.

Xanthomonas translucens sensu stricto is a seed-borne bacterium and the causal
agent of bacterial leaf streak disease (BLS) on small grain cereals (Bragard et al.,
1997). Widely spread in wheat- and barley-growing areas worldwide, the disease has
recently emerged as a growing problem in Northern USA and Asia (Adhikari et al.,
2011; Khojasteh et al., 2019). Furthermore, the seed-borne nature of X. translucens
sensu stricto makes it a pathogen of global concern and limits international
germplasm exchange.

1.1.3.1 Refining the pathovar classification through phylogenomics

Although the first evidence of the disease dates back to 1897, it was in 1917 that
Jones et al. formally identified and isolated the causal agent of bacterial leaf streak
on barley (Hordeum vulgare) in the USA (Bamberg, 1936; Jones et al., 1917). He and
his coworkers named it “Bacterium translucens” pertaining to the translucent lesions
it causes on leaves. In the following decades, subsequent detections of leaf streak
diseases were reported on wheat (Triticum aestivum) (E. F. Smith et al., 1919), rye
(Secale cereale) (C. S. Reddy et al., 1924), various grasses (Wallin J.R., 1994), and on
triticale (Triticum x Secale) (Zillinsky & Borlaug, 1971).

In 1939, Dowson et al. created the genus Xanthomonas (Dowson, 1939). Despite the
broad host range diversity found among xanthomonads, the pathogens exhibit
striking phenotypic uniformity, a contrast that long hampered the establishment of
a stable taxonomy (Vauterin et al., 2000). Historically, classification of xanthomonads
phytopathogens relied on assigning new species to strains isolated from new host
plants, known as the “new host-new species” concept (Vauterin et al., 2000). This
included the species X. translucens responsible for BLS diseases in cereals. Motivated
by the phenotypic uniformity of the genus, Dye and Lelliott reclassified Xanthomonas
species into a single one, X. campestris, with the former species re-designated later
as pathovars (Dye & Lelliott, 1974; Young et al., 1978). A pathovar is an infraspecific
classification unit used to distinguish, within a bacterial species, strains on the basis
of their distinct pathogenicity toward one or more plant hosts. As a result, X.
campestris came to include over 140 pathovars, including those associated with
small grain cereals such as pv. cerealis, pv. hordei, pv. secalis, pv. translucens, and
pv. undulosa (Vauterin et al., 1995). However, this classification system based
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primarily on host specificity did not reflect the true genomic relationships among
strains, as revealed by DNA hybridisation or fatty acid methyl ester (FAME) analyses.
To resolve these taxonomic inconsistencies, Vauterin et al. proposed the re-
establishment of X. translucens as a distinct species comprising strains responsible
for leaf streak on small grains and some grasses (the “translucens” group; Fig.1A-G)
as well as strains causing bacterial wilt on various forage grasses (the “graminis”
group; Fig.1H-I) (Vauterin et al., 1992, 1995a). Following this taxonomic revision,
Bragard et al. confirmed the phytopathological relevance of the X. translucens pv.
cerealis, pv. translucens, and pv. undulosa as true biological entities, while
supporting the taxonomic unification of pv. translucens and pv. hordei (Bragard et
al., 1997).

Besides infecting cereals, new strains of X. translucens have been identified as
pathogens on other hosts. A first one caused dark water-soaked lesions on stems of
ornamental asparagus (Asparagus virgatus) in Florida, another has been responsible
for pistachio (Pistacia vera) dieback in Australia, while a last one caused BLS on
cultivated wild rice (Zizania palustris) in Minnesota (Curland et al., 2021; Marefat,
Ophel-Keller, et al., 2006; Marefat, Scott, et al., 2006; Norman et al., 1997). Isolates
from asparagus and wild rice were identified as X. translucens pv. undulosa and were
able to infect wheat. Conversely, X. translucens pv. undulosa reference strains were
shown to cause disease on asparagus and cultivated wild rice, extending the host
range for this pathovar (Curland et al., 2021; Rademaker et al., 2006). However,
bacteria isolated from pistachios were genetically distinct from other X. translucens
pathovars and assigned to a new pathovar, X. translucens pv. pistaciae (Marefat,
Scott, et al., 2006). Two genetic groups of pistachio-associated X. translucens have
been identified: group A, closely related to pvs. translucens, secalis, and undulosa,
appears widespread, whereas group B, related to pv. cerealis, has been reported
from a single growing area (Giblot-Ducray et al., 2009; Marefat, Ophel-Keller, et al.,
2006; Marefat, Scott, et al., 2006). These separate lineages suggest that the ability
to infect pistachio evolved independently twice, either with the 1930s introduction
of pistachio in Australia or via co-evolution within Iranian orchards, the presumed
country of X. translucens origin (Giblot-Ducray et al., 2009; Goettelmann et al.,
2022). Since X. translucens pv. translucens Australian strains fail to infect pistachio
or other Anacardiaceae, this host specificity appears unique to the pistachio isolates
(Marefat, Scott, et al., 2006). Although both pv. pistaciae groups can experimentally
infect several Poaceae hosts, yet they have never been reported from grasses in
pistachio orchards (Giblot-Ducray et al., 2009; Marefat, Scott, et al., 2006).
Interestingly, metagenomic profiling of invasive club moss, showing necrotic
symptoms, detected X. translucens at a high sequence reads abundance (Dang et al.,
2019). However, further studies are still required to conclude any potential
involvement in a disease and confirm taxonomic status. Currently, full genomic
sequences of both X. translucens pv. pistaciae ICMP16317 (Group B) and CFBP8304
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(Group A), as well as the X. translucens pv. undulosa CIX303 from cultivated wild rice
are now publicly available (Curland et al., 2021; Goettelmann et al., 2022).

Thanks to the latest breakthroughs in sequencing technology, a recent study was
able to generate high-quality genomes of all previously missing sequenced X.
translucens pathotypes. This comprehensive genomic dataset enabled a refinement
of the pathovar system into a genome-based classification. Average Nucleotide
Identity (ANI)-based phylogenetic analyses revealed that the species can be divided
into three genetically distinct clades (96% cutoff value), named Xt-I, Xt-1I, and Xt-III.
To this respect, clade Xt-I, comprises former pathovars hordei, translucens, undulosa,
secalis and pv. pistaciae group A; clade Xt-1l, contains pathovar cerealis and pv.
pistaciae group B; and clade Xt-lll, contains pathovars arrhenatheri, graminis, phlei,
phleipratensis, and poae (Goettelmann et al., 2022).

In 2024, a study proposed delineating the X. translucens species into three separate
species containing respectively the following pathovars: X. translucens (Xt)
(including pvs. translucens [Xtt] = hordei, pistaciae, undulosa [Xtu] = secalis), X.
cerealis sp. nov. (including pvs. cerealis, pistaciae) and X. graminis sp. nov.
(including pvs. graminis [Xg), arrhenatheri, poae, phleipratensis and phlei) (Tambong
et al., 2024) (Table 2). This new classification has then been accepted by the LPSN
(Parte et al., 2020). Genomic analysis showed that pv. hordei and pv. secalis are over
99% ANI identical to pv. translucens and pv. undulosa respectively, supporting the
retention of translucens and undulosa and the discontinuation of hordei and secalis
from future use (Tambong et al., 2024).

In the present work, we will therefore refer as the “Xanthomonas translucens
complex” to designate collectively the three species X. translucens sensu stricto, X.
cerealis and X. graminis. Given that the taxonomy has changed very recently, the
published article from the second chapter will follow the previous system, treating
X. translucens as a single species.
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Bacterial Leaf Streak and Black chaff disease on cereals
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Figure 1: Bacterial leaf streak disease and black chaff on cereals (A-G) and bacterial
wilt on forage grasses (H-l) caused by the X. translucens complex. (A) Translucid
and chlorotic streaks parallel to the leaf midvein (B) Spread of milky exudates, dry
down forming thin, almost transparent flakes on leaves (C) Typical black chaff
symptoms with discoloration of the peduncle and presence of dark brown streaks
along the awns and glumes (D) Triticale leaves exhibiting water-soaking with milky
exudates (E) Translucent lesions observed on a barley leaf (F) SEM of X. translucens
cells entering a stomatal chamber (G) Confocal micrograph of RFP-expressing Xt
UPB513 (yellow) surrounding barley leaf cells (outlined by pink chloroplasts) and
inside substomatal cavity (H-1) Italian ryegrass (Lolium multiflorum Lam.) infected
with X. graminis pv. graminis showing bacterial wilt symptoms (H) with disease rating
score from left to right: score 1-7-9. Photos from (A,B,C,D) E. Duveiller, C. Bragard
and H. Maraite (Duveiller et al., 1997) (E,G) this thesis (F) C. Bragard and (H,l)
Courtesy of Dr. Roland Kolliker.
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1.1.3.2 Geographic distribution

The Fertile Crescent, including the Karacadag Mountains in southeastern Turkey, is
recognised as the cradle of wild cereals, where wheat was first domesticated around
10,000 years ago (Eckardt, 2010; Heun et al., 1997). Interestingly, Iranian strains of
X. translucens sensu stricto, geographically close to the origin of cultivated wheat,
display significantly higher genetic diversity than strains from North America,
supporting the hypothesis that the Middle East served as the source population for
the pathogen’s global dissemination (Khojasteh et al., 2019).

From its likely origin in the Fertile Crescent, X. translucens has been reported to date
in many cereal-growing regions across the continents, spanning North and South
America, Asia, Africa, parts of Europe, and Australia (Duveiller et al., 1997). However,
the BLS disease remains absent from Western Europe, likely due to a combination of
climate, resistant varieties, agricultural practices, and quarantine measures
(Duveiller et al., 1997; EPPO, 2025a). X. translucens pv. translucens was added to the
EPPO A2 quarantine list in 1993 (Duveiller, 1994; EPPO, 2025, 2025; Paul & Smith,
n.d.). Despite historical reports from Belgium, France, and Spain, the pathogen is
currently considered absent in these countries and has only been intercepted in
Spain (Duveiller, 1994; EPPO, 2025a). The pathogen is also considered a quarantine
organism in Egypt, Morocco, Tunisia, Chile, Jordan, Serbia, Tiirkiye, and Inter-African
Phytosanitary Council (IAPSC) (EPPO, 2025a).

Although often reported sporadically, most records come from warmer cereal-
growing areas (Duveiller et al., 1997). In the United States, it was first detected in
the Midwest in the early 20" century. BLS has since spread widely, with common
outbreaks in the Southeast USA (Kephart et al., 1993; Milus & Mirlohi, 1994; Tubajika
et al., 1999) and, more recently, increasing incidence in the Upper Midwest USA
(Adhikari et al., 2012; Curland et al., 2018) and western Canada (Arnason, 2021).

In contrast, X. graminis has been mainly detected in Western Europe (Switzerland,
Germany, Belgium, France, Netherlands, Norway, UK), but also in the USA and New
Zealand (Kolliker et al., 2006; Paul & Smith, 1989).

Finally, X. cerealis is quite widespread as it has been detected in Argentina, Brazil,
Canada, and Japan (Paul & Smith, 1989). Its precise distribution remains less clear
due to its symptoms and host range overlapping with the two other species.
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1.1.3.3 Lifecycle and dissemination
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Fig. 3 Disease cycle of Xanthomonas transiucens pv. undulosa and possible ways
disease

Figure 2: X. translucens sensu stricto lifecycle and possible dissemination routes
from (Duveiller et al., 1997). X. translucens starts its lifecycle at the seed stage,
spreading primarily via contaminated seeds but also locally through rain splash, crop
debris, overwintering hosts, and ice-nucleation-mediated long-distance dispersal.
The bacterium multiplies epiphytically on leaf surfaces before entering leaves
through stomata, hydathodes, or wounds, with vascular and non-vascular strains
colonizing distinct tissues. Symptoms begin as water-soaked spots that form streaks
and necrotic lesions, potentially affecting flag leaves and panicles, with exudates
producing droplets or flakes. Disease outbreaks are favored by warm and humid
conditions.

X. translucens lifecycle, depicted in Fig.2, starts and ends at the seed level. The
bacterium primarily survives and is transmitted vertically through contaminated
seeds but can also be transmitted horizontally within fields via rain splash, crop
debris, or overwintering. First the pathogen initiates an epiphytic phase where the
bacterium multiplies at the surface of the leaves. During this phase, bacteria are
likely to face competition with other cohabiting microorganisms, as well as
environmental stressors such as nutrient scarcity, drought, UV radiation, and
temperature fluctuations, conditions against which biofilm formation can provide a
protective advantage (Alvarez-Martinez et al., 2020). Subject to favourable
conditions, it will begin an endophytic phase by penetrating through the stomata
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(Fig.1F), hydathodes or wounds on the leaves. The species X. translucens includes
closely related barley pathogens displaying contrasting tissue specificities, pvs.
undulosa (non-vascular) and translucens (vascular) (Gluck-Thaler et al., 2020). While
the non-vascular X. translucens pv. undulosa remain restricted to the mesophyll
parenchyma tissues (Fig.1G) and trigger localised symptoms, the vascular X.
translucens pv. translucens colonise the mesophyll as well as xylem vessel tissues,
inducing systemic symptoms. Recent work identified the cell wall-degrading
hydrolase CbsA as a key determinant of xanthomonads’ vascular lifestyle (Gluck-
Thaler et al., 2020). The first symptoms appear as water-soaked spots (Fig.1E), which
later coalesce into streaks parallel to the veins of the leaves, then evolving into
necrotic streak lesions (Fig.1A), typical of the BLS disease. Under high humidity,
vellow bacterial oozes may appear as droplets on the streaks. Those exudates may
spread and dry down forming thin, almost transparent flakes on leaves (Duveiller &
Bragard, 2017) (Fig.1B,D). The disease might then progress towards the flag leaf and
the panicle. At this stage, dark-purple longitudinal streaks on the glumes may
develop, referred to as the black chaff disease (Fig.1C).

X. translucens is primarily disseminated through seeds, which serve as the main
source of inoculum for both local and long-distance spread by seed transport
(Duveiller et al., 1997; Jones et al., 1917). The bacterium was shown to survive on
seeds for extended period, up to 63-81 months, with the survival rate influenced by
storage conditions, duration, and host susceptibility (Duveiller, 1992; Duveiller et al.,
1997; Forster & Schaad, 1990). For instance, the disease has been observed on
emerged plants when seed-borne populations were reaching sufficient levels within
a range of 3.800-9.300 colony forming unit (CFU) per seed (Milus & Mirlohi, 1995).
In a different phase of the lifecycle, at the field level, X. translucens spreads locally
through rain, dew, and direct contact between plant aerial tissues, with a single
infected plant potentially contaminating up to 30 m? during the season (Boosalis,
1951; Sands et al., 1986). Outbreaks are favoured by warm, humid conditions and
are more frequent in sprinkler-irrigated fields or during periods of heavy rainfall
(Duveiller et al., 1997; Forster et al., 1986). Additionally, X. translucens and X. cerealis
were shown to overwinter on several perennial (quack grass (Elymus repens), brome
grass (Bromus spp.) and timothy grass (Phleum pratense)) and winter annual hosts
(winter wheat and winter rye) and then infect newly formed tillers (Boosalis, 1951;
Wallin J.R., 1994). This overwintering ability provides the pathogen with
opportunities to spread to other annual spring cereals (Sapkota et al., 2020). While
the bacteria survive for a short period in soil, their persistence is prolonged when
associated with crop debris (Boosalis, 1951; Cunfer, 1988; Duveiller, 1994). An
unusual phenotype of X. translucens is its ice-nucleating activity (INA), which can
contribute both to frost injury in plants and to long-distance atmospheric
dissemination. INA enables the bacterium to catalyse ice formation within cloud
droplets, facilitating dispersal via rain or snow over extended distances (H. K. Kim et
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al., 1987; Morris et al., 2004). This mechanism has been confirmed by the isolation
of ice-nucleation-active strains from rain in Virginia, highlighting the complexity of
BLS epidemiology and the multiple pathways through which the pathogen can
spread (Butchacas, 2024, Failor et al., 2017).

Symptoms are rarely visible at the seedling stage, even from contaminated seeds,
and the disease typically appears only late in the season (Bamberg, 1936; Duveiller,
1992). As a result, growers often do not notice infections before heading (Forster et
al., 1986). Experimental studies have further demonstrated that yield loss correlates
strongly with the infected flag leaf area. For instance, in the USA, 50% infection of
the flag leaf was shown to reduce kernel weight by 8-13%, while full infection could
lead to losses of 13—-34% (Shane W. W. et al., 1987). In Mexico, a nearly linear
relationship was observed between infected flag leaf area and yield loss, with up to
20% reduction when 50% of the flag leaf was diseased (Duveiller & Maraite, 1993).
These losses are probably linked to reduced photosynthesis, affecting both grain
filling and, in some cases, grain number (Duveiller & Maraite, 1993).

X. graminis, causing bacterial wilt on forage grasses, represents a major constraint
in temperate grasslands, such as for meadow fescue (Festuca pratensis) and Italian
ryegrass (Lolium multiflorum) (Kolliker et al., 2006). Unlike cereal-infecting seed-
borne X. translucens, X. graminis strains are not transmitted by seed or soil but
spread mainly via contaminated mowing tools and are all vascular (Goettelmann et
al., 2023). The pathogen enters through stomata or wounds created during mowing
and colonises the xylem. Once inside the vascular tissues, the pathogen disrupts the
flow of water and nutrients, causing the typical symptoms of leaf and tillers wilting
and curling, even leading to plant death (Goettelmann et al., 2023; Kolliker et al.,
2006) (Fig.1H-I).

1.1.3.4 Yield loss and management strategies

Accurate estimates of BLS yield losses are limited, since the absence of effective
treatments prevents healthy control plots (Duveiller et al., 1997). The impact of BLS
on wheat production is highly variable across regions and dependent on cultivar
susceptibility and environmental conditions (Sapkota et al., 2020). Nevertheless,
reported losses generally average around 10%, but can reach up to 40% in severely
affected fields, such as those documented in Idaho (Forster et al., 1986).

Although cultural practices have been proposed to reduce BLS incidence, their
efficacy remains poorly documented (Adhikari et al., 2011; Duveiller et al., 1997).
Since X. translucens exhibit limited survival in plant residues, crop rotation is not
considered a reliable control measure (Duveiller et al., 1997; Milus & Mirlohi, 1995).
Therefore, the use of pathogen-free seeds is critical, as seeds represent the primary
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source of inoculum. Various detection methods, including dilution plating on
selective media, seedling infection assays, serological tests, PCR, and loop-mediated
isothermal amplification, have been developed to certify clean seeds (Bragard &
Verhoyen, 1993; Forster & Schaad, 1985; Langlois et al., 2017; Maes et al., 1996).
Chemical or physical seed treatments can reduce bacterial infection, although their
effectiveness is inconsistent (Atanasoff & Johnson, 1920; Duveiller et al., 1997;
Forster & Schaad, 1990). Very few field studies have tested chemical control, but
copper-based compounds such as copper oxychloride and Cobre (ldai Nature
Company, Spain) have shown preventive efficacy, reducing disease severity by up to
~75% at 3000 ppm, although excessive use poses environmental and health risks
(Shohanipor et al., 2025). Breeding resistant cereal varieties remains the most
durable strategy to mitigate BLS (Sapkota et al., 2020). Additionally, biological
control offers a sustainable alternative, with microorganisms or their secondary
metabolites able to suppress Xanthomonas pathogens. Commercial products such
as Serenade® OPTI (Bacillus subtilis QST 713) and AgriPhage™ (bacteriophage) have
been successfully applied against Xanthomonas diseases in solanaceous crops and
nut trees (Marin et al., 2019). Finally, control strategies against bacterial wilt by X.
graminis mainly consist of cutting tools disinfection, or most effectively the use of
resistant or tolerant cultivars (Kolliker et al., 2006). While the interactions of the X.
translucens complex with other microorganisms in the cereal phytobiome remain
poorly understood, a deeper understanding of the mechanisms that enable their
survival is essential for developing innovative disease management strategies.

33



1.2 Bacteria thrive through an ongoing interbacterial arms
race

Recent advances in crop protection increasingly emphasise biocontrol strategies,
which rely on the use of living organisms or natural substances, such as
macroorganisms, microorganisms, secreted molecules or plant extracts, to regulate
phytopathogen populations. Therefore, a deeper understanding of microbial
interactions in the phyllosphere is essential. Bacteria live a constant arms race with
neighbouring microorganisms occupying the same ecological niche. Bacteria rely on
a set of strategies to interact and survive within dynamic and complex polymicrobial
communities, such as those found in plants, animal guts or soil (Garcia-Bayona &
Comstock, 2018). Inter-bacterial interactions can either be mediated by freely
diffusible factors released into the surrounding environment or factors directly
delivered into neighbouring target cells by contact (Garcia-Bayona & Comstock,
2018). The struggle for survival has driven bacteria to evolve several contact-
dependent mechanisms for bacterial killing.

This includes contact-dependent growth inhibition (CDI) systems, in which a two-
partner CdiA/B complex assembles at the cell surface, delivering CdiA toxin upon
cell-cell contact, targeting only closely related bacteria (Ruhe et al., 2013). Found in
many Gram-positive bacteria, the type VIl secretion system (T7SS) was shown to play
a key role in intraspecies competition among Staphylococcus spp. (Bowman &
Palmer, 2021; Ulhug et al., 2020). The contact-dependent inhibition by glycine zipper
proteins (Cdz) is an atypical bacteriocin system, described in Caulobacter crescentus,
in which the toxin is retained on the surface of producer cells and mediates bacterial
killing upon contact (Garcia-Bayona et al.,, 2017). Another contact-dependent
mechanism for delivering toxins has been observed in Myxococcus xanthus, referred
to as outer membrane exchange (OME) (Sah & Wall, 2020). Widespread amongst
Gram-negative bacteria, the type VI secretion system (T6SS) delivers toxic
proteinaceous effectors directly into prokaryotic or eukaryotic nearby cells (Hood et
al., 2010). Lastly, the Xanthomonadales-like T4SS (X-T4SS) was also shown to be
involved in bacterial killing against other Gram-negative bacterial species (Sgro et al.,
2019; Souza et al., 2015).

1.3 Antibacterial secretion systems in Xanthomonas

Xanthomonads rely on multiple secretion systems to adapt to their environment,
outcompete nearby microorganisms, and invade plant hosts (Alvarez-Martinez et al.,
2020). Secretion systems are multiproteic complexes transporting molecules called
effectors from the cytoplasm across bacterial membranes to neighbouring cells or
extracellular milieu (Boyer et al., 2009). To date, 11 secretion systems have been
described in bacteria, of which only the first six were identified in Xanthomonas
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(Jamali et al., 2025). While bacteria of the genus Xanthomonas are considered major
phytopathogens, type | to VI secretion systems (T1SS-T6SS) have been identified
among the different Xanthomonas species (Alvarez-Martinez et al., 2020). Among
these, the T3SS is the most studied for its role in bacterial pathogenesis. T1SS, T2SS
and T5SS seem mainly responsible for adhesion and degradation of host cell wall,
while T4SS is involved in conjugation and bacterial killing. In addition, to compete
with nearby microorganisms, many bacteria deploy T6SS to inject toxic effectors into
prokaryotic or eukaryotic target cells.

Among those, both T6SS and X-T4SS have been found within the order
Xanthomonadales to be involved in outcompeting other bacterial species in a
contact-dependent manner through the secretion of toxic effector proteins (Alvarez-
Martinez et al., 2020; Bayer-Santos, DeMoraes Ceseti, et al., 2019; Sgro et al., 2019).
However, the ecological and evolutionary basis leading xanthomonads to evolve two
secretion systems with such similar functions remain unclear. This suggests evolutive
advantages conferred by T6SS and X-T4SS systems to the bacterium, leading to the
gain or loss of one or the other system.

1.3.1 Type VI secretion system (T6SS)

In 2006, two pioneering studies from the Mekalanos group defined the Type VI
Secretion System (T6SS) as a novel bacterial secretion system, distinct from all known
classes. The first paper by Pukatzki et al. (Pukatzki et al., 2006) demonstrated that
the “intracellular multiplication factor (lcmF)-associated homologous protein”
cluster in Vibrio cholerae was essential for contact-dependent cytotoxicity against
amoebae and macrophages and mediated the extracellular secretion of Hemolysin-
coregulated protein (Hcp) and Valine-glycine repeat protein G (VgrG) proteins. The
second paper by Mougous et al. (Mougous et al., 2006) reported that a homologous
locus in Pseudomonas aeruginosa encoded a protein secretion apparatus that
actively secreted Hcpl during chronic infections in cystic fibrosis patients. Both
studies described the T6SS in the context of pathogenesis (Jani & Cotter, 2010).

1.3.1.1 T6SS structure, core and accessory genes

The T6SS is a contractile nanomachine acting as a syringe to inject effector proteins
directly into prokaryotic or eukaryotic cells (Alvarez-Martinez et al., 2020; Bayer-
Santos, DeMoraes Ceseti, et al., 2019). This multiproteic complex, evolutionarily
related to contractile bacteriophage tails, is composed of 13 core structural
components (TssA-M, for type six secretion) commonly encoded in gene clusters
(Fig.3A). The T6SS is a dynamic apparatus anchored in the bacterial cell envelope and
is composed of three main complexes: the cytoplasmic tail, the membrane complex
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and the baseplate. The membrane spanning complex is composed of TssJ, TssL and
TssM, on which a baseplate, comprising TssE, TssF, TssG and TssK, is docked. The
cytoplasmic tail is composed of an inner tube of hexameric Hcp rings stacked on top
of one another (Bernal et al., 2018). The tubular edifice is enclosed into a contractile
sheath (TssB/C) with helical configuration. TssA interacts with the baseplate to
initiate tail polymerisation and stabilises the distal end of the tail.

The tail is finally capped with a trimeric VrgG spike and proline-alanine-alanine-
arginine repeats (PAAR)-sharpening tip (Bernal et al., 2018). The recruitment of
effectors occurs concomitantly with T6SS assembly, situated either inside the Hcp
inner tube or at the tip with VgrG or PAAR (Alvarez-Martinez et al., 2020). Following
each sheath contraction, the inner tube Hcp and the spike VgrG-PAAR, are propelled
outside of the cell, puncture the membrane of target cells and deliver a cocktail of
effectors. After each firing event, the ATPase caseinolytic peptidase V (ClpV) is
thought to recycle the contractile sheath TssB-C for the next round, although direct
evidence for this is still lacking, while Hcp monomers are lost to the extracellular
milieu (Alvarez-Martinez et al., 2020; Cherrak et al., 2018; Costa et al., 2015; Zoued
et al., 2014) (Fig.3B).

Beyond core proteins, additional non-conserved accessory proteins (Tag, for Type six
secretion associated genes) have been discovered with various functions, such as
post-translational regulation (TagE-H) (Mougous et al., 2007), sheath stabilisation
(TagA-B and Tagl) (Bernal et al., 2021) , or sensing a T6SS-mediated attack (TagQ-T)
(Basler et al., 2013; Reglinski et al., 2023). The standardised Tss nomenclature has
now been broadly adopted, although traditional names such as Hcp (syn. TssD), VgrG
(syn. Tssl), and ClpV (syn. TssH) remain commonly employed.
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Figure 3: Schematic representation of T6SS structure and bacterial killing activity.
(A) Model of T6SS architecture (TssA-M and PAAR) at the interface of two bacterial
cells (B) T6SS bacterial killing mechanism (1) Assembly and tail elongation of T6SS in
its extended state (2) Sheath contraction and translocation of toxin effector proteins
into the targeted cell (3) Enzymatic activity of toxin effectors mainly targeting
membranes, cell walls and nucleic acids leading to target cell growth inhibition or
death (4) Recycling of membrane base complex for further firing events. OM, PG and
IM stand for outer membrane, cell wall made of peptidoglycan, and inner membrane
respectively (Inspired from Gallique et al., 2017).

1.3.1.2 T6SS evolutionary origin

Studies on the origins of the T6SS reveal that many of its core components, including
the puncturing structure (VgrG, PAAR, Hcp) (Leiman et al., 2009), the contractile
sheath (TssBC) (Lossi et al., 2013), and the baseplate (Cherrak et al., 2018), share
striking structural similarities with bacteriophage tail structure. However, unlike
phages, the T6SS has evolved distinctive features such as its membrane complex
sharing homology with the type IVb secretion system (T4bSS) (Allsopp & Bernal,
2023), the ClpV ATPase (Forster et al., 2014), and length regulation dictated by cell
width rather than a “tape measure” protein (Santin et al., 2019). Altogether, these
findings suggest that T6SS shares common evolutionary origins with phage or even
derived from one and has been domesticated to adapt to bacterial needs (Gallegos-
Monterrosa & Coulthurst, 2021).

1.3.1.3 T6SS functions in phytobacteria

Although T6SS functions were initially thought to align with phylogenetic groupings
of T6SS genes, many evidence now shows that the role of a specific T6SS is primarily
determined by the activity of the effectors it secretes (Bernal et al., 2018). For
example, B. thailandensis E264 T6SS-5 (clade T6SS-i1) involved in host manipulation
(Schwarz et al., 2010), phylogenetically cluster with Pseudomonas syringae DC3000
T6SS-2 (clade T6SS-i1), which mediates intermicrobial competition (Haapalainen et
al., 2012) (see Fig.5). Some T6SS even deliver trans-kingdom effectors, targeting both
eukaryotic and prokaryotic cells (Jiang et al., 2014, 2016; Russell et al., 2013; Tan,
Yang, et al., 2025). This section broadly describes the impact of T6SS in the plant
ecosystem.
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Rhizobium-legume symbiosis

T6SS can either play an inhibitory or promoting role in Rhizobium-legume symbiosis
(Salinero-Lanzarote et al., 2019). Bladergroen et al. published the first study in 2003
on a secretion system (later identified as T6SS) in Rhizobium leguminosarum, where
the so-called “imp locus” impaired nodulation and nitrogen fixation in nonhost pea
(Bladergroen et al., 2003). Later studies revealed contrasting results with Rhizobium
etli T6SS mutants forming smaller nodules compared to the wild type.

Intermicrobial competition

A huge body of literature reports the T6SS role in interbacterial competition, at both
inter and intraspecific levels (Ripcke et al., 2023), by inhibiting their growth or
causing cell death (Haapalainen et al., 2012). The system also targets eukaryotic
microbes by killing fungi (Haapalainen et al.,, 2012) or protects bacteria from
eukaryotic predation such as amoeba (Bayer-Santos et al., 2018; Haapalainen et al.,
2012). Intermicrobial competition can also serve ultimate broader ecological role.
For instance, T6SS in commensals bacteria, such as Pseudomonas sp., can mediate
“colonisation resistance” by directly killing or secreting metal chelators, to prevent
invasion of phytopathogens, with promising applications in biocontrol (Bernal et al.,
2017; Chen et al.,, 2016). A further example is Pseudomonas protegens, which
deploys bacterial killing T6SS to invade gut microbiome and kill herbivorous pest
insect (Vacheron et al., 2019).

Nutrient uptake

Some T6SS effectors can also be secreted in a contact-independent manner in the
proximal environment to take up nutrients, such as metal-scavenging proteins,
limiting resources for other competing microbes, such as Pseudomonas species, as
well as in Yersinia pseudotuberculosis and Burkholderia thailandensis (Si et al., 2017;
T. Wang et al., 2015; X. Yang et al., 2021).

Virulence

Many phytobacterial T6SSs have an impact on plant virulence, such as Ralstonia
solanacearum (L. Zhang et al., 2014), or Pectobacterium atrosepticum (Mattinen et
al., 2007). Some findings point to a direct involvement of T6SS in plant-pathogen
interaction, although the precise effectors and mechanisms remain unknown
(Gallegos-Monterrosa & Coulthurst, 2021). In P. atrosepticum, T6SS mutations
attenuated virulence in potato, while filter sterilised potato extracts directly induced
T6SS expression (Mattinen et al., 2007). Likewise, in Pectobacterium wasabiae, loss
of both T6SSs clusters reduced maceration symptoms on potato slices, which were
surface sterilised, ruling out intermicrobial competition and instead supporting a
direct action of the T6SS on plant cells (Nykyri et al., 2012). Interestingly, in the rice
pathogen Burkholderia glumae, two T6SS accessory genes, one of which encodes a
DUF2169 domain, were shown to be involved in bacterial virulence (N. Kim et al.,
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2021). While both proteins play a virulence role at any rice developmental stage
(seed, seedling, vegetative stage), the double mutant demonstrated a synergistic
effect during the reproductive stage (N. Kim et al., 2021). However, reductions in
virulence may also arise indirectly, for example through impaired colonisation,
disrupted biofilm formation, limited nutrient acquisition, or reduced
competitiveness within the phytobiomes (Alvarez-Martinez et al., 2020). In R.
solanacearum, bacterial wilt results from biofilm formation that obstructs xylem
flow. However, T6SS mutants not only showed reduced virulence, but also produced
less biofilm and were less motile, suggesting that T6SS might indirectly influence
virulence by modulating these traits, ultimately causing bacterial wilt symptoms (L.
Zhang et al., 2014).

Intraspecies social interactions

T6SS also shapes diverse intraspecies social interactions by controlling T6SS
immunity gene expression (Gallegos-Monterrosa & Coulthurst, 2021). For example,
in Burkhholderia thailandensis, quorum sensing (QS) controls the expression of
effector-immunity modules, but not the core T6SS components (Majerczyk et al.,
2016). Within B. thailandensis populations, QS-deficient mutants can act as “cheater
cells,” gaining a fitness advantage by avoiding the metabolic costs of cooperation,
thereby risking outgrowing QS cooperative cells. However, such cheater cells express
low levels of immunity proteins making them vulnerable to T6SS attacks from sibling
cells in a “policing” mechanism (Majerczyk et al., 2016). Similarly, in M. xanthus, a
soil-dwelling bacterial predator, T6SS eliminate starving sibling cells, which produce
lower levels of immunity proteins, and ultimately maintains a healthy and well-fed
population (Troselj et al., 2018; Unni et al., 2022).

1.3.1.4 T6SS classification and genomic organisation

T6SS gene clusters have been divided into four evolutionarily divergent subtypes
(TeSSi-iv) (Bock et al., 2017; Boyer et al., 2009; Broms et al., 2010; Russell et al.,
2014). (i) Subtype T6SSi constitutes the vast majority of T6SSs, predominantly found
in Proteobacteria including Xanthomonadales, it constitutes the most studied
canonical form (Boyer et al., 2009). (ii) Subtype T6SSii corresponds to Francisella
pathogenicity island-like systems (Broms et al., 2010). (iii) Subtype T6SSiii is specific
to Bacteroidetes (Russell et al., 2014). (iv) Subtype T6SSiv was discovered in the
amoeba symbiont Amoebophilus asiaticus (Bock et al., 2017). As the subtypes T6SSii,
T6SSiii, and T6SSiv are absent from Xanthomonadales, only T6SSi will be considered
in the following sections.

Phylogenetic analyses of core gene sequences have revealed that the subtype T6SSi
can be further classified into five distinct clades (i1-i5) (Bernal et al., 2018; Boyer et
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al., 2009). Beyond their divergent phylogenetic groupings, distinct T6SS clades also
differ in terms of genetic organisation, regulatory pathways, number of Hcp, PAAR
and VgrG copies, as well as accessory protein content (Bernal et al., 2018). T6SS-i3 is
broadly distributed across bacterial genera. However, one T6SS-i3 phylogenetic
branch restricted to Xanthomonadales was further subdivided into the subclades
i3%, i3**, i3*** and i3**** for researchers focusing on this order (Bayer-Santos,
DeMoraes Ceseti, et al., 2019; Garin et al., 2024). Comparative genomic studies
revealed that T6SSs are widely distributed among the Xanthomonadales order and
identified representatives from clades and subclades T6SS-i1, i3*, i3**, i3*** j3****
and i4 (Fig.4A). However, the Xanthomonas genus only contains T6SS-i3*, i3*** 4
(Alvarez-Martinez et al., 2020; Bayer-Santos, DeMoraes Ceseti, et al., 2019). The
genetic organisation of Xanthomonadales T6SSs is described below and depicted in
Fig.4B and Table 3.

Table 3. Xanthomonadales T6SS clades and their respective distinctive features.

Distribution within the

T6SS clades Xanthomonadales Accessory Regulatory Distinctive
and subclades genes genes features
order
T6SSil Stenotrophomonas tagO, fha sigma factor o>*

ppkA-pppA-fha,
tagF, ecfK, pknS

T6SSi3* Xanthomonas tagJ, tagF, fha Lacking tssJ
ppkA-pppA-fha,

T6SSi3** Dyella tagJ, tagF, fha  tagF Lacking tssJ
Xanthomonas, ppkA-pppA-fha,

T6SSi3*** Lysobacter, Luteibacter  tagl, tagF, fha  tagF Lacking tssJ and PAAR

T6ESSi3**** Stenotrophomonas Unknown Unknown Unknown
Lysobacter, Variable regions
Stenotrophomonas, tagX, tagM, with multiple

T6SSi4 Xanthomonas tagN, tagF VgrG copies

Within the Xanthomonadales, T6SS-i1 has only been reported in plant-associated
Stenotrophomonas sp. (Bayer-Santos, DeMoraes Ceseti, et al., 2019). To a broader
extent, phylogenetic analyses of T6SS distribution among phytobacteria revealed
that Stenotrophomonas T6SS-il are evolutionarily related to those in Pseudomonas
putida (Fig.5) (Bayer-Santos, DeMoraes Ceseti, et al., 2019; Bernal et al., 2018). In
terms of genetic organisation, T6SS-il is close to the V. cholerae T6SS. Distinctive
features of this clade include the presence of a sigma factor ¢®* transcriptional
regulator, and an accessory tagO gene of yet unknown function (Bayer-Santos,
DeMoraes Ceseti, et al., 2019; Bernard et al., 2011).
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T6SS-i3 is widespread among phytobacteria, with Burkholderia T65S-i3 clustering the
closest to the Xanthomonadales T6SS-i3 (Bayer-Santos, DeMoraes Ceseti, et al.,
2019; Bernal et al., 2018) (Fig.5). Specifically, the T6SS-i3* is found in Xanthomonas,
i3** in Dyella, i3*** in Xanthomonas, Lysobacter and Luteibacter and i3**** in
Stenotrophomonas genera (Bayer-Santos, DeMoraes Ceseti, et al., 2019; Garin et al.,
2024). In Xanthomonadales, the genetic architecture of T65S-i3 consists of two main
core gene clusters separated by a variable region, spanning 2.2 to 15.6 kb (Bayer-
Santos, DeMoraes Ceseti, et al., 2019). All T65S-i3 clusters encode the PpkA-PppA-
FHA post-translational regulatory pathway, together with its cognate TagF repressor
(J.S. Lin etal., 2018; Mougous et al., 2007; Silverman et al., 2011). Additionally, TagJ,
implicated in the interaction between ClpV and TssB during the sheath disassembly,
is also found in association with T6SS-i3 gene clusters (Forster et al., 2014). A notable
characteristic of T6SS-i3* is the presence of an additional regulatory cascade,
involving the extracytoplasmic function (ECF) sigma factor (EcfK) and its kinase PknS,
shown to control T6SS expression in response to amoebal predation (Bayer-Santos
et al., 2018). Another distinctive feature of T65S-i3 clusters is the absence of the core
protein TssJ, indicating an alternative pathway for anchoring to the outer membrane,
and the absence of PAAR homologs in T65S-i3*** (Alvarez-Martinez et al., 2020).

Finally, within phytobacteria, Xanthomonadales T6SS-i4 are phylogenetically
associated with those from Burkholderia, Ralstonia and Azoarcus (Bayer-Santos,
DeMoraes Ceseti, et al.,, 2019; Bernal et al, 2018) (Fig.5). Within the
Xanthomonadales order, T6SS-i4 was found in Lysobacter, Stenotrophomonas and
Xanthomonas (Bayer-Santos, DeMoraes Ceseti, et al., 2019). The genetic
architecture of Xanthomonas T6SS-i4 is organised in two conserved core gene
clusters, interrupted by a large variable region of 40 to 75 kb. These variable regions
frequently harbour multiple vgrG copies, candidate effector genes and proteins
carrying domains of unknown function (DUFs). In only few cases, such as
Xanthomonas fragariae, the two core gene clusters can be separated by up to 300
kb (Bayer-Santos, DeMoraes Ceseti, et al., 2019). Unique to T6SS-i4 is the presence
of TagX, a peptidoglycan hydrolase that facilitates T6SS insertion to the bacterial cell
wall during biogenesis (Bayer-Santos, DeMoraes Ceseti, et al., 2019; Weber et al.,
2016). Accessory TagM and TagN proteins are consistently associated with this T6SS
clade, although their functions are yet to be elucidated (Bayer-Santos, DeMoraes
Ceseti, et al., 2019). TagF is also present in T6SS-i4, despite the absence of FHA, and
might regulate T6SS through an alternative pathway (Alvarez-Martinez et al., 2020).
Interestingly, the Lysobacter gummosus T6SS-i4 exhibits a highly divergent genetic
organisation compared to the other T6SS-i4s (Bayer-Santos, DeMoraes Ceseti, et al.,
2019).

The variation of regulatory and accessory elements among T6SS (sub)clades,
together with the occasional presence of the three different T6SS (sub)clades within
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a single strain, suggest that each T6SS cluster has specialised in carrying out distinct
functions in diverse environments (Boyer et al., 2009).
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Figure 4: Relationship between phylogeny and T6SS gene content in
Xanthomonadales (A) Phylogenetic distribution of T6SS clusters in
Xanthomonadales. Left: Maximum-likelihood consensus tree with 1000 bootstrap
replicates of T6SS clusters based on aligned TssC (XAC4146) homologs, with 1000
bootstrap replicates, constructed using MEGA 7.0. Groups correspond to T6SS clades
and subclades i1, i3 and i4. (B) Schematic representation of the different genomic
organisations found within T6SS gene clusters clades i1, i3 and i4. The respective size
of the variable region is indicated within the T6SS-i3 and i4 clusters. The genes are
colour-coded as follows: membrane complex encoded by the tssJ, tssL, and tssM
genes (orange), base plate encoded by the tssE, tssF, tssG, and tssK genes (dark blue),
spike and contractile sheath encoded by vgrG, tssB, and tssC genes (light yellow),
inner tube encoded by the hcp gene (dark yellow), tssA (brown), PAAR (very dark
blue), the ATPase clpV (dark green), regulatory genes (light green and light blue),
accessory tag genes (purple), and unknown genes (white) (Courtesy of Prof. C. E.
Alvarez-Martinez; from Bayer-Santos, DeMoraes Ceseti, et al., 2019).

1.3.1.5 T6SSi distribution among proteobacteria and xanthomonads

Identified in 25% of sequenced proteobacteria, the T6SSi is prevalent across diverse
ecosystems, such as in environmental (rain, marine, soil), animal or plant-associated
bacteria (Bernal et al., 2018; Unni et al., 2022). Within phytobacteria, all the five T65S
clades i1-i5 are widely represented, with strains containing up to five T6SS clusters
(Bernal et al., 2018). Bacterial strains with multiple T6SSs generally harbour
phylogenetically distinct clades, supporting independent acquisition by horizontal
gene transfer (HGT) (Bernal et al., 2018). The broad distribution of some T6SS clades
across genera as shown in Fig.5 (clade i3) suggests that these are particularly prone
to HGT, whereas other clades remain restricted to specific genera, suggesting a more
ancestral acquisition and subsequent vertical inheritance (clade i4B1 and i1.1; see
Fig.5) (Bernal et al., 2018).
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Figure 5: Phylogenetic delineation of T6SS clades among phytobacteria. (A, and
zoom B and C) A maximume-likelihood tree was constructed from amino acid
sequences of TssB, with 1000 bootstrap replicates using MEGA 6.0. The T6SS
classification proposed by Boyer et al. (Boyer et al.,, 2009) is adopted to assign
clusters to their respective clades, including clade il (green), clade i2 (red), clade i3
(orange), clade i4 (blue), and clade i5 (purple). Additional diversification within these
clades is indicated, as subclades 1.1, 1.2a, and 1.2b (green), and for subclades 4A,
4B1, and 4B2 (blue). The subclades i3* and i3*** as proposed by Bayer-Santos et al.
(Bayer-Santos, DeMoraes Ceseti, et al., 2019) for subclassifying Xanthomonadales
T6SS-i3 are indicated as well. Experimentally validated functional roles are
annotated by symbols, with grey circles standing for interbacterial competition and
grey triangles for eukaryotic host manipulation. T6SS names as given in the literature
are indicated on the tree adjacent to the corresponding bacterial strains (Courtesy
of Prof. P. Bernal; from Bernal et al., 2018).

A comprehensive genomic survey of the Xanthomonas genus revealed that 75% of
sequenced strains possess at least one T6SS cluster (Liyanapathiranage, Wagner, et
al,, 2022). Some strains harbour two distinct T6SS (sub)clades, including
combinations of i3*** and i3*, i3*** and i4 and less commonly i3* and i4. Only the
non-pathogenic species Xanthomonas maliensis possesses all the three T6SS clusters
i3*%, i3*** and i4 (Liyanapathiranage, Wagner, et al., 2022). Phylogenetic analyses
suggest that T6SS-i3* and i3*** were likely inherited from an ancestor of the
Xanthomonas genus and subsequently lost in some lineages. This same study further
proposed that the distribution of T65S-i4 results from more recent repeated HGT
events. They further observed that T6SS-i4 clusters from both X. graminis and
Xanthomonas bromi, and from the three species Xanthomonas oryzae, X. translucens
and X. cerealis, grouped phylogenetically together respectively, suggesting shared
evolutionary trajectories (Liyanapathiranage, Wagner, et al., 2022). Another study
focusing on X. translucens further observed that T6SS-i3*** is spread across Xt ANI
clades Xt-1 and Xt-II, while T6SS-i4 is present in Xt ANI clade Xt-I (only in pv. undulosa
and some pv. translucens), Xt-1l and a few Xt-lll strains (Goettelmann et al., 2022).

T6SS is relatively rare in Stenotrophomonas, with approximately 8% of sequenced
strains carrying at least one cluster, from clades i1, i3, or i4. While only 6% of
sequenced S. maltophilia species complex contain one or two T6SS clusters from the
clades i1, i3 or i4, the few T6SS-carrying strains are spread across the five different
continents, and come from various sources, animal, plant, human, environment. By
contrast, all the plant-associated S. rhizophila strains consistently harbour a T6SS-i4
(Crisan et al., 2023; Garin et al., 2024).
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1.3.1.6 Determinants of T6SS presence or absence in bacteria

Although the T6SS is widespread among bacteria, its presence and absence vary at
different taxonomic level, even among strains of the same species. However, the
proximate causes (e.g., genetic constraints) and ultimate causes (e.g., fitness
advantage) driving T6SS distribution remain elusive, despite having important
impacts on their ecological fitness (Unni et al., 2022). A review by Unni et al.
dedicated to this question pointed out various hypotheses. This review considered a
bacterium T6SS-positive if it harbours the core T6SS genes, acknowledging that the
criteria for defining T6SS presence can be subject to debate (Unni et al., 2022).

Ecological lifestyle

Their first insight is that the T6SS is prevalent among bacteria from various ecological
lifestyles, including free-living cells, surface-attached communities, and animal or
plant-associated pathogenic, commensal, beneficial or symbiotic bacteria
(Bladergroen et al., 2003; Speare et al., 2018; Tang et al., 2016; Unni et al., 2022;
Vacheron et al., 2019). Comparative analyses indicate T6SS is less frequent in free-
living bacteria and more prevalent in complex microbial communities, particularly
within host-associated microbiota (Geller et al., 2021; Kempnich & Sison-Mangus,
2020). This suggests a selective advantage in fierce competitive environments,
where bacteria deploy their T6SS, among other functions, to kill competitors (Unni
etal., 2022). In line with this and starting from the observation that T6SS is absent in
decades-old laboratory E. coli strains, a recent study postulated that the absence of
microbial competition during extended pure cultivation drove T6SS loss. To test this,
the enteroaggregative E. coli (EAEC) 17-2 T6SS-positive strain was propagated for
640 generations under controlled competition conditions with either susceptible or
immune recipient cells, revealing that T6SS activity was largely abolished by
mutations when grown with immune recipients, while it remained active with
susceptible cells (Taillefer et al., 2025).

A study focusing on the Xanthomonas genus has attempted to link the presence or
absence of T6SS to various ecological traits of xanthomonads, yet no consistent
correlation has been established. T6SS-i3* is mainly restricted to clade-2
Xanthomonas infecting dicotyledonous hosts (Liyanapathiranage, Wagner, et al.,
2022). However, exceptions exist such as the non-pathogenic Xanthomonas strains
SI, SS and GW isolated from perennial ryegrass seed (Liyanapathiranage, Wagner, et
al., 2022). No correlation could be established between T6SS distribution and source
of isolation in Xanthomonas. This is exemplified by rice-associated strains, among
which X. sontii lacks T6SS, X. sp strain GW carries T65S-i3*, X. oryzae possesses T6SS-
i3*** and i4, and X. maliensis harbours the three T65S-i3*, i3*** and i4. Although
efforts were made to correlate T6SS-i4 presence with the vascular lifestyle, few
counter-examples failed to support this hypothesis (Liyanapathiranage, Wagner, et
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al., 2022). For instance, both vascular Xtt and non-vascular Xtu, as well as vascular
Xoo and non-vascular Xoc, all possess T6SS-i4 (Gluck-Thaler et al.,, 2020;
Liyanapathiranage, Wagner, et al.,, 2022). Additionally, all T6SS clusters are
completely absent in xylem-limited phytopathogens characterised by reduced
genomes, such as X. albilineans and all subspecies of X. fastidiosa (Bayer-Santos,
DeMoraes Ceseti, et al., 2019).

Genomic context

Variation in the genomic context of T6SS clusters affects T6SS mobilisation (Unni et
al., 2022). Some T6SS loci are encoded on genomic islands, such as the Salmonella
pathogenicity islands (SPIs) (Blondel et al., 2009). Differences in GC content between
T6SS genes and the core genome further support their horizontal acquisition
(Blondel et al., 2009). In V. cholerae, the Aux3 cluster provides a striking example, as
it encodes a T6SS effector-immunity pair and is flanked by phage-like att sites.
Experimental evidence shows that in environmental V. cholerae strains, Aux3 can be
excised and reintegrate via site-specific recombination, whereas in pandemic strains
it is fixed due to a truncated integrase gene. Its transfer mechanism in the
environment remains unclear but may involve generalised transduction or chitin-
induced natural competence (Santoriello et al., 2020). Secondly, some T6SS clusters
are located on plasmids, such as in Pantoea ananatis or Rhizobium leguminosarum
(Sdnchez-Caiizares et al., 2018; Shyntum et al., 2014). Evidence for plasmid-
mediated T6SS transfer was shown in Campylobacter, where chromosomal T6SS
clusters is highly similar to T6SS in plasmid pCIDM202 (Marasini et al., 2020).
Laboratory experiments confirmed that plasmid-mediated T6SS transfer can confer
new cytotoxic or virulence traits in recipient strains (Bruto et al., 2017; Marasini et
al., 2020). Finally, T6SS genes can also be found on ICEs, so far observed exclusively
in Bacteroidetes (Coyne et al., 2016). In gut samples, T65S-encoding ICEs exhibited
high nucleotide identity across Bacteroides strains and species, indicating recent and
repeated gene transfers (Garcia-Bayona et al., 2021).

Additionally, genetic background of recipient cells could also present
incompatibilities preventing T6SS acquisition, a phenomenon referred to as “T6SS
exclusion” (Unni et al., 2022). Firstly, the transfer of T6SS by conjugation raises
questions about the compatibility of the competition and conjugation processes
(Peniil-Celis & Garcillan-Barcia, 2019). T6SS antibacterial activity can compromise
conjugation by killing either plasmid-carrying donors or non-immune recipients,
thereby limiting DNA transfer (Pefiil-Celis & Garcilldn-Barcia, 2019). For instance, P.
aeruginosa uses a “tit-for-tat” response, sensing T6SS-mediated exogeneous attacks
and counterattacking by assembling a T6SS at the precise same location (Basler et
al., 2013). This response is triggered by membrane perturbations that activates T6SS
expression. Even the contact-dependent T4SS of E. coli can trigger these T6SS
counterattack, resulting in the killing of the donor cell (Ho et al., 2013). However,
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T6SSs are frequently found on conjugative platforms, such as plasmids or a few on
ICEs (Peiiil-Celis & Garcillan-Barcia, 2019). Interestingly, many plasmid-encoded
transcriptional regulators of T6SS have been described, such as AggR (AraC family) in
E. coli (Dudley et al., 2006; Journet & Cascales, 2016), TF (AraC family) in Vibrio
crassostreae (Bruto et al., 2017; Piel et al., 2020), or TetR in Acinetobacter baumannii
(Weber et al., 2015). In the latter, conjugative transfer into the recipient cell depends
on TetR—mediated repression of donor T6SS activity (Weber et al., 2015). More
research is needed to elucidate how bacteria balance plasmid and ICE dissemination
with antibacterial competition. Another incompatibility source is the so-called “ICE
exclusion”, a process by which the T6SS-encoding ICE cannot integrate into the
genome of the recipient cell because the attP integration site is already occupied by
another ICE targeting the same attP site (Avello et al., 2019). Similarly, “plasmid
exclusion” might also prevent T6SS-carrying plasmid acquisition in the recipient cell
(Unni et al., 2022).

Geographic separation

Geographic location might also promote or inhibit T6SS acquisition. For example, V.
crassostreae with T6SS-carrying plasmids were only detected near Brest, north-west
France, but not in isolates from Sylt in northern Germany (Bruto et al., 2017). This
geographical variation could result either from plasmid not being selected in Sylt, or
geographical separation hampering plasmid transfer (Unni et al., 2022). Additionally,
T6SS-positive isolates from Brest were found in mixed populations with T6SS-
negative strains (Bruto et al., 2017). In mixed populations, T6SS-positive and immune
T6SS-negative siblings could potentially cooperate through a division-of-labour
strategy, combining competitive killing with energy-efficient growth, as exemplified
for T3SS (Sturm et al., 2011; Unni et al., 2022).

T6SS energetic cost

Because the T6SS is composed of a high number of subunits and relies on a dynamic
mechanism, the T6SS is assumed to be energetically costly for the cell, which could
be a driver of T6SS loss for increased fitness (Taillefer et al., 2023; Unni et al., 2022).
However, different strategies have been described that mitigates T6SS cost. ClpV is
thought to recycle TssB-C subunits between each firing events, and in V. cholerae
secreted Hcp, VgrG and effectors can be exchanged via T6SS and reused between
adjacent sister cells for new T6SS assembly (Vettiger & Basler, 2016). Beyond
recycling, some bacteria can regulate their T6SS expression via tit-for-tat response,
to maximise their efficiency, prevent wasteful random T6SS attacks and save energy
(Basler et al., 2013). In vitro work on E. coli, V. cholerae and Bacteroides fragilis
demonstrated that T6SS doesn’t entail a significant growth cost to the producing
bacteria (Robitaille et al., 2023; Taillefer et al., 2023; C. Zhang et al., 2024). In
contrast, in vivo studies revealed that T6SS use becomes costly in the presence of
resistant competitors, whereas interactions with sensitive strains allow T6SS-

52



positive cells to offset these costs and maintain a fitness advantage (Robitaille et al.,
2023). For Xanthomonas, future studies are needed to clarify how xanthomonads
balance the energy costs and competitive advantages in planta, and on a possible
TagF-mediated regulatory mechanism (Bayer-Santos, DeMoraes Ceseti, et al., 2019;
Zhu et al., 2020).

1.3.1.7 T6SS effector loading, delivery, activities and immunity

Effector loading and delivery

T6SS effectors are proteins loaded either inside the central channel of the Hcp inner
tube or surface exposed at the tip on the VgrG-PAAR spike and secreted upon T6SS
contraction into prokaryotic/ eukaryotic cells or in the proximal environment
(Jurénas & Journet, 2021). The T6SS is highly modular, allowing various combinations
of VgrG and PAAR proteins to assemble into functional spike (Cianfanelli et al., 2016).
As a result, multiple effectors can be delivered simultaneously in a single firing event
(Shneider et al., 2013). However, the exact effector composition between each
contraction event and the mechanisms of effector selection are still poorly
understood.

T6SS can be loaded in two distinct ways: either as “specialised” effectors, when the
effector is translationally fused at the C-terminus to one of the three Hcp/VgrG/PAAR
core components, or as “cargo” effectors interacting non-covalently with one of
those three proteins (Hernandez et al., 2020) (Fig.6A). Additionally, cargo effectors
can be assisted by chaperones (syn. adaptors) or structural motifs, which stabilise
effectors and Hcp/VgrG/PAAR interactions (Jurénas & Journet, 2021). The lumen of
Hcp hexameric ring has a diameter of almost 40 A, which only allows accommodating
small effector proteins (< 20 kDa), while larger proteins, such as phospholipase (60-
100 kDa), are usually loaded on the spike (Flaugnatti et al., 2020; Jurénas & Journet,
2021; Mougous et al., 2006). Bacteria translocating T6SS effectors with bacteriolytic
activity additionally express immunity proteins to avoid self-intoxication of the
secreting cell or attack of kin cells. T6SS effector and immunity genes are usually
organised in bicistronic units (Jurénas & Journet, 2021). A multitude of T6SS effector-
immunity (EI) gene modules have been described to date.
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Periplasmic effectors Cytoplasmic effectors

Tle - Type 6 Lipase Effector Tas - Type 6 Effector (p)ppApp Synthetase
Tae - Type 6 Amidase Effector Tne - Type 6 NADase Effector

Tge - Type 6 Glycoside hydrolase Effector Tde - Type 6 DNase Effector

Tme - Type 6 Membrane-disrupting Effector DddA - DS-DNA Deaminase toxin A

Tpe - Type 6 Peptidase Effector Tre - Type 6 ADP-Ribosyltransferase Effector

Figure 6: Overview of T6SS effector loading, delivery and antibacterial activities.
(A) Representation of the different mode of T6SS effector loading and delivery on
Hcp, VgrG or PAAR proteins (From . (B) Antibacterial toxins (red) either acting in the
periplasm or cytoplasm (Courtesy of Dr. D. Jurénas and Dr. L. Journet, from Jurénas
& Journet, 2021).
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Chaperones and recruitment motifs

Table 4. Chaperones, motifs, and domains associated with T6SS effector modules.

Name Domain and/ or Description

T6SS chaperone families

Eag (Effector associated gene) DUF1795 DcrB domain; stabilise PAAR-specialised effectors and VgrG interactions
DUF2169-containg chaperone DUF2169; Dedicated to PAAR-specialised effector

Tec/Tap chaperone DUF4123; highly conserved central region, C-terminus linked to the effector N-terminus
Tla-3 chaperone DUF2875; Interacting with Tle3

Motifs and Domains associated to T6SS effector/VgrG/PAAR proteins

MIX (Marker for type sIX effectors) N-terminal sequence motifs

FIX (Found in type sIX effectors) N-terminal sequence motifs

TTR (Transthyretin-like domains) C-terminus of VgrG/PAAR

DUF2345 domains C-terminus of VgrG

Rhs (Rearrangement hot spot) T6SS effectors fused to PAAR or VgrG interacting domain (VIRN) at the N-terminus

Chaperones are usually encoded in tandem with their cognate T6SS effectors. A few
chaperone families have been described so far and are listed in Table 4. Eag (for
Effector associated gene) family proteins harbour a DcrB (syn. DUF1795) domain
stabilising the interaction between adjacently encoded PAAR-specialised effectors
and VgrG (Cianfanelli et al., 2016; Quentin et al., 2018). DUF2169-containg
chaperones are linked to the secretion of a PAAR-specialised effector (Bondage et
al., 2016). Tec/Tap chaperone family members contain a DUF4123 domain, as well
as a highly conserved central region, as putative recombination site for generating
adaptor chimeras, and a C-terminus which is specifically linked to the N-terminus of
their dedicated effectors (Liang et al., 2015; Unterweger et al., 2015). Finally, the Tla-
3 chaperone interacting with Tle3 possesses a DUF2875 domain (Berni et al., 2019).

Additionally, a few motifs and domains are commonly found in T6SS
effector/VgrG/PAAR proteins and are listed in Table 4. These include smaller
domains like MIX (Marker for type sIX effectors) or FIX (Found in type sIX effectors)
N-terminal sequence motifs mostly found in T6SS effectors (Jana et al.,, 2019;
Salomon et al., 2014). TTR (Transthyretin-like domains) at the C-terminus of
VgrG/PAAR and DUF2345 domains at the C-terminus of VgrG form extensions acting
as internal chaperones for recruiting T6SS effectors (Flaugnatti et al., 2020).
Additional functions were attributed to DUF2345 such as indispensable for T6SS
assembly or exerting antibacterial and antifungal activity on its own (Lopez et al.,
2020; Storey et al., 2020). Larger structures like Rhs (Rearrangement hot spot) are
frequently found in T6SS effector proteins harbouring an additional PAAR or VgrG
interacting domain (VIRN) at the N-terminus (Cianfanelli et al., 2016; Pei et al., 2020).
These T6SS effectors usually comprise rearrangement hotspot repeats at their N-
termini and a nucleolytic toxic domain at their C-termini. Structural analyses
suggested that Rhs repeats form a shell structure encapsulating and protecting
secreting cells from the C-terminal toxic domain (Alcoforado Diniz & Coulthurst,
2015). Upon secretion, Rhs T6SS effectors undergo two autocleavages at the C and
N-terminal ends, releasing the toxin (Kielkopf et al., 2024). Rhs loci were named after
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their high propensity for recombination rearrangements, suggesting a mechanism
for the diversification of the toxic C-terminal domain (R. J. Lin et al., 1984).

T6SS effectors: antimicrobial and nutrient uptake activities

The T6SS effectors’ activities determine the T6SS functions, as described in the
previous section, namely subverting eukaryotic host cells, nutrient uptake,
antimicrobial activities, etc. Some effectors can target molecules conserved in both
prokaryotic and eukaryotic cells, such as cell membrane components, and are called
trans-kingdom effectors (Russell et al., 2013). This section will focus essentially on
T6SS effectors with antimicrobial and nutrient uptake activities.

Antimicrobial T6SS effectors have been subdivided into two groups according to
their activity acting either in the periplasm as lytic toxins (phospholipase,
peptidoglycan hydrolase, pore-forming, etc.) or in the cytoplasm (DNases, energy
balance, etc.) and are listed in Table 5 (Jurénas & Journet, 2021) (Fig.6B). Periplasmic
toxins inducing cell lysis have several advantages in static environment (Jurénas &
Journet, 2021). A rapid cell prey lysis prevents the formation of a corpse barrier of
accumulated dead cells, which would have blocked attacks towards remaining preys
(W. P. J. Smith et al., 2020). Lytic toxins also enable the release of DNA in the
environment, facilitating the acquisition of new genetic material by transformation
(Borgeaud et al., 2015). By contrast, cytoplasmic non-lytic toxins do not cause rapid
cell lysis, but efficiently target vital biological pathways. T6SS toxins can either lead
to growth arrest by impacting cell division or complete cell death (Wood et al., 2019).

Table 5. List of periplasmic, cytoplasmic and extracellular space T6SS effectors and
their enzymatic activity.

Name Enzymatic activity
Periplasmic-acting effectors
type Vl lipase effector (Tle) Hydrolyse the membrane phospholipids

- Tlel-4 bear phospholipase Al (cleavage at sn1bond)
and/or A2 activities (cleavage at sn1bond)
- Tle5 bears phospholipase D activities (cleave at sn3 bond)

Type VI membrane disrupting effectors/ Induce membrane depolarisation by inserting into the inner membrane
pore-forming effectors (Tme)

Type VI glycoside hydrolase (Tge) Degrade the glycan backbone of peptidoglycan

Type VI amidase effectors/ peptidase (Tae) degrade the peptide bridges of peptidoglycan

Type VI peptidase effectors/ Broad range of periplasmicand cytoplasmic targets

zinc-dependent metallopeptidase (Tpe)
Cytoplasmic-acting effectors

Type VI DNase effectors (Tde) Hydrolyse DNA ; Families: HNH, PoNe, Ntox, Tox-Rease, etc.
DS-DNA deaminase toxin A (DddA) Induce mutations in dsDNA by converting cytosine to uracil
Type VI NADase effector (Tne) NAD(P)+ glycohydrolase activity

Type VI effector (p)ppApp synthetases (Tas) Pyrophosphorylates adenosine nucleotides (ATP, ADP or AMP)
Extracellular space-acting effectors

Metallophore effectors Chelating trace metal ions: copper, manganese, zinc, etc.
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Among the periplasmic-acting effectors, type VI lipase effector (Tle) hydrolyse the
membrane phospholipids and can be classified into five phylogenetic families (Tle1-
5) (Russell et al., 2013). Tle1-4 bear phospholipase Al (cleavage at sn1 bond) and/or
A2 activities (cleavage at snl bond), while Tle5 bears phospholipase D activities
(cleave at sn3 bond) (Flaugnatti et al., 2016). Cells targeted by Tle usually exhibit
shrinking, inflation and eventually lysis (Ringel et al., 2017). Some Tle function as
trans-kingdom effectors, such as P. aeruginosa Tle4 (TplE) disrupting the
endoplasmic reticulum (Jiang et al., 2014, 2016). Type VI membrane disrupting
effectors (Tme) (syn. pore-forming effectors) induce membrane depolarisation by
inserting into the inner membrane, and usually result in growth arrest instead of cell
lysis (Fridman et al., 2020). One striking example is VasX in V. cholerae, sharing
homology with E. coli colicins, which works in conjunction with the adaptor VasW
and is neutralised by its immunity protein TsiV (Miyata et al., 2013). VasX is required
for compromising bacterial competitor membranes, but also for virulence against
amoeba (Miyata et al., 2011). T6SS effectors degrading the peptidoglycan include
type VI glycoside hydrolase (Tge) targeting the glycan backbone and type VI amidase
(syn. peptidase) effectors (Tae) targeting the peptide bridges (Jurénas & Journet,
2021). Tge hydrolyse the N-acetylmuramic acid (NAM)-N-acetylglucosamine (NAG)
glycan strands, acting as a muramidase (Whitney et al., 2013). One characterised Tge
is the V. cholerae VgrG3 harbouring a lysozyme-like domain fused to VgrG (Dong et
al., 2013). Tae either display D,L-endopeptidase (Tael and Taed4) or D,D-
endopeptidase (Tae2-3) activity (Jurénas & Journet, 2021). Finally, type VI peptidase
effectors (Tpe; syn. zinc-dependent metallopeptidase) have a broad range of
periplasmic (e.g., lipoproteins) and cytoplasmic targets (D. Zhang et al., 2012).

Among the cytoplasmic-acting effectors, type VI DNase effectors (Tde) belong to
families, such as HNH, PoNe, Ntox, or Tox-Rease, and hydrolyse DNA without
specificity (Jablonska et al., 2017; Jana et al., 2019). Cells attacked by DNase toxins
might undergo cell filamentation driven by SOS response (Jurénas & Journet, 2021).
DS-DNA deaminase toxin A (DddA) induces mutations in dsDNA by converting
cytosine to uracil, which initiates base excision repair leading to a CG>TA mutations
(Mok et al., 2020). Type VI NADase effector (Tne) have NAD(P)+ glycohydrolase
activity, thereby depleting the cells from essential NAD(P) and redox coenzymes,
leading to growth inhibition while keeping the cell envelope intact (Whitney et al.,
2015). Among type VI effector (p)ppApp synthetases (Tas), Tas1 pyrophosphorylates
adenosine nucleotides (ATP, ADP or AMP), intoxicating the cell by ATP depletion and
accumulation of (p)ppApp (Ahmad et al., 2019). Among type VI ADP-
ribosyltransferase effectors (Tre), Trel ribosylates arginine residues of FtsZ bacterial
tubulin hampering cell division, causing filamentation and even cell lysis (Ting et al.,
2018). Its immunity protein Tril has a dual function, which not only binds its cognate
toxin Trel but also reverses toxin-induced ADP-ribosylation through its hydrolase
domain (Ting et al., 2018).
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Finally, by secreting metallophore effectors into the extracellular space, the T6SS
allows bacteria to compete for trace metals, such as copper, manganese or zinc,
without direct cell contact. These captured metals are then imported via TonB-
dependent transporters, thereby sustaining growth under scarce conditions (X. Yang
et al., 2021).

Immunity and non-immunity-dependent protection for T6SS attacks

Immunity proteins are typically small, single-domain and highly specific molecules,
that block the active site of their cognate toxin (Whitney et al., 2013) or switch it into
an inactive conformation (Lu et al., 2014). Immunity proteins that neutralise
periplasmic-acting toxins are also localised in the periplasm, often as membrane-
anchored lipoproteins or periplasmic proteins (Flaugnatti et al., 2016). Some bacteria
having lost their T6SS, might still retain orphan immunity genes, independently
regulated from the previously present T6SS core genes, allowing protection without
the potential cost of maintaining the secretion apparatus (Kirchberger et al., 2017).
In V. cholerae, successive insertion of novel effector-immunity (E-l) modules can
displace ancestral effector genes while conserving immunity genes, which are shifted
downstream, and gradually leading to the evolution of long arrays of multiple
immunity genes (Kirchberger et al., 2017). In mixed bacterial populations, T6SS
producer (T6SS*, T6l*), resistant (T6SS, T6l*) and susceptible (T6SS", T6I") strains are
thought to follow rock-paper-scissors dynamics (Robitaille et al., 2023). This game
theory relies on the fact that producing T6SS and its immunity proteins carries an
energetic cost. As a result, producer cells are outcompeted by the resistant strain
that do not produce T6SS. The resistant strain is outcompeted by susceptible cells
that does not produce T6SS or carry immunity genes, and the producer outcompetes
the susceptible cells that does not carry the immunity genes (X. B. Lin et al., 2024).

The binding of immunity proteins to their effector targets is not instantaneous,
which could, in the meantime, trigger fatal cell damage (Hersch, Manera, et al.,
2020). In Vibrio sp., a WigKR two-component system functions in parallel, repairing
the envelope while waiting for the immunity to neutralise the effector (Dorr et al.,
2016; Hersch, Watanabe, et al., 2020). Indeed, some immunity-independent T6SS
resistance have also been reported. Firstly, intrinsic resistance can occur when the
bacterial target of the effector is absent or structurally divergent (Hersch, Watanabe,
et al., 2020; Le et al., 2020). Secondly, envelope stress response may sense T6SS
damages to the cell and initiate responses, such as “tit-for-tat” T6SS counterattack
(Basler et al., 2013), induction of EPS production (Toska et al., 2018), or induction of
WigKkR repair mechanisms (Hersch, Watanabe, et al.,, 2020). Thirdly, spatial
separation can protect co-existing strains in different ways. Strains can thrive in
different host tissues (Speare et al., 2018). Spatial protection by a corpse barrier of
dead non-lysed cells at the interface between T6SS killer and susceptible cells can
block killers from reaching remaining susceptible cells (W. P. J. Smith et al., 2020).
“Dienes lines” are macroscopic boundaries at the intersection between two
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unrelated swarming Proteus spp. strains and are also the result of spatial separation
based on T6SS-dependent killing. (Alteri et al., 2017). Additionally, time-lapse
microscopy revealed that T6SS-driven antagonism between V. cholerae and
Aeromonas hydrophila push mixed populations to segregate into distinct single-
species clusters, where killing is restricted to boundaries (Wong et al.,, 2016).
Fourthly, access to abundant nutrients might allow bacteria to grow fast, which
might outperform the T6SS killing rate (Hersch, Manera, et al., 2020). As discussed
previously, additionally, starving cells of M. xanthus show lower immunity gene
expression and are more susceptible to T6SS killing (Troselj et al., 2018). A fifth
immunity-independent protection is using the intrinsic cell capsule as physical
armour. The extracellular polysaccharides (EPS) produced by V. cholerae act as a
protective shield that blocks incoming T6SS attacks while leaving its own secretion
system fully functional (Granato et al., 2023; Toska et al., 2018). Despite thicker cell
wall, Gram-positive T6SS-dependent killing has been reported. For instance, A.
baumannii kills B. subtilis, Listeria monocytogenes, and Staphylococcus aureus by
secreting a Tse4 bifunctional enzyme with lytic transglycosylase and endopeptidase
activities (Le et al., 2021).

1.3.1.8 T6SS functions and effectors within Xanthomonadales

This section focusses on the different T6SSs roles experimentally studied within the
Xanthomonadales order and summarised in Table 6.

Resistance to amoebal predation

Beyond its endophytic phase, Xanthomonas citri is found as an epiphyte on leaf
surfaces and in soil containing decaying plant material, which are environments
shared with predatory amoeba that feed on bacteria (Bayer-Santos et al., 2018). X.
citri T6SS-i3* was functionally characterised with an anti-eukaryotic function, as
required for resistance to amoebal predation (Bayer-Santos et al., 2018). T6SS-i3*
was shown to be regulated by a novel signalling cascade, an extracytoplasmic EcfK
sigma factor, activated by a serine/threonine kinase PknS (Bayer-Santos et al., 2018).
Another study confirmed that X. citri T6SS-i3* core genes and its regulator EcfK are
specifically induced during epiphytic growth on leaf surfaces, likely in response to
environmental signals or protist-associated threats, while remaining at low
expression levels inside the plant mesophyll (Ceseti et al., 2019). Although another
ECF factor gene, ecfL, was also found located near the T6SS cluster, transcriptomic
data and predation assays demonstrated that it does not influence T6SS-i3*
expression or resistance to bacterivorous amoeba (dos Passos Lima et al., 2022).
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Antimicrobial competition

Various reverse genetic studies have shown the role of Xanthomonadales T65S-i4 in
bacterial killing through competition assays. The non-vascular X. oryzae pv. oryzicola
T6SS-i4 was first evidenced for killing E. coli DH5a and Ochrobactrum oryzae, a rice
endophytic bacterium (Zhu et al., 2020). In this study, T655-i4 expression was shown
to be expressed in all tested conditions, including different media type (NB, XOM3),
temperature, and pH (Zhu et al., 2020). An initial study reported that the vascular X.
oryzae pv. oryzae strain PX099 T6SS-i4 was not required for bacterial competition
against E. coli DH5a (Choi et al., 2020). By contrast, a subsequent study challenged
these results by showing that T6SS-i4 from this same strain Xoo PX099 is involved in
bacterial competition against E. coli XL1-Blue (Shao et al., 2023). A third study
confirmed the bacterial killing role of Xoo PXO99 T6SS-i4 in planta through TleA and
TleB antibacterial effectors (Tan, Yang, et al., 2025). These contrasting killing results
could be due to adaptative mutation, possibly illustrating the work of Taillefer et al.,
who showed that T6SS activity can be lost after long-term pure cultivation in
laboratory (Taillefer et al., 2025). Such discrepancies are not unprecedented, for
instance, in Dickeya solani, divergent antimicrobial activities were reported by two
European laboratories working on the same strain and were ultimately traced back
to a single point mutation in a regulatory gene (Brual et al., 2023).

A recent study further predicted the whole T6SS effector repertoire of Xoo PXO99A
with a total of 21 putative effectors (Tan, Zheng, et al., 2025). They functionally
validated a T6SS VasX_N family effector (PXO_00500) with periplasmic toxicity and
the cross-protection by two nearby cognate immunity proteins of the
T6SS_Burk_exIF superfamily (PXO_RS08595 and PXO_RS08605). They confirmed its
secretion through T6SS-i4 via the interactions with upstream encoded VgrG4 and
adaptor (PXO_00501)(Tan, Zheng, et al., 2025). Interestingly, another neighbouring
Vas_N family effector homolog (PXO_00498) showed host-specific toxicity, by
intoxicating Aeromonas dhakensis, but not E. coli. Similar host-specific toxicities have
already been highlighted in V. cholerae with TseH being non-toxic in E. coli, due to
T6SS immunity-independent pathways (Hersch, Watanabe, et al., 2020). They
further showed that Xoo T65S-i4 was active against human and plant pathogens, and
significantly killed E. coli and R. solanacearum in competition assays using a
Nicotiana benthamiana infection model (Tan, Zheng, et al., 2025).

Additionally, S. rhizophila outcompetes and reduces seedling transmission of the
pathogen X. campestris in radish in a T6SS-i4-dependent manner (Garin et al., 2024).
In vitro, S. rhizophila competition against X. campestris increased over time from 6h
to 24h. However, after 48h, strain Xcc 8004 partially escaped inhibition, likely by
deploying non-immune defences such as dead cell barriers or EPS production that
reduce contact-dependent killing (Garin et al., 2024; Hersch, Manera, et al., 2020;
W. P. J. Smith et al., 2020). Competition only occurred on solid and not in liquid
media, confirming that S. rhizophila T6SS-i4-mediated antagonism relies on contact-
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dependent effector injection rather than on contact-independent mechanisms, such
as nutrient scavenging (Garin et al., 2024). When co-inoculated on seeds, S.
rhizophila significantly reduced X. campestris populations after 1 day on germinated
seeds and on aerial and root parts of seedlings at 5 dpi (Garin et al., 2024). The high
occurrence of T6SS in seed-associated bacteria highlights its important ecological
role in shaping communities transmitted to seedlings (Garin et al., 2025). Further
study on in vitro confrontation of S. rhizophila wild-type and T6SS mutant against
varying synthetic seed bacterial communities showed that the T6SS of S. rhizophila
CFBP 13503 targets a broad spectrum of competitors such as Rhizobium,
Plantibacter, Paenibacillus, Pantoea, Erwinia, Massilia, Oxalobacteraceae,
Pseudomonas, Stenotrophomonas, and Xanthomonas species (Garin et al., 2025). In
planta, four strains were impacted by S. rhizophila T6SS-i4, belonging to
Pseudomonas, Oxalobacteraceae, Stenotrophomonas, and Pantoea, only at the early
germinated seed stage (Garin et al.,, 2025). The competition-relatedness theory
postulates that competition is stronger between phylogenetically close species
sharing similar functions and substrate affinities (Russel et al., 2017). In Garin et al.
study, the phylogenetic relatedness to S. rhizophila partially accounted for their
susceptibility to T6SS (Garin et al., 2025). The opportunistic human pathogen S.
maltophilia also assembles a functional antibacterial T6SS-i4 (Crisan et al., 2023).
Interestingly, the competitive outcome between two bacterial species was shown to
vary depending on whether the strains were co-isolated from the same source or
obtained from distinct ones (Crisan et al., 2023). This was exemplified by S.
maltophilia STE00241 competing against P. aeruginosa PSA01136 co-isolated from
the same patient, but not with P. aeruginosa PA14 or PA32 isolated from different
sources. In this first case, T6SS-i4 also participates in S. maltophilia survival during
competition (Crisan et al., 2023).

Finally, Lysobacter enzymogenes has been shown to kill filamentous fungi and yeast
using its short-range T6SS weapon in the soil microbiome (L. Lin, Shen, et al., 2025).
A T6SS effector “Le1893” (D9T17_RS02785; WP_123645987.1) from the RHS family,
harbouring PAAR, Rhs and AHH nuclease domains, was identified and participates in
the antifungal activity, probably by reducing total DNA content (L. Lin, Shen, et al.,
2025). While T6SS is assembled in nutrient-rich environment, L. enzymogenes T6SS
is still expressed but not assembled in low-nutrient media (M. Yang et al., 2020).
However, in these conditions, Hcp is required for full function of the long-range
weapon, heat-stable antifungal factor (HSAF) (M. Yang et al., 2020). It has been
shown that Hcp is required to bind and protect the CRP-like transcription factor Clp,
which ultimately enhances production of HSAF (G. Xu et al., 2018; K. Xu et al., 2021;
M. Yang et al., 2020). Hcp probably accumulates in the cytoplasm in the absence of
T6SS assembly (L. Lin et al., 2021).
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Virulence to plants

The role of T6SS in virulence to plants was also shown by mutation studies with T6SS-
i3*** of X. oryzae pv. oryzae on rice (Choi et al., 2020), T6SS-i3* of Xanthomonas
phaseoli pv. manihotis on cassava (Montenegro Benavides et al., 2021) and T6SS-i3*
of Xanthomonas perforans on tomato (Prabha Liyanapathiranage et al., 2022).
Consistently, Xoo AT6SS-i3*** populations also showed a decrease in survival
compared to the wild-type in planta (Choi et al.,, 2020). However, the precise
mechanisms by which the T6SS contribute directly or indirectly to virulence remain
unknown and deserve further exploration. Recently, one direct T6SS mechanism
affecting plant reproduction was uncovered. Xoo PXO99A infecting nonhost
Arabidopsis represses the plant reproduction, by interfering with ovule initiation and
reducing the total seed number (J.-T. Yang et al., 2025). This phenotype is driven by
the T6SS-i4 effector TleB (J.-T. Yang et al., 2025). Under normal conditions, plant E3
ligase PUB14 stabilises BZR1 to promote ovule initiation. However, during infection
with Xoo PXO99A, PUB14 instead redirects its activity toward degrading the bacterial
effector TleB, weakening stabilisation of BZR1, resulting in lower BZR1 levels and
reduced ovule initiation, thereby prioritising defence over reproduction (J.-T. Yang
et al., 2025). TleA shares high sequence similarity with TleB, both carrying Tlel and
DUF2235 domains, suggesting potential functional redundancy (Tan, Yang, et al.,
2025). This expands the role of Xoo T6SS-i4 to both anti-eukaryotic and anti-
prokaryotic functions with trans-kingdom effectors (Tan, Yang, et al., 2025; J.-T. Yang
etal., 2025). From a broader perspective, if bacteria are to be exploited as biocontrol
agents in nonhost plants, such reproductive side effects must be carefully considered
(J.-T. Yang et al., 2025).

Role of individual genes on epiphytic survival and virulence to plants

In addition to studying the T6SS as a whole, some studies focused on individual T6SS-
i3* genes to understand their versatile roles in the physiology and pathogenicity of
the pathogen. Screening of a mariner transposon mutant library of X. perforans 91-
118 identified a mutant disrupting the core gene TssM of the T65S-i3* cluster, which
caused faster symptom development and greater disease severity compared to the
wild type (Prabha Liyanapathiranage et al., 2022). Their study further observed that
TssM contributes to prolonging asymptomatic epiphytic phase, notably by enhancing
osmotolerance, thereby delaying symptoms and reducing overall disease severity,
but ensuring pathogen dissemination (Prabha Liyanapathiranage et al.,, 2022).
Further transcriptomic analyses by the same group suggested that TssM of T65S-i3*
shapes a complex regulatory cascade by influencing global regulators, such as CsrA,
RpoN, or Pho regulon, which in turn coordinate the expression of genes linked to
virulence and metabolic functions (Ramamoorthy et al., 2024). It remains unclear
whether these observed phenotypes with tssM mutants arise from the intrinsic role
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of core components, or rather from the loss of a functional T6SS-i3* delivering
effectors linked to those phenotypes.

Physiological roles

Other functions have been evidenced as impacted by T6SS-i3* individual genes
(TssM or ClpV), including in vitro motility (Y. Li et al., 2024; Montenegro Benavides
et al., 2021; Ramamoorthy et al., 2024), growth in vitro (Montenegro Benavides et
al., 2021), biofilm formation (Y. Li et al., 2024), adherence ability (Y. Li et al., 2024),
EPS synthesis (Y. Li et al., 2024), sensitivity to environmental stresses (NaCl, SDS,
H202) (Y. Li et al., 2024) and antibiotics resistance (Y. Li et al., 2024). However, for
instance, motility attenuation after mutation of ClpV is not due to a non-functional
T6SS since other T6SS mutants, such as tssM, hcp or vgrG, showed no motility defects
(Montenegro Benavides et al., 2021).
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1.3.2 Xanthomonadales-like Type IV secretion system (X-T4SS)

The T4SS was first described for its role in conjugation in 1946 by Edward Tatum and
Joshua Lederberg (Lederberg & Tatum, 1946). Since then, T4SS has also been shown
to be a key virulence factor in many human and plant diseases (Y. G. Li & Christie,
2018), or even as a system for DNA uptake in Helicobacter pylori (Hofreuter et al.,
2001) or DNA release in Neisseria gonorrhoeae (Hamilton et al., 2005). In the field of
phytopathology, Agrobacterium tumefaciens T4SS is the most widely studied,
injecting nucleoprotein complexes into eukaryotic host cells. Interestingly, a new
specialised X-T4SS was shown to present antibacterial activities through the
secretion of toxic effectors, while exhibiting several structural features that
distinguish it from the canonical conjugative T4SS (Souza et al., 2015). First
characterised in X. citri, several other similar X-T4SSs have since been identified in
silico, mostly among other members of the Xanthomonodales and the system was
accordingly called Xanthomonadales-like T4SS (X-T4SS) (Sgro et al., 2019; Souza et
al., 2015).

1.3.2.1 X-T4SS structure

T4SS are conveniently classified into two classes: Class A systems, which generally
comprise the 12 VirB1-11/VirD4 proteins, and Class B systems, which are typically
much larger, such as the 27-component Dot/lcm system from L. pneumophila
(Waksman, 2019). The X-T4SS is composed of 12 structural components (VirB1—
VirB11 and VirD4), similarly to class-A T4SSs (Sgro et al., 2018, 2019). It mainly
consists of a core complex (VirB7, VirB9 and VirB10) and an inner membrane complex
(VirB3, VirB6 and VirB8), anchored in the outer and inner membrane, respectively.
The connection between both large subcomplexes is established through VirB10
proteins (Sgro et al., 2018, 2019; Souza et al., 2011). The extracellular pilus is
composed of VirB2 and VirB5 subunits, while VirB1 acts as a periplasmic
transglycosidase during T4SS biogenesis (Dunger et al., 2016; Sgro et al., 2019). The
energy necessary for secretion is supplied by three ATPases VirB4, VirB11 and VirD4.
Additionally, VirD4 also serves as a loading site for effectors (Sgro et al., 2019)
(Fig.7A).
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Figure 7 : X-T4SS core components. (A) Model of X-T4SS structure and function at
the interface of two bacterial cells. The killer cell carries an X-T4SS, whose
architecture is based on the R388 T4SS negative-stain electron microscopy (EM)
map and the X. citri X-T4SS core complex structure by cryogenic EM (Sgro et al.,
2018). Effectors (X-Tfes) bind VirD4 via their XVIPCD domains and are translocated
into the target cell leading to growth inhibition or cell death. Cognate immunity
proteins (X-Tfis) prevent self-intoxication. (B) Genetic organisation of the X. citri X-
T4SS gene cluster and homologous loci in other Xanthomonadaceae species. X-T4SS
core genes are highlighted in yellow (virB) and orange (virD4), while effectors and
their immunity partners are shown in red and green, respectively, neighbouring
genes of unknown function are indicated in gray (Courtesy of C. S. Farah; from Sgro
et al., 2019).

1.3.2.2 X-T4SS evolutionary origin

Toxin-antitoxin modules are frequently found encoded on plasmids as “addiction
systems”. A stable toxin and a short-lived antitoxin act together to ensure vertical
plasmid inheritance by making the cell dependent on the plasmid-encoded antitoxin
for survival (Harms et al., 2018). The most plausible hypothesis for the origin of the
X-T4SS is that it evolved from a conjugative T4SS through the integration of a
relaxosome domain within a toxin-antitoxin system which, after interaction with the
VirD4 protein, caused the X-T4SS to secrete a toxin instead of transferring the
plasmid into the target bacterium (Alvarez-Martinez et al., 2020). However, these
toxin-antitoxin modules are widespread among bacteria. Therefore, it would not be
surprising that other bactericidal T4SSs, relying on distinct effector recognition
motifs, may have independently evolved multiple times across diverse bacterial
lineages (Sgro et al., 2019). Indeed, recent research witnessed the role of a novel
unrelated type IVB secretion system (T4BSS) in P. putida for bacterial killing resulting
in biofilm invasion and biocontrol activities (Gordils-Valentin et al., 2024; Purtschert-
Montenegro et al., 2022). In Pectobacterium, both T4SS and T6SS, evolutionarily
distant from the X-T4SS and T6SS of Xanthomonas, redundantly secrete effectors to
drive bacterial competition (Che et al., 2024). Finally, evidence for another
antibacterial T4SS was found in Bartonella schoenbuchensis (Harms et al., 2017).
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1.3.2.3 X-T4SS functions and effectors within Xanthomonadales

This section focusses on the different X-T4SS roles experimentally studied within the
Xanthomonadales order and summarised in Table 6.

Interbacterial competition

The antibacterial activity of X-T4SS has been demonstrated in a few bacterial species.
The citrus pathogen X. citri was first shown to kill other Gram-negative bacteria, such
as E. coli and Chromobacterium violaceum, in a X-T4SS dependent manner (Souza et
al., 2015). The opportunistic human pathogen S. maltophilia was also shown to
compete with E. coli, K. pneumoniae, S. typhi and P. aeruginosa (Bayer-Santos,
Cenens, et al., 2019). Killing of P. aeruginosa was not affected by the origin of the
isolates, either environmental or clinical (Nas et al., 2019). However, the killing
outcome varied among different species, such as killing P. mendocina, but not P.
fluorescens, P. putida or P. stutzeri (Nas et al., 2019). The bactericidal activity of S.
maltophilia X-T4SS relies almost entirely on X-tfes TfcA (syn. RS14245) and TfcB (syn.
RS14255; glycosyl hydrolase GH-19 chitinase), since deleting both genes abolished
killing to the same extent as removing the whole X-T4SS (Nas et al., 2021). However,
a GHH-nuclease was also shown to be involved in X-T4SS-dependent killing in this
same strain (Cobe et al., 2024). Chlorophenol red-B-D-galactopyranoside (CPRG)-
based colorimetric assays and confocal microscopy were used to monitor X-T4SS
killing activity of X. citri and of S. maltophilia in real time. Time-lapse imaging
confirmed the contact dependence of the system and highlighted rapid and violent
death of target cells by shrinking, which contrasted with the more diverse
morphological changes observed for T6SS-mediated killing (cell rounding, blebbing,
etc.) (Bayer-Santos, Cenens, et al., 2019; Ho et al., 2013; Souza et al., 2015). A X-
T4SS-dependent duelling was also observed between X. citri and S. maltophilia,
which can kill each other, further indicating different X-Tfis repertoires (Bayer-
Santos, Cenens, et al., 2019). Moreover, expression of the VirD4 coupling protein
from X. citri restored functionality in the S. maltophilia AvirD4 mutant, showing that
effectors are not strictly species-specific but can be transferred across different
bacterial X-T4SS (Bayer-Santos, Cenens, et al., 2019). It is worth noting that the
multidrug-resistant S. maltophilia is naturally competent, and that X-T4SS-mediated
cell lysis may increase opportunities for acquisition of foreign DNA (Bayer-Santos,
Cenens, et al., 2019).

Cis-intoxication (syn. self-intoxication, suicide) can be distinguished from trans-
intoxication, in which a bacterial cell intoxicates another kin cell (syn. fratricide
between sister cells) or non-kin cell (interstrains, interspecies). A recent study
showed that X-T4SS immunity proteins are dedicated to protecting cells against cis-
intoxication, while they are not absolutely required to protect against trans-
intoxication of kin cells (Oka et al., 2024). Monoculture of X. citri X-tfi XAC2610
mutants suffered from autolysis and inhibition of biofilm formation in cis (Oka et al.,
2024). However, X. citri lacking immunity genes were still resistant to X-T4SS-
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dependent killing by X. citri wild-type bacteria, suggesting another mechanism than
immunity might be at play in trans-intoxication (Oka et al., 2024).

Antifungal activity

Beyond antibacterial activities against soil-borne bacteria (Shen et al., 2021), L.
enzymogenes X-T4SS also performed antifungal activities, by inhibiting fungal hypha
growth and spore germination and growth (L. Lin et al., 2021; Yu et al., 2020). X-T4SS
mutants also showed a decrease in extracellular enzyme activity and no HSAF
production (Yu et al., 2020).

Signal transduction

The X-T4SS of L. enzymogenes also plays a role in signal transduction through the
secretion of non-toxic effectors. For instance, the effector LqqE1 is injected into the
cytoplasm of P. fluorescens, where it interferes with quorum sensing, thereby
blocking biofilm formation and ultimately facilitating the killing of free-living bacteria
(J. Liao et al., 2023; L. Lin, Shao, et al., 2025). Conversely, other findings suggest that
X-T4SS effectors may promote cooperative interactions. In this case, L. enzymogenes
delivers the LtaE effector into P. protegens, where it interacts with the
transcriptional repressor PhlIF, leading to enhanced production of the antifungal
compound 2,4- diacetylphloroglucinol (DAPG) (L. Lin, Shao, et al., 2025; B. Wang et
al., 2023).

Virulence

Beyond antibacterial activity, X-T4SS in S. maltophilia was shown to reduce apoptosis
of epithelial cells, while increasing apoptosis in human macrophages (Nas et al.,
2019). To date, pathogenicity assays using X-T4SS mutants among different plant
pathogens rules out an involvement of the system in virulence, as exemplified by X.
citri on citrus, and X. campestris on different Brassicaceae (He et al., 2007; Souza et
al., 2015).

X-T4SS Homeostasis

Additionally, production of X-T4SS by X. citri was shown to impose a notable
physiological cost to the cell (Cenens et al.,, 2020). X-T4SS genes appear to be
constitutively expressed in culture media (Alvarez-Martinez et al., 2020). X-T4SS
homeostasis is controlled by the repressor CsrA, which maintains a constant density
of X-T4SS in the cell envelope (Cenens et al., 2020).
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1.3.2.4 X-T4SS distribution and genetic organisation

Homologous X-T4SS loci are largely restricted to the Xanthomonadales order,
including the genera Xanthomonas, Stenotrophomonas, Lysobacter, Dyella,
Luteimonas, Pseudoxanthomonas, Thermomonas, Rhodanobacter, Luteibacter, and
Frateuria (Sgro et al., 2019). Surprisingly, rare additional homologous gene clusters
were also found outside Xanthomonadales, sometimes restricted to a single strain,
like in Neisseria, Variovorax, Hydrogenophaga, Bacillus, or Acinetobacter, suggesting
HGT events, but remain uncharacterised (Sgro et al., 2019). Within the Xanthomonas
genus, complete X-T4SS have been identified in various species, including clade 1
sepcies, such as X. translucens, X. hyacinthi, or X. sacchari, and clade 2, such as X.
arboricola, X. citri, X. campestris, or X. phaseoli (Alvarez-Martinez et al., 2020; Sgro
et al., 2019). A few clusters were separated into two regions in the genome, as
exemplified by X. campestris pv. campestris ATCC 33913 (Da Silva et al., 2002) or
8004 (Qian et al., 2005). In other strains, the system was incomplete or comprising
pseudogenes, such as X. fragariae Fap21 or X. euvesicatoria 85-10 (Alvarez-Martinez
et al., 2020; Drehkopf et al., 2023; Sgro et al., 2019). The system was totally absent
from all screened X. oryzae strains (Alvarez-Martinez et al., 2020; Sgro et al., 2019).
Although both Xylella and X. albilineans are restricted to xylem tissues, this cluster is
absent in all Xylella pathogens but present in X. albilineans (Sgro et al., 2019).
Interestingly, antibacterial X-T4SS were found in genome-sequenced strains where
T6SS-i4 is missing, as observed within the Xanthomonas genus and the S. maltophilia
species (Alvarez-Martinez et al.,, 2020; Crisan et al.,, 2023). Furthermore, in S.
maltophilia, X-T4SS and T6SS-i4 were found to be encoded at distinct genomic
locations (Crisan et al., 2023).

In silico analyses demonstrate that all X-T4SS are chromosomally encoded mostly in
a single gene cluster composed of the 12 core components (Fig.7B). Additional X-
T4SS effectors and immunity proteins are either encoded in the neighbourhood or
as orphan genes scattered throughout the genome (Sgro et al., 2019). No hallmarks
of DNA conjugation transfer were found in the vicinity of the X-T4SS locus, such as
relaxase or DNA origin of transfer (oriT) (Alegria et al., 2005). By contrast, some
subunits of the X. citri X-T4SS exhibit distinctive structural features compared to their
homologs in other class-A T4SSs, suggesting a new physiological role distinct from
the horizontal transfer of genetic material between bacteria (Sgro et al., 2019).
Firstly, VirB7 proteins are unusually large, ranging from 130 to 185 amino acids (~40
aa in other class-A T4SS) due to the acquisition of a globular NO domain at their C-
terminus (Souza et al., 2011). This domain is also present in multiple transport
systems T2SS (Korotkov et al., 2009), T3SS (Spreter et al., 2009), T4SS (Korotkov et
al., 2009; Nakano et al., 2010), T6SS (Leiman et al., 2009), TonB-dependent receptors
(Ferguson et al., 2006) or phages (Spagnuolo et al., 2010)) across Gram-negative
bacteria, suggesting shared evolutionary pathways. Secondly, another atypical
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feature is found in VirB8, ranging from 290 to 370 aminos acids in size (<250 aa in
other class-A T4SS), which carries unusually long AQGP-rich C-terminal extensions,
particularly prevalent in Xanthomonadales, but also found in Hydrogenophaga
crassostreae VirB8, although their biological role has yet to be clarified (Sgro et al.,
2019). Fig.7B from Sgro et al. shows the X-T4SS gene cluster organisation diversity
among Xanthomonadales, Burkholderiales and Neisseriales (Sgro et al., 2019).
Within Xanthomonadales, the system is composed of a single operon from virB7 to
virB6. The locus is mainly followed downstream by T6SS candidate effector and
immunity genes. By contrast, the position of virD4 is more variable, either found
upstream of virB7 or downstream of candidate effectors-immunity modules (Sgro et
al., 2019).

1.3.2.5 X-T4SS effector loading, delivery, activities and immunity

Given that VirD4 coupling protein mediates substrate recognition in T4SSs, the group
from C. S. Farah had the insightful idea to exploit it as bait in yeast two-hybrid screens
against a genomic library, aiming to identify substrates and better understand X-T4SS
function (Alegria et al.,, 2005). A dozen proteins (later called X-Tfe for
Xanthomonadales-like T4SS effector) have shown to interact with the VirD4 protein.
All these X-Tfes share a common C-terminal domain made of 120 amino acids
“Xanthomonas VirD4-Interacting Proteins Conserved Domains” (XVIPCD) as a
secretion signal required to interact with VirD4 (Alegria et al., 2005). The XVIPCD of
X-Tfes binds the central all-alpha domain of VirD4 and consists of two functional
regions: a conserved N-terminal region mediating VirD4 interaction, and both
termini contributing to effector translocation (Oka et al., 2021). Notably, the N-
terminal region loses stability at pH <7, a feature that may promote unfolding of X-
Tfes and passage through the acidic periplasm (Oka et al., 2021). Recognising XVIPCD
as a hallmark motif of X-Tfes opened the way for bioinformatic mining of X-tfe genes
across diverse bacteria. While the XVIPCD domain is always found at the C-terminus
of X-Tfes, the N-terminus is more variable in size and composition. Such predicted N-
terminal domains include periplasmic peptidoglycan glycohydrolase, lytic
transglycosylase, peptidoglycan peptidase, lipase, or nucleases (Sgro et al., 2019).
Many X-Tfes contain N-terminal extensions with no assigned domains, opening
opportunities to uncover new functional domain families. The length of some X-Tfes
is restricted to the XVIPCD domain, and appear as remaining fragments of ancestral
X-Tfes, since they align with longer X-Tfes from other strains (Sgro et al., 2019). The
diversity of X-Tfes raises the possibility that multiple effectors could be delivered into
the same target cell, exerting complementary bactericidal activities (Sgro et al.,
2019).

75



Additionally, cognate immunity genes, known as X-tfi, neutralise antibacterial
effectors toxicity. The genes encoding X-Tfis are generally located upstream of their
cognate X-tfe genes and are likely co-transcribed. X-Tfis are usually localised in the
same subcellular compartment as their respective X-Tfes (Jurénas & Journet, 2021).
In the case of periplasmic X-Tfes, the cognate inhibitors usually contain an N-terminal
signal peptide with a lipobox motif. A conserved cysteine-containing lipobox is a
consensus sequence recognized for the modification and processing of lipoprotein
precursors (Tibor et al., 1999). Conversely, cytosolic effectors are often paired with
immunity proteins that lack such signal sequences (Souza et al., 2015). Interestingly,
X-Tfes with both actions in the periplasm and cytoplasm have been discovered.
Further sequence analyses suggest that their cognate X-Tfis may be expressed in two
forms, one periplasmic and one cytosolic, through alternative translation start sites.
This arrangement would enable periplasmic inhibitors to block leaked or exogenous
effectors, while cytosolic variants protect against intracellularly active toxins (Sgro et
al.,, 2019). Other effector-immunity pairs have been uncovered. For instance,
peptidoglycan degradation of the Gram-positive cell wall was shown in vitro using
purified X-Tfes XAC2609 and XAC0466 with lysozyme-like and/or peptidoglycan
amidase activities (Souza et al., 2015). The cognate immunity protein XAC2610 was
shown to inhibit the lysozyme-like activity of XAC2609, which degrades the cell
envelope and inhibits biofilm formation (Oka et al., 2024). Other described X-Tfes
also include S. maltophilia Smlt3024, exhibiting periplasmic growth rate reduction
activity of the target cells, and its cognate immunity protein Smlt3025 (Bayer-Santos,
Cenens, et al., 2019).

The X-T4SS and T6SS effector-immunity pair repertoires appear to differ on the
whole. However, in many respects, X-T4SS effector-immunity modules resemble
those of T6SS, sharing similar activity domains but different system-specific secretion
signals. This suggests cross-talk between both systems and shared immunity proteins
to protect from both systems simultaneously (Bayer-Santos, DeMoraes Ceseti, et al.,
2019; Sgro et al., 2019). This is exemplified by the X. citri X-T4SS XAC2609-XAC2610
pair highly similar to the P. aeruginosa T6SS Tsel-Tsil pair with peptidoglycan
hydrolase activity (Russell et al., 2011; Souza et al., 2015). Additionally, while no
known domain hits were found for S. maltophilia X-Tfes SmIt0332, a highly similar
sequence to its N-terminus were found fused to VgrG domains in T6SS effectors,
including some found in xanthomonads (Sgro et al., 2019). This observation has
inspired approaches to discover new pairs of toxins and antitoxins (Shen et al., 2023).
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Objectives

More than 100 years after its discovery, bacterial leaf streak caused by Xanthomonas
translucens persists as an economically important disease of wheat and barley
worldwide. Despite increased understanding of the X. translucens biology, effective
control strategies are still lacking. The study of phytobiomes structure and microbial
interactions has received heightened attention recently, especially for their
implications in biocontrol. While antagonistic strategies have been extensively
characterised in several well-studied plant-associated genera, a similar statement
cannot be made for Xanthomonas. In particular, in silico analyses have revealed the
presence of two contact-dependent antibacterial systems, the type IV (X-T4SS) and
the type VI (T6SS) secretion systems, in the X. translucens complex (Alvarez-Martinez
et al., 2020; Bayer-Santos, DeMoraes Ceseti, et al., 2019; Sgro et al., 2019). Both
systems have been shown in other bacterial taxa to contribute to interbacterial
competition by injecting toxic effectors into rival bacterial cells (Souza et al., 2015;
Zhu et al., 2020), promoting survival within their ecological niches. However, their
functional, evolutionary and ecological significance in X. translucens complex
remains unexplored. Therefore, the main objective of this thesis is to better
understand the competitive strategies of the X. translucens complex, including their
evolutionary trajectories, effector arsenal diversity, cereal bacterial targets and
competition dynamics in planta.

The ecological relevance for the evolution of two functionally convergent secretion
systems, X-T4SS and T6SS-i4, in xanthomonads remains unclear. Whereas most other
Xanthomonas species evolved only one antibacterial system between X-T4SS or
T6SS-i4, X. translucens (recently considered a species complex) stands out by
comprising strains with the X-T4SS and other strain with the T6SS-i4 in the same
species, making it a valuable model for their study (Alvarez-Martinez et al., 2020;
Bayer-Santos, DeMoraes Ceseti, et al., 2019; Sgro et al., 2019). Therefore, the first
aim of this thesis was to evidence the functional role and explore evolutionary
history of both systems in the X. translucens sensu lato model. In practical terms, we
first explored the distribution of both systems within the X. translucens complex.
Using mutational and fluorescence-based methods, we tested the role of X.
translucens complex T6SS (clades i3 and i4) and X-T4SS for competition against the
bacterial model E. coli, as well as real-time imaging by confocal microscopy. Finally,
combined comparative genetic and phylogenetic analyses were used to investigate
the evolutionary trajectories of each identified bacterial killing secretion system.

Given the current knowledge gap regarding antibacterial T6SS effectors in
xanthomonads, the second aim of this thesis was to further describe the T65S-i4
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effector-immunity repertoire of the X. translucens complex. The complete genome
of 31 T6SS-i4* X. translucens sensu lato strains were screened for effectors. We took
advantage of the X. translucens complex to compare differing ecological lifestyles in
closely related strains with their respective T6SS-i4 effector diversity. The
experimentally validated antibacterial Xt UPB513 T6SS-i4 was further selected for an
in-depth characterisation of the bacteriolytic activity of its effectors, by heterologous
expression in E. coli. Respective effector-immunity pairs were investigated through
neutralisation assays and structural predictions.

Given the antibacterial role of X. translucens complex X-T4SS and T6SS-i4 against the
bacterial model E. coli, the third aim of this thesis was to explore its killing activity
against cereal-associated bacteria. Through pairwise confrontation assays, we
compared the X-T4SS and T6SS-i4 ability to kill individual member of a cereal
bacterial consortium. We further tested the impact of T6SS-i4 on Xt survival against
these same bacterial competitors. Given that T6SS incompatibility groups of Xt
strains with differing effectors repertoires had been observed, we tested the
hypothesis that T6SS incompatible Xt might kill each other in vitro and in planta.

Chapter 2 covers the first research objective, presented in the form of a paper
entitled “Functional replacement of ancestral antibacterial secretion system in a
bacterial plant pathogen”, published in Nature Ecology and Evolution. Chapter 3
addresses the second objective presenting the results of T65S-i4 effector diversity in
the X. translucens complex and their respective bacteriolytic activities. Chapter 4
deals with the third objective showing the Xt inter- and intraspecies competitive
interactions against individual members of a bacterial cereal community through
secretion systems. Finally, Chapter 5 draws the conclusion and suggests avenues for
future studies.
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Abstract

Two distinct molecular machineries, T4SS and T6SS, have been found within the
order Xanthomonadales to be involved in outcompeting other bacterial species
through the secretion of toxic effector proteins. However, the ecological and
evolutionary basis leading xanthomonads to evolve two secretion systems with
such similar functions remain unclear. Here, we show that Xanthomonas
translucens (Xt) lineages have switched from a X-T4SS-mediated to T6SS-i4-
mediated bacterial killing strategy. T6SS-i4 was only found in Xt strains lacking X-
T4SS and conversely, resulting in a patchy distribution of the two nanoweapons
along the Xt phylogeny. Using genetic and fluorescence-based methods, we
demonstrated that X-T4SS and T6SS-i4 are crucial for inter-bacterial competition
in Xt, but not Xt T6SS-i3. Combined comparative genetic and phylogenetic analyses
further revealed that the X-T4SS gene clusters have been subject to degradation
and had multiple loss events, while T6SS-i4 was inserted through independent gain
events. Overall, this research supports the ancestral state of X-T4SS and provides
new insights into the mechanisms promoting Xt survival within their ecological
niches.

Introduction

Bacteria have evolved diverse antibacterial weapons to eliminate competing
organisms (Granato et al., 2019). They have adopted none, one or a combination of
these competition strategies to thrive within mixed microbial populations, whether
in the gut, insect, or plant microbiomes (Booth et al., 2023; Granato et al., 2019).
Bacterial secretion systems that deliver toxic effectors directly into neighbouring
bacteria via contact-dependent manner appear to be widespread. Their differing
structural origins and respective toxin repertoires suggest that each system confers
fitness advantages. However, the ecological and evolutionary rationale for adopting
one strategy over another remains unclear.

The genus Xanthomonas is a large group of Gram-negative plant-associated bacteria
causing diseases in more than 350 host plants worldwide (An et al., 2020; Jacques et
al,, 2016). Hitherto, two distinct families of secretion systems involved in
antibacterial competition are found among xanthomonads, namely the T4SS (Souza
et al., 2015) and T6SS (Zhu et al., 2020). Although both machineries require physical
cell-to-cell contact, they differ markedly in distribution, architecture as well as for
effector loading and delivery mechanisms (Bayer-Santos, DeMoraes Ceseti, et al.,
2019; Sgro et al., 2019). Although the T4SS and T6SS effector-immunity pair
repertoires appear to differ, the redundancy in some toxins sharing similar toxic
domains also suggests crosstalk between both systems (Bayer-Santos, DeMoraes
Ceseti, et al., 2019; Sgro et al., 2019).

The T6SS is identified in 25% of sequenced proteobacteria and is widely distributed,
also among plant-associated pathogens, and symbionts (Boyer et al., 2009). This
multiproteic complex is composed of 13 core structural components (TssA-M) and
accessory elements (Bernal et al., 2018). The T6SS has a dynamic structure with a
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membrane complex anchored in the bacterial envelope and a baseplate. The
cytoplasmic tail capped by a spike is enclosed in a contractile sheath. The system
releases effectors by puncturing the target cell membrane (Costa et al., 2015;
Gallique et al., 2017). Interestingly, T6SS genesis exhibits different origins, with the
baseplate and tail subcomplexes structurally related to T-even phages, whereas the
membrane complex shares homology with the type IVb secretion system (T4bSS)
(Allsopp & Bernal, 2023). In phytobacteria, T65SSs have been classified into five
phylogenetic clades (i1-i5) (Bernal et al., 2018). Clade i3 was further subdivided in
subclades i3*, i3** and i3*** (Bernal et al., 2018). T6SSs are widely distributed
within the Xanthomonadales order, with identified representatives from clades and
subclades T6SS-i1, i3*, i3**, i3*** and i4 (Alvarez-Martinez et al., 2020; Bayer-
Santos, DeMoraes Ceseti, et al., 2019).

A specialised T4SS was also shown to have antibacterial activity via secretion of toxic
effectors (Sgro et al., 2019). First characterised in X. citri, other chromosomal T4SSs
have since been identified in silico, mostly among other members of the
Xanthomonadales (Souza et al.,, 2015). The system was accordingly called
Xanthomonadales-like T4SS (Sgro et al., 2019). The X-T4SS is composed of 12
structural components (VirB1-VirB11 and VirD4), similarly to class A T4SSs (Sgro et
al., 2019). The secretion machinery mainly consists of the core complex, an inner
membrane complex, anchored in the cell envelope, and an extracellular pilus (Sgro
et al.,, 2018, 2019; Souza et al., 2011). The ATPase VirD4 serves as a loading site for
effectors (Sgro et al., 2019).

Here we used Xanthomonas translucens (Xt), a pathogen on small grain cereals and
grasses (Bragard et al., 1997; Goettelmann et al., 2022), as a model to investigate
the evolution of bacterial killing secretion systems. We demonstrated a distinct
distribution pattern of T6SSs and X-T4SS within Xt. Strikingly, this correlated with
convergent roles of Xt X-T4SS and T6SS-i4 for inter-bacterial competition. Xt genomic
resources have been exploited to evidence functional switches from one
competition strategy to another. This work expands our current understanding on
how closely related bacteria adapt their competition strategies to survive in
competitive environments.
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Results
X-T4SS and T6SS-i4 display mutually exclusive distributions

To explore the prevalence and distribution of T6SS and X-T4SS in X. translucens, 94
publicly available genome sequences were analysed for the presence of core
component’s homologs using SecReT6/ SecReT4 HMM search and BLAST tools
(Altschul et al., 1990; Bi et al., 2013; J. Zhang et al., 2023). Two clusters of genes
encoding for distinct T6SS clades were detected in Xt chromosomes. Phylogenetic
analysis revealed that these clusters belong to subclade T6SS-i3*** (hereafter
referred to as T6SS-i3) and to clade T6SS-i4 (Bernal et al., 2018). Collectively, we
observed a heterogeneous distribution of T6SS-i3, T6SS-i4 and X-T4SS gene clusters
along the species phylogeny (Fig. 1). In similar analyses, no T6SS-i4 core gene was
found in any of the Xanthomonas plasmids available at NCBI.

Based on ANI phylogenetic analyses, Xt can be classified into three clades: Xt-I, Xt-II
and Xt-lll (Goettelmann et al., 2022). Xt-l genomic group (small grain cereals
pathogens) comprises two sublineages X. translucens pv. undulosa (Xtu) and X.
translucens pv. translucens (Xtt). All strains of Xtu harboured both T65S-i3 and T6SS-
i4, while Xtt strains possess T65S-i3 and either T6SS-i4 or X-T4SS. The T6SS-i4 system
was only found in Xtt LIN subgroup K1 (Heiden et al., 2023). Additionally, all X-T4SS
from ANI Xt-lI group presented at least one pseudogenised gene, most commonly
virD4. Although there are only five genomes available, all strains belonging to the Xt-
Il genomic group (small grain cereals and grasses pathogens) contain both T6SS-i3
and T6SS-i4. Finally, T6SS and X-T4SS gene clusters were heterogeneous and varied
in their distribution in clade Xt-1ll (grasses pathogens) with some containing either
only T65S-i4, only X-T4SS, or no T6SSs or X-T4SS cluster at all.

Interestingly, X-T4SS was present when T6SS-i4 was absent and vice versa. We
hypothesise that there is a mutual exclusion between T6SS-i4 and X-T4SS, which was
found in all Xt strain in our analysis. We find a significant negative correlation
between both X-T4SS and T6SS-i4 loci (Case 1; posterior mean of X-T4SS = -70.570;
MCMC p-value <5e-04 and Case 2; posterior mean of X-T4SS = -11.906; MCMC p-
value <5e-04) supporting this hypothesis.
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Figure 1: X-T4SS and T6SS-i4 show non-overlapping distribution patterns within Xt
strains. To the left, the heatmap reflects the Average Nucleotide Identity (ANI) matrix among
sequenced 94 strains of the species Xanthomonas translucens. Three columns depicted to the
right of the heat map summarise, for each strain, the presence or absence of T65S-i3, T6SS-i4
and X-T4SS gene clusters with the following colour code: absence of gene cluster (gray),
presence of gene cluster (green), or presence of gene cluster with pseudogenised genes (dark
blue). Presence is based on the presence of the 13 genes (T6SS) and 12 genes (X-T4SS) for
complete genomes and at least 11 genes (T6SS) and 9 genes (X-T4SS) for draft genomes. The
three ANI clades Xt-l, Xt-1l and Xt-lll, and three LIN groups within Xtt, as described by
Goettelmann et al. and Heiden et al. respectively, are represented on the far right of this figure
(Goettelmann et al., 2022; Heiden et al., 2023). Dendrograms were built with single-linkage
hierarchical clustering trees based on pairwise identity matrix using Pyani (Pritchard et al.,
2015).

Xt T6SS-i4 is required for inter-bacterial competition

Since the distributions of X-T4SS and T6SS-i4 in Xt do not overlap, we hypothesised
that these systems may play redundant roles in bacterial competition. To
experimentally investigate their function, we tested how knocking out each
secretion system in Xt strains affected their ability to kill the model bacterium E. coli
DH10B (Durfee et al., 2008).

The strain X. translucens UPB513 (ANI group Xt-1) harbours both complete T65S-i3
and i4 gene clusters. To study T6SS function, we generated single and double mutant
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strains for both T6SS clades by deleting independently either the inner tube subunit
Hcp protein (Ahcpi3, Ahcpid and Ahcpi3 Ahcpi4), or part of the cluster (AT6SS-i3,
AT6SS-i4, AT6SS-i3 AT6SS-i4) (Zhu et al., 2020) (Fig. 2a). Qualitative competition
assays were first conducted by spreading E. coli DH10B cells on NA plates and
dropping patches of each Xt UPB513 WT or T6SS mutants. Using GFP-expressing E.
coli cells, we showed that E. coli growth was inhibited by Xt UPB513 WT, Ahcpi3 and
AT6SS-i3, but not by Ahcpi4, Ahcpi3 Ahcpid, AT6SS-i4 and AT6SS-i3 AT6SS-i4 strains
(Fig. 2b). Complementing the Ahcpi4 strain with the hcpi4 gene in its original
location, Xt UPB513 Ahcpid hcpidx:,, restored the killing activity. The absence of
bacterial killing activity in both the single mutant Ahcpi4 and double mutant Ahcpi3
Ahcpid also indicates that Hepi3 cannot functionally replace Hecpi4. Quantification of
competition between E. coli Km* GFP* cells mixed with Xt UPB513 WT or T6SS
mutants Spec* by antibiotic selection showed that Xt UPB513 T6SS-i4 reduces E. coli
survival by four orders of magnitude, while Xt growth remained unaffected (Fig. 2c
and Extended Data Fig.1-2). E. coli DH10B does not have a T6SS or X-T4SS. Deletions
of the T6SS-i3 or T6SS-i4 had no effects on Xanthomonas virulence on barley or
bacterial growth (Extended Data Fig.3). Further experiments showed that Xt UPB513
T6SS-i4 was involved in the competition against Pantoea agglomerans UPB1357 and
Pseudomonas sivasensis UPB1354 (Dubois et al., 2024), two bacterial strains isolated
from cereals (Extended Data Fig.4).

Real-time monitoring of T65S-i4 killing activity confirmed competition assay results.
Fig. 2d shows time-lapse series of competition between Xt UPB513 RFP* and E. coli
DH10B GFP* in a 10:1 (Xt:E. coli) ratio over 4 hours. Xt UPB513 WT RFP* cells encircle
E. coli GFP* cells, leading to rounding and eventual lytic death of the E. coli cells.
Intriguingly, some E. coli bacteria were not killed, but they also did not multiply over
the whole 4-hour period, suggesting a bacteriostatic action of some T6SS effectors.
In contrast, co-incubation with Xt UPB513 AT6SS-i4 RFP* did not show any bacterial
killing activity, only E. coli cells multiplication. The encircling of E. coli by Xt was
observed even with T6SS mutants, indicating that Xt could detect and target E. coli
independently of a functional T6SS. Xt lysis events were extremely rare
(Supplementary Video 1-16).
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Figure 2: Xt inter-bacterial competition relies on T6SS-i4, but not T6SS-i3. (a)
Overview of genes deleted in the Xt UPB513 T6SS-i3 and i4 gene clusters for the construction
of T6SS mutant strains. (b, ¢, d) Competition assay using Xt UPB513 WT, AT6SS-i3, AT6SS-i4,
AT6SS-i3 AT6SS-i4, Ahcp i3, Ahcp i4, Ahcp i3 Ahcp i4 and Ahcp i4 ::hcp i4 as attacker cells and
E. coli DH10B pPneo-gfp as a target cell (b) Representative qualitative assay plate after 16h of
competition on NA using Amersham Typhoon laser scanner (filter Cy2 525BP20) (c)
Quantitative assay with competitors mixed in a 10:1 ratio (Xt:E. coli) for 10h of co-cultivation.
At the bottom: Fluorescence images of representative competition patches spotted on NA
after 10h of co-cultivation using Amersham Typhoon laser scanner. At the top: Boxplot
represents E. coli survival log CFU/ml after Oh and 10h of co-cultivation. All boxplots show 1st
and 3rd quartiles around the median. Whiskers represent the smallest and largest value no
further than 1.5 * IQR (inter-quartile range) from the hinge. Dots indicate independent
biological replicates (n = 2 at Oh; n = 6 at 10h). Significance was tested by two-sided Student’s
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T-test. Significance codes: *** (P < 0.001), ** (P < 0.01), * (P < 0.05), only significant
comparisons are shown (AT6SS-i3, P = 1; AT6SS-i4, P = 1.47 x 107°; AT6SS-i3 AT6SS-i4, P =3.72
x 107%%; Ahcpi3, P = 1; Ahcpid, P = 3.11 x 1078; Ahcpi3 Ahcpid, P = 2.13 x 107%; Ahcpi4::hcpid, P
=1; and E.coli only, P = 1.03 x 107%1). (d) Time-lapse pictures of Xt wild-type (WT) and T6SS-i4
mutant (AT6SS-i4), expressing RFP in competition with E. coli expressing GFP (1h between
frames). Bars represent 4um. Upper panel: E. coli cells n°2 and n°5 rounded up; cells n°1, n°2
and n°3 get lysed; cell n°4 shows no cell division. Lower panel: cells n°6, n°7 and n°8 multiply
over time. Both mCherry and GFP channels are merged in each image.

Xt X-T4SS shows similar bacterial killing activity

To validate our hypothesis of functional redundancy between T6SS and X-T4SS, we
conducted competition assays with X. translucens LMG 728 (ANI group Xt-lll)
possessing an intact X-T4SS gene cluster. To test whether X-T4SS is also responsible
for inter-bacterial competition, we constructed a X-T4SS mutant lacking ATPase
VirD4 protein (AvirD4) (Bayer-Santos, Cenens, et al., 2019) (Fig.3a). Using similar
qualitative and quantitative competition assays as described above, Xt LMG 728 WT
induced E. coli death, whereas Xt LMG 728 AvirD4 did not kill its competitor (Fig. 3b).
Killing activity was restored in the mutant when complemented by plasmid
pSKX1::virD4. In these competition assays, Xt LMG728 suppressed E. coli viability by
four orders of magnitude, but neither Xt LMG728 nor the isogenic virD4 mutant
showed any detectable growth defects (Fig.3c and Extended Data Fig.1-2).
Additionally, both Xt strains grew at comparable rates in liquid medium in vitro
(Extended Data Fig.3). Similarly to Xt UPB513 T6SS-i4, Xt LMG728 competitiveness
against Pantoea agglomerans UPB1357 and Pseudomonas sivasensis UPB1354
(Dubois et al., 2024) was X-T4SS dependent (Extended Data Fig.4). Taken together,
these results support the hypothesis of functional redundancy between T6SS-i4 and
X-T4SS for bacterial killing in Xt.
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Figure 3: Xt X-T4SS is crucial for inter-bacterial competition (a) Overview of genes
deleted in the Xt LMG728 X-T4SS gene cluster for the construction of the X-T4SS mutant strain.
(b, c, d) Competition assay using Xt LMG728 WT, AvirD4 and AvirD4 pSKX1::virD4 as attacker
cells and E. coli DH10B pPneo-gfp as a target cell (b) Representative qualitative assay plate
after 16h of co-cultivation on NA using Amersham Typhoon laser scanner (filter Cy2 525BP20)
(c) Quantitative assay with competitors mixed in a 10:1 ratio (Xt:E. coli) for 10h of co-
cultivation. At the bottom: Fluorescence images of representative competition patches
spotted on NA after 10h of co-cultivation using Amersham Typhoon laser scanner. At the top:
Boxplot represents E. coli survival log CFU/ml after Oh and 10h of co-cultivation. All boxplots
show 1st and 3rd quartiles around the median. Whiskers represent the smallest and largest
value no further than 1.5 * IQR (inter-quartile range) from the hinge. Dots indicate
independent biological replicates (n = 2 at Oh; n = 6 at 10h). Significance was tested by two-
sided Student’s T-test. Significance codes: *** (P < 0.001), ** (P < 0.01), * (P < 0.05), only
significant comparisons are shown (AvirD4, P = 5.86 x 10720, AvirD4::virD4, P = 0.86; and E.coli
only, P =1.22 x 10719),

X-T4SS has been acquired before Xanthomonas clades split

Because of their similar function, we hypothesised that the heterogeneous
distribution of both systems signified functional displacement of X-T4SS by T6SS-i4
gene cluster. To test this hypothesis, we combined comparative genetics and
phylogenetic analyses. We screened the type or pathotype strain of each
Xanthomonas species and pathovar for the presence of X-T4SS, including those
strains in further analyses if present. A phylogenetic tree was then built based on
virD4 genes, excluding pseudogenes. Xanthomonas species with experimentally
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validated X-T4SS involved in bacterial killing were also included (Souza et al., 2015),
replacing the species’ type strains in those cases. Our results showed that the X-T4SS
gene phylogeny was mostly congruent with the species tree (Fig.4). Exceptions have,
however, been found for some Xanthomonas strains clustering separately from both
Xanthomonas clade 1 and 2 groups when using other X-T4SS genes than virD4 to
construct the X-T4SS phylogenetic tree (Extended Data Fig.5). To investigate reasons
behind these different groupings, we used BLAST and found that some X-T4SS genes
had higher sequence similarity to Stenotrophomonas X-T4SS genes, indicating X-T4SS
inter-genus gene exchange. Finally, we also found X-T4SS in X. citri strains from
Herbarium specimen spanning a period of more than 120 years in the 19t and 20"
centuries (Campos et al., 2023).

In line with our phylogenetic findings, all X-T4SS gene clusters shared the same
chromosomal location across all Xanthomonas strains in this study. The virD4 gene
is consistently found downstream of the uvrB gene, with some genomes also
possessing a tRNAY? gene between the uvrB and virD4 genes. On the other border,
the neighbouring gene of X-T4SS clusters is mostly the thrS gene, although a few in
Xanthomonas species are affected by genome reorganisations.

The similar X-T4SS and species tree topologies, along with the shared genomic
location of X-T4SS in distantly related xanthomonads, provide evidence that X-T4SS
was likely acquired prior to the split of Xanthomonas clades 1 and 2, which may have
occurred approximately 100 to 200 million years ago, and then vertically inherited in
the progeny of Xanthomonas sp.
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The X-T4SS tree was inferred by maximum likelihood using IQ-TREE based on encoded amino

acid sequences of virD4 genes aligned by ClustalW. The species pan-genome SNP-based tree

was constructed with Xanthomonas genomes using kSNP3 (kmer of 21 bp). Trees are midpoint
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rooted and visualised with iTOL. Neighbourhood region associated with each X-T4SS gene
cluster are indicated next to the X-T4SS phylogenetic tree. T4SS whose antibacterial effect
have been experimentally validated are indicated next to the corresponding strain (LMG 728,
306) (Souza et al., 2015).

Ancestral X-T4SS clusters have been subjected to loss events

To further explore the X-T4SS evolutionary history, we compared X-T4SS clusters and
neighbourhood between representative strains of each Xt ANI clade, along with the
corresponding regions in X-T4SS-lacking strains (Extended Data Fig.6). Comparison
of X-T4SS clusters first revealed that all X-T4SS in Xt are well conserved in terms of
genetic organisation. Interestingly, all virD4 genes in Xt strains from ANI group | were
pseudogenised due to frameshift mutations and internal stop codons caused by a
nucleotide deletion (Supplementary Fig.1). Accordingly, fragments of the virB6 gene
were found in the corresponding location of X-T4SS-lacking Xt strains, indicating
these X-T4SS clusters have been in the process of decay or subjected to loss events.
Pseudogenes and gene fragments were also common in other Xanthomonas species.
This indicates a convergent loss of X-T4SS caused by different mechanisms such as IS
insertion or indel mutations identified in this study. Additionally, screening for X-
T4SS effector XVIPCD motif based on HMM profiles revealed the presence of X-T4SS
effectors-immunity pairs in Xt strains lacking X-T4SS. Some X-T4SS effectors in X-
T4SS-deficient strains have been pseudogenised, while retaining an intact immunity
protein, as exemplified by Xt UPB513 T6SS-i4* (Extended Data Fig.7).

Horizontal gene transfer drove the evolution of T65S-i4

To better understand the evolution of T65S-i4, we conducted similar analyses using
the well-conserved sheath subunit tssC gene to construct the phylogenetic tree and
trace the evolutionary history of T6SS-i4 among Xanthomonas species. The T65S-i4
gene phylogeny was not congruent with the species tree, suggesting that the system
experienced independent horizontal gene transfer events during evolution (Fig.5).
Specifically, Xt ANI groups Xt-I, Xt-1l and Xt-lll clustered separately. For instance, X.
translucens pvs. phleipratensis and graminis (AN| group Xt-Ill) grouped together with
X. bromi, a bromegrass pathogen. Phylogenetic analyses were further performed
among different Xt strains by concatenating T6SS-i4 core genes. Incongruences
between the Xt species tree and T6SS-i4 phylogenies were also noted within the
same Xt ANI group, as seen with strains Xt LW16 and BLSW16 (Extended Data Fig.8).
The incongruence was resolved in the phylogeny without tssM gene, where Xt LW16
and BLSW16 clustered with other Xtu strains, similar to the species tree. A similar
pattern was observed for the tssB gene with strains XT5523 and CFBP 2055. These
instances suggest potential intraspecies T6SS gene exchanges from Xtt to Xtu.

T6SS-i4 clusters were found at different genomic locations in different Xanthomonas
lineages. Across all analysed strains, T6SS-i4 was found in seven distinct genomic
locations, with Xt T6SS-i4 present in four of them (Supplementary Fig.2-3). For each
of the four neighbouring regions of Xt, we compared T6SS-i4 clusters between
representative strains of each Xt ANI clade, and the corresponding region in T65S-i4-
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lacking strains (Supplementary Fig.4-7). The comparison showed a conserved genetic
organisation, except for a variable region of 13 kb to 64 kb that splits Xt T65S-i4 into
two subregions. Some upstream genes were conserved regardless of the
neighbourhood type and may regulate the system or represent potential effectors-
immunity pairs. Within xanthomonads, two strains in our study had their two T6SS
subregions separated by more than 2Mb in distinct regions of the genome, Xo NCPPB
4346 and Xo PX099. Interestingly, the type-2 neighbourhood was the most common
insertion site for T6SS-i4 in the Xanthomonas genus (Fig.5). These results led us to
conclude that T6SS-i4 has been horizontally transferred multiple times during
xanthomonads evolution.
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Figure 5: T6SS-i4 gene phylogeny is not congruent with the species tree. Tanglegram
comparing TssC based T6SS-i4 phylogeny (left) with a kSNP3-based species phylogeny (right).
The T6SS-i4 tree was inferred by maximum likelihood using IQ-TREE based on encoded amino
acid sequences of tssC genes aligned by ClustalW. The species pan-genome SNP-based tree
was constructed with Xanthomonas strain genomes using kSNP3 (kmer of 23bp). Trees are
midpoint rooted and visualised with iTOL. Neighbourhood region associated with each T6SS-
i4 gene cluster are indicated next to the T65S-i4 phylogenetic tree. T65S-i4 whose antibacterial
effect have been experimentally validated are indicated next to the corresponding strain
name (UPB513, GX01, PX099) (Shao et al., 2023; Zhu et al., 2020).

ICE mechanisms are involved in T6SS-i4 distribution

To better understand the distribution of T6SS-i4 within the Xanthomonas genus, we
investigated potential transfer mechanisms. In the type-2 neighbourhood, genes
annotated as “prophage integrase” (intS) and t-RNA gene were found just upstream
of the T6SS-i4 cluster. IslandViewer4 confirmed the presence of genomic islands (Gls)
with typical features (Supplementary Fig.8) (Bertelli et al., 2017; Dobrindt et al.,
2004; Speare et al., 2018). The Gls containing the T6SS-i4 cluster are 150-200 kb in
size, have lower G+C content, which differs from the rest of the genome and include
an integrase for insertion and excision, and multiple IS elements. These islands are
inserted at a tRNA®Y gene and flanked by 16-bp perfect direct repeats (DR)
corresponding to attachment core sites of attL and attR. The same DR sequence was
found in related strains lacking the T6SS-i4, corresponding to the attP integration
site. However, in some T6SS-i4-deficient strains, other mobile genetic elements,
including conjugative T4SS genes, were integrated at the same genomic location
instead, indicating Integrative and Conjugative Elements (ICEs) insertion (Extended
Data Fig.9). Some strains even possess a Gl insertion containing the T6SS-i4 cluster
followed by a tandem ICE insertion, flanked by similar DRs. This indicates T6SS-i4
gene clusters might be cis-mobilisable elements (CIMEs) transferred in cis by the ICE
to a recipient cell. In some lineages, an IS3 transposase truncated the intS gene,
potentially fixing the antibacterial trait by preventing Gl excision.

X-T4SS and T6SS-i4 effector arsenals in Xanthomonas

To compare the effector arsenals of X-T4SS and T6SS-i4, we analysed four pairs of
genetically close Xanthomonas strains carrying either system. Various candidate
T6SS effectors could be identified associated with diverse putative toxic domains,
including Tox-URI2 DNase, phospholipase effector Tlel-like, T6SS effector BTH,
chitinase and Ntox15 nuclease (see Supplementary Table 1-3). Similarly, many
candidates X-T4SS effectors were predicted with potential toxic domains, such as
Zeta toxin, fungal lipase and cell wall hydrolases (see Supplementary Table 1-3).
Many candidate effectors also showed no match to known domains. Overall, both X-
T4SS and T6SS-i4 possess a broad diversity of antibacterial toxin activities.

No T6SS-i4 effectors were detected in the four T6SS-i4 lacking strains. In contrast, X-
T4SS effectors were found in both X-T4SS-containing and -lacking strains, though
degradation mechanisms (frameshifts, deletions, or IS element insertions) were
observed. Strains lacking X-T4SS also had fewer X-T4SS effectors than their
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genetically close X-T4SS-containing strain. The X-T4SS effector degradation, along
with the exclusive presence of T6SS-i4 effectors in T6SS-i4-possessing strains,
support the switch from X-T4SS- to T6SS-i4-mediated bacterial killing strategy in
xanthomonads.

Discussion

Antibacterial weapons have arisen multiple times in bacteria, with xanthomonads
adopting two competitive strategies depending on their lineage: X-T4SS or T6SS.
Here we demonstrate that Xt X-T4SS and T6SS-i4 have overlapping bacterial killing
activities. Our functional study on both Xt T6SS-i4 and X-T4SS aligns with previous
findings in the Xanthomonadales order. T65S-i4 has been shown to mediate bacterial
competition in X. oryzae pvs. oryzae (Shao et al., 2023) and oryzicola (Zhu et al.,
2020), and Stenotrophomonas rhizophila (Garin et al., 2024). Similarly, X-T4SS-
mediated killing was demonstrated in three genera: X. citri (Souza et al., 2015),
Stenotrophomonas maltophilia (Bayer-Santos, Cenens, et al., 2019), and Lysobacter
enzymogenes (Shen et al., 2021; Yu et al., 2020), targeting Gram-negative bacteria
and/or fungi.

Our results also indicate that X-T4SS and T6SS-i4 have mutually exclusive
distributions in xanthomonads. This finding underscores the ecological importance
of contact-dependent competition in Xanthomonas. Consistent with Alvarez et al.,
pseudogenised X-T4SS genes suggest that the system lost its function in some strains
(Alvarez-Martinez et al., 2020). Interestingly, some strains in this study carried X-
T4SS with a mutated virD4, while the rest of the X-T4SS cluster genes remained
intact. If the absence of VirD4 predicts for a loss of bacterial killing function, it also
raises the question of whether the development of a T4SS pilus is still possible
(Fronzes et al., 2009). This type of surface structure does not require VirD4 and could
suggest a switch to new biological functions (target cell adhesion, cell motility, ...).
Finally, phylogenetic and comparative genomic analyses revealed non-orthologous
genes displacement of ancestral bacterial killing X-T4SS by a T6SS-i4 competitive
strategy in many Xanthomonas lineages.

The concept of mutual exclusion applies from the gene level to entire organism
communities (Rossi et al., 2015; Soufiane et al., 2011; X. Zhang et al., 2011). The
mutual exclusion of X-T4SS and T6SS-i4 could be due to several factors: functional
redundancy leading to the replacement of one by the other, energy costs for
maintaining both systems, or space constraints for both machineries in the cell
envelope. This is especially relevant as both systems appear to be constitutively
expressed in culture media (Alvarez-Martinez et al., 2020). X-T4SS homeostasis is
controlled by the repressor CsrA, which maintains a constant density of X-T4SS in the
cell envelope (Cenens et al., 2020). For T6SS-i4, future studies are needed to clarify
how Xanthomonas balances the energy costs and competitive advantages, and on a
possible TagF-mediated regulatory mechanism (Bayer-Santos, DeMoraes Ceseti, et
al., 2019; Zhu et al., 2020). However, even if the loss of a redundant secretion system
that is no longer needed could have an evolutionary benefit, it should be kept in
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mind that most bacteria use multiple secretion systems and sometimes many copies
of the same one. Therefore, the role of energy costs in minimising secretion potential
is not yet clear. While this mutual exclusion generally holds true for the
Xanthomonas genus, exceptions exist, such as Lysobacter gummosus 3.2.11 (Bayer-
Santos, DeMoraes Ceseti, et al., 2019; Sgro et al., 2019), L. enzymogenes C3 (Bayer-
Santos, DeMoraes Ceseti, et al., 2019; Sgro et al., 2019), some X. citri (e.g. 1SO118C5,
CFBP 7119, CFBP 6992) and X. phaseoli (e.g. NCPPB 1138). In Pectobacterium, both
T4SS and T6SS, evolutionarily distant from Xanthomonas’ X-T4SS and T6SS,
redundantly secrete effectors to drive bacterial competition (Che et al., 2024).

The loss of ancestral X-T4SS in many Xanthomonas species and the acquisition of the
T6SS-i4 by HGT only in restricted lineages result from two possible scenarios (Fig.6),
either arrival of T6SS-i4 triggered X-T4SS loss, or the presence of X-T4SS prevented
the acquisition of T6SS-i4. The decay of X-T4SS occurring independently of T65S-i4
presence is in favour of the second scenario.
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Figure 6: Evolutionary scenarios explaining X-T4SS loss, T6SS-i4 gain and resulting
mutual exclusion profiles in xanthomonads. Our competition assays and phylogenetic
analyses support an evolutionary model in which the loss of the ancestral X-T4SS and the gain
of T6SS-i4 result from two possible scenarios, either by the introduction of T6SS-i4 driving X-
T4SS loss, or by the presence of X-T4SS preventing the acquisition of T6SS-i4.

Finally, we propose several ecological reasons for adopting one system over the
other. Firstly, each system may provide distinct evolutionary advantages in different
microbiome contexts or co-evolving with T6SS-i4 competitors. In line with a recent
study, the clustering of both Xt (ANI group Xt-lll) and X. bromi T6SS-i4 suggests HGT
events (Liyanapathiranage et al., 2022). Occupying similar niches, this shared
competitive trait is likely linked to microbiome adaptation. Secondly, the distribution
of X-T4SS, restricted to Xanthomonadales, differs markedly from the more
widespread T6SS in Proteobacteria. The uniqueness of X-T4SS might confer
evolutionary advantages due to the seldom occurrence of its effector-immunity sets,
while T6SS displays higher diversity in effector-immunity pairs among various Gram-
negative bacteria, facilitating transfer and recombination possibilities between
effector modules (Kirchberger et al.,, 2017). At this point, based on sequence
comparisons, we have no indication of recruitment of X-T4SS toxins by alternative
secretion systems in X-T4SS-lacking strains.

It remains unknown how easily target bacteria can evolve resistance to such contact-
dependent bactericidal systems and whether the frequency of X-T4SS- and T6SS-
resistant bacteria is different, which could explain the functional replacement of one
system by another. Interestingly for T6SS, in vitro work on Escherichia coli, Vibrio
cholerae and Bacteroides fragilis refute the postulate that T6SS is energetically costly
(Robitaille et al., 2023; Taillefer et al., 2023; C. Zhang et al., 2024). In addition,
production of X-T4SS by X. citri was shown to impose a significant physiological cost
to the cell (Cenens et al., 2020). The loss of X-T4SS might result from increased fitness
through reduced energy costs or switch to a new biological function with T4SS pilus,
while retaining immunity molecules of interest (Unni et al., 2022). Both X-T4SS and
T6SS have overlapping roles in bacterial killing, but they may also perform additional
functions, such as secreting antifungal effectors like those in L. enzymogenes X-T4SS
(Shen et al., 2021; Yu et al., 2020), or mediating specific inter- or intra-species
competition, which could provide a fitness advantage. T6SS effectors with chitinase
domain and X-T4SS effectors with a fungal lipase domain were identified in
Xanthomonas strains, suggesting potential antifungal activity. It would be worth
investigating more attacker and target strain combinations and different
environmental conditions, to further support the redundancy of the two systems.

Geographical differences in T6SS availability may also influence its distribution (Unni
et al., 2022). Previous studies have examined various ecological characteristics to
explain the presence or absence of T6SS in Xanthomonas, but no correlation with
vascularity, host range, or pathogenic status was found (Liyanapathiranage et al.,
2022). For instance, both vascular Xtt and non-vascular Xtu, as well as vascular Xoo
and non-vascular Xoc, all possess T65S-i4 (Gluck-Thaler et al., 2020).
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The type 2 neighbourhood region of T6SS-i4 is a hotspot for ICEs insertion well
conserved among xanthomonads, with prior reports in X. arboricola pv. juglandis
CFBP 7179 (Xaj-ICE) (Cesbron et al., 2015) and X. campestris CNO3 (ICEXca2) (de Assis
et al., 2022). Therefore, the turnover between X-T4SS and T6SS-i4 could also be
explained by an incompatible genetic background that hinders T6SS-i4 acquisition,
such as an ICE exclusion due to unavailable integration sites, or restriction
modification systems (Juhas et al., 2008; Unni et al., 2022). The transfer of T6SS by
ICE raises questions about the compatibility of competition and conjugation
processes (Pefiil-Celis & Garcillan-Barcia, 2019). However, T6SSs have been found on
various conjugative platforms, including plasmids that regulate T6SS-i4 activity
during conjugation, suggesting similar mechanisms may transfer T6SS-i4-encoding
CIME-ICE structures (Morgado & Vicente, 2022; Pefiil-Celis & Garcillan-Barcia, 2019).
To date, T6SS transfer by ICE has only been reported in the Bacteroides phylum
(Garcia-Bayona et al., 2021). Analyses of other neighbourhoods did not reveal the
presence of ICE, indicating alternative transfer mechanisms may be at play.

Our work highlights the role of X-T4SS or T6SS as antibacterial weapons for Xt, but
also the evolutionary history of two antibacterial mechanisms in bacteria, enhancing
our understanding of their ecological role and potential evolutionary trajectories.

Materials and methods
In silico screening for T6SSs and X-T4SS gene clusters

To obtain a comprehensive genomic dataset for assessing the evolution of Xt T6SS
and X-T4SS, a total of 94 Xt genomic sequences were retrieved from the National
Center for Biotechnology Information (NCBI) database on January 2023.

T6SSs were predicted by combining both HMM searches and BLAST tools (Altschul
et al., 1990; Bi et al., 2013; J. Zhang et al., 2023). T6SS gene clusters were first
detected using SecReT6 hmmsearch programme with default parameter values (e-
value threshold < 0.0001; BLAST identity threshold for T6SS prediction > 30%; BLAST
Ha-value threshold for T6SS-related protein prediction > 0.42), counting a maximum
interval between two co-localised T6SS components of 15000 bp and a minimum of
three T6SS component proteins for each T6SS region was considered. Since only T6SS
clades i3 and i4 were found in SecReT6 results, the 13 core genes from three
Xanthomonas experimentally-validated T6SS clades i3* (X. citri strain 306) (Bayer-
Santos et al., 2018), i3*** (X. oryzae strain PX099) (Y. Choi et al., 2020) and i4 (X.
oryzae strain GX01) (Zhu et al., 2020), were used as baits for further confirming the
predicted T6SS loci using TBLASTN (e-value threshold < 0.000001; BLAST identity
threshold > 50%). The core genes within each cluster were then carefully manually
inspected. X-T4SS predictions were made similarly with SecReT4 and baiting with the
12 core genes from the characterised X-T4SS (X. citri strain 306) (Souza et al., 2015).

Prediction of the presence of X-T4SS and T6SS-i4 was then performed by TBLASTN
analysis against the entire database of Xanthomonas complete and draft genomes
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from NCBI. The amino acid sequences of the VirB7 protein (X-T4SS) and the two
proteins TssB and TssA (T6SS-i4) were used as queries, since the two left and right
regions of T6SS-i4 are often found on different contigs in the case of draft genomes.
The type strain of each Xanthomonas species or pathovar when applicable was then
further screened for the 13 core genes of T65S-i4 and 12 core genes of X-T4SS and
selected for subsequent phylogenetic and comparative genomic analyses.

Bacterial strains and growth conditions

Bacterial strains, plasmids and primers used in this study are listed in Supplementary
Tables 4-5. X. translucens strains were grown at 28°C with shaking at 220 rounds per
minute (rpm) in liquid nutrient broth (NB) or on solid nutrient agar (NA). E. coli
DH10B and WM3064 strains were grown at 37°C with shaking at 220 rpm in liquid
lysogenic broth (LB) or on solid LB agar (1.5%). Pantoea agglomerans UPB1357 and
Pseudomonas sivasensis UPB135424 were grown at 28°C on solid nutrient agar (NA).
The antibiotics kanamycin (Km), spectinomycin (Spec), and gentamycin (Gm) were
used in a concentration of 50 pg/ml, 40 pug/ml and 10 pg/ml respectively, when
appropriate.

DNA manipulations

Total genomic and plasmid DNA were extracted using Wizard® Genomic DNA
Purification Kit (Promega) and QlAprep Spin Miniprep Kit (Qiagen). Fasta and faa
files of Xt UPB513 (RefSeq: NZ_CP096570.1) and Xt LMG728 (RefSeq:
NZ_CP076250.1) genomes were downloaded from NCBI. Primers were designed
using Benchling (https://benchling.com). To construct the single deletion
mutants Xtu UPB513 AT6SS-i3 (MZO50_RS16930 - MZO50_RS16895), AT6SS-i4
(MZO50_RS09125 - MZ0O50_RS09150), Ahcpi3 (MZO50_RS16920) and Ahcpid
(MZO50_RS09130), the upstream and downstream regions were amplified using
respectively the primers pairs UPB513 T6SSi3 up F/R and T6SSi3 down F/R;
T6SSi4 up F/R and T6SSi4 down F/R; Hcpi3 up F/R and Hcpi3 down F/R ; Hcpi4
up F/R and Hcpi4 down F/R and purified using QIAquick PCR & Gel Cleanup Kit.
Upstream and downstream fragments of each construct were then cloned into
the digested pK18mobsacB (Schafer et al., 1994) at Hindlll restriction site by
Gibson Assembly (New England Biolabs). Each construct was transformed into
Xtu UPB513 by electroporation at 2,5 kV. The first genomic recombination event
was selected on NA + Km and screened for sucrose sensitivity. The second
recombination event was selected on NA 10% sucrose and screened for Km
sensitivity. Resulting deletion mutants were confirmed by PCR.

Double deletion mutants were generated by introducing pK18mobsacB::hcpi4
and pK18mobsacB::T6SSi3 in Xtu UPB513 Ahcpi3 and Xtu UPB513 AT6SS-i4
respectively, using the same method. To complement Xtu UPB513 Ahcpi4, a
1567-bp DNA fragment including the hcpi4 coding region with its upstream and
downstream regions was amplified using primers Hcpid up F and Hcpid4 down R.
The amplicon was then cloned into the pK18mobsacB. A similar method of
double recombination events was then followed as above.
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The Xt LMG728 AvirD4 (KM539_RS13635) strain was generated by amplifying the
upstream and downstream regions of the virD4 gene with the LMG728 VirD4 up F/R
and VirD4 down F/R primers and cloning them into pK18mobsacB and then following
the same double recombination method, except that the plasmid was delivered into
Xt by biparental conjugation with E. coli strain auxotrophic WM3064. The
pSKX1::virD4 Gm* for complementation was synthesised by GenScript (Piscataway,
NJ, U.S.A.) and introduced similarly in Xt LMG728 AvirD4 by conjugation by selection
on NA + Gm* and confirmed by PCR.

For generation of RFP-expressing strains, the protocol of Choi et al. (2006) was
adapted to Xt using the mini-Tn7 delivery system to insert single-copy of a gene into
Xt chromosome at Tn7 attachment (attTn7) sites, close to g/imS gene (K. H. Choi &
Schweizer, 2006). This involves the co-transformation of Xt strain with the
recombinant mini-Tn7 vector and a helper plasmid pTNS3 encoding transposition
pathway genes, followed by selection on media supplemented with antibiotics. Xt
UPB513 WT as well as each T6SS mutant and complemented strains were
transformed with Tn7::mCherry Spec* by electroporation.

Bacterial competition assays

Xt UPB513 T6SS* and LMG 728 X-T4SS* WT strains and respective mutant strains, as
well as E. coli DH10B Km* GFP*, P. agglomerans UPB1357 and P. sivasensis
UPB135424 Gm™* GFP* were grown on solid media and resuspended to OD600=0.5 in
10mM MgCly. In qualitative competition assays, 100ul of E. coli suspension was
spread all over an NA plate using glass beads, then 15 pl of Xt WT and X-T4SS or T6SS
mutant suspensions were dropped on the dried plate. Plates were incubated for 16h
at 28°C. In quantitative competition assays, each Xt strain was mixed with E. coliin a
ratio of 10:1 (Xt:E. coli). 5 pl patches of each mix were dropped on NA plates and
incubated for 10h of competition at 28°C. Patches were resuspended in 500 pl of
10mM MgCl; and serial dilutions were plated on NA+Km plates for quantifying E. coli
surviving cells after Oh and 10h. Qualitative and quantitative assays were repeated
at least three times with two to six replicates. Xt cells growth were quantified once
based on antibiotic selection on NA+Spec or colony cell morphology after Oh and 10h
with two to six replicates. Qualitative competition assays, quantitative competition
patches and dilution plates were scanned for fluorescence using Amersham Typhoon
laser scanner (filter Cy2 525BP20).

Phenotypic analyses

Pathogenicity assays were conducted by needleless inoculation of barley cv. Hercule
leaves (2 weeks-old) with Xt UPB513 WT, AT6SS-i3, AT6SS-i4 and 10mM MgCI2 as a
negative control. Each strain was grown on NA and resuspended to OD600=0.01 in
10 mM MgClI2. The assay was repeated twice with 8 plants inoculated by treatment.
Plants were placed in greenhouse conditions at 28°C and 70% HR. Growth of Xt WT,
X-T4SS and T6SS mutants was monitored in vitro in liquid NB. Initial ODgy of Xt
suspensions were adjusted to 0.001. Each treatment was performed in duplicate,
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from which 8 sub-replicates were transferred in 96-well plates and coated with
Breathe-Easy® sealing membrane (Diversified Biotech BEM-1). Measurements of
ODsgs were taken every 45 minutes during 72h, with continuous shaking (11Hz,
3mm) at 28°C using a microplate reader (Multiskan FC).

Statistical analysis

Quantitative competition data were computed in R. Normality of log-transformed
data was tested using Shapiro-Wilk test. Statistical analyses were performed using
ANOVA1 and Tukey post-hoc multiple tests for pairwise comparison of means of
each group. ANOVA1 with p_value of 0.05 was considered. Significance was tested
by Student’s T-test and p-value adjustment. Significance codes: *** (P < 0.001), **
(P<0.01), * (P <0.05), only significant comparisons are shown.

Mutual exclusivity statistical significance

To confirm mutual exclusion between X-T4SS and T6SS-i4 loci, a series of statistical
tests were run. Contingency and frequency tables for the presence and absence of
X-T4SS and T6SS-i4 within the 94 Xt strains were calculated, considering two possible
scenarios: (Case 1) X-T4SS containing pseudogenes is considered as present; (Case 2)
X-T4SS containing pseudogenes is considered as absent. Firstly, a one-sided Fisher’s
exact test was applied to the contingency tables with the alternative hypothesis that
true odds ratio is lower than 1. Secondly, Bayesian phylogenetic generalised linear
mixed models were run using the R package MCMCglmm (v. 2.36) (Hadfield, 2010).
UPGMA phylogenetic tree was computed based on ANI distance matrix between the
94 Xt strains and used as a random effect. FastANI (v.1.3) (Jain et al., 2018), as
implemented in Galaxy (v.23.1.4.dev0) (Jalili et al., 2021), was used to calculate
pairwise genome-wide nucleotide identities. A derived distance matrix was used by
MEGA (v.11.0.13) (Tamura et al., 2021) to construct a UPGMA phylogenetic tree
(Sokal & Michener, 1958). We tested the effect of the presence of X-T4SS loci to
explain the presence of T65S-i4 loci given random distribution across phylogeny by
running two MCMCglmm models. A first model (mod_mcmc_0) was run explaining
the presence of T65S-i4 loci as a function of phylogeny as a random effect alone. This
first model was then compared to a second model (mod_mcmc_1) that explains the
presence of T6SS-i4 loci as a function of phylogeny as a random effect and the
presence of X-T4SS loci as a fixed effect. For both case 1 and 2, we chose the model,
which minimises the DIC and best explains the response.

Confocal microscopy time-lapse videos

For real-time visualisation of T65S-i4 killing activity, time-lapse videos were recorded
by laser scanning confocal microscopy using an Olympus Life Science FluoView
FV3000. Xt UPB513 WT and T6SS mutants RFP* Spec* strains, as well as E. coli DH10B
Km* GFP* were grown on solid media with appropriate antibiotics and resuspended
to OD600=1 in dH20. Bacterial suspensions were mixed in a 10:1 (Xt:E. coli) ratio. 6
ul of this solution mix was deposited on an agarose pad (25% LB, 1% agarose), then
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left to dry. The whole assembly was placed in a humid chamber to prevent the
agarose pad from desiccating. Each time-lapse video was started after 1h of
incubation at room temperature and taken every 6 minutes for 4h48min with a 60X
objective, in which an additional zoom of 2.18X was achieved. We also used the
multi-position setting to increase the chance of visualising bacterial killing activity
and ZDC control to keep the sample in focus during the length of the time-lapse video
and prevent focal drift. In total, 8 time-lapse videos have been produced for each
competition assay (n = 8 videos with Xt UPB513 WT; n = 8 videos with Xt UPB513
AT6SS-i4; from multiple positions on the same sample each).

Comparative genetic and phylogenetic analyses

The matrix of average nucleotide identity was calculated using Pyani 0.2.11
(Pritchard et al., 2015) (Supplementary Fig.9) with the option -ANIm, and the ANI-
Matrix software Enveomics tool (Rodriguez-R & Konstantinidis, 2016). Visualisation
of groups of homologous gene clusters was performed using Clinker v0.0.27
(Gilchrist & Chooi, 2021). To study the evolutionary history of X-T4SS and T6SS-i4,
the amino acid sequences of the VirD4 and TssC proteins were extracted for each
type strain of selected Xanthomonas species. MEGA11l was used for amino acid
sequence alignment with ClustalW followed by IQTREE web server
(http://igtree.cibiv.univie.ac.at/) for inferring phylogenetic tree using maximum
likelihood with default parameters (Tamura et al., 2021; Trifinopoulos et al., 2016).
The species phylogenetic tree was then inferred using kSNP3 using kmer of 21 bp (X-
T4SS) and 23 bp (T6SS-i4). The VirB8 phylogenetic tree was constructed with the
automated multi-locus sequence analysis pipeline (autoMLSA2) 0.8.1 (Davis et al.,
2021) using the VirB8 amino acid sequence from Xcc 306 as a query. iTOL
(https://itol.embl.de/) was then used to display and annotate phylogenetic trees
(Letunic & Bork, 2024). X-T4SS and T6SS-i4 neighbourhoods were determined using
Benchling and Clinker and manually checked in detail. Genomic islands were
detected using IslandViewer4 (https://www.pathogenomics.sfu.ca/islandviewer/)
(Bertelli et al., 2017).

Comparison of X-T4SS and T6SS-i4 effector arsenals

To compare the effector arsenals of X-T4SS and T6SS-i4, we analysed pairs of
genetically close Xanthomonas strains carrying either system. We selected three
pairs of Xt (clade 1) and one pair of Xanthomonas vesicatoria (Xv; clade 2): Xt pv.
phlei/phleipratensis LMG 843 and LMG 730; Xt pv. translucens UPB886 and DSM
18974; Xt pv. graminis NCPPB 3709 and NCPPB 3711; and Xv BNM214 and LMG 911.
To identify X-T4SS effectors, the HMM profile of the C-terminal XVIPCD
translocation domain was retrieved from Pfam. For T6SS effectors, different HMM
profiles of domains frequently found in T6SS effectors were selected: MIX, FIX, VgrG,
PAAR, Rhs, etc., also retrieved from Pfam (see Supplementary Table 3). HMMsearch
were conducted against the predicted proteome, as annotated in the NCBI RefSeq
files, of each strain. Genes found downstream of a VgrG/Hcp/PAAR-containing
protein were further analysed to detect candidate toxic effectors in the vicinity. The
resulting candidate effectors were analysed by InterProScan to predict protein
domains (Jones et al.,, 2014) (see Supplementary Table 1-3). They were then
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manually analysed to check for pseudogenes, due to frameshifts, early in-frame stop
codons or IS elements.
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Extended Data Figures
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Extended Data Figure 1: Xt (a) T6SS-i4 and (b) X-T4SS are required for inter-
bacterial competition. Representative NA plates with tenfold dilution series of the
quantitative assay showing E. coli survival using Amersham Typhoon laser scanner.
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Extended Data Figure 2: Xt growth is not impacted by (a) T6SS and (b) X-T4SS
mutations during bacterial competition assays against E. coli. Quantitative
competition assay with E. coli mixed in a 10:1 ratio (Xt:E. coli) for 10h of co-cultivation. Boxplot
represents Xt growth log CFU/ml after Oh and 10h of co-cultivation. All boxplots show 1st and
3rd quartiles around the median. Whiskers represent the smallest and largest value no further
than 1.5 * IQR (inter-quartile range) from the hinge. Dots indicate independent biological
replicates (n = 2 at Oh; n = 6 at 10h). Significance was tested by two-sided Student’s T-test.
Significance codes: *** (P < 0.001), ** (P < 0.01), * (P < 0.05), only significant comparisons are
shown (AT6SS-i3: P = 1, AT6SS-i4: P = 1, AT6SS-i3 AT6SS-i4: P = 1, Ahcpi3: P = 1, Ahcpi4: P =1,
Ahcpi3 Ahcpid: P = 1, and Ahcpid::hcpid: P = 1; AvirD4: P = 1, and AvirD4::virD4: P = 1).
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Extended Data Figure 3: Phenotypic characterisation of Xt UPB513 T6SS and X-T4SS
mutants. (a, b) /n vitro growth curve of (a) Xt UPB513 WT and derived strains mutated in and
complemented for T6SS, (b) Xt LMG728 WT and derived strains mutants in and complemented
for T4SS, in NB medium at 28°C, ODgoo measured at 45-minute intervals. Dots represent mean
and error bars show s.e.m (n = 8 replicates per strain). (c) Barley cv. Hercule leaves infiltrated
with Xtu UPB513 WT or T6S5S-i3 and i4 mutants show water-soaking and necrotic lesions at 6
dpi (n = 8 plants).
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Extended Data Figure 4: Xt T6SS-i4 and X-T4SS are required for inter-bacterial
competition against Pseudomonas sp. and Pantoea sp. Representative qualitative
competition plate using Xt UPB513 WT, Ahcp i4, Xt LMG728 WT and AvirD4 as attacker cells
and Pantoea agglomerans UPB1357 and Pseudomonas sivasensis UPB1354 Tn7::mNeonGreen
as a target cells after 16h of competition on NA.
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Extended Data Figure 5: VirB8-based phylogeny reveals xanthomonads with
atypical X-T4SS sequences. (a) The phylogenetic tree was constructed using autoMLSA2,
by extracting and aligning VirB8 amino acid sequences from each type/pathotype strain of
each Xanthomonas species and pathovar possessing X-T4SS and using IQ-TREE to infer the
phylogenetic tree. (b) Comparison of the T4SS gene clusters from X. campestris pv. incanae
and Stenotrophomonas maltophilia. Most X-T4SS genes (except for virD4) of strain CFBP 1606
share higher sequence identity with the corresponding genes from strain X28 than those strain
WHRI 8527.
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Extended Data Figure 6: Various decay and loss events occurred in the X-T4SS
clusters. The tree on the left side is based on average nucleotide identity (ANI) of Xt strains,
whereas the right side provides an overview of the organisation of the X-T4SS gene clusters
and their neighbouring genes uvrB and thrS. Letters and numbers above the genes correspond
to the virD and virB genes. Scales for distance and percentage identity between genes are
indicated below. Genes are colour-coded according to homology. Pseudogenised genes are
highlighted with an asterisk. Fragments of remnant X-T4SS genes are found within the
corresponding genomic location in the X-T4SS-lacking strains. The three ANI clades Xt-I, Xt-II
and Xt-Ill are indicated in the tree.
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Extended Data Figure 7: X-T4SS-lacking strains possess T4E-T4l pairs. Comparison of
candidate X-T4SS effector-immunity pairs across strains possessing either X-T4SS, T6SS-i4, or
none of them. The asterisk indicates an in-frame STOP codon.
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Extended Data Figure 8: Incongruency between the T6SS-i4 and the pan-genome
tree topology of strain Xt LW16 is caused by the tssM gene. Comparison between
species (left) and T6SS-i4 (right) phylogenies. The pan-genome SNP-based tree was
constructed using kSNP3 (kmer of 23bp). The T6SS-i4 tree was inferred by maximum likelihood
using IQ-TREE based on concatenated alignment of tssA, tssB, tssC, tssD, tssE, tssF, tssG, tssH,
tssK, tssL, (a) with or (b) without tssM genes. Amino acid sequences were aligned by ClustalWw.
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The bootstrap supports were estimated based on 1000 replicates. Trees were visualised with
iTOL.
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Extended Data Figure 9: T6SS-i4 and ICE in type-2 neighbourhood are flanked by
att sites in strains (a) Xcg T8, (b) Xt 01, Xt UPB886, Xt UPB820 and (c) Xce LPF602.
(Upper panel) Genes corresponding to the same ICE modules are represented in similar
colours. Genes with unknown functions are indicated in gray. attL and attR sites flanking the
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Gl and attP in the T6SS-i4 lacking strain are pointed with red bars. (Lower panel) attL, attR and
attP sites sequences are shown, 16-bp direct repeat sequences are boxed with dashed lines
and tRNA-Gly sequences are underlined.
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Abstract

Bacteria live a constant arms race with neighbouring microorganisms occupying the
same ecological niche. Among the mechanisms supporting survival, the type VI
secretion system (T6SS) plays an essential role in interbacterial competition, guided
by its effector repertoire. However, what drives the distribution and functional
diversity of T6SS effectors among bacteria remains poorly understood. Here, we
show that the diversity of T6SS effectors in plant-pathogenic xanthomonads is linked
to their ecological lifestyles. Combining in silico screening and comparative
genomics, we comprehensively describe the diversity of T6SS effectors within the
Poaceae-infecting X. translucens complex. Comparison of xanthomonads with
differing ecological lifestyles revealed an enrichment in the T6SS effectors diversity
within non-vascular xanthomonads, compared to vascular close relatives. The
bacteriolytic activity of the X. translucens core T6SS effectome was further
experimentally demonstrated. Respective effector-immunity pairs were investigated
through functional assays and structural predictions. Overall, this research
demonstrates how competition traits are shaped by intrinsic bacterial lifestyles.

Introduction

Bacteria employ different strategies to interact and persist within dynamic
polymicrobial communities whether associated with plants, animals, or thriving in
environmental niches (Garcia-Bayona L. & Comstock L. E., 2018). Among these, the
type VI secretion system (T6SS) provides a competitive advantage by delivering
proteinaceous effectors into prokaryotic or eukaryotic cells (Bayer-Santos et al.,
2019). The role of a given T6SS is primarily dictated by the activity of the effectors it
secretes (Bernal et al., 2018). However, the proximate and ultimate causes driving
distribution of T6SSs and their effectors in bacteria remain poorly understood,
despite their major ecological implications (Unni et al., 2022).

This multiproteic complex, evolutionarily related to contractile bacteriophage tails,
is composed of 13 core structural components (TssA-M, for Type six secretion)
commonly encoded in gene clusters (Leiman et al., 2009). Beyond core proteins,
T6SS effectors (T6Es) are proteins loaded either inside the central channel of Hcp
inner tube or surface exposed at the tip on the VgrG-PAAR spike (Jurénas & Journet,
2021). Acting like a crossbow, the nanotube and spike loaded with effectors are
propelled upon contraction, puncturing the membrane of target cells and delivering
a cocktail of effectors (Sana et al., 2017). The T6SS is highly modular, allowing various
combinations of VgrG and PAAR proteins to assemble a functional spike (Cianfanelli
et al., 2016). As a result, multiple effectors can be delivered simultaneously in one
firing event (Shneider et al., 2013). T6SS can be loaded in two distinct ways: either
as “specialised” effectors, when the effector is translationally fused at the C-
terminus to one of the three Hcp/VgrG/PAAR core component, or as “cargo”
effectors interacting non-covalently with one these three proteins (Hernandez et al.,
2020). Additionally, cargo effectors can be assisted by chaperones (syn. adaptors) or
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structural motifs, which stabilise effectors and Hcp/VgrG/PAAR interactions (Jurénas
& Journet, 2021). A few chaperone families have been described so far, containing
domains such as DUF1795 (Cianfanelli et al., 2016; Quentin et al., 2018), DUF2169
(Bondage et al., 2016), DUF4123 (Liang et al., 2015; Unterweger et al., 2015), or
DUF2875 (Berni et al., 2019). Additionally, a few motifs and domains are commonly
found in T6SS effector/VgrG/PAAR. These include smaller domains like MIX (Marker
for type sIX effectors) and FIX (Found in type sIX effectors) (Jana et al., 2019; Salomon
et al., 2014), or TTR (Transthyretin-like domains) acting as internal chaperone
domain (Flaugnatti et al., 2020). Additional functions were attributed to DUF2345
such as indispensable for T6SS assembly or exerting antibacterial and antifungal
activity on its own (Lopez et al., 2020; Storey et al., 2020). Larger structures like Rhs
(Rearrangement hot spot) are frequently found in T6SS effector proteins, harbouring
an additional PAAR or VgrG interacting domain (VIRN) at N-terminus (Cianfanelli et
al., 2016; Pei et al., 2020). These T6SS effectors usually comprise a nucleic acid toxic
domain at their C-terminus. Structural analyses suggested that Rhs repeats form a
shell structure encapsulating and protecting secreting cells from the C-terminal toxic
domain (Alcoforado Diniz & Coulthurst, 2015). Upon secretion, Rhs T6SS effectors
undergo two autocleavages at the C and N-terminal ends, releasing the toxin
(Kielkopf et al., 2024). Rhs loci were named after their high propension to
recombination rearrangement, suggesting a mechanism for C-terminal toxic domain
diversification (R. J. Lin et al., 1984). T6SS effectors with bacteriolytic activity are
accompanied by immunity proteins (T6ls) that prevent self-intoxication of the
secreting cell or attack of kin cells. T6SS effector and immunity genes are usually
organised in bicistronic units (Jurénas & Journet, 2021) and their gene products
usually localise in the same subcellular compartment (Jurénas & Journet, 2021).

Antimicrobial T6SS effectors have been subdivided into two groups according to
their activity acting either in the periplasm as lytic toxins (phospholipases,
peptidoglycan hydrolases, pore-forming proteins, etc.) or in the cytoplasm (DNases,
enzymes disturbing the energy balance, etc.) (Jurénas & Journet, 2021). Periplasmic
toxins inducing cell lysis have several advantages in static environment, such as
prevention of the formation of a corpse barrier of accumulated dead cells (Smith et
al., 2020), or release of DNA material in the environment (Borgeaud et al., 2015). By
contrast, cytoplasmic non-lytic toxins do not cause rapid cell lysis, but efficiently
target vital biological pathways. T6SS toxins can either lead to growth arrest by
impacting cell division or complete cell death (Wood et al., 2019). Some T6SS even
deliver trans-kingdom effectors, targeting both eukaryotic and prokaryotic cells
(Jiang et al., 2014, 2016; Russell et al., 2013; Tan, Yang, et al., 2025).

More than 100 years after its discovery, Xanthomonas translucens persist as
economically important pathogen of Poaceae worldwide, causing bacterial leaf
streak and bacterial wilt diseases (Goettelmann et al., 2022). The taxonomy was
recently refined using the term Xanthomonas translucens complex for designating
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collectively the three species X. translucens sensu stricto, X. cerealis and X. graminis
(Tambong et al., 2024). While X. translucens pv. translucens is restricted to barley, X.
translucens pv. undulosa infects a broad range of cereals (Bragard et al., 1997).
Similarly, X. graminis pv. graminis infects a wide host range of forage grasses,
whereas X. phleipratensis is limited to Phleum pratense (Kolliker et al., 2006). X.
cerealis overlaps the host ranges of both X. translucens and X. graminis (Bragard et
al., 1997). Our group previously demonstrated that T6SS-i4 and X-T4SS of the X.
translucens complex play overlapping roles in killing of neighbouring bacteria from
cereals (Peduzzi et al., 2025). X. translucens comprises barley pathogens with
contrasting tissue specificity, namely non-vascular pv. undulosa (Xtu) affects only
mesophyll causing localised symptoms, while vascular pv. translucens (Xtt) also
colonises xylem, inducing systemic symptoms. The lifestyle of Xtt is linked to the cell
wall-degrading hydrolase CbsA (Gluck-Thaler et al., 2020). All X. graminis strains are
vascular pathogens, entering through stomata or wounds caused by mowing or
grazing. These bacteria colonise the xylem, and disrupt water and nutrient flow,
causing wilting, leaf and tiller curling, and sometimes plant death (Goettelmann et
al., 2023; Kolliker et al., 2006).

Phylogenetic analyses of core gene sequences have revealed that the T6SSi subtype
can be classified into five distinct clades (i1-i5) (Bernal et al., 2018; Boyer et al.,
2009). T6SS-i3, phylogenetically restricted to Xanthomonadales, was further
subdivided into the subclades i3*-i3**** (Bayer-Santos et al., 2019; Garin et al.,
2024). Comparative genomic analyses identified representatives from clades and
subclades T6SS-i3*, i3***, and i4 in the whole Xanthomonas genus, but only T6SS-
i3*** and i4 were found in the X. translucens complex (Alvarez-Martinez et al., 2020;
Bayer-Santos et al., 2019). The Xanthomonadales T6SS-i4 has been mainly associated
with antibacterial effectors and to a lesser extent with antifungal and anti-eukaryotic
effectors, while the role of T6SS-i3***-related effector remained unclear (Bayer-
Santos et al., 2019; Garin et al., 2024; L. Lin, Shen, et al., 2025; J.-T. Yang et al., 2025).
To date, only a few effectors have been experimentally tested. A recent study
predicted the T6SS effector repertoire of Xanthomonas oryzae pv. oryzae (Xoo) strain
PX099* with a total of 21 putative effectors (Tan, Zheng, et al., 2025). The
phospholipase TleB was found to function as a trans-kingdom effector with dual
activity, contributing to both interbacterial competition and host manipulation (Tan,
Yang, et al., 2025; J.-T. Yang et al., 2025). They also functionally validated a T6SS
VasX_N family effector (PXO_00500) with periplasmic toxicity and its neutralisation
by two nearby encoded immunity proteins of the T6SS_Burk_exIF superfamily
(PXO_RS08595 and PXO_RS08605) (Tan, Zheng, et al., 2025). In Lysobacter
enzymogenes, the T6SS effector “Le1893” from the Rhs family, harbouring PAAR, Rhs
and AHH nuclease domains, showed antifungal activity probably by reducing total
DNA content (L. Lin, Shen, et al., 2025). As such, the field still lacks comprehensive
knowledge of Xanthomonadales T6SS effector activities and diversity.

Here, we used the X. translucens complex to investigate the ecological drivers of T6SS

antibacterial effectors diversity, since this group of bacteria includes T6SSi4-positive
strains with overlapping host ranges and different lifestyles. We conducted a
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comprehensive analysis of the T6SS effector diversity in the model X. translucens
complex to decipher their ultimate T6SS functions. We further experimentally tested
the bacteriolytic activity of a comprehensive set of T6SS effectors found in the
reference strain Xtu UPB513, a representative strain of the Xt T6SS-i4 core
effectome, and tested the neutralisation potential of their cognate immunity
proteins.

Results

The X. translucens complex harbours core and accessory T6SS effectors

To gain insight into the diversity of T65S-i4 effectors in X. translucens sensu lato, we
investigated the effector repertoire in the 31 Xt T6SS-i4* strains with available
complete genomes. We first established a comprehensive list of the three effector-
associated T6SS genes based on HMM profile screening of their encoded proteins,
Hcp, VgrG and PAAR. While the hcp gene was only found in a single copy associated
with the T6SS-i4 cluster, genes encoding VgrG or PAAR domains were numerous,
either located in the vicinity of the cluster or scattered across the genome
(Supplementary Figs.1-2). The ten genes located upstream and downstream of each
identified VgrG and PAAR-encoding gene were manually screened for genes of
candidate T6SS effectors, adaptors or immunity proteins. Functional domains were
further predicted using InterProScan.

We first observed a core effectome, defined as effectors present in at least 95% of
X. translucens sensu lato strains (Fig.1). This core effectome included a set of four
effector domains, namely phospholipase Tlel, ToxREase, Rhs, and VasX domains
(Supplementary Figs.3-9). Detected Rhs effector genes each harbour a PAAR domain
at their N-terminus, DUF6531, Rhs repeats, and differing toxic domains at their C-
terminus. These comprised different nuclease activities, such as Tox-URI-2, SHH,
LHH, GIY-YIG domains, or XOO_2897-like deaminase domains. A single PAAR
domain-encoding gene was additionally found in all T6SS-i4 clusters. However,
homologs were always surrounded downstream by tagX and upstream by a gene
with no detected domains. It is still unclear whether this upstream gene encodes an
effector or corresponds to a new accessory tag gene that is associated with the T6SS-
i4. In addition to the core effectome, many accessory effectors were uncovered,
present in less than 95% of the analysed strains. A phospholipase Tle4 effector is
present in the majority of X. translucens strains but not in grass-infecting X. graminis
or X. cerealis (Supplementary Fig.10). Another candidate effector with lyzozyme-like
and M23 peptidase domains, reminiscent of Tae effectors, was found in the whole
X. translucens complex, except in Xtt (Supplementary Fig.11). Additionally, another
frequently found accessory effector contained lysozyme-like, chitinase class 1 and
calcium-binding domains. The distribution of the other accessory effectors was more
heterogeneous, including VRR Nuc (Supplementary Fig.12), PAAR-fused nuclease
with DUF2169-containing adaptor (Supplementary Fig.13), FIX_Ntox15, Tle3
(Supplementary Fig.14) or PG binding domains, among others. Diverse Tlel, M23
peptidase and VasX effector variants bearing similar functional domains,
respectively, were found, but shared less than 30% sequence identity, and were
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therefore subcategorised as distinct effector-immunity (E-1) module groups (from A
to B/D/F, see Fig.1 and Supplementary Figs.3-8). Additional analyses confirmed that
the trans-kingdom effectors TleA and TleB from Xoo PXO99” share 36.9% and 91.1%
sequence identity, respectively, with Xtu LW16 TlelA (Tan, Yang, et al., 2025).
Interestingly, long arrays of multiple immunity genes were found next to the vasX
gene from group A. The VasX_N containing protein from Xoo PXO99A shares 37%
sequence identity with VasX group B from X. cerealis 01 (Tan, Zheng, et al., 2025).
Intriguingly, a conserved set of genes corresponding to the Tlel group B module was
found, namely its cognate vgrG, chaperone and immunity genes, and a shorten
version of the tlel effector gene. These were consistently followed by pilS, traD and
mobH/L genes, in the middle of the T65S-i4 variable region. Additionally, only one
vgrG gene was found to be associated with the Xt T6SS-i3*** cluster. A DUF6931-
encoding gene was highly conserved between FHA and the corresponding vgrG gene
in all T6SS-i3 subclades (i3*-i3****). DUF6931 was also found associated with T6SS
in alpha and beta-proteobacteria and even fused to FHA domain in Planctomycetota
according to the InterPro database.

Comparison of the left (next to tssM), right (next to tssH), and variable regions at the
centre of the T6SS-i4 cluster further revealed cognate VgrG/PAAR, effector,
chaperone and immunity gene modules that consistently localised together in the
genome (Supplementary Figs.3-11, 15). Interestingly, the genomic position of
distinct T6SS effector genes in the left-flanking, right-flanking or central variable
region of the T6SS gene cluster or as orphans was well conserved. For instance, the
Rhs effectors were consistently found to be encoded on the left-flanking region,
while vasX genes were found in the right-flanking region. All ToxREase genes were
consistently found as orphans. Interestingly a series of effector genes were found
near tssL, the last gene next to the variable region, and were accompanied by vgrG
genes with highly similar levels of sequence identity. Phylogenetic analyses reveal
that these VgrG proteins form one distinct cluster, suggesting a shared evolutionary
origin separate from other T6SS effector-associated VgrG proteins (Supplementary
Fig.2).

The presence of identical E-l modules assigns strains to a same compatibility group,
while differing modules render them T6SS-incompatible. A few strains possessed
identical E-I pairs repertoires, such as the strain couples XtIr8 and Km15, Km33 and
Km12, CFBP2539 and CFBP2055, CO237 and Xtu4699, and the three strains Km9,
UPB957 and UPBA458. Interestingly, these compatible groups were always
phylogenetically close and usually isolated from close countries or regions. However,
the opposite was also observed, as some strains isolated from similar regions
showed highly diverging T6SS E-l arsenals, such as ICMP 11055 and Km15, or CIX207
and CIX282.

Among the identified E-I pairs, many effectors were inactivated by insertion of IS
elements or replacement by a novel homologous E-I pair variant. This is exemplified
by Xt CIX282 with a reduced T6SS effector repertoire and a relatively small variable
region compared to other phylogenetically close Xtu strains.

115



sesnp . grssaLoN X

s<v €210
6607MX
(Sesugy ‘SU0SIEd) SN LE20D J,_
(opeioe0) SN . VEOSIVIA
(sa10j0Q ‘ouerios)erbnun cwy
(ueuwsy) uey geunt qu_
(ueuwsy) uey E0EXID
(2joseUUIN) SN 6502dg4D
epeue) Tex 4
(sred)uey OvXID
(B10S8UUIN) VSN wid} 8a1) snbe.edse [eJudleuIo 66524840
BpEUE) J2|NOSEA-LON Pue 2L-pjwABUIPNIU P e1sadn
ooxa sjeas00 ute b lews ssieng 282X10
(21058LUIA) VSN I 202X1D K
(21058LUIA) VSN 9TM1
(B104e0 YHON) ¥SN 291XID K
(e10s8UUN) VSN €d n_
(e303eq ULON) VSN STun T_ o
(ueusy) uey 8IBX \_
(uejsaio)uey GSOTTAOI -
suadnjsuel,
(ueuwisy) uey E 8GFadN \s. X
epy| 1v69dn
BIpu| 6u
e Ul cen fopeg 9€200 -
(opeiojo0) wsn 419
(e303eq ULON) VSN 4988
(210%eq YLON) VSN X siuwelb "x
(uieg) PUBLSAWS o sesse 5ebBI0} s IANG 661X
(uasneubig) puepezvg EPBONT
SN 1einoseA asusjeid Wnol TrSedg4d SIeaiaa "X
SN sosseld abelo) pue T0 !
(Bueiiu) eu) SN s[eesed urelb |[ews esieng JTEITANDL
(euop eIRgsy  JejnoseA 801 OlyOBIS =T
) AP IUlElrEE £ = 43a28V
) Ryrenosep, Bue. js0H mmmmnmmwwmrmwwwmm KX [
& m 5|2 |5|E(T AlS|18 £ == w [}
£ F o 55
2[5|2|E|§ (5|2 mmm $333
5| [E&[2181E EIE|ElEz E & &
8l Ele2l5ls| [El Iz;
= e N4 7 ££3
gl 5|8 RS B
ENE m s|8|£| | mu m
B i i |2
I PEEE T B ]
S 5 )
2 g =
£ £ g £ £ i3 Mm £
m % M m o E <
o )
£ M g m .m. =
5 ] H £
® [
2
€1.68dN X Ul punojsBojoLoy J03oa42 SSaL

116



Figure 1: Diversity T6Es in the X. translucens complex. A kSNP3-based species
phylogenetic tree is shown on the left. Heatmap showing the absence or presence of one or
multiple T6E candidates and their subgroupings (30% sequence identity) in each strain. Host
range, lifestyle (vascularity) and country of isolation are indicated on the right of the table,
respectively. Effector categories that were experimentally validated for their bacteriolytic
activity in this study are indicated by the sword symbol next to their name. Strains lacking the
T6SS-i3*** cluster are marked with a cross. T6SS compatible strains with identical T6SS
effector-immunity repertoire are highlighted in similar colours.

Non-vascular lifestyle drives T6SS effector diversification in xanthomonads

Given the wide diversity of T6SS E—I modules with antibacterial potential among X.
translucens sensu lato strains, we investigated the drivers of T65S-i4 and effector
distribution. We hypothesised that their repertoires are shaped by differences in
ecological lifestyle, exposing them to differing microbial competitive pressures.

T6SS-i4 is found in high occurrence within the X. translucens complex, X. oryzae and
Xanthomonas fragariae species, while very few T6SS-i4-positive strains are found in
other xanthomonads. We found an enrichment in T6SS effector diversity and
quantity within strains with non-vascular lifestyles. Within X. translucens, the T6SS
effector repertoire in non-vascular Xtu was highly heterogeneous, compared to the
well-conserved T6SS effector arsenal of vascular Xtt. Similarly, low T6SS effectors
diversity was found among vascular X. graminis pvs. graminis and phleipratensis
strains. In addition, a higher number of T6SS effectors-associated VgrG and PAAR
was found among non-vascular X. oryzae pv. oryzicola (Xoc) compared to vascular
Xoo (Fig.2). The X. fragariae species is mainly characterised as non-vascular. All T6SS-
i4* strains possessed very close total VgrG and PAAR genes number. Interestingly,
while X. fragariae YL19 has been described with an unusually vascular lifestyle in the
literature, we did not find T65S-i4 gene cluster in its genome. In Xanthomonas citri,
Xanthomonas hortorum, Xanthomonas phaseoli, and Xanthomonas campestris,
T6SS-i4 is only found in a minority of strains, sometimes only one. Among those, a
few strains carry both the X-T4SS and T6SS-i4 systems, such as X. citri pv. glycines
ISO118C5. We therefore studied the repertoire of their T6SS-i4 effectors in all
available complete genomes. We found that they all harboured highly reduced T6SS-
i4 effector arsenals, restricted to VasX, NTox15 and Tlel domains, and an additional
unknown gene accompanied by a predicted immunity protein in X. citri pv. glycines
8ra.
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Figure 2: T6SS-i4* xanthomonads and T6SS VgrG and PAAR total repertoires. The
total number of VgrG and PAAR genes is depicted for each respective T65S-i4* Xanthomonas
species/ pathovar. The mean is indicated by a red bar and each dots represent individual
strains.

All core effectors of the X. translucens complex contribute to bacterial toxicity

The reference strain Xtu UPB513 T6SS-i4 is known for its role in bacterial killing. We
therefore selected this strain for an in-depth characterisation of the bacteriolytic
potential of its T6SS effector arsenal. This strain is representative of the T6SS core
effectome of the X. translucens complex. From our above findings, a total of eight
VgrG- and five PAAR-encoding genes were found in Xtu UPB513 (see Supplementary
Fig.16). Some of them were either associated with the T6SS-i3*** cluster or
pseudogenised by IS elements, or no candidate effector gene was found in their
vicinity. These genes were therefore not included in the further analyses.
Additionally, one vgrG and one PAAR-fused effector gene were associated with the
same E-l module. By comparative analyses with other Xt T6SS-i4 variable regions,
one identified vgrG gene was shorten compared to its homologs in other Xt strains,
and the following candidate effector gene had lost its cognate immunity gene.
However, this candidate was still included in the dataset for toxicity testing, bringing
the total number of effector candidates to be tested to eight. The predicted
functional domains of these proteins included phospholipases Tlel and Tle4,
nuclease, peptidase and membrane-disrupting domains. For VasX, two variants with
similar VasX domains sharing 21.6% identity were tested from Xt strains CFBP 2055
and CFBP 2541 (see Supplementary Fig.16).

To investigate the toxicity of candidate effectors, two high-copy number vectors with
arabinose-inducible promoters were used for heterologous expression in E. coli,
pBADfix for the synthesis of proteins in the cytoplasm and pPERS5 for the delivery of
proteins into periplasm thanks to an N-terminally fused PelB signal sequence for
secretion. The growth of each E. coli transformant was monitored in LB medium
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supplemented with kanamycin and either varying concentrations of L-arabinose
(0.05%, 0.1%, or 0.2% wt/vol) for expression, or D-glucose (0.4% wt/vol) for
repression as a control (Fig.3). Growth of the cultures was monitored for 24h30 at
37°C. We first observed that the growth of E. coli wild-type cells was negatively
affected when the monosaccharide concentration increased. Growth was lower at
0.2% arabinose and 0.4% glucose concentration than at 0.05% or 0.1% arabinose
concentration. However, E. coli strains carrying empty plasmids pBADfix or pPER5
showed identical growth as the wild type, ruling out an impact of the plasmid or the
antibiotic resistance marker on their growth (Supplementary Fig.17).

Among the effectors, periplasmic expression of the phospholipase
(MZO50_RS05440) resulted in substantial toxicity, compared to the cytoplasmic
expression, suggestive of an activity in the periplasmic space. Two orphan ToxREase-
5 nucleases (MZO50_RS05440 and MZO50_RS14560) were toxic upon delivery to
both the cytoplasm and periplasm. Surprisingly, MZO50_RS05440 had a stronger
effect in the periplasm. The candidate Rhs nuclease effector bearing a Tox-URI-2
domain (MZ0O50_RS08935) was similarly toxic in both the cytoplasm and the
periplasm, with a notable effect in the latter. Despite a predicted pseudogenised
cognate immunity gene, both cytoplasmic and periplasmic expression of the
phospholipase Tle4 with a PGAP1 domain (MZO50_RS09065) showed high toxicity.
Finally, while both cytoplasmic and periplasmic expression of both VasX variants
(KCU58_RS05985 and KHA79_RS11705) showed lower bacterial growth, the
periplasmic version was more detrimental. The differing arabinose concentrations
only slightly impacted the lag phase of T6SS effector-expressing E. coli growth curves,
such as observed with the Tle4 effector. The maximal culture density in glucose-
supplemented growth curves was slightly higher in bacteria carrying empty vectors
than in effector-expressing vectors, probably resulting from leaky expression. These
results confirm the bacteriolytic role of all eight tested T6SS core effector candidates.
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Figure 3: T6E candidates show toxicity when expressed in E. coli. Schematic
representation of heterologous expression vectors used. Genes that were selected for
expression are represented above each graph, and domains are colour coded according to
their type: PAAR/ VgrG, toxic domains, signalP, and others. Effector proteins are indicated by
red arrows. E. coli growth curve in LB at 37°C under the expression (L-arabinose) or repression
(D-glucose) of T6E candidates. Two replicates for each treatment (n= 8 repetitions per
replicate). Dots represent mean and error bars show s.e.m.

Modelling effector interacting proteins

We further aimed at predicting the cognate immunity proteins of the identified anti-
prokaryotic effectors. Candidate immunity proteins were selected based on a
comparison of the genes adjacent to the effector genes, their typical small size, and
the presence of a signal peptide in the case of periplasmic effectors. Both
MZ0O50_RS14560 and MZO50_RS09065 had an IS element insertion in their
respective immunity gene and were therefore not included in subsequent analyses.
Using AlphaFold we predicted effector-immunity protein interactions
(Supplementary Fig.18). The predicted template modelling score (pTM) informs
about the quality of the predictions, while the interface pTM score (ipTM) quantifies
the confidence of interactions between two given proteins. When pTM exceeds 0.5,
the predicted overall fold of the complex can be considered a reasonable
approximation of the true structure. ipTM values above 0.8 indicate confident, high-
quality predictions, whereas values below 0.6 usually reflect failed predictions.
Finally, scores between 0.6 and 0.8 fall into a grey zone where accuracy remains
uncertain (Abramson et al., 2024).

AlphaFold predictions with high confidence of tested E-l pairs included protein
couples MZ0O50_RS09035 and MZO50_RS09055 (Tle1lB), MZO50_RS09085 and
MZO50_RS09090 (M23 peptidase), as well as MZO50_RS05440 (ToxREase) and
MZO050_RS05445. The candidate immunity protein array upstream of Tlel all
showed a high ipTM score above 0.75, the highest being the gene directly upstream
of the effector. The structure of the whole VgrG, adaptor, immunity and effector
protein complex was predicted with a ipTM score of 0.71. While the role of
MZ0O50_RS05435 is unknown, it was confidently predicted in a complex with
MZO50_RS05425 (VgrG) and MZO50_RS05430 (adaptor DUF4123). No strong
candidate of an immunity protein was found for the nuclease-containing Rhs protein
or the nucleolytic toxic domain alone that is thought to be released from the Rhs
cage upon post-translational cleavage. However, it is notable that the toxic domain
was found to be located encapsulated inside the barrel cage. No clear interaction
could be predicted for the other effectors, pending experimental testing.

Cognate immunity neutralises effector antibacterial activities

Following AlphaFold structural predictions, we experimentally characterised the
neutralisation potential of these immunity proteins (Fig.4). Given the slight effect of
arabinose concentration in the toxicity assays, a concentration of 0.1% arabinose
was chosen for the following neutralisation assays. Co-expression of the ToxREase
(MZ0O50_RS05440) with its cognate immunity protein (MZO50_RS05445) partially
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neutralised the toxicity, confirming a first E-I pair. Similarly, the toxicity of the M23
peptidase (MZO50_RS09090) was mitigated by co-expression with its immunity
protein (MZO50_RS09085) in the periplasmic expression condition and totally
abolished in the cytoplasmic expression condition. However, the candidate
immunity protein (MZO50_RS20650) failed to antagonise the growth defect caused
by the Rhs nuclease (MZOS50_RS08935). The candidate immunity protein
(MZO50_RS09050) also did not provide immunity against the Tlel Phospholipase
(MZO50_RS09055). Finally, the tested immunity protein (MZO50_RS15745) was
toxic when expressed alone and in co-expression with the orphan Tlel
Phospholipase (MZ0O50_RS15750).
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immunity proteins by green arrows. E. coli growth curve of bacterial cultures in LB at 37°C
upon L-arabinose-induced expression of T6E-T6I candidates. One replicate for each treatment
(n= 8 repetitions per replicate). Dots represent mean and error bars show s.e.m.

Discussion

Bacteria prosper despite a constant battle for resources and space. While the T6SS
is widely distributed among bacterial genera, its effectors display remarkable
diversity, targeting eukaryotic or prokaryotic cells, or even both. However, the
evolutionary and ecological factors shaping the distribution and functional
diversification of T6SS effectors across bacterial lineages remain poorly understood.
Here, we found evidence that increase in effector diversity in the X. translucens
complex is at least partially driven by the tissue specificity of the pathogen.
Additionally, we provide experimental evidence of bacteriolytic activity for eight
effectors of the X. translucens complex and the neutralising activity of their cognate
immunity proteins.

Our genomic in depth-screening and comparative genomic analyses revealed a core
and an accessory effectome within the X. translucens complex harbouring the T6SS-
i4. Overall predictions highlight toxic domains with potential for prokaryotic and
eukaryotic targeting. Homologs of the trans-kingdom effector TleB, which were
recently described by Tan et al. (Tan, Yang, et al., 2025) and correspond to TlelA in
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this study, were found to be highly dispersed across all X. translucens sensu lato
strains. We also found homologs of the Tlel, Tle3 and Tle4 phospholipases as
classified by Russell et al. (Russell et al., 2013). A chaperone with DUF2169 was
encoded near a PAAR-fused gene that encode a DNase toxic domain and a vgrG gene.
Interestingly, in the rice pathogen Burkholderia glumae, two T6SS accessory genes,
one of which encodes a DUF2169 domain, were shown to be involved in bacterial
virulence (Kim et al., 2021).

Additionally, we found homologs of conjugative T4SS genes, including the coupling
protein TraD, PilS and MOBy,. family of relaxases, to be encoded within the variable
region of some Xt T6SS-i4, always localised near the same shortened Tle1lB module.
In Vibrio cholerae it was shown that successive insertion of novel E-I modules can
displace ancestral effector genes while conserving immunity genes, which are shifted
downstream, thus gradually leading to the evolution of long arrays of multiple
immunity genes (Kirchberger et al., 2017). We observed a similar mechanism in the
evolution of the VasX modules. In this study, PAAR-related effectors exclusively
comprise nucleases, such as the ToxREase, Tox-URI2, VRR-Nuc, Ntox, and SymE
domains, which are thought to be active in the cytoplasm. In contrast, VgrG-related
effectors are linked to activities in the periplasmic space, such as phospholipases or
pore-forming effectors.

In addition to T6SS-i4, X. translucens and X. cerealis also harbour one T6SS-i3***
cluster, making it unclear whether orphan effectors belong to T65S-i3*** or to T6SS-
i4. However, the presence of T6SS-i4 alone in X. graminis allows attribution of all
effectors in its repertoire to the clade-i4. In line with Bayer-Santos et al. T6SS effector
predictions (Bayer-Santos et al., 2019), only one candidate effector was found in the
vicinity of Xt T6SS-i3*** cluster. However, this putative DUF6931-encoding gene
upstream of vgrG is present in all T6SS-i3 subclades. Therefore, it is still not clear
whether this gene is a new T6SS accessory tag gene or an effector gene. In other
xanthomonads harbouring T6SS-i3***, only a conserved set of hypothetical proteins
harbouring a TIR_2 domain, typical of Toll-like receptors, were identified in a few
species (Bayer-Santos et al., 2019). Bacterial proteins with TIR_2 domains act as
NADases and interfere with cellular metabolism in prokaryotic and eukaryotic cells
(Alvarez-Martinez et al., 2020).

The presence of T6SS compatibility groups within X. translucens strains supports the
hypothesis that different Xt strains may co-exist within the host, or that they
compete via alternative mechanisms. It would be interesting to assess whether the
immunity proteins of Tlel, M23 peptidases or VasX effector modules confer cross-
protection across the different subgroups (A-B/D/F), thereby increasing the number
of strains belonging to the same compatibility groups.

In our work, we could also detect rare cases of strains containing both complete X-
T4SS and T6SS-i4. We also observed a reduction in the T6SS-i4 effector repertoire in
xanthomonads that contain as well the X-T4SS. In the X-T4SS* T6SS-i4* L.
enzymogenes strain OH11, the T6SS-i4 appears to have antifungal but not
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antibacterial activity, whereas the X-T4SS plays a role in interbacterial competition
and quorum quenching, but also indirectly favouring other bacteria in its
environment to produce the antifungal compound 2,4-DAPG (Liao et al., 2023; L. Lin,
Shao, et al., 2025; L. Lin, Shen, et al., 2025; Shen et al., 2021; Wang et al., 2023; M.
Yang et al., 2020). Considering that the identified effectors target molecules highly
conserved across both prokaryotic and eukaryotic kingdoms, we do not exclude any
possible additional antifungal role within identified T6SS effectors.

In light of the general lack of congruence between the distribution of T6SS effectors
and species phylogeny, our dataset suggests that T6SS effectors were gained through
HGT and lost among lineages numerous times. Some strains had a strongly reduced
effectome, which even included the loss of core effectors, such as Xt strain CIX282.
The loss of T6SS effectors in consistent with the study by Taillefer et al. (Taillefer et
al., 2025), which showed that T6SS activity can be abolished by mutations when the
bacteria are grown alongside immune recipients, while remaining active when grown
alongside susceptible cells. By extension, the absence of microbial competition or
the presence of immune recipients over an extended period could lead to the loss of
T6SS effectors. Additionally, we showed that the Tle4 PGAP-containing effector was
still toxic, despite an incomplete module, when expressed in E. coli. However, the
shortening of its associated VgrG domain and the absence of cognate immunity gene
could suggest that the T6SS effector is no longer secreted. Finally, the presence of a
pseudogenised immunity gene associated with the ToxREase (MZO50_RS14560)
could be explained either by a no longer secreted T6SS effector or a potential cross-
protection by the immunity (MZO50_RS05445).

The antimicrobial T6SS effectors repertoire might reflect the pressure of competition
with the microbiome that each Xt strain has faced. This would make of the T6SS
effectome a record of recently and frequently encountered adversaries. We
observed an enrichment in the diversity of T6SS effectors in non-vascular Xtu and
Xoc, compared to their vascular relatives. The xylem is considered a nutritionally
limited and constrained environment, which likely explains why less diversified
communities of microbes can successfully colonise it (Anguita-Maeso et al., 2023;
Michl et al., 2023; Zhang et al., 2022). Lower competitive pressure within the xylem
compartment could therefore partly explain the reduction of T6SS effector diversity
in vascular Xanthomonas pathogens. Additionally, the T6SS-i4 gene cluster is widely
distributed among Xtu, compared to Xtt, where it is only present in the Xtt LIN
subgroup K1 (Peduzzi et al., 2025). We therefore argue that the presence of T655-i4
and its effectors should be rather considered as part of a continuum of T6SS effector
diversity, rather than as a binary system of presence or absence.

The bacteriolytic activity was confirmed for all the core T6SS-i4 effectors. Our results
confirm the study of Tan et al. showing that PX099” TleA and TleB (Tan, Yang, et al.,
2025) (TlelA in this study) induce toxicity upon periplasmic delivery. Additionally,
our results are also compatible with the toxicity of the Xoo PX099* VasX_N family
effector (Tan, Zheng, et al., 2025) (VasX group B in this study), which is active in the
periplasmic space. In L. enzymogenes, Le1983, an AHH-containing Rhs family toxin
exhibits antifungal activities against yeast, for which they further predicted two self-
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cleavage sites for toxin release (L. Lin, Shen, et al., 2025). Similar Rhs family proteins
were identified with toxic nuclease domains LHH and SHH from the same HNH/ENDO
VIl superfamily within the X. translucens complex. In addition, we could confirm the
antibacterial role of Rhs with a Tox-URI2 nuclease domain at the C-terminus.

Surprisingly, some of the tested immunity proteins were toxic when heterologously
(over)expressed in E. coli. This could be due to unregulated overexpression, which
may interfere with certain cellular pathways in a non-native host. Additionally,
partial protection of an immunity has previously been observed with a Burkholderia
gladioli T6SS effector-immunity pair when ectopically expressed from a separate
plasmid in E. coli, whereas a transcriptionally fused effector—immunity construct
restored complete protection (Yadav et al., 2021). This may result from differences
in expression levels or protein localisation compared to their native genomic context.
Furthermore, all nuclease-containing effectors showed a stronger toxic effect when
they were delivered to the periplasm than to the cytoplasm. However, in the case of
Rhs, adjacent genes encoding proteins secreted to the periplasm might be clues for
inactivation of toxicity in the periplasm by an unknown periplasmic toxic domain.

The diversity of antibacterial effectors of Xtu strain UPB513 T6SS-i4 confirms
previous confocal microscopy time-lapse studies in which various outcomes were
observed for E. coli DH10B cells, such as growth inhibition, cell rounding, cell burst,
or cell shrinking (Peduzzi et al., 2025). This suggests different effectors with differing
activities, such as bacteriostatic or membrane-disrupting effectors, were delivered
with each firing event against cells of the same strain. This study provides a
comprehensive understanding of the antibacterial effector repertoire of the T6SS in
the model bacterium Xtu UPB513. This will guide future investigations into key
questions, such as the effector composition in each T6SS contraction event and the
mechanisms of effector selection.

Materials and methods
Bacterial strains and growth conditions

Bacterial strains, plasmids and primers used in this study are listed in Supplementary
Tables 1 and 2. Xtu strain UPB513 was grown at 28°C with shaking at 220 rounds per
minute (rpm) in liquid nutrient broth (NB) or on solid nutrient agar (NA). E. coli
DH10B was grown at 37°C with shaking at 220 rpm in liquid lysogenic broth (LB) or
on solid LB agar (1.5%) supplemented with glucose (0.4% wt/vol) or L-arabinose
(0.05%, 0.1%, or 0.2% wt/vol), when appropriate. The antibiotics kanamycin (Km)
and chloramphenicol (Cm) were used in a concentration of 50 pg/ml and 100 pg/ml,
respectively, where appropriate.

Plasmid construction

All predicted T6SS effector (T6E) gene of Xtu UPB513 were cloned in both vectors,
pBADfix (KmR; for testing cytoplasmic activity) and pPER5 (KmF; for testing
periplasmic activity), for heterologous expression in E. coli. Primers for each T6E,
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with corresponding vector overlaps, were designed according to the Gibson
assembly cloning technique. T6E amplicons and pBADfix/pPER5 amplicons were
amplified using Q5 high-fidelity DNA polymerase (New England Biolabs, Ipswich,
Massachusetts, USA) and purified with the Monarch® PCR & DNA Cleanup Kit (New
England Biolabs). Following amplification of the vector DNA, the restriction enzyme
Dpnl (New England Biolabs) was used to digest any remaining methylated parental
plasmid DNA. T6E amplicons were then cloned into their respective vectors using the
GenBuilder Cloning Kit (GenScript, Piscataway, New Jersey, USA). Finally, constructs
were transformed into E. coli DH10B strains by heat shock and selection on LB agar
plates supplemented with 0.4% glucose (wt/vol) and kanamycin. Notably, pBADfix
and pPER5-cloned genes encode proteins that are C-terminally tagged with a tandem
c-myc-Hisg tag for immunological protein detection. T6E proteins expressed from
pPERS are fused at their N-terminus to a PelB signal sequence for periplasmic protein
delivery.

Using the same method, all predicted cognate T6SS immunity (T6l) genes of Xtu
UPB513 were cloned in vector pBAD33.1 for heterologous expression. Constructs
were transformed into E. coli DH10B strains by heat shock and selection on LB agar
plates supplemented with 0.4% glucose (wt/vol) and chloramphenicol. All pBAD33.1-
encoded proteins are C-terminally tagged with a FLAG tag for immunological protein
detection. Some hard-to-amplify immunity genes were synthesised and cloned by
GenScript due to the high sequence similarity of multiple gene copies in the genome.

Each T6SS effector cloned into pBADfix or pPER5 were then transformed together
with their cognate T6SS immunity cloned into pBAD33.1 into E. coli DH10B strains
and selected on LB agar plates supplemented with 0.4% glucose (wt/vol), kanamycin
and chloramphenicol. All constructions were confirmed by PCR and DNA sequencing,
for which the plasmid sequencing service from Microsynth AG (Balgach, Switzerland)
was used.

T6SS effector-immunity toxicity assays

The growth of E. coli cultures expressing T6SS effectors was monitored in LB medium
supplemented with kanamycin (50 pg/ml) and varying concentrations of L-arabinose
(0.05%, 0.1%, or 0.2% wt/vol for expression) or D-glucose (0.4% wt/vol for
repression). The initial ODsgs of E. coli suspensions were adjusted to 0.001. Two
replicates for each treatment with eight repetitions each were placed in 96 well-
plates covered with a Breathe-Easy® sealing membrane (Sigma-Aldrich, St. Louis,
Missouri, USA). Measurements of ODsgs were taken every 15 minutes during 24h30,
with continuous shaking at 37°C using a Multiskan FC microplate reader
(ThermoFisher Scientific, Waltham, Massachusetts, USA). Two replicates were
established for each treatment, each consisting of eight monitored repetitions. The
data from the eight repetitions of each replicate were used to generate one growth
curve calculating the mean values and standard errors of mean (s.e.m.).

The same method was used for T6SS effector-immunity neutralisation assays in LB
medium containing 0.1% wt/vol of L-arabinose, supplemented with kanamycin (50
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pg/ml) and/or chloramphenicol (100 pg/ml). One replicate was established for each
treatment, each consisting of eight monitored repetitions. The data from the eight
repetitions of each replicate were used to generate one growth curve calculating the
mean values and standard errors of mean (s.e.m.).

In silico screening for T6SS-i4 effector-immunity arsenals

To perform a comprehensive screening of all T6SS effector-immunity pairs in the
strain Xtu UPB513 (RefSeq: NZ_CP096570.1), all VgrG/PAAR/Hcp domains-
containing proteins were searched using HMMsearch. Proteins corresponding to the
neighbouring genes of the T6SS core genes were analysed using InterProScan and
AlphaFold to identify candidate T6SS effectors and immunity proteins.

To explore T6SS effector-immunity diversity in the Xt complex, all the 31 Xt complete
genomic sequences harbouring T65S-i4 were retrieved from the National Center for
Biotechnology Information (NCBI) database on July 2025. The species phylogenetic
tree was inferred using kSNP3 using k-mer of 23 bp (Gardner et al., 2015).

For Tle phospholipase, ToxREase and VasX domains, the HMM profiles of these toxic
domains were retrieved from InterPro and used in HMMsearch to obtain a
comprehensive list of candidate effectors. To cluster the effector candidates,
sequences of HHMsearch hits were extracted and aligned using MEGA (v. 12.0.11).
Phylogenetic trees were then inferred using the IQTREE web server (Trifinopoulos et
al., 2016) (http://igtree.cibiv.univie.ac.at/) using maximum likelihood estimations
with default parameters and visualised with iTOL (Letunic & Bork, 2024)
(https://itol.embl.de/).

For peptidase, PGAP1 and Rhs domain-containing T6SS effectors, HMM profiles were
not specific enough for detecting T6SS effector proteins only. Therefore, TBLASTN
analyses were conducted using Xtu UPB513 T6SS effector sequences as queries (e-
value threshold < 0.000001; BLAST identity threshold > 50%).

T6SS modules encoding VgrG/PAAR, chaperones, T6SS effector and immunity
proteins were searched and extracted using cblaster (v.1.0) (Gilchrist et al., 2021) at
the CAGECAT online platform (https://cagecat.bioinformatics.nl/) Sequences of
extracted clusters were then aligned and visualised for gene homology groups
(minimum alignment sequence identity of 30%) using clinker (v0.0.29) (Gilchrist &
Chooi, 2021).

AlphaFold modelling

Three-dimensional structures of proteins or protein complexes, listed in
Supplementary  Table 3, were predicted using AlphaFold3 at
https://alphafoldserver.com/.
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Abstract

The exploration of microbial interactions within plant-associated communities has
gained attention recently, particularly for their potential in biocontrol. The
Xanthomonas translucens (Xt) complex includes bacterial pathogen of cereals that
notably rely on secretion systems to compete against surrounding microorganisms.
Yet, the ecological dynamics in planta and bacterial targets of both antibacterial type
IV (X-T4SS) and type VI secretion systems (T6SS) remain poorly known. Here, we
show that both X-T4SS and T6SS-i4 mediate interspecies and/or intraspecies
competition against bacteria representative of the wheat-associated microbial
community, thereby shaping interactions within the phytobiome. Through pairwise
confrontation assays, we demonstrate that both systems efficiently kill several
Gram-negative competitors, notably Pantoea and multiple Pseudomonas species,
while leaving Gram-positive taxa unaffected. We further reveal that T6SS-i4 also
contributes to X. translucens survival providing protection against these same
Pantoea and Pseudomonas strains. In addition, Xt pv. undulosa (Xtu) T6SS-i4
mediates intraspecific competition against Xt pv. translucens (Xtt), both in vitro and
in planta. Through confocal imaging, we describe the spatial relevance of T6SS-i4 in
intraspecific competition of Xtu with Xtt. Together, these findings highlight the dual
role of secretion systems in inter- and intraspecific competition, underscoring their
importance for the ecological success and pathogenic lifestyle of X. translucens.
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Introduction

Xanthomonas species cause diseases in more than 400 crops worldwide and thrive
across diverse ecological niches (An et al., 2020; Parte et al., 2020). Despite progress
in understanding Xanthomonas biology, strategies for effective disease control
remain limited, highlighting the need for alternative approaches. The exploration of
microbial interactions within plant-associated communities has gained attention
recently, particularly for their potential in biocontrol. While antagonistic
mechanisms are well characterised in several bacterial genera, such as
Pseudomonas, or Bacillus, comparable insights into Xanthomonas remain scarce.

Inter-bacterial interactions can either be mediated by freely diffusible factors
released into the surrounding environment, or by factors directly delivered into
neighbouring target cells in a contact-dependent manner (Garcia-Bayona &
Comstock, 2018). Struggle for survival has driven bacteria to evolve diverse contact-
dependent mechanisms for bacterial killing (Granato et al.,, 2019). In the
Xanthomonas genus, two contact-dependent type IV (X-T4SS) and type VI (T6SS)
secretion systems were shown to play key roles in interbacterial competition by
injecting toxic effectors into neighbouring cells, as demonstrated in Xanthomonas
oryzae (Zhu et al., 2020) and Xanthomonas translucens (Peduzzi et al., 2025) for T6SS,
and Xanthomonas citri (Souza et al., 2015) and Xanthomonas graminis (Peduzzi et
al., 2025) for X-T4SS.

The T6SS is a contractile nanomachine, evolutionarily related to bacteriophage tails,
that delivers effector proteins into prokaryotic or eukaryotic cells (Alvarez-Martinez
et al., 2020; Bayer-Santos et al., 2019). It is composed of 13 conserved structural
proteins (TssA-M, for type six secretion) typically encoded in gene clusters, along
with non-conserved accessory Tag proteins (Reglinski et al., 2023). The apparatus
comprises a membrane complex (TssJLM), a baseplate (TssEFGK), and a cytoplasmic
tail formed by stacked Hcp hexamers encased in a contractile TssB/C sheath, with
TssA initiating and stabilising tail polymerisation (Bernal et al., 2018). At its tip, a
trimeric Valine-glycine repeat protein G (VgrG) spike sharpened by proline-alanine-
alanine-arginine repeats (PAAR) proteins recruits effectors that are loaded either
within the Hcp tube or onto the spike for injection into target cells (Jurénas &
Journet, 2021). During firing, sheath contraction propels the Hcp tube and VgrG-
PAAR spike outward to puncture neighbouring cells and delivers effectors, after
which the ATPase ClpV disassembles and recycles the sheath for subsequent rounds
of activity (Alvarez-Martinez et al., 2020; Cherrak et al., 2018; Costa et al., 2015;
Zoued et al., 2014). T6SS gene clusters have been divided into four evolutionarily
divergent subtypes (T6SSi-iv) (Bock et al., 2017; Boyer et al., 2009; Broms et al.,
2010; Russell et al., 2014). The T6SSi is prevalent across diverse ecosystems, such as
in environmental (rain, marine, soil), animal or plant-associated bacteria (Bernal et
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al.,, 2018; Unni et al., 2022). Phylogenetic analyses of core gene sequences have
revealed that the subtype T6SSi can be further classified into five distinct clades (i1-
i5) (Bernal et al., 2018; Boyer et al., 2009). Within phytobacteria, all the five T6SS
clades i1-i5 are widely represented, with strains containing up to five T6SS clusters
(Bernal et al., 2018).

The X-T4SS of the Xanthomonadales order is a class A type IV secretion system
composed of 12 structural components (VirB1-VirB11 and VirD4), forming a core
complex anchored in the membranes and associated with an extracellular pilus (Sgro
et al., 2019). Effector translocation is energised by the ATPases VirB4, VirB11, and
VirD4, the latter also functioning as a coupling protein and loading platform for
effectors (Sgro et al., 2019).

Cell resistance to T6SS or X-T4SS killing rely on multiple factors. Both X-T4SS and
T6SS-i4 immunity proteins are small, specific molecules that neutralise their cognate
effector toxins, and their genes can persist in the genome even without a functional
secretion system (Jurénas & Journet, 2021; Kirchberger et al., 2017). Beyond
immunity-based protection, bacteria can resist T6SS killing through mechanisms
such as envelope stress responses, spatial segregation, or physical barriers like
extracellular polysaccharides (Hersch et al., 2020). In X. citri, X-T4SS immunity
proteins primarily prevent cis-intoxication, as their absence causes autolysis and
impaired biofilm formation, whereas resistance to trans-intoxication by other cells
appears to persist through immunity protein-independent mechanisms (Oka et al.,
2024). These complementary strategies highlight the evolutionary complexity of X-
T4SS and T6SS-mediated interactions and the multiple layers of defence shaping
microbial communities.

Here, we used the model organism X. translucens sensu lato to investigate the
ecological impact of secretion system-mediated bacterial killing in planta. Whereas
most other Xanthomonas species evolved only one antibacterial system between X-
TA4SS or T6SS-i4, X. translucens (recently considered a species complex) stands out by
comprising strains with the X-T4SS and other strain with the T6SS-i4 in the same
species, making it a valuable model for their study (Alvarez-Martinez et al., 2020;
Bayer-Santos, DeMoraes Ceseti, et al., 2019; Sgro et al., 2019). We provide evidence
supporting the inter- and intraspecies competitions using X-T4SS and/or T6SS in vitro
and in planta. Better understanding of competitive traits in the X. translucens
complex opens new avenues for sustainable disease management.
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Results

Killing activity X-T4SS and T6SS of the Xanthomonas translucens complex
against cereal competitors

The role in bacterial killing of both X. graminis (Xg) LMG728 X-T4SS and Xt UPB513
T6SS-i4 was demonstrated in previous work against the bacterial model E. coli
(Peduzzi et al., 2025). Therefore, we further compared the bacterial killing potential
of both systems against a wide range of bacteria representative of cereal
phytobiome. To this end, wild-type and mutant strains of both systems, virD4 for X-
T4SS and hcp for T6SS-i4, were used. Pairwise qualitative competition assays were
conducted at different dilutions against each individual member of the cereal
bacterial consortium described by Dubois et al (Dubois et al., 2024). Although the
consortium initially comprised 16 bacterial strains representative of diverse taxa,
four were excluded due to insufficient growth under the assay conditions. From the
12 bacteria tested, five were killed by both X-T4SS and T65S-i4 (Figure 1). These T6SS-
dependently killed bacteria included only Gram-negatives of the gamma-
proteobacteria, namely Pantoea agglomerans, Pseudomonas fuscovaginae,
Pseudomonas sivasensis, Pseudomonas lurida, and Pseudomonas cichorii. On the
contrary, Glutamicibacter, Microbacterium, Staphylococcus, Bacillus,
Sphingobacterium, Pedobacter and Burkholderia were not impacted by X-T4SS or
T6SS-i4. Interestingly, both systems targeted the same species and strains, which
implies a redundant function. However, while the T6SS-i4 hcp mutation strongly
reduced bacterial killing in pseudomonads compared to the wild type, it did not
totally abolish the killing. On the opposite, the X-T4SS virD4 mutation totally
impaired bacterial killing in pseudomonads.

Additionally, we observed that Xg LMG728 X-T4SS and Xt UPB513 T6SS-i4 killing
outcome against Pantoea agglomerans differed according to the medium’s recipe.
While killing occurred in NA from Difco brand, it did not in NA from Millipore brand.
In addition to slight composition differences, we also noted a stronger
hydrophobicity of the second media. However, this medium-dependent killing effect
was not observed against the other cereal-associated bacteria.

134



AleXe
fliloo
(1:]100

‘oo
;|00

|00
[feXe
|oe

@ T i
P g
AR EOX |
E i
w H
w n i
| il0@
il 7

loe
*O.

|loe

135



Figure 1: Cereal representative bacteria killed in a X-T4SS and T6SS-i4 dependent
manner. The results of pairwise qualitative competition assays of Xt UPB513 WT and Ahcpi4,
Xt LMG728 WT and AvirD4 strains against representative cereal bacteria are indicated using a
colour code: dark gray for strong bacterial killing activity, light gray for weak bacterial killing
activity, and white for no bacterial killing. One strain per species was tested. Respective
bacterial class and Gram colorations are indicated.

T6SS impacts Xt survival in co-cultures with cereal competitors

Given the role of T6SS-i4 in killing varying bacteria, we additionally tested the
opposite hypothesis, namely whether if this system plays a role in Xt survival. To this
end, we used strains of Xt UPB513 WT, hcpi4 mutant and complemented strains,
expressing RFP*. We screened their fitness when co-cultured with the 16 bacteria
that are representative of the wheat-associated microbial community. As a result,
we could distinguish three cases, T65SS-independent killing, T65S-dependent killing
or absence of killing of Xt UPB513 (Figure 2A-B). Firstly, a strong T6SS-independent
killing was observed for Burkholderia anthina and Bacillus subtilis and a moderate
killing for Glutamicibacter creatinolyticus, Sphingobacterium thalpophilum and
Microbacterium oxydans against Xt UPB513. The T6SS of Xt UPB513 was required for
its survival in co-cultures with Pantoea agglomerans, Enterobacter kobei, and all
tested Pseudomonas species except Pseudomonas syringae. Finally, the competition
assays performed with Staphylococcus equorum, Sphingomonas albertensis,
Methylobacterium bullatum and Pedobacter foliorum did not demonstrate an impact
on Xt UPB513 growth. Further analyses by SeCreT6 prediction revealed the presence
of at least one T6SS cluster in each of the Pseudomonas sivasensis UPB1354 and
Pantoea agglomerans UPB1357 strains used in this study.
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Figure 2: Xt survival against cereal representative bacteria. (A) Fluorescence images
of representative competition patches spotted on NA after 16h of cocultivation using
Amersham Typhoon laser scanner. The three killing outcomes are framed in green for T6SS-
dependent kiling, pink for T6SS-independent killing, or not framed when no killing was
observed. Killing outcomes are highlighted (B) Schematic representation of T6SS related
different killing and survival Xt outcomes: T6SS-independent killing, T6SS-dependent killing
and no killing. Each genus for which these interactions have been observed is listed below the
relevant case.

Xt T6SS-i4 is also involved in intraspecies competition

The study of T6SS-i4 effector diversity in our previous work highlighted T6SS
compatible and incompatible groups among Xt strains. Therefore, we hypothesised
that T6SS-i4 might further play a role in intraspecies competition. To test this
hypothesis, we chose two closely related Xt strains both infecting barley host plants
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but exhibiting differing vascular lifestyles. While the non-vascular Xt pv. undulosa
UPB513 remain restricted to the mesophyll parenchyma tissues and trigger localised
symptoms, the vascular Xt pv. translucens UPB886 colonise the mesophyll as well as
xylem vessel tissues, inducing systemic symptoms (Gluck-Thaler et al., 2020). Xt
UPB886 also possesses a T65S-i4 but a differing T6SS effector arsenal compared to
Xt UPB513. We first tested the ability of Xt UPB513 to kill the Xt UPB886 wild-type
strain based on T6SS-i4 in vitro. Results showed that Xt UPB513 T6SS-i4 reduced Xt
UPB886 WT survival by one order of magnitude (Figure 3A). Given those results, we
further investigated these competitions in planta, including the temporal and spatial
dynamics. Barley leaves were directly inoculated using needleless infiltration with
mixtures of Xt UPB513, either WT or Ahcpi4 mutant RFP* Tc?, and Xt UPB886 GFP*
Kan® in a 10:1 ratio (Xt UPB513: Xt UPB886). This approach increased opportunities
for bacterial contact within the mesophyll tissue. Temporal dynamics were assessed
by quantifying the growth of both strains at 0 hpi, 6 hpi, 1 dpi, 4 dpi, and 6 dpi. We
did observe significant killing of Xt UPB886 by Xt UPB513 in a T6SS-i4 dependent
manner from 1 day post-infection (dpi), increasing with time at 4 dpi and 6 dpi
(Figure 3B). Interestingly, we also noticed a reduction of Xt UPB513 Ahcpi4 survival
at 4 dpi compared to the wild-type strain (Figure 3C).
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Figure 3: Xt T6SS-i4 intraspecies competitions assays in vitro and in planta. (A)
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NA. (B) In planta competition by infiltration in a 10:1 ratio (Xt UPB513 : Xt UPB886). Boxplot
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represents medians (+ IQR, minimum and maximum value) of target cell survival. Dots indicate
independent biological replicates (n = three in vitro; n = minimum five in planta). Significance
was tested by two-sided t-test for in vitro data and Welch test for in planta data. ***P <0.001,
**¥p < 0.01, *P < 0.05, only significant comparisons are shown. In vitro (AT6SS-WT, P =
0.004487892; WT-H20, P = 9.569881 x 10—5; AT6SS-H20, P = 0.00240192); In planta (For
UPB886 : Ohpi, P =0.2026; 6hpi, P = 0.05319; 1dpi, P =0.001562; 4 dpi, P = 6.604 x 10-6; 6dpi,
P =0.002236, For UPB513 : 0 hpi, P = 0.1957; 6 hpi, P = 0.4641; 1 dpi, P = 0.5282; 4dpi, P =
2.352 x 10-5; 6dpi, P = 0.02914).

We further explored the in planta spatial dynamics between both fluorescently
tagged bacteria by confocal imaging at 6 dpi, shown in Figure 4. In the mixture with
Xt UPB513 WT, Xt UPB886 appears to survive only in aggregates. In contrast, in the
mixture with Xt UPB513 hcpi4 mutant, Xt UPB886 is more abundant and is found
both in aggregates and as single bacterium, while Xt UPB513 appears less abundant
compared to the WT strain.
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A Xt UPB513 WT RFP+ - Xt ,
3D View 126X 63X

B Xt UPB513 Ahcpid RFP+ - Xt Ul
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Figure 4: Xt T6SS-i4-mediated interactions shape the in planta spatial organisation.
Confocal images of Xt UPB513 (A) WT and (B) hcpi4 mutant, expressing RFP in competition
with Xt UPB886 expressing GFP at 6 dpi in a barley leaf. Respective top left images show 3D
representations of barley leaf 12.82 um layer, with sharpness increased by deconvolution
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techniques. Chlorophyll b (blue), RFP (red) and GFP (green) channels are merged in each
image. 63X are 244,44 um large and 126X are 92,22 um large.

Discussion

The cereal phytobiome is characterised by a broad diversity of bacterial taxa that
coexist or compete on shared host surfaces and inside the mesophyll or xylem
tissues. However, the contribution of Xanthomonas secretion systems X-T4SS and
T6SS to such competitive interactions with cereal-associated microbes remained
unexplored. Our findings reveal that the Xt X-T4SS and/or T65S-i4 shapes inter- and
intraspecific interactions, while also enhancing its survival in pairwise confrontations
with cereal competitors.

Both X-T4SS and T6SS-i4 displayed antibacterial competition against Pseudomonas
and Pantoea species. Interestingly, the observation that deletion of hcpi4 did not
totally abolish bacterial killing against pseudomonads suggests that additional
competitive mechanisms may be at play. On the contrary, the T6SS-i4-dependent
killing of Pantoea was completely impaired in the T6SS mutant, indicating that the
deployed killing mechanism is genus-specific. The prediction of T6SS clusters in both
the Pseudomonas and Pantoea genomes, together with the observed Xt T6SS-
dependent survival, suggests that T6SS-dependent attacks from Pseudomonas and
Pantoea should not be ruled out. However, the survival even in the absence of a
functional T6SS-i4 when co-cultured with P. syringae contrasts with other
pseudomonads. Additionally, our study aligns with the findings of Garin et al., who
observed that Stenotrophomonas rhizophila kills Pseudomonas and Pantoea in a
T6SS-i4-dependent manner. However, they also found that the S. rhizophila T65S-i4
had a broader target range, including Rhizobium sp., Paenibacillus sp., Plantibacter
sp., Massilia sp., Oxalobacteraceae sp., Stenotrophomonas sp. and Xanthomonas sp.
While these specific genera were not tested in this study, the narrower target range
of Xt T6SS-i4 observed here could have various causes. Firstly, the respective effector
repertoires of S. rhizophila and Xt UPB513 may differ. Secondly, the qualitative
assays may not be sensitive enough to detect small growth inhibition effects. Finally,
Silwet L-77 did not affect T6SS-i4 competition on NA plates, but testing other
surfaces, such as leaves, could clarify its impact on killing efficiency and bacterial
contact in planta.

While strong targeted killing of Pseudomonas and Pantoea by Xt X-T4SS and T6SS-i4
is observed, this result also aligns with findings from studies on the wheat
phytobiome. Although seasonal shifts in the plant microbiota are common, the
genus Pseudomonas is consistently reported as a significant part of the total bacterial
diversity on cereals throughout the growing season (Kavamura et al., 2021). A recent
study further showed that Bacillus accounted for a larger proportion of the diversity
on the flag leaf of wheat at BBCH 39 (flag leaf fully unrolled) than at BBCH 81
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(ripening), whereas the opposite trend was observed for the genus Pantoea more
abundant at BBCH 81 than at BBCH 39 (personal communication with Dr. M. Delitte,
unpublished data). Interestingly, BLS symptoms generally appear only late in the
season at the heading stage, and yield loss is strongly correlated with the extent of
flag leaf infection (Bamberg, 1936; Duveiller, 1992; Duveiller & Maraite, 1993;
Forster et al., 1986; Shane W. W. et al., 1987). The in vitro killing activity of Xt T6SS-
i4 and X-T4SS against Pseudomonas and Pantoea may reflect competitive
interactions during key stages of the seed-borne X. translucens complex lifecycle,
such as in the cereal spicosphere, the wheat spikes niche (Kavamura et al., 2021), or
phyllosphere.

Although the strains used in this study were selected to represent a cereal-
associated bacterial community, those from collections not originating from cereal
field may introduce bias. Future work could therefore explore competition using
strains, such as Pseudomonas and Pantoea, collected from field sites where X.
translucens infections occur.

Our results also confirm the role of T6SS-i4 in intraspecific competition between
strains from T6SS effector incompatible groups. Further studies are needed to
explore whether these competitions occur during the epiphytic or endophytic phase
in the Xt lifecycle. Garin et al. observed that competition mainly occurs at early
germinated seed stages (Garin et al.,, 2024, 2025). This is probably due to the
competitive advantage that bacteria have when they are still co-located in confined
spaces close to the site of inoculation, compared to later plant developmental
stages, when the spatial complexity of the plant allows bacteria to avoid contact with
each other (Garin et al., 2025).

Overall, the exploration of contact-dependent competitive strategies in the model
organism X. translucens sensu lato opens the way to new and innovative disease
management strategies, by revealing xanthomonads vulnerabilities.

Materials and methods
Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study are listed in Supplementary Table 1.
X. translucens sensu lato strains and all cereals representative competitors were
grown at 28°C on solid nutrient agar (NA). E. coli DH10B was grown at 37°C on solid
NA. The antibiotics kanamycin (Km) and tetracycline (Tc) were used in a
concentration of 50 pg/ml and 5 pg/ml (Xt) or 10 ug/ml (E. coli), respectively, when
appropriate.
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Generation of RFP-expressing Xt

All mutant strains, Xt UPB513 Ahcpi4, Xt UPB513 AT6SS-i4, Xg LMG728 AvirD4 and
the complemented strain Xt UPB513 Ahcpi4::hcpi4, were generated by
pK18mobsacB double recombination events, as described previously in (Peduzzi et
al., 2025). For the generation of the RFP-expressing Xt, all Xt UPB513 WT, Xt UPB513
Ahcpid::hcpi4 and Xt UPB513 Ahcpid4::hcpid strains were transformed with pSW002-
Pc-mRuby2 TcR by electroporation.

Pairwise confrontation assays: Xt killing activity

The susceptibility of cereal representative strains to X-T4SS and T6SS-i4 was
evaluated. Xt UPB513 T6SS* and LMG 728 X-T4SS* WT strains and respective mutant
strains, as well as the cereal competitors, were grown on solid media and
resuspended to ODgp=0.5 in dH,0. E. coli DH10B Km® GFP* was used as a positive
control. 100ul of each competitor suspension was spread on an NA plate using glass
beads at dilutions 10°, 10* and 102. Subsequently, 15 pl of suspensions of the Xt WT
and X-T4SS or T6SS mutant strains were dropped onto the dried plate. Plates were
incubated for 16h at 28°C. In quantitative competition assays, each Xt strain was
mixed with E. coli in a ratio of 10:1 (Xt:E. coli). Qualitative assays were repeated at
least three times.

To assess the impact of a wetting agent on T6SS-i4 killing activity, the same method
as described before was used, except that 0.05% (v/v) Silwet L-77 was added to each
bacterial suspension before plating competition assays with P. sivasensis GFP* KmF
and Xt WT, X-T4SS or T6SS mutants or complemented strains. Plates were incubated
for 16h and scanned for fluorescence using an Amersham Typhoon laser scanner
(filter Cy2 525BP20). Qualitative assays with Silwet L-77 were repeated at least three
times.

Pairwise confrontation assays: Xt survival

The survival of Xt co-inoculated with each cereal representative bacterium in a T6SS-
i4-dependent or -independent manner was evaluated. The Xt UPB513 T6SS* strain
and its respective mutant and complemented strains, as well as each cereal
competitor, were grown on solid media and resuspended to an ODgp=0.5 in dH,0.
Each Xt strain was mixed with each cereal competitor in 10:1 and 1:1 ratios
(Xt:competitor). Five-microlitre patches of each mixture were dropped onto NA
plates and incubated for 16h at 28°C. Resulting plates were scanned for fluorescence
using an Amersham Typhoon laser scanner (filter Cy3 570BP20). Survival assays were
repeated at least three times.

In vitro quantitative assays

Xt UPB513 WT, Xt UPB513 Ahcpid::hcpi4 and Xt UPB513 Ahcpid::hcpid, as well as Xt
UPB886 Km® GFP* bacteria were grown on solid media and resuspended to an
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ODg00=0.5 in dH,0. Each Xt strain was mixed with Xt UPB886 in a ratio of 50:1 (Xt
UPB513:Xt UPB886). Five-microlitre patches of each mixture were dropped onto NA
plates and incubated for 17h at 28°C. Patches were resuspended in 500 pl of dH,0
and serial dilutions were plated on NA+Km plates for quantifying Xt UPB886 surviving
cells.

In planta quantitative assays

RFP-expressing Xt UPB513 WT and Xt UPB513 Ahcpi4 Tc® bacteria, as well as GFP-
expressing Xt UPB886 Km® cells were grown on solid media and resuspended to an
ODg0o=0.5 in dH,0. Xt UPB886 was mixed with each Xt UPB513 in 10:1 ratio (Xt
UPB513:Xt UPB886). Leaves of ten-day-old barley cv. Morex were inoculated by
needleless infiltration. Five plants were inoculated by treatment. The plants were
then placed in a greenhouse with a temperature of 28°C and 70% humidity. Six
circular leaf punches were harvested by treatment in the inoculated zone at Ohpi,
6hpi, 1dpi, 4dpi and 6dpi. The leaf tissues were resuspended in 500 ul of dH,0, and
serial dilutions were plated onto NA+Km and NA+Tc plates to quantify the surviving
cells of Xt UPB886 and Xt UPB513, respectively.

In planta temporal and spatial competition dynamics

A barley cv. Morex leaf was inoculated by needleless syringe infiltration with Xt
UPB513 either WT or hcpi4 mutant RFP* and Xt UPB886 GFP*, at an ODggo of 10 and
a ratio of 10:1 (Xt UPB513:Xt UPB886). The plants were transferred to a greenhouse
with a temperature of 28°C and 70% humidity. Three to six circular leaf punches were
harvested by treatment from inoculated area of the leaf at 0 hpi, 6 hpi, 1 dpi, 4 dpi,
and 6 dpi. The leaf tissues were resuspended in 500 pl of dH,0, and serial dilutions
were plated onto NA+Km and NA+Tc plates to quantify the surviving cells of Xt
UPB886 and Xt UPB513, respectively. For confocal imaging, a small square section
0.5 mm wide of the inoculated area of the leaf was cut out and observed with a 63X
objective, in which an additional zoom of 2X was achieved.
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Supplementary Table 1. Bacterial strains and plasmids used in the present study.
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Xt UPB513 Xt-1 Wild-type Xt UPB513 (isolation: 1987, Triticum , Mexico) UPB Lab collection
Xt UPB513 AT6SS-i4 Xt-1 Single deletion mutant of genes tssC-H T6SS-i4 in Xtu UPB513 Peduzzi et al., 2025
Xt UPB513 Ahcpid Xt-1 Single deletion mutant of gene hcp of T6SS-i4 in Xtu UPB513 Peduzzi et al., 2025
Xt UPB513 Ahcpid ::hcpid Xt-I Complementation of hcp T6SS-i4 mutant in Xtu UPB513 Peduzzi et al., 2025
Xt UPB513 RFP* Xt-1 Wild-type Xt UPB513 (isolation: 1987, Triticum , Mexico) This study

with pSW002-Pc-mRuby2, Tetra®
Xt UPB513 Ahcpi4 RFP* Xt-I Single deletion mutant of gene hcp of T6SS-i4in Xtu UPB513 This study

with pSW002-Pc-mRuby2, Tetra®
Xt UPB513 Ahcpi4 ::hcp i4 RFP* Xt-I Complementation of hcp T6SS-i4 mutant in Xtu UPB513 This study

with pSW002-Pc-mRuby2, Tetra®
Xg LMG728 Xt-1ll Wild-type Xt LMG728 (isolation: 1978, Poa trivialis, Switzerland) BCCMY/LMG collection
Xg LMG728 AvirD4 Xt-11l Single deletion mutant of gene virD4 in Xt LMG728 Peduzzi et al., 2025
Xt UPB886 GFP* Xt-l Xt UPB886 carrying the replicative pPneo-gfp , Kan" Gluck-Thaler et al., 2020
E. coli DH10B GFP* E. coli DH10B carrying the replicative pPneo-gfp , Kan® Jacobs's Lab collection
Cereal-associated strains
Pantoea agglomerans UPB1357 Isolated from wheat head, Belgium Dubois et al., 2024
Glutamicibacter creatinolyticus UPB 1350 Isolated from field soil Dubois et al., 2024
Pseudomonas sivasensis UPB 1354 GFP* Pseudomonas sivasensis UPB1354 with mNeonGreen gene inserted at Dubois et al., 2024

attTn7 site, Gm*
Staphylococcus equorum UPB 1351 Isolated from field soil Dubois et al., 2024
Sphingomonas albertensis LMG 32139 Isolated from wheat leaf infected with Xanthomonas translucens, Dubois et al., 2024

Canada
Burkholderia anthina LMG 22950 Isolated from an area under maize monoculture, rhizosphere soil, Dubois et al ., 2024

Netherlands

Methylobacterium bullatum LMG24788 Isolated from greenhouse, moss (Funaria hygrometrica), Dubois et al., 2024
phyllosphere, Germany
Pedobacter foliorum LMG31463 Isolated from rhizosphere soil, Belgium Dubois et al., 2024
Enterobacter kobei UPB 1352 Isolated from field soil Dubois et al ., 2024
Sphingobacterium thalpophilum UPB 1353 Isolated from field soil Dubois et al., 2024
Microbacterium oxydans UPB 460 Isolated from field soil Dubois et al., 2024
Pseudomonas cichorii UPB 461 Isolated from field soil Dubois et al., 2024
Pseudomonas syringae pv. atrofaciens UPB 463 Isolated from Triticum aestivum, Canada Dubois et al., 2024
Pseudomonas fuscovaginae UPB 526 Isolated from Triticum aestivum , Mexico Dubois et al ., 2024
Pseudomonas lurida UPB 1355 Isolated from wheat leaf, Belgium Dubois et al., 2024
Bacillus subtilis UPB 1356 Isolated from wheat leaf, Belgium Dubois et al., 2024
Plasmids
PTNS3 Helper plasmid encoding Tn7 TnsABCD site-specific Choietal., 2006
transposition pathway, AmpR
pUC18-mini-Tn7-Gm-mNeonGreen Gm® on mini-Tn7, for bacteria GFP tagging Jacobs's Lab collection
pSW002-Pc-mRuby2 Tetra", for bacteria RFP tagging Jacobs's Lab collection
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Chapter V

Discussion and conclusion
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General discussion

Main results

The main objective of this thesis has been to unravel competitive strategies of the X.
translucens complex in the context of contact-dependent secretion systems, namely
X-T4SS and T6SS. In the course of this study, | explored three key aspects of this issue:
(i) their antibacterial role and evolutionary trajectories, (ii) the T6SS-i4 effector
arsenal diversity, and finally (iii) T6SS cereal bacterial targets and spatial competition
dynamics in planta.

In this work, we demonstrated that X-T4SS and T6SS-i4 of the X. translucens complex
have overlapping bacterial killing activities. Screening for both systems within X.
translucens sensu lato strains revealed that X-T4SS and T6SS-i4 have mutually
exclusive distributions in xanthomonads. Phylogenetic and comparative genomic
analyses further highlighted non-orthologous genes displacement of ancestral
bacterial killing X-T4SS by a T6SS-i4 competitive strategy in many Xanthomonas
lineages, with X-T4SS decay occurring independently of T6SS-i4 presence. Finally,
these analyses further highlighted the type-2 neighbourhood region of T6SS-i4 as a
hotspot for ICEs insertion that is well conserved among xanthomonads, suggesting
that T6SS transfer occurred by ICEs.

We combined in silico screening and comparative genomics and described the
diversity of the T6SS core and accessory effectome within the Poaceae-infecting X.
translucens complex. Comparison of xanthomonads differing in ecological lifestyle
revealed an enrichment of T6SS effectors diversity within non-vascular
xanthomonads, compared to their vascular close relatives. The bacteriolytic activity
of the X. translucens core T6SS effectome was further experimentally demonstrated.
Respective effector-immunity pairs were investigated through neutralisation assays
and structural predictions.

Finally, we show that both X-T4SS and T6SS-i4 mediate interspecies and/or
intraspecies competition against bacteria that are representative of cereal
microbiome, thereby shaping competitive interactions in the phytobiome. Through
pairwise confrontation assays, we demonstrate that both systems efficiently kill
several Gram-negative competitors, notably Pantoea and several Pseudomonas
species, while leaving Gram-positive taxa unaffected. We further revealed that T6SS-
i4 also contributes to X. translucens survival by providing protection against these
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same Pantoea and Pseudomonas strains. In addition, Xtu T6SS-i4 mediates
intraspecific competition against Xtt, both in vitro and in planta.

These studies collectively enhance our understanding of the X-T4SS and T6SS-i4
competitive strategies deployed by the cereal and grass pathogens in the X.
translucens complex. These results further suggest that, while a T6SS core effectome
is maintained between closely related strains, the effector-immunity pair diversity is
constantly evolving between those, likely reflecting the arms race pressures
experienced within microbial communities. Altogether, this work deepens our
knowledge of two mutually exclusive antibacterial systems, shedding light on their
ecological roles and evolutionary trajectories. Beyond the genus Xanthomonas, the
X-T4SS and T6SS systems are found in many environmental bacteria and host-
associated bacteria. While this work poises X. translucens sensu lato as a promising
model for studying antibacterial secretion systems evolution, research on this
species complex opens new avenues for research on interbacterial competition in
various other fields.

Generation of a collection of X-T4SS and T6SS mutant strains

This work led to the generation of a collection of mutant strains as a promising tool
for studying the antibacterial secretion systems, X-T4SS and T6SSs in Xanthomonas
and their effectors. A collection of mutants of the X-T4SS and T6SS-i4 was generated,
including deletions of up to approximately 10 kb of T6SS-i4 tssC-tssH genes. It should
be noted, however, that certain challenges were encountered during this thesis,
such as the inability to obtain a mutant strain for the central region of T65S-i4 in Xt
UPB513, either due to the 20 kb large size of this region or requiring further
optimization of the upstream and downstream region selected for homologous
recombination. This collection of fluorescent and mutant strains opens many
opportunities for studying X. translucens sensu lato and their interactions within
cereal bacterial communities in planta. The generation of the Xt UPB513 AT6SS-
i3*** strain provides a tool to further uncover its role in the future. Furthermore, all
Xt UPB513 effectors and immunity proteins have been cloned into plasmids with C-
terminal tags, allowing their purification and further detailed study.

Original methodological approaches in this work

First, this work highlights the search for mutually exclusive gene modules as a
powerful methodology for detecting functional relationships between different gene
sets in the future. The relevance of this approach isillustrated by recent observations
of mutual exclusion between the siderophores lactucheline and pyoverdine, which
are thought to be metabolically too costly to maintain simultaneously (Chesneau et
al.,, 2025). Similarly, Pseudomonas putida has been reported to harbor an
antibacterial T4SS unrelated to the xanthomonad X-T4SS (Purtschert-Montenegro et
al., 2022), while antibacterial T6SS have also been described in the same species
(Bernal et al., 2017). Applying this approach to such systems offers strong potential
in the study of functionally convergent mechanisms. Genome-wide association
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studies across closely related strains may help identify mutually exclusive genes and
hold great potential for revealing new gene functions beyond the context of
competition.

Secondly, this work describes and establishes the basis of a protocol for visualizing
T6SS interbacterial competition outcomes in planta. These results provide valuable
insight to describe the spatial competition dynamics between two closely related
strains both harbouring T6SS-i4 with different effector-immunity repertoires. A
range of preliminary in planta competition assays were conducted on detached
leaves, by spray inoculation, by needleless infiltration at low bacterial density, or by
leaf clipping, but these methods yielded inconsistent results. The final protocol relied
on co-infiltration of both competing strains at high bacterial density, which proved
reproducible. The success of this approach is likely due to optimized physical contact
between the competing strains. While we do not exclude T6SS activity occur by spray
or leaf clipping inoculations, its activity under these conditions was probably too
weak to be significantly and consistently observed. One possible avenue for
improvement is to combine these approaches with Hcp detection to further enhance
detection of T6SS firing events under conditions where the frequency of physical
contact between competing strains is reduced at lower bacterial densities.

The role of T6SS-i3***: current insights and future directions

In the second and third chapter, we did not observe any involvement of Xt UPB513
T6SS-i3*** in bacterial killing, virulence on barley, motility or growth in vitro. While
its role remains an open question, some points are worth highlighting.

1. Regulation of T6SS-i3*** expression

T6SS-i3*** was not expressed under the laboratory conditions tested to date in
Xanthomonas studies. Only very low expression level was measured under various
conditions, namely in NB and XOM3 media, at different temperature and pH, or in
planta at 24 hpi after syringe infiltration (Choi et al., 2020; Z. X. Liao et al., 2019; Zhu
et al., 2020).

It should be noted that all T6SS-i3*-*** systems in Xanthomonas encode genes
homologous to ppkA-pppA-FHA and TagF regulatory system (Bayer-Santos,
DeMoraes Ceseti, et al., 2019). In P. aeruginosa, this signalling cascade PpkA-Fhal-
PppA together with TagQRST has been proposed to detect environmental stimuli and
control assembly or function of the T6SS apparatus post-transcriptionally (Casabona
et al., 2013). Indeed, this regulatory pathway in P. aeruginosa is required for
sensing external T6SS attack and triggering a tit-for-tat response by counter-
attacking (Basler et al., 2013).
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In xanthomonads, X. citri T6SS-i3* is regulated at the transcriptional level via EcfK
and PknS, but also probably at the post-translational level given encoded PpkA-Fhal-
PppA homologs in its T6SS-i3* cluster (Bayer-Santos et al., 2018). Although this
regulatory system has been reported in the tit-for-tat response, the absence of
bacterial killing observed with Xanthomonas T6S5S-i3 to date could imply that other
stimuli are perceived for the regulation of this T6SS. The first step would therefore
be to identify the conditions for T6SS-i3*** expression, either by detecting Hcp
secretion in the extracellular environment or by RT-qPCR.

2. Effectors and T6SS-i3*** role

The role of T6SS-i3*** remains highly controversial in Xanthomonas. A role in
virulence has been demonstrated for Xoo PX099 on rice, but this is not the case for
Xoc (Choi et al., 2020; Zhu et al., 2020). No role in killing activity against bacteria or
yeast, in biofilm and motility, growth in vitro, EPS production, extracellular protease
ability, tolerance to osmotic pressure, heavy metal stress, anti-oxidant reactions, or
SDS-mediated lysis were observed (Choi et al., 2020; Z. X. Liao et al., 2019).

Regarding T6SS-i3*** effectors, only one candidate effector was found in the vicinity
of X. translucens T6SS-i3*** cluster (Bayer-Santos, DeMoraes Ceseti, et al., 2019).
However, this putative DUF6931-containing protein encoded upstream of vgrG is
present across all T6SS-i3 subclades. Therefore, it is still not clear whether this gene
is a new accessory tag gene or an effector gene. In other xanthomonads harbouring
T6SS-i3***, only a conserved set of hypothetical proteins harbouring a TIR_2
domain, typical of Toll-like receptors, were identified in a few species, such as X.
euvesicatoria (Bayer-Santos, DeMoraes Ceseti, et al., 2019). Bacterial proteins with
TIR_2 domains act as NADases and interfere with cellular metabolism in prokaryotic
and eukaryotic cells (Alvarez-Martinez et al., 2020).

Further exploration of the direct or indirect role played by Xoo PX099 T6SS-i3*** on
rice, such as comparing its expression in planta using different inoculation
conditions, would be worth investigating. Other roles involving intercellular
communication, such as an impact on quorum sensing, could be interesting avenues
to test. Another alternative would be to compare the secretome in the supernatant
of wild-type Xoo and T6SS-i3*** mutant cells through proteomic analyses to look for
effectors.
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Evolutionary history of functionally convergent X-T4SS and T65S-i4

1. Mutual exclusion between X-T4SS and T65S-i4

Given that X-T4SS degradation occurs independently of the presence of T65S-i4, the
most plausible scenario to explain their mutual exclusion is that, in strains already
carrying X-T4SS, acquisition of the functionally overlapping T6SS-i4 cluster provides
no additional selective advantage. Consequently, T65S-i4 would have been acquired
only in strains lacking X-T4SS. However, the ecological reasons for adopting T6SS-i4
system over X-T4SS and not the opposite remain open. In the second chapter, | have
proposed many research avenues, such as different competitive microbiome
pressures, the diversity of X-T4SS and T6SS effector-immunity sets, the occurrence
of X-T4SS- and T6SS-resistant bacteria, a physiological cost of X-T4SS to the cell
(Cenens et al., 2020), functions versatility of T6SS (Unni et al., 2022), geographical
T6SS availability (Unni et al, 2022), vascularity, or even host range
(Liyanapathiranage, Wagner, et al., 2022). Interestingly, T6SS-i4 is found at high
occurrence only in the species X. oryzae, X. translucens complex and X. fragariae
(Bayer-Santos, DeMoraes Ceseti, et al., 2019; Liyanapathiranage, Wagner, et al.,
2022). Furthermore, only a few strains of X. fragariae do not possess T65S-i4. Other
T6SS-i4 are sporadically distributed in very few strains of other Xanthomonas species
(Bayer-Santos, DeMoraes Ceseti, et al., 2019; Liyanapathiranage, Wagner, et al.,
2022). It would therefore be interesting to compare the lifestyles of these three
species and their exceptions to better understand the common advantages of
acquiring T6SS-i4 in their lifecycle. Finally, it would be interesting to infer the
respective evolutionary dynamics of X-T4SS and T6SS-i4 in greater depth, including
most probable gain and loss events using GLOOME, as it was done for T3SS (Teulet
et al., 2020).

One way to compare both system efficiency would be to test competition of bacteria
with either X-T4SS or T6SS-i4, which possess similar effector toxic domains with
respective secreting signals, against a similar target cell. This would allow to compare
the killing rates of each system, and highlighting their strengths and weaknesses, and
the advantages of possessing one over the other.

2. Drivers of X-T4SS loss

Despite its widespread distribution within Xanthomonas, X-T4SS appears to be
undergoing degradation in many species. Interestingly, all virD4 genes in X.
translucens complex strains from ANI group | were pseudogenised due to frameshift
mutations and internal stop codons caused by a nucleotide deletion. Consistent with
Alvarez et al., we observed that X-T4SS pseudogenes and remnant gene fragments
were also common in other Xanthomonas species (Alvarez-Martinez et al., 2020).
Exploring the factors underlying the loss of X-T4SS could provide insights into the
evolutionary pressures that favored its replacement by T6SS-i4 and explain why
T6SS-i4 was preferentially acquired. In this context, it would be interesting to
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establish the distribution of X-T4SS in xanthomonads, not only in silico, but also of
experimentally functional X-T4SS compared to those that are no longer functional
due to pseudogenisation. Such analyses may highlight the causes of X-T4SS loss in
some strains. It would be worthwhile to test whether, as with T6SS (Taillefer et al.,
2025), prolonged absence of microbial competition pressure could drive X-T4SS loss.
Similarly, such hypothesis could be tested by propagating a strain with functional X-
T4SS* for hundreds of generations under controlled competition conditions with
either susceptible or immune recipient cells.

3. Xtt subgroups KO, K1 and K2: a promising model for exploring X-T4SS
and T6SS-i4 mutual exclusion

Another challenge concerns the different subgroups of Xtt as defined by Heiden et
al., which evolved distinct antibacterial strategies (Heiden et al., 2023). Subgroup K1
possesses T6SS-i4 with remnant fragments of ancestral X-T4SS. On the opposite, the
subgroups KO and K2 possess X-T4SS with pseudogenised virD4, while the rest of the
genes in the X-T4SS cluster remained intact, but no T6SS-i4. Despite infecting the
same host barley, they have evolved different competitive mechanisms. We could
take advantage of this contrast in competition between phylogenetically closely
related strains to identify the potential factors driving T65S-i4 gain in K1 and not the
other Xtt. Interesting avenues to explore would be differing composition of the
biofilm preventing effective deployment of the T6SS, differing cell aggregation
creating a physical barrier, co-existence of different Xtt strains from different
subgroups on a same leaf, differing restriction—modification systems preventing
T6SS acquisition, etc. Genome-wide association studies such as using Scoary, could
allow to highlight genes significantly present in K1 and absent in KO and K2, or the
opposite. In Xtt KO and K2 subgroups, the pseudogenisation of virD4 suggests a loss
of bacterial killing function but also raises the question of whether the assembly of
a T4SS pilus is still possible (Fronzes et al., 2009). This type of surface structure does
not require VirD4 and could suggest a shift to new biological functions (adhesion to
target cells, cell motility, etc.) (Fronzes et al., 2009). However, exploratory qualitative
competition tests have informed us that, while some of Xtt KO and K2 strains have a
bacterial killing capacity against E. coli, such as Xtt UPB820, Km7, Km34, CIX95, others
do not, such as Xtt CFBP2054 or CIX43. This implies either that X-T4SS is functional
in some strains despite a truncated virD4, or that there is an alternative competitive
mechanism used by these strains. Broader screening of such bacterial killing
potential in Xtt and the knockout of another virB gene in such strains might help
elucidate this question. The virB7 mutants of strains Xtt CIX95 and CFBP2054
produced as part of Martin Baufayt's master thesis would be suitable for answering
this question (Baufayt, 2022).
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4. Rare cases of X-T4SS* and T6SS-i4" strains

During the thesis, we could also detect a few strains containing both complete X-
T4SS and T6SS-i4, such as L. gummosus 3.2.11 (Bayer-Santos, DeMoraes Ceseti, et
al., 2019; Sgro et al., 2019), L. enzymogenes C3 (Bayer-Santos, DeMoraes Ceseti, et
al., 2019; Sgro et al., 2019), some X. citri (e.g., 1ISO118C5, CFBP 7119, CFBP 6992) and
X. phaseoli (e.g., NCPPB 1138). A first step would be to confirm the function of these
two systems by generating single and double mutant strains. Next, further
investigation of the repertoire of effectors associated with the respective X-T4SS and
T6SS-i4 within these strains could provide insight into their respective role.
Therefore, we could determine, if as observed in Pectobacterium, both X-T4SS and
T6SS-i4 may redundantly secrete the same effector proteins, potentially encoding
both secreting signals, to drive bacterial competition or any other function (Che et
al.,, 2024). Or, conversely, if both systems confer different and complementary
functions to the bacteria that encode them both in their genome. Indeed, in L.
enzymogenes, T6SS-i4 appears to have antifungal but not antibacterial activity,
whereas X-T4SS in the same strain plays a role in interbacterial competition and
quorum quenching, but also indirectly enhancing other bacteria in its environment
to produce the antifungal compound 2,4-DAPG (J. Liao et al., 2023; L. Lin, Shao, et
al., 2025; L. Lin, Shen, et al., 2025; Shen et al., 2021; B. Wang et al., 2023; M. Yang et
al., 2020). Additionally, it would be worth studying the regulation and expression of
X-T4SS and T6SS-i4 present in the same strain during in planta infection.

5.  Xtu XtXJ1 possesses X-T4SS

A new strain of X. translucens pv. undulosa, XtXJ1, has recently been sequenced and,
surprisingly, does not possess T6SS-i4 like all the other phylogenetically closely
related Xtu strains (Q. Wang et al., 2025). Instead, it possesses X-T4SS. Comparing
the neighbouring region of this X-T4SS with those of Xtt may help to clarify if it is
complete or if virD4 is also pseudogenised. Additionally, examining its phylogenetic
position could clarify if it is congruent with the species tree, implying that the loss of
X-T4SS and gain of T6SS-i4 would then be quite recent, or clustering differently,
implying X-T4SS reacquisition by HGT. Finally, we could look for evidence of the past
presence and loss of any T6SS-i4 in the type-1 neighbouring region of Xtu XtXJ1,
where all the T6SS-i4 clusters of Xtu studied were found, or looking for potential
remaining T6SS effectors. This new strain suggests that the diversity of T6SS and X-
T4SS in X. translucens may be greater than what we currently know and underscores
the need for broader, large-scale analyses.
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Challenges in X-T4SS and T6SS effector studies and perspectives

1. Construction of effector-free strains

A major challenge in studying X-T4SS and T6SS effectors is their potential
complementary and synergistic effects. Indeed, the effect of mutating a single
effector gene at a time can be masked by the effect of the remaining effectors,
making their study complicated. Further characterisation of effector repertoires
could be achieved using multiplex CRISPR-Cas9 based cytosine base editors (Li et al.,
2023). This approach could introduce premature stop codon into all candidate
effectors, ultimately creating X-T4SS or T6SS effector-free strains with functional X-
T4SS or T6SS. Such strains would enable the engineering of bacteria expressing single
or selected combinations of effector-immunity pairs, allowing the characterisation
of their functions and potential synergistic activities. The foundations of this work
have already been established during the master’s project of Adrian Garcia Pérez at
IRD in Montpellier and represent a strong basis for further investigation (Garcia
Pérez, 2023).

2. T6SS effector diversity and bacterial lifestyles

A recent study highlighted the relationship between T6SS gene content and the
bacterial lifestyle in Ralstonia solanacearum species complex (RSSC). This study
demonstrated that two ecologically similar xylem-infecting plant pathogens, RSSC
and Paracidovorax spp., convergently evolved broad T6SS effector repertoires. Their
phylogenetic and genomic context analyses provided evidence that HGT is
implicated in diversifying El repertoires (Aoun et al., 2024). In contrast, our study
supports a higher effector diversity in non-vascular Xanthomonas. However, both
studies suggest that species with similar lifestyles converge towards similar T6SS
effectome diversity, probably influenced by specific microbiomes pressure, and
plant microenvironments constraints. Another example of relationship between
T6SS genes and bacterial lifestyle comes from two RSSC phylotype IV clades that have
transitioned to host-restricted lifestyles. Degradation of T6SS core genes and
effector—immunity modules in both lineages supports the view that the T6SS is
ancestral in the RSSC and has been lost during genome reduction (Aoun et al., 2024).
Interestingly, T6SS clusters are also completely absent in xylem-limited
Xanthomonadales phytopathogens characterised by reduced genomes, such as X.
albilineans and all subspecies of X. fastidiosa (Bayer-Santos, DeMoraes Ceseti, et al.,
2019). More broadly, Xanthomonas species in which the T6SS is present in nearly all
strains, such as X. fragariae, display a higher number of effector modules, whereas
species with few T65S-i4-positive strains, such as X. campestris or X. hortorum, show
lower effector modules abundance (see Chapter 3). While there do not appear to be
strict rules governing the presence and absence of T6SS and the diversity of their
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effector repertoires, there seems to be a continuum, where the bacterial lifestyle
appears to play a role in their evolution towards a loss or diversification of effectors.

It would be worth further exploring the link between non-vascularity and diversity
of T6SS-i4 effectors. One could compare diversity of the microbial community by
metagenomics from which vascular and non-vascular X. translucens T6SS-i4* strains
have been isolated and correlate this with their respective effector repertoires.
Reconstructing the genomes of neighbouring bacteria sharing the same environment
would also help to elucidate the diversity and evolution of respective effectors in this
arms race, as well as effector resistant-bacterial strains.

3. Exploring novel X-T4SS effectors in Xanthomonas

Among xanthomonads, we predicted numerous candidate X-T4SS effectors carrying
putative toxic domains, including Zeta toxin, fungal lipases, and cell wall hydrolases.
X-T4SS in Xanthomonadales has been shown to mediate a variety of activities, such
as antibacterial, antifungal, and quorum-quenching functions. However, many
effectors identified in the X-T4SS of Xanthomonas sp. remain uncharacterized or lack
recognisable domains, highlighting a major gap in our understanding.
Characterization of these novel effectors could be achieved by combining structural
predictions using AlphaFold and Foldseek for protein structure alignments against
known protein structure databases, phenotypic analyses of effector activity in cells
via TEM or confocal microscopy, and enzymatic assays using purified effectors.

4. Hcp, VgrG or PAAR-associated effector

Figuring out why effectors associate with Hcp, VgrG, or PAAR is interesting because
it explains how T6SS selects and delivers its effectors, and it could be used for
predicting effector function and possible effector combinations in one firing events,
engineering bacteria for biocontrol or microbiome manipulation, and understanding
T6SS evolution. In Xanthomonadales, only effector modules associated with VgrG or
PAAR are observed, and not Hcp (Bayer-Santos, DeMoraes Ceseti, et al., 2019).
Furthermore, the activities of PAAR-related effectors are exclusively composed of
nucleases, such as ToxREase, Tox-URI2, VRR-Nuc, Ntox, and SymE domains.
Meanwhile, effectors related to VgrG all have activities linked to the periplasmic
space, such as phospholipases or pore-forming effectors. It would therefore be
interesting to study in greater depth how the Xanthomonas T6SS-i4 spike punctures
and releases the effectors into the target bacterium. But also, to see whether this
allows combining complementary cytoplasmic and periplasmic effector activities
regardless of the combination of VgrG and PAAR. Future research questions should
focus on the active or passive selection of the effector cocktails translocated
simultaneously in one firing event to a given target bacterium. However, confocal
microscopy time-lapse images show that different outcomes, such as growth
inhibition, cell rounding, cell burst, or shrinking, are observed against cells of the
same E. coli DH10B strain, suggesting different effectors with differing activities are
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delivered with each firing event. It would be interesting to see if similar outcomes
are observed with other bacterial genera or strains, like Pseudomonas sp. or Pantoea
sp. The rounded-shaped cells resulting from jeopardised cell wall integrity contrasts
with observations made by Souza et al. with the X-T4SS bacterial killing activity of X.
citri against E. coli (Souza et al., 2015).

T6SS dynamics and heterogeneity in X. translucens populations
1. Phenotypic heterogeneity in T6SS* population

Further work is required to investigate whether there is heterogeneity within a X.
translucens clonal population in the number of assembled X-T4SS or T6SS and in the
composition of translocated effectors. In Chapter 2, time-lapse imaging of X.
translucens T6SS-i4 activity against E. coli revealed diverse killing outcomes,
including growth inhibition, cell rounding, cell bursting, or cell shrinking. These
observations support the hypothesis of phenotypic heterogeneity within the
population. However, these distinct killing outcomes may result from differential
effector expression levels or from differences in effector loading affinity. New single
cell RNA sequencing technologies, as well as the use of reporter genes placed under
native effector promoters, could help elucidate variations in effector expression
among X. translucens cells at a given time point. In addition, using engineered
effectors capable of activating a reporter gene in target cells could be used to
determine whether specific effectors are actively translocated.

If the latter is true, a key question that would remain is what governs these variations
in expression and loading of specific effector cocktails between each T6SS firing
event. For instance, is this heterogeneity influenced by the nature of the target cell
? Comparative single-cell analyses using different target species and strains, such as
Pseudomonas sp. and Pantoea sp. could help address this question.

2. T6SS number of structures per cell, localisation and timing

The localisation of T6SS and the average number of T6SS structures per cell have
been shown to vary depending on the bacterial species and growth conditions.
Multiple structures can coexist within a single cell, with 3-5 structures per cell
reported in V. cholerae and 1-2 structures per cell in Acinetobacter baylyi (Lin et al.,
2019). However, in xanthomonads, several questions remain unresolved, including
the number of X-T4SS or T6SS structures assembled in a single cell, their localisation
within the cell membrane, and the timing between successive firing events. These
questions could be addressed using core T6SS components fused to fluorescent
proteins and visualised using confocal microscopy.
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Translating T6SS insights from in vitro to in planta contexts

1. Inter- and intraspecies competition on cereals

Wheat-associated microbial communities are influenced by a combination of factors,
including farming practices (e.g., irrigation, tilling, fertilization, and crop protection),
local soil and environmental conditions, and host selection processes (Kavamura et
al., 2021; Delitte et al., 2021). Additionally, seasonal shifts in the plant microbiota
are also common (personal communication with Dr. M. Delitte). Only few
publications describe the interactions between X. translucens and the cereal
microbiome. Stromberg et al. discovered 13 bacterial epiphytes capable of reducing
X. translucens leaf-associated population sizes, one of which inhibited Xtt in vitro
through antibiosis (Stromberg et al., 2000). Studies have also examined genetic
diversity within and between populations of X. translucens at the local, regional, and
global scales (Adhikari et al., 2012; Bragard et al., 1995; Curland et al., 2020). Curland
et al. showed that natural BLS field infections typically consist of composite
populations comprising different genetically distinct strains, rather than a single one
(Curland et al., 2020). Strains from the three Xtt clades were found in each barley
field investigated. One X. cerealis strain was also isolated from one of these same
barley field, and some additional isolates were identified as Xanthomonas sp. but
not from the X. translucens complex (Curland et al., 2020). Similarly, studies on X.
citri revealed that citrus canker lesions host polyclonal populations (Pruvost et al.,
2019).

It would be valuable to investigate whether different X. translucens strains that are
more or less closely related phylogenetically can coexist on the same cereal leaf
naturally in fields and to compare the presence of X-T4SS and T6SS-i4 and their
repertoires of effectors. This would provide a better understanding of whether they
compete intraspecifically for resources and space. Or, on the contrary, whether in
mixed populations, T6SS-positive and immune T6SS-negative siblings could
potentially cooperate through a division-of-labour strategy, combining competitive
killing with energy-efficient growth, as exemplified for T3SS (Sturm et al., 2011; Unni
et al., 2022). Interestingly, the pathogen X. prunicola was recently shown to cause
bacterial leaf streak in wheat (Martino et al., 2023). It would be interesting to see
whether these also coexist with X. translucens or whether they compete through X-
T4SS or T6SS. Finally, it would be relevant to compare competition between strains
of different levels of virulence and the impact on the plant.

2. X-T4SS, T6SS and X. translucens lifecycle

Additional work is needed to explore at which stage of X. translucens lifecycle, within
the plant, X-T4SS and T6SS firing occur most frequently. For instance, is it determined
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by plant microenvironments, where cell-cell contacts are most likely, or differential
expression of the system and its effectors between different lifecycle steps?
Therefore, future research should focus on monitoring the expression of X-T4SS and
T6SS-i4, along with their effectors, in planta using RT-qPCR throughout the infection
process, and combine this with detection of Hcp secretion to confirm system activity.

3. Uncovering non-pathogenic xanthomonads and non-host range for
hidden HGT events

Additionally, recent studies highlight the presence of non-pathogenic Xanthomonas
on similar hosts as some widely studied pathogenic strains, such as non-pathogenic
X. sontii and pathogenic X. oryzae (Bansal et al., 2021; Rana et al., 2024). These
bacteria are less well studied due to their lack of symptoms for detection. However,
isolating and sequencing them would provide further insight into in planta
competition and potential horizontal gene transfer of X-T4SS or T6SS effectors, as
well as their potential as biocontrol agents. Similarly, studying the host range and
non-host plants on which the X. translucens complex can survive, such as the
discovery of Xt CIX303 on cultivated wild rice (Curland et al., 2021), could provide a
better understanding of how HGT events and gene exchange could occur between
Xanthomonas species, including putative X-T4SS or T6SS effector exchanges.
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Perspectives

1. Biocontrol agents and X-T4SS/ T6SS for plant protection

Recent advances in crop protection increasingly emphasise biocontrol strategies,
which rely on the use of living organisms or natural substances, such as
macroorganisms, microorganisms, secreted molecules or plant extracts, to regulate
phytopathogen populations. Therefore, a deeper understanding of microbial
interactions in the phyllosphere is essential, including competition mediated by
antimicrobial X-T4SS and T6SS. In this context, the offensive and defensive
mechanisms employed by both the biocontrol agent and the pathogen itself should
be considered.

Many bacterial strains have been highlighted as promising biocontrol agents thanks
to the action of X-T4SS or T6SS (Yu et al., 2019; Bernal et al.,2017; Garin et al., 2024).
This is the case of P. putida KT2440, which outcompetes X. campestris in a T6SS-
dependent manner, both in vitro and in N. benthamiana, significantly reducing
necrotic symptoms on the leaves (Bernal et al., 2017). However, we have seen that
that the susceptibility of target cells to X-T4SS and T6SS-mediated killing varies
between species and even strains. (Crisan et al., 2023). Therefore, it is crucial to
select biocontrol strains with effector repertoires for which the targeted pathogen
lacks immunity-dependent or -independent resistance mechanisms. However, this
approach requires deep knowledge of pathogen immunity genes and defence
strategies. Additionally, the effectors arsenal of biocontrol agents should also be
relevant to the environmental context. For instance, periplasmic toxins inducing cell
lysis are more advantageous in static environment compared to non-lytic ones, for
the prevention of the formation of a corpse barrier of accumulated dead cells
(Jurénas & Journet, 2021; W. P. J. Smith et al., 2020). Therefore, selection of
biocontrol agents translocating non-lytic toxins in a contact-dependent manner
might attenuate its potential for killing the pathogen in static environments.

It is also crucial to know whether plant pathogens are themselves equipped with X-
T4SS or T6SS-i4, with the risk of counterattacks through “tit-for-tat response” against
biocontrol agents. Therefore, evaluating pathogen effector diversity alongside
biocontrol agent immunity proteins is required.

Investigating the factors that control the expression of biocontrol agents and
pathogens X-T4SS or T6SS, such as infection timing and environmental stimuli, will
provide valuable insights. This would enable optimisation of treatment timing and
application methods in the field. For instance, since T6SS operates in a contact-
dependent manner, adjuvants could alter the likelihood of such contacts.
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Finally, all potential side effects of using X-T4SS or T6SS and their effectors in
biocontrol should be considered. For instance, Xo TleB effector was shown to
suppress plant reproduction in non-host plants (J.-T. Yang et al., 2025).

2. Engineering synthetic microbial communities for plant protection

Synthetic  microbial communities (SynComs) are artificially assembled
microorganisms, taxonomically and functionally defined, to fulfil a specific
phenotypic role (Zhang et al., 2025). Emerging approaches consider harnessing the
beneficial potential of SynComs to promote plant growth and health. The
development of SynCom relies on its stability, resilience, and reproducibility (Xu et
al., 2025). However, we have seen that competitive traits, including X-T4SS and T6SS,
are key determinants of microbiome composition and dynamics. Therefore,
antimicrobial secretion systems represent promising tools for the stabilisation and
resilience of microbiomes. From a diagnostic perspective, competitive traits within a
microbiome could be used as biomarkers to assess its propensity to remain stable
and to evaluate the potential for pathogen establishment. Finally, compared to a
single biocontrol agent, SynCom could be designed with a consortium of beneficial
strains immune to shared SynCom effectors, while protecting against invasion by
pathogens-lacking immunity genes.

3. Microbiomes competitive traits evolution

In this work, we looked at the evolution of antibacterial weapons and the
diversification of their effectors between closely related strains. It would be
interesting to go further and observe the gain and loss of such bacterial weapons
and effector-immunity pairs by experimental evolution in controlled conditions
(Taillefer et al., 2025). Such an experiment could reveal how competitive traits in a
community evolve when exposed to diverse biotic and abiotic stresses. This includes
exposition to a new immune or susceptible strain, impacts of climate change, etc.
Indeed, in some bacteria, T65Ss have been shown to be upregulated by elevated
temperatures (Gonzalez Moreno et al., 2025). This could highlight how some
bacterial lineages become more dominant than others in planta and anticipate the
emergence of highly competitive pathogens. For instance, we could look at the
possibility that other Xanthomonas species may evolve towards the loss of X-T4SS
and gain of T6SS-i4 in the future.

Such evolution in competitive traits could be monitored by single cell DNA
sequencing, highlighting emerging mutations in T6SS core genes or El modules, as
well as single-cell RNA sequencing to directly highlight differences in T6SS and El
gene expression. At the community scale, metatranscriptomics would highlight in
which environmental conditions and microbiome compositions, competition
weapons are down or upregulated. This would ultimately help understand why some
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microbiomes are more stable and resilient than others. These approaches have the
advantage of not only relying on culturable bacteria.

4. Influence of plants on T6SS and X-T4SS evolution

Plants may also shape the evolution of T6SS and X-T4SS, by influencing the
acquisition, loss and HGT events among bacteria. Plant domestication, cultivar
selection, and crop management practices, driven by human activities, can alter
plant-associated microbiomes compared with those of wild cultivars. In addition,
plant defense responses shape microbiome composition and structure. Together,
these factors may modulate the selective pressure for acquiring or maintaining T6SS
and X-T4SS within plant-associated bacterial communities. Moreover, the
heterogeneous microenvironments created by plant tissues may generate distinct
ecological niches in which bacteria carrying specific T6SS or X-T4SS variants have
increased fitness and opportunities for HGT. Finally, plant distribution worldwide can
influence HGT between xanthomonads. Mixed cropping systems and crop rotation
practices may favor HGT among Xanthomonas species. For example, rice—wheat
production systems cover approximately 24 million hectares of cultivated land in the
Asian subtropics, including about 13.5 million hectares in the Indo-Gangetic Plains of
South Asia (Bhandari et al., 2002).

5. T6SS as a driver of differentiation

T6SS could be an important driver of Xanthomonas pathovar differentiation. The
different effector repertoires generate differences in compatibility, with strains that
cannot coexist anymore, promoting divergence. Moreover, T6SS core genes and
effectors loci are often located on mobile elements, accelerating evolutionary
divergence within bacterial populations. Strains with differing T6SS arsenals can also
prosper in different microbiome communities, creating ecological separation.
Finally, beyond interbacterial competition, some T6SS activities appear to affect
bacterial virulence and may drive strains to specialize on different hosts. However, it
remains unclear whether T6SS drives niche differentiation or whether adaptation to
distinct niches selects for specific T6SS effector repertoires.

6. T6SS as an engineered delivery tool

We have seen that T6SS plays a key role in interbacterial competition. The versatility
of T6SS and its widespread distribution among proteobacteria could be exploited to
fight pathogenic bacteria in human and veterinary medicine, as well as in
phytopathology. As we are approaching a “post-antibiotic era”, such engineered
T6SS delivery tools could find applications such as fighting multidrug-resistant
bacteria or reshaping the gut microbiota (Jana et al., 2021). Additionally, T6SS was
not only shown to target bacteria, but also eukaryotic microorganisms, such as fungi,
or protect against amoebal predation, broadening its application potential.
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Engineered antibacterial T6SSs have already been developed in a proof-of-concept
customised antibacterial toxin delivery platform. These approaches targeted
bacteria of choice, either through surface displayed nanobodies for specific
adherence to the target cells, or by manipulating the effector repertoires (Jana et al.,
2021; Ting et al., 2020).

Engineered antibacterial T6SS has also been developed for bacterial gene editing, as
an alternative to transformation and conjugation. In this approach, candidate
effectors or VgrG were fused to a Cre recombinase. Cre recombinase is known to
remove DNA flanked by loxP sites. Therefore, they engineered a plasmid-based
cassette for detecting Cre-mediated recombination in recipient cells. The plasmid
carries an ampicillin resistance gene flanked by loxP sites, which prevents translation
of a gentamicin resistance gene. Upon successful translocation of the VgrG—Cre
fusion protein into recipient cells, Cre-mediated recombination removes the
ampicillin resistance cassette, thereby restoring gentamicin resistance (Hersch et al.,
2021).

Additionally, human-associated bacteria also use T6SS to target human eukaryotic
cells, including epithelial cells, macrophages, etc. (Monjaras Feria et al., 2020). In the
long term, T6SS could inspire new targeted delivery systems for therapeutic
molecules. Bacteria could be engineered to deliver proteins or drugs directly to
tumour or infected cells, mimicking the natural mechanism of T6SS.

Reporter systems have already been developed to monitor effector translocation by
Type I, IV and VI secretion systems, such as the TEM-1 Beta-Lactamase Reporter
System. In this approach, all candidate effectors were expressed as fusions with TEM
B-lactamase. Bacterial strains were then used to translocate these fusion proteins
into host cells, which were subsequently loaded with CCF2-AM substrate. Cleavage
of the CCF2-AM substrate by the fusion protein within infected cells resulted in the
production of blue fluorescence, allowing identification of infected cells (Allombert
et al., 2024).

While no T6SS has yet been shown to directly target eukaryotic plant cells, similar
approaches could be considered if such activity were to be demonstrated.

7. T6SS and bacteriophages

First of all, it is interesting to note that different contractile injection systems (CISs)
have been discovered, including the T6SS and extracellular contractile injection
system (eClIS), sharing ancestral and structural similarities to bacteriophages. eCIS
comprises tailocin (syn. pyocin in P. aeruginosa) targeting prokaryotes, as well as
both antifeeding prophages (Afps) and Photorhabdus virulence cassettes (PVCs)
mainly targeting insect (eukaryotic) cells. Given that phages, T6SS and tailocins share
similar target cells, it would be interesting to compare their distribution and target
specificities, as well as their respective impact on each other.
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Indeed, the impact of T6SS on phages and vice versa has not yet been explored. For
example, it would be interesting to see if there are common defence mechanisms of
targeted bacteria against T6SS and phages, such as EPS preventing phage adsorption
and T6SS attacks. Thus, the pressure exerted by one on a bacterium could indirectly
induce resistance to the other.

In addition, by delivering lytic and non-lytic effectors, the T6SS may indirectly
eliminate resident prophages that rely on host survival, impact phage genetic
material replication or protein synthesis, or potentially impact prophage induction.
T6SS activity may also limit phage dissemination by reducing the density of phage
host cells, or reshape the spatial organisation of susceptible bacterial cells, leading
to separated niches that restrict phage access.

Finally, many temperate phages carry genes to manipulate their bacterial hosts and
increase host fitness in a process known as lysogenic conversion (Briissow et al.,
2004). For instance, they may encode genes for resistance against additional phage
superinfections. In this context, it would not be surprising that prophages avec
evolved strategies to protect their hosts from T6SS attacks. It would be interesting
to look for prophage encoding immunity proteins. Finally, transduction might help
diversification of T6SS effector repertoires. For instance, some effector-immunity
modules have been found in genomic context supporting the idea they originate
from prophage (Santoriello et al., 2020).
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Conclusion

Antibacterial secretion systems play a major role in shaping microbiomes and, in
host-associated contexts, ultimately influence host health, growth and
development. These anti-prokaryotic machineries deliver effectors into
neighbouring bacteria to suppress their growth or cause cell death. A multitude of
antibacterial contact-dependent systems have evolved independently in bacteria
and spread across bacterial phyla, undergoing continuous diversification.

This thesis explored the competitive strategies deployed by the cereal and grass
pathogens Xanthomonas translucens sensu lato. More specifically, this work focused
on the type IV (X-T4SS) and VI (T6SS) secretion systems, aiming to elucidate their
contribution to interbacterial competition in X. translucens.

Using mutational and fluorescence-based approaches, we showed that the X.
translucens X-T4SS and T6SS-i4 systems have overlapping roles in bacterial killing,
with T6SS-i4 activity visualised by live confocal imaging. Our comparative genetics
and phylogenetic analyses reveal the functional replacement of the ancestral X-T4SS
by T6SS-i4 killing strategy in several xanthomonads lineages. We also report on the
horizontal gene transfer mechanism of T6SS-i4 by integrative and conjugative
elements in Xanthomonas, which has so far only been described in Bacteroidetes. In-
depth in silico and comparative genomic analyses revealed a high diversity of T6SS
effectors within the X. translucens complex, particularly in non-vascular
xanthomonads compared to their vascular relatives. All core X. translucens T6SS
effectors displayed bacteriolytic activity, and some effector—-immunity pairs were
identified through structural modelling and confirmed experimentally. Finally, X.
translucens T6SS-i4 was shown to affect the spatial organisation of another co-
infecting X. translucens strain in planta.

Given the significant role in competition and the wide distribution of X-T4SS and
T6SS-i4 in X. translucens sensu lato, it is essential to consider the pathogen
antibacterial weapons when designing and evaluating future disease control
strategies. More importantly, continuing to trace the evolutionary history of X-T4SS
and T6SS-i4 gain and loss events, as well as the evolution of their effector repertoire,
is crucial for informed and precise disease management. Future research should aim
to unravel the full scope of X-T4SS and T6SS effector functions, including their
potential trans-kingdom impacts on microorganisms and their host physiology. A
thorough understanding of these mechanisms is essential before considering their
potential applications in plant health.
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Finally, our research stresses the need to integrate a competitive dimension when
studying the X. translucens lifecycle. X. translucens infects the seeds, colonises the
plant epiphytically and endophytically, where complex microbial communities
reside, and its success is tightly linked to its ability to outcompete other
microorganisms sharing the same environments.

In conclusion, this work demonstrates the role of X. translucens sensu lato X-T4SS
and T6SS-i4 as antibacterial secretion systems, integrating functional, structural, and
evolutionary perspectives. Beyond advancing fundamental knowledge of
interbacterial competition in Xanthomonas, it provides a framework for future
studies and opens new avenues for the development of innovative disease
management strategies.
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Appendix 1

In parallel of this doctoral research, collaborative work with Dr. Ralf Koebnik led to the
publication of a study reporting the complete sequencing of three novel species within
clade-1 xanthomonads (Peduzzi et al., 2023). The introduction section therefore takes a
closer look at clade-1 recent advances, with a particular focus on the findings of this
study, which can be found here in the appendix 1.
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ABSTRACT

Evolutionarily early-branching xanthomonads, also referred to as clade-1 xanthomonads,
include major plant pathogens, most of which colonize monocotyledonous plants. Seven
species have been validly described, among them the two sugarcane pathogens
Xanthomonas albilineans and Xanthomonas sacchari, and Xanthomonas translucens,
which infects small-grain cereals, diverse grasses, but also asparagus and pistachio trees.
Single-gene sequencing and genomic approaches indicated that this clade likely contains
more, yet undescribed species. In this study, we sequenced representative strains of
three novel species using long-read sequencing technology. Xanthomonas campestris pv.
phormiicola strain CFBP 8444 causes bacterial streak on New Zealand flax, another
monocotyledonous plant. Xanthomonas sp. strain CFBP 8443 has been isolated from
common bean and Xanthomonas sp. strain CFBP 8445 originated from banana. Complete
assemblies of the chromosomes confirmed their unique phylogenetic position within
clade 1 of Xanthomonas. Genome mining revealed novel genetic features, hitherto
undescribed in other members of the Xanthomonas genus. In strain CFBP 8444, we
identified genes related to the synthesis of coronatine-like compounds, a phytotoxin
produced by several pseudomonads, which raises interesting questions about the
evolution and pathogenicity of this pathogen. In addition, strain CFBP 8444 was found to
contain a second, atypical flagellar gene cluster in addition to the canonical flagellar gene
cluster. Overall, this research represents an important step toward better understanding
the evolutionary history and biology of early-branching xanthomonads.

KEYWORDS: Taxonomy, Evolution, Coronatine, Stomata, Lateral flagellum, Banana,
Common bean, New Zealand flax
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The Gram-negative bacterial genus Xanthomonas constitutes a large group of mostly
plant-associated bacteria, collectively causing diseases on hundreds of host plants,
including economically important crops and ornamental plants. Thanks to increased
genome sequencing efforts, the number of Xanthomonas genome sequences has
increased tremendously in recent years, including strains of scientifically and/or
economically relevant species and pathovars (Mansfield et al. 2012). But also
understudied non-model organisms have been systematically sequenced, thus
correcting taxonomically mis-assigned strains and leading to description of novel species
(Vicente et al. 2017; Lépez et al. 2018; Martins et al. 2020; Bansal et al. 2021; Dia et al.
2021; Mafakheri et al. 2022).

Currently, the List of Prokaryotic names with Standing in Nomenclature (LPSN;
https://www.bacterio.net, assessed on 8 September 2022) includes 34 validly described
Xanthomonas species (Parte et al. 2020). Previous work based on partial sequencing of
the gyrB gene from poorly characterized pathovars and from unidentified
xanthomonads, however, suggested the existence of additional species, which were at
that time described as species-level clade strains, SLC 1 to SLC 7 (Parkinson et al. 2009).
Strains from SLC 1 and 4 have been sequenced since then, corresponding to the proposed
species ‘Xanthomonas cannabis’ and ‘Xanthomonas badrii’, respectively (Zain & Roberts
1977; Jacobs et al. 2015; GenBank accession numbers CP051651 and JSZEO0000000).

Xanthomonads are classified into two major groups based on sequence comparisons
(Hauben et al. 1997; Gongalves & Rosato 2002; Parkinson et al. 2007; Ferreira-Tonin et
al. 2012). SLC 1 to 4 belong to clade 2, while SLC 5 to 7 belong to clade 1, also known as
the clade of early-branching species (Parkinson et al. 2007; 2009). Most of the clade-1
strains have been isolated from monocots, such as asparagus, banana, sugarcane,
hyacinths, forage grasses, and small-grain cereals (Jacques et al. 2016). But there are a
few exceptions: Xanthomonas theicola causes canker on tea plants, Xanthomonas
bonasiae and Xanthomonas youngii were found on canker-symptomatic ornamental
plants, and strains of Xanthomonas translucens have also been isolated from pistachio
trees (Giblot-Ducray et al. 2009; Koebnik et al. 2021; Mafakheri et al. 2022). SLC-5 strain
NCPPB 2654 (= CFBP 8443) was isolated from bean (Phaseolus vulgaris), the SLC-6 strain
NCPPB 2983 (= CFBP 8444, LMG 702) originates from New Zealand flax (Phormium
tenax), and seven SLC-7 strains had been collected from monocots like banana (Musa x
paradisiaca), ginger (Zingiber officinale) or sugarcane (Saccharum officinarum), but also
from cotton (Gossypium sp.) (Parkinson et al. 2009).

The SLC-6 bacterium X. campestris pv. phormiicola (Takimoto 1933) Dye 1978 was
described as a bacterial pathogen of New Zealand flax (Phormium tenax Forst.), causing
water-soaked lesions with chlorosis (Takimoto, 1933). The same bacterium was also
found to induce hypertrophy on potato tuber tissues at the inoculated site (Tamura et
al. 1987). The hypertrophic active substance isolated from the bacterial culture filtrate
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produced visible chlorotic lesions on the leaves of New Zealand flax, ryegrass and
tobacco plant (Tamura et al. 1992). Biochemical and biophysical parameters (retardation
factor on silica gel thin-layer chromatography and 1H nuclear magnetic resonance [NMR]
spectrum) of the purified toxin coincided with those of coronatine, and it was concluded
that the toxin produced by X. campestris pv. phormiicola is coronatine (Tamura et al.
1992). In a parallel study, liquid cultures of X. campestris pv. phormiicola were found to
contain two analogues of coronatine lacking the cyclopropane ring structure, but no
trace of coronatine (Mitchell 1991). Using NMR, mass spectroscopy and gas
chromatography of hydrolysis products, these two compounds were identified as N-
coronafacoyl-lI-valine and N-coronafacoyl-l-isoleucine (Mitchell 1991). These were the
first two reports of coronatine-like phytotoxins outside of the genus Pseudomonas.

To obtain insight into the genetics of coronatine production in Xanthomonas and to
expand genomic information on clade-1 xanthomonads, we determined the complete
genome sequences of the pathotype strain CFBP 8444°T (ICMP 4294°7, LMG 702", NCPPB
2983PT), and of the species-level clade strains CFBP 8443 (NCPPB 2654) and CFBP 8445
(NCPPB 1131).

Genome sequencing and assembly

From lyophilized stocks available at CIRM-CFBP (https://cirm-cfbp.fr/), single colonies of
the three strains were isolated and grown on peptone-sucrose (10 g/liter peptone, 10
g/liter sucrose, 1 g/liter glutamic acid) agar media. Genomic DNA was extracted using the
Genomic DNA buffer set and Genomic-tips following the manufacturer’s instructions
(Qiagen, Valencia, CA, U.S.A.).

Multiplex library preparation in pools of eight strains, including strains CFBP 8443, CFBP
8444, and CFBP 8445, and simultaneous sequencing of eight strains on one SMRTCell was
conducted with the PacBio Sequel technology at the GENTYANE genotyping platform
(INRAE Clermont-Ferrand, France).

Sequence reads were de novo assembled with Flye 2.7 using the “--plasmids --iterations
2” parameters (Kolmogorov et al. 2019), yielding a single chromosome for each of the
three strains. Genome sequences were functionally annotated using the NCBI
Prokaryotic Genome Annotation Pipeline (PGAP version 6.2) (Li et al. 2021). The clade-1
xanthomonads genome project is available at NCBI as BioProject PRINA865934.
Annotation details are given in Table 1.
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Phylogenetic relationships

To clarify the phylogenetic relationships within clade 1, including the three newly
sequenced SLC strains, pairwise average nucleotide identities (ANI) were calculated on a
Galaxy-implemented version of FastANI (Jain et al. 2018). This analysis included all
publicly available genome sequences from clade 1, except for X. translucens, where only
eight pathotype strains were chosen as representatives of the genetic diversity of this
species due to the large number of sequenced X. translucens strains (Goettelmann et al.
2022). The evolutionary history was inferred using the UPGMA method (Sneath & Sokal
1973), asimplemented in MEGA11 (Stecher et al. 2020; Tamura et al. 2021). This analysis
involved 75 genome sequences and confirmed the taxonomic position of the three SLC
strains within clade 1 (Figure 1; Supplemental Table 1).

Using a 95% cut-off value as an ANI species delimiter (Goris et al. 2007; Richter &
Rossell6-Madra 2009), SLC-5 strain CFBP 8443 was found to be the only representative for
this novel species. The SLC-6 strain CFBP 8444 and its clone NCPPB 2983 in the UK strain
collection represent a sister species of X. bonasiae (Mafakheri et al. 2022). Three nearby
strains in the dendrogram, GW, SI, and SS, which were isolated as candidate biocontrol
agents from the microbiome of perennial ryegrass (Lolium perenne), were found to be
phylogenetically close to the species X. bonasiae (Li et al. 2020). However, using digital
DNA-DNA hybridization (dDDH) as a species delimiter suggests that strains GW, SI, and
SS form another sister species of X. bonasiae (Supplemental Table 2) (Meier-Kolthoff et
al. 2013, 2022). We therefore consider strain CFBP 8444 as the representative of a novel
species, corresponding to SLC 6.

The SLC-7 strain CFBP 8445 is a clone of NCPPB 1131, for which a draft genome sequence
was published previously (Studholme et al. 2011). These strains clustered with another
genetically similar strain, LMG 8989, which was isolated from a Citrus plant (Bansal et al.
2020), in contrast to CFBP 8445 and NCPPB 1131, which were isolated from banana.
Recently, non-pathogenic strains were isolated from healthy rice seeds. Genome
sequencing revealed that two of the strains, PPL560 and PPL568, belong to a novel
species, for which the name ‘Xanthomonas indica’ was proposed (Rana et al. 2022). ANI
and dDDH analyses demonstrate that these two strains belong to the same species-level
clade as the four former strains and thus SLC 7 could be renamed ‘X. indica’ (Figure 1,
Supplemental Tables 1 and 2). Hence, this species-level clade comprises bacteria that can
colonize both monocots and dicots. Whether such promiscuity also holds true for SLC 5
and SLC 6 strains awaits the characterization of additional isolates.

This comprehensive comparison of clade-1 strains suggests the existence of at least four
additional novel species, as exemplified by strains 569 (origin unknown), DD13 (from
sugarcane), LMG 9002 (from orange), F4 (origin unknown), 3498 (origin unknown), LMG
8992 (from orange), and NCPPB 1128 (from common bean) (Figure 1; Supplemental
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Tables 1 and 2) (Aritua et al. 2015; Bansal et al. 2020). Notably, for many isolates it is not
clear whether they are pathogenic on their host of isolation or on other plants, or if they
are regular constituents of the plant’s microbiome, perhaps even with protective
features. This genome-wide comparison challenges previous views of the phylogenetic
relationships within clade-1 and supports recent findings based on comparing 466 core
genes (Rana et al. 2022). Comparison of 16S rRNA sequences grouped X. sacchari and
‘X. sontii’ in one subclade and X. albilineans, X. hyacinthi, X. theicola, and X. translucens
in another subclade (Hauben et al. 1997; Bansal et al. 2021). In contrast, comparisons
based on 165—-23S rDNA intergenic spacer sequences or on a portion of the gyrase B gene
suggested that X. albilineans, ‘X. pseudalbilineans’, X. sacchari, and ‘X. sontii’ form one
subclade and X. hyacinthi, X. theicola, and X. translucens belong to another subclade
(Gongalves and Rosato 2002; Parkinson et al. 2009; Khenfous-Djebari et al. 2019; Koebnik
et al. 2021). Our genome-wide ANI comparison clearly separates X. albilineans and
‘X. pseudalbilineans’ from the rest of the clade-1 strains, which correlates with the
reduced genome size of these two species (average 3.7 Mbp for 20 strains) in comparison
to the other 55 strains in our comparison (4.9 Mbp) (Pieretti et al. 2009; 2015).

Biosynthesis of coronatine-like compounds in Xanthomonas

The phytotoxin coronatine (COR) consists of two moieties, the polyketide coronafacic
acid (CFA) and the cyclopropyl amino acid coronamic acid (CMA), which are conjugated
by an amide bond. COR and COR-like molecules are produced by several pathovars of
Pseudomonas syringae, but also some plant-pathogenic enterobacteria and
streptomycetes (Bender et al. 1996; Slawiak & Lojkowska 2009; Fyans et al. 2015). In
P. syringae, COR production is under control of the unconventional two-component
system CorRPS, which mediates COR biosynthesis at 18 °C, whereas COR is not detectable
at 28 °C (Smirnova et al. 2002). COR and COR-like molecules have been identified as
structural mimics of the plant hormone jasmonoyl-L-isoleucine (JA-lle) (Bender et al.
1999; Bown et al. 2017), which affects plant signaling pathways with importance for plant
development and defense (Gimenez-lbanez et al. 2015). Notably, COR was identified as
the virulence factor in P. syringae that is responsible for suppressing stomatal innate
immune defense (Melotto et al. 2006).

Because X. campestris pv. phormiicola was reported to synthesize coronatine-like
molecules, we searched the three new genome sequences for homologs of the nine cfa
genes (coronafacic acid biosynthesis), seven cma genes (coronamic acid biosynthesis),
the cfl gene (coupling factor), and the three regulatory cor genes from Pseudomonas
syringae pv. tomato strain DC3000 using TBLASTN. Homologs were only detected in
strain CFBP 8444 for all nine Cfa sequences (between 66% and 92% sequence identity),
with the Cfl sequence (64% sequence identity), and with the three Cor sequences
(between 58% and 67% sequence identity). Of the Cma sequences, only CmaA and CmaT

215



had hits with 32% sequence identity in both cases, which were, however, not associated
with coronamic acid biosynthesis.

We then further looked whether related genes are found in other bacteria, using the
CFBP 8444 Cfa, Cfl and Cor amino acid sequences as queries. As expected, we found
homologs for the whole biosynthetic gene set in species of Pseudomonas, in several
enterobacteria (e.g. Brenneria, Pectobacterium, Dickeya, Lonsdalea), and in
Streptomyces. However, the regulatory cor genes were only found in Pseudomonas.
Surprisingly, we also identified close homologs of all these genes in two additional strains
of Xanthomonas, annotated as X. arboricola strain 3058 and X. campestris strain 3075.
According to the BioProject descriptions at NCBI (PRJINA583332, PRJNA583333), these
strains originated from a study of plant-associated saprophytic bacteria and their role in
plant health and plant-pathogen interactions. However, since these two Xanthomonas
strains share a genome-wide ANI of 98.7%, they belong to the same species. Based on
analyses at the Type Strain Genome Server (https://tygs.dsmz.de/) (Meier-Kolthoff &
Goker 2019), both strains are predicted to belong to a hitherto undescribed species
within clade 2 of Xanthomonas.

The regulatory cor genes were also identified in the genome sequence of X. theicola,
strain CFBP 4691. However, none of the cfa or cfl genes were found. Since the Cor
regulatory system serves as a thermosensor in P. syringae we speculate that biosynthesis
of a COR-like substance is likely controlled in a similar way in Xanthomonas, but not in
enterobacteria or Streptomyces, while other factors might be under thermal control in
X. theicola.

A novel flagellar gene cluster in Xanthomonas

Xanthomonas has been proposed as a name for a group of non-sporing, rod-shaped, uni-
or rarely biflagellate or non-motile Gram-negative bacteria, forming abundant yellow,
slimy colonies on nutrient agar and potato, and mostly digesting starch and producing
acid in lactose but not in salicin (Dowson 1939). Genomics has since confirmed the
presence of a canonical gene cluster for flagella biosynthesis in almost all sequenced
strains, regardless of the species. Yet, some strains have experienced deletion mutations
in the flagellar gene cluster which rendered them non-motile on diagnostic media
(Darrasse et al. 2013; Jacobs et al. 2015). All three genomes (Table 1) contained the
canonical flagellar gene cluster, which has a very similar genomic organization as the one
in clade-2 strains (Supplemental Figure 1).

Surprisingly, strain CFBP 8444 was found to possess a second gene cluster for the
possible biosynthesis of alternative or additional flagella (Figure 3). This gene cluster is
unique in the genus Xanthomonas. The only other Xanthomonas that was found to have
a similar system, strain XNMO1, has been misclassified and belongs to the sister genus
Pseudoxanthomonas (Gowda et al. 2022). BLASTP searches revealed additional similar
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homologs in other strains of Pseudoxanthomonas, in one strain of Pseudomonas, in
several beta proteobacteria (mainly from the order Burkholderiales, but also from
Neisseriales, Nitrosomonadales and Rhodocyclales) and in one strain of alpha
proteobacteria (Sphingomonas). This atypical gene cluster contains a flagellin gene,
named fliC or lafA, that is sometimes annotated as lateral flagellin. Overall, sequence
similarity between the predicted CFBP 8444 flagellar proteins and their homologs is not
very strong with less than 70% sequence identity for the LafA (FliC) protein and on
average 64% sequence identity to the most similar system in strain XNMO1.

Vibrio parahaemolyticus is another bacterium that has two types of flagella, which are
both associated with a distinct cell types, the swimmer cell and the swarmer cell
(McCarter & Silverman 1989). The swimmer cell is a short rod that harbors a single polar
flagellum, which is produced when the bacterium is grown in liquid media. On semi-solid
media, swarmer cells of V. parahaemolyticus are elongated and synthesize, in addition
to the polar flagellum, numerous lateral flagella which are responsible for translocation
over surfaces. Transition between swimmer and swarmer cells is mediated by contact
with surfaces and involves the polar flagellum as a tactile sensor. In addition, iron
limitation serves as a second signal that is required for swarmer cell differentiation
(McCarter & Silverman 1989).

Mesophilic aeromonads are another group of bacteria that express a polar flagellum in
all culture conditions, and certain strains produce lateral flagella on semisolid media or
on surfaces (Canals et al. 2006). In addition to motility, lateral flagella of Aeromonas
species have been found to mediate epithelial cell adherence and biofilm formation
(Gavin et al. 2002). Later, homologs of the lateral flagellin were found in many beta
proteobacteria, such as Burkholderia dolosa (Roux et al. 2018). Notably, a /afA deletion
mutant was more motile under swimming conditions due to an increase in the number
of polar flagella, but was not affected in biofilm formation, host cell invasion, or murine
lung colonization or persistence over time. Shewanella putrefaciens is another species
that possesses two separate flagellar systems (Kihn et al. 2022). Using functional
fluorescence tagging it was found that screw thread-like motility is mediated by the
primary, polar flagellum, and that the lateral flagella support spreading through
constricted environments such as polysaccharide matrices.

Lateral-type flagellins were also found in the alpha proteobacterium Sphingomonas
(Maruyama et al. 2015). Sphingomonas sp. strain A1, originally identified as a non-motile
and aflagellate bacterium, possesses two sets of flagellar genes, consisting of 35 and 46
genes, respectively. The smaller set encodes the lateral-type flagellin, whereas the larger
set includes two flagellar genes typical for polar flagella (Maruyama et al. 2015). Strain
Al cells became motile when they were cultured on semisolid media, due to the
presence of a single flagellum at the cell pole, which surprisingly consisted of both lateral
and non-lateral flagellins (Maruyama et al. 2015). Immunogold labeling later
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demonstrated that strain A1 produces two types of flagellar filaments, one formed by
three flagellins (lateral and non-lateral flagellins) and the other formed only by lateral
flagellins (Kobayashi et al. 2016). Interestingly, lateral-type flagellins were found at the
proximal end of the chimeric filaments, next to the hook basal body, whereas the polar
flagellins were detected further apart from the cell surface (Kobayashi et al. 2016).

Given the low sequence conservation between the CFBP 8444 noncanonical flagellar
genes and those in other proteobacteria, it will be interesting to study this phenomenon
further. It remains to be explored whether this strain of Xanthomonas produces chimeric
polar flagella or lateral flagella under certain conditions, and if so, which environmental
clues trigger a switch between different types of flagella.

Conclusion

The first complete genome sequence for three undescribed species will stimulate further
work on the underexplored clade-1 of xanthomonads. Strikingly, this work revealed the
presence of a novel, noncanonical flagellar gene cluster that may produce lateral flagella,
challenging the view of Xanthomonas as a unipolar flagellated bacterium. This work also
presents the genetic basis for the production of COR-like molecules in the genus
Xanthomonas. Since coronatine has been shown to stimulate re-opening of plant leaves’
stomata during the infection process, it will be interesting to study the contribution of
these molecules to pathogenicity. Notably, strain CFBP 8444, which synthesizes these
COR-like molecules, does not produce type 3 effectors, which in other xanthomonads
suppress stomatal immunity (Wang et al. 2021; Liu et al. 2022; Raffeiner et al. 2022).
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Table 1. BioSamples, GenBank accession numbers and annotation details for the clade-1

xanthomonads genome BioProject PRINA865934.

Strain CFBP 8443 CFBP 8444 CFBP 8445
Species-level clade SLC5 SLC 6 SLC7

NCBI BioSample SAMN30147989 | SAMN30148166 | SAMN30161540
NCBI GenBank CP102592 CP102593 CP102594
accession number

(chromosomes)

Coverage 200 x 244 x 208 x

Size (bp) 5,238,480 5,314,063 4,869,984
G+C content (%) 68.96 68.64 69.25
Predicted genes 4,368 4,506 4,192
Predicted CDS 4,303 4,441 4,122
Predicted RNA genes 65 65 70
Predicted pseudogenes | 44 72 30
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Figure 1. Phylogenetic tree of clade-1 xanthomonads. The evolutionary distances between
genome sequences were computed using the FastANI method (Jain et al. 2018) and are in units of
percent sequence divergence. The evolutionary history was inferred using the UPGMA method
(Sneath & Sokal 1973). The tree is drawn to scale, with branch lengths in the same units as those
of the evolutionary distances used to infer the phylogenetic tree. This analysis involved 75 genome
sequences. Evolutionary analyses were conducted in MEGA11 (Stecher et al. 2020; Tamura et al.
2021), and the tree layout was enhanced for better visualization using the iTOL online tool (Letunic
& Bork 2019). Names of bacterial strains are indicated next to the branch endpoints. Strains
belonging to the same species are boxed with the name of the species given within the colored
box. Type strains are labeled with a blue dot, and proposed type strains are labeled with a blue
circle. Used genome sequences are listed in Supplemental Table 1.

228



SS: NRRL B-2795

— [T
25kb 0 Identity (%) 100

ZP:1AM14233

® cfa8

® cfa?

® cfab

® cfab

® cfad

® cfa3
cfa2
cfal
fl
LysR-family regulator
cfa9
Transposase

@ corR

® corS

® DUF1330-family protein

® InsO-family protein

@ InsO-family protein

Dsp: CFBP 2040

BA: NCPPB 3934

PA: ICMP 1526

Xsp: 3058

Xsp: 3075

XCP: CFBP 8444

PST: DC3000

L J —_

cfa T3E IS NRPS IS cor

Figure 2. Comparison of bacterial coronatine biosynthesis gene clusters. Corresponding
regions, extracted from GenBank files, were compared and visualized with clinker (Gilchrist &
Chooi 2021). The following strains and genomes were analyzed (from top to bottom): Streptomyces
scabiei strain NRRL B-2795 (JAGJBZ010000001), Zymobacter palmae strain IAM14233 (AP018933),
Dickeya sp. strain CFBP 2040 (JAAVXH010000024), Brenneria alni strain NCPPB 3934
(MJLZ01000030), Pectobacterium atrosepticum strain ICMP 1526 (ALIV01000029), Xanthomonas
sp. strain 3058 (JACHOF010000019), Xanthomonas sp. strain 3075 (JACIFI010000014),
Xanthomonas campestris pv. phormiicola strain CFBP 8444 (CP102593), and Pseudomonas
syringae pv. tomato strain DC3000 (AE016853). Genes and operons in strain DC3000 are labelled
at the bottom. T3E = type 3 effector; NRPS = non-ribosomal polyketide synthase; IS = insertion
sequence element.
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Figure 3. Comparison of flagellar gene clusters. Corresponding regions, extracted from
GenBank files, were compared and visualized with clinker (Gilchrist & Chooi 2021). The following
strains and genomes were analyzed (from top to bottom): Sphingomonas sp. strain A1 (LC043068),
Azoarcus indigens strain DSM 12121 (SNVV01000001), Dechloromonas denitrificans strain G6
(CP075186), Vogesella sp. strain LIG4 (LT607802), Massilia violaceinigra strain B2 (CP024608),
Schlegelella brevitalea strain DSM 7029 (CP011371), Pseudomonas panipatensis strain CCM 7469
(FNDS01000003), Pseudoxanthomonas sp. strain SGD-10 (RRYL01000001), Xanthomonas sp. strain
XNMO01 (JACVAP010000008), and Xanthomonas campestris pv. phormiicola strain CFBP 8444
(CP102593). Strain CFBP 8444 contains two flagellar gene clusters, with the novel cluster above
the canonical cluster (2), which is shown at the bottom.

e-Xtra Supplemental Table 1. Heatmap of pairwise genome-wide average nucleotide
identities (ANI) between clade-1 xanthomonads. Genome sequences were downloaded
from GenBank (accession numbers given in row 3) and pairwise ANI were calculated on a Galaxy-
implemented version of FastANI (Jain et al. 2018). This analysis included all publicly available
genome sequences from clade 1, except for X. translucens, where only eight pathotype strains
were chosen as representatives of the genetic diversity of this species (Goettelmann et al. 2022).
Names of strains are given in the first column and in the second row. The first row indicates the
respective Xanthomonas species. SLC, species-level clade (Parkinson et al. 2009).

e-Xtra Supplemental Table 2. Pairwise genome-wide average nucleotide identities
(ANI) and digital DNA-DNA hybridization (dDDH) values of selected clade-1
xanthomonads.

Pairwise average nucleotide identities (ANI) were calculated on a Galaxy-implemented version of
FastANI (Jain et al. 2018). ANI values are given in the upper triangle of the comparison matrix, in
blue color. Digital DNA-DNA hybridization values were calculated at the TYGS/GGDC platform
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(https://ggdc.dsmz.de) (Meier-Kolthoff et al. 2013, 2022). GLM-based DDH estimate, as estimated
by the recommended formula 2 (identities / HSP length), are given in the lower triangle of the
comparison matrix, in red color. Cells with values that are considered to indicate that the two
compared genomes belong to strains of the same species are highlighted in green. Cells with values
that are in the 'grey zone' of species delineation are in light green. GenBank accession numbers
given in row 3.

e-Xtra Supplemental Figure 1. Comparison of canonical flagellar gene clusters.
Corresponding regions, extracted from GenBank files, were compared and visualized with clinker
(Gilchrist & Chooi 2021). The following strains and genomes were analyzed (from top to bottom):
Xanthomonas sp. strain CFBP 8443 (CP102592), Xanthomonas campestris pv. phormiicola strain
CFBP 8444 (CP102593), Xanthomonas sp. strain CFBP 8445 (CP102594), and Xanthomonas
euvesicatoria pv. euvesicatoria strain 85-10 (AM039952).
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Appendix 2

Supplementary material pertaining to Chapter 2 can be found here in Appendix 2.
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Supplementary Fig.2 TssM neighboring region and respective neighborhood types. Clinker comparison of
neighboring regions near tssM gene from T6SS-i4 across the selected type and pathotype Xanthomonas strains
harboring T6SS-i4. T6SS-related genes are framed in blue. Genes are color-coded according to homology.
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Supplementary Fig.3 TssH neighboring region and respective neighborhood types. Clinker comparison of neighboring
regions near tssH gene from T6SS-i4 across the selected type and pathotype Xanthomonas strains harboring T6SS-i4.
T6SS-related genes are framed in blue. Genes are color-coded according to homology.
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Supplementary Fig.4 Comparison of type-1 neighborhood T6SS-i4 among Xt ANI groups. Clinker comparison of type
1 neighboring type of T655-i4 across representative strains of each Xt ANI clade, and the corresponding regions in
T6SS-i4-lacking strains. Genes are color-coded according to homology. To the left, the tree was built based on
similarity clustering using ANI matrix. Blank means no corresponding region was found.
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Supplementary Fig.5 Comparison of type-2 neighborhood T6SS-i4 among Xt ANI groups. Clinker comparison of type 2
neighboring type of T6SS-i4 across representative strains of each Xt ANI clade, and the corresponding regions in
T6SS-i4-lacking strains. Genes are color-coded according to homology. To the left, the tree was built based on similarity
clustering using ANI matrix.

T6SS i4 type 3

Tree scale: 1 +——t
upas1a

crap2s3o
IcMP11055
Crapes0s
Upssss
upss20
cnos
crap20s4
IcMP16317

crapasal

viesa3

wis730

crp2053

w727

el o

w6728

Supplementary Fig.6 Comparison of type-3 neighborhood T6SS-i4 among Xt ANI groups. Clinker comparison of type 3
neighboring type of T6SS-i4 across representative strains of each Xt ANI clade, and the corresponding regions in
T6SS-i4-lacking strains. Genes are color-coded according to homology. To the left, the tree was built based on similarity
clustering using ANI matrix.
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Supplementary Fig.7 Comparison of type-4 neighborhood T6SS-i4 among Xt ANI groups. Clinker comparison
of type 4 neighboring type of T65S-i4 across representative strains of each Xt ANI clade, and the
corresponding regions in T6SS-i4-lacking strains. Genes are color-coded according to homology.
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Supplementary Table 1. T6SS.
colors. NF = Not found
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Supplementary Table 2. X-T4SS effi Is in h Similar proteins are highlighted by similar background
colors.
|Species Strain. Secretion system Effector GenBank acc. no. _Predicted effector domains (InterPro) Remarks Group
|X. translucens pv. graminis NCPPB 3711 X-T4sS 1
. transtucens pu. graminis CPPB371L XTasS Absent in NCPPB 3709 2
|X. translucens pv. graminis NCPPB 3711 X-T4sS >_2 Absent in NCPPB 3709 2
X translucens pv.graminis  NCPPR37LL  xTass WP_284567054.1 Pseudogenized in NCPP 3709 (frameshit) 3
|X. translucens pv. graminis. NCPPB 3711 X-T4sS 'WP_284567126.1 RTX calcium-binding nonapeptide repeat; X-Tfes, XVIPC Absent in NCPPB 3709
|X. translucens pv. graminis NCPPB 3711 X-T4sS WP_284567851.1 X-Tfes, XVIPCD. Absent in NCPPB 3709
. transtucens pu. graminis CPPB371L xTdsS WP_284567950.1 seudogenized in NCPPB 3709 (frameshif] 4
|X. translucens pv. graminis NCPPB 3711 X-T4sS 'WP_284567994.1 X-Tfes, XVIPCD. 5
X translucens pv.graminis  NCPPR37LL  x-Tass WP_284567997.1 XTfes, XVIPCD Absent in NCPPB 3709
[X. translucens pv. graminis. NCPPB 3711 X-Tass 'WP_284568060.1 X-Tfes, XVIPCD. Absent in NCPPB 3709
|X. translucens pv. graminis NCPPB 3711 X-T4sS WP_284568104.1 6
|X. translucens pv. graminis. NCPPB 3711 X-T4ss WP_284568425.1 Peptidoglycan binding-like; X-Tfes, XVIPCD. 7
|X. translucens pv. graminis NCPPB 3711 X-Tass 'WP_284568595.1 Zeta toxin domain; X-Tfes, XVIPCD Pseudogenized in NCPPB 3709 (large deletion,
frameshift)
\X. translucens pv. graminis INCPPB 3711 X-T4s5 8
|X. translucens pv. graminis NCPPB 3709 X-T4sS 6
. transtucens pu. graminis PPB3709  xTdsS s
|X. translucens pv. graminis NNCPPB 3709 X-Tass Peptidoglycan binding-| 7
X translucens pv.graminis  NCPPB3709  x-Tass XTfes, XVIPCD B
|X. translucens pv. graminis INCPPB 3709 X-T4ss 1
[X. translucens pv. phlei MG 730 X-T4sS Absent in LMG 843 4
. transtucens pv. phlei MG 730 xTass WP_053838249.1 Absent in LVIG 843
. translucens p. phii 6 730 xrass 5389 s
|X. translucens pv. phlei LMG 730 X-T4sS 1
. transtucens pv. phlei MG 730 XTass 8
|X. phiei LMG 730 XT4SS 2
X transtucens pu phieipratensis MG 843 ¥Tass 2
|X. translucens pv. phleipratensis  LMG 843 X-Tass 8
|X. translucens pv. phleipratensis  LMG 843 X-Tass X-Tfes, XVIPCD. No homolog found in LMG 730
IX. transiucens pv. phleipratensis  LmG 843 xrass Xefes, XVIPCD B
|X. hi LMG 843 X-T4ss 1
|X. translucens pv. translucens DSM 18974 X-T4sS 3
X translucens pu. tronsiucens  DSM 18974 x-Tass 8
|X. translucens pv. translucens DSM 18974 X-Tass Peptidoglycan binding-like; X-Tfes, XVIPCD 7
|X. transfucens pv. translucens DSM 18974 XTass. Type VI secretion system spike protein VgrG3-ike, C-
id an binding-like; X-Tfes, XVIPCD 9

|X. translucens pv. translucens DSM 18974 X-T4sS 1
X translucens pu. tronsiucens  DSM 18974 x-Tass 6
IX. translucens pv. translucens DSM 18974 X-T4sS 6
|X. translucens pv. translucens DSM 18974 X-T4sS 2
x tronslucens __DsM 18974 xTass 2
|X. translucens pv. translucens UPB886 X-T4sS 'WP_003478434.1 8
X translucens pu. tronslucens  UPBs86 xTass WP_064521759.1 Peptidoglycan bindinglike; X-Tfes, XVIPCD 7
IX. translucens pv. translucens UPB886. X-Tass WP_064521760.1 Type VI secretion system spike protein VgrG3-like, C-

terminal; Peptidc n binding-like; X-Tfes, XVIPCD 9
X transtucens pu. transiucens  UPBs86 xTass We_1534767211 3
|X. translucens pv. translucens UPB886 X-T4sS 'WP_193566008.1 1
X translucens pu. tronslucens  UPB86 xTass WP_233700394.1 6
X, translucens UPB886. X-T4ss WP_233700395.1 6
X vesicatorio MG 911 xrass WP_005989145.1 10v09)
I vesicatoria WG 911 xerass 0059898651 10(016)
|X. vesicatoria LMG 911 X-Tass WP_005989980.1 11 (xv12)
|X. vesicatoria MG 911 X-Tass WP_005992945.1 Peptidoglycan binding-like; X-Tfes, XVIPCD Absent in BNM214 Xvi4
IX. vesicatoria LMG 911 XTass WP_005994591.1 XTfes, XVIPCD. 12 (xvo7)
X vesicatorio WG 911 xrass WP_005396248.1 10 (xvo2)
I vesicatoria WG 911 xerass 0059967 xvos
|X. vesicatoria LMG 911 X-Tass WP_005997363.1 13 (xv11)
|X. vesicatoria LMG 911 X-Tass X-Tfes, XVIPCD. Absent in BNM214 Xv17
|X. vesicatoria LMG 911 X-T4ss tidoglycan binding-lil (-Tfes, XVIPCD 7 (xv10)
|X. vesicatoria LMG 911 X-Tass Pseudogenized in BNM214 (frameshift) 6 (XV06)
I vesicatoria WG 911 xTass 30v13)
X vesicotorio G 911 xerass oThes, XVIPCD Absent in BNM214 X1
I vesicatoria w214 xrass xvos
|X. vesicatoria BNM214. X-Tass 3(xv13)
|X. vesicatoria BNM214. X-Tass X-Tfes, XVIPCD. 12 (xvo7)
I vesicatoria enm214 xrass 10v09)
|X. vesicatoria BNM214 X-Tass 10 (xv02)
I vesicatoria enm214 xrass 11 pv12)
|X. vesicatoria BNM214 X-T4ss 13 (xv11)
|X. vesicatoria BNM214. X-Tass 'WP_039425674.1 Peptidoglycan binding-li rfes, XVIPCD 7 (xv10)
I vesicatoria Bnm214 xrass WP_052318662.1 Klfes,xvpC0 10 (xvoe)
|X. vesicatoria BNM214. X-Tass WP_331239671.1 X-Tfes, XVIPCD. ‘Homolog found in LMG 911 but not annotated 14 (Xv05)

in NZ_CPO18725




Supplementary Table 3. List of domains found in X-T4SS and T6SS-i4 effectors in the present study
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Supplementary Table 4. Bacterial strains and plasmids used in the present study

[Bacterial strains and plasmids used i

the present study

Strains Xt ANI group

Reference or source

Xt UpBS13
Xt UPBS13 ATeSS i3

Xt UPBS13 ATeSS-i4

Xt UPBS13 AT6SS-i3 AT6SS-i4
Xt UPBS13 8hcp 3

Xt UPBS13 Bhcpia

Xt UPBS13 Bhcpi3 Mhepid
Xt UPBS13 Bhcpid shepid
xt UPBS13 RFP"

IXt UPBS13 AT6SS-i3 RFP"

|xt UPBS13 ATESS-14 RFP*

Xt UPBS13 AT6SS-i3 ATESS-14 RFP'
Xt UPBS13 Ahcp 3 RFP

[Xt UPBS13 Ahcpid RFP®

Xt UPBS13 Ahcp i3 Bhcpid RFP'
Xt UPBS13 Bhcpid :hep id RFP*
|xt Lva728

Xt LMG728 AvirD4

Xt LMG728 BwirD4 ::virD4

. coli DH108 GFP*
P- agglomerans

Xt
Xt

el
el
Xeell

‘Wild-type Xt UPBS13 (isolation: 1987, Triticum, Mexico)
Single deletion mutant of genes tssH-B T6SS13in Xtu UPBS13

Single deletion mutant of genes tssC-+ T6SS4 in Xtu UPBS13

Double deletion mutant of genes tssH-B T655-i3 and tssC-H T6SS-i4 in Xtu UPBS13
Single deletion mutant of gene hcp of T6SS-i3in Xtu UPBS13

Single deletion mutant of gene hcp of TESS-i4in Xtu UPBS13

Double deletion mutant of genes hep of T6SS-13and hep of T6SS-i4in Xtu UPBS13
Complementation of hep T6S5-i4 mutant in Xtu UPB513

Wild-type Xt UPBS13 (isolation: 1987, Triticum , Mexico)

with mCherry gene inserted at attTn7 site, Speck

Single deletion mutant of genes tssH-B T6SS-13in Xtu UPBS13

with mCherry gene inserted at attTn 7 site, Speck

Single deletion mutant of genes tssC-H T6SS-4in Xtu UPBS13

with mCherry gene inserted at attTn7 site, Speck

Double deletion mutant of genes tssH-B T655-i3and tssC-H T655-i4in Xtu UPBS13
with mCherry gene inserted at attTn7 site, Speck

Single deletion mutant of gene hcp of T6SS-i3in Xtu UPBS13

with mCherry gene inserted at attTn7 site, Speck

Single deletion mutant of gene hcp of TESS-i4in Xty UPBS13

with mCherry gene inserted at attTn7 site, Speck

Double deletion mutant of genes hcp of T6sS-i3 and hcp of T6Ss-i4in Xtu UPBS13
with mCherry gene inserted at attTn7 site, Speck

Complementation of hcp T6S5-i4 mutant in Xtu UPB513

with mCherry gene inserted at attTn7 site, Speck

Wild-type Xt LMG728 (isolation: 1978, Poa trvialis, Switzerland)

Single deletion mutant of gene virD4 in Xt LMG728

Complementation of virD4 mutant in Xt LMG728, using pSKX1::virD4, GmR

E. coli DH108 carrying the replicative pPneo-gfp, Kan"

Pantoea agglomerans UPB1357

UPB Lab collection
This study
This study
“This study
“This study
“This study
This study
This study
This study

“This study

This study

This study

“This study

This study

This study

“This study

BCCM/LVG collection

This study

This study

Jacobs's Lab collection
Dubos etal,, 2024

pk18mobsacB AT6SS-i3 UPBS13
pK18mobsacB AT6SS-i4 UPBS13
pk18mobsacB Ahcp i3 UPB513
pk18mobsacB Ahcpid UPBS13
pk18mobsacB Acp i4C UPBS13
pK18mobsacB AvirD4 LMG728
pSKX1::virD4 LMG728

pTNS3
pUC18-mini-Tn7-Gm-mNeonGreen
pUC18-mini-Tn7-spec-mCherry

. sivasensis GFP” sivasensis inserted at attTn7 site, GmR Dubois etal., 2024
[Plasmids
pK18mobsacB. Suicide plasmid used for gene knock-out by two homelogous recombination events, Kan®, Suc’ Schafer etal., 1994

g Xtu Kan", Suc’ This study

g Xtu , Kan', suc® This study

g Xtu Kan', Suc® This study
Recombinant pK18mobsacs plasmid used for creating Xtu UPBS13 Ahcp 4 mutant strain, Kan®, Suc’ This study
Recombinant pK18mobsacd plasmid used for creating Xtu UPBS13 Ahcpid ::hcp 4 complemented strain, Kan”, Suc* This study
Recombinant pk18mobsac plasmid used for creating Xt LMG728 AvirD4 mutant strain, KanR, Sucs [This study
Plasmid used for creating Xt LMG728 AvirD4 :virD4 complemented strain, Gm" This study
Helper plasmid encoding Tn7 TnsABCD site-specific ransposition pathway, Amp" Choi etal., 2006

Gm" on mini-Tn, for bacteria GFP tagging
Spec” on mini-Tn7, for bacteria RFP tagging

Jacobs's Lab collection
Jacobs's Lab collection

Supplementary Table 5. Primers used in the present study

Primers used in the present study

Strain Gene Primer name Sequence (5-3) Primer goal

UPB513 hepi3 513hepi3up F CTCTAGAGTC al e Gibson in pK18mobsacB (Gene deletion)
UPBS513 hepi3 Gibson in pK18mobsacB (Gene deletion)
UPBS513 hepi3 Gibson in pK18mobsacB (Gene deletion)
UPB513 hepi3 513 hepi3 down R \CGTTGT/ \CGACGGCCAGTGCCAAGC] Gi deletion)
UPBS13 hepia S3hcpidup F CTCTAGAGTCGACCTGCAGGCATGCAAGCT: Gibson in pk 18mobsacd (Gene deletion)
UpBs13 hepid Gibson in pK 18mobsac (Gene deletion)
UPBS513 hepid 513 hepidup R Gibson in pK18mobsacB (Gene deletion)
upesi hepia 513 hepid down R ACGTTGT AGC G deletion)
UPB513 TssH-Bi3 513T6sSi3up F CTCTA CT2 Gibson in pK18mobsacB (Gene deletion)
UpBs13 TesH.Bi3 513765513 down F Gibson in pK18mobsac (Gene deletion)
UpBs13 Test.i3 S13T6SSi3Up R Gibson in pK 18mobsac (Gene deletion)
ups13 Tast-8i3 S13T6s5i3 down R ACGTTGTAARAC TGCCAAGE e Jetion)
UPBS513 TssC-Hia 513T6sSidup F CTC CTC AT Gibson in pK18mobsacB (Gene deletion)
UPB513. TssC-Hia 51365514 down F. Gibson in pK18mobsacB (Gene deletion)
UPB513 TssC-Hia 513T65Si4 up R Gibson in pK18mobsacB (Gene deletion)
ups13 Tesc-Hid 513765514 down R r GGCCAGTGCCAAGE e letion)
UpBS13 hepia ST3hepidck CTCTAGAGTCGACCT T Gibson in pk 18mobsacs (Gene complementation)
upes13 hepia S13hepiaC R ACGTIGT cr: K

UpBS13 (= S13NcpIIMCF tcctgctgggtcagticase Matant Confirmation

UPB513 hepi3 513hcpi3MC R Mutant Confirmation

UPBS13 hepia SLahcpiamc F tcagaggatagecectaceice Mutant and Complementation Confirmation
ups13 hepid S13hepiamc R Motant and Confirmation
UpBs13 TesHB13 SI3TESSIMCF Cascagcagetpcegecaty Matant Confirmation

UPB513 TssH-Bi3 513T6SSi3MC R Mutant Confirmation

UPBST3 TesC-Hid SI3TESSIANCF ‘Bacagtagtcagagactagic Matant Confirmation

ups13 TssCHid S13TeSSIAMCR canccgeancaecgttctige Mutant Confirmation

(MG728 Vs T28vIDAUR CICTAGAGTCGACCTGCAGGEAT Gibson in pk 18mobsacs (Gene deletion)
LMG728 VirD4 Gibson in pK18mobsacB (Gene deletion)
LMG728 VirDa 728virD4up R Gibson in pK18mobsacB (Gene deletion)
LMG728 VirD4 728virD4 down R ACGTTGT/ \CGACGGCCAGTGCCAAGC] Gi deletion)
(MG728 VirDd TIBVITDAMCF ‘aaggaceicceagaacagect Matan Confirmation

imcr2s virD4 T28virDAMCR N

(MG728 PSKXL-VirDA PSKXLF ‘GCACGACAGGTTTCCCGACTGG Complementation Confirmation
w728 pSKXL:VirDd pSKK1_R GecT \cTeeecTo < onfirmation




Supplementary videos 1-8

Real-time monitoring of T6SS bacterial killing activity in Xanthomonas translucens WT. Time-lapse videos of Xt UPB513
wild-type (WT), expressing RFP in competition with E. coli DH10B expressing GFP, mixed in a 10:1 (Xt:E. coli) ratio, on
solid agarose pad (25% LB). Bar represents 10 um showed on the right, while magnification and time are indicated on
the left. Pictures were taken every 6 minutes for 4h48min.

Supplementary videos 9-16

Real-time monitoring of T6SS bacterial killing activity in Xanthomonas translucens T655-i4 mutant. Time-lapse videos
of Xt UPB513 AT6SS-i4, expressing RFP in competition with E. coli DH10B expressing GFP, mixed in a 10:1 (Xt:E. coli)
ratio, on solid agarose pad (25% LB). Bar represents 10 um showed on the right, while magnification and time are
indicated on the left. Pictures were taken every 6 minutes for 4h48min.



Appendix 3

Supplementary material pertaining to Chapter 3 can be found in Appendix 3.
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Supplementary Fig.1 Diversity of PAAR domains-containing proteins in the X. translucens

complex. Phylogenetic trees is built based on CustalW alignment of amino acid sequences

and inrefence of the tree midpoint rooted using IQTREE.
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Supplementary Fig.2 Diversity of VgrG domains-containing proteins in the X. translucens
complex. Phylogenetic trees is built based on CustalW alignment of amino acid sequences
and inrefence of the tree midpoint rooted using IQTREE.
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Supplementary Fig.3 Phylogenetic tree of Tle phospholipase domain containing proteins in
Xanthomonas translucens
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Supplementary Fig.4 Clinker comparison of Tle phospholipase domain containing proteins in
Xanthomonas translucens
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Supplementary Fig.5 Phylogenetic tree of ToxREase domain containing proteins in Xantho-
monas translucens
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Supplementary Fig.8 Clinker comparison of T6SS Effector-Immunity modules including VasX
domain-containing protein variants in Xanthomonas translucens
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Supplementary Fig.10 Clinker comparison of T6SS Effector-Immunity modules including
PGAP1 domain-containing protein variants in Xanthomonas translucens

212



o b dpopofd et

seos G hmmbeSOE DN ‘ ad
o st DOINE

xR HEPEIOIIDDHI P o
wnHE GHEEDEDDIHED) (e amq

w257 <SrmmpPHEDGEIPIUKDUD UOD—<HE UKD HEDDD—

P Y (L e T e mves |

. 5 )
i @ EDDHGH X

e ryyrs)

- i € P T

w2 P ey |
@ MEDP<eadmy

e RO ORT =

war wis "
e TS GHEPIHEDDICDODPIHIIIIAEA DK

I HEIIEIBDIDOBPIMSIIPIHH
i emhEpEp Rl

vor emp16317 4> e
3 MEIIIE A "

R i e N T TR

05 GHmmINEDBHIEDDOHm e admm(

—
250

Supplementary Fig.11 Clinker comparison of T6SS Effector-Immunity modules including M23 peptidase
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Supplementary Fig.15 Comparison of T6SS variable regions highlight TEE-T6l modules. Clin-
ker comparison of T6SS-i4 variable regions of the 31 Xt T6SS-i4+ complete genome
sequences, comprised between tssA and tssL core genes. Module homologs to Xt UPB513
T6E-T6I candidate modules are framed in black. Other T6SS effetor-immunity modules are
framed with dotted lines. Genes are color-coded according to homology.
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Supplementary Table 1. Bacterial strains and plasmids used in the present study

Bacterial study
Strains Genotype or relevant features Reference or source
Xt UPB513 Wild-type Xt UPB513 (isolation: 1987, Triticum , Mexico) UPBcollection
Xt CFBP2541 Wild-type Xt CFBP2541 (isolation: 1941, Bromus inermis , USA) CFBPcollection
Xt CFBP2055 Wild-type Xt CFBP2055 (isolation date: 1966, Triticum durum, Canada) CFBPcollection
E coli DH10B Wild-type E coli DH10B Lab collection
E coli DH10B pBADfixempty, Kan", araBAD promoter This study
E coli DH10B PPERS empty, Kan® araBAD promoter, pelBsignal This study
E coli DH10B PBAD33.1 empty, Chlor?, araBAD promoter This study
E coli DH10B PBADfix empty, Kan®, araBAD promoter and pBAD33.1 empty, Chlor?, araBAD promoter This study
E coli DH10B PPERS empty, Kan: araBAD promoter and pBAD33.1 empty, Chlor? araBAD promoter This study
E coli DH10B PBADfx:RS09055, Kan, araBAD promoter This study
E coli DH10B PPER5:R809055, Kan®, araBAD promoter, pelBsignal This study
E coli DH10B pBAD33.1:R509050, Chlor® araBAD promoter This study
E coli DH10B PBADix:RS09055, Kan® araBAD promoter and pBAD33.1:RS09050, Chior?, araBAD promoter This study
E coli DH10B PPER5::RS09055, Kan®, araBAD promoter, pelBsignal and pBAD33.1::R809050, Chlor®, araBAD promoter  This study
E coli DH10B PBADfix:RS08935, Kan®, araBAD promoter This study
E coli DH10B pPER5::R808935, Kan®, araBAD promoter, pelBsignal This study
E coli DH10B pBAD33.1:R520650, Chlor®, araBAD promoter This study
E coli DH10B PBADfix:RS08935, Kan®, araBAD promoter and pBAD33.1:RS20650, Chior, araBAD promoter This study
E coli DH10B PPERS::RS08935, Kan®, araBAD promoter, pelBsignal and pBAD33.1:R520650, Chlor? araBAD promoter  This study
E coli DH10B PBADfix:RS09065, Kan®, araBAD promoter This study
E coli DH10B PPER5::RS09065, Kan® araBAD promoter, pelBsignal This study
E coli DH10B PBADfix:R805440, Kan®, araBAD promoter This study
E coli DH10B PPERS::RS05440, Kan, araBAD promoter, pelBsignal This study
E coli DH10B pBAD33.1:R805445, Chlor®, araBAD promoter This study
E coli DH10B PBADfix::RS05440, Kan®, araBAD promoter and pBAD33.1:RS05445, Chlor, araBAD promoter This study
E coli DH10B PPERS::RS05440, Kan, araBAD promoter, pelBsignal and pBAD33.1::RS05445, Chior®, araBAD promoter  This study
E coli DH10B PBADfix:RS14560, Kan®, araBAD promoter This study
E coli DH10B PPERS::RS14560, Kan®, araBAD promoter, pelBsignal This study
E coli DH10B PpBADfix::RS15750, Kan®, araBAD promoter This study
E coli DH10B PPERS::RS15750, Kan®, araBAD promoter, pelBsignal This study
E coli DH10B 15745, Chlor® araBAD promoter This study
E coli DH10B 15750, Kan®, araBAD promoter and pBAD33.1::R$15745, Chlor®, araBAD promoter This study
E coli DH10B PPERS:RS15750, Kan®, araBAD promoter, pelBsignal and pBAD33.1::RS15745, ChiorR araBAD promoter  This study
E coli DH10B PBADfix::RS09090, Kan®, araBAD promoter This study
E coli DH10B PPERS::R09090, Kan, araBAD promoter, pelBsignal This study
E coli DH10B pBAD33.1:R809085, Chlor?, araBAD promoter This study
E coli DH10B PBADix:RS09090, Kan®, araBAD promoter and pBAD33. 1:RS09085, Chior?, araBAD promoter This study
E coli DH108 PPERS:RS09090, Kan®, araBAD prommoter, pelBsignal and pBAD33.1:RS09085, Chlor?, araBAD promoter _ This study
E coll DFI10B PBADIIx:RS11705, Kan®, araBAD promoter This study
E coli DH10B PPERS::RS11705, Kan®, araBAD promoter, pelBsignal This study
E coli DH10B pBAD33.1:R511700, ChlorR araBAD promoter This study
E coli DH10B PBADix:RS11705, Kan®, araBAD promoter and pBAD33. 1::RS11700, Chlor?, araBAD promoter This study
E coli DH10B PPERS:RS11705, Kan, araBAD promoter, pelBsignal and pBAD33.1:R811700, Chior? araBAD promoter  This study
E coli DH10B pBADfix:R805985, KanR, araBAD promoter This study
E coli DH10B PPER5::R305985, Kan® araBAD promoter, pelBsignal This study
E coli DH10B pBAD33.1:R505990, Chlor® araBAD promoter This study
E coli DH10B PBADfix::RS05985, Kan®, araBAD promoter and pBAD33.1::R805990, Chlor? araBAD promoter This study
E coli DH10B PPER5::RS05985, Kan®, araBAD promoter, pelBsignal and pBAD33.1::R805990, Chlor®, araBAD promoter  This study
Plasmids
pBADfix Kan®, araBAD promoter M1
PPERS Kan®, araBAD promoter M1
pBAD33.1 Chlor®, araBAD promoter M1
(1] Fridman, C. M, Keppel, K, Rudenko, V., Altuna-Alvarez, ., Albesa-bvé, D., Bosis, E., & Salomon, D. (2025).
ftype\l y i ins and ized through the WHIXmolif for export. PLoSbiology, 23(3), €3003053.



Supplementary Table 2. Primers used in the present study

T6SS effector-immunity

Gene annotation
UPBS13 (NZ_CP096570)
P

CRBP2541 (N2_CPO7a364)

Strain candidate PBP2055 (NZ_ Primer name Sequence Length
€. coll 7 7 PBADIix_GIB. AAGCTTGGGCCCGAACAAARAC

£ coli / / PBADfix_GIB_R GGTTAATIC poce a0126p
£ coli / / PPERS_GIB_New R GGCCATCGCCGGCTGEGCA 4075 bp
£ coli / / PBAD33.1_fwd GATTACAAGGATGACGACGATAGTGARGCTTGGCTGITITGCSS
£ coli / / PBAD33 1 rev STTAAMCAAAATTATTTCTAGAG

T6sS effecto

UpBs13 Phospholipase Tlel ‘PBADfx_RS09055 F 'GGCTAACAGGAGGAATT ARCCatgacgaatiatcccactagiget

UpBs13 Phospholipase Tlel MZ0S0_RS09055 PBADfix_RS09055_R = pPERS_RS09055_R GITTTTGTTCGGGCCCAAGCTTecgeategetteceate 1827bp
UpBS13 Phospholipase Tlel PPERS_RS09055_F CGCTGCCCAGCCGGCAATCRCCargaattcaacsgiety

UpBS13 RhsD PBADfx_RS08935F

Ups13 RhsD MZ0S0_Rs08935 PBADfix_RS08935_R = pPERS_RS08935_R errrrrerrceaecccmmammmmgm 692bp
UpBS13 RhsD PPERS_RS08935_F CoTseCCRGECSOCON GO

upBs13 PGAPL ADIix_RS09065_F G6CT)

upBs13 PGAPL MZ050_Rs09065 PBADIIX_RS09065_R = pPERS_RS09065 R psisostsons Mﬁmaa:c:cgus: actca 1818bp
upBs13 PGAPL PPERS_RS09065 COXTOCCCAGCCCaATGOLCapagcaacscicss

UPBSI3  Tox_Rease:5_orphan(l) PBADIix_RS05440_F atggcaacegeaateceeg

UPBS13  Tox_Rease:S_orphan(l) MZ050_Rs05440 PBADfx_RS05440_R = pPERS_RS05440_R GTTTTTGTTCGEGCCCAAGCTtgettgta 716

UPBS13  Tox_Rease's_orphan(l) PPERS_RS05440_F CGCTGCCCAGCCGGCGATGGCCaeaacegeaatecccgecg

UPBS13  Tox_Rease's_orphan2) PBADfix_RS14560_F GGCTAACAG (.mrmcm.m-mmm

UPBSI3  Tox_Rease:S_orphan(2) MZ050_Rs14560 PBADfx_RS14560_R = pPERS_RS14560_R GITTTTGTT e 7146

UPBSI3  Tox_Rease:s_orphan2) PPERS_RS14560_F CGCYGCCCAGCCGGCGAYGGCCg“zmg\acccz(cccga

UpBS13 Phospholipase Tle1_orphan PBADfX_RS15750_F GGCTAACAGGAGGAATTAACCatgagegacticasactg

upBs13 Phospholipase Tle1_orphan MZ050_RS15750 PBADfX_RS15750_R = pPERS_RS15750_R GITTTTGTTCGGCCCAGC TTgtacaageteggeccecty 2209bp
upBs13 Phospholipase Tle_orphan PPERS_RS15750_F CGCTGCCCAGCCGGCGATGRCCagegacticasacciggat

UpBs13 m23_peptidase PBADfix_RS09090_F ‘GGCTAACAGGAGGAATTAACCatgcttatcagctateceatitigects

upBs13 M23_pepticase MZ050_RS09090 PBADfix_RS03030_R = pPERS_RS09090_R CCCAAGCTTcacagsaggaattigaggticataatcg 247bp
UpBs13 M23_pepticase PPERS_RS03090. CGCTGCCCAGCCGGCGATGGCCettatcagetateccattttgectgcca

CFBP2SA1 Vs PBADfix_RS11705_F ST g

CFBP2SA1 Vs KHATS_RS11705 PBADfIx_RS11705_R = pPERS_RS11705 R GrITTTGTT CrTatgtggatccgattiatta 3150bp
CFBPSAl Vs [ cGCTGCCQECCGGCGATGGCCE(E«awaagc:cag:aan

CFBP20SS  VasX PBADfx_RS050% acgtatcgsttgsag

CFBP20SS  VasX KCUS8_Rs05985 PBADf K nsnsexs - PPERS_RS05985_R GYnnﬁm:ﬁaecccuﬁcmcnscaatanncaaxc 2865 bp
CFBP20SS Vs DPERS RS05985 F

655 immuni

UPB513 Phospholipase Tlel_Imm 2050, 509050 PBAD33.1_RS09050_F TGO e oE 55 P

pBs13 Phospholipase Tle1_imm PBAD33.1_RS09050_R TeGTCOTEATCCTTGTAT gt

urBs13 RRSD_Imm 2050 RS20650 PBAD33.1_RS20650_F CTTTAAGAAGG: TATACAYﬂ{ag:g:s:sLaaaclgg .

UpBs13 RhsO_imm - PBAD33.1_RS20650 R e scacetacea

UPBSI3 o ReasesS orphanllimm o oo PBAD33.1_Rs05445_F \GGAGATATACATatgatcagegcageactta 23m

UPBS13  Tox_Rease:5_orphan(1) Imm PBAD33.1_RS05445_R TCGTCGTCATCCTTGTANTCaacatcggatceatcace

UpBs13 Phospholpase Tel_orphanImm 000 v PBAD33.1_RS15745_F \GGAGATATACATatgcgacaccatgatgaty se7bp

UpBS13 Phospholipase Tle1_orphan_Imm PBAD33.1_RS15745_R TCGTCGTCATCCTTGTAATCtagctgctactccacateg

UpBS13 M23_pepticase_imm PBAD33.1_RS09085_F \GGAGATATACATatgaacctcaaattcctec

UpBS13 M23_pepticase_imm 1205003085 PBAD33.1_RS09085_R TCGTCGTCATCCTTGTATCatttgatttgaacgcttc siotp

CFBP2541  VasX_Imm A s11700 PBAD33.1_RS11700_F TAAGAAGGAGATATACATatgcasaacgtagacataa Tbp

CFBP2S41 Vs Imm PBAD33.1_RS11700_R TCGTCGTCATCCTTGTATCatageggaaatattetcg

CFBP2055  Vaskimm (CUSs.RS05950 PBAD33.1_RS05990_F GATATACATatgtatactggclggctta L02p
CFBP20S5  VasX_Imm - PBAD33.1_RS05990_R TCGTCGTCATCCTTGTARTCettetgecceagtectte,
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Supplementary Fig.17 Growth of E. coli wild-type or carrying empty plasmids monitored for 24h30 at 37°C in LB medium
supplemented with kanamycin or chloramphenicol when appropriate and either varying concentrations of L-arabinose
(0.05%, 0.1%, or 0.2% wt/vol) for expression, or D-glucose (0.4% wt/vol) for repression as a control.



Supplementary Table 3. List of tested AlphaFold predictions of T6SS effector-immunity pairs, chaperones and VgrG/ PAAR
interactions and resulting pTM and ipTM.

MZzZ050_ XTU_UPB513 ipTM pT™M
RS20650-RS08935 RhsD Imm-upstream 0.26 0.69
RS08940-RS08935 RhsD Imm-downstream 0.54 0.68
RS09025-RS09030-RS09055 | Tle1(RS09055) VgrG-adaptor-effector complex | 0.71 0.56
RS09035-RS09055 Tle1(RS09055) Imm_RS09035 0.83 0.85
RS09040-RS09055 Tle1(RS09055) Imm_RS09040 0.79 0.87
RS09045-RS09055 Tle1(RS09055) Imm_RS09045 0.77 0.86
RS09050-RS09055 Tle1(RS09055) Imm_RS09050 0.77 0.87
RS09060-RS09065 PGAP1 0.76 0.78
RS09085-RS09090 M23 peptidase 0.85 0.91
RS09165-RS09170 VasX-Imm upstream 0.64 0.70
RS09175-RS09170 VasX Imm downstream 0.72 0.54
RS09220-ig_ORF-RS09215 Nucleotidase tripartite complex 0.12 0.55
RS05425-RS05430-RS05435- | ToxREase PAAR-adaptors-effector complex 0.78 0.69
RS05440

RS05430-RS05435-RS05440 ToxREase-tripartite complex (1) 0.60 0.61
RS05425-RS05435-RS05440 ToxREase-tripartite complex (2) 0.36 0.40
RS05425-RS05430-RS05440 ToxREase-tripartite complex (3) 0.42 0.39
RS05425-RS05430-RS05435 ToxREase-tripartite complex (4) 0.90 0.70
RS05440-RS05445 ToxREase 0.92 0.84
RS15710-RS15715-RS15750 | Tle1(RS15750) VgrG-adaptor-effector complex | 0.57 0.66
RS15745-RS15750 Tle1(RS15750) 0.14 0.62




RS08935 RhsD / 0.74
RS20650-RS08935 RhsD-Immunity (upstream) 0.26 0.69
RS08940-RS08935 RhsD-Immunity (downstream) 0.54 0.68
Wmomwwmuaqm.pmmw RhsD \ 0.80
wwomwwmuﬁm#mmwuwaommo xrmcu_agcaq Acvmqmmav 0.14 0.34
xwomwwmuﬁm.ummwu_ﬂwomoa.o _»Im_u|_33r_3:n< EOE:mnﬂmmav 0.17 0.62
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Appendix 4

Supplementary material pertaining to Chapter 4 can be found here in Appendix 4.

Silwet L-77 does not impact T6SS-dependent killing

Silwet L-77 is a wetting agent added to the formulation of some phytosanitary
products. It limits droplet drift and ensures uniform coverage of the leaf surface. This
additive is also frequently used in laboratory pathogenicity tests to introduce and
spread xanthomonads epiphytically at the leaf surface and to reproduce natural
entry through stomata and/or hydathodes. We therefore tested the effect of 0.05%
(v/v) Silwet L-77 on T6SS-i4 killing efficiency on solid media in vitro. We selected P.
sivasensis as a susceptible strain to Xt UPB513 T6SS-i4, which was further labeled
with GFP for survival monitoring (Delitte et al., 2025). We did not observe any
difference in the bacterial killing of Xt UPB513 in the presence of Silwet L-77,
compared to the control plates without Silwet L-77 (Supplementary Figure 1).

H20 Silwet L-77

P. sivasensis GFP+ P. sivasensis GFP+

=7 Xt UPB513
Xt UPB513 : wWT
wT J "
o XtUPB513} |
Ahcpi4.

Xt UPB513
Ahcpi4

Xt UPB513 ! S xUPBET3

Ahcpid::hcpid P " Ahcpid :hcpid

Supplementary Figure 1: Silwet L-77 did not affect Xt T6SS-i4 killing against P.
sivasensis on solid NA.
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