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ABSTRACT

The causative agent of citrus canker disease, Xanthomonas citri pv. citri, was found to produce copious amounts of outer mem-
brane vesicles (OMVs), frequently forming long membranous tubes under different culture conditions. Lipidomic analysis re-
vealed significant differences in lipid composition between purified vesicles in relation to whole cells. The results suggest an
enrichment in saturated cardiolipins and a decrease in unsaturated lipids in the OMV samples. The vesicles' proteome was
found to be significantly enriched in TonB-dependent receptors related to the acquisition of different nutrients. These proteins
are known to transport siderophores, which were evidenced to be present in purified X. citri OM Vs, along with essential met-
als including iron, zinc, and manganese quantified by elemental analysis. The availability of vesicle-associated nutrients to be
incorporated by cells was demonstrated by the use of OMVs as the sole carbon source for bacterial growth. At last, the vesicles
also presented esterase and protease activities, which have been associated with virulence in phytopathogens. These evidences
point that OM Vs from X. citri can share resources within microbial communities, which has potential implications for microbial
interactions and plant colonisation, affecting their survival and persistence on the host and in the environment.

1 | Introduction nanotubes, nanowires, and nanopods in different organisms.
The tubes are considered to be a specialised form of OMVs,
The production of outer membrane vesicles (OMVs) is known to which assemble in the form of chains or are completely fused
be extremely common to gram-negative bacteria and has been to one another (Pirbadian et al. 2014, 2015; Remis et al. 2014;
specially explored in pathogens due to their association with Fischer et al. 2019; Toyofuku et al. 2019). These tubes seem to
virulence factors (Schwechheimer and Kuehn 2015; Toyofuku have the potential to bridge cell surfaces at long ranges, but their
et al. 2019). Less commonly described structures are outer mem- exact function, ifat all dependent on their elongated shape, is still
brane tubes, also named tube-shaped membranous structures, unclear in most cases and varies between different organisms.
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Myxococcus xanthus outer membrane tubes are some of the most
studied of these structures, forming a widespread network be-
tween the cells within biofilms that were proposed to promote
coordination for these bacteria's notorious social behaviours
by serving as a transport medium for proteins and other mol-
ecules (Remis et al. 2014). Nevertheless, simply the presence of
the tubes may not be sufficient for such activities since specific
factors were found to be necessary to allow effective molecular
exchanges through outer membrane connections. Namely, the
proteins TraA and TraB were identified by genetic screening to
be required for transferring outer membrane proteins by direct
contacts between cells, while not affecting the production of
tubes (Dey and Wall 2014; Cao and Wall 2019). In the zoonotic
pathogen Francisella novicida, which causes tularemia disease,
virulence factors were detected in its OM Vs and outer membrane
tubes, which interestingly always appear to be of a continuous,
non-segmented type. Interaction with host cells led to increased
expression of the tubes, suggesting a role of these structures in
the infection process (McCaig et al. 2013; Sampath et al. 2018).
In Vibrio vulnificus, OMVs carry the virulence factor cytoly-
sin-hemolysin VvhA (Kim et al. 2010), while its segmented
tubes seem to exist only transiently as intermediates within the
capsule of this opportunistic pathogen (Hampton et al. 2017).
Somewhat in contrast to these examples, the outer membrane
tubes of Shewanella oneidensis seem to play a much clearer role
in the biology of this organism. These membranous extensions
form “nanowires” from which components of the electron trans-
port chain of this metal-reducing bacterium can reach extracel-
lular mineral electron acceptors (Pirbadian et al. 2014, 2015).

Studies with other environmental bacteria also revealed other
possible implications of these structures on cell metabolism.
In a marine Flavobacterium sp., OMV chains were proposed to
serve as an extension of the cell surface for the degradation and
incorporation of substrates (Fischer et al. 2019). OM Vs of poly-
cyclic aromatic hydrocarbon-degrading Delftia sp. Cs1-4 were
found to be contained within tubular “nanopods” surrounded
by a surface layer protein, NpdA, the production of which was
stimulated by growth on phenanthrene. The presence of NpdA
and the formation of an encasing structure for OMV tubes seem
to be a characteristic distributed within the Comamonadaceae
family (Shetty et al. 2011).

Relatively few, but nonetheless diverse bacteria were identified
that assemble extracellular tubular-shaped structures from
their outer membrane. Nevertheless, OMVs are most commonly
found not as chains but as free entities, which are produced
by Gram-negative bacteria in different environments, such
as biofilms, planktonic cultures, and within hosts (Hellman
et al. 2000; Biller et al. 2014; Hickey et al. 2015). More generally
speaking, extracellular membrane vesicles are also commonly
produced by gram-positive bacteria, archaea, and by eukaryotic
cells (Schwechheimer and Kuehn 2015).

Due to them being an effective way for microbial cells to re-
lease the most diverse compounds, OMV production can be
used as a secretion mechanism and thus have been called the
“type zero secretion system” (Schwechheimer and Kuehn 2015;
Guerrero-Mandujano et al. 2017; Toyofuku et al. 2019). In fact,
this might be the only mechanism able to secrete membrane-
associated proteins away from the cell surface. Differently from

other bacterial secretion systems, OMVs require a remodelling
of the gram-negative envelope to release vesicles made of outer
membrane constituents with a periplasmic lumen. Therefore,
different bacterial envelope crosslinks and non-covalent inter-
actions between proteins located in the membrane that interact
with the cell wall must be broken during the secretion of OMVs
(Schwechheimer and Kuehn 2015). Details of this process are
still unclear, as well as if there is any generalised protein sys-
tem actively involved in OMV biogenesis. Additionally, outer-
inner membrane vesicles have also been observed to be formed
in different bacteria, possibly products of some degree of nat-
ural cell lysis in the cultures (Toyofuku et al. 2019). Another
process that is still not well understood is cargo selection, if
proteins and chemical compounds can be directed into OMVs
by the cell and secreted to the extracellular medium (Lappann
et al. 2013; Elhenawy et al. 2014). In some bacteria, OMV syn-
thesis can be triggered under stress conditions, such as antibiotic
treatments that activate SOS response and under oxidative stress
(McBroom and Kuehn 2007; Maredia et al. 2012; Macdonald
and Kuehn 2013; Schwechheimer and Kuehn 2013). Under
these situations, OM Vs may serve as a way to remove potentially
harmful compounds, such as misfolded proteins.

OMVs may promote the acquisition of nutrients and essential
ions such as iron and zinc in bacterial communities and during
host colonisation (Evans et al. 2012; Toledo et al. 2012; Biller
et al. 2014; Schwechheimer and Kuehn 2015). The role of OMVs
in nutrition has been suggested for different bacteria, such as
M. xanthus, the cyanobacterium Prochlorococcus sp., Borrelia
burgdorferi, Neisseria meningitidis, Porphyromonas gingivalis,
Moraxella catarrhalis, and for membrane vesicles from the non-
Gram-negative bacteria Mycobacterium tuberculosis and Dietzia
sp. (Aebietal. 1996; Evanset al. 2012; Toledo et al. 2012; Lappann
et al. 2013; Biller et al. 2014; Prados-Rosales et al. 2014; Wang
et al. 2021). It is not clear if OMVs have an universal role for
nutrient acquisition, but in some cases they have been suggested
to act as public goods that benefit the producer cells as well as
other bacteria from the community that can absorb them or use
the products released by the action of enzymes located in the
OMVs (Evans et al. 2012; Elhenawy et al. 2014; Schwechheimer
and Kuehn 2015). An example is the relationship between bacte-
ria found in the gut microbiota. OMVs produced by Bacteroides
species carry hydrolases and polysaccharide lyases which can be
used by bacteria that do not produce these enzymes to metabo-
lise polysaccharides as nutrient sources in a mutualistic interac-
tion (Rakoff-Nahoum et al. 2014).

Few studies have focused on the OMVs of phytopathogens.
Still, research on this topic has revealed that, similarly to their
animal-colonising counterparts, bacteria that inflict diseases
on plants were found to produce vesicles loaded with virulence-
associated proteins and are capable of inducing immune re-
sponses in their hosts (Sidhu et al. 2008; Sole et al. 2015; Bahar
et al. 2016; Nascimento et al. 2016; Katsir and Bahar 2017;
Feitosa-Junior et al. 2019; McMillan et al. 2021; Rudnicka
et al. 2022; Tran et al. 2022; Wu et al. 2024). These observa-
tions include Xanthomonas species and the closely related plant
pathogen Xylella fastidiosa.

Strains from the genus Xanthomonas, known to cause dis-
eases in a number of plant hosts, frequently contain most of
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the traditional bacterial macromolecular secretion systems
named type I to VI (Biittner and Bonas 2010; Alvarez-Martinez
et al. 2021). OM Vs, however, are comparatively less studied than
these other systems in these bacteria. Thus, this work focuses on
unveiling the composition and possible roles of vesicles from one
such phytopathogen, the causative agent of citrus canker disease,
Xanthomonas citri pv. citri strain 306 (X. citri). Long extracellu-
lar appendages composed of OM Vs were identified under differ-
ent culture conditions, and the purified OMVs were investigated
by elemental analysis, proteomic and lipidomic techniques, as
well as by functional approaches. The vesicles were found to be
potential vehicles of nutrients and essential ions available for in-
corporation by bacterial cells. This function, in association with
the esterase and protease activities observed in the purified X.
citri OM'Vs, may possibly aid in the microbial colonisation of the
plant host and contribute to disease establishment.

2 | Results and Discussion

2.1 | Visualisation of X. citri Outer Membrane
Vesicles and Tubes by Negative Stain TEM

Negative stain transmission electron microscopy (TEM) of grids
lightly pressed directly against the surface of colonies revealed
the presence of tubular extensions from X. citri cells grown in
plates of different culture media, identified as outer membrane
tubes (Figure 1). Upon closer inspection, the tubes were found to
be composed of vesicle chains, occasionally with a well-defined
segmentation but frequently presenting nearly indistinguishable
boundaries between links, seeming almost continuous. The size
of the tubes ranged from short segments up to a few microme-
tres in length. Surrounding the cells in all conditions tested, a
multitude of outer membrane vesicles (OMVs) was also present
(Figure 1).

Among the different culture media tested, Silva-Buddenhagen
(SB) plates (Ou 1985) seemingly produced the largest amount of
tubes and vesicles, and thus were used for further experiments.
The agar percentage (0.6%-1.5%) seemed not to significantly

affect the production of tubes, but these structures seemed to be
rarer when the cells were grown in liquid medium (Figure S1).

2.2 | Purification of Outer Membrane Vesicles
and cryoEM Imaging

Pure, cell-free, OMVs could be purified from cultures grown
in SB plates by filtration and density gradient centrifugation,
generating a clear yellow suspension (Figure 2A). The tubes did
not appear in the final preparations, likely disassembling from
the manipulation (Figure 2B). The purity of the OMV prepara-
tions was confirmed by negative stain TEM and the absence of
growth from contaminating cells. In addition to that, dynamic
light scattering (DLS) was employed to measure their diameter
distribution. The vesicles were determined to be monodisperse,
with sizes ranging from about 40 to 150nm, with a peak at
around 75nm (Figure 2C), well within previous descriptions for
OMVs (Schwechheimer and Kuehn 2015). The purified samples
were then subjected to different analytical procedures to reveal
their structure and molecular composition.

Cryo-electron microscopy (cryoEM) was used to obtain images
of the samples in near-native, frozen hydrated conditions and
to be able to look into their internal architecture. The purified
vesicles presented a remarkable distribution in the ice, appar-
ently fractionating by size according to ice thickness within
the Quantifoil carbon film holes, presenting decreasing vesicle
diameters towards the centre of the holes where the meniscus
formed before vitrification makes the ice thinner than at the
edges (Figure 3A,B). Interestingly, a few rare multilamellar vesi-
cles were observed, possibly representing outer-inner membrane
vesicles containing inner membrane and cytoplasmic compo-
nents. Additionally, preparations designed to preserve the tu-
bular membrane extensions (see “CryoEM imaging” methods)
allowed further insight into these structures. They appear to
be present as vesicle chains but also as tubes with a continuous
lumen (Figure 3C,D). The continuous tubes might be inter-
mediates that eventually segment to form the chained vesicles
(Fischer et al. 2019).

FIGURE1 | Outer membrane tubes and vesicles from X. citri. Cells were grown in SB with agar 0.6% and imaged by negative stain TEM. The

green arrows point to examples of the outer membrane tubes that can be seen in the images.
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FIGURE2 |

Purification and characterisation of the X. citri outer membrane vesicles (OMVs). Vesicles were retrieved as a yellow band from the

density gradient centrifugation tubes (A). The vesicle size distribution was determined by DLS and observed to range from about 40 to 150nm in
diameter, with a peak near 75nm (B). Observation by negative stain TEM confirmed the purification of the OMVs, allowing the evaluation of their

size, morphology, and lack of contaminating cells (C).

2.3 | Lipidomics of Purified OMVs

Lipidomic analysis by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) of pure OMVs, partially purified
OMV preparations (“OMV-enriched” samples, in which the
cells were removed by filtration but not submitted to the den-
sity gradient centrifugation step), and whole X. citri cells re-
vealed substantial differences between the samples. Sixty-six
different lipids were identified, divided into 6 subclasses: cardi-
olipins (CL), free fatty acids (FFA), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylglycerol (PG),
and methylated-phosphatidylserine (PS-Me) (Figure 4A). CL,

a type of diphosphatidylglycerol lipid, was the most diverse
and abundant lipid subclass in all samples (Figure 4B). The
main difference observed was that, in relation to whole cells,
pure OMVs appeared to be enriched in CL and relatively im-
poverished in PG (the biosynthetic precursor of CL). Free fatty
acids were highly prevalent, likely reflecting their important
role as common metabolic intermediates. It is important to
note that the main components of the outer leaflet of bacterial
outer membranes, lipopolysaccharides (LPS), were not evalu-
ated in this analysis due to their relatively hydrophilic nature,
making them too polar to be extracted along with the other
lipids.
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FIGURE3 | CryoEM micrographs of OMVs and membrane tubes from X. citri. Panels A and B represent a purified vesicle sample, while panels C
and D are from a less pure preparation designed to preserve the structure of the tubes.

A volcano plot analysis revealed 20 altered lipids between
OMV-containing and whole cell samples, all presenting sig-
nificant (p<0.05; FDR-adjusted t-test) fold change values
above 1.5 (Figure S2). In the heatmap distribution for these
altered lipids, according to one-way ANOVA, each sample
type clustered with its replicates, with the OMVs (partially
or completely purified) grouping separately from whole cells
(Figure 4C). Interestingly, it could be observed that the OM Vs
had relatively increased amounts of several CL species linked
to saturated fatty acids and decreased quantities of phospho-
lipids (including CL) linked to unsaturated fatty acids when
compared to the whole cells.

The cone-shaped lipid CL is known to localise to negative
curvature regions on membranes (Renner and Weibel 2011;
Beltran-Heredia et al. 2019), such as in the inner leaflet of
X. citri OMVs, which present small diameters and are thus
highly curved structures. Additionally, the relatively higher
saturation of the CL-linked chains in the vesicles may grant
the OMVs more membrane rigidity (Tashiro et al. 2011). CL
has been described as organising into microdomains where
CL-interacting proteins localise (Sorice et al. 2009; Planas-
Iglesias et al. 2015; Lin and Weibel 2016). In this manner, pro-
tein affinity for these lipids could contribute to cargo sorting
into X. citri OMVs.

2.4 | Proteomic Analyses of Purified OMVs

Nanoflow liquid chromatography-tandem mass spectrometry
(nLC-MS/MS) was used for the proteomic analysis of two rep-
licates of purified OMV suspensions using in-solution diges-
tion. Parallel to that, four bands of OMV proteins separated in
an sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel were used for a gel electrophoresis liquid chro-
matography (GeLC) approach using in-gel digestion (Figure 5A).
The data from the gel band samples were pooled and quantita-
tively compared to the two replicates of the in-solution digestion.
A total of 698 proteins were identified with at least one peptide,
with 561 proteins presenting two or more peptides (Data S1 and
S2). Using their iBAQ (intensity based absolute quantification)
values, the top 100 most abundant proteins from each sample
were selected and compared (Figure 5B). While the in-solution
duplicates presented a large overlap, sharing 86 of their top 100
proteins, the GeLC approach (gel bands samples) revealed the
most distinct profile, with 49 of their most abundant proteins
being unique to its set. Since only a few defined bands were ex-
tracted from the SDS-PAGE gel, a number of OMV proteins were
missing from the combined proteome of these samples, this data
being supplemented by the solution samples to provide a more
comprehensive analysis of their total, unfractionated protein
content.
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FIGURE4 | Lipidomic analysis of X. citri whole cells and OMVs. A total of 66 different lipids were identified in the samples, divided into six sub-
classes: Cardiolipin (CL), free fatty acids (FFA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), methylated-
phosphatidylserine (PS-Me), shown in panel A. The proportion of each lipid subclass varied between the different samples: Pure OMVs, OMV-
enriched fractions (partially purified), and whole cells (panel B, error bars indicate standard deviations). The 20 most altered lipids between the
different samples (identified from a volcano plot analysis, fold-change > 1.5, p<0.05 evaluated by FDR-adjusted t-test, Figure S2) were clustered in
a heatmap (according to one-way ANOVA), revealing the vesicles are enriched in saturated cardiolipins in comparison to the cells, while being rela-
tively impoverished in a number of different unsaturated lipid species (C). The notation used to represent the lipids from the different subclasses gives
the number of carbon atoms and of double bonds separated by a colon for each acyl chain, which in turn are separated by a slash.
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FIGURE 5 | Proteomic analysis of X. citri OMV samples. Panel A shows characteristic protein bands associated with the purified OMVs that
could be observed in 15% Tris-Glycine SDS-PAGE gels. Four regions containing the main bands (square brackets) were processed by in-gel digestion
for proteomic analyses; their data were combined (“gel bands”) and compared to two samples of pure OMV suspensions processed by in-solution
digestion (“solution 1” and “solution 2”). Panel B presents a Venn diagram displaying the intersection of the top 100 most abundant proteins for each
sample determined by their iBAQ values.

The grouping of the top 100 non-redundant proteins with the  pointed out that 42.3% of these sequences are expected to be

highest iBAQ values for each sample yielded a list of 163 differ- outer membrane proteins and 12.3% are likely periplasmic
ent proteins (Table S1). Subcellular localization prediction with (Figure 6A). The presence of inner membrane and cytoplas-
PSORTb, manually curated based on sequence annotations, mic components observed in the proteome of X. citri OMVs,
6 of 16 Environmental Microbiology Reports, 2025
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Tetratricopeptide repeat

Subcellular localization and domain enrichment of the most abundant proteins identified in the purified X. citri OMV samples. Panel

A presents the subcellular protein localization predicted by PSORTb, manually curated based on sequence annotations, while panel B shows their

secretion mechanisms predicted by SignalP. Panel C displays the most significantly enriched Pfam domains found in the OMVs compared to the X.
citri pv. citri 306 genome. The lowest false discovery rate (FDR), thus the highest-logl0(FDR), was observed for TonB-dependent receptor domains
(Pfam family PF00593). These analyses were performed with the combination of the top 100 proteins with the highest iBAQ values from the different
samples analysed by proteomics (gel bands, solution 1, solution 2), resulting in a list of 163 non-redundant proteins (Table S1).

including ribosomal proteins, is commonly reported in the
literature but remains unexplained as to how these proteins
might associate to OMVs (Schwechheimer and Kuehn 2015;
Sjostrém et al. 2015; Toyofuku et al. 2019; Zwarycz et al. 2020).
The presence of outer-inner membrane vesicles in the prepara-
tions is a possible explanation for that in our case (Figure 3A,B).
Additionally, a cellular location could not be predicted for 21.5%
of the identified proteins. For a different view on protein local-
ization, SignalP was used to predict the secretion mechanisms
of the OMYV proteins (Figure 6B). Nearly half of them (49.7%)
contained signal peptides and almost one-fifth (19%) were pre-
dicted lipoproteins. A large “other” category (29.4%) includes cy-
toplasmic components and other proteins with non-classical or
unknown secretion mechanisms.

From a functional perspective, proteins containing a TonB-
dependent receptor domain were the most significantly en-
riched in the vesicles in comparison to the X. citri pv. citri 306
genome (Figure 6C), as determined for Pfam annotations by the
statistical enrichment analysis function of the STRING database

(Franceschini et al. 2013). In accordance with that, the STRING
analysis also identified a number of InterPro domains related to
TonB-dependent receptors as the most significantly enriched in
the samples (Figure S3). In total, of the 163 most abundant pro-
teins (Table S1), 31 were found to contain a “TonB-dependent re-
ceptor” Pfam domain (PF00593), the same set which contained
a “TonB-dependent receptor-like, beta-barrel” InterPro domain
(IPR000531). In a previous report, TonB-dependent receptors
were found to compose the majority of the identified outer
membrane proteins in OMVs from Xanthomonas campestris pv.
campestris (Sidhu et al. 2008). These outer membrane receptors
are known to transport a range of nutrients, including metal-
binding compounds (particularly siderophores), nickel com-
plexes, vitamin B, ,, and carbohydrates (Blanvillain et al. 2007;
Krewulak and Vogel 2011). Based on sequence annotations,
the OMV proteome presents different types of TonB-dependent
receptors which may bind diverse substrates (Table S1). These
proteins are expected to remain able to bind to their specific li-
gands in the surface of the OMVs, though their internalisation
should not occur under these conditions since inner membrane
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components of this transport system are necessary to power sub-
strate translocation (Krewulak and Vogel 2011).

2.5 | OMVs as Sources of Nutrients
and Essential Metals

Based on similar observations in relation to ion transporters in
their proteomes, OM Vs from different bacterial species have been
suggested to be involved in metal acquisition (Schwechheimer
and Kuehn 2015). Given this abundance of TonB-dependent
receptors in the X. citri OMVs, mainly associated with sidero-
phore transport, chrome azurol S (CAS) agar plates (Schwyn
and Neilands 1987) were used as a qualitative assay to evidence
the presence of this type of molecule associated with the puri-
fied vesicles. OMV suspensions added to the medium caused
its discoloration, indicating the displacement of the iron in the
blue-coloured CAS complex by the putative high affinity sidero-
phores present in the samples (Figure 7A). Previously, sidero-
phores were detected in membrane vesicles from Mycobacterium
tuberculosis and Dietzia sp. (Prados-Rosales et al. 2014; Wang
et al. 2021). It is interesting to note that the iron-scavenging role
of these molecules for microbial growth can also be important in
phytopathogens for interactions with the host plant, promoting
virulence and potentially triggering immune responses (Aznar
and Dellagi 2015).

To further investigate the association of the OMVs with essen-
tial metals, their elemental composition was determined by
triple quadrupole inductively coupled plasma-mass spectrome-
try (TQ ICP-MS) (Figure 7B). Table S2 presents the full results
for all tested elements (C, Mg, S, Ca, Mn, Fe Co, Ni, Cu, Zn,
Br, Se, I and Ba). The relative concentration of the elements in
relation to carbon, reported as element-to-carbon ratios, was
used as a comparative abundance value of the chemical ele-
ments in OMVs. The analysis confirmed the presence iron in
the OMVs (899 £ 450 ppb in relation to carbon), concurrent with
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the observed occurrence of receptors for iron-binding molecules
in the vesicles and evidence for the presence of siderophores in
the samples. Yet, iron was found at a smaller concentration than
calcium (229 + 54 ppm) and magnesium (58 = 5ppm), which are
probably mostly bound to the LPS layer on the vesicles' surface
(Coughlin et al. 1983), thus explaining their relative abundance.
Zinc (9+5ppm) was another biologically important metal ion
determined at substantial levels in the OMVs. It can be used as a
cofactor for different enzymes, including for metallopeptidases
known to contribute to the pathogenicity of some organisms
(Hase and Finkelstein 1993). In fact, a few such zinc-dependent
metallopeptidases were identified in the OMVs (Data S1 and S2),
though their specific biological roles have not yet been defined.
In addition to that, manganese (450 +45ppb) can also act as a
cofactor in a number of different enzymes and was also quan-
tified in the samples. At last, cobalt (12+5ppb) was detected
in the vesicles. This is interesting given that among the TonB-
dependent receptors enriched in the OMVs (Table S1), at least
one is annotated as specific for vitamin B,,, a molecule which
contains a coordinated cobalt ion. This protein, XAC3194, spe-
cifically contains a “TonB-dependent vitamin B,, transporter
BtuB” InterPro Domain (IPR010101).

To test if the vesicles and the material associated with them are
accessible to X. citri cells and can be utilised by them as nutrient
sources, purified OMVs were tested as the sole carbon source
for microbial growth. Substantial growth was observed for the
samples where OM Vs were added, with the highest vesicle pro-
tein concentration tested leading to a multiplication of about
1000-fold in colony-forming units (Figure 7C), indicating that
the macromolecules associated with the vesicles were being
consumed by the bacteria. This confirms the ability of these
structures and the material they carry to be incorporated and
used by cells, strengthening the hypothesis that they can act as
nutrient vehicles such as has been proposed for other bacteria
(Aebi et al. 1996; Evans et al. 2012; Toledo et al. 2012; Lappann
et al. 2013; Biller et al. 2014; Schwechheimer and Kuehn 2015).

—&— Control
(no OMVs)
—©—0MVs
(125 pg/ml)
—A— OMVs
(375 pg/ml)

I 2 I = I * I s I = I
0 10 20 30 40 50

Time (h)

| X. citri OMVs carry essential metals and can be incorporated by cells. Siderophores were potentially detected in the OMVs by discol-

oration of the medium in CAS plates where vesicles were applied (A) Elemental analysis of the OMVs revealed the presence of biologically important

metals in the samples, including iron and zinc. The relative concentration (y-axis) was calculated by the ratio between the mass fraction values for

each element and the carbon content. The oxidation state of each element was not determined. (B) X. citri can use OMVs as the sole carbon source

for growth, indicating that the content of the vesicles is available for incorporation by cells (C) Different OMV concentrations, measured by their

protein content, were added to tubes with M9 medium without other carbon source and a substantial increase in CFU was observed after incubation.
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The mechanism for this incorporation, however, remains un-
clear. It could be mediated by the degradation of the vesicles
for the release of their contents in some manner, but fusion of
the OMVs to the cells’ surfaces can also possibly be considered
(Evans et al. 2012). Some growth was also observed in the con-
trol samples. Possible explanations for that include: the bacteria
might have finished their cell division cycles without consum-
ing much more carbon, they may have had nutrients stored in-
tracellularly, and impurities in the buffer might have also been
consumed.

2.6 | Esterase and Protease Activity of OMVs

Additional functional assays with the purified X. citri OMVs
revealed they present esterase activity. Qualitative assays on
agar plates evidenced their capacity to cause the hydrolysis of
the triglyceride tributyrin emulsified in the medium, generat-
ing a clear halo (Figure 8A), as well as to release the fatty acids
from molecules of Tween 20, leading to their precipitation with
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the calcium added to the plates (Figure 8B). Further assays were
performed in suspension with p-nitrophenyl butyrate (pNP-C4)
and p-nitrophenyl octanoate (pNP-C8) as chromogenic sub-
strates, adding controlled amounts of vesicles quantified by their
protein content. Using pNP-C4, a clear trend could be observed
of increasing OMV protein concentration leading to faster prod-
uct release (Figure 8C). The longer chain substrate pNP-C8 was
also hydrolysed, but there were no clear differences between the
different quantities of added vesicles (Figure 8D). This is prob-
ably due to the low solubility of pNP-C8 in the medium, thus
becoming the limiting factor for the reaction. Nonetheless, with
both p-nitrophenyl esters, a plateau seems to have been reached
during the incubation with the OMVs, suggesting all the avail-
able substrate was consumed.

The esterase activity associated with the OMVs measured for a
broad range of substrates can possibly be attributed to the outer
membrane esterase with an autotransporter domain XAC3300
(gene name estA) identified among the most abundant proteins in
the proteome, though other undetected enzymes may be present.
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FIGURE 8 | X citri OMVs present esterase activity against a broad range of substrates. In qualitative esterase activity assays on agar plates, dif-
ferent purified OMV samples were able to create a clear halo in plates emulsified with the triglyceride tributirin (A) and to generate opaque white
precipitates in plates containing Tween 20 and CaCl, (B). These results indicate the hydrolysis of the respective substrates in the plates. Different

OMYV concentrations, measured by their total protein content, were able to hydrolyze pNP-C4 (panel C) and pNP-C8 (panel D) in colorimetric assays,

indicated by the increase in absorbance at 400 nm during incubation.
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Esterases have been reported to contribute to the virulence of phy-
topathogens, playing roles such as aiding in the degradation of
cutin, pectin, or xylan in plant host tissues (Fett et al. 1992; Aparna
et al. 2009; Tamir-Ariel et al. 2012; Déjean et al. 2013; Nascimento
et al. 2016; Tayi et al. 2016; Ueda et al. 2018), depending on their
substrate preference. In Xanthomonas oryzae pv. oryzae, loss of
function of the LipA esterase led to loss of virulence on rice and to
the inability to induce host defence responses (Aparna et al. 2009),
while a LipA mutant of Xanthomonas campestris pv. vesicatoria in-
duced less severe symptoms on tomato than the wild type (Tamir-
Ariel et al. 2012). The LipA ortholog of the related plant pathogen
Xylella fastidiosa, LesA, was found to be present in OMVs. This
esterase was able to induce hypersensitive response-like symp-
toms in grapevine leaves, while a LesA mutant showed decreased
virulence (Nascimento et al. 2016). At last, a LipA mutant of X.
citri presented reduced symptoms when inoculated into citrus
leaves (Assis et al. 2017). This particular protein (XAC0501), how-
ever, could not be identified in the X. citri OMV proteome (Data S1
and S2) but other esterases could perform similar functions in the
plant host.

Proteases are another class of hydrolases that have been associ-
ated with pathogenesis in plant-infecting microorganisms (Hou
et al. 2018; Figaj et al. 2019). In the X. citri OMV samples, this
enzymatic activity was identified utilising a fluorescent casein
substrate (Figure 9), revealing yet another function connected to
these structures. More substrate degradation was observed with
the addition of increasing amounts of OMVs to the reactions,
while a commercial EDTA-free protease inhibitor mix was able
to substantially reduce activity (Figure 9). In X. campestris pv.
campestris, a protease-deficient mutant presented a substan-
tial loss of pathogenicity in turnip leaves (Dow et al. 1990),
whereas the XCV3671 protease of X. campestris pv. vesicatoria
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FIGURE 9 | X. citri OMVs present protease activity. A protease flu-
orescent detection kit was used to detect the activity of purified OMVs
at different concentrations, measured as relative fluorescence units
(RFU). Addition of an EDTA-free protease inhibitor to samples with the
highest OMV concentration tested lead to substantial decrease in the
observed enzymatic activity. The fluorescence from blank (phosphate
buffered saline) was subtracted from all samples. Error bars indicate
standard deviations (n=3).

was determined to contribute to virulence in pepper plants and
evidenced to be secreted in association with OMVs from this
strain (Sole et al. 2015). Further research could show if similar
enzymes, both proteases and other esterases, are important for
X. citri infection and citrus canker development.

Considering the identified enzymatic activities associated with
the X. citri OMVs, as well as the presence of other hydrolases
detected by proteomic analyses (Table S1), the vesicles may be
an important resource in plant colonisation and pathogenesis.
The release of products from the degradation of macromolecules
can be another manner in which the vesicles would be related
to nutrient acquisition, acting as public goods for other X. citri
cells and possibly the microbial community in general. These
processes can facilitate the bacterial colonisation of plant tissues
and thus participate in disease development.

3 | Conclusions

X. citri cells express outer membrane tubes and vesicles carrying
proteins, molecules, and ions that may benefit bacterial cells. The
OMV lipid profile revealed their higher content of saturated car-
diolipins with a relative impoverishment in unsaturated lipids.
This might grant them more rigidity while maintaining the small
diameter of the vesicles. The proteome of the vesicles revealed an
abundance of transporters related to the uptake of nutrient mole-
cules from the medium. This includes receptors for siderophores,
which were also evidenced to be present in the samples as well
as different biologically important metals. Based on these obser-
vations, our hypothesis that the OMVs from X. citri can be used
for sharing resources in microbial communities is also supported
by the observation that the vesicles' contents can be assimilated
and used for microbial growth. Lastly, another potential resource
packaged with the OMVs is their esterase and protease activities,
which can release nutrients from the plant host tissue and help to
promote microbial colonisation, potentially facilitating infection.

This work further establishes the association of OMVs with the
acquisition and sharing of nutrient molecules and ions in micro-
bial communities. Microbial interactions can be important driving
forces shaping community structure in oligotrophic habitats such
as leaf surfaces (Schlechter et al. 2019). The balance between this
apparently cooperative behaviour with Xanthomonas' notorious
competitive proclivities conferred by its bactericidal type I'V secre-
tion system (Sgro et al. 2019) may be especially significant for co-
occurring epiphytic bacteria and their own particular interactions
with the plant (Hassani et al. 2018). Further research on this possi-
ble indirect modulation of host physiology could reveal unexplored
processes emerging from a pathogen aptly manipulating microbial
interaction networks with its diverse suite of secretion systems.

4 | Methods

4.1 | Bacterial Cultures and Growth Conditions

For all experiments, Xanthomonas citri pv. citri strain 306 (X.
citri) was first grown in liquid LB medium (tryptone, 10gL™;

yeast extract, 5g L=} NaCl, 10g L") at 30°C to OD 0.3 at 600 nm.
The cultures were then inoculated on different solid culture
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media and incubated at 30°C for 3days. SB medium (yeast ex-
tract, 5gL~1; peptone, 5gL~1; glutamic acid, 1gL~!; sucrose,
5gL~1; pH7) with 1.5% of agar (w/v) (Ou 1985) was used for the
production and purification of OMVs.

4.2 | Purification of OMVs

X. citri colonies grown on SB plates at 30°C for 3days were
scraped from the agar surfaces (typically 10 dishes, each with a
diameter of 9cm) and suspended in phosphate buffered saline,
PBS (NaCl, 8gL~'; KCl, 0.2gL~%; Na,HPO,, 1.44gL""; KH,PO,,
0.24gL™). After homogenisation of the suspension, cells were
precipitated by multiple centrifugation steps (10,000-30,000 X g
at 4°C, Beckman Avanti J-301 High-Speed Centrifuge, JA-30.50
Ti Fixed Angle Rotor) until the supernatant appeared clean.
Then, the samples were ultracentrifuged at 100,000x g at 4°C
with the same rotor for atleast 2h to collect the OMVs. The pellets
were resuspended in a small volume of PBS and filtered through
a 0.22 um syringe filter to remove remaining cells inside a lami-
nar flow hood. The samples were aseptically manipulated from
this step on. The filtered OMVs were further purified by being
loaded at the bottom of a filtered OptiPrep (Sigma) density gra-
dient (35% to 0% in PBS) and ultracentrifuged at 200,000 x g for
at least 12h at 4°C (Beckman Optima XL-100K Ultracentrifuge,
SW 55 Ti Swinging-Bucket Rotor). The corresponding clear yel-
low band was collected, diluted in PBS, and precipitated again
at 100,000x g for 2h (JA-30.50 Ti Fixed Angle Rotor) to wash
out the density gradient medium. Absence of contamination was
determined by lack of growth on LB plates incubated at 30°C.
DLS (Malvern Zetasizer) was used to characterise the size of the
recovered OMVs. Total proteins in purified samples were quan-
tified by a Qubit 3.0 fluorometer (Thermo Scientific).

4.3 | SDS-PAGE

Purified OMV samples were added to SDS-PAGE reducing
sample buffer and treated at 90°C for 10min. Proteins were
separated in 15% Tris-Glycine SDS-PAGE gels and stained with
Coomassie Brilliant Blue.

4.4 | Negative Stain TEM

Samples were applied to glow-discharged carbon film-coated
copper grids (400 Mesh, CF400-Cu, Electron Microscopy
Sciences), washed with Milli-Q ultrapure water, and negatively
stained with uranyl acetate 2% (w/v), blotting on filter paper
after each step. A FEI Tecnai G20 200kV TEM (Department
of Cell and Developmental Biology, Institute of Biomedical
Sciences, University of Sao Paulo) or a JEOL JEM 2100 200kV
TEM (Institute of Chemistry, University of Sdo Paulo) was used
for image acquisition.

4.5 | CryoEM Imaging
Purified vesicle samples were applied to glow-discharged

Quantifoil R2/2 grids and vitrified using a Vitrobot system
(Thermo Fisher Scientific). The images were acquired in a Talos

Arctica 200kV cryogenic transmission electron microscope
equipped with a Ceta camera (Thermo Fisher Scientific) at the
LNNano facilities (CNPEM/MCTI).

To obtain isolated outer membrane vesicle chains and tubes,
a X. citri AGumD mutant that does not produce xanthan gum
(Dunger et al. 2014) was used to enable easier separation of the
cells by centrifugation. Cultures were grown in SB plates with
1.5% agar, scraped into microcentrifuge tubes, and gently sus-
pended in PBS by pipetting up and down with a pipette tip cut
to give it a larger bore. Then, the samples were centrifuged at
20,000 X g to remove the cells, and the membranous material in
the supernatant was collected by centrifugation at 100,000 X g.
After again being gently suspended in a minimal volume of buf-
fer, the samples were processed for cryoEM as described above.

4.6 | Liquid Chromatography-Tandem Mass
Spectrometry Lipidomics

Lipids were extracted by the Bligh and Dyer method (Bligh and
Dyer 1959), using ethanol-washed glass tubes and glass Pasteur
pipettes for all steps. 100 uL of the samples were added to 400 uL
of PBS (50 mM) containing 100 uM of deferoxamine. In the same
tubes, 200 uL of a mix of internal standards (Avanti Polar Lipids
and Sigma) and 300 L of butylated hydroxytoluene (BHT) in
methanol were added. The samples were then mixed with a
chloroform/ethyl acetate solution (4:1) and vortexed for 1 min.
Next, the tubes were centrifuged at 1500 x g for 2min at 4°C, and
the organic phase at the bottom was collected and transferred
to a clean vial. The solvent was dried under a flow of N,, and
the lipids were resuspended in 100 1L of isopropyl alcohol. The
samples were stored at —80°C before being analysed by a pre-
viously established untargeted lipidomic method (Chaves-Filho
et al. 2019).

4.7 | Sample Preparation for Proteomics Analysis

For in-solution digestion, OMV samples were boiled for 10min
before the proteins were precipitated with ethanol/acetone
and dissolved in urea 8 M in NH,HCO, 100 mM. Dithiothreitol
(DTT) was added to a final concentration of 10mM, and the
samples were incubated for 30 min at 37°C. The samples were
cooled down; iodoacetamide was added to a final concentration
of 40mM, and the samples were then incubated for 30 min at
room temperature in the dark. DTT was added again, followed
by digestion buffer (NH,HCO, 50mM in a solution of 10% aceto-
nitrile—ACN) to dilute 10 times the urea concentration. Trypsin
was added to digestion buffer for a final trypsin to protein ratio
of 1:50, and the solution was incubated overnight at 37°C. The
digestion was stopped by the addition of formic acid (FA).

For in-gel digestion (GeLC approach), the gel bands were com-
pletely destained, treated with 10mM DTT at 56°C for 45min,
55mM TAA at room temperature for 30 min in the dark, and di-
gested at 37°C for 16 h with 2 ug sequencing grade modified tryp-
sin, Porcine (Promega). The resultant peptides were extracted in
40% ACN/0.1% TFA into fresh Protein LoBind microtubes, dried
down by vacuum centrifugation, and resuspended in 50 uL 0.1%
TFA. Peptide samples obtained from the in-solution and in-gel

11 of 16

dy) SuoRIpUOD pue SwB L 8U) 89S *[5202/20/82] Uo ARiqITauIUO ABIIM ‘1Zeig - Oled 0eS JO A1SIeAIuN AQ TOTOL 6222-8SLT/TTTT OT/I0P/U0D" A3|IW ARelq)1ou 1 JUO'SFeUINO 010 LU0 IAUB//SURY WOJj PePeo|umMod ‘v ‘G202 ‘622285LT

00" ol AesqifoL

5UBD1T SUOWWOYD dAIIaID 3(qedi|dde ayy Aq pausonof ale sapie YO ‘@sn Jo sajn. Joj AriqiTauljuQ A3]1Mm Uo (SUOIIpUod-pue



digestions were desalted using C18 discs packed in a p200 pi-
pette tip. Peptides were eluted with 50% ACN and dried down.

4.8 | Nano-Flow Liquid Chromatography-Tandem
Mass Spectrometry-Based Proteomics

Tryptic peptides were resuspended in 0.1% FA and analysed
using an EASY-nLC system (Thermo Scientific) coupled to an
LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific) at
the Core Facility for Scientific Research at the University of Sao
Paulo (CEFAP-USP/BIOMASS). The peptides were loaded onto
a C18 PicoFrit column (C18 PepMap, 75um idx10cm, 3.5um
particle size, 100 A pore size; New Objective, Ringoes, NJ, USA)
and separated with a gradient from 100% mobile phase A (0.1%
FA) to 34% phase B (0.1% FA, 95% ACN) during 60 min, 34%-
95% in 15min, and 5min at 95% phase B at a constant flow rate
of 250 nL/min. The LTQ-Orbitrap Velos was operated in positive
ion mode with data-dependent acquisition. The full scan was
obtained in the Orbitrap with an automatic gain control target
value of 10° ions and a maximum fill time of 500 ms. Each pre-
cursor ion scan was acquired at a resolution of 60,000 FWHM in
the 400-1500m/z mass range. Peptide ions were fragmented by
CID MS/MS using a normalised collision energy of 35%. The 20
most abundant peptides were selected for MS/MS and dynami-
cally excluded for a duration of 30s. All raw data were accessed
in the Xcalibur software (Thermo Scientific).

4.9 | Proteomics Data Analysis

Raw data were processed with MaxQuant (Tyanova et al. 2016)
using the Andromeda search engine against the SwissProt
Xanthomonas axonopodis pv. citri (strain 306) database (4354
entries downloaded from UniProt.org, Jan/2021) with common
contaminants for protein identification. Database searches were
performed with the following parameters: precursor mass tol-
erance of 10 ppm, product ion mass tolerance of 0.6 Da; trypsin
cleavage with two missed cleavages allowed; carbamidometh-
ylation of cysteine (57.021 Da) was set as a fixed modification,
and oxidation of methionine (15.994 Da) and protein N-terminal
acetylation (42.010 Da) were selected as variable modifications.
All identifications were filtered to achieve a protein peptide and
PSMs false discovery rate (FDR) of less than 1%, and a mini-
mum of one unique peptide was required for protein identifi-
cation. Protein quantification was based on the MaxQuant
label-free algorithm using both unique and razor peptides for
protein quantification. Protein abundance was assessed on
label-free protein quantification (LFQ) based on extracted ion
chromatogram area of the precursor ions activating the match-
ing between run features. Intensity-based absolute quantifica-
tion (iBAQ) values were used to calculate the relative protein
abundance within samples. MS data have been submitted to the
PRIDE repository, project accession: PXD025405, username: re-
viewer_pxd025405@ebi.ac.uk, password: MyMyVfmr.

Statistical enrichment analyses of Pfam and InterPro domains
and FDR calculations were obtained from the STRING database
(Franceschini et al. 2013). PSORTb 3.0 was used for subcellular
localisation prediction of the identified proteins (Yu et al. 2010),
followed by manual curation based on sequence annotations,

and SignalP 5.0 was used for predicting protein secretion mech-
anisms (Armenteros et al. 2019).

4.10 | Elemental Analysis by Triple Quadrupole
Inductively Coupled Plasma-Mass Spectrometry

Triple Quadrupole Inductively Coupled Plasma-Mass
Spectrometry (iCAP TQ ICP-MS, Thermo Fisher Scientific,
Bremen, Germany) equipped with a Micro Mist nebuliser
(400 L min~') combined with a cyclonic spray chamber (both
obtained from ESI Elemental Service & Instruments GmbH,
Mainz, Germany) and an auto-sampler ASX-560 (Teledyne
CETAC Technologies, Omaha, NE, USA) was used to perform
quantitative analysis of the elements in OM Vs samples. The in-
strument was tuned prior to the elemental analysis to obtain the
highest sensitivity. The interface was assembled using a nickel
sample cone and a nickel skimmer cone with an insert version
for high matrix (3.5mm).

The TQ ICP-MS was operated with 99.999% Argon (Air
Products). Helium and oxygen (99.999%, Linde) were used in the
collision/reaction cell of the instrument. A screening (survey
scan) was performed on the OMV samples and the PBS buffer
(method blank) to identify the main chemical elements con-
tained in the sample, recording the full mass spectrum from 4.6
to 245.0 u. All measurements were performed in triplicate (n = 3)
according to selected masses shown in Table S3. All data were
evaluated with Qtegra ISDS software (Thermo Scientific).

Mono-elemental standard solutions were used for calibration
curves. Ca,Mn, Fe, Co, Ni, Cu, Zn, and Ba solutions (PlasmaCAL,
SCP Science containing 1000mgL~' each) were used to cal-
ibrate these elements. Mg (1000mgL~!, CertiPUR, Merck), Se
(1000 mg L1, Wako Pure Chemical Industries), oxalate standard
for carbon quantification (10,000mgL~!, TraceCERT, Sigma-
Aldrich), and Certified Multielement Ion Chromatography
Anion Standard Solution for Bromine and Sulphur quantifica-
tion (10mgL~1, TraceCERT, Sigma-Aldrich) were also used to
calibrate these respective elements. The OMV samples were
diluted to 500pL with PBS buffer prior to TQ ICP-MS analy-
sis and PBS was used as a method blank. Table S4 displays the
main analytical performance characteristics achieved: linear
range, sensitivity, limit of detection (LOD), and coefficient of
determination.

Instrumental precision was checked by stability tests through-
out the analysis (obtaining a relative standard deviation of less
than 3% for all analytes) and the accuracy was checked by spike
and recovery tests at four different levels of concentration, ob-
taining acceptable values ranging from 93% to 105%.

4.11 | Siderophore Detection and Bacterial
Growth Assays

The presence of siderophores in the purified OM Vs was tested on
chrome azurol S (CAS) agar plates (Schwyn and Neilands 1987),
prepared according to Louden et al. (2011). Bacterial growth
using purified OMVs as sole carbon sources was assayed in
M9 minimal medium without glucose (Na,HPO,, 6.8gL™%;
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KH,PO,, 3gL~'; NH,Cl, 1gL™"; NaCl, 0.5gL~%; MgSO,, 2mM;
CaCl,, 2mM). About 10° stationary phase cells L', equivalent
to around 10 colony forming units (CFU) for each 10 uL droplet
plated, were used as the initial population for the experiments.
To the samples, 0 (control), 125 or 375ugmL~" of total OMV
proteins were added, and the tubes were incubated at 30°C in a
thermomixer for 48h. Aliquots were taken at regular intervals
and plated in LB medium for CFU quantification.

4.12 | Esterase Activity Assays

Esterase qualitative assays were performed on either LB
plates prepared with 0.5% tributyrin emulsified by sonication
(SONICS Vibra-Cell), or NYG plates (peptone, 5gL71; yeast
extract, 5gL~1; glycerol, 20g L1, agar, 1% (Turner et al. 1984))
containing 1% Tween 20 and 4mM CaCl, (Ramnath et al. 2017).
Esterase enzymatic activity was measured colorimetrically
with a reaction mixture (100 mM Tris—-HCI pH 7.5, 50 mM NaCl)
containing 500uM pNP-C4 or 200uM pNP-C8 with the addi-
tion of 10, 20, or 50ugmL~" total proteins of purified OMVs in
microplate wells. The reactions were incubated at 30°C and
their absorbance at 400nm was measured with a SpectraMax
Paradigm microplate reader (Molecular Devices) at regular in-
tervals of time during 4 h.

4.13 | Protease Activity Assays

Protease assays were performed with a protease fluorescent de-
tection kit using casein labelled with fluorescein isothiocyanate
(FITC) as the substrate following the manufacturer's instruc-
tions (PF0100, Sigma-Aldrich). Briefly, 10 uL of the test samples
were added to 40uL of FITC-casein in incubation buffer and
incubated at 30°C for 6h. PBS was used as a blank, and the re-
actions contained 100, 200, or 300ugmL~! of total proteins of
purified OMVs. For some assays, EDTA-free Pierce Protease
Inhibitor (A32965, Thermo Scientific) was added to 300 ugmL™!
samples to a final concentration equivalent to the manufactur-
er's recommendations (1 tablet for 50 mL of solution). After incu-
bation, undigested substrate was precipitated with the addition
of 150 uL of trichloroacetic acid 0.6 N for 30 min at 37°C. Aliquots
of the supernatants containing FITC-labelled fragments were
diluted in assay buffer and analysed in a black 96-well micro-
plate with a SpectraMax Paradigm microplate reader (Molecular
Devices). Relative fluorescence units (RFU) were measured
with excitation at 485nm and detection at 535nm. All samples
presented RFU measurements substantially above 120% of the
value obtained with the blank (data not shown), which is consid-
ered significant according to the kit's manufacturer.
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