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Outer membrane vesicles (OMVs) are small nanoscale structures that are secreted by

bacteria and that can carry nucleic acids, proteins, and small metabolites. They can

mediate intracellular communication and play a role in virulence. In this study, we show

that treatment with the β-lactam antibiotic imipenem leads to a dramatic increase in the

secretion of outer membrane vesicles in the nosocomial pathogen Stenotrophomonas

maltophilia. Proteomic analysis of their protein content demonstrated that the OMVs

contain the chromosomal encoded L1 metallo-β-lactamase and L2 serine-β-lactamase.

Moreover, the secreted OMVs contain large amounts of two Ax21 homologs, i.e.,

outer membrane proteins known to be involved in virulence and biofilm formation. We

show that OMV secretion and the levels of Ax21 in the OMVs are dependent on the

quorum sensing diffusible signal system (DSF). More specific, we demonstrate that

the S. maltophilia DSF cis-12-11-methyl-dodecenoic acid and, to a lesser extent, the

Burkholderia cenocepacia DSF cis-12-dodecenoic acid, stimulate OMV secretion. By

a targeted proteomic analysis, we confirmed that DSF-induced OMVs contain large

amounts of the Ax21 homologs, but not the β-lactamases. This work illustrates that both

quorum sensing and disturbance of the peptidoglycan biosynthesis provoke the release

of OMVs and that OMV content is context dependent.

Keywords: outer membrane vesicles, Stenotrophomonas maltophilia, antibiotic resistance, proteomics, quorum

sensing

Introduction

Stenotrophomonas maltophilia is the most frequently isolated unusual non-fermenting Gram-
negative bacterium in hospitalized patients (Fihman et al., 2012). It is associated with an expanding
range of clinical syndromes like bacteraemia, pneumonia and soft-tissue infections. S. maltophilia
is also one of the most common emerging multi-drug resistant organisms found in the lungs of
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FIGURE 1 | (A) Time-dependent increase in abundancy of the two S.

maltophilia Ax21 homologs (Smlt0387 and Smlt0184). For each time point,

the abundance ratio with reference to time point zero is plotted. (B)

Alignment of Smlt0387 and Smlt0184 with the Xanthomonas Ax21 protein

(PXO_03968). Red: identical amino acid residues. Green box: signal

sequence.

FIGURE 2 | OMV visualization with TEM: (A) control, (B) after imipenem

treatment. OMV concentration determination with light scattering based

single particle tracking after imipenem treatment (C). Error bars plot the SD.

were identified, involved in adhesion and motility, respectively.
Interestingly, the OMVs also contain the L1-metallo- and L2-
serine-β-lactamases (Smlt2667 and Smlt3722) when exposed to
imipenem. Both β-lactamases are translocated to the periplasm
via different systems: the L1-β-lactamase uses the Sec export
system, the L2-β-lactamase uses the Tat export system (Pradel

et al., 2009; Brooke, 2012). Finally, the OMV proteome profile
also includes cytoplasmic proteins, mostly highly abundant
proteins (e.g., elongation factors) and ribosomal proteins.

Influence of Diffusible Signaling Factors on the
Secretion of OMVs
Next to the β-lactam antibiotic imipenem, also DSF quorum
sensing molecules were tested for their ability to stimulate OMV
secretion (Figure 3A). A study on the plant pathogen Xylella
fastidiosa showed a link between OMV secretion and the DSF
quorum sensing system (Ionescu et al., 2014). The authors pos-
tulated that OMVs are affecting plant colonization by block-
ing surfaces, leading to a deeper spread of X. fastidiosa into
the plant host, which increases virulence. The X. fastidiosa DSF
system suppresses the release of OMVs (and virulence), caus-
ing cells to grow more locally, attached to unblocked surfaces.
However, in S. maltophilia, growing cells in presence of its own
DSF cis-12-11-methyl-dodecenoic acid resulted in a remark-
able increase in OMV secretion (Figure 3B), comparable to the
amount secreted in the presence of imipenem. The DSF cis-12-
dodecenoic acid produced by B. cenocepacia (BDSF) also led to
a slight increase in OMV secretion in S. maltophilia, while the
DSF cis-12-decenoic acid produced by P. aeruginosa (PDSF) did
not. This is in accordance with the known responsiveness of S.
maltophilia to these DSF molecules. S. maltophilia can perceive
the DSFs produced by itself and B. cenocepacia, but not the one
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FIGURE 3 | (A) Structure of DSF, BDSF, and PDSF. (B) Effect of DSF and its structural homologs on OMV secretion determined with light scattering based single

particle tracking. Error bars plot the SD.

produced by P. aeruginosa (Ryan and Dow, 2010). The endoge-
nous methyl-branched DSF was shown to be far more active than
the unbranched BDSF and PDSF.

Relative Quantification of OMV-Associated
Proteins with Multiple Reaction Monitoring
(MRM)
The differential OMV-associated secretion of the Ax21 homologs
was validated with a label-free, targeted LC-MRM approach.
Two proteotypic peptides for each Ax21 protein were quan-
titatively analyzed with MRM: VGAGYNVEIAPSTDFVAR
and LNQNWGLNGELK for Smlt0387, and IGAGYNY-
GIAPNTDLVAR and FNQNWGLSGEVK for Smlt0184.
Three MS/MS transitions for each peptide were chosen
(Supplementary File S5). The peptides are unique within
the S. maltophilia K279a proteome, and a UniPept search
(Mesuere et al., 2012) also revealed uniqueness for S. maltophilia
species. These peptides also show good MRM compatibility
in terms of length, hydrophobicity, and ionization proper-
ties. In addition, the dominant L1 β-lactamase (Smlt2667)
(target peptides GVAPQDLR and IAYADSLSAPGYQLK) and
the spiked-in BSA standard (target peptides AEFVEVTK
and QTALVELLK) were monitored. The MRM analysis was
performed on OMV protein extracts from equal culture vol-
umes grown in presence of imipenem, DSF, BDSF, and PDSF
(3h stimulation).

These experiments confirmed a huge increase in
OMV-associated secretion of both Ax21 proteins, when
S. maltophilia cultures were stimulated with the β-lactam

antibiotic imipenem, and with the DSF and BDSF quorum
sensing molecules (Figures 4A,B; Supplementary File S5).
When comparing the two Ax21 homologs, the previously
overlooked homolog Smlt0184 is actually much more preva-
lent than Smlt0387, both in the imipenem-stimulated culture,
as well as in the DSF- and BDSF-stimulated cultures. Also
remarkable is that the highest amount of Smlt0184 was
measured in the BDSF-induced OMVs (Figure 4A), while
the OMV production elicited by BDSF is in fact much
lower than for imipenem and DSF (Figure 4B). Smlt0387
secretion seems to be more pronounced after imipenem
exposure, than it is for DSF or BDSF (Figure 4B). S. mal-
tophilia is again unresponsive to the P. aeruginosa PDSF
in terms of Ax21 secretion, as it was for OMV production
(Figure 4B).

The large increase in L1 β-lactamase expression in response
to imipenem is also represented here in the secreted OMVs
(Figure 4C; Supplementary File S5), as previously observed at
the cellular level (Van Oudenhove et al., 2012). The fast pro-
duction of β-lactamases, especially the L1 metallo-β-lactamase,
represents the important early line of defense of S. maltophilia
against the imipenem challenge. Since imipenem leads to sub-
stantial L1 levels in the cell, and the periplasm, it is not entirely
surprising that this protein is also prevalent in the secreted
OMVs. Nevertheless, whether its presence in the OMVs is acci-
dental or predestined, its biological relevance is obvious. Finally,
only a slight increase in OMV-associated L1 secretion was
observed when stimulated with DSF, and even more with BDSF
(Figure 4C).
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FIGURE 4 | Relative abundancy of OMV-associated Ax21 homologs

(A,B) and L1 β-lactamase (C) in response to imipenem and diffusible

signaling factors, determined by targeted proteomics (LC-MRM). The

plot display the average normalized area-under-the-curve for each peptide

used as marker for the different proteins. The error bars plot the SD of all

replicate analyses. Target peptides: VGA: VGAGYNVEIAPSTDFVAR, LNQ:

LNQNWGLNGELK, IGA: IGAGYNYGIAPNTDLVAR, FNQ: FNQNWGLSGEVK,

GVA: GVAPQDLR, IAY: IAYADSLSAPGYQLK.

Discussion

The genome sequence of the pathogenic Stenotrophomonas
maltophilia K279a strain revealed an organism that is well
adjusted for living in an environment with antibiotics (Crossman
et al., 2008). We here add the capacity of S. maltophilia to secrete
OMVs packed with β-lactamases as an additional property to
adapt to antibiotic stress.

In this work, we quantified the amount of OMV secretion
as a response to the β-lactam antibiotic imipenem. As expected,
imipenem led to a significant increase in OMV secretion, prob-
ably owing to the disturbed cell wall structure or alteration in
peptidoglycan dynamics (Haurat et al., 2014). Proteomic analy-
sis on the isolated OMVs revealed the OMV-mediated secretion
of the chromosomal encoded β-lactamases in S. maltophilia. This
is not the case when OMVs are induced by DSF. Whether the
presence of β-lactamases in the OMVs is merely due to their high
abundance in the periplasm upon β-lactam stress or whether they
are deliberately delivered in the OMVs is not clear. Anyway, by
exporting the β-lactamases in the environment, S. maltophilia not
only provides resistance against the imipenem at the cell level,
but could also protect other cells from the same species, or from
other species. Additionally, packed in OMVs, the β-lactamases

are protected against extracellular degradative enzymes and are
able to travel long distances (Bonnington and Kuehn, 2013).

In Xylella fastidiosa, the production of OMVs is suppressed
by the DSF quorum sensing system (Ionescu et al., 2014). There-
fore, the DSF quorum sensing molecules cis-12-11-methyl-
dodecenoic acid (DSF), cis-12-dodecenoic acid (BDSF) and
cis-12-decenoic acid (PDSF), produced by S. maltophilia, B.
cenocepacia and P. aeruginosa, respectively, were also tested for
their effect on OMV production in S. maltophilia. In contrast to
X. fastidiosa, DSF led to a comparable increase in the amount of
OMV secretion as with imipenem. BDSF led to a slight increase
in OMV secretion, and PDSF did not have any effect. These fatty
acid analogs do not have any known perturbation effects on the
cell wall, as opposed to imipenem, and the OMV response is in
agreement with their signaling activity in S. maltophilia. These
results therefore suggest a quorum sensing controlled OMV
biogenesis.

Finally, the OMV proteome analysis revealed the production
of two Ax21 proteins in S. maltophilia. The Ax21 protein was
shown to be involved in biofilm formation and virulence, and
is highly conserved in all Xanthomonas species, and in S. mal-
tophilia. Recently, it was shown that the Xanthomonas Ax21 is
an outer membrane protein, secreted in OMVs (Bahar et al.,
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2014), and regulation of expression is dependent on the DSF
system (Qian et al., 2013). With a targeted and label-free MRM
method, we quantified the OMV-mediated secretion of the Ax21
homologs as a response to imipenem, DSF, BDSF, and PDSF.
All conditions led to substantial amounts of OMV-associated
Ax21 secretion. The results indicate a deliberate and regulated
secretion of Ax21, rather than a coincidental presence due to an
increased OMV biogenesis. The production of OMVs and pack-
ing with large quantities of Ax21 protein, point to an important
role of it in antibiotic resistance and biofilm formation. How-
ever, the exact role of Ax21 in S. maltophilia remains unclear,
and should be further investigated, more specific by confirming
its porin transporter function and determination of its cargo.
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