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ABSTRACT Stenotrophomonas maltophilia is an opportunistic pathogen with in-
creasing prevalence, which is able to cause infections in immunocompromised pa-
tients or in those with a previous pathology. The treatment of the infections caused
by this bacterium is often complicated due to the several intrinsic antibiotic resis-
tance mechanisms that it presents. Multidrug efflux pumps are among the best-
studied mechanisms of S. maltophilia antibiotic resistance. Some of these efflux
pumps have a basal expression level but, in general, their expression is often
low and only reaches high levels when the local regulator is mutated or bacteria
are in the presence of an effector. In the current work, we have developed a yel-
low fluorescent protein (YFP)-based sensor with the aim to identify effectors able
to trigger the expression of SmeVWX, an efflux pump that confers resistance to
quinolones, chloramphenicol, and tetracycline when it is expressed at high lev-
els. With this purpose in mind, we tested a variety of different compounds and
analyzed the fluorescence signal given by the expression of YFP under the con-
trol of the smeVWX promoter. Among the tested compounds, vitamin K3, which
is a compound belonging to the 2-methyl-1,4-naphthoquinone family, is pro-
duced by plants in defense against infection, and has increasing importance in human
therapy, was able to induce the expression of the SmeVWX efflux pump. In addition, a
decrease in the susceptibility of S. maltophilia to ofloxacin and chloramphenicol was ob-
served in the presence of vitamin K3, in both wild-type and smeW-deficient strains.
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Stenotrophomonas maltophilia is an emerging multidrug-resistant opportunistic patho-
gen involved in an increased number of infections (1). Among these infections, we can

highlight septicemia, urinary infections, endocarditis, and respiratory infections in immu-
nocompromised patients and in those with cystic fibrosis (2). In general, clinical isolates of
S. maltophilia present low susceptibilities to a wide range of antibiotics, including macro-
lides, �-lactams, cephalosporins, trimethoprim-sulfamethoxazole, tetracyclines, polymyxins,
aminoglycosides, chloramphenicol, carbapenems, and fluoroquinolones, making the infec-
tions caused by this bacterium difficult to treat (1). This low susceptibility to antibiotics is
associated with several intrinsic resistance elements, such as antibiotic-modifying enzymes,
low membrane permeability, the quinolone resistance protein SmQnr, and multidrug
resistance (MDR) efflux pumps (3, 4).

Eight MDR efflux pumps (SmeABC, SmeDEF, SmeGH, SmeIJK, SmeMN, SmeOP,
SmeVWX, and SmeYZ) belonging to the resistance-nodulation-cell division (RND) family
have been identified in S. maltophilia K279a (4). The roles of six of them (SmeABC,
SmeDEF, SmeIJK, SmeOP, SmeVWX, and SmeYZ) in intrinsic and acquired resistance to
antibiotics have been analyzed (5–14).

The expression of MDR efflux pumps is generally tightly downregulated by specific
transcriptional regulators, likely because their overexpression might compromise bac-
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terial physiology (15). However, transient higher expression levels can be reached due
to some particular physiological situations, as a response to stress or in the presence of
effectors, including host-produced anti-infective molecules, such as bile, cationic pep-
tides, or fatty acids (16–18), as well as agents used for therapeutic purposes, some of
which might be relevant in the course of an infection (19). Knowing these effectors can
be useful for understanding the role of these MDR efflux pumps besides resistance to
antibiotics, as well as for predicting situations of transient antibiotic resistance that may
occur in vivo (20).

RND efflux pump substrates are very diverse and include antibiotics, biocides, bile
salts, detergents, aromatic hydrocarbons, homoserine lactones, and dyes (21); however,
the number of known inducers that can trigger their expression is lower in comparison
(20). In the present study, we have carried out a screening in order to identify potential
effectors of the S. maltophilia RND efflux pump SmeVWX, using a yellow fluorescent
protein (YFP)-based sensor. The operon encoding this MDR efflux system is composed
of a membrane fusion protein gene (smeV), an inner membrane transporter gene
(smeW), and an outer membrane protein gene (smeX). smeVWX genes are coexpressed
with two short-chain-dehydrogenase/reductase (SDR) genes, which are located up-
stream smeV (smeU1) and between smeW and smeX (smeU2). The operon is regulated
by the LysR-type transcriptional regulator SmeRv (11). SmeVWX does not participate in
S. maltophilia intrinsic resistance, likely because its expression levels are too low (11);
nevertheless, it is known that this efflux pump contributes to the acquisition of
resistance mediated by mutations in the transcriptional regulator SmeRv, leading to the
overexpression of the efflux system (22). Further, quinolone-resistant clinical isolates
overexpressing this efflux pump have been found, indicating that SmeVWX overex-
pression may have clinical relevance (12, 22).

Among the compounds tested in this study, we have found that vitamin K3 (vitK3),
also known as menadione (2-methylnaphtalene-1,4-dione), acts as an inducer and is
likely a substrate of the SmeVWX efflux system. In addition to developing a biosensor
for tracking inducers of the expression of SmeVWX and since vitK3 is present in some
hemostatic drugs and is also becoming an important candidate for anticancer therapy,
our study provides information about the potential implications that using vitK3 during
the course of an infection caused by S. maltophilia might have.

RESULTS AND DISCUSSION
Reporter construction. Fluorescent protein-based sensors have been extensively

used for different purposes due to their high reliability, sensitivity, and simplicity in
operation (23). In the current work, a YFP-based reporter was constructed in order to
identify potential inducers of the expression of the S. maltophilia SmeVWX efflux pump,
which are unknown so far. To carry this out, a DNA fragment containing the promoter
sequence of smeVWX was amplified and cloned into the pSEVA237Y plasmid, which
harbors the yellow fluorescent protein (YFP) (24), giving rise to the pPBT04 plasmid, as
described in Materials and Methods. This allows the quantification of the expression of
smeVWX through the fluorescence given by YFP. Using tripartite conjugation, the
plasmid pPBT04 was introduced in S. maltophilia D457, with the resultant strain dubbed
PBT02, and in S. maltophilia MBS287, the resultant strain was dubbed PBT06. The
MBS287 strain, a mutant derived from the wild-type S. maltophilia D457 strain, consti-
tutively expresses high levels of smeVWX due to a mutation (Gly266Asp) in the gene
encoding its local regulator SmeRv. This strain can be used as a control for measuring
the expression levels of smeVWX when the efflux pump is overexpressed (22). To test
the smeVWX sensor, the fluorescence levels given by the PBT02 and PBT06 strains
and the growth of both strains were measured for 18 h. As mentioned above, the
expression levels of SmeVWX are very low; consequently, it is expected that the
fluorescence given by the expression of YFP under the control of the smeVWX promoter
in the PBT02 strain is lower than the one obtained in the overexpressing derivative
strain PBT06. As shown in Fig. 1, higher levels of fluorescence given by the YFP are
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obtained in the case of the PBT06 strain than with PBT02 during growth, validating the
smeVWX sensor developed in this work.

Vitamin K3 induces smeVWX expression. Multidrug efflux pumps are relevant
elements in the development of antibiotic resistance in bacterial populations.
Expression of these determinants is usually repressed by specific regulators en-
coded by genes located upstream of the operons that contain the structural genes
for these efflux pumps (19). In the opportunistic pathogen S. maltophilia, some of
these RND multidrug efflux pumps, such as SmeDEF, SmeIJK, SmeOP, and SmeYZ,
contribute to bacterial intrinsic resistance (4, 6, 9, 14), while others, such as
SmeVWX, have very low levels of expression and its overexpression alone leads to
acquired resistance (11, 22). In addition to genetic alterations, resistance can also be
achieved by the presence of effectors or conditions that trigger the expression of
multidrug efflux pumps, leading to the acquisition of transient phenotypic antibi-
otic resistance (25–27). A wide range of MDR efflux pump substrates are known.
However, the number of known effectors that regulate their expression is lower in
comparison (28). For instance, the AcrAB-TolC system in Escherichia coli can be
induced by bile salts (29), and in Pseudomonas aeruginosa, the MexXY-OprM system
is induced in response to antibiotics that target the ribosome and under oxidative
stress conditions (30, 31). In the case of S. maltophilia, the SmeDEF efflux pump is
induced by triclosan and some plant-produced compounds, which bind its local
repressor SmeT, so that smeDEF transcription becomes activated (26, 32). To date,
it is not known if there is any compound able to induce the expression of the
SmeVWX efflux pump; consequently, we carried out a screening of such potential
effectors in S. maltophilia PBT02 using compounds belonging to different categories,
including antibiotics, compounds that produce oxidative stress, chelating agents, biocides,
etc. The concentrations were chosen taking into consideration the MIC values of each
compound.

None of the tested compounds gave a clear increase in fluorescence levels,
except vitK3, which caused an increment in the fluorescence obtained by YFP

FIG 1 Fluorescence levels and growth of the sensor strains PBT02 and PBT06. The fluorescence of both
strains was measured using a plate reader for 18 h in LB medium. The YFP levels given by the expression
of smeVWX in PBT06 are higher than in the D457-derivative strain PBT02, since it overexpresses the efflux
pump due to a mutation in the regulator SmeRv. There are not significant differences in the growth of
both strains. Error bars indicate standard deviations of the results from three independent replicates.
RFU, relative fluorescence units.
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expression under control of the smeVWX promoter. The fluorescence levels were
measured in both PBT02 and PBT06. As shown in Fig. 2, the fluorescence levels
given by PBT02, when cells reached exponential phase (optical density at 600 nm
[OD600], 0.6), are higher in the presence of 1 mM vitK3 than those obtained in the
absence of any compound. To analyze whether or not the effect of vitK3 was
specific and determine the minimal concentrations that may trigger smeVWX
induction, a more detailed analysis was performed using as potential inducers vitK3,
its structural analogues vitamin K2 (vitK2) and plumbagin, and the generator of
oxidative stress, tert-butyl hydroperoxide. As shown in Fig. 3, vitK3 remains the best
smeVWX inducer, even at concentrations as low as 4 �M, whereas a modest
induction in the presence of vitK2 and plumbagin can be seen, and tert-butyl
hydroperoxide does not induce the expression of smeVWX; this indicates that
oxidative stress is not the cause (at least the unique cause) of the induction of
smeVWX expression in the presence of vitK3.

In order to further address whether or not vitK3 induces the expression of smeVWX,
smeV mRNA levels were measured by real-time reverse transcription-PCR (RT-PCR) in
the presence and absence of vitK3. As shown in Fig. 4, the expression levels of smeV are
increased by 105-fold in the presence of vitK3 in the wild-type strain D457 in compar-
ison with those levels obtained without this compound. In S. maltophilia MBS287,
where smeVWX is overexpressed, the smeV levels are increased by 286-fold in compar-
ison with those of the wild-type strain D457. These data show that vitK3 increases the
expression of smeVWX mRNA, a feature in agreement with the results obtained using
the above-described fluorescent reporter, indicating that the sensor is valid for the
detection of inducer compounds.

Vitamin K3 might be extruded by SmeVWX efflux pump. As described above,
vitK3 is able to induce smeVWX expression, and it is possible that this compound is a
substrate of the efflux pump. To test this possibility, a D457-derivative mutant with a
partial deletion in smeW (MBS704) was constructed by homologous recombination, as
described in Materials and Methods. Both strains, the wild type (D457) and the smeW
mutant (MBS704), were grown in the presence and absence of vitK3 (1 mM) for 20 h at

FIG 2 Effect of vitK3 on smeVWX expression. The fluorescence levels obtained by smeVWX expression
when OD600 of 0.6 is reached in PBT02 strain, PBT02 strain after incubation with 1 mM vitK3, and PBT06
strain are shown. vitK3 increases YFP expression in comparison with the untreated strain, although the
level reached is lower than in PBT06. Error bars indicate standard deviations of the results from three
independent replicates.
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37°C, and the optical density at 600 nm was measured every 10 min using a Tecan
Infinite 200 plate reader (Tecan). As shown in Fig. 5, in the absence of vitK3, the two
strains exhibit similar growth; however, when vitK3 is added to the medium, the
MBS704 strain growth is impaired in comparison with D457. This result suggests that
SmeVWX extrudes vitK3, and in the absence of this efflux pump, this compound inhibits
S. maltophilia growth.

vitK3 is an analogue of vitamins K1 and K2, with all of them belonging to the
2-methyl-1,4-naphthoquinone family (33, 34). vitK3 is also known as menadione, a
compound that has been isolated from fungi and phanerogams (35), where it was first
studied as a plant regulator (36). The function of menadione in the defense against
plant pathogens has been shown in several studies (37–39). This contribution can be
carried out in two ways: first, vitK3 is able to increase the activity of the H�-ATPase in
plant cells due to its redox properties, contributing to the immune response against
phytopathogens (40, 41); second, vitK3 itself is toxic for bacteria as a result of its
capability of generating reactive oxygen species (ROS), elevating the intracellular
production of O2

� and H2O2 (42).
S. maltophilia is an ubiquitous bacterium which has been isolated from several

sources, including those associated with the plant rhizosphere (1, 43). One of the roles
of MDR efflux pumps is the prevention of the accumulation of toxic compounds inside
the cell by extruding them (44). Since S. maltophilia is a rhizosphere-related bacterium,
the SmeVWX efflux pump is likely involved in nature in the detoxification of vitK3 and
its analogues, which might be produced by plants during S. maltophilia root coloniza-
tion.

Vitamin K3 decreases S. maltophilia antibiotic susceptibility even in the ab-
sence of smeW. It is known that the SmeVWX efflux pump is able to extrude
quinolones and chloramphenicol, and its overexpression causes resistance to these
antibiotics (11, 12). Since vitK3 is able to induce smeVWX expression, it is possible that
the susceptibility to such antibiotics decreases in the presence of this agent. To analyze
this hypothesis, a susceptibility assay using either an ofloxacin disc (5 �g) or a

FIG 3 Effects of different compounds on smeVWX expression. Fluorescence levels for: vitamin K3 (A), vitamin K2 (B), plumbagin (C), and
tert-butyl hydroperoxide (D) given by the expression of smeVWX in PBT02 strain when OD600 of 0.6 is reached at several concentrations.
Plumbagin and vitamin K2 slightly increase the YFP levels in comparison with vitamin K3 (A to C); tert-butyl hydroperoxide does not cause
any changes (D). Error bars indicate standard deviations of the results from three independent replicates.
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chloramphenicol disc (30 �g) placed next to a vitK3-containing disc (2 �mol) was
carried out. The inhibition halos around the antibiotic discs present deformations in the
region nearby the vitK3 disc (not shown), indicating that this compound decreases S.
maltophilia susceptibility to antibiotics. To further confirm that vitK3 decreases suscep-
tibility to antibiotics, a checkerboard assay was performed. A 96-well microtiter plate
containing serial concentrations of either ofloxacin or chloramphenicol (also a substrate
of SmeVWX) in combination with vitK3 was inoculated with cultures of S. maltophilia
D457 or the smeW-defective mutant MBS704 at an OD600 of 0.01. After 24 h of
incubation at 37°C, the OD600 was measured in each well. The fractional inhibitory
concentration (FIC) values are shown in Table 1. Noteworthy, the effect of vitK3 was
antagonistic in all cases, independently of the type of the antibiotic used and of the
presence or the absence of smeW. This indicates that the effect of vitK3 on S. malto-
philia goes beyond the induction of smeVWX, a topic that is currently under study in our
laboratory.

Concluding remarks. Resistance to antibiotics has become an increasing problem
in public health, with MDR efflux pumps being relevant elements in the development
of this resistance. As mentioned above, MDR efflux pump expression is usually re-
pressed by specific transcriptional regulators (15). Expression of MDR efflux pumps is
likely induced under physiological conditions when their activity is required, and
bacteria can determine this need by detecting growing conditions or compounds in the
environment that act as effectors. However, antibiotics are not usually good inducers of
efflux pumps, whereas nonantibiotic compounds can induce such expression (21).

In this study, we have developed a fluorescent biosensor useful for detecting
inducers of the S. maltophilia SmeVWX MDR efflux pump. Using this biosensor, we have
determined that vitK3 (a potential substrate of this efflux pump involved in the defense
of plants against pathogens) is able to induce the expression of the S. maltophilia
SmeVWX efflux pump. Vitamin K is an essential nutrient which acts as a cofactor in the
production of some factors of blood coagulation in mammals, such as factors II
(prothrombin), VII (proconvertin), IX, and X (33). vitK3 has improved antihemorrhagic

FIG 4 vitK3 increases smeV mRNA levels. smeV mRNA levels were measured by real-time RT-PCR in the
presence of vitK3 in the wild-type D457 strain and in the MBS287 strain, which overexpresses smeVWX.
The data show that expression of smeV is induced by vitK3. Fold changes were estimated with respect
to the value given by strain D457 in the absence of vitK3. Error bars indicate standard deviations of the
results from three independent experiments.
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activity compared with the natural vitamin K, so it is used as an agent of choice for the
treatment of vitamin K deficiency, hemorrhagic diathesis, and hypoprothrombinemia,
prophylactically before and after surgery to prevent bleeding, and it is administered to
newborns with low levels of prothrombin to prevent hemorrhagic diseases (45).
Besides, vitK3 is gaining importance as an anticancer agent because of its cytotoxic
effect against cancer cells (34, 46). Recent work has shown that the plasma concentra-
tion of menadione upon the administration of 10 mg of menadiol sodium diphosphate
to healthy subjects can reach a peak of 3 �M (47), within the concentration range at
which we begin to observe induction of smeVWX expression.

S. maltophilia mainly causes nosocomial infections (48), although community-
acquired infections can also occur (49). The population at risk is mostly composed of
immunocompromised hosts, including intensive care unit (ICU) patients, patients with
dialysis catheters, hematological diseases, and cystic fibrosis, and those treated with a
wide spectrum of antibiotics (50–53). Although our results indicate that vitK3 might
induce the expression of the smeVWX efflux pump even at low concentrations and
antagonizes the effects of ofloxacin and chloramphenicol against S. maltophilia, both in
the presence and in the absence of this efflux pump, the clinical significance of these
findings remains to be clearly established.

In addition, the fact that vitK3 is produced by plants and that S. maltophilia is a
common plant inhabitant (54) strongly suggests that SmeVWX might be involved in

FIG 5 vitK3 might be extruded by the SmeVWX multidrug efflux pump. The growth in the presence and
absence of 1 mM vitK3 in D457 strain and MBS704 (ΔsmeW) was measured. In the presence of vitK3, the
smeW mutant presents a diminished growth in comparison with the wild-type strain D457, suggesting
that vitK3 might be extruded by the SmeVWX MDR efflux pump. Error bars indicate standard deviations
of the results from three independent replicates.

TABLE 1 FIC values of vitK3 in combination with either chloramphenicol or ofloxacina

Strain

Chloramphenicol � vitK3 Ofloxacin � vitK3

CvitK3 MICvitK3 Cchlor MICchlor �FIC CvitK3 MICvitK3 Coflox MICoflox �FIC

D457 2.56 2.56 16 16 2 5.12 5.12 6 4 2.5
MBS704 5.12 2.56 16 12 3 2.56 2.56 6 3 3
aSee �FIC index analysis� in Materials and Methods for details on the terms used here. chlor,
chloramphenicol; oflox, ofloxacin.
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bacterium-plant interactions in nature, a functional role that has been already demon-
strated for the S. maltophilia SmeDEF efflux pump (32).

MATERIALS AND METHODS
Bacterial strains and growing conditions. All bacterial strains and plasmids used in this study are

listed in Table 2. Cells were grown in LB medium at 37°C, unless otherwise stated. When required, the
following antibiotics were added: ampicillin (Ap; 100 �g/ml) for Escherichia coli harboring the pGEM-T
Easy vector and the pPBT02 and pBS51 plasmids, and kanamycin (Km; 50 �g/ml and 500 �g/ml) for E.
coli and S. maltophilia D457, respectively, for pSEVA237Y and pPBT04 plasmid selection. Km at 50 �g/ml
was added to LB liquid medium to maintain pSEVA237Y and pPBT04 plasmids in both E. coli and S.
maltophilia; tetracycline (Tc; 10 �g/ml) was added in the case of E. coli harboring pEx18Tc and pBS52
plasmids. Tc at 10 �g/ml and imipenem (Imp; 20 �g/ml) were added for the selection of S. maltophilia
D457 exconjugants. Medium was supplemented with 80 �g/ml 5-bromo-4-chloro-3-indolyl-�-D-
galactopyranoside (X-Gal) and 0.5 mM isopropyl-�-D-thiogalactopyranoside (IPTG) for the detection of
�-galactosidase production.

Reporter construction. S. maltophilia D457 genomic DNA was extracted according to the Gnome
DNA kit protocol (MP Biomedicals). The 384-bp region between the smeRv gene (SMD_1762) and the
smeU1 gene (SMD_1763), which contains the smeVWX promoter region, was amplified using the FailSafe
PCR system (Epicentre) with primers SmeVWX_F (5=-GAATTCGATCCTGGACGTCG-3=, EcoRI site under-
lined) and SmeVWX_R (5=-AAGCTTGACATTTCCTCCCAAATC-3=, HindIII site underlined). The thermocycler
was programmed for 25 cycles of 94°C for 30 s of denaturation, 56°C for 30 s of annealing, and 72°C for
a 36-s extension, with an initial denaturation at 94°C for 5 min and a final extension at 72°C for 7 min.
The PCR product was ligated into pGEM-T Easy vector (Promega), according to the manufacturer’s
instructions, obtaining the pPBT02 plasmid, which was introduced by transformation into E. coli Omni-
MAX (Invitrogen). The construction was verified by DNA sequencing. The pPBT02 plasmid was extracted
with the QIAprep Spin miniprep kit 250 (Qiagen), according to the manufacturer’s instructions, and
digested with EcoRI and HindIII restriction enzymes (New England BioLabs). The product corresponding
to the smeVWX promoter region was purified with the purification kit (GE Healthcare) from a 1% agarose
gel and cloned into pSEVA237Y using the same restriction enzymes and the T4 DNA ligase (New England
BioLabs). The obtained plasmid, pPBT04, was introduced by transformation in E. coli OmniMAX (Invitro-
gen) competent cells. The presence of the plasmid was confirmed by PCR, as described above, with
primers pSEVA227Y_F (5=-GCGGATAACAATTTCACACA-3=) and pSEVA227Y_R (5=-TTGCTCACCATATGTTTT
TCC-3=).

The pPBT04 plasmid was introduced by transformation in E. coli CC118�pir. Afterwards, the plasmid
was introduced into the S. maltophilia D457 and MBS287 strains by tripartite matting using the strains
E. coli CC118�pir (donor cell), E. coli 1047/pRK2013 (helper cell), and S. maltophilia (receptor cell), in a 4:2:1
proportion (receptor:donor:helper). Kanamycin (500 �g/ml) was added for selecting the S. maltophilia
clones containing the pPBT04 plasmid, and imipenem (20 �g/ml) was added for eliminating the E. coli

TABLE 2 Bacterial strains and plasmids

Strain or plasmid Descriptiona Source or reference

Bacterial strains
E. coli

OmniMAX Strain used in transformation; F= {proAB� lacIq lacZΔM15 Tn10(Tetr)} mcrA Δ(mrr-hsdRMS-mcrBC)
�80(lacZ)ΔM15 Δ(lacZYA-argF) U169 endA1 supE44 thi-1 gyrA96 relA1 deoR tonA panD

Invitrogen, Life
Technologies

TGI Strain used in transformation; supE thi-1 Δ(lac-proAB) Δ(mcrB-hsdSM)5 (rK
� mK

�) [F= traD36 proAB�

lacIq ZΔM15]
61

CC118�pir Donor cell in conjugation; strain CC118 lysogenized with � pir phage (Tc=) Δ(ara-leu) araD ΔlacX74
galE galK phoA20 thi-1 rpsE rpoB argE (Am) recA1

56

1047 (pRK2013) Helper cell in conjugation harboring pRK2013 (Kanr) plasmid 62
S. maltophilia

D457 Clinical strain 63
MBS287 D457-derived mutant (SmeRv G266N) overexpressing SmeVWX efflux pump 22
MBS704 D457 ΔsmeW This work
PBT02 D457 with pPBT04 plasmid This work
PBT06 MBS287 with pPBT04 plasmid This work

Plasmids
pGEM-T Easy vector Cloning vector, Ampr Promega
pSEVA237Y Plasmid containing YFP; replication origin pBBR1; Kanr 24
pPBT02 pGEMT-derived plasmid containing smeVWX promoter region This work
pPBT04 pSEVA237Y-derived plasmid containing smeVWX promoter region This work
pEX18Tc Gene replacement vector; sacB, Tcr 23
pBS51 pGEMT-derived plasmid containing the 5= and 3= regions of smeW gene This work
pBS52 pEX18Tc-derived plasmid containing the 5= and 3= regions of smeW gene This work

aTetr, tetracycline resistance; Kanr, kanamycin resistance; Ampr, ampicillin resistance.
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strains. For plasmid confirmation, PCR was performed as described above with primers pSEVA227Y_F and
pSEVA227Y_R.

Deletion of the smeW gene. An S. maltophilia D457 mutant with a partial deletion of smeW gene
was generated by homologous recombination. A fragment homologous to both the 5= end (498 bp) and
the 3= end (513 bp) of the smeW gene was obtained by overlapping PCR, using the PCR master mix
(Promega). In the first PCR, the primers SmeWA (5=-CGGGATCCTTAGCTGCCGGCGCCAG-3=, BamHI site
underlined) and SmeWB (5=-CAGGATCTTCTGCGTAGTCA-3=) for the 5= end and SmeWC (5=-CAGGATCTT
CTGCGTAGTCA-3=) and SmeWD (5=-CCCAAGCTTGATGCATGCCTTGTGG3=, HindIII site underlined) for the
3= end were used. The PCR products were purified with the QIAquick PCR purification kit (Qiagen),
according to the manufacturer’s instructions, and used as the template for a second PCR with SmeWA
and SmeWD primers. The PCR product, purified from an agarose gel with the QIAquick gel extraction kit
(Qiagen), was cloned in pGEM-T Easy vector (Promega), generating pBS51 plasmid, which was introduced
in E. coli TG1. The right sequence was confirmed by sequencing, and the fragment containing the 5= and
3= ends of the smeW gene was cloned into the suicide vector pEX18Tc (55) using the BamHI-HindIII sites,
generating the pBS52 plasmid. This plasmid was introduced into E. coli CC118�pir and mobilized
afterwards into S. maltophilia D457 by tripartite conjugation (56). The exconjugants containing pBS52
were selected on LB agar containing 10 mg/ml tetracycline and 20 mg/ml imipenem. Tetracycline-
resistant colonies were streaked onto 10% sucrose-LB agar to select double recombinants with the partial
deletion of the smeW gene. S. maltophilia D457 ΔsmeW (MBS704) was confirmed by PCR, with external
(SmeWA/SmeWD) and internal (SmeW5 [5=-GAACCGTTGCCGAACAGC-3=]/SmeW6 [5=-GACAGGCCTTCCT
CGATG-3=]) primers to the smeW gene.

Screening of potential inducers of the expression of smeVWX. Different compounds from
different categories were used in this assay at serial concentrations. Among them were the antibiotics
erythromycin (512, 256, and 128 �g/ml), gentamicin (32, 16, and 8 �g/ml), co-trimoxazole (trimethoprim-
sulfamethoxazole, 1:5) (1, 0.5, and 0.25 �g/ml), chloramphenicol (16, 8, and 4 �g/ml), tobramycin (512,
256, and 128 �g/ml), ofloxacin (4, 2, and 1 �g/ml), kanamycin (512, 256, and 128 �g/ml), tetracycline (4,
2, and 1 �g/ml), polymyxin B (2, 1, and 0.5 �g/ml), and colistin (24, 12, and 6 �g/ml); heavy metals ZnSO4

(5, 2.5, and 1.25 mM), CuSO4 (5, 2.5, and 1.25 mM), CdSO4 (5, 2.5, and 1.25 mM), CoSO4 (5, 2.5, and 1.25
mM), and FeCl3 (5, 2.5, and 1.25 mM); oxidative stress compounds paraquat (5, 2.5, and 1.25 mM), vitamin
K3 (2, 1, and 0.5 mM), and tert-butyl hydroperoxide (1, 0.5, and 0.25 mM); biocides triclosan (10, 5, and
2.5 �g/ml) and hexachlorophene (100, 50, and 25 �g/ml); plant-produced flavonoids phloretin (10, 5, and
2.5 �g/ml), quercetin (10, 5, and 2.5 �g/ml), and genistein (10, 5, and 2.5 �g/ml); detergents SDS (200,
100, and 50 mM) and Tween 20 (200, 100, and 50 mM); chelating agents EDTA (2, 1, and 0.5 mM) and
EGTA (2, 1, and 0.5 mM); the analgesic metamizol (10, 5, and 2.5 mg/ml); and the inhibitor of oxidative
phosphorylation carbonyl cyanide m-chlorophenyl hydrazone (CCCP; 20, 10, and 5 �M). The compounds
vitamin K3, vitamin K2, plumbagin, and tert-butyl hydroperoxide were studied in more detail using a
wider range of concentrations.

The stock solutions of the different compounds were diluted in LB medium to obtain the required
concentrations. The assay was performed in Corning Costar 96-well black clear-bottom plates (Corning
Incorporated). Ten microliters of cell culture was inoculated in 140 �l of medium in each well to a final
OD600 of 0.01. Bacteria were grown at 37°C for 18 h, and growth (OD600) and fluorescence were measured
every 10 min (although data are represented on an hourly basis) using a Tecan Infinite 200 plate reader
(Tecan) set with an excitation wavelength at 508 nm and emission wavelength at 540 nm for YFP
detection.

Assays of induction of antibiotic resistance. Two hundred microliters of S. maltophilia D457 culture
at an OD600 of 0.01 was seeded in an agar-LB medium plate. A 9-mm sterile disc (Macherey-Nagel) was
placed in the plate with vitK3 (2 �mol). An ofloxacin (5 �g) or a chloramphenicol disc (30 �g) (Oxoid) was
placed 18 mm from the vitK3 disc. The plate was incubated for 24 h at 37°C.

The effect of vitK3 on the susceptibility of S. maltophilia to ofloxacin or chloramphenicol was
analyzed using the checkerboard technique in a 96-well microtiter plate, where 10 �l of bacterial culture
of D457 or MBS704 strain was added to each well to a final OD600 of 0.01. Eleven vitK3 concentrations
were combined with 7 ofloxacin or chloramphenicol concentrations to carry out this assay. The plates
were incubated at 37°C, and the OD600 was recorded after 24 h using a Tecan Infinite 200 plate reader
(Tecan).

FIC index analysis. The fractional inhibitory concentration (FIC) index (57) was determined for each
strain in order to define if there is some interaction between the antibiotics and vitK3. The sum of the
FICs is defined as �FIC � FICA � FICB � (CA/MICA) � (CB/MICB), where A is vitK3 and B is ofloxacin or
chloramphenicol. The MIC is defined as the minimum inhibitory concentration of the compounds alone,
and C is defined as the MIC of the compounds in combination. Synergy is defined as an FIC of �0.5, an
FIC value between 0.5 and 2 is considered indifferent, and antagonism is defined as an FIC value of �2.

RNA preparation and real-time RT-PCR. Two flasks containing 20 ml of LB medium were inoculated
with an overnight culture of S. maltophilia D457 to a final OD600 of 0.01 and were incubated until
exponential phase was reached (OD600, 0.6). This step was repeated, inoculating two new flasks with
culture from the previous ones. When the culture reached an OD600 of 0.6, vitK3 (1 mM) was added to
one of the flasks and cells were incubated for a further 30 min. Ten milliliters of each culture was
centrifuged at 8,000 rpm and 4°C for 20 min. Five hundred seventy microliters of TE buffer (10 mM
Tris-HCl, 1 mM EDTA [pH 8.0]) and 30 �l of lysozyme (Sigma) from a 20 mg/ml stock, for a final
concentration of 1 mg/ml, were added to each sample. Afterwards, the samples were mixed by vortexing
for 10 s and were incubated at room temperature for at least 10 min with regular vortexing. A volume
of 2,100 �l of buffer RLT (Qiagen) was added, and samples were sonicated twice for 5 to 10 s (constant
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frequency, 0.45 Hz). Then, 1,410 �l of ethanol was added and the protocol continued using the RNeasy
minikit (Qiagen), according to the manufacturer’s instructions. In order to eliminate any residual DNA, a
DNase I (Qiagen) treatment was carried out, according to the manufacturer’s instructions. A second
treatment was performed using Turbo DNA-free (Ambion). RNA integrity was verified on a 1% agarose
gel, and the absence of DNA was confirmed by PCR using primers sme27 and sme48, which amplify a
347-bp fragment belonging to the smeT gene from strain D457 (58). cDNA was obtained from 10 �g of
RNA using the High-Capacity cDNA reverse transcription kit (Applied Biosystems). Real-time RT-PCR was
performed using the Power SYBR green PCR master mix (Applied Biosystems) in the ABI Prism 7500
real-time system (Applied Biosystems). The first denaturation step, 95°C for 10 min, was followed by 40
temperature cycles (95°C for 15 s, 60°C for 1 min) for amplification and quantification. Fifty nanograms
of cDNA was used in each reaction. Primers SmeV-RT.fw and SmeV-RT.rv, which amplify the smeV gene
(22), were used at 400 nM. Primers FtsZ1 and FtsZ2 were used to amplify the housekeeping gene ftsZ (22).
Differences in the relative amounts of mRNA were determined according to the 2�ΔΔCT method (59, 60).
In all cases, the mean values for relative mRNA expression were obtained from three independent
experiments.
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