
















FIG 4 Impact of �-lactam stress, ROS toxicity, and AmpI. (A) �-Lactam treatment induces ROS generation
in S. maltophilia. The bacterial cells tested were cultured in LB medium containing dihydrorhodamine 123
and a �-lactam, as indicated, for 5 h, and the fluorescence at 550 nm was determined. The fluorescence
induction is shown as the ratio of fluorescence in the presence of �-lactam to that in the absence of
�-lactam. Bars represent the average values from three independent experiments. Error bars represent
the standard errors of means. *, P � 0.001, by Student’s t test. (B) Impact of AmpI on cell variability under
�-lactam and/or iron depletion stress. The logarithmic-phase bacterial cells at 5 � 105 CFU/�l were
10-fold serially diluted. Five microliters of bacterial suspension was spotted onto the LB agars containing
�-lactam, 2,2=-dipyridyl (DIP) (30�g/ml), and/or FeCl3 (35 �M), as indicated. After 24 h of incubation at
37°C, the growth of bacterial cells was observed. KJ and its derived mutants were inoculated on an LB
plate containing 16 �g/ml piperacillin (PIP), and KJ2 and its derived mutants were inoculated on an LB
plate containing 2 �g/ml PIP. (C) The impact of AmpI on intracellular ROS levels. The bacterial cells tested
were cultured in LB medium containing dihydrorhodamine 123 and a �-lactam as indicated for 5 h, and
the fluorescence at 550 nm was determined. The relative fluorescence intensity was calculated using the
fluorescence of KJ cells grown in LB without �-lactam as 1. Bars represent the average values from three
independent experiments. Error bars represent the standard errors of means.
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Based on the findings in this study, we propose a model to illustrate the significance
of the L2 gene-ampI operon in S. maltophilia. Under normal growth conditions, the L2
gene is feebly expressed, and ampI has a moderate level of expression driven by its own
promoter (PampI). AmpI acts as an iron exporter and may have an accessory role in
mitigating the aerobic metabolism-generating ROS stress (Fig. 6A). In this instance,
inactivation of AmpI results in an elevated intracellular iron level, which leads to global
regulation by downregulating siderophore synthesis and iron acquisition systems and
upregulating the iron storage system, as evidenced in the transcriptome assay (Table 1).
Upon challenge with �-lactam, the L1 gene and L2 gene-ampI operon are upregulated,
and the intracellular ROS level is also elevated. L1 and L2 �-lactamases contribute much
to �-lactam resistance by hydrolyzing �-lactam. In this instance, AmpI functions to
export cytosol iron, which can protect bacteria from ROS toxicity by limiting the Fenton
reaction (Fig. 6B). Due to the potent L1 and L2 �-lactamases induced by �-lactam, the
�-lactam-mediated ROS is slightly increased in wild-type KJ but significantly increased
in a �-lactamase-null mutant KJ2 (Fig. 4A). Therefore, the contribution of AmpI to the
alleviation of �-lactam-mediated ROS stress is more obvious in KJ2 background (Fig.
4B).

MATERIALS AND METHODS
Bacterial strains, media, plasmids, and primers. The bacterial strains, plasmids, and primers used

in this study are listed in Table S1 in the supplemental material. The XOL minimal medium (33) contained
the following basal salts (per liter): K2HPO4, 0.7 g; KH2PO4, 0.2 g; (NH4)2SO4, 1.0 g; MgCl2·6H2O, 0.1 g;
FeSO4·7H2O, 0.01 g; MnCl2, 0.001 g, pH 7.15. XOLN medium was XOL supplemented with 0.0625% yeast
extract and 0.0625% tryptone (33). XOLNG medium consisted of XOLN minimal medium with 10%
glucose as a carbon source (Fig. 2). NaCl, menadione (MD), and FeSO4 were added at the indicated
concentrations when necessary.

Construction of an in-frame ampI deletion mutant, KJ�AmpI, and complementation plasmid,
pAmpI. The ampI gene of S. maltophilia KJ was obtained by PCR with primers AmpI-F and AmpI-R (Fig.
S1 and Table S1) and cloned into pEX18Tc, yielding pEXAmpI. Plasmid pΔAmpI was obtained by deleting
an internal 606-bp SphI-SphI fragment from pEXAmpI. A deletion mutant, KJΔAmpI (Fig. S1), was
constructed by double-crossover homologous recombination between the KJ chromosome and the
recombinant plasmid pΔAmpI as described previously (17).

Given that the expression of ampI was driven by two promoters, the L2 gene promoter and PampI, the
complementation plasmid pAmpI was constructed by placing the ampI gene under the control of both
promoters. A 2,170-bp DNA segment containing the intact ampI gene and its own promoter (PampI) was

FIG 5 The phylogenetic relationship of AmpI of S. maltophilia and previously characterized iron exporters documented in other
bacteria. The dendrogram was constructed by the neighbor-joining method using the amino acid sequences of the proteins.
The bootstrap numbers at the branch points refer to 1,000 replications. The tree is drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the Poisson correction method, and units are of the number of amino acid substitutions per site.
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excised from pEXAmpI and cloned into pL2xylE by replacing the xylE gene with the ampI gene, yielding
pAmpI (Fig. S1).

Construction of promoter-xylE transcriptional fusion constructs pL2xylE and pAmpIxylE. A 248-bp
DNA segment containing the L2 gene promoter region was obtained by PCR using the primer sets L2P-F
and L2P-R (Table S1) and cloned into pRKxylE, yielding pL2xylE. The PampI-containing BglII-SphI DNA
fragment excised from pAmpI was cloned into pRKxylE, generating pAmpIxylE (Fig. S1). The orientation
of the xylE gene was opposite that of PlacZ of the pRK415 vector.

Transcriptome analysis. Overnight cultures of bacterial cells were subcultured into fresh LB broth
with at an initial optical density at 450 nm (OD450) of 0.15 and incubated for 5 h to the mid-exponential
growth phase (OD450 of 3.0). Total RNA isolation, rRNA depletion, adapter-ligated cDNA library construc-
tion and enrichment, and cDNA sequencing were performed as described previously (34). For RNA-seq

FIG 6 Proposed model for the role of AmpI in the alleviation of �-lactam-mediated ROS stress. (A) In physiologically grown S. maltophilia, ampI is moderately
expressed driven by its own promoter. In this instance, AmpI may have an accessory role in alleviating aerobic metabolism-mediated ROS stress. (B) During the
�-lactam challenge, the L1 gene and the L2 gene-ampI operon are upregulated in an AmpR-dependent manner. Meanwhile, the intracellular ROS level is also
elevated. The induced L1 and L2 �-lactamase activities contribute to �-lactam resistance by hydrolyzing �-lactam. The increased AmpI functions to export
cytoplasmic iron and limits the occurrence of the Fenton reaction.
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analysis, the total number of reads per gene between the replicates was normalized by RPKM (reads per
kilobase million) values.

RT-PCR. Total RNA extraction and cDNA preparation were carried out as previously described (17).
The primers used for cDNA preparation and reverse transcription-PCR (RT-PCR) are listed in Table S1. The
RT-PCR products were separated on 2% agarose gels and stained with ethidium bromide.

Determination of C23O activity. The xylE gene product is a catechol 2,3-dioxygenase (C23O), which
converts the colorless substrate catechol to an intensely yellow hydroxymuconic semialdehyde, which
can be spectrophotometrically quantified. The C23O activity in intact cells was measured as described
previously (15). One unit of enzyme activity (Uc) was defined as the amount of enzyme that converts 1
nmol of substrate per minute. Specific activity (Uc/OD450) of the enzyme was defined in terms of units
per OD450 unit of cells.

ICP-MS. The bacterial culture preparation for the inductively coupled plasma mass spectrometry
(ICP-MS) experiment was the same as that for the transcriptome assay. The cell pellets were washed twice
with Milli-Q water and resuspended in 2 ml of Milli-Q water. Cell numbers in the cell suspension were
quantified by CFU counts. For the ICP-MS assay, the cell suspension was sonicated, centrifuged, and then
filtered through a 0.45-�m-pore-size Millipore membrane. ICP-MS was performed using an Agilent 7700e
instrument (Agilent Technologies, USA).

Determination of intracellular ROS. Overnight cultures were subcultured to fresh LB medium
containing 0.9 �g/ml dihydrohodamine 123 (DHR123) and �-lactam at different concentrations (0, 3, 10,
20, or 30 �g/ml) with an initial OD450 of 0.15. DHR123 can be oxidized by intracellular reactive oxygen
species (ROS) and further form the fluorescent rhodamine 123. After a 5-h incubation, rhodamine 123
was detected using 500 nm as the excitation wavelength and 550 nm as the emission wavelength.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC

.02467-18.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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