TABLE 2 Primers used in this study
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Primer

DNA sequence (5'-3")

Use

glpT-deltal
glpT-delta2
glpT-delta3
glpT-deltad
torR-deltal
torR-delta2
torR-delta3
torR-deltad
torS-deltal
torS-delta2
torS-delta3
torS-deltad
torT-deltal
torT-delta2

GCGGGATCCAGCGCGCACCGCTGTGCAG
TCATGCCATTAGCCTCCGTTGCGAATACTCAACATTGAAAGCC
CGGAGGCTTTCAATGTTGAGTATTCGCAACGGAGGCTAATGGC
GCGGTCGACCTTCAAAGGTGTGCACCCGG
GCGGGATCCTCACCATGCCTGGAATATCC
ATCAGCGGCTAAGAAATAACCTTCGTGATGTGGCATCAGAGGG
TAAAACCCTCTGATGCCACATCACGAAGGTTATTTCTTAGCCGC
GCGGTCGACAGCGTAACCTGTTGCAGGAG
GCGGGATCCGCTACTACCGAGCAAAATGG
GCTGATATTGATTCAAATCGCGTTGGTTAAATTCACGGTCGGTG
AGTGCACCGACCGTGAATTTAACCAACGCGATTTGAATCAATATC
GCGGTCGACTGATGACGATAAAAGCGACC
GCGGGATCCTGGGCTGGAAATGGGCGCAG
GATGAGGCTATCATGCGCGTGCTGTTTTATCAGCACACATCAGC

glpT mutant construction
glpT mutant construction
glpT mutant construction
glpT mutant construction
torR mutant construction
torR mutant construction
torR mutant construction
torR mutant construction
torS mutant construction
torS mutant construction
torS mutant construction
torS mutant construction
torT mutant construction
torT mutant construction

torT-delta3 AGCCGCTGATGTGTGCTGATAAAACAGCACGCGCATGATAGCC torT mutant construction
torT-delta4 GCGGTCGACATAGCGGTGGTATCAAAACC torT mutant construction
pTrc-torR-F GCGCCATGGCACATCACATTGTTATTIGTTG pTrc99torR construction
pTrc-torR-R GCGGGATCCTCAGCACACATCAGCGGCTAAG pTrc99torR construction
pQE-torR-F GCGGGATCCCCACATCACATTGTTATTG pQE80torR construction
pQE-torR-R GCGAAGCTTTCAGCACACATCAGCGGC pQE80torR construction

glpT-PF GCGGCGGCCGCTCACTTGATTGCGAGTCGCG Probe preparation for gel shift assay
glpT-PR GCGAAGCTTTGAAAGCCTCCGTGGCCCGTG Probe preparation for gel shift assay
torC-PF GCGATGCATGGGCAAGTTGATATCCAGC Probe preparation for gel shift assay
torC-PR GCGGGTACCAATAGCCCCTGTAAAATTATG Probe preparation for gel shift assay
rhIR-PF GCGGGATCCGACCAAGTCCCCGTGTCGTG Probe preparation for gel shift assay
rhIR-PR GCGGGATCCTCGCCATCATCCTGAGCATC Probe preparation for gel shift assay
glpT-PR2 TGAAAGCCTCCGTGGCCCGTGGTCCTGATTCAGTGAGAGAACC Deletion of TorR binding site in glpT
glpT-footprint1-6FAM CGGCAGGTAAGCGCGCTTTG Footprinting, 6-FAM-labeled primer
glpT-footprint2 CGCATATTCGCTCATAATTCG Footprinting, nonlabeled primer
glpT-RACEL1 GCCAGTCATTGAACCAGGCC RACE unique primer

glpT-RACE2 GTGCACCATAGTACGACCGC RACE unique primer

glpT-RACE3 CGCCAGAATCAAACCTGCGG RACE unique primer
Oligo(dT)-Anchor GACCACGCGTATCGATGTCGACTTTTTITTTTITTTTTIV RACE oligo(dT) attached to an anchor
PCR Anchor GACCACGCGTATCGATGTCGAC RACE anchor primer

rrsA-qPCR-F CGGTGGAGCATGTGGTTTAA Quantitative real-time PCR
rrsA-qPCR-R GAAAACTTCCGTGGATGTCAAGA Quantitative real-time PCR
rpoD-gPCR-F CAAGCCGTGGTCGGAAAA Quantitative real-time PCR
rpoD-qPCR-R GGGCGCGATGCACTTCT Quantitative real-time PCR
glpT-qPCR-F TGCCCGCAGGTTTGATTC Quantitative real-time PCR
glpT-qPCR-R CCATGGCACAAAGCCCATA Quantitative real-time PCR
uhpT-qPCR-F AAGCCGACCCTGGACCTT Quantitative real-time PCR
uhpT-qPCR-R ACGGTTTGAACCACATTTTGC Quantitative real-time PCR
murA-gPCR-F CACAATTTCCGGCGCTAAA Quantitative real-time PCR
murA-gPCR-R GCCAGTAGAGCGGCAAAAAG Quantitative real-time PCR
torC-qPCR-F TTGCCGAGCGTGAATGG Quantitative real-time PCR
torC-gPCR-R GCGACAGGTTGCCGAGTT Quantitative real-time PCR

dlII-digested plasmid pQE80 (Table 2). The resulting E. coli construct
produces TorR as an N-terminal hexahistidine-tagged protein in the pres-
ence of IPTG (isopropyl-B-p-thiogalactopyranoside).

To construct pNNglpT-P, a lacZ reporter plasmid used to measure
glpT promoter activity, we PCR amplified the 300-bp region upstream of
the glpT gene with primers glpT-PF and glpT-PR and ligated the product
into Notl- and HindIII-digested plasmid pNN387 with promoterless
lacZ. We also constructed pNNglpT-P1, which consisted of pNNglpT-P
from which the TorR-binding site was deleted. A DNA fragment from
which the 18-bp region containing the TorR-binding site was removed
was PCR amplified with primers glpT-PF and glpT-PR2, and the follow-
ing PCR was performed with primers glpT-PF and glpT-PR. The PCR
fragment was ligated into pNN387 as described above. All constructs were
confirmed by DNA sequencing.
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Drug susceptibility assays. MIC assays were performed by a serial
agar dilution method that consisted of the standard method of the Japa-
nese Society of Chemotherapy. Bacteria were grown for 20 hat 37°Cin LB
medium without shaking. Five microliters of 100-fold-diluted cultures
(~5,000 cells) was inoculated onto an agar plate containing antibiotics,
and the plate was incubated for 16 h at 37°C. The MICs were determined
to be the lowest concentration at which growth was inhibited. To examine
bacterial survival rates in fosfomycin-containing broth, a 50-fold dilution
of culture that had been standing overnight was inoculated into fresh LB
broth, and the bacteria were grown to mid-logarithmic phase. A 1-ml
portion of the cultures was transferred into a microcentrifuge tube
containing fosfomycin, and the tube was incubated at 37°C without
shaking for 1 h. As a fosfomycin-free control, a separate 1-ml portion
of the cultures was incubated in the absence of fosfomycin. Survival
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rates are presented as the percentage of the number of CFU for fosfo-
mycin-treated cells relative to the number of CFU for fosfomycin-free
control cells.

RNA extraction and quantitative real-time PCR analyses. Bacteria
were grown to mid-logarithmic growth phase (optical density at 600 nm
[ODgg0l, ~0.5) in LB medium. TorR was overexpressed in the wild-type
parent harboring pTrc99torR grown with 0.1 mM IPTG. TMAO was
added to the LB medium at a concentration of 20 mM. Total RNA extrac-
tion and cDNA synthesis were performed using an SV total RNA isolation
system and a GoScript reverse transcription system as described by the
manufacturer (Promega Corp., Madison, WI). The real-time PCR mix-
ture included 2.5 ng ¢cDNA and 200 nM primers in SYBR Select master
mix (Applied Biosystems, Foster City, CA), and PCRs were run on an ABI
Prism 7900HT Fast real-time PCR system. Constitutively expressed rrsA
and rpoD genes were used as an internal control. Primers are listed in
Table 2. Amplification plot and melting curve data are available upon
request.

Overexpression and purification of Hisg-TorR. His,-TorR was ex-
pressed in and purified from Escherichia coli Rosetta(DE3) (Novagen/
EMD Bioscience, Philadelphia, PA). Bacteria containing recombinant
plasmid were grown to an ODyq, of 0.4 at 37°C in LB medium, 0.5 mM
IPTG was then added, and culture growth was continued for 3 h. Cells
were harvested and stored at —80°C overnight. The cell pellet was sus-
pended in lysis buffer (20 mM Tris [pH 7.9], 500 mM NaCl, 10% glycerol)
and lysed by sonication. The lysate was centrifuged, and the resulting
supernatant was mixed with Ni-nitrilotriacetic acid—agarose (Qiagen, Va-
lencia, CA) for 1 h. The agarose was washed twice with 50 mM imidazole,
and then His-TorR was eluted with 500 mM imidazole. The protein was
>95% pure, as estimated by SDS-PAGE and Coomassie brilliant blue
staining. The protein concentration was determined using the Bio-Rad
protein assay (Bio-Rad, Hercules, CA). Proteins were stored at —80°C.

Gel shift assays. To assess TorR binding to the glpT promoter se-
quence in gel shift assays, we used a 321-bp DNA probe containing the
300-bp region upstream of the glpT start codon. We also used a 318-bp
DNA fragment from the 300-bp region upstream of the torC start codon
as a positive-control probe and a 323-bp DNA fragment from the Pseu-
domonas aeruginosa rhiR gene as a nonspecific control probe. The purified
Hisg-TorR was phosphorylated in gel shift assay buffer (20 mM Tris [pH
7.5], 50 mM KCl, 1 mM dithiothreitol, 10% glycerol) containing 50 mM
carbamoyl phosphate (Sigma-Aldrich, St. Louis, MO) and 10 mM mag-
nesium chloride for 30 min at 30°C. Then, we expected that at least some
portion of the TorR protein pool would be phosphorylated in the in vitro
reaction. The probe DNA fragments (0.30 pmol) were mixed with phos-
phorylated His,-TorR in a 10-pl reaction mixture. After incubation for 20
min at room temperature, samples were separated by electrophoresis on a
5% nondenaturing acrylamide Tris-glycine-EDTA (10 mM Tris [pH 8.0],
380 mM glycine, 1 mM EDTA) gel in Tris-glycine-EDTA buffer at 4°C.
The gel was incubated in 10,000-fold-diluted SYBR green I nucleic acid
stain (Lonza, Walkersville, MD), and the DNA was visualized under UV
light at 300 nm.

DNase I footprinting. DNase I footprinting was performed using a
previously described nonradiochemical capillary electrophoresis method
on an ABI Prism genetic analyzer equipped with ABI Prism GeneScan
analysis software (33). The 6-carboxyfluorescein (6-FAM)-labeled (5")
255-bp DNA fragment (starting at 49 bp inside the glpT-coding region
and ending 206 bp upstream of the gIpT start codon) was generated by
PCR amplification using a 6-FAM-labeled forward primer (primer glpT-
footprint1-6FAM) and an unlabeled reverse primer (primer glpT-foot-
print2). The DNA fragment (0.45 pmol) was mixed with phosphorylated
TorR (40 pmol) in a 50-pl reaction mixture containing the same buffer
described above. After incubation for 20 min at room temperature, DNase
1(0.3 U; Promega Corp., Madison, WI) was added. After incubation for 60
s at room temperature, samples were purified for GeneScan sequencing
analysis.
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Analysis by 5' RACE. We used 1.5 pg of total RNA isolated from the
mid-logarithmic-phase wild-type parent grown in LB medium and syn-
thesized cDNA using a GoScript reverse transcription system with the
unique primer glpT-RACEI (starting at 559 bp inside the glpT-coding
region). A poly(A) linker was attached to the 3’ terminus of cDNA using
the terminal transferase (TdT; New England BioLabs, Ipswich, MA). Two
rounds of PCR were performed by using an oligo(dT) primer attached to
a 22-base anchor sequence at the 5" end [primer Oligo(dT)-Anchor] and
primer glpT-RACE2 (starting at 441 bp inside the glpT-coding region) for
the first round and an anchor primer without the oligo(dT) sequence
(PCR anchor) and primer glpT-RACE3 (starting at 309 bp inside the
glpT-coding region) for the second round. Eventually, we got a single
~380-bp product by rapid amplification of cDNA ends (RACE). The
product was TA cloned into pCR2.1 TOPO (Life technologies, Waltham,
MA), and six clones were sequenced.

Promoter assays. To measure the promoter activity of the glpT genes,
EHEC strains carrying the reporter plasmid were grown in LB medium.
The wild-type parent and a AtorR strain harboring the reporter plasmid
were anaerobically grown to the early stationary phase. Each cell culture of
0.5 ml was transferred into a 1.5-ml microtube, and 50 pl of chloroform
was added. After incubation for 5 min, the B-galactosidase activity in the
supernatant was monitored using a Tropix Galacto-Light Plus kit accord-
ing to the manufacturer’s protocol (Applied Biosystems, Foster City, CA).

Fosfomycin active transport assays. Assays to test for fosfomycin ac-
cumulation in bacterial cells were conducted as previously described (21).
Bacteria were grown to late logarithmic phase in 20 ml of LB medium and
resuspended in 1 ml of LB medium. This suspension was incubated for 60
min at 37°C in the presence of 2 mg of fosfomycin per ml and then washed
three times with hypertonic buffer (10 mM Tris [pH 7.3], 0.5 mM MgCl,,
150 mM NaCl) to remove the antibiotic. Cells were resuspended in 0.5 ml
of distilled water and plated on LB agar to determine the number of
CFU/ml. The bacterial resuspension was boiled at 100°C for 3 min to
release the fosfomycin. After centrifugation, the antibiotic concentration
in the supernatant was determined by a diffusion disc assay. In this assay,
sterilized assay discs (diameter, 13 mm; Whatman, Florham Park, NJ)
were saturated with 0.1 ml of the supernatant and deposited onto LB agar
plates overlaid with a 1:10 dilution of an overnight culture of E. coli
MG1655 as a reporter strain (28). Commercial fosfomycin was used as a
standard (Wako Pure Chemical Industries, Ltd., Osaka, Japan). The fos-
fomycin concentration in the supernatants was quantified by the diameter
(mm) of the inhibitory rings on the LB agar culture and is presented as the
number of ng per 107 cells.

RESULTS

Overexpression of the forR gene confers fosfomycin tolerance in
EHEC. In our previous study, we found that the activation of
CpxAR resulted in increased tolerance to fosfomycin (21). We
tested other TCSs of EHEC to determine if they control fosfomy-
cin tolerance. Overexpression of the response regulator can arti-
ficially lead to constitutive activation of the TCS even in the ab-
sence of a signal from the sensor protein (31, 33, 34). We
overexpressed each response regulator from an IPTG-inducible
promoter on pTrc994, a multicopy plasmid, and then the MICs of
fosfomycin for these response regulator-overexpressing strains
were determined. We found that the torR-overexpressing strain
showed a lower susceptibility to fosfomycin than the control
strain carrying the empty plasmid (MICs, 4 mg/liter for the con-
trol strain versus 16 mg/liter for the torR-overexpressing strain)
(Table 3). We also compared the survival rate of the torR-overex-
pressing strain with that of the control EHEC strain after treat-
ment with 1.56 mg/liter of fosfomycin, as described in Materials
and Methods. After incubation in the presence of fosfomycin, the
number of CFU of the control strain was only 1.4% = 0.3% of the
number of CFU of the control strain in the absence of fosfomycin
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TABLE 3 Fosfomycin MICs for the EHEC O157:H7 strain and its
derivatives

Fosfomycin MIC

Strain (mg/liter)
Parent (HH-H7-008) . 4
HH-H7-008/pTrc99A 4
HH-H7-008/pTrc99torR 16
HH-H7-008 AglpT (HH-H7-095) 16
HH-H7-008 AglpT/pTrc99A 16
HH-H7-008 AglpT/pTrc99torR 16
HH-H7-008 AcpxAR/pTrc99A ' 4
HH-H7-008 AcpxAR/pTrc99torR 16
HH-H7-008 AcpxA (HH-H7-040) 16
HH-H7-008 AcpxA AtorR (HH-H7-157) 16

(Fig. 1). On the other hand, the survival rate of the torR-overex-
pressing EHEC strain was 88.8% % 11.9% after fosfomycin treat-
ment (Fig. 1). This finding is consistent with the findings of the
MIC experiments and indicates that overexpression of torR in-
creases the tolerance of EHEC O157:H7 to fosfomycin.

Overexpression of the forR gene suppresses glpT expression
and results in reduced fosfomycin uptake. GlpT and UhpT are
transporters for fosfomycin uptake, and MurA is a target for the
drug; thus, they are determinants for susceptibility to fosfomycin.
To determine whether TorR affects the level of glpT, uhpT, and/or
murA gene expression or not, we compared the levels of these
transcripts between the rorR-overexpressing and control strains
by quantitative PCR (qQPCR) analysis. We found that the level of
glpT expression in the torR-overexpressing cells was 15-fold lower
than that in the control, whereas no significant difference in the
levels of uhpT and murA expression was observed between these
strains (Fig. 2).

To confirm that the depletion of GlpT reduces the susceptibil-
ity to fosfomycin, we constructed a mutant with an in-frame de-
letion of the glpT gene and tested the susceptibility to fosfomycin.
The glpT deletion mutant had increased tolerance to fosfomycin
compared to that of the parent strain. However, overexpression of

dkdkde
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FIG 1 Survival rates of the wild-type parent strain harboring pTrc99A (vector
control) or pTrc99torR (a TorR-overexpressing plasmid) after incubation
with or without 1.56 pg/ml fosfomycin. The survival rates are presented as the
percentage of the number of CFU/m! for the strain after incubation with fos-
fomycin relative to that after incubation without fosfomycin. Data are plotted
as the means from three independent experiments; error bars indicate stan-
dard deviations. ****, P < 0.0005.
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FIG 2 Levels of glpT, uhpT, and murA gene transcripts in the wild-type parent
strain harboring pTrc99A (vector control) or pTrc99torR (a TorR-overex-
pressing plasmid). The levels of the glpT, uhpT, and murA transcripts are
presented relative to the rpoD gene (a housekeeping gene) transcript level.
Data are plotted as the means from two biological replicates; error bars indicate
ranges. ****, P < 0.0005.

TorR in the glpT mutant had no effect on fosfomycin tolerance
relative to that of the strain carrying the vector control (Table 3).
These observations suggest that fosfomycin tolerance in the torR-
overexpressing strain is attributed to the suppression of GlpT pro-
duction. We previously found that the Cpx system represses glpT
expression. The response regulator CpxR was constitutively acti-
vated when CpxA phosphatase activity was abolished, and then
fosfomycin tolerance was increased (21). Our data suggest that
there is no cross talk between the Cpx and Tor pathways because
the overexpression of TorR in the cpxAR mutant and the dele-
tion of cpxA in the torR mutant still increased fosfomycin tol-
erance to the same degree as that in the wild-type parent back-
ground (Table 3).

We also measured the intracellular fosfomycin levels of the
torR-overexpressing and control strains. The level of fosfomycin
accumulation in the torR-overexpressing cells was 7.5-fold lower
than that in cells of the control strain (7.0 = 0.8 ng per 107 cells for
the torR-overexpressing strain versus 52.6 = 19.4 ng per 107 cells
for the control strain) (Fig. 3). From these combined results, the
induction of fosfomycin tolerance by torR overexpression can be

*k

g s

Intraceliular fosfomycin
(ng per 107 cells)
8

FIG 3 Intracellular accumulation of fosfomycin in the wild-type parent strain
harboring pTrc99A (vector control) or pTrc99torR (a TorR-overexpressing
plasmid). Accumulation is described as the amount of fosfomycin (ng) in 10
cells. Data are plotted as the means from three independent experiments; error
bars indicate standard deviations. **, P < 0.01.
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FIG 4 Cell growth of the wild-type parent strain harboring pTrc99A (vector control) or pTrc99torR (a TorR-overexpressing plasmid) in DMEM with 0.5%
(wt/vol) glycerol-3-phosphate (glycerol-3P) (A) or glucose (B) as a carbon source to support growth. Growth was monitored by determination of the absorbance
at 660 nm. The experiment was repeated twice, and similar results were obtained each time.

explained by the reduction of GlpT-dependent fosfomycin up-
take.

TorR-overexpressing cells have limited glycerol-3-phos-
phate uptake. GlpT transports glycerol-3-phosphate into the cells
as its innate function, and then EHEC can utilize it as a carbon
source. We predicted that the torR-overexpressing strain has a
growth defect in a medium containing glycerol-3-phosphate as
the carbon source to support growth. We separately cultured
EHEC carrying a torR-overexpressing plasmid or an empty vector
in glucose-free DMEM supplemented with glycerol-3-phosphate
as the carbon source to support growth. As shown in Fig. 4A, the
growth rate of the torR-overexpressing strain was lower than that
of the control strain in this medium. However, there was no sig-
nificant difference in growth between these strains when they were
grown in DMEM supplemented with glucose, in which growth
does not depend on GlpT, instead of glycerol-3-phosphate
(Fig. 4B).

TMAO represses glpT expression in a TorR-, TorS-, and
TorT-dependent manner. Trimethylamine-N-oxide (TMAO) is
a signal that activates the Tor pathway in EHEC anaerobiosis.
TorT, a periplasmic receptor protein, forms a complex with
TMAO. TorS§ is autophosphorylated by interaction with the TorT-
TMAO complex and then transfers its phosphate to TorR (23-25).
To test whether TMAO represses glpT expression through activa-
tion of the Tor pathway, we measured the levels of the glpT tran-
script in the wild-type EHEC and torR mutant strains grown an-
aerobically in the presence or absence of TMAO by qPCR analysis.
The qPCR data showed that the level of expression of glpT in the
wild-type parent was 2.5-fold lower when it was grown with
TMAO than when it was grown without TMAO (Fig. 5A). On the
other hand, the level of the glpT transcript in the torR mutant was
not decreased by TMAO (Fig. 5A). We also confirmed that the
level of expression of torC, which is activated by the Tor system,
was increased in the wild-type parent grown in the presence of
TMAO but not in the forR mutant (Fig. 5A). Similar to the results
for the torR mutant, neither repression of glpT nor activation of
torC by TMAO was observed in the torS and torT mutant strains
because TorS and TorT are also required for Tor activation in the
presence of TMAO (see Fig. Sl in the supplemental material).
Consistent with the results of qPCR analysis, fosfomycin accumu-
lation in EHEC grown with TMAQ was 2.2-fold lower than thatin
EHEC grown without TMAO (472 *+ 117 ng per 107 cells when the
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strain was grown without TMAO versus 213 = 83 ng per 107 cells
when the strain was grown with TMAQ) (Fig. 5B). These results
indicate that TMAO activates the Tor pathway and then sup-
presses GlpT production.
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FIG 5 Effect of TMAO-induced Tor system activation. (A) The levels of the
glpT and torC transcripts in the wild-type parent and the torR mutant grown
anaerobically with or without 20 mM TMAO were measured by qPCR. These
transcript levels are presented relative to the rpoD gene (a housekeeping gene)
transcript level. Data are plotted as the means from two biological replicates;
error bars indicate ranges. (B) Intracellular accumulation of fosfomycin, de-
scribed as the amount of fosfomycin (ng) in 107 cells, in the wild-type parent
anaerobically grown with or without 20 mM TMAQ. Data are plotted as the
means from three independent experiments; error bars indicate standard de-
viations. *, P < 0.05; ****, P < 0.0005.
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Promoter
probe: torC glpT rhiR (control)
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(pmol)
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TorR consensus sequence : CTGTTCATAT

glpA <« cat tgttatccctctgaagttcgttttttaccatttagccatagtaaaaacatgagttgtttgatttcg

cgcatattcgctcataattcg aaagtgagacgtgatticatgcgtcattttgaacattttgtaaatcttattt
+1
aataatgtgtgcgg caat tcacat ttaatttatgaatgtttict taacat cgcggcr;;ctcaagaaacg

33, site2 -10

[ gcaggttctcteactgaatcagg ctgttaatcaltaaataagaccacgggecacggaggcttica atg — glpT

+«—— Sitel

FIG 6 TorR binds the glpT promoter region containing predicted decameric sequence. (A) Results of a gel shift assay showing the binding of TorR to the glpT
promoter. The TorR protein (0, 10, 20, or 40 pmol) was added to reaction mixtures containing 0.3 pmol of a DNA probe. DNA upstream of torC and rhiR was
used as a positive control and a nonbinding (negative) control, respectively. Reaction mixtures were separated on polyacrylamide gels. Free and TorR-bound
DNAs were visualized by SYBR green I staining under UV light at 300 nm. (B) DNase I footprinting of the glpT promoter region. A 255-bp, 6-FAM-labeled DNA
fragment was incubated in the presence or absence of phosphorylated TorR (40 pmol) and subjected to DNase I digestion. The fluorescence intensities of the
DNA fragments (y axis) are plotted relative to their size in bases (x axis). One region (outlined by the dashed line) was protected from DNase I digestion in the
presence of 40 pmol TorR. (C) Sequence of the upstream gIpT region. The double-headed arrows indicate the predicted TorR-binding sites, and the region
protected from DNase I digestion is indicated by the box. The transcriptional start site is indicated by the arrow labeled + 1. The glpT translational start codon
and predicted —10 and —35 boxes are indicated.

TorR is a repressor for the gIpT gene. To investigate if TorR  from the region upstream of the rhIR gene from P. aeruginosa as a
directly regulates the expression of glpT, we purified TorR as an  nonspecific control. TorR bound to both glpT and torC promoter
N-terminal hexahistidine-tagged protein and examined its ability = DNA fragments but not the rhIR gene used as a nonspecific probe
to bind the promoter of the glpT gene by gel shift assays. We used  (Fig. 6A). We also confirmed that the binding to the glpT pro-
a 321-bp DNA probe including a 300-bp region upstream of the moter depends on the phosphorylation of the TorR protein be-
gIpT gene. We also used a similarly sized DNA probe from the cause no shift of the glpT DNA band was observed when nonphos-
region of the torC promoter including a known TorR-binding phorylated protein (in the absence of carbamoyl phosphate) was
sequence as a positive control and a similarly sized DNA probe used.
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FIG 7 B-Galactosidase activities of the EHEC wild-type parent and the torR
mutant containing glpT-lacZ reporter plasmids anaerobically grown with or
without 20 mM TMAO. The B-galactosidase activities from LacZ expression in
these strains correspond to glpT promoter activities and are described as the
number of relative light units (RLU) in 10° cells. Data are plotted as the means
from three independent experiments; error bars indicate standard deviations.
e P < 0.0005.

TorR is proposed to bind to a decameric consensus sequence
(5'-CTGTTCATAT-3') (35). The promoter region of the torC
gene has three consensus sequences that match completely and
another one with a 3-base replacement to which the TorR protein
binds with a relatively lower affinity (35). We found these consen-
sus sequences with the 3-base replacement 41 bp upstream
(CAATTCACAT) (designated site 2) of the glpT translational start
site, respectively (the consensus sequences are underlined). We
then identified the TorR-binding region by DNase I footprinting.
A 33-bp region including the site 1 element was partly protected
from DNase I digestion by TorR, suggesting that the TorR protein
binds to site 1 but not to site 2 (Fig. 6B). The glpT transcriptional
start site has been proposed to be an A residue 76 bases down-
stream of the translational start site; the site 1 element is located 36
bases upstream of the transcriptional start site (36). We confirmed
that the proposed transcriptional start site is correct by 5' RACE
analysis, as described in Materials and Methods (Fig. 6C).

To verify the TorR-binding site in an in vivo experiment, we
constructed two glpT-promoter-lacZ plasmids; one was desig-
nated pNNglpT-P, which contains a 300-bp region upstream of
the glpT translational start site fused to a promoterless lacZ gene,
and the other was designated pNNglpT-P1, which contains the
proposed TorR-binding site on pNNglpT-P from which an 18-bp
region was removed. The LacZ activity in the wild-type parent
containing plasmid pNNglpT-P was decreased when the strain
was anaerobically grown with TMAO, but this decrease did not
occur in the torR mutant (Fig. 7). In addition, TMAO did not
repress LacZ expression in the wild-type parent carrying
pNNglpT-P1 (Fig. 7). These observations indicate that TorR binds
the decameric consensus sequence (CTGTTAATCA, where the
underlined sequence is the consensus sequence) between the tran-
scriptional and translational start sites of gIpT and then represses
glpT gene transcription probably by blocking transcription elon-
gation.
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Fosfomycin does not activate the Tor pathway. In our previ-
ous study, we showed that fosfomycin activates the Cpx pathway
and induces tolerance to fosfomycin by repressing the expression
of glpT (21). To investigate whether or not the Tor pathway is also
activated by fosfomycin, we grew the wild-type parent in medium
with and without 0.2 g/ml of fosfomycin and compared the lev-
els of the torC transcript between these strains by qPCR analysis.
Cell growth was not affected with this concentration of fosfomy-
cin. No significant difference in torC transcript levels between the
strains was seen when they were grown with and without fosfo-
mycin (see Fig. S2 in the supplemental material).

Overexpression of torR orthologs in the nonpathogenic K-12
strain and a UPEC strain also induces tolerance to fosfomycin.
To determine if the Tor system induces fosfomycin tolerance in
other E. coli species, we used strain MG1655 from the nonpatho-
genic K-12 subgroup and nongastrointestinal infectious uro-
pathogenic E. coli (UPEC) strain CFT073. The sequences of the
open reading frames for the torR and glpT orthologs among the
MG1655, EHEC 0157, and UPEC CFT073 strains were >95%
identical (28, 29). We cloned torR ortholog genes of MG1655 and
CFT073 into plasmid pTrc99A and then overexpressed the plas-
mid in parallel hosts. Similar to the results of the experiment with
EHEC 0157, survival rates after fosfomycin treatment were higher
for the torR-overexpressing strains than for the vector control
(9.1% = 2.3% for the MG1655 control strain versus 100.7% =
4.3% for torR-overexpressing strain MG1655 and 7.4% * 2.1%
for the CFT073 control strain versus 45.3% = 5.7% for torR-
overexpressing strain CFT073) (Fig. 8).

DISCUSSION

The decline in the use of fosfomycin, as well as the biological cost
conferred by the acquisition of resistance to fosfomycin, has con-
tributed to a lower incidence of fosfomycin resistance. In an era of
a shortage of new antimicrobial agents, particular interest in fos-
fomycin has recently resurfaced. We aimed to get insight into the
molecular mechanism by which innate tolerance is induced; such
insight will aid us with the establishment of a method that en-
hances the efficacy of this drug.

Reversible mechanisms to control fosfomycin tolerance that
do not depend on genetic modifications, including chromosomal
mutations in glpT, uhpT, and/or murA, would allow EHEC to
relieve the biological cost conferred by fosfomycin resistance in
fosfomycin-free circumstances and could thus be beneficial for
EHEC in respect to fitness.

We previously identified a reversible mechanism operated by
the CpxAR two-component system (21). Activation of the Cpx
pathway leads to increased tolerance to fosfomycin and decreased
uptake of the carbon substrates glycerol-3-phosphate and glu-
cose-6-phosphate due to repression of GlpT and UhpT produc-
tion when a sub-MIC of fosfomycin is present.

In this study, we found that the Tor pathway induces fosfomy-
cin tolerance (Table 3; Fig. 1). Activation of the Tor pathway re-
duced thelevel of glpT expression (Fig. 2, 4,and 5A) and decreased
the amount of intracellular fosfomycin, which led to increased
tolerance to fosfomycin (Fig. 3 and 5B). However, unlike the Cpx
pathway, the Tor pathway was not activated by fosfomycin (see
Fig. S2 in the supplemental material) and TorR directly impaired
gpT transcription elongation, resulting in a decrement of GlpT
protein production without cross talk with the Cpx pathway (Ta-
ble 3; Fig. 6). We also found that the Tor orthologs in a nonpatho-
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FIG 8 Survival rates of nonpathogenic K-12 (MG1655) (A) and uropatho-
genic (CFT073) (B) strains harboring pTrc99A (vector control) or pTrc99torR
(a TorR-overexpressing plasmid) after incubation with or without 1.56 pg/ml
fosfomycin. The survival rates are described as the percentage of the number of
CFU/ml for the strain after incubation with fosfomycin relative to that after
incubation without fosfomycin. Data plotted are the means from three inde-
pendent experiments; error bars indicate standard deviations. ****, P <
0.0005.

genic K-12 strain and a nondiarrheic uropathogenic strain
(UPEC) also participate in the induction of fosfomycin tolerance
(Fig. 8). The Tor-mediated fosfomycin tolerance mechanism may
be conserved among strains of E. coli and related species.

The Tor pathway was originally characterized to be a regula-
tory system for the anaerobic reduction of TMAO (35). E. coli
species, including EHEC, use TMAO as an electron acceptor for
their anaerobic respiration, where TMAO is reduced to trimeth-
ylamine (TMA) to allow the cell to generate the proton motive
force required for ATP synthesis (37). The Tor pathway is acti-
vated when TMAO is present in the medium. TorS is autophos-
phorylated when the complex of TMAO and TorT interacts with
the sensing domain of this protein and then transfers the phos-
phate to its cognate response regulator, TorR (24). Phosphory-
lated TorR stimulates the promoter of the torCAD operon, encod-
ing proteins that are responsible for TMAQ respiratory system
(38). The Tor pathway also activates the tnaA gene, encoding tryp-
tophanase, which is proposed to counteract alkaline stress, and
represses the gadAB and the hdeABD genes, which contribute to
bacterial survival under acidic pH conditions (26). Regulation by
Tor also contributes to protection against alkalization of the me-
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dium after TMA production. In addition to these genes, we have
found another gene regulated by the Tor system.

The TMA precursor is produced by gut microorganisms from
carnitine, lecithin, or phosphatidylcholine contained in food (for
example, red meat) and oxidized into TMAO in liver, and even-
tually, the oxidized molecule is transported via blood to the en-
teric site (39). Therefore, the activation of the Tor pathway by
TMAO could occur when EHEC is in the animal gut. Animal
studies have indicated that TMAO levels can be affected by the gut
microflora, which produces TMA from- dietary carnitine and
phosphatidylcholine, resulting in an increased risk for cardiovas-
cular disease (CVD) (40, 41). These results imply that the activity
of the Tor system may be associated with the levels of TMAO
derived from the TMA producers in the gut, which could affect the
level of susceptibility to fosfomycin in E. coli species.

E. coli species can use glycerol-3-phosphate as an electron
donor for anaerobic respiration, where it is oxidized to dihy-
droxyacetone phosphate (DHAP) by glycerol-3-phosphate de-
hydrogenase and transfers electrons to the terminal reductases,
including the TMAO reductase (37, 42). Thus, repression of
GIpT production by Tor activation may lead to defects in not
only carbon source availability but also anaerobic electron
transport. However, if any alternative carbon sources and elec-
tron donors are present at sufficient levels in the gut, cells with
fosfomycin tolerance conferred by transient Tor activation
may be able to grow without being outcompeted by the suscep-
tible members.

Genetic modifications, such as chromosomal mutations and
acquisition of external genes, can provide bacteria with long-
term drug resistance that leaves genetic scars and then often
confers an irreversible fitness burden. We suggest that the
mechanism of control of tolerance to antibiotics that depends
on environmental changes that do not leave any genetic scars,
which is often difficult to detect in clinical situations by current
molecular techniques, may be an important clinical issue to
keep in mind. However, this theory encourages us to create a
concept that we can make fosfomycin treatment more effective
if we can close reversible mechanisms, such as the Cpx and Tor
pathways.
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Using the loop-mediated isothermal amplification (LAMP) method, we developed a rapid assay for
detection of 165 rRNA methylase genes (rmtA, rmtB, and armA), and investigated 16S rRNA methylase-
producing strains among clinical isolates. Primer Explorer V3 software was used to design the LAMP
primers. LAMP primers were prepared for each gene, including two outer primers (F3 and B3), two inner
primers (FIP and BIP), and two loop primers (LF and LB). Detection was performed with the Loopamp
DNA amplification kit. For all three genes (rmtA, rmtB, and armA), 10 copies/tube could be detected with
a reaction time of 60 min. When nine bacterial species (65 strains saved in National Institute of Infectious
Diseases) were tested, which had been confirmed to possess rmtA, rmtB, or armA by PCR and DNA
sequencing, the genes were detected correctly in these bacteria with no false negative or false positive
results. Among 8447 clinical isolates isolated at 36 medical institutions, the LAMP method was con-
ducted for 191 strains that were resistant to aminoglycosides based on the results of antimicrobial
susceptibility tests. Eight strains were found to produce 16S rRNA methylase (0.09%), with rmtB being
identified in three strains {0.06%) of 4929 isolates of Enterobacteriaceae, nntA in three strains (0.10%) of
3284 isolates of Pseudomonas aeruginosa, and armA in two strains (0.85%) of 234 isolates of Acinetobacter
spp. At present, the incidence of strains possessing 16S rRNA methylase genes is very low in Japan.
However, when Gram-negative bacteria showing high resistance to aminoglycosides are isolated by
clinical laboratories, it seems very important to investigate the status of 16S rRNA methylase gene-

harboring bacilli and monitor their trends among Japanese clinical settings.
© 2014, Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. All rights reserved.

1. Introduction

So far, at least eleven 16S rRNA methylase genes (rmtA, rmtB,
rmtC, rmtD, rmtD2, rmtE, rmtF, rmtG, rmtH, armA, and npmA) have

Some Gram-negative bacilli are highly resistant to amino-
glycosides (AGs), including strains of Pseudomonas aeruginosa,
Klebsiella pneumoniae, and Serratia marcescens. In Japan, such
resistant strains were first reported in 2003 [1]. These AG-resistant
bacteria acquire genes similar to the 16S rRNA methylase genes of
actinomyces, which confer resistance to clinically used AGs anti-
biotics such as gentamicin and amikacin.

* Corresponding author. Department of Laboratory Medicine, Tohoku University
Hospital, 1-1 Seiryo-machi, Aoba-ku Sendai, Miyagi 980-8574, Japan.
Tel.: +81 22 717 7374; fax: +81 22 717 7378.
E-mail address: nagasawa-m@umin.net (M. Nagasawa).

http://dx.doi.org/10.1016/].jiac.2014.08.013

been identified [ 18], and since these genes are usually present on
plasmids, they can easily transfer to other bacteria. When multiple
drug-resistant P. aeruginosa acquires a 16S rRNA methylase gene,
antibiotic therapy would become ineffective. Accordingly, the
emergence and spread of such bacteria should be carefully moni-
tored, and investigating the acquisition of 165 rRNA methylase
genes by clinical isolates is important for both prevention and
treatment of their infections, so development of a rapid and
convenient detection method would be desirable.

Detection of AGs-resistant strains can be done by antimicrobial
susceptibility testing with methods such as broth microdilution
method in accordance with the CLSI's protocol, but such procedures

1341-321X/© 2014, Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.
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Table 1

LAMP primers (F3, B3, FIP, BIP, LF, and LB) for the target 165 rRNA methylase genes (rmtA, rmtB, and armA) were designed by Primer Explorer Ver.3 software (Eiken Chemical Co.,

Ltd. Tokyo, Japan).

16S rRNA methylase  Amplified region (GenBank accession number)  Primer Type Sequence (5'-3')

rmtA 7118-7328 (AB120321) rmtA-F3 F3 GGATTGGACTTCACGTTCGC
rmtA-B3 B3c TTGCTTCCATGCCCTTGC
rmtA-FIP F2-Fic CTCGCTCCAGCAAAGGCAGTAATGCAGGATGTGATGTGTACG
rmtA-BIP B1-B2c  GGCGCTACTGCAGGCACTAGTAAACTGCGGGTGGGGAA
rmtA-LB LB TACCCCTCGGATTGCCGT

rmtB 1776-2001 (AB103506) rmtB-F3 F3 GGCATTGCATCCGTGTGG
rmtB-B3 B3c GCGGGGTATTGAGGGATTG
rmt-FIP F2—Flc CACATCCTGCAGGGCAAAGGTAAGGGATTGGGGGATGTCAT
rmt-BIP B1-B2c  GGCGACCTGGCGCTGATTTTAAGTGCCATGGCAGAACC
rmtB-LF LFc CCAATCTTTITCCCTAGCAAAGGG
rmtB-LB LB TTTTGCCCCTGCTGGAGCG

armA 2281-2539 (AB116388) armA-F3 F3 GGAAATATCAAACATGTCTCATCT
armA-B3 B3c GCTGTTTTAGCACAGGAAG
armA-FIP  F2—-Fic CTCAGCTCTATCAATATCGTATGCATGGCTTCAATCCATTAGCTTTA
armA-BIP  B1-B2c  AGCATTATTGGGAAGTTAAAGACGAACATCATAAGTACCTTTGTAGAC
armA-LF LFc TTTTTCATTTTCATTCCATTGGT
armA-LB LB AGGTTTTTGAATAAAGAGAGTGA

are time-consuming because bacterial culture in broth media
containing some AGs is required after identification of bacterial
species. In addition, the presence or absence of 16S rRNA methylase
genes cannot be determined by the routine microbiology labora-
tory testing. Although tests based on the polymerase chain reaction
(PCR) have been developed for detection of resistance genes, PCR
requires special equipment and is unsuitable for an ordinary hos-
pital laboratory. In contrast to PCR, loop-mediated isothermal
amplification (LAMP) is an easy and rapid method for genetic
testing [9.10].

Accordingly, we designed LAMP primers to detect three 16S
rRNA methylase genes (rmtA, rmtB, and armA) that have been re-
ported to be associated with AG resistance in Japan. Then we
employed the LAMP method to investigate the frequency of 16S
rRNA methylase gene-positive isolates among the clinical isolates
identified in clinical microbiology laboratories around Japan.

2. Materials and methods
2.1. Design of primers and LAMP assay method

For specific detection of three 16S rRNA methylase genes (rmtA,
rmtB, and armA), a set of LAMP primes (two outer primers; F3 and
B3, two inner primers; FIP and BIP, and two loop primers; LF and LB)
was designed for each gene using Primer Explorer Ver.3 software
(Eiken Chemical Co., Ltd. Tokyo, Japan). The GenBank accession
numbers of rmtA, rmtB, and armA which were used for the design
are AB120321, AB103506, and AB116388, respectively.

The LAMP reaction was carried out with the Loopamp DNA
amplification kit (Eiken Chemical Co., Ltd.). The reaction was per-
formed in a volume of 25 pl containing 40 pmol each of the FIP and
BIP primers, 5 pmol each of the F3 and B3 primers, 20 pmol each of
the LF and LB primers, 2x reaction mixture (12.5 ul), Bst-DNA po-
lymerase (1 pl), and template DNA (2 ul). For rmtA, an LF primer was
not used because it could not be designed by the Primer Explorer
Ver.3. Extraction of template DNA was conducted by incubating
bacterial strains at 95 °C for 10 min and 2 pL of the supernatant was
obtained by 10,000 rpm and 1 min of centrifugation. The reaction
was performed at 65 °C for 60 min, and the amplified products in
the reaction tube were detected by visual inspection using Loop-
amp fluorescent detection reagent (Eiken Chemical Co., Ltd.).

Primers were synthesized by a contract laboratory (Nihon Gene
Research Laboratory Inc., Miyagi, Japan).

3. Evaluation of LAMP assay performance

The detection sensitivity and reaction time were investigated by
using serial dilutions of PCR products for rmtA, rmtB, and armA. For
real-time assay performance, a real-time turbidimeter (Loopamp
LA-320C, Eiken Chemical Co., Ltd.) was used. The specificity of the
LAMP assay was investigated by using nine bacterial species (65
strains) (Table 2) obtained from the National Institute of Infectious
Diseases, which were verified to possess 16S rRNA methylase genes
(rmtA, rmtB, and armA) by PCR and DNA sequencing.

4. Investigation of clinical isolates

At 33 medical institutions throughout japan (3 in Hokkaido, 2 in
Tohoku, 14 in Kanto, 4 in Chubuy, 2 in Kinki, 3 in Chugoku, 4 in
Shikoku, and 1 in Kyushu), agreement of the institutional head was
obtained to investigate a total of 5998 strains isolated from January
through December 2008, consisting of 3056 Enterobacteriaceae
strains, 2885 P. aeruginosa strains, and 57 Acinetobacter spp. strains.
From among these isolates, 132 strains with resistance to AGs
(gentamicin and/or amikacin) were identified, including 52 Enter-
obacteriaceae strains, 77 P. aeruginosa strains, and 3 Acinetobacter
spp. strains. 132 strains of AGs resistance were measured by the
LAMP method.

Table 2
Specificity of the LAMP assay for bacterial strains confirmed to possess rmtA, rmtB, or
armA.

16S rRNA  Strain
methylase’

rmtA~-LAMP - rmtB-LAMP  armA-LAMP

=3

rmtA P. aeruginosa 21

rmtB C. freundii 1
E. coli 7
K. pneumoniae 5
S. marcescens 1

armA Acinetobacter sp. 3
A. baumannii 4 - -
C. freundii 1
E. aerogenes 1
E. cloacae 3
E. coli 3
K. pneumoniae 10
S. marcescens 5

¢ 16S rRNA methylase genes were verified by PCR and DNA sequencing.
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In addition, another three institutions (Tohoku University Hos-
pital, Yamagata University Hospital, and Miroku Medical Laboratory
Co., Ltd. (Nagano, Japan)) provided a total of 2449 strains that were
isolated from August 2013 through May 2014, consisting of 1873
Enterobacteriaceae strains, 399 P. aeruginosa strains, and 177 Aci-
netobacter spp. strains. Among these isolates, 59 strains with
resistance to AGs (gentamicin and/or amikacin) were identified,
consisting of 41 Enterobacteriaceae strains, 11 P. aeruginosa strains,
and 7 Acinetobacter spp. strains. 59 strains of AGs resistance were
measured by the LAMP method.

Evaluation of antimicrobial susceptibility was performed in
accordance with CLSI M100 S-18, and resistance was defined as an
MIC >16 p/mL for gentamicin and an MIC >64 p/mL for amikacin
[11].

Information about the bacterial strains investigated in this study
was limited to bacterial species name of each isolate and the results
of antimicrobial susceptibility testing, with no clinical data being
collected.

5. Results
5.1. LAMP primers

The sequences of the LAMP primers for the 16S rRNA methylase
genes (rmtA, rmtB, and armA) are shown in Table 1. For rmtA, there
was only a single loop primer (LB).

5.2. Assay performance

When the detection sensitivity of the LAMP assay was investi-
gated, it was found that rmitA, rmtB, and armA could be detected at
10? copies/tube (Fig. 1).

The reaction time was 15 min for 1.0 x 107 copies/tube and
32 min for 1.0 x 10? copies/tube in the case of rmtA, while the
respective times were 23 min and 52 min for rmtB, and 27 min and
41 min for armA.

The specificity of the assay was investigated using 9 species (65
strains) of bacteria known to possess 16S rRNA methylase genes
(rmtA, rmtB, and armA) and the results are shown in Table 2. The
LAMP assay for rmtA detected all of the strains possessing the rmtA
gene (1 species, 21 strains), while strains with rm¢tB or armA were
not detected. Similarly, the assays for rmtB and armA specifically
detected strains possessing rmtB (4 species, 14 strains) and strains
containing armA (8 species, 30 strains), respectively, with no false
positive or false negative results.

~ 5.3. Clinical isolates

The clinical isolates from 2008 and 2013—~2014 included a total
of 191 AG-resistant strains. Among the Enterobacteriaceae isolates,
3 strains were positive for rmtB (1 strain each of Escherichia coli,
Enterobacter cloacae, and Citrobacter freundii). In addition, 3 strains
of P. aeruginosa were positive for rmtA and 2 strains of Acinetobacter
spp. were positive for armA. The 16S rRNA methylase gene detec-
tion rate was 0.06% for Enterobacteriaceae, 0.10% for P. aeruginosa,
and 0.85% for Acinetobacter spp. (Table 3).

6. Discussion

Concerning 165 rRNA methylase-producing strains, rmtA was
first discovered from P. aeruginosa in Japan as a gene for the enzyme
that causes methylation of 16S rRNA at 1405G [1]. Thereafter, armA,
rmtB, rmtC, npmA, rmtD, rmtD2, rmtE, rmtF, rmtG, rmtH, etc. have
been identified [2—4,12—14]. Wachino and Arakawa has been re-
ported that blacrx-m-type, blaoxa-type. bIATEM-type. blasav-type, blanpm-
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Fig. 1. Detection sensitivity and reaction time of the LAMP assays for rmtA, rmtB, and
armA, Turbidity was monitored by a Loopamp real-time turbidimeter LA-320 at
650 nm.

types OF blagpc.ype positive isolate harbors 16S rRNA methylase
encoding gene [15]. Such strains have been found among
K. pneumoniae, S. marcescens, P. aeruginosa, C. freundii, and Acine-
tobacter baumannii [2—4.12—14]. Moreover, Salmonella enterica
producing ArmA has been reported in Bulgaria, the USA, and the
UK, while Shigella flexneri producing ArmA was reported in Bulgaria
[15].

In the present study, LAMP primers were designed to detect
three 16S rRNA methylase genes (rmtA, rmtB, and armA) that have
been reported to be associated with resistance in japan. To reduce
the reaction time, a loop primer (LF, LB) was also used [16].
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Table 3
Detection of strains possessing rmtA, rmtB, or armA among 191 aminoglycoside-
resistant strains identified from 8447 clinical isolates.

Bacterial species  Isolates Resistance to Strains with 16S rRNA % Of strains

AMK or GM methylase genes, n producing

16S rRNA

n % rmtA  rmtB  armA methylase
Enterobacteriaceae 4929  93° 189 0 30 0 0.06
P. aeruginosa 3284 88 268 3 0 0 0.10
Acinetobacter sp. 234 10 427 O 0 2 0.85
Total 8447 191 226 3 3 2 0.09

AMK, amikacin; GM, gentamicin.

2 E. coli (70 isoletes), P. mirabilis (6), K. pneumonia (6). E. cloacae (5), P. stuartii (2),
C. freundii (1), K. oxytoca (1), 5. marsescens (1), S. plymuthica (1).

b E. coli (1 isolete), E. cloacae (1), P. stuartii (1).

Assessment of the sensitivity of this assay showed that it could
detect the target genes at 10° copies/tube in less than 60 min. In the
future, detection of 16S rRNA methylase may be able to be directly
carried out from clinical samples, such as a blood culture bottle.
With regard to specificity, the LAMP assay for rmtA, rmtB and armA
detected all strains, with no false positive or false negative results.
Accordingly, this LAMP assay is easy to perform, can detect target
genes for AG resistance within 60 min, and demonstrates high
specificity, suggesting that it may be useful for clinical detection
and surveillance of strains with high AG resistance. The LAMP
method can be employed as an infection control test in medical
institutions where PCR equipment is not available and it seems
important to utilize this method as a rapid test for detecting 16S
rRNA methylase producing strains.

The only previous surveillance of 165 rRNA methylase-
producing strains was conducted by Yamane et al., in 2004 [17].
They investigated 87,626 Gram-negative clinical isolates for 165
rRNA methylase genes and identified rmtB, armA in 0.02% of E. coli,
rmtA in 0.08% of P. aeruginosa, and armA in 0.13% of Acinetobacter
spp. In the present investigation, 165 rRNA methylase genes were
detected with rmtB being found in 0.06% of Enterobacteriaceae,

rmtA in 0.10% of P. aeruginosa, and armA in 0.85% of Acinetobacter

spp. These results were comparable to those reported by Yamane
et al. in terms of the bacterial species, genes, and detection rates.

Currently, the prevalence of strains possessing 16S rRNA
methylase genes is very low in Japan and there is no trend for a
marked increase. However, it has been shown in other countries
that the transmissible plasmid carrying the NDM-1 gene also
carries the armA, rmtB, or rmtC genes. When Gram-negative bac-
teria showing high resistance to amikacin or gentamicin are iso-
lated by clinical laboratories, it seems worth considering to perform
the LAMP assay method to rapidly identify the 16S rRNA methylase
gene-harboring Gram-negative bacilli and monitor their trends
among Japanese clinical settings.
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THRABREN OB ETHIL, 7., Kk
HERESTROFM» X/ T 2EEHLE 25 B
DEEEEBEAITER (Z-alert), H
DEBERATEE MY 2 2] (S-alert
matrix) BLGELX OBEORANILBZRL 3
{t3 2 2DCM (Two-dimensional color-co-
ded Carrier Mapping system) ®#Bi5& L 7=,
IhbBHHT S,

1. [AOBREEFEOEBHEH] (PMA)

B2 OBEBICDOWT, bV ERICZD
ENNEEShE NAOEETHEIR—AF4

L— b (baseline rate), —EBEI RO

REol ABBRBRUBER, 205
ZOEMBHHEI NI AB(BIEEER 03D
Hbhhdl, FOXIRBEOHFENESIL
@RI KR SR T (sporadic i) &S
PMRRTHESMICL>TERICKDE L
BTEBE (H2), LidoT, HODHED
FONKBERIETCTEHINTHEI L%
ERF LT 2L, ROLEREL—EBUTTH
N, MBARZ R SIA TR o 2RI
Bz, ARNBESRboEE LN
BRTHBIL WS BRITE S (RIRRBAS
BEIHD). ARNBESLE, H2HEE1L
MoBECEEPLTS, 565 0BRERE
HoTHEIDELEIIRM B L EHEKRT 3,
FEc, THRCOSh2 X0 b, BECE
WA ABEMNBES W Tk, DR
i, H20EEENLERPERT S, &
NWREORASREAZEEE LTIV,
PMA BEEHAFORHNRIRECR
KEHHALADDTHEN, BEOHEEE
BT fediciy, |H, BlIdhs2H
oo T, fkesiE, %L £ 0B (=
Zw ) T, b, EHMCRERSH
B, RECERC2MEOWMT2HERICE DL Z
B DB ORI TRHE 2T BEH

Pouzi :Z n Cmpm (1 - p)nﬂm

n=k

H2 ZHEABICLDRROEHE

n:REELLAR m: 20EMH I W ADH,
p: ZORMBEINEADE (=254 1—1})

ZHEHARRAME VI BRMNOVTLEY, HREL
TOBRN 2R HET, BROHBEGREIHONTE
CRHEALEY. HOARSEREGCEAShTHE
LTWAZ L #REIRA L LTHEIALERIVDEL
L&, CORMEEBRETESh, AR TOBEN
holk T2, ChEBARILELEIATHS
sporadic HHAHETR {, BN LEH BEORNIE) »*
bolelLEERT S,

(EHIER)

b3, Thbb, HEHX2Z=Zy MIXEEFH
B GEET7H, 14(, 28HZAE30H)
OHE*EATIEIBEEL Y, AFT
O REHTHIH, T—ROWE, &
i, MEOHERZEBNCT I VAT LEH
FTHERAOLOEEORL2TZA 3,

PMA X, BYICEN KZEBY 7o
TRIEEEY AT L (ud s MET) Y,
K- SHIPL (Standardized Hospital Infec-
tion Primary Lookout system) '8 {258 &
h, FIAEShTV 3,

2. [HOEBERESAOI7RR] (=-

alert), [EOEEEHIAI7RE
)2 2] (S -alert matrix)

PMA IR HRE2 b i, MRS
EHSRTHELLTREOEILEST
level 1 ~3 ETCOEERNT, VVOE
HEE (L& WE) QERCRETETH SH5,
REBWML TV 2 AT L0HREMHE,
level 1 :p < 0.01, level 2 :p < 0.005,
level 3:p < 0.001 Th 3,

2DCM (Two-dimensional color-coded Carrier Mapping system)
SHIPL (Standardized Hospital Infection Primary Lookout system)
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alert (H3) %3 o & CHAESOEH DR
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57,

% -alert TREHINICEBREIZ T 28
H¥ s/, HONHED D> T HEEMNICHE
BB TCRThIAa7i3 0k s,

T-alert 1O S 7 HEMHO 1 H
TE D D XH K (BN HERL ORI &34 T
EWTCRD, HHIORBEEER T OM%E
F—a— R (@ TETITRTIE 11
DTS 7RI ADHEHELLTETIEMNTER
b, IhEHMEATICENS L BTHEORK

EXOROREERE I ROBICTEI LM
TE2(E4), ThrB8EAXaT7REIF—
¥ YA Z-alert matrix LA TS,

2 -alert matrix (38 % O 5 o> B 35 5
LoRERE RSB TR RT o b,
EHMEMOVLTOREM OBV H
TRHNBZ L5, RANBHENE LODY
Db L RMET B3I EWHLMICR S
o (B4, 5),

Y-alert X SHIPL (o REBShAHIhT
WA B, S-alert matrix DEHEZ SEORE
ThHd, PMA, T-alert, Z-alert matrix ®
B, R T e B A D e T =%
Pt i —o<A 2 X (JANIS) & E R TN
WEATOBHRTDHY, Thboftis®
JANIS R Il 7 — 2 2 FI A LI v 3
CEHFEMACETEETH LD, PMADH
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B4 BESEXO7HRRNS—7 PJOZ Z-alert matrix

W, MEREEARLTV2. BADERZORDOZFOHAOPMAOREA 2T ORBIENTI A
=A== VTHY, S-alert OIS 7OBEENF—Ar—M{ELbDTH B, HT D Z-alert DBUITHIG
T3 xR G L, CORTCRAT—Ar—VOROYICT VA Ay —VERVTW2, ZOMTI 1995
FEOHE~ 1997 £ TR HORNLEI WL LTV E (BVEAIE-TVE) Jedbhh3
b, O TIREMOMETHESY 1994 0 12 A~ 1996 4ED 4 A 3 TITVL, —RRNICABRBEHPHEL
T T edbhroTd, ZRLSNOHEEEHAZ ORI S{, HUROBENLEIH 2 Liibh 3,

PMA : i RHER OB

HICHEL M DS AT LAEHEBAE )
HEMCEELY, PMADEH 2MECT
IFEI DT LTV 5,
3. 2DCM (Two-dimensional color-
coded Carrier Mapping system)
PMA, I -alert, X-alert matrix 3B D%
NI ERHT 27K, ba0id, 208
FRWTHERRNC BT 2 BoRNHEEORER
PIRBTID0FETHZ, JhIfLT
2DCM B4 DEMRATHHL TSR
W%, SRR, BP ORE D 3 WIS EER R

(EH{ER)

&), B, BEOBE, HOoBRZHRE—-
K EBHEERGDTT 2 ATFEICRT
TER3HETHY, PMAC K> TREI AL
EREDIAYICHERRA COHREDE S 0% TH
TRIHRETHB,
AEROEBOBMNSEINIESE, AL
HThahESrE YT 2 gold standard
FIOVAT 4 — NV RBRKIIL & OSTFRE
MHETH B, BEEREZ—C L ZHROH
ERSTFEFRNFTRHRICES L HRERED
M, T bhTvA 2R ERERMLM 15
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(A) MRSA #t ¥ ORISR { VIRL T ARk, 2008 £330 5 BB RIEL WD, 2008 FIifh
bR R DML Thbh T, 2008 2 TOXK 5/3 BERIXIAS { R 2 W oBREE»E (ks
NTVED, ZOBORYTRESVERSMHEY, BORRIBENHoTWE L dbh 2,

(B) B HOT X BV T PEERR. 2008 £0%4 0 5 BORNERDEM, RERCHEEORM
FELHTOVR, bt b LEORNTEMIDL L, WOETHSH, 2008 FOBEPLLTNTHEIMHI L
AT, RORAIEIMR LI Edbhd, FRTRY I A —rDfb Yy v 4 A —n% v

'CL\%b
MRSA : X5 VEHERE T B VIRE
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