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hydroxylated by reactive oxygen species, including hydroxyl
radicals (46, 54). These radicals may be produced during fungal degradation (51) or by sunlight (19); however, bacterial
metabolism of fluoroquinolones has been studied infrequently.
Pure cultures of bacteria and mixed cultures from wastewater
treatment plants degrade the piperazine moieties of some fluoroquinolones (1, 12, 13). A modified aminoglycoside acetyltransferase from Escherichia coli is responsible for acetylation
of fluoroquinolones (28, 43).
It seemed possible that bacteria capable of fluoroquinolone
modification or degradation could be isolated from a wastewater treatment plant and that the metabolites produced could
be identified to determine the metabolic pathways. By using
HPLC, mass spectrometric (liquid chromatography-ESIMS/MS [LC-ESI-MS/MS]), and proton nuclear magnetic resonance (NMR) analyses, it was shown that a norfloxacin-insensitive strain of Microbacterium sp. isolated from wastewater
was able to transform norfloxacin to four different metabolites.

A variety of pharmaceuticals, including several fluoroquinolone antimicrobial agents used in human and veterinary medicine, have been detected at low concentrations in wastewater
treatment plants and other environmental sites in many countries (16, 23, 30, 50, 55). Understanding the degradation pathways of these drugs and the potential biological activity of the
metabolites (48) is important to prevent selection for drugresistant strains. Solid-phase extraction, high-performance liquid chromatography (HPLC), and electrospray ionization-tandem mass spectrometry (ESI-MS/MS) have been used to
concentrate and detect norfloxacin and other fluoroquinolones
in wastewater (11, 33, 47). When fluoroquinolones given to
livestock are excreted and the treatment of wastewater is minimal or nonexistent, as in some feed lots and slaughterhouses,
fluoroquinolones may be released into river water (47). In
contrast, when wastewater is treated by the activated sludge
process, much of the fluoroquinolone content is sorbed and
cannot be detected (11, 55). Some bacteria with resistance to
antibiotics, however, may proliferate in wastewater and transfer resistance genes to other species (30).
The metabolism of fluoroquinolones by environmental
brown rot fungi is well understood (51–53), and some metabolic pathways for fluoroquinolones have also been determined for other fungi (40–42). Ring oxidation or hydroxylation
is generally the first step in fungal degradation of fluoroquinolones (51, 53). Fluoroquinolones may be defluorinated and

MATERIALS AND METHODS
Chemicals and media. Norfloxacin (Sigma-Aldrich, St. Louis, MO) was prepared as a 10 mg ml⫺1 stock solution in 40 mM KOH, and N-phenylpiperazine
hydrochloride (Sigma-Aldrich) was prepared as a 100 mg ml⫺1 stock solution in
deionized water. Ascorbic acid and mannitol were purchased from Thermo
Fisher Scientific (Pittsburgh, PA), and reduced glutathione (GSH), dithiothreitol
(DTT), NADH, sodium formate, and thiourea were purchased from SigmaAldrich.
The principal medium used, referred to as OM medium, was composed (per
liter) of 1.0 g glucose, 50 mg NH4Cl, 50 mg (NH4)2SO4, 50 mg NaNO3, 10 mg
Na2HPO4 䡠 7H2O, 8 mg KH2PO4, 100 mg MgSO4 䡠 7H2O, 20 mg CaCl2 䡠 2H2O,
50 mg BD Difco yeast nitrogen base (BD Biosciences, Franklin Lakes, NJ), and
20 g of each trace element (CoCl2 䡠 6H2O, CuCl2 䡠 2H2O, FeSO4 䡠 7H2O,
FeCl3 䡠 6H2O, H3BO3, MnCl2 䡠 4H2O, Na2MoO4, NiCl2 䡠 6H2O, and
ZnCl2 䡠 4H2O). In one experiment, the phosphate concentration of OM medium
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Antimicrobial residues found in municipal wastewater may increase selective pressure on microorganisms
for development of resistance, but studies with mixed microbial cultures derived from wastewater have
suggested that some bacteria are able to inactivate fluoroquinolones. Medium containing N-phenylpiperazine
and inoculated with wastewater was used to enrich fluoroquinolone-modifying bacteria. One bacterial strain
isolated from an enrichment culture was identified by 16S rRNA gene sequence analysis as a Microbacterium
sp. similar to a plant growth-promoting bacterium, Microbacterium azadirachtae (99.70%), and a nematode
pathogen, “M. nematophilum” (99.02%). During growth in medium with norfloxacin, this strain produced four
metabolites, which were identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS) and
nuclear magnetic resonance (NMR) analyses as 8-hydroxynorfloxacin, 6-defluoro-6-hydroxynorfloxacin,
desethylene norfloxacin, and N-acetylnorfloxacin. The production of the first three metabolites was enhanced
by ascorbic acid and nitrate, but it was inhibited by phosphate, amino acids, mannitol, formate, and thiourea.
In contrast, N-acetylnorfloxacin was most abundant in cultures supplemented with amino acids. This is the
first report of defluorination and hydroxylation of a fluoroquinolone by an isolated bacterial strain. The results
suggest that some bacteria may degrade fluoroquinolones in wastewater to metabolites with less antibacterial
activity that could be subject to further degradation by other microorganisms.
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mm ⫻ 4.6 mm; Agilent Technologies). The mobile phase consisted of 0.1%
deuterated formic acid in deuterated water (D2O) (solution A) and 0.1% deuterated formic acid in deuterated methanol (MeOD) (solution B). A constant
flow rate of 0.50 ml min⫺1 was maintained, and the metabolites were eluted using
a linear gradient of 5 to 95% solution B over 10 min. The 95% solution B
composition was held constant for 1 min, followed by a return to 95% solution
A at 11.1 min. The diode array detector signal was monitored at 240 and 280 nm.
Flow was stopped and the sample was collected in 30-l NMR capillary tubes
once the maximum absorbance was ⬎60 absorbance units (AU). NMR spectra
for each sample were acquired on a Bruker Avance NMR spectrometer operating at 600.133 MHz for proton NMR and equipped with a cryoprobe modified
for flow applications with LC-NMR. A Bruker proton pulse sequence was employed that allowed for double solvent suppression at 3.15 and 4.70 ppm for
analysis. For each compound, 1,024 scans were collected into 32,768 points over
a spectrum width of 12,019.23 Hz. A recycle delay of 2.4 s was employed with a
proton pulse width of 8.0 s at a power level of ⫺7.41 d〉, and the total
acquisition time was 1.36 s.
Nucleotide sequence accession number. The nucleotide sequence of Microbacterium sp. strain 4N2-2 was submitted to the GenBank database under accession number HQ833039.

RESULTS
Isolation and identification of bacteria. After four successive enrichment cultures, five strains of bacteria were isolated
from wastewater cultures with N-phenylpiperazine as a nitrogen source, and seven strains were isolated from cultures with
N-phenylpiperazine as a carbon source. Eleven of the strains
were insensitive to norfloxacin at 30 mg liter⫺1, and one was
sensitive. One of the norfloxacin-insensitive strains, from a
culture with N-phenylpiperazine as a carbon source, appeared
to degrade the added norfloxacin, with production of possible
norfloxacin metabolites. This yellow pigment-producing microorganism, strain 4N2-2, was selected for further studies.
Strain 4N2-2 was shown by 16S rRNA gene sequence analysis to be in the genus Microbacterium (49). The morphology of
strain 4N2-2 was similar to descriptions of the genus Microbacterium (Gram-positive, aerobic, non-spore-forming rods, with
yellow-pigmented colonies) (8, 35). A neighbor-joining tree
was constructed with strain 4N2-2 and species closely related to
the isolated strain within the genus Microbacterium (Fig. 1).
The closest strains were Microbacterium azadirachtae strain
AI-S262T (99.70% similarity), a plant growth promoter from
neem seedlings (35), and “M. nematophilum” strain CBX102
(99.02% similarity), a pathogen for nematodes (25).
HPLC, LC-ESI-MS/MS, and NMR analyses. Microbacterium sp. strain 4N2-2 did not grow on norfloxacin as a sole
carbon source, but it produced four possible metabolites from
norfloxacin that were detected by HPLC (Fig. 2). The other
peaks also appeared in the chromatograms of cultures without
norfloxacin (data not shown). Peaks M1 (13.4 min) and M2
(11.6 min) were detected only in OM medium, M4 (20.4 min)
was found only in 2.0 CM medium, and M3 (12.6 min) was
detected in both media (Fig. 2). The major metabolite, M1,
was detected in HPLC chromatograms only at 240 nm, whereas
norfloxacin and the other three metabolites were detected at
both 240 and 280 nm (Fig. 2).
Metabolites were analyzed by HPLC with diode array spectrophotometry, by tandem mass spectrometry (LC-ESI-MS/
MS) (Table 1), and by proton NMR (Table 2) to determine
their structures. Protonated molecules ([M ⫹ H]⫹) were selected for analysis by MS/MS (Table 1). Losses of 18 and 44 Da
from norfloxacin (m/z 320) implied losses of H2O and CO2
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(96 M phosphate) was varied from 48 M to 480 M to determine the optimum
concentration for metabolite production. In another experiment, a single nitrogen source [NH4Cl, (NH4)2SO4, NaNO3, or NaNO2] was used in OM medium at
a concentration of 1.0 g liter⫺1.
Amino acid-supplemented medium contained the same ingredients as OM
medium but had Bacto Casamino Acids (BD Biosciences) instead of NH4Cl,
(NH4)2SO4, and NaNO3. The concentration of Casamino Acids was 0.05, 0.2, or
2.0 g liter⫺1 (with the respective media referred to as 0.05 CM medium, 0.2 CM
medium, and 2.0 CM medium).
Enrichment cultures and strain isolation. Enrichment cultures (40 ml) in
250-ml flasks with 100 g ml⫺1 N-phenylpiperazine as the sole carbon source or
nitrogen source were inoculated with aerobic liquor from a wastewater treatment
plant in Little Rock, AR (28). N-Phenylpiperazine is a model compound containing the piperazine moiety, which is important in the antibacterial activity of
several fluoroquinolones (5). Cultures were incubated aerobically at 30°C with
shaking at 200 rpm. Bacteria were isolated from enrichment cultures by being
streaked onto LB-Miller medium (BD Biosciences) with 10 g liter⫺1 NaCl, 70 mg
liter⫺1 norfloxacin, and 20 g liter⫺1 agar and incubation at 30°C for 5 days in the
dark. Stock cultures were grown on LB agar for 5 days and stored in 20% glycerol
at ⫺80°C.
DNA isolation, PCR, and phylogenetic analysis. Genomic DNA was isolated
with a genomic DNA isolation kit (MoBio Laboratories, Solano Beach, CA). The
16S rRNA gene was amplified from isolated genomic DNA by use of Ex Taq
polymerase (Takara Bio, Madison, WI) and the universal primers 8F and 1492R
(31). PCR products were sequenced at the University of Arkansas for Medical
Sciences (Little Rock, AR).
The identification of phylogenetic neighbors was carried out by searches with
the BLASTN (2) and megaBLAST (56) programs against the database of the
EzTaxon server (http://www.eztaxon.org/) (15). Strains were aligned manually
with the nearest sequences obtained from EzTaxon by using the jPHYDIT
program (27), and phylogenetic trees were inferred by using the neighbor-joining
and maximum parsimony methods (21, 45). Resultant tree topologies were evaluated by bootstrap analyses (20) based on 1,000 resamplings.
Biotransformation of norfloxacin. OM medium was used to monitor the decrease of norfloxacin and the production of metabolites. Cultures (40 ml) in
250-ml flasks were incubated at 30°C with shaking at 200 rpm. Triplicate cultures
and sterile controls were dosed at time zero with sterile norfloxacin at 30 g
ml⫺1. Samples (1 ml) of culture broth were taken at 7, 14, and 21 days. After
centrifugation (13,000 ⫻ g) and filtration (0.45 m), 10 l of the filtered supernatant was injected directly for HPLC analysis.
Analysis by HPLC. An 1100 series HPLC (Agilent Technologies, Santa Clara,
CA) with a Kinetex C18 column (150 mm ⫻ 4.6 mm; Phenomenex, Torrance,
CA) was used for detection, identification, and quantitation of norfloxacin metabolites. The mobile phase was composed of a 24-min linear gradient of 5 to
95% methanol in water, followed by a hold at 100% methanol for 3 min, with
constant 0.1% formic acid delivered at 0.5 ml min⫺1. The diode array detector
signal was monitored at 240 and 280 nm, with a reference wavelength of 360 nm.
The amount of norfloxacin in cultures was assessed by comparing the integrated area of the norfloxacin peak at 280 nm with that for the sterile controls.
The amounts of metabolites were estimated by comparing the integrated area of
each metabolite peak in the HPLC chromatogram at 240 or 280 nm to the
integrated area of the norfloxacin peak for the sterile controls at the same
wavelength. All amounts are expressed as percentages of the peak area of
norfloxacin for the sterile controls.
Effects of reducing agents and free radical scavengers. Norfloxacin (30 mg
liter⫺1) was added to cultures in OM medium at time zero. GSH, DTT, and
NADH (1.0 mM) were added after 7 days. In another experiment, ascorbic acid
(0.05, 0.2, 0.5, or 1.0 mM) was added after 6 days. After incubation for 14 and 21
days, cultures and controls were analyzed by HPLC.
The free radical scavengers mannitol, sodium formate, and thiourea (24, 39)
were introduced at 50 mM each to OM medium at time zero (with ascorbic acid
added at 6 days) and to OM medium with only NaNO3 (1.0 g liter⫺1) as a
nitrogen source. Cultures and controls were analyzed by HPLC at 14 days.
LC-MS. A Finnigan TSQ Quantum Ultra mass spectrometer (Thermo Fisher
Scientific) was used for LC-ESI-MS and LC-ESI-MS/MS analyses (1). A photodiode array detector was used in line between the HPLC column and the
electrospray interface. Chemical structures of metabolites were suggested by
comparing the full-scan and product-ion mass spectra and UV absorption spectra
with those in the literature.
NMR analyses. Norfloxacin metabolites were analyzed by stopped-flow LCNMR spectroscopy to confirm the chemical structures suggested by LC-ESIMS/MS analyses. The isolated compounds were injected directly onto a 1200
series HPLC (Agilent Technologies) with a Zorbax Eclipse XDB C18 column (50
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from the carboxyl group (m/z 302 and 276, respectively), losses
of 43 and 57 Da from the 276-Da fragment (m/z 233 and 219,
respectively) indicated losses of C2H5N and C3H7N from the
piperazine ring, and a loss of 20 Da from the 276-Da fragment
(m/z 256) implied a loss of HF. Table 2 reports the chemical
shifts and coupling constants for the aromatic protons at C-2,
C-5, and C-8 (Fig. 2) obtained by NMR analysis. The proton at
C-2 showed little variation in chemical shift, indicating that
there were no substitutions at the C-2 position or within the
nitrogen-containing ring of the quinolone moiety. For norfloxacin, the protons at C-5 and C-8 appeared as doublets due
to interaction with fluorine at C-6. Proton-fluorine coupling is
strong, with larger coupling constants indicating short-range
interactions.
The parent ion of M1 (m/z 336) had a mass that was 16 Da
higher than that of norfloxacin. The product-ion spectrum (Table 1) showed neutral losses from the carboxyl group (m/z 318
and 292), fluorine (m/z 272), and piperazine (m/z 249), indicating addition of oxygen to the quinolone moiety of norfloxacin at the C-2, C-5, or C-8 position. The UV spectrum was
similar to those of 8-hydroxyenrofloxacin and 8-hydroxyciprofloxacin (51, 53). The NMR spectrum of M1 (Table 2) showed
two proton chemical shifts in the aromatic region. The peak at
8.72 ppm was assigned to the proton at C-2. The second peak,
at 7.57 ppm, was a doublet with a coupling constant of 11.65
Hz. The coupling constant for the proton at 7.57 ppm indicates
strong coupling to the fluorine atom at C-6. Based upon the
chemical shifts and the coupling constants, the NMR spectrum

is consistent with a hydroxyl substitution at the C-8 position,
confirming the metabolite as 8-hydroxynorfloxacin.
The parent ion of M2 (m/z 318) had a mass that was 2 Da
less than that of norfloxacin, suggesting the replacement of
fluorine by a hydroxyl group. The product-ion spectrum (Table
1) showed fragment ions for neutral losses from the carboxyl
group (m/z 300 and 274) and the piperazine ring (m/z 231 and
217), but it lacked the HF loss from the ion at m/z 274, indicating that fluorine was missing. The UV spectrum was similar
to those of 6-defluoro-6-hydroxyenrofloxacin and 6-defluoro6-hydroxyciprofloxacin (51, 53). The NMR peaks for the protons at C-5 and C-8 in the spectrum of M2 (Table 2) both
appeared as singlets, consistent with defluorination followed by
hydroxylation at C-6, confirming the metabolite as 6-defluoro6-hydroxynorfloxacin.
The parent ion of M3 (m/z 294) had a mass that was 26 Da
lower than that of norfloxacin, implying loss of an ethylene
group from the piperazine ring. The product-ion spectrum
(Table 1) showed a neutral loss of H2O from the carboxyl
group (m/z 276), a subsequent HF loss indicating the presence
of fluorine (m/z 256), and losses of C2H5N (m/z 233) and NH3
(m/z 277) from the remainder of the piperazine ring. Loss of
NH3 is evidence of piperazine desethylation. The UV spectrum
was similar to those of desethylated metabolites of enrofloxacin and ciprofloxacin (51, 53). In the NMR spectrum for M3
(Table 2), the chemical shift of H-8 was shifted upfield relative
to that for the norfloxacin parent and M2. The upfield shift was
consistent with protonation of the nitrogen atoms of the
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FIG. 1. Phylogenetic tree of Microbacterium sp. strain 4N2-2 based on 16S rRNA gene sequences constructed by the neighbor-joining method.
Microbacterium barkeri DSM20145T (GenBank accession no. X77446) was used as the outgroup (not shown). Percentages at the nodes are the
levels of bootstrap support (⬎50%) from 1,000 resampled data sets. The solid circles indicate that the corresponding nodes (groupings) were also
recovered in the maximum parsimony tree, and the bar represents 0.005 nucleotide substitution per position.
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piperazine ring upon ring opening. The upfield chemical shift
was also consistent with the predicted chemical shifts for M3
(ACD/HNMR Predictor, version 12.0; Advanced Chemistry
Development, Inc., Toronto, Canada), confirming the metabolite as desethylene norfloxacin.
The parent ion of M4 (m/z 362) had a mass that was 42 Da
higher than that of norfloxacin. Its product-ion pattern (Table
1) was similar, with major neutral losses that were almost
identical, to that of N-acetylated norfloxacin with the substitution located at the N terminus of the piperazine ring (1). These
data were consistent with identification of M4 as N-acetylnorfloxacin.
Production of metabolites under phosphate-limited conditions. The amount of phosphate in OM medium was varied
from 48 to 480 M in 14-day cultures in an attempt to optimize
metabolite production. Because the production of 8-

hydroxynorfloxacin, 6-defluoro-6-hydroxynorfloxacin, and
desethylene norfloxacin was ⬎2-fold greater at a phosphate
concentration of 96 M than at 240 M or higher (data not
shown), a 96 M concentration was selected for use in the OM
medium used to produce metabolites for further analysis.
Effect of ascorbic acid. When various reducing agents (1.0
mM GSH, DTT, NADH, and ascorbic acid) were added to
cultures of Microbacterium sp. strain 4N2-2 and incubated for
7 more days, only ascorbic acid affected metabolite production.
The decrease of norfloxacin and production of 8-hydroxynorfloxacin (M1) and 6-defluoro-6-hydroxynorfloxacin (M2) were
enhanced by 0.05 to 1.0 mM ascorbic acid (Fig. 3A). Abiotic
modification of norfloxacin in the presence of 0.5 mM ascorbate also produced 6-defluoro-6-hydroxynorfloxacin and
desethylene norfloxacin (M3); the amounts were ca. 10% and
40%, respectively, of those produced by the bacterium (data
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FIG. 2. HPLC elution profiles showing norfloxacin (Nfx) and metabolites produced in 14-day cultures of Microbacterium sp. strain 4N2-2.
Cultures were grown in either OM medium with ascorbic acid (A and B) or 2.0 CM medium (C).
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TABLE 1. Significant ions from full-scan and product-ion mass spectra and UV absorption maxima of norfloxacin and
the metabolites produced by Microbacterium sp. 4N2-2
Peaka

Production
medium

Compound

UV max (nm)

Parent ion
关M ⫹ H兴⫹
(m/z)

Norfloxacin

None

278, 317

320

M1

8-Hydroxynorfloxacin

OM

240, 329

336

M2

6-Defluoro-6-hydroxynorfloxacin

OM

278, 347

318

M3

Desethylene norfloxacin

OM

278, 340

294

M4

N-Acetylnorfloxacin

2.0 CM

282

362

a
b

As shown in Fig. 2.
Mass spectra were obtained by LC-MS/MS with a collision energy of 20 eV, except for peak M4 (35 eV).

not shown). The abiotic production of metabolites was slightly
higher with 1.0 mM than with 0.5 mM ascorbic acid, so 0.5 mM
ascorbic acid was selected to minimize abiotic production.
After addition of 0.5 mM ascorbic acid, the decrease of norfloxacin and production of 8-hydroxynorfloxacin, 6-defluoro-6hydroxynorfloxacin, and desethylene norfloxacin were enhanced (Fig. 3B). In 14 days, the norfloxacin level decreased by
more than 40% compared to the control level (measured by
the A280 value), and the level of the major metabolite, 8-hydroxynorfloxacin, increased to more than 50% of the control
level (A240 value) (Fig. 3B).
Effect of nitrate. Single nitrogen sources (NH4⫹, NO3⫺, and
NO2⫺) were used in OM medium at 1.0 g liter⫺1 for culture of
Microbacterium sp. strain 4N2-2. NH4⫹ and NO2⫺ at this concentration did not enhance the production of hydroxylated
metabolites, but NO3⫺ enhanced it even without ascorbic acid.
The production of 8-hydroxynorfloxacin and 6-defluoro-6dehydroxynorfloxacin in 14-day cultures in OM medium with
1.0 g liter⫺1 NaNO3 was 78% and 56%, respectively, of the
production in regular OM medium with 0.5 mM ascorbic acid
(data not shown). Growth of cultures was not significantly

TABLE 2. 1H-NMR chemical shifts and coupling constantsa of the
aromatic protons of norfloxacin and the metabolites produced
by Microbacterium sp. strain 4N2-2
H
assignment

Chemical
shift
(ppm)

Coupling
constant
(Hz)

H-2
H-5
H-8

8.81
7.95
7.16

12.67
6.84

H-2
H-5

8.72
7.57

11.65

6-Defluoro-6-hydroxynorfloxacin
(M2)

H-2
H-5
H-8

8.74
7.63
7.16

Desethylene norfloxacin (M3)

H-2
H-5
H-8

8.72
7.82
6.78

Compound (peak)

Norfloxacin

8-Hydroxynorfloxacin (M1)

a

320 (64), 302 (39), 276 (100), 256 (33), 233 (50), 219
(12), 205 (6)
336 (100), 318 (27), 293 (4), 292 (84), 275 (4), 272
(6), 263 (51), 249 (50), 234 (5), 223 (11), 221 (27),
220 (37), 207 (5), 206 (7), 205 (8)
318 (36), 300 (12), 274 (100), 231 (52), 217 (10), 205
(10), 188 (8)
294 (100), 277 (18), 276 (88), 274 (15), 256 (25), 251
(22), 233 (53), 205 (7), 203 (7)
344 (49), 326 (45), 274 (87), 249 (25), 243 (39), 231
(100), 215 (29), 203 (24), 161 (8), 112 (23)

Obtained by LC-NMR at 600 MHz.

11.76
7.03

altered by the use of NH4⫹ or NO3⫺, but NO2⫺ inhibited
growth.
Inhibition of hydroxylated metabolite production by free
radical scavengers. Mannitol, sodium formate, and thiourea
were added to cultures of Microbacterium sp. strain 4N2-2 in
OM medium with either ascorbic acid or NO3⫺ (no ascorbic
acid). Production of the hydroxylated metabolites was almost abolished by formate and thiourea, but mannitol allowed production of ca. 13% and 38% of the hydroxylated
metabolites in media with ascorbic acid and NO3⫺, respectively (Fig. 4). This result suggests that hydroxylation of
norfloxacin may be mediated by free radicals in cultures with
ascorbic acid or NO3⫺.
Effect of amino acids on metabolite production. In cultures
of Microbacterium sp. strain 4N2-2 in 2.0 CM medium (medium supplemented with 2.0 g liter⫺1 Casamino Acids),
8-hydroxynorfloxacin, 6-defluoro-6-hydroxynorfloxacin, and
desethylene norfloxacin were not observed, but N-acetylnorfloxacin (M4) was produced (Fig. 2). In 14 days, ca. 10% of the
norfloxacin disappeared and N-acetylnorfloxacin (at ca. 10% of
the control level [A280 value]) was produced (Fig. 5A). 8Hydroxynorfloxacin, 6-defluoro-6-hydroxynorfloxacin, and
desethylene norfloxacin were found in OM medium with low
NH4⫹ and NO3⫺ concentrations and in 0.05 CM medium
(medium supplemented with 0.05 g liter⫺1 Casamino Acids),
but they were not detected in 2.0 CM medium, even after
addition of ascorbic acid. N-Acetylnorfloxacin was detected
only in 2.0 CM medium (Fig. 5B). Production of 8-hydroxynorfloxacin, 6-defluoro-6-hydroxynorfloxacin, and desethylene
norfloxacin was reduced about 90% in 0.5 CM medium and
was totally abolished in 2.0 CM medium (Fig. 5B).
Comparison of norfloxacin metabolism by Microbacterium
sp. strains. OM medium with 0.5 mM ascorbic acid and 2.0
CM medium were used to compare Microbacterium sp. strain
4N2-2 and M. nematophilum strain CBX102, kindly provided
by C. Darby. After 21 days in OM medium with ascorbic acid,
4% 8-hydroxynorfloxacin, 0.5% 6-defluoro-6-hydroxynorfloxacin, and 0.8% desethylene norfloxacin were detected in cultures of M. nematophilum strain CBX102. The amounts of
these three metabolites produced by M. nematophilum strain
CBX102 were less than 10% of those produced by Microbac-
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terium sp. strain 4N2-2; the amount of N-acetylnorfloxacin
produced in 2.0 CM medium was about 20% of that produced
by Microbacterium sp. strain 4N2-2.
DISCUSSION
Norfloxacin metabolism by Microbacterium sp. 4N2-2, with
proposed mechanisms and conditions for metabolite production, is shown in Fig. 6.

FIG. 4. Inhibition of production of hydroxylated norfloxacin metabolites by free radical scavengers. Production of 8-hydroxynorfloxacin (white bars; 240 nm), 6-defluoro-6-hydroxynorfloxacin (gray bars;
280 nm), and desethylene norfloxacin (black bars; 280 nm) was measured in 14-day cultures with various free radical scavengers. Sodium
formate, thiourea, and mannitol (50 mM) were introduced to cultures
in OM medium with ascorbic acid or NaNO3.

Microbacterium species, which are involved in diverse biodegradation reactions and in oxidation and reduction reactions, have been found in various environmental habitats (9,
29, 35, 44). Strains of Microbacterium spp. have been isolated
from sugar beet factory wastewater (36), dye wastewater (14,
18), and activated sludge (12). After screening strains representing 18 different Microbacterium spp. from human clinical
specimens, Gneiding et al. (22) reported that 22% were resistant to ciprofloxacin and another 22% were intermediate in
resistance. They did not investigate the mechanism of fluoroquinolone resistance.
This is the first report of fluoroquinolone hydroxylation (at
C-6 and C-8) and defluorination (at C-6) by an isolated bacterial strain. 8-Hydroxyfluoroquinolones are produced from
enrofloxacin and ciprofloxacin by brown rot fungi (51, 53). In
contrast, the nonoxidative 8-defluorination of sparfloxacin and
lomefloxacin, which have two F atoms each, is photochemical
(17, 19). 6-Defluoro-6-hydroxy and desethylene fluoroquinolones may be produced abiotically by photochemical reactions
(10, 19, 46) as well as by fungal biodegradation (40, 51–53).
The labile piperazine rings of fluoroquinolones can be desethylated by both abiotic and biotic processes (10, 46, 51).
Desethylene norfloxacin has also been detected after administration of norfloxacin to chickens and pigs (3, 4).
N-Acetylation of norfloxacin by Microbacterium sp. strain
4N2-2 was favored in the presence of amino acids. N-Acetylnorfloxacin is also produced by some fungi (41) and bacteria,
perhaps by an aminoglycoside N-acetyltransferase (1, 28, 43).
Cell-free protein extracts from Microbacterium sp. 4N2-2 catalyzed in vitro N-acetylation of norfloxacin (data not shown).
Hydroxylation at C-6 and C-8, considering the enhancement
by ascorbic acid and NO3⫺ and the regulation by limited phosphate and amino acids, might be due to extracellular hydroxyl
radicals, as in the brown rot fungus Gloeophyllum striatum (52).
Abiotic production of several metabolites from ciprofloxacin,
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FIG. 3. Degradation of norfloxacin and production of metabolites by Microbacterium sp. strain 4N2-2 after addition of ascorbic acid to OM medium.
(A) Disappearance of norfloxacin (f; 280 nm) and production of 8-hydroxynorfloxacin (white bars; 240 nm), 6-defluoro-6-hydroxynorfloxacin (gray bars;
280 nm), and desethylene norfloxacin (black bars; 280 nm) were measured in 14-day cultures, with ascorbic acid added at 6 days. (B) Disappearance of
norfloxacin (f; 280 nm) and production of 8-hydroxynorfloxacin (䡺; 240 nm), 6-defluoro-6-hydroxynorfloxacin (Œ; 280 nm), and desethylene norfloxacin
(‚; 280 nm) were monitored over time in the presence of 0.5 mM ascorbic acid (arrow) added at 6 days.
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including 6-defluoro-6-hydroxyciprofloxacin and 8-hydroxyciprofloxacin, was achieved by hydroxyl radicals produced by
an anodic Fenton system (54). Inhibition of hydroxylated metabolite production in Microbacterium sp. 4N2-2 by free radical
scavengers indicated that production of these metabolites may

be caused by reactive oxygen species, such as hydroxyl radicals
(26). Ascorbic acid usually acts as an antioxidant, but it can
stimulate hydroxyl radical formation in the presence of FeCl3
(6) and can act as a critical factor in enzymatic hydroxylation
(39). NO3⫺ reduction is involved in biodegradation of quino-

FIG. 6. Proposed scheme for norfloxacin metabolism in cultures of Microbacterium sp. strain 4N2-2.
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FIG. 5. Production of metabolites of norfloxacin by Microbacterium sp. strain 4N2-2. (A) Decreases of norfloxacin (f; 280 nm) and production
of N-acetylnorfloxacin (}; 280 nm) in 2.0 CM medium were monitored by HPLC over time. The arrow at 7 days indicates the addition of ascorbic
acid. (B) The amounts of 8-hydroxynorfloxacin (white bars; 240 nm), 6-defluoro-6-hydroxynorfloxacin (gray bars; 280 nm), desethylene norfloxacin
(black bars; 280 nm), and N-acetylnorfloxacin (striped bars; 280 nm) were measured in 14-day cultures of OM medium and minimal medium
supplemented with 0.05, 0.5, and 2.0 g liter⫺1 Casamino Acids (0.05 CM medium, 0.5 CM medium, and 2.0 CM medium, respectively).
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line through hydroxylation in activated sludge (34), and NO3⫺
is a source of hydroxyl radicals in photodecomposition reactions in surface water (32). Bacterial production of reactive
oxygen species is closely related to the stringent response initiated by amino acid or phosphate depletion (37). Furthermore, some fluoroquinolones stimulate production of reactive
oxygen species (6, 7), and some Microbacterium spp. are highly
resistant to oxygen radicals because they produce galactoglycerolipids (38).
Expeditious degradation of antibacterial agents in the environment may prevent transfer of resistance genes and the
appearance of new strains of pathogenic bacteria (1). In many
fluoroquinolones, a fluorine at the 6 position is important for
antibacterial potency, the 8 position is critical for antianaerobe
activity, and the piperazine ring is important for potency
against Gram-negative bacteria (5). The hydroxylation, N-acetylation, and desethylation of fluoroquinolones reduce antibacterial activity (43, 51). Thus, norfloxacin metabolites of Microbacterium sp. strain 4N2-2 should be less able to select for
resistance in fluoroquinolone-sensitive bacterial strains.
Our results show that Microbacterium sp. strain 4N2-2 produces four metabolites from norfloxacin, through hydroxylation, oxidative defluorination, desethylation, and N-acetylation. These metabolites, of course, may be subjected to further
degradation by other environmental microorganisms.

6107

6108

KIM ET AL.

49.

50.

51.

52.

53.

54.

55.

56.

White. 2001. Antimicrobial activity of fluoroquinolone photodegradation
products determined by parallel-line bioassay and high performance liquid
chromatography. J. Antimicrob. Chemother. 47:271–275.
Takeuchi, M., and K. Hatano. 1998. Union of the genera Microbacterium
Orla-Jensen and Aureobacterium Collins et al. in a redefined genus Microbacterium. Int. J. Syst. Bacteriol. 48:739–747.
Watkinson, A. J., E. J. Murby, and S. D. Costanzo. 2007. Removal of
antibiotics in conventional and advanced wastewater treatment: implications
for environmental discharge and wastewater recycling. Water Res. 41:4164–
4176.
Wetzstein, H.-G., N. Schmeer, and W. Karl. 1997. Degradation of the fluoroquinolone enrofloxacin by the brown rot fungus Gloeophyllum striatum:
identification of metabolites. Appl. Environ. Microbiol. 63:4272–4281.
Wetzstein, H.-G., J. Schneider, and W. Karl. 2006. Patterns of metabolites
produced from the fluoroquinolone enrofloxacin by basidiomycetes indigenous to agricultural sites. Appl. Microbiol. Biotechnol. 71:90–100.
Wetzstein, H.-G., M. Stadler, H.-V. Tichy, A. Dalhoff, and W. Karl. 1999.
Degradation of ciprofloxacin by basidiomycetes and identification of metabolites generated by the brown rot fungus Gloeophyllum striatum. Appl. Environ. Microbiol. 65:1556–1563.
Xiao, X., X. Zeng, and A. T. Lemley. 2010. Species-dependent degradation of
ciprofloxacin in a membrane anodic Fenton system. J. Agric. Food Chem.
58:10169–10175.
Xu, W., et al. 2007. Occurrence and elimination of antibiotics at four sewage
treatment plants in the Pearl River Delta (PRD), South China. Water Res.
41:4526–4534.
Zhang, Z., S. Schwartz, L. Wagner, and W. Miller. 2000. A greedy algorithm
for aligning DNA sequences. J. Comput. Biol. 7:203–214.

Downloaded from http://aem.asm.org/ on January 21, 2020 by guest

37. McDougald, D., et al. 2002. Defences against oxidative stress during starvation in bacteria. Antonie Van Leeuwenhoek 81:3–13.
38. Nakata, K. 2000. High resistance to oxygen radicals and heat is caused by a
galactoglycerolipid in Microbacterium sp. M874. J. Biochem. 127:731–737.
39. Osman, A. M., et al. 1996. Microperoxidase/H2O2-catalyzed aromatic hydroxylation proceeds by a cytochrome-P-450-type oxygen-transfer reaction
mechanism. Eur. J. Biochem. 240:232–238.
40. Parshikov, I. A., et al. 2000. Microbiological transformation of enrofloxacin
by the fungus Mucor ramannianus. Appl. Environ. Microbiol. 66:2664–2667.
41. Parshikov, I. A., et al. 2001. The fungus Pestalotiopsis guepini as a model for
biotransformation of ciprofloxacin and norfloxacin. Appl. Microbiol. Biotechnol. 56:474–477.
42. Parshikov, I. A., et al. 2002. Formation of conjugates from ciprofloxacin and
norfloxacin in cultures of Trichoderma viride. Mycologia 94:1–5.
43. Robicsek, A., et al. 2006. Fluoroquinolone-modifying enzyme: a new adaptation of a common aminoglycoside acetyltransferase. Nat. Med. 12:83–88.
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