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Abstract With the intensive application of sulfonamides
in aquaculture and animal husbandry and the increase of
sulfonamides discharged into the environments, there is an
increasing need to find a way to remediate sulfonamide-
contaminated environments. Two bacterial strains capable
of degrading sulfonamides, HS21 and HS51, were isolated
from marine environments. HS21 and HS51 were identified
as members of Escherichia sp. and Acinetobacter sp.,
respectively, based on 16S rRNA gene sequencing. Deg-
radation of each sulfonamide by Escherichia sp. HS21 and
Acinetobacter sp. HS51 was characterized using capillary
electrophoresis. About 66 or 72% of sulfapyridine and 45
or 67% of sulfathiazole contained in the media was
degraded by Escherichia sp. HS21 or Acinetobacter sp.
HS51, respectively, after incubation for 2 days. The
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supernatant from culture of Escherichia sp. HS21 or Aci-
netobacter sp. HS51 grown in sulfapyridine or sulfathiaz-
ole contained media had much attenuated cytotoxicity
against HeLa cells. These results suggest that Escherichia
sp. HS21 and Acinetobacter sp. HS51 are new bacterial
resources for biodegrading sulfonamides and indicate the
potential of isolated strains for the bioremediation of sul-
fonamide-polluted environments.
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Introduction

Sulfonamides, derived from sulfanilamide (p-amino-
benzenesulfonamide), are synthetic antimicrobials used as
common pharmaceuticals in aquaculture, agriculture, and
animal husbandry for preventing and treating infection
diseases caused by bacteria or other microorganisms,
including treating respiratory and urinary tract infections in
humans (Holm et al. 1995; Ternes 1998; Hirsch et al. 1999;
Jones et al. 2001; Sukul and Spiteller 2006). They work by
providing a bacteriostatic effect, preventing the cells from
growing by inhibiting the production of folic acid, which is
required for bacterial growth (Craig and Stitzel 1994).
Sulfonamides have also been recognized as an inhibitor of
carbonic anhydrases, a family of zinc-containing enzymes
implicated in a number of diseases such as arthritis and
cancer, and thus, it is used to treat a range of disorders,
including oedema, glaucoma, obesity, cancer, epilepsy and
osteoporosis (Supuran 2008, 2011; Erdem et al. 2011).
Only part of the sulfonamides ingested by humans or ani-
mals is absorbed and utilized by the body, and the rest are
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excreted in faeces, urine or manure as metabolites or in the
original form (Heberer 2002; Loffler and Ternes 2003).

Due to the improper and untreated disposal of sulfona-
mides in feed, sulfonamides and their metabolites are
widespread in the environments and have frequently
resulted in the contamination of water or soil (Halling et al.
1998; Fent et al. 2006; Ye et al. 2007; Barnes et al. 2008;
Focazio et al. 2008). Sulfonamides are now widely rec-
ognized as environmental contaminants (Sukul and Spi-
teller 2006). One problem caused by the increasing
concentration of sulfonamides in aquatic environments is
that residual sulfonamides enhance the resistances of
pathogenic bacteria to these substances and lead to the
development of more antibiotic-resistant bacteria. Sulfon-
amides also act as micropollutants that disturb the normal
structure and function of microflora (Halling et al. 1998;
Witte 2000).

Some studies have focused on the removal of sulfona-
mides from the environments, but little research has been
done on the biodegradation of sulfonamides (Jones et al.
2001; Heberer 2002; Sukul and Spiteller 2006; Kim et al.
2007). Biodegradation of sulfonamides present in waste-
water treatment plants (WWTPs), surface water, manure
and soils was summarized by Jestus Garcia-Galan et al.
(2008). Sulfonamides appeares to resist natural biodegra-
dation rather strongly, which is reflected in the high fre-
quency of their detection in streams and rivers (Kim et al.
2007; Vieno et al. 2007; Barnes et al. 2008; Focazio et al.
2008). Kuhn and Suflita (1989) reported the anaerobic
biodegradation of para-toluenesulfonamide and benzene-
sulfonamide in aquifer slurries from a sulphate-reducing
and methanogenic site. Richter et al. (2007, 2008a, b)
determined that considerable removal of para-toluenesul-
fonamide (~90% reduction) during wastewater and
drinking water treatment was performed by adapted
microorganisms that were only present in polluted
groundwater. Li and Zhang (2010) reported that the
removal efficiencies of different sulfonamides after 48 h in
saline sewage systems were 53.4 and 39.1% by microbial
communities. It is clear that most of the studies dealt with
degradation of sulfonamide mixtures by micropopulations
and that studies on specific sulfonamide biodegradation by
pure culture appear limited. Until now, no specific bacterial
strain has been isolated, identified, characterized and used
to degrade individual sulfonamide.

The main objective of this study was to isolate, identify
and characterize sulfonamide-degrading bacterial strains
from marine environments. Six sulfonamides, containing
sulfadimidin, sulfadoxine, sulfamerazine, sulfapyridine,
sulfathiazole, and sulfadiazine, were tested for biodegra-
dation feasibility, and capillary electrophoresis (CE) was
used to characterize sulfonamide-degrading activity. The
cytotoxicity of the metabolites of sulfapyridine and
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sulfathiazole generated by bacterial degradation was also
investigated to determine if there was any reduction in
cytotoxicity.

Materials and methods
Chemicals and media

Analytical grade sulfadimidin, sulfadoxine, sulfamerazine,
sulfapyridine, sulfathiazole, sulfadiazine and chromato-
graphic grade acetonitrile were purchased from J&K
Chemical Inc. (Beijing, China). The structures of the six
sulfonamides are shown in Fig. 1. All other chemicals used
were at the highest purity available commercially. The
growth media consisted of (g 1_1) Na,HPO,-12H,0 3,
KH,PO, 1, NaCl 3, MgSO, 0.3, and tryptone 2.5, and the
media was adjusted to pH 6.0-8.0. All the isolated strains
were cultured at 28°C. If necessary, each sulfonamide was
added into the media to a final concentration of 10 mg 17",

Determination of the concentration of sulfonamides
using CE

Samples were analyzed for the concentration of each sul-
fonamide on a P/ACE MDQ CE system (Beckman
Instruments, Fullerton, CA, USA) in conjunction with a
diode-array detector (DAD) monitoring at 254 nm. Sepa-
ration was performed at 25°C, using an applied voltage of
25 kV for 5 min. The buffer was prepared by freshly
mixing 20 mM sodium dihydrogen phosphate and 10%
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Fig. 1 Structures of the six sulfonamides
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acetonitrile, and pH was adjusted to 8.5 with 1 M phosphoric
acid. Bare fused-silica capillaries (Yongnian Photoconduc-
tive Fiber Factory, Hebei, China) with 75 pm i.d., 375 pm
o.d., a total capillary length of 50.2 cm, and an effective
length of 40 cm were used for sulfonamide separations.
Quantification of samples was based on peak areas.

Isolation and identification of bacterial strains

Seawater was collected from the Yantai coastal zone,
concentrated 10-20 times by filtration through a 0.45 pm
pore filter membrane and plated onto media supplemented
with 1.2% agar and 10 mg 17" sulfathiazole. The appeared
strains were examed for the ability to degrade sulfonamide.
Genomic DNA of the isolates capable of degrading sul-
fonamide was extracted according to the method described
by Syn and Swarup (2000). The 16S rRNA genes of HS21
and HS51 were amplified by PCR with primers 8F (5'-AG
AGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTAC
CTTGTTACGACTT-3’) according to the method descri-
bed by Lane et al. (1985). Sequencing was carried out by
the Genomics Institute (Beijing, China).

Degradation of sulfonamide by bacteria

The cells of HS21 or HS51 were collected by centrifuga-
tion at 10,000g for 5 min at room temperature after cul-
turing at 28°C until an ODgg of 1.0 was reached. The cell
pellets were washed twice with sterilized phosphate buffer
(PBS) and adjusted to an ODgg, of approximately 1.0.
Then, cells were inoculated into media containing
10 mg 17" of each sulfonamide to a final concentration of
10’ CFU ml ™" and incubated at 28°C for 2 days. The same
media, containing 10 mg 1~! of each sulfonamide without
inoculation of any bacteria, was used as the control.
Supernatants from culture of HS21 and HS51, and the
control media were collected, filtered and stored at —20°C
for CE analysis. To determine whether the reduced con-
centration of sulfonamide in the supernatant was due to the
biodegradation, the sulfonamide that may be adsorbed and
intracellular accumulated was detected. Bacteria were
cultured in 10 ml sulfonamide contained media at 30°C for
2 days and cells were collected by centrifugation at
10,000g for 5 min. The cells were resuspend in 200 pl
buffer B (100 mM NaH,PO4, 10 mM Tris—Cl, 8 M urea,
adjust pH to 8.0 using NaOH) and lysed for 1 h by gently
vortexing. Then cell lysate was diluted into 1.8 ml water
and the mixture was sonicated using a sonicator equipped
with a microtip with six 10 s bursts at 200-300 W and a
10 s cooling period between each burst. Supernatant was
collected by centrifugation at 10,000g for 10 min. The
supernatant from control media, culture and cell lysate was
used for CE analysis.

Cytotoxic effects of sulfonamides and their metabolites

Cytotoxicity analysis was performed according to the
method described by Zhang et al. (2009). In brief, HeLa
cells were cultured to confluence in 96-well plates.
Supernatants from HS21 and HS51 cultured in the presence
of sulfapyridine or sulfathiazole was collected, respec-
tively. Then, the supernatant was ultrafiltered with Amicon
Ultra-4 centrifugal filter devices (Millipore) to remove any
molecules larger than 10 kDa. The treated supernatant or
PBS was added into the wells. After incubation at 37°C for
48 h, the viability of the cells was determined using the
MTT Cell Proliferation Assay. The cytotoxicity of the
supernatant from non-inoculated media with sulfapyridine
or sulfathiazole was considered to be 100%. The cytotox-
icity of supernatants from culture of HS21 and HS5I,
grown in the media with sulfapyridine or sulfathiazole, was
expressed as the percentage of supernatant from non-
inoculated media with sulfapyridine or sulfathiazole.

Nucleotide sequence accession numbers

The nucleotide sequences of the 16S rRNA genes of HS21
and HS51 have been deposited in the GenBank database
under accession numbers HQ876771 and HQ876772,
respectively.

Results and discussion
Detection of sulfonamides using CE

Sulfadimidin, sulfadoxine, sulfamerazine, sulfapyridine,
sulfathiazole, or sulfadiazine that was added into the media
were detected using CE. Good separation was achieved
using a buffer system composed of 20 mmol 17! phosphate
and 10% acetonitrile at pH 8.5. The applied voltage for CE
was 25 kV, and the detection wavelength was set at
254 nm. As shown in Fig. 2, the migration times of sul-
fadimidin, sulfadoxine, sulfamerazine, sulfapyridine, sul-
fathiazole and sulfadiazine were 3.975, 4.233, 4.417, 3.283,
4.708 and 4.533 min, respectively. The results showed that
each of the tested sulfonamide could be separated within
5 min and that detection of sulfonamides by CE was a
simple and reagent-saving method compared with the
HPLC method (Sun et al. 2007).

Screening, isolation and identification
of sulfonamide-degrading bacteria

Seawater collected from the Yantai coastal zone was con-

centrated and plated onto media supplemented with 1.2%
agar and 10 mg 17! sulfathiazole. After incubation at 28°C
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Fig. 2 Capillary electropherograms of each sulfonamide. The buffer
was prepared by mixing 20 mM sodium dihydrogen phosphate and
10% acetonitrile and adjusting to pH 8.5 with 1 M phosphoric acid.
Separation was performed at 25°C, using an applied voltage of 25 kV
for 5 min. Sulfonamides were monitored using a DAD at 254 nm

for 2 days, colonies that had emerged were selected to test
their sulfathiazole-degrading activity. Out of the 10 colonies
that appeared, two strains had a clear ability to degrade
sulfathiazole (Fig. 3b). These two strains were designated as
HS21 and HS51. In order to genetically position the two
isolates within the genus, the 16S rRNA genes of HS21 and
HS51 were amplified by PCR, and the PCR products were
purified and submitted directly for sequencing. Comparison
of these sequences with the known 16S rRNA gene sequence
data in the GenBank database indicated that 99% of the
matches for the 16S rRNA gene sequence of HS21 were
those of Escherichia coli strains KO11, w, CAIM 6 and FUA
1046, whose accession numbers were CP002516,
CP002185, HM583969 and GQ222387, respectively; 100%
of the matches for the 16S rRNA gene sequence of HS51
were those of Acinetobacter calcoaceticus strains CMST
SSS5, LCR102 and Acinetobacter sp. Bap30, whose acces-
sion numbers were HM851460, FJ976611 and JF682491,
respectively.

Degradation of sulfonamides by Escherichia sp. HS21
and Acinetobacter sp. HS51.

As shown in Fig. 3a and b, both the Escherichia sp. HS21
and Acinetobacter sp. HS51 strains showed obvious sul-
fapyridine-degrading and sulfathiazole-degrading activi-
ties from the comparison of the peak areas. After
incubating Escherichia sp. HS21 or Acinetobacter sp.
HS51 in the sulfonamide contained media for 2 days, 66
or 72% of the sulfapyridine was degraded by Escherichia
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sp. HS21 or Acinetobacter sp. HS51, respectively. Under
the same conditions, 45 or 67% of the sulfathiazole
contained in the media was degraded by Escherichia sp.
HS21 or Acinetobacter sp. HS51, respectively. Sulfapyr-
idine and sulfathiazole were undetectable in the cell lysate
from Escherichia sp. HS21 or Acinetobacter sp. HS51
cultured in the media containing each sulfonamide. This
result confirmed the fact that the reduced concentration of
sulfonamide in the supernatant was due to the biodegra-
dation by bacteria, ranther than the simple biosorption or
accumulation. Moreover, Acinetobacter sp. HS51 dem-
onstrated sulfadimidin-degrading, sulfadoxine-degrading
and sulfadiazine-degrading activity under the tested con-
ditions (Fig. 3c). These results showed that Acinetobacter
sp. HS51 possessed better sulfonamide-degrading activity
than Escherichia sp. strain HS21. As increasing research
focuses on the biodegradation of antibiotics (Park and
Choung 2007, 2010; Li and Zhang 2010), the biodegra-
dation of sulfonamides by Escherichia sp. HS21 or Aci-
netobacter sp. HS51 may be exploited as an effective tool
for degrading sulfonamides in the environment.

Cytotoxicity analysis of sulfonamides and their
metabolites

Sulfapyridine and sulfathiazole that presented in the
media significantly reduced the viability of HeLa cells.
The ODg;9 of the wells treated with supernatant from
non-inoculated sulfonamide contained media was about
ten-fold lower than that of the wells treated with PBS.
The supernatant from culture of Escherichia sp. HS21 or
Acinetobacter sp. HS51 showed much attenuated cyto-
toxicity against HeLa cells, with 35 or 25% of cytotox-
icity remained in the sulfapyridine contained media, and
53 or 32% of cytotoxicity remained in the sulfathiazole
contained media, respectively (Fig. 4). It was postulated
that the simultaneously decreased concentration of sulfa-
pyridine or sulfathiazole in the media, or the presence of
their less cytotoxic metabolites contributed to the lower
cytotoxicity. Considering that there was still 34 or 28% of
sulfapyridine and 55 or 33% of sulfathiazole remaining in
the culture after degradation by Escherichia sp. HS21 or
Acinetobacter sp. HS51, it was suggested that the
metabolites of sulfapyridine and sulfathiazole generated
by bacterial degradation showed negligible cytotoxicity to
HeLa cells. This outcome is superior to the degradation
products of tetracyclines, whose potency at the same
concentration is equivalent to parental tetracycline,
chlortetracycline, and oxytetracycline on both sludge and
tetracycline-sensitive soil bacteria (Halling et al. 1998;
Jeyasekaran et al. 2002).
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Fig. 3 Degradation of sulfonamides by Escherichia sp. HS21 and
Acinetobacter sp. HS51. a CE analysis of sulfapyridine concentration
in (/) supernatant from sulfapyridine contained media without
inoculation of bacteria, (2) supernatant from culture of Escherichia
sp. HS21 grown in the sulfapyridine contained media, (3) supernatant
from culture of Acinetobacter sp. HS51 grown in the sulfapyridine
contained media, (4) cell lysate of Escherichia sp. HS21 grown in the
sulfapyridine contained media, and (5) cell lysate of Acinetobacter sp.
HS51 grown in the sulfapyridine contained media. b CE analysis of
sulfathiazole concentration in (/) the supernatant from sulfathiazole
contained media without inoculation of bacteria, (2) supernatant from
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Fig. 4 Examination of the cytotoxic effects of different supernatants
on cultured HeLa cells. Cell viability after the treatment was
determined by the MTT method. a The relative cytotoxicity of
supernatants from non-inoculated media containing 10 mg 1=" sulfa-
pyridine, culture of Escherichia sp. HS21 and Acinetobacter sp. HS51
grown in the media containing 10 mg 17! sulfapyridine, respectively.

Conclusion

Two bacterial strains capable of degrading sulfonamides,
especially sulfapyridine and sulfathiazole, were isolated
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culture of Escherichia sp. HS21 grown in the sulfathiazole contained
media, (3) supernatant from culture of Acinetobacter sp. HS51 grown
in the sulfathiazole contained media, (4) cell lysate of Escherichia sp.
HS21 grown in the sulfathiazole contained media, and (5) cell lysate
of Acinetobacter sp. HS51 grown in the sulfathiazole contained
media. ¢ Relative concentration of each sulfonamide remaining in the
supernatant after degraded by Escherichia sp. HS21 or Acinetobacter
sp. HS51. Relative concentration was calculated based on the peak
area. Data are the means for three independent experiments and are
presented as the means + SE
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b The relative cytotoxicity of supernatants from non-inoculated media
containing 10 mg 17" sulfathiazole, culture of Escherichia sp. HS21
and Acinetobacter sp. HS51 cultured in the media containing
10 mg 17! sulfathiazole, respectively. Data are the means for three
independent assays and are presented as the means = S.E

and identified. The degradation of sulfonamides by Esch-
erichia sp. HS21 and Acinetobacter sp. HS51 was char-
acterized by CE, a simpler and more reagent-saving
method for detecting sulfonamides than HPLC. The
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metabolites of sulfapyridine and sulfathiazole generated by
degradation of Escherichia sp. HS21 or Acinetobacter sp.
HS51 showed negligible cytotoxicity to HeLa cells com-
pared to the undigested sulfapyridine and sulfathiazole.
This study supplies new sources for biodegrading sulfon-
amides, and the isolated strains might be used for the
bioremediation of sites contaminated by sulfapyridine or
sulfathiazole.
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