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A B S T R A C T

Sulfonamides (SAs) have attracted much attention because of their high detection rates in natural water. In this
study, a marine bacterium Vibrio diabolicus strain L2-2 was isolated which could metabolize 9 SAs to a different
extent. Compared with SAs and their analogs, SAs with N-oxides of heterocyclic structure were easier to be
transformed to their N4-acetylated metabolites or their isoxazole ring rearrangement isomers by strain L2-2. And,
gene vdnatA and vdnatG were likely to be the key genes in SAs acetylation process, which might code Arylamine
N-acetyltransferase. The biotransformation rates of sulfathiazole(STZ), sulfamonomethoxine(SMT), sulfadiazine
(SDZ), sulfamethoxazole(SMX) and sulfisoxazole(SIX) could reach 29.39 ± 5.63, 24.97 ± 4.45,
79.41 ± 4.05, 64.64 ± 1.71, 32.82 ± 4.46% in 6 days, respectively. Besides, the overall optimal conditions
for SAs biotransformation were less than 100 mg/L for total SAs in neutral or weakly alkaline medium with the
salinity of 10–20‰ and additional nutrients like glucose, sucrose or glycerine. Furthermore, toxicity was de-
monstrated to be significantly reduced after biotransformation. Together, this study introduced a strategy to use
V. diabolicus strain L2-2 to realize simultaneous removal and detoxification of multiple SAs in freshwater and
seawater, and revealed SAs removal pathways and relevant molecular mechanism.

1. Introduction

With the improvement of analytical techniques and molecular
biology, antibiotics have received increasing attention because of their
widespread presence and danger to human beings. Antibiotics in the
environment will continuously inhibit microorganisms even lead to the
spread of resistant genes and the increase of bacteria antimicrobial
resistance (AMR), which has been considered as a significant threat to
agriculture, and even to human health (Cabello et al., 2013; Xiong
et al., 2015).

Sulfonamides (SAs) are a class of synthetic antibiotics which include
p-aminobenzenesulfonamide (p-ABS) and its derivatives. The main an-
timicrobial mechanism of SAs is to suppress dihydrofolic acid synthesis
by competing with p-aminobenzoic for dihydrofolic acid synthetase to

inhibit the growth of the bacteria rather than kill them (Ingerslev and
Halling-Sørensen, 2000). SAs have been widely used in animal hus-
bandry, aquaculture and healthcare (García-Galán et al., 2008; Gothwal
and Shashidhar, 2015; Segura et al., 2009) and accounted for over one-
fifth of the total consumption of veterinary antibiotics in many coun-
tries (Sarmah et al., 2006). Their production has also increased from
5000 tons in the 1980s to 20 000 tons in 2003 in China (Mo et al.,
2017). Extensive research confirmed that the absorption rates of SAs
ingested by human and animals are very low, up to 80% of consumed
antibiotics could be excreted through urine and feces, and up to 75% of
antibiotics used in aquaculture could enter into the surrounding en-
vironment (Gaze et al., 2017). Because of their polarity and low ad-
sorption (Müller et al., 2013), most SAs are easier to enter aqueous
environments, and therefore SAs have been frequently detected in
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estuary water, sediment (Zheng et al., 2011; Shi et al., 2014; Zhang
et al., 2015), and even in drinking water (Ye et al., 2007; Batt et al.,
2006). The widespread presence of SAs could lead to the contamination
of antibiotic resistance genes (ARGs) and changes in bacterial com-
munity structure. Typical sulfonamide ARG sul has been reported to be
dominant among tetracycline, sulfonamide and quinolone ARGs (Yan
et al., 2018). The contamination of SAs has also been demonstrated to
affect bacterial community structure by increasing the abundance of
Epsilonproteobacteria, while decreasing the abundance of Beta and
Gamma proteobacteria and Firmicutes (Novo et al., 2013). Therefore, it is
very important to develop strategies to remove SAs from the environ-
ment.

To date, treatment technologies to SAs included ozonation, anae-
robic process, electrochemical oxidation, Fenton oxidation, Photo-
Fenton, chlorination, photolysis, photocatalysis, adsorption, and bio-
degradation (Homem and Santos, 2011). Although some SAs have been
suggested to be resistant to biodegradation and hydrolysis (Sukul and
Spiteller, 2006), microbial degradation and biotransformation were still
considered to be the main mechanism of removing SAs in the natural
environment as well as in wastewater treatments (Yang et al., 2016;
Boreen et al., 2004). Their metabolic products and toxic mechanism
under the action of biological metabolism were research priorities, and
the microbial degradation pathway of SAs had been analyzed in detail
(Wang and Wang, 2018a), but most studies focused on activated sludge
(Müller et al., 2013; Yang et al., 2012; Men et al., 2017). Few studies
have been done on isolated SAs bio-removal strains, and most of which
were isolated from activated sludge (Wang and Wang, 2018b) and
freshwater (Reis et al., 2018a).

In this study, the main objective was to isolate, identify and char-
acterize the SAs-removal bacterial strains from estuary water. Besides,
we explore the removal mechanisms by analyzing the metabolic pro-
ducts of SAs, key genes of isolated bacterial strains, and also assess the
toxicity of SAs and their metabolic products. What's more, the factors
influencing SAs removal efficiency will also be investigated in this
study. To the best of our knowledge, this will be the first report on
isolates involved in the removal of sulfisoxazole (SIX) and sulfamono-
methoxine (SMT) in seawater, and this also will be the first report on
marine bacterium Vibrio diabolicus about its sulfonamides removal ca-
pacity.

2. Materials and methods

2.1. Chemicals and media

16 SAs and analogs of them including aniline (AN), sulfanilamide
(SA), p-aminobenzene sulfonic acid (pASC), 4-methylsulfonylaniline
(MSA), sulfaguanidine (SGD), sulfamethoxazole (SMX), SIX, sulfaceta-
mide (SCM), sulfathiazole (STZ), sulfadiazine (SDZ), sulfapyridine
(SPD), sulfamerazine (SMZ), sulfamethazine (SMZ-2), sulfadimethoxine
(SDM), SMT, sulfadoxine (SDX), N4-acetylsulfamethoxazole (N4-
AcSMX) were purchased from J&K Chemical Inc. (Beijing, China). N1-
acetylsulfamethoxazole (N1-AcSMX) was purchased from Merck & Co.,

Inc. (Darmstadt, Germany). Acetonitrile (HPLC-grade) was purchased
from CNW Technologies (Duesseldorf, Germany). All other chemicals
used were at the highest purity available commercially.

The growth medium (2216E seawater medium) consisted of (per
liter of filtered seawater, pH 7.2) tryptone 5 g, yeast extract 1 g and
FePO4 0.01 g. The minimal medium (liquid) consisted of (per liter of
filtered seawater, pH 7.2) KH2PO4 3 g, Na2HPO4•7H2O 12.8 g, NaCl
0.5 g, NH4Cl 1.5 g, MgSO4 0.3 g, CaCl2 0.0112 g, EDTA-Fe 1 mL (per
liter of distilled water, consisting of FeSO4•7H2O 0.0246 g, EDTA
0.0331 g) and trace elements 1 mL (per liter of distilled water, con-
taining H3BO3 0.05 g, Na2MoO4•2H2O 0.002 g, MnCl2 0.002 g,
CoCl2•6H2O 0.00002 g, ZnSO4•7H2O 0.004 g, CuSO4•5H2O 0.001 g and
KI 0.001 g). LB medium consisted of (per liter of distilled water, pH 7.2)
peptone 10 g, yeast extract powder 5 g and NaCl 10 g. All solid growth
medium contained the same ingredients as the liquid medium amended
with agar powder (1.5% wt/vol). Phosphate buffer solution (PBS)
consisted of (per liter of distilled water, pH 7.2) NaCl 8 g,
Na2HPO4•12H2O 3.63 g and KH2PO4 0.24 g. All of the above mediums
and buffer solutions were autoclave sterilized.

2.2. Isolation and identification of bacterial strains

Because SMX was frequently detected in the environment, the re-
port by the U.S. Geological Survey showed that SMX was the most
common SAs in wastewater (Kolpin et al., 2002), so SMX was chose as
the representative of SAs to isolate SAs removal bacteria and explore
the removal mechanism. The bacteria were isolated from the estuary
water of Guangdang River in Yantai of China. 10 L estuary water was
filtered with 0.45 μm membrane and the collected marine bacteria on
the membrane were incubated in the minimal medium supplemented
with 20 mg/L SMX at 30 °C, 160 rpm. After acclimation by repeating
the procedure 5 times, the strains were isolated by plating the accli-
mated bacteria onto the solid growth medium supplemented with
20 mg/L SMX. Through repeatedly screening, the strain with the
highest SMX removal efficiency was selected and numbered as L2-2.
The morphology of strain L2-2 was observed by scanning electron mi-
croscopy (Hitachi S-4800, Japan Tokyo). The 16S rRNA gene sequence
of strain L2-2 was aligned with the related sequences from GenBank and
EzBioCloud databases and the phylogenetic tree was constructed using
MEGA5.0 software. All primer sequences used in this study were shown
in Table 1.

2.3. Bio-removal experiments

Strain L2-2 cells were cultured for 12 h in the growth medium,
collected by centrifugation at 8000 rpm for 3 min, and washed with
sterile PBS for 3 times. Then the cells were incubated in the minimal
medium containing 10 mg/L SMX with an initial cell concentration of
108 CFU/mL. All cultures were incubated in the incubator shaker at
160 rpm and 30 °C. Samples were collected after a day, analyzed for
SMX concentration by HPLC after filtration, and the ones which could
be metabolized by strain L2-2 were further analyzed for their

Table 1
Primers used in this study.

Gene name Forward primer Reverse primer

16S rRNA AGAGTTTGATCCTGGCTCAG GGTTACCTTGTTACGACTT
16S rRNA-RT GCACAAGCGGTGGAGCATGTGG CGTGTGTAGCCCTGGTCGTA
vdnatA GCGTGTTTTAGCGACCTTGA CCCATCATAACCGGCTGACT
vdnatB TTGCTGACGACAAGCACAAA GCCAAGGGACAGGTACAAAGA
vdnatC AGGCGAGTTTCAACGACGATA TCGCTTGATTTCCCAATCCCT
vdnatD GCCATTACCCTGCGTCAAGA CGACCAAGTGCATCGCTTTT
vdnatE CGCACTATGAAGCTGAACCG GACGACCTTTCTTTGCGAGC
vdnatF GGTAGTCGGCTTTTTAACCGC GCTCACAAGCCTCAAGCAGT
vdnatG TGACGCTGGATGAACAAGCA GTCCGTTCCATCCGTTGACA
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metabolites by HPLC-ESI-MS/MS. The ability of strain L2-2 removal
AN, SA, pASC, MSA, SGD, SIX, SCM, STZ, SDZ, SPD, SMZ, SMZ-2, SDM,
SMT and SDX were tested with the same methods of SMX. The bio-
removal rate (biotransformation rate) was calculated as the following
equation:

=
−

×R C C
C

1000 t

0

where R is the bio-removal rate (biotransformation rate) of SAs and its
analogs (%); C0 is the initial concentration of SAs (mg/L); and Ct is the
remaining concentration of SAs at time t (mg/L).

SAs with high bio-removal rates including STZ, SMT, SDX, SMX and
SIX were further selected to investigate their bio-removal process in co-
existence status. The experiment was conducted in the same conditions
as discussed above except that the minimal medium was added with the
5 SAs all in 4 mg/L 1 mL of sample was collected per day for 6 days and
analyzed by HPLC. The same medium containing SAs with autoclaved
bacterial cells was used as control.

2.4. Effects of influential factors on SAs bio-removal

Potential influential factors including SAs initial concentration, pH,
salinity, additional carbon resources, and nitrogen sources were se-
lected to investigate their effects on SAs bio-removal. To determine the
effect of SAs initial concentration, strain L2-2 was inoculated into
minimal medium solution with different initial concentrations of SAs
ranging from 0.5 to 50 mg/L. To determine the effect of pH, strain L2-2
was inoculated into PBS with pH ranging from 5.0 to 9.0 containing
4 mg/L SAs. To determine the effect of salinity, strain L2-2 was in-
oculated into PBS adding with seawater ranging from 0% to 100%
containing 4 mg/L SAs. To determine the effect of additional carbon
and nitrogen sources, strain L2-2 was inoculated into minimal medium
containing 4 mg/L SAs and 1 g/L sterile nutriment which respectively
was glucose, sucrose, starch, palmitic acid, linoleic acid, formic acid,
methyl alcohol and yeast extract powder, peptone, casein, acid hydro-
lyzed casein, glycine, and NH4Cl. All experiments were conducted in
triplicate with initial cell concentrations of 108 CFU/mL and autoclaved
strain L2-2 cells as control. Samples were collected at 0 and 4 days for
SAs analysis. It should also be pointed out that SAs included STZ, SMT,
SDX, SMX and SIX.

2.5. Toxicity analysis

To investigate the changes in toxicity to strain Escherichia coli
(standard strain purchased from BeNa Culture Collection (Beijing,
China), which was the subculture strain of E. coli CMCC44103) after
strain L2-2 metabolism, the supernatant with 20 mg/L single and mixed
STZ, SMT, SDX, SMX, SIX was collected before and after metabolism for
10 days by strain L2-2. The collected supernatant, mixed with an equal
volume of LB medium was inoculated with 0.02 OD600 E. coli and
cultivated at 28 °C, 160 rpm for 10 h. N4-AcSMX was also tested using
the above method. The supernatant of strain L2-2 without SAs was used
as the control. Toxicities were expressed by E. coli growth inhibitory
rate, which was calculated by the following equation:

=
−

×I N N
N

100C D

C

where I is E. coli growth inhibitory rate (%); NC is E. coli cell con-
centration of the control group; ND is E. coli cell concentration of the
experimental group with SAs.

2.6. Genome sequencing and genes related to sulfonamide
biotransformation

The genome of V. diabolicus strain L2-2 was purified using a
Bacterial Genomic DNA Extraction Kit (Solarbio) and quantified with

Quant-iT PicoGreen dsDNA Assay Kit (ThermoFisher). Multiplexed
DNA libraries were constructed with TruSeq DNA Sample Prep Kit
(Illumina), and sequenced using Illumina Hiseq with paired-end,
2 × 150 bp sequencing mode. De novo assembly was performed using
A5-MiSeq (Coil et al., 2015) and SPAdes (Bankevich et al., 2012) and
corrected with Pilon software (Walker et al., 2014). Gene prediction
was conducted using GeneMarkS (Besemer et al., 2001), functional
annotation was performed by sequence alignment comparing with
NCBI NR databases (Buchfink et al., 2015).

According to genome gene prediction and functional annotation,
genes that might be related to SMX biotransformation were pre-
liminaryly screened with N- acetyltransferase. Multiple genes per-
formed protein sequence alignment with the Resistance Gene Identifier
(RGI) in the Comprehensive Antibiotic Resistance Database (CARD) for
further screening. Finally, 7 genes were selected and their expressions
in sulfonamide stress were researched. For gene expression studies, cells
of strain L2-2 with and without 10 mg/L SMX treatment were collected
at 0 h, 24 h and 48 h. The total RNA was extracted using RNA prep Pure
Cell/Bacteria Kit (Tiangen, China) and reversed transcription was per-
formed using PrimeScript RT Reagent Kit (Takara, Japan). Expression
of hypothetical SMX biotransformation genes was semi-quantified using
TB Green Premix Ex Taq (Takara, Japan), the 2-ΔΔCt method
(Schmittgen and Livak, 2008), by RT-PCR (QuantStudio 5, Thermo-
Fisher, America). Meanwhile, a fragment of the 16S rRNA was used to
normalize the mRNA level of each gene (16S rRNA-RT) (Zhang et al.,
2013). For RT-PCR analysis, one-way ANOVA tests were used by SPSS.
Statistically significant difference was tested at P values < 0.05.

2.7. Analytical methods

SAs concentrations were analyzed by Agilent 1260 Infinity II HPLC
(Agilent, America) equipped with an Agilent reversed-phase column SB-
C18(4.6 × 150 mm, 5 μm) and a diode-array detector operating at a
wavelength of 270 nm. The flow rate was 0.9 mL/min with a gradient
mode of t = 0 min (20:80), t = 7 min (20:80), t = 8 min (43:57) and
t = 11 min (20:80) for acetonitrile and 0.4% ethanoic acid, respec-
tively. The injection volume was 10 μL and the column temperature was
set as 35 °C.

The metabolic products were identified using LCQ Fleet HPLC-ESI-
MS/MS (Thermo Fisher Scientific, America). The LC conditions were
similar with the method as described above, except that the flow rate
was 0.6 mL/min and gradient mode was adjusted to t = 0 min (20:80),
t = 4 min (20:80), t = 8 min (43:57), t = 12 min (43:57) and
t = 15 min (20:80) for acetonitrile and 0.4% ethanoic acid. The mass
spectrometer was operated in positive ion mode at full scan m/z range
of 100–1000, ion spray voltage 3 kV, spray voltage 5 kV and capillary
temperature 270 °C.

3. Results and discussion

3.1. Isolation and identification of the SMX bio-removal marine bacteria

After the duplicate screening, a marine bacterial strain L2-2
showing maximum efficiency of SMX removal was isolated. The strain
L2-2 was a gram-negative bacterium, atrichosis and shot rod (Fig. 1a).
The filtered high-quality data sequenced using Illumina Hiseq were de
novo assembled with 237 × depth of coverage. The genome of strain
L2-2 was composed of 77 contigs with total sequence length of
5.28 Mbp and the GC content of 44.72%. The genome sequence and
other information of strain L2-2 have been submitted to NCBI with
accession number JAANXJ000000000. By comparison with sequences
in the GenBank database and type strain sequences in the EZBioCloud
database, the 16S rRNA genes of strain L2-2 showed a 99.80% simi-
larity to those of V. alginolyticus, whose accession number was
CP014053.1. The Neighbour-joining tree based on 16S rRNA gene se-
quences showed a closer relationship with V. alginolyticus (ATCC1749T),
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V. parahaemolyticus (ATCC17802T), and V. diabolicus (HE800T)
(Fig. 1b). But, by using average nucleotide identity (ANI), the genome
of strain L2-2 was 97.961% identical to the type genome of V. diabolicus
(PRJNA224116), with 86.4% coverage of the genome (Federhen et al.,
2016; Ciufo et al., 2018). In order to sufficiently identify strain L2-2, its
genome was compared with other genomes using the Pathosystems
Resource Integration Center (PATRIC) web-based service, and the result
showed that strain L2-2 was most similar to V. diabolicus strain FDA-
ARGOS_96 (PATRIC Genome ID: 50719.19). The genome-scale phylo-
genetic tree also built using PATRIC, and the tree showed that strain L2-

2 had a closer relationship with V. diabolicus strain JBS-8-11-1 (PATRIC
Genome ID: 50719.45) (Fig. S1). So strain L2-2 was identified as V.
diabolicus, preserved in China General Microbiological Culture Collec-
tion Center with preservation number CGMCC No.18031. Its 16S rRNA
partial sequence was submitted to GenBank with accession number
MN180830.

The SAs bio-removal strains reported previously included
Escherichia sp., Acinetobacter sp. (Zhang et al., 2012a), Achromobacter
sp. [38 (Wang and Wang, 2018b), Shewanella oneidensis (Mao et al.,
2018), Microbacterium sp. (Ricken et al., 2015), Proteobacteria sp. (Reis

Fig. 1. Scanning electron microscope images and phylogenetic tree of strain L2-2. a Scanning electron microscope image of strain L2-2 after 24 h growth on 2216E
seawater medium at 30 °C. b Neighbour-joining tree based on 16S rRNA gene sequences showing the relationships among strain L2-2 and related type strain.
Escherichia coli ATCC 11775T was used as an out-group. The numbers at branch nodes indicated bootstrap percentages derived from 1000 replications. Bar, 0.01
accumulated changes per nucleotide position.
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Table 2
The abbreviation, molecular structure, molecular weight, bio-removal rate of the targeted compounds and [M+H]+ of metabolites after metabolizing for1 day by V.
diabolicus strain L2-2.

Compound (Abbreviation) Molecular structure Molecular weight [M+H]+ [M+H]+of metabolites Biotransfor-mation rate

Aniline (AN) 93.14 / / 0

Sulfanilamide (SA) 172.20 / / 0

p-aminobenzene sulfonic acid (pASC) 173.20 / / 0

4-Methylsulfonylaniline (MSA) 171.22 / / 0

Sulfaguanidine(SGD) 214.24 / / 0

Sulfamethoxazole (SMX) 253.27 254.15 296.17 22.42%

Sulfisoxazole (SIX) 267.30 268.10 310.16 20.32%

Sulfacetamide (SCM) 214.24 215.05 257.09 8.95%

Sulfathiazole (STZ) 255.31 256.15 298.15 9.96%

Sulfadiazine (SDZ) 250.27 / / 0

Sulfapyridine (SPD) 249.28 250.11 292.10 5.43%

Sulfamerazine (SMZ) 264.30 265.15 307.16 8.79%

Sulfamethazine (SMZ-2) 278.33 / / 0

(continued on next page)
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et al., 2018a), Phanerochaete chrysosporium (Guo et al., 2014), Pseudo-
monas psychrophila (Jiang et al., 2014), Pseudomonas sp. (Zhang et al.,
2012b), Alcaligenes faecalis (Zhang et al., 2016), fungus Trametes versi-
color (Rodríguez-Rodríguez et al., 2012) and some others (Wang and
Wang, 2018a; Chen and Xie, 2018), and some reported bacterial strain
with 16S rRNA sequence were listed and compared to strain L2-2 (Fig.
S2). According to the phylogenetic tree of strain L2-2 and other strains
that had SAs bio-removal capacity confirmed by previous reports, strain
L2-2 had a high homology just with Enterobacter sp. strain HS21 (Zhang
et al., 2012a), but there were no reported degradation pathway or the
key genes involved in SAs biodegradation about strain HS21. It should
be pointed out that, these bacteria were mostly isolated from the
freshwater environment, but strain L2-2, isolated in estuary water in
this study, belonged to V. diabolicus, whose bio-removal ability towards
SAs have not been reported.

3.2. Bio-removal of SAs by strain L2-2 and their metabolites

As shown in Table 2, pABS with nitrogen heterocyclic structure or
amide structure could be metabolized by strain L2-2, while pABS (SA)
and aniline (AN) could not be metabolized. Among the 16 SAs, 9 SAs
could be bio-removed to different extents by strain L2-2 in 1 day, and
the order of bio-removal efficiencieswas SDX > SDM > SMX > SIX >
SMT > STZ > SCM > SMZ > SPD. Although previous research
showed that SAs with a penta-heterocycle exhibited a higher photo-
degradation rate than those with a hexa-heterocycle because of their
higher electron densities (Lian et al., 2015), our study showed that SDX
and SDM with hexa-heterocycle structure had the highest biodegrada-
tion efficiency, suggesting that the mechanisms might be different be-
tween bio-removal and photodegradation.

Compared with the corresponding SAs, the [M+H]+ values of all
the detected metabolites increased by 42.0 (Table 2, Fig. S3), pre-
liminarily indicating the occurrence of acetylation because the in-
creased molecular weight matched with the acetyl group and acetyl-
sulfonamide were the common metabolite of sulfonamide in animal,
human and also in the environment (Harnisch et al., 2013; Radke et al.,
2009) N4-AcSMX and N1-AcSMX were the mostly reported acetylated
metabolites of SMX (Geng et al., 2018), but they were not detected in
this study. Interestingly, the SMX metabolite was identical to the pro-
duct of N4-AcSMX after strain L2-2 metabolizing (Fig. S4). According to
previous research, isoxazole ring rearrangement could construct an
SMX isomer in the water/sediment system and ozone treatment (Su
et al., 2016; Gómez-Ramos et al., 2011). As there was no other chro-
matographic peak with the same molecular weight as SMX, SMX was

more likely to be transformed to N4-AcSMX first and then quickly
transformed to its isomer with isoxazole ring rearrangement by strain
L2-2 (Fig. S5). According to the characteristics of chromatogram and
mass spectrogram, the products of other SAs could be speculated to
their N4-acetylation products or N4-acetylation isomer metabolized by
strain L2-2 as well (Fig. 2). There were substantial differences in SMX
metabolic pathways by different bacterial species, and the main path-
ways could be summed up as ammonia oxidation, ammonia hydro-
xylation, sulfate reduction, and mineralization decomposition (Wang
and Wang, 2018a). N4-acetylation of SAs was one of the ammonia
oxidation, and had also been widely reported in microorganisms (Zhang
et al., 2016; Kassotaki et al., 2016; Gauthier et al., 2010). Some bac-
terium strains could only transform SMX to N4-acetyl-SMX without
other products just like strain L2-2. Reis et al. found that some Aero-
monas sp., Kluyvera sp., and Raoultella sp. from mineral drinking water
could transform SMX into the lesser toxic derivative N4-acetyl-SMX and
no further degradation products were found just like strain L2-2 (Reis
et al., 2018a). Zhang et al. found that N4-acetylation was one of the
SMX removal mechanisms by Alcaligenes faecalis, the other products
were N-hydroxy SMX, and there were no other further degradation
products (Zhang et al., 2016). But some bacterium strains could
transform SMX not only to their acetylation products but also other
products. Gauthier et al. found that Rhodococcus rhodochrous and As-
pergillus niger could co-metabolized SMX to N4-acetyl-SMX and further
to N4-hydroxy-acetyl-SMX (Gauthier et al., 2010). Kassotaki et al. found
SMX could be transformed to 4-Nitro SMX, Desamino-SMX, N4-Acetyl-
SMX and finally most SMX was removed by co-metabolism of ammonia-
oxidizing bacteria (Kassotaki et al., 2016). Besides what's mentioned
above, SMX could also be metabolized by other pathways. For example,
Achromobacter denitrificans PR1 and Leucobacter sp. GP could degrade
SMX to 4-aminophenol (Reis et al., 2018b), while Pseudomonas psy-
chrophila HA-4 could degrade SMX to aniline, 4-aminothiophenol, sul-
fanilamide, and 3-amino-3-methylsisoxazole (Jiang et al., 2014). Re-
searches showed that some bacterial species could perform multiple
metabolic pathways towards SMX while some could only perform one.
But for most bacterial species, one metabolic pathway was relatively
common, and multiple pathways were common in mixed bacterial
species.

Considering that SAs coexisted in natural environments, it is ne-
cessary to investigate their bio-removal efficiency in co-existence
status. Since SAs including STZ, SMT, SDX, SDM, SMX and SIX showed
higher bio-removal efficiency, and SDM is an isomer of SDX with si-
milar properties, 5 SAs including STZ, SMT, SDX, SMX and SIX were
selected. 5 SAs with autoclaved bacterial cells showed no obvious

Table 2 (continued)

Compound (Abbreviation) Molecular structure Molecular weight [M+H]+ [M+H]+of metabolites Biotransfor-mation rate

Sulfadimethoxine (SDM) 310.32 311.17 353.16 38.77%

Sulfamonomethoxine (SMT) 280.30 281.19 323.21 13.71%

Sulfadoxine (SDX) 310.32 311.16 353.19 38.96%
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natural degradation in 6 days (Fig. S6). The chromatogram and mass
spectrogram of 5 SAs were shown in Fig. 2 during the metabolic process
by stain L2-2. As shown in Fig. 3, all the 5 SAs could be transformed
quickly on the first day, and then the biotransformation efficiency de-
creased gradually day by day. The biotransformation rates of SDX and
SMX were apparently higher than STZ, SIX and SMT, which were
generally consistent with the results when conducted separately
(Table 2). The biotransformation rates could reach to 79.41%, 64.64%,
29.39%, 32.82% and 24.97% for SDX, SMX, STZ, SIX, SMT,

respectively, in 6 days. There were significant differences in the SAs
bio-removal efficiencies by different bacterial strains. For example,
Arthrobacter sp. D2 could completely remove 100 mg/L SDZ within 27 h
(Deng et al., 2016). The maximal removal rate of 100 mg/L SMX by
Pseudomonas psychrophila strain HA-4 was 34.30% after 192 h (Jiang
et al., 2014), while Aeromonas sp., Kluyvera sp., and Raoultella sp. could
transform 11%–73% of the initial 200 μM SMX after 15 days (Reis et al.,
2018a), and bacteria co-metabolism could transform 98% of the initial
0.4 μM SMX in 1 day (Kassotaki et al., 2016).

Fig. 2. Chromatograms and mass spectrums of SAs and their metabolites. d The chromatogram of 5 SAs including STZ, SMT, SDX, SMX, SIX and their metabolites
after 1 day (red line), 5 days (green line) of degradation by strain L2-2. Mass spectrums and molecular structure of metabolites of SDX, STZ, SMX, SMT, SIX were
shown in a, b, c, e, f respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Effects of influential factors on SAs biotransformation

As shown in Fig. 4, when the initial concentration was less than
5 mg/L, the biotransformation rates seemed almost stable; while a
sharp decrease was observed when it was more than 5 mg/L, with the
biotransformation rates decreased from 91.68% to 26.17% for SDX and
decreased by about 80% for other SAs when SAs concentration

increased from 5 mg/L to 50 mg/L. The result of this study suggested
that the SAs initial concentrations could greatly affect SAs bio-
transformation efficiencies by strain L2-2. It also should be noted that
the experiment was conducted with a mixture of 5 SAs (STZ, SMT, SDX,
SMX and SIX), and the total SAs were 5 times the SAs initial con-
centration, indicating that strain L2-2 could resist and transform SAs at
concentrations as high as 250 mg/L, which was higher than Shewanella
oneidensis (60 mg/L) (Mao et al., 2018) and Pseudomonas psychrophila
(200 mg/L) (Jiang et al., 2014).

Significant variations in biotransformation rates of STZ, SMT, SDX,
SMX and SIX by strain L2-2 were observed for different pH values
(P < 0.05) (Fig. 4). Neutral or weak alkaline conditions facilitated the
SAs biotransformation by strain L2-2, with pH 7–8 being the optimal
condition for most SAs. Higher bio-removal efficiencies of SMX at pH
7.0 or 8.0 were also observed for Shewanella oneidensis (Mao et al.,
2018). In water samples from highly polluted rivers, the aerobic bio-
removal efficiency of SAs was also reported to be positively correlated
with pH (Adamek et al., 2016). However, opposite results have been
reported for photodegradation, the degradation of SAs was significantly
enhanced in acidic pH conditions (Avisar et al., 2010; Lester et al.,
2012). The varied effects of pH on bio-removal and photodegradation
were probably that, pH values could influence the reproduction and
numbers of bacterial strains, as well as bacteria enzyme activity in vitro
and vivo, and Acinetobacter sp. showed better performance in SMX de-
gradation under neutral condition than acidic condition, which was
closely linked to strain growth (Wang and Wang, 2018a, 2018b). Some
studies also suggested that pH could sensitively affect the accumulation
of SAs in bacterial cells by affecting the concentration of the effective
anionic species (Zarfl et al., 2008).

The biotransformation rates of SAs could also be significantly af-
fected by salinities (P < 0.01), with higher biotransformation

Fig. 3. The time course of SAs biotransformation rates by strain L2-2. SAs
consisted of STZ, SMT, SDX, SMX and SIX with an initial concentration of 4 mg/
L respectively. The data were expressed as the means ± SD from three re-
plicates.

Fig. 4. Effects of SAs initial concentrations (a), pH (b), salinity (c) and nutriments (d) on SAs biotransformation rate by strain L2-2. The salinity was represented by
the proportions of seawater. SAs were a mixture of STZ, SMT, SDX, SMX and SIX, with initial concentrations of 4 mg/L for all of them in b-d. The data were expressed
as the means ± SD from three replicates.
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efficiencies found in salinity from 13.93‰ to 20.89‰ while low effi-
ciencies found in either freshwater (salinity 0‰) or seawater (salinity
34.82‰) (Fig. 4). Most previous studies indicated that salinity was
negative to sulfonamide bio-removal in river water (Adamek et al.,
2016) and activated sludge (Li and Zhang, 2010). In this study, stain L2-
2, screened from estuary water, could endure a high range of salinities
after long-term evolution and accommodation. The best performance of
strain L2-2 was observed in salinity between seawater and fresh water,
implying the uniqueness of stain L2-2.

Since the biotransformation mechanism of SAs by strain L2-2 was
acetylation with the introduction of an acetyl group into the nitrogen
atoms of molecules, additional carbon resources could theoretically
facilitate SAs biotransformation. Besides, additional carbon and ni-
trogen sources could increase the cell numbers of strain L2-2, thus en-
hancing biotransformation. Therefore, the effects of additional carbon
and nitrogen sources on SAs biotransformation were investigated. As
shown in Fig. 4, SMX was the most influenced antibiotic by additional
nutriments. For blank, the biotransformation rate of SMX was lower
than SDX, but when the medium was added with 1 g/L glucose, sucrose
or glycerine, the SMX biotransformation efficiency became higher than
SDX. Notably, additional glycerine would increase the SMX bio-
transformation efficiency from 28.54% to 100%. Monosaccharide, dis-
accharide, formic acid, acid hydrolyzed casein, glycine, and yeast ex-
tract powder could also increase SMX biotransformation obviously.
Similarly, glucose, sucrose, and glycerine could enhance SDX bio-
transformation. Compared with SMX and SDX, the influence of nutri-
ments on SIX was slightly different, higher SIX biotransformation ob-
served for glucose, sucrose, glycerine, and peptone, while formic acid,
methyl alcohol, and casein showed obvious negative effect. The effects
of nutriments on STZ and SMT were not obvious, and their optimal
nutriments were glycerine and sucrose, respectively. Generally, com-
pared with SAs as the sole carbon source, additional nutriments except
NH4Cl could enhance the biotransformation of SAs by increasing the
cell numbers (Fig. 4). Exceptions were found for formic acid, methyl
alcohol, and casein. Although they could facilitate the growth of strain
L2-2, they all showed inhibitions to SIX biotransformations. Conversely,
while the growth promotion of glycerine was not significant, it showed
greater acceleration to SAs biotransformation than other nutriments.
Some previous studies showed that additional carbon could enhance
SAs biodegradation (Müller et al., 2013; Nguyen et al., 2017), but the
mechanisms of the effects of different carbon sources on SAs biode-
gradation were mostly unknown. Studies showed that acetyl-coenzyme
A occupied a critical position in protein acetylation (Pietrocola et al.,
2015; Mews et al., 2017), while glucose and glycerine could cause
acetyl-coenzyme A to increase quickly in vivo (Chohnan et al., 1998),
which might further increase SAs biotransformation efficiencies. No-
tably, the results in this study showed that the effects were nutrient
specific and SAs specific, which could not be fully explained by the
known mechanisms and further explorations are needed.

From the above, SAs initial concentrations, pH and nutrients could
all significantly affect SAs biotransformation efficiencies by strain L2-2.
The overall optimal conditions for SAs biotransformation were de-
termined to be less than 20 mg/L for single sulfonamide or less than
100 mg/L for total SAs in the neutral or weakly alkaline medium. The
optimal salinity was 10–20‰, and additional nutrients like glucose,
sucrose or glycerine could enhance bio-removal.

3.4. Toxicity analysis of SAs and their metabolites

After 10 days of metabolization by strain L2-2, biotransformation
rates of single STZ, SMT, SDX, SMX, SIX and their mixture (SAs-MIX)
were 41.64 ± 2.27, 25.95 ± 4.29, 65.46 ± 4.58, 25.61 ± 0.09,
35.16 ± 1.36 and 34.07 ± 2.68%, respectively (Fig. 5). Corre-
spondingly, except for SMT, E. coli growth inhibitory rate of the SAs and
SAs-MIX decreased significantly after microbial metabolism, especially
for STZ, whose inhibition towards E. coli disappeared basically,

indicating that the toxicity of STZ could be eliminated by strain L2-2.
The reduction of the toxicity by metabolization implied that the
acetylated metabolites of most SAs seemed less toxic, which could be
partially demonstrated by the findings that N4-AcSMX, the metabolite
of SMX, barely showed an inhibitory effect on E. coli growth (Fig. 5).
The results were consistent with previous reports that while for some
SAs such as SPD, their acetylated metabolites were still toxic (García-
Galán et al., 2012), but the acetylated metabolites of SDM, SMX, and
SDZ had much weaker growth inhibitory effects on green algae (Eguchi
et al., 2004) and N4-acetyl-derivatives of SMX retained less than 10% of
the effect of SMX on bacteria growth (Majewsky et al., 2014).

3.5. Genes related to sulfonamide biotransformation

According to the genome annotations, among the total 5603 genes
4837 were coding genes, and compared to the reported partial Vibrio sp.
genome, strain L2-2 had more total genes and coding genes (Table S1).
According to statistics, a total of 4264 eggNOG, 2604 KO, and 3494 GO
were annotated in strain L2-2 genome (Table S2). Study had shown that
Arylamine N-acetyltransferase (ANT) gene banatC from Bacillus an-
thracis had strong NAT activity toward SMX and expression of banatC in
Escherichia coli afforded higher-than-normal resistance to SMX
(Pluvinage et al., 2007). So genes noted with N-acetyltransferase were
selected, and among them, genes which E-value was less 0.0001 com-
pared with CARD were finally determined to the hypothetic genes
termed vdnatA-G (Table S3). It should be pointed out that gene vdnatG
was not matched with genes in CARD, but its coding protein with 268
amino acids was similar to NAT enzymes (270–290 amino acids)
(Pluvinage et al., 2007).

The expression of gene vdnatB, vdnatC, vdnatE, and vdnatF in groups
with and without SMX treatment did not show a significant difference
(P > 0.05), while the expression of gene vdnatA, vdnatD, and vdnatG
were significantly higher in SMX biotransformation process than the
control groups (Fig. 6), and the gene sequence could be found in strain
L2-2 genome sequence with NCBI accession number
JAANXJ000000000.

By comparing with CARD, vdnatA was identified as AAC(3) which
was defined as acetylation of the aminoglycoside antibiotic on the
amino group at position 3 (Allmansberger et al., 1985), and vdnatD was
identified to Mycobacterium tuberculosis gyrA conferring resistance to
fluoroquinolones. vdnatG encoding protein shared 95.1% sequence
identity to putative N-hydroxyarylamine O-acetyltransferase of V.
parahaemolyticus (UniProtKB-Q87K26) and 48.9% sequence identity to
Arylamine N-acetyltransferase of V. quintilis (UniProtKB-
A0A1M7YQX1). Among the three genes, the expression level of gene
vdnatA and vdnatG obviously decreased with time after 24 h, and this
change was conformed to the SMX biotransformation rate in Fig. 3,
which obviously decreased after 24 h. However, changes in gene vdnatD
expression level were not obvious between 24 h and 48 h. So vdnatA
and vdnatG were more likely to be the key genes involved in SMX bio-
transformation. Some previous studies have proposed that NAT-coding
genes would play a vital role in SMX transformation. Reis et al. found
nat gene in strain Proteobacteria mandelii McBPA4 and McBRA2 could
transform SMX to Ac-SMX (Reis et al., 2018a). Larcher et al. also hy-
pothesized that Rhodococcus equi producing NAT resulted in SMX re-
moval (Larcher and Yargeau, 2011).

Acetylation is an important metabolic pathway for resistance, de-
toxification, and inactivation for drugs such as aminoglycosides
(Soleimani et al., 2018), fluoroquinolone (Kim et al., 2013), strepto-
thricin (Burckhardt and Escalante-Semerena, 2017), and others. NAT
has been confirmed to catalyze the acetyl-CoA-dependent N-acetylation
of various arylamines and their N-hydroxylated metabolites (WEBER,
1985). According to previous researches, NAT has already been linked
to sulfonamide metabolism and detoxification in humans, however, it
has not been confirmed if it is directly related to sulfonamide acetyla-
tion in bacterium (Cribb et al., 1993; Kagaya et al., 2012). The gene
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panat for NAT from Pseudomonas aeruginosa could express as an N-
terminal histidine-tagged protein in E. coli, and the purified enzyme
could acetylize arylamine (Westwood et al., 2005), and sulfonamides
have an arylamine structure. Mulyono et al. found that Bacillus cereus
strain 10-L-2 could produce NAT which could transform 4-phenylene-
diamine into 4-aminoacetanilide (Mulyono et al., 2007). However, the
NAT expressed by vdnatA and vdnatG shared only low sequence identity
at the amino acid level (8.2% and 29.8% with NAT from Pseudomonas
aeruginosa UniProtKB-Q9HUY3, 7.5% and 24.9% with NAT from Ba-
cillus cereus UniProtKB- B7X9H5). Based on these results, vdnatG was
more likely to be the key gene of strain L2-2 to transform SAs. The role
of gene vdnatA deserved further studies.

In addition, by comparison with sequences in the GenBank data-
base, vdnatG was found in some other Vibrio sp. mainly including V.

diabolicus, V. antiquarius and V. parahaemolyticus, some strains’ NCBI
sequence ID was listed - CP014095.1, CP014133.1, AP022866.1,
AP022860.1, CP028482.1. But except V. diabolicus strain FDAAR-
GOS_96, the percent identity of other strains not totally matched with
strain L2-2. Therefore, SAs acetylation capacity might appear on several
Vibrio sp. strains. But, Xu et al. found that only less than 1% of the SMX
was transformed into N4-acetyl-sulfamethoxazole based on water-sedi-
ment batch experiments using bacterial community (Xu et al., 2011),
and this suggested that SAs acetylation was not a common phenomenon
in bacterium. The expression of gene vdnatA and vdnatG in the SMX
treatment group increased significantly, and their rising trend basically
matched to SMX biotransformation process, especially vdnatG whose
gene length was basically consistent with the known NAT (Yamamura
et al., 2000). Some research had explored genes relevant with SMX
acetylation, but so far as we know, there was no definite validation of
SMX acetylation gene by cloning and expression.

4. Conclusion

V. diabolicus strain L2-2, capable of transforming many SAs to their
N4-acetylated metabolites, was isolated and identified. Through com-
parison to many kinds of compounds containing phenylamino group or
p-ABS and its analogs, SAs with N-oxides of heterocyclic structure were
easier to be acetylated. Gene vdnatA and vdnatG might be the key gene
in SAs acetylation process, which might code Arylamine N-acetyl-
transferase. After acetylization by strain L2-2, the toxicities of SAs to-
wards E. coli were significantly decreased. Optimum metabolic condi-
tions of strain L2-2 towards SAs turned out to be neutral or weakly
alkaline, with less than 100 mg/L of total SAs concentrations in salinity
of 10–20‰, and additional nutriments of 1 g/L glucose, sucrose or
glycerine. The known microorganisms capable of metabolizing SAs
were mostly isolated from freshwater environment, this study first re-
ported a strain of V. diabolicus that could biodegrade a broad class of
SAs in seawater. And the results in this study provided a strategy for
simultaneous biotransformation and detoxification of SAs contamina-
tion in the estuary environment.

Fig. 5. Escherichia coli growth-inhibitory of SAs with and without metabolizing by strain L2-2. The concentrations of STZ, SMT, SDX, SMX, SIX and N4-AcSMX were
all 20 mg/L, and SAs-MIX represented a mixture of STZ, SMT, SDX, SMX and SIX. The data were expressed as the means ± SD from three replicates.

Fig. 6. Relative expression of gene vdnatA, vdnatD, and vdnatG of strain L2-2
with SMX stress by RT-PCR. The data were expressed as the means ± SD from
three replicates. Significant difference compared with the control group at the
same time was marked with *p < 0.05, **p < 0.01, ***p < 0.001.
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