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Abstract—The presence of antibiotics in the environment is of great concern because of their potential for resistance selection among
pathogens. In the present study we investigated the occurrence of 19 sulfonamides, five N-acetylated sulfonamide metabolites, and
trimethoprim in the Liao River basin and adjacent Liaodong Bay, China, as well as 10 human/agricultural source samples. Within the 35
river samples, 12 sulfonamides, four acetylated sulfonamides, and trimethoprim were detected, with the dominant being sulfamethox-
azole (66.6 ng/L), N-acetylsulfamethoxazole (63.1 ng/L), trimethoprim (29.0 ng/L), sulfadiazine (14.0 ng/L), and sulfamonomethoxine
(8.4 ng/L); within the 36 marine samples, 10 chemicals were detected, with the main contributions from sulfamethoxazole (25.2 ng/L)
and N-acetylsulfamethoxazole (28.6 ng/L). Sulfamethoxazole (25.9%), N-acetylsulfamethoxazole (46.6%), trimethoprim (22.9%), and
sulfapyridine (1.4%) were the main chemicals from human sources, while sulfamonomethoxine, sulfamethazine, sulfaquinoxaline,
sulfaguanidine, sulfadiazine, sulfanilamide, and sulfamethoxypyridazine were dominant in the animal husbandry sources, specifically,
swine and poultry farms, and sulfamethoxazole (91%) was dominant in the mariculture source. A principal component analysis with
multiple linear regression was performed to evaluate the source apportionment of total sulfonamides in Liaodong Bay. It was found that
animal husbandry contributed 15.2% of total sulfonamides, while human sources contributed 28.5%, and combined human and
mariculture sources contributed 56.3%. In addition, the mariculture contribution was 24.1% of total sulfonamides into the sea based on
mass flux estimation. The present study is the first report that the environmental levels of sulfonamide metabolites were comparable to
the corresponding parents; therefore, we should pay attention to their environmental occurrence. Source apportionment showed human
discharge (60.7%) significantly contributed to these antibiotics in Liaodong Bay, which provides important information for environ-

mental management. Environ. Toxicol. Chem. 2011;30:1252-1260. © 2011 SETAC
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INTRODUCTION

A number of studies have highlighted the environmental
occurrence of antibiotics after their huge usage throughout the
world, and scientists are increasingly concerned about the
induction and spread of antibiotic resistance and their resistant
genes in response to an increased selective pressure [1,2].
Sulfonamides are a group of synthetic antibiotics that function
as competitive antagonists to p-aminobenzoate in the bacterial
enzymatic synthesis of dihydrofolic acid [3] and are often
administered with trimethoprim to potentiate bactericidal
effects [4]. However, some studies had found that continuous
treatment with sulfonamides such as sulfamerazine and
sulfadimethoxine could induce carcinomas [5-7]. In addition,
sulfonamides resistance genes such as sull, sul2, and sul3
have been found in soils and natural rivers [8,9]. Therefore,
a gene exchange process known as horizontal transfer, proven
in the laboratory [10-12], may also happen in the environment
[8], especially under continuous exposure of sulfonamides
[10,13].

Sulfonamides and trimethoprim are the most frequently
prescribed antibiotics used in human and veterinary medicine
[14] to treat a variety of bacteria, virus, and protozoan infections
[3,15,16], or as animal growth promoters to improve feed
efficiency [17]. Of these sulfonamides, sulfamethoxazole,
sulfapyridine, and sulfamerazine are primarily used in human
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treatment, while sulfadiazine, sulfadimethoxine, sulfametha-
zine, sulfathiazole, and sulfachloropyridazine are frequently
used in veterinary medicine [17]. After oral application,
sulfonamides are excreted via urine and are ultimately released
into the aquatic environment through sewage treatment plant
effluent or agricultural runoff. The removal efficiency of these
compounds during wastewater treatment has proven to be poor
[18], and relatively high concentrations of sulfonamides have
been ubiquitously detected in surface water samples [19-24].
While most of these studies often focused on a narrow range
of sulfonamides (mainly sulfamethoxazole, sulfamethazine,
and occasionally sulfapyridine and sulfadiazine), 20 to 30
sulfonamides are commercially available and prevalently
used around the world [25], which is worth noting because
of their potential abuse.

In addition to the environmental occurrence of sulfonamides,
their metabolites should get more attention. The main metabolic
pathway for sulfonamides is supposed to be N-acetylation [26]
as exemplified by sulfamethoxazole (SMX), of which only 15 to
25% is present in unchanged parent form and 43% is present as
N-acetylsulfamethoxazole (NAcSMX) in the urine [27]. The
retransformation of N-acetylated metabolites into sulfonamides
can occur in the environment via microbial activities [1,28].
This phenomenon has been demonstrated by the transformation
of NAcSMX to SMX in a water-sediment coexisting test
system [29] and N-acetylsulfamethazine to its active parent
sulfamethazine during the storage of manure [30]. Thus, sulfo-
namides metabolites are likely to be an extra source of active
sulfonamides within the environment. To our best knowledge,
however, only a few studies have focused on the detection
of NAcSMX in sewage treatment plants [18], while the
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metabolites of a broad range of sulfonamides in environmental
matrices have not been reported.

In the present study we developed a liquid chromatography-
electrospray tandem mass spectrometry (LC-MS/MS) method
for simultaneously analyzing 19 sulfonamides, five N-acety-
lated metabolites, and trimethoprim in sewage treatment
plant (STP) influent, effluent, and environmental river samples,
by improving the solid-phase extraction (SPE) cleanup method.
The method was then applied to investigate the occurrence
of target analytes in the Liao River basin, the adjacent Liaodong
Bay, as well as human and agricultural influenced source
samples in northern China. The parent sulfonamides included
in the present study were chosen because they have potential
for use in human medical treatment and animal husbandry in
the Liaodong Bay region. Finally, source apportionment
analyses were carried out using principal component
analyses with multiple linear regression based on the profiles
of all target compounds to interpret the contribution
from human and agricultural sources to total sulfonamides in
Liaodong Bay.
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MATERIALS AND METHODS

Chemicals and materials

Sulfaguanidine (SGD), sulfanilamide (SA), sulfathiazole
(STZ), sulfisomidine (SIM), sulfamonomethoxine (SMM), sul-
fisoxazole (SIA), sulfachloropyridazine (SCP), sulfapyridine
(SPD), sulfadiazine (SDZ), sulfamethazine (SMA), sulfame-
thoxazole (SMX), sulfamerazine (SMR), sulfaquinoxaline
(SQX), sulfameter (SME), sulfamethizole (SMT), sulfamoxol
(SMO), sulfadimethoxine (SDM), sulfamethoxypyridazine
(SMP), sulfanitran (SNT), and trimethoprim (TMP) were all
obtained from Sigma-Aldrich. *Cg-sulfamethazine (*C4-SMA)
was obtained from Cambridge Isotope Laboratories. N-acetyl-
sulfapyridine (NAcSPD), N-acetylsulfadiazine (NAcSDZ),
N-acetylsulfamethazine (NAcSMA), N-acetylsulfamethoxazole
(NAcSMX), N-acetylsulfamerazine (NAcSMR), and N-acetylsul-
famethoxazole-ds (NAcSMX-ds) were purchased from Toronto
Research Chemicals (Table 1).

The high-performance liquid chromatography (HPLC)-
grade methanol, acetone, dichloromethane, ethyl acetate, and

Table 1. Chemical structures and electrospray tandem mass spectrometry (ESI-MS/MS) spectra features of target sulfonamides, their metabolites, and
trimethoprim
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?SAs = sulfonamide antibiotics; SGD = sulfaguanidine; SA = sulfanilamide; STZ = sulfathiazole; SIM = sulfisomidine; SMM = sulfamonomethoxine;
SIA = sulfisoxazole; SMP = sulfamethoxypyridazine; SQX = sulfaquinoxaline; SME = sulfameter; SMT = sulfamethizole; SMO = sulfamoxol; SDM =

sulfadimethoxine; ~ SCP = sulfachloropyridazine; ~ SNT = sulfanitran;

SDZ = sulfadiazine; NAcSDZ = N-acetylsulfadiazine; ~SPD = sulfapyridine;

NACcSPD = N-acetylsulfapyridine; SMA = sulfamethazine; NAcSMA = N-acetylsulfamethazine; SMX = sulfamethoxazole; NAcSMX = N-acetylsulfa-
methoxazole; SMR = sulfamerazine; NAcSMR = N-acetylsulfamerazine; TMP = trimethoprim.
® Multi-selected reaction monitoring transition in ESI-MS/MS: precursor ion (product ions).
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hexane were purchased from Fisher Chemicals and HPLC grade
formic acid was purchased from Dima Technology. Ethylenedi-
amine tetraacetic acid disodium (Na,EDTA) of analytical
reagent grade was obtained from Sinopharm Chemical Reagent.
Distilled water was purified by a Milli-Q Synthesis water
purification system (Millipore). The SPE cartridges, including
Oasis hydrophilic-lipophilic balance (HLB) (500 mg/6 ml) and
Sep-Pak Silica (500 mg/3 ml), were from Waters. Stock solu-
tions (1000 mg/L in methanol) for all standard substances were
prepared and stored at —20°C.

Sample sites and collection

The Xiaoling River, Daling River, Shuangtaizi River, and
Daliao River are the four main rivers flowing into Liaodong
Bay, Bohai Sea. Thirty-five water samples from these four
rivers and their tributaries and 36 seawater samples from
Liaodong Bay were collected in May 2009 from the subsurface
zone (30-50 cm depth) (Fig. 1).

The river locations cover both urban and agricultural areas.
Only one sewage treatment plant, which processes approxi-
mately two-thirds (100,000 m>/d) of the municipal wastewater
of the Xinglongtai area, is in the urban district of Panjin City.
All untreated sewage is discharged directly into local rivers.
Animal husbandries include approximately 452,000 swine,
26,000 cattle, and 14 million poultry and are widespread
throughout the Panjin area [31]. To identify the human and
agricultural source apportionment of the target chemicals,
various source samples were collected. In detail, untreated
urban sewage from one large canal in the Shuangtaizi area,
the outflow from one drainage station, the 24-h composite
influents and effluents from the STP, and the discharge from
one local hospital were collected and identified as the human-
used sulfonamides source (HS1 to HSS in Fig. 1). Discharge
from field streams of intensive swine, duck, chicken, and cattle
farms were collected and identified as the animal husbandry
source samples (AS1 to AS4 in Fig. 1), and one mariculture
sample from a shrimp pond was also collected (MQ in Fig. 1).
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All water samples were collected in amber glass bottles and
filtered with a glass microfiber filter (GF/C, 1.2 pm) (Whatman)
before being extracted by HLB cartridges on the same day of
collection. These samples were then extracted and prepared for
determination of the target 25 analytes, including sulfonamides,
their metabolites, and trimethoprim. Detailed sample prepara-
tion and LC-MS/MS conditions are provided in the Supple-
mental Data.

Quantitation

The LC-MS/MS identification was accomplished by com-
paring the retention time (within 2%) and the signal ratio
(within 20%) of two selected product ions in the environmental
samples with standards. To compensate for both variations in
the SPE process and instrument response, 'C¢-SMA and
NAcSMX-ds were used as surrogate standards for parent sul-
fonamides and N-acetylated metabolites, respectively. Instru-
ment detection limits (IDLs) were estimated using a signal-to-
noise approach of the standard dilutions reaching a ratio of
three, and method detection limits (MDLs) were determined by
calculating the lowest concentration of the target chemicals in
various water matrices that yielded an ion signal-to-noise of
three. Recoveries of all target compounds and surrogates were
analyzed by spiking standard solution and the surrogates to the
influent, effluent, river, and sea samples (n=3), and quality
control was identified by distilled water blanks and duplicate
samples in every 10 samples.

Source apportionment method

Source apportionment analysis was conducted using princi-
pal component analysis followed by multiple linear regression
(PCA-MLR) with SPSS software. Concentrations of variables
can be regarded as linear combinations of a number of factors
(or sources), and the purpose of PCA is to reproduce the
correlation matrix in a minimum number of factors [32,33].
Each factor is orthogonal to all others, which results in the
smallest possible covariance. The first factor represents the
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Fig. 1. Study area and sampling locations, China.
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weighted loading of the original variables that account for the
greatest variability, and each subsequent factor accounts for less
variability than the previous. Multiple linear regression was
than performed on the significant factors to determine the mass
apportionment of each source to total concentration. Stepwise
modeling was used to allow each independent factor to enter
into the regression equation if it could significantly increase the
correlation, and a default significance level of 0.05 was used
here. After normalization, the MLR equation can finally be
expressed as:

ZAsum = ZBkFSk (1)

where Zg,, is the standard normalized deviate of the sum of
the chemical concentrations (i.e., Zgum, = (Zgum—mean|Zgm))/
o, ando is the standard deviation of Z,,), B, represents the
regression coefficients, and FS; are factor scores calculated by
the PCA analysis.

Thus, the mean percentage contribution can be calculated
by B/ > Bk, and the contribution of each source (Cy) was
estimated as:

Ci(ng/L) = mean(Zyy] x (Be/ Y  Bi)+BioFS,  (2)

The PCA-MLR methodology had been used in many
cases as exemplified by the source identification of PAHs in
atmosphere [32] and steroid hormones in urban rivers [34].

RESULTS AND DISCUSSION
Quantitation and quality control

All analytes showed maximum sensitivity in the positive
ionization mode. The protonated molecular ion ([M 4+ H] ") was
chosen as the precursor ion, and the most abundant product ions
selected for the transitions are listed in Table 1. For N-acety-
lated sulfonamides, the product ions, [CgHgNO]* (m/z 134) and
[CsHgNO5S]™ (m/z 198), previously reported in NAcSMX [18],
were also observed as the most abundant ions in the collision-
induced dissociation spectra for NAcSMX, NAcSPD, and
NAcSDZ. While the fragment of [CsHgNO]" (m/z 134) was
also abundant, [C4HgN30,S]" (m/z 186) and [CsHgN30,S]"
(m/z 172) were observed in the mass spectra of NAcSMA
and NAcSMR, respectively. Those fragmentations were con-
sistent with their parent sulfonamides [35]. The [M +H]" to
[CsHsNO]' (m/z 134) transition was selected for quantitation
of all N-acetylated sulfonamides due to its higher response,
while the other transition was used for confirmation.

No contamination of blanks was detected throughout the
whole determination time, and the standard deviations of
the field duplicates were all within +10%. In the recovery
experiments (n=3), the mean absolute recoveries of target
chemicals and surrogates in sea samples ranged from 65 to
119%, with a relative standard deviation (RSD) lower than
10.7% (Supplemental Data, Table S2). For the river and
source samples, to simultaneously extract all sulfonamides
their N-acetylated metabolites, and trimethoprim, a cleanup
procedure using the Silica cartridge was optimized (Supple-
mental Data), and the absolute recoveries from spiked STP
influent, effluent, and river water were 67 to 91%, 73 to 117%,
and 62 to 120% for all analytes, respectively. The MDLs for all
chemicals were in the range of 0.3 to 7 ng/L for influent, 0.2 to
3 ng/L for effluent, 0.2 to 1.4 ng/L for river, and 0.04 to 1.2 ng/L.
for sea samples, respectively. Detailed recoveries, IDLs, and
MDLs for all analytes are listed in the Supplemental Data
(Table S2).
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Concentration levels

River. Of the 25 target chemicals, 12 sulfonamides (SMX,
SMM, SDZ, SMA, SPD, SGD, SA, STZ, SCP, SQX, SIM,
and SDM), four N-acetylated metabolites (NAcSMX, NAcSPD,
NAcSDZ, and NAcSMA), and TMP were detected in the
river samples collected from the Liao River basin (Fig. 2;
Table 2). The typical MRM LC-MS/MS chromatograms
obtained from one river sample are shown in Figure S1 (Sup-
plemental Data). Sulfamethoxazole, TMP, SMM, SDZ, and
SMA were detected in 97 to 100% of the 35 river samples.
The median concentrations of SMX and TMP were 66.6 ng/L
and 29.0ng/L, with a range of 6.7 to 173.2ng/L and 5.3 to
121.1 ng/L, respectively. These results are comparable to those
reported in surface water in the UK [20], Germany [22], Pearl
River, China [23], and Hong Kong [24], but lower than those
in US streams [19,21]. The concentration levels of SMA
(<MDL-26.4ng/L, median 4.1ng/L)) and SDZ (1.0-30.5ng/
L, median 14.0 ng/L) were lower than those obtained from the
Pearl River, China (67 ng/L and 38 ng/L) [23]. SMM was first
detected in surface water with concentrations (1.2-35.1ng/L)
comparable to SDZ and SMA, indicating that it should not be
neglected in future investigations. The detection frequencies for
SPD, SGD, SA, STZ, SCP, and SQX were 77, 77, 77, 54, 51,
and 37%, respectively, and their median concentrations were
between 2.1 ng/L (SCP) and 4.3 ng/L. (SA). Of these chemicals,
only the presence of SPD had been reported previously in
Tamagawa River, Japan [14], with a maximum concentration
(132ng/L) much higher than the present study (15.7ng/L).
Sulfisomidine (0.4ng/L) and SDM (1.0ng/L) were detected
in one or two of the 35 river sites, while SMR, SIA, SME, SMT,
SMO, SMP, and SNT were not found in any of the Liao River
basin samples.

The detection frequencies of N-acetylated sulfonamides
metabolites were 100, 60, 26, and 23% for NAcSMX,
NAcSMA, NAcSPD, and NAcSDZ, respectively, and the con-
centrations were generally comparable to their parent sulfona-
mides. N-acetylsulfamethoxazole (11.8-268.5ng/L, median
63.1ng/L) had the highest concentration in the four detected
metabolites, followed by NAcSPD (<MDL-13.7 ng/L, median
4.4ng/L), NAcCSMA (<MDL-11.5ng/L, median 2.7 ng/L), and
NAcSDZ (<MDL-3.3 ng/L, median 2.4 ng/L). The ratio of N-
acetylated sulfonamide to its parent compound was in the range
of 0.24 to 2.65 for NAcSMX/SMX, and the concentration of
NAcSMX was larger than SMX in 16 of the 35 river samples.
The ratios for NAcCSMA/SMA, NAcSPD/SPD, and NAcSDZ/
SDZ were 0.15 to 2.09, 0.40 to 1.34, and 0.09 to 0.21,
respectively, indicating that N-acetylated sulfonamide metab-
olism should not be underestimated in future environmental
studies.

The median concentration of the 17 detected compounds for
the 35 river samples was 192.1 ng/L, with a range from 27.1
(site X1) to 627.4ng/L (site DL2). The distributions of target
compounds were different along the rivers. Seven chemicals,
including SMX, SMM, SDZ, SPD, SMA, TMP, and NAcSMX,
were detected in all four rivers, but the concentrations of SMM,
SDZ, and SMA in Xiaoling River and Daling River were lower
than those in Shuangtaizi River and Daliao River. Results
showed that SGD, SA, SCP, SQX, and metabolites including
NAcSMA, NAcSPD, and NAcSDZ were all distributed in
Shuangtaizi River and Daliao River, while STZ was only
detected in Shuangtaizi River and its tributaries. Because
SMM, SDZ, SMA, SGD, SA, SCP, SQX, and STZ were mostly
assumed to be animal-used antibiotics [28,36], the results
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Fig. 2. Distribution of all detected chemicals in river (a), source (b), and sea (c¢) samples. SMX = sulfamethoxazole; NAcSMX= N-acetylsulfamethoxazole;
TMP= trimethoprim; SPD= sulfapyridine; NAcSPD= N-acetylsulfapyridine; SMA= sulfamethazine; NAcSMA= N-acetylsulfamethazine; SMM=
sulfamonomethoxine; SDZ= sulfadiazine; NAcSDZ= N-acetylsulfadiazine; SGD= sulfaguanidine; SA= sulfanilamide; SQX= sulfaquinoxaline; STZ=
sulfathiazole; SME= sulfameter; SMP= sulfamethoxypyridazine; SCP= sulfachloropyridazine; SIM= sulfisomidine; SDM= sulfadimethoxine; SMR=

sulfamerazine.

suggest that the influence of livestock was more notable in the
Shuangtaizi River and Daliao River region, while the Xiaoling
River and Daling River were largely influenced by humans.
Sea. Of the 25 target compounds, SMX, SDZ, SA,
SMM, SMA, SGD, SPD, NAcSMX, NAcSMA, and TMP were
detected in the sea samples (Fig. 2; Table 2). The median
concentrations of NAcSMX and SMX were 28.6ng/L and
25.2ng/L, respectively, followed by TMP (3.6ng/L), SDZ
(2.4ng/L), SA (2.0ng/L), SMM (1.6ng/L), SGD (0.9 ng/L),
NAcSMA (0.6ng/L), SMA (0.3ng/L), and SPD (0.2ng/L).
The median concentration of total chemicals in the sea samples
(63.4ng/L) was much lower than that of the river samples
(192.1ng/L), but the highest total concentration detected in
site S4 (174.4ng/L) was similar to its nearest estuarial site
(DLS) in the Daliao River (176.4ng/L). In all sea samples,
NAcSMX, SMX, and TMP were detected, while SDZ, SA,
SMM, SMA, SGD, SPD, and NAcSMA were mainly found in

samples from the eastern area of Liaodong Bay, which is
adjacent to Shuangtaizi River and Daliao River. The total
content was also higher in the eastern area than the western
area adjacent to Xiaoling River and Daling River, indicating
that the occurrence of target chemicals in the sea was largely
influenced by the adjacent river basins.

Source apportionment

Sulfonamides: human and agricultural sources. To further
understand the presence of target chemicals in environmental
samples, we also analyzed 10 source samples that possibly
contribute to the occurrence of sulfonamide antibiotics in the
Liao River basin and Liaodong Bay (Fig. 1). Two untreated
urban sewage discharge samples (HS1, HS2), STP influent and
effluent composite samples (HS3, HS4), and one hospital
wastewater (HS5) were assumed to be the main source type
of sulfonamides from human activities. The agricultural sources
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Table 2. Concentrations (ng/L) and detection frequencies of sulfonamides and trimethoprim in Liao River basin and its adjacent Liaodong Bay, China

River Sea
Compound® n® Frequency Median Range n Frequency Median Range
SMX 35 100% 66.6 6.7—173.2 36 100% 252 4.3-76.9
NAcSMX 35 100% 63.1 11.8—-268.5 36 100% 28.6 59-52.8
TMP 35 100% 29.0 53-121.1 36 100% 3.6 1.4—18.2
SMM 35 100% 8.4 1.2-35.1 26 72% 1.6 <MDL-3.3
SDZ 35 100% 14.0 1.0-30.5 28 78% 2.4 <MDL-9.1
NAcSDZ 8 23% 24 <MDL-3.3 - - - -
SPD 27 77% 2.3 <MDL-15.7 14 39% 0.2 <MDL-0.6
NAcSPD 9 26% 4.4 <MDL-13.7 - - - -
SMA 34 97% 4.1 <MDL-26.4 24 67% 0.3 <MDL-1.1
NAcSMA 21 60% 2.7 <MDL-11.5 5 14% 0.6 <MDL-0.9
SCP 18 51% 2.1 <MDL-8.1 - - - -
SQX 13 37% 29 <MDL-13.6 - - - -
SGD 27 77% 3.6 <MDL-8.0 21 58% 0.9 <MDL-3.7
SA 27 77% 43 <MDL-12.0 28 78% 2.0 <MDL-7.9
STZ 19 54% 39 <MDL-8.5 - - - -
SIM 2 6% - 0.4 - - - -
SDM 1 3% - 1.0 - - - -
Total 192.1 - - 63.4 -

#Full names and structures of chemicals are listed in Table 1.
" Number detected.
MDL = method detection limits.

included animal husbandries and mariculture sources, and four
livestock discharges from swine, duck, chicken, cattle farms
(termed AS1 to AS4) and one mariculture sample (MQ) were
collected. All chemicals except for SCP, SIM, and SDM found
in the Liao River basin were detected, with SME (0.7 ng/L) and
SMP (21.5 ng/L) newly found in hospital wastewater, and SMR
(1.0 ng/L) found in the STP influent. Especially, SMP in swine
farm discharge reached 3,393 ng/L, and a relatively high con-
centration of SME (5.3ng/L) was also detected in untreated
sewage compared with hospital wastewater. (Fig. 2; Supple-
mental Data, Table S3).

As for the human sources, the highest total concentration
was observed in hospital wastewater (24,346 ng/L), followed by
discharge from untreated wastewater HS2 (5,382 ng/L), STP
influent (2,374 ng/L), untreated wastewater HS1 (1,727 ng/L),
and STP effluent (1,724 ng/L). Because chemical compositions

were similar within these samples, their median composition
was estimated as 46.6% for NAcSMX, 25.9% for SMX, 22.9%
for TMP, and 1.4% for SPD, accounting for 96.8% (95.5—
98.6%) of the total percentage in the human source profile (Fig.
3; Supplemental Data, Table S3). Both SMX and TMP are
widely used in human medicines, and their high contributions
were also reported in hospital, STPs effluent, and regional
discharges in Taiwan [37].

With regard to animal husbandry sources, the total concen-
tration in wastewater from swine farms (96,206 ng/L) was much
higher than that in chicken (2,431 ng/L) and duck (92.4 ng/L)
farms, while no compounds were found in cattle farm discharge.
The total level of swine discharge was also higher than those
reported in Taiwan and Vietnam (147-19,464 ng/L) [14,37], but
lower than that from USA swine farm lagoons (up to 400 wg/L)
[38]. Chemical profiles were different in the three distinct
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Fig. 3. Comparison of chemical profiles detected in Liao River basin and Liaodong Bay, China with those of human, animal husbandry, and mariculture sources.
*Median values were used because most detected chemicals followed lognormal distribution within these samples. "The human profile excluded the sewage
treatment plant (STP) influent (HS3) sample, since it was not directly discharged into the environment. Chemical full names and structures are listed in Table 1.
[Color figure can be seen in the online version of this article, available at wileyonlinelibrary.com]



1258 Environ. Toxicol. Chem. 30, 2011

animal farm wastewater samples (Fig. 3). In swine discharge,
the main compounds detected were SMM (55.8%), TMP
(30.9%), SMP (3.5%), SDZ (2.5%), and SMA (1.4%), which
differed substantially from previous reports from Vietnam,
Japan, and the USA in which SMA was dominant and occupied
64.6 to 99.8% of the total concentrations [14,38], and from
Taiwan in which STZ (82%) and SMR (14%) were dominant in
swine waste effluents [37]. In the chicken farm lagoon, TMP
(85.7%) was dominant followed by SMA (13.7%) and SDZ
(0.6%), which also differed from a previous study in Vietnam,
which reported SMA (60.1%) to be the main sulfonamide [14].
In the duck lagoon, SMX (9.1%), TMP (9.5%), SMA (13.2%),
SMM (5.8%), SDZ (10.0%), SGD (10.3%), SA (15.2%), and
SQX (27.0%) were detected with similar contributions.
These results reveal that while the occurrence of veterinary
sulfonamides depended largely on their different application in
various animal feeding operations, the profiles in swine, duck,
and chicken farm lagoons were all distinct from human sources.
In particular, the proportion of SMM, SMA, SQX, SGD, SDZ,
SA, and SMP were largely increased in animal husbandry
samples compared to the human profile. As for mariculture
sample from the shrimp pond, SMX (91%) was the main
sulfonamide followed by TMP (5.9%) and NAcSMX (2.3%),
of which the profile was quite different from terrestrial livestock
sources, but similar to fish and clam aquaculture reported in
Taiwan, where SMX and TMP accounted for 66.6% and 24.7%
of the total sulfonamides, respectively [37].

The profiles of sulfonamides in the river basin and sea
samples were more similar to human sources than agricultural
sources (Fig. 3). However, the contributions by SDZ (6.6%),
SMM (3.9%), SMA (1.9%), SGD (1.7%), SA (2.0%), and SQX
(1.4%), major sulfonamides in animal husbandry, were much
greater than the human profile in which their composition was
generally below 0.4%.

PCA-MLR results. Because no statistics refer to any infor-
mation on antibiotics use, species, and discharge volumes in this
area, to further quantitatively describe the influences of human
and agricultural activity on the marine environment based on
target compounds, we performed source apportionment
analysis using PCA-MLR method. All 36 sea samples, four
river estuary samples (sites X2, D3, L6, and DLS5), and
the mariculture source (MQ) were included in the analysis.
The 10 detected chemicals in the sea samples were included
as variables in the PCA analysis, and concentrations below
the MDLs were recorded as half of the MDL values in the
datasheet. Three principal components were identified
after varimax rotation, which accounted for 54.9, 20.5, and
15.3% of the total variance, respectively (Table 3). The
first component was heavily weighted by SGD, SDZ, SA,
and SMM. According to the above profile of human and
agricultural sources, this component should represent the ani-
mal husbandry source. The second component was mainly
associated with SPD, TMP, and NAcSMX, which were impor-
tant chemicals in the human profile, suggesting that this com-
ponent could be indicative of human sources. The third
component correlated only with NAcSMA and SMX. Because
SMX is a specific sulfonamide in both human and mariculture
profiles (Fig. 3), a primary deduction is that this component
could represent the combination of human and mariculture
sources.

Multiple linear regression analysis with the factor score
(F'S;) against the standard normalized deviate (Zsum) of the
sum concentrations of the 10 chemicals was performed to
determ ine the mass apportionment of the three components
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Table 3. Rotated component matrix of sea, estuary, and mariculture

samples”
Component

Variable® 1 2 3

SGD 0.951° 0.094 0.058
SDZ 0.922 0.287 0.123
SA 0.910 -0.047 0.039
SMM 0.857 0.304 0.115
SPD 0.182 0.965 0.019
TMP 0.001 0.922 0.323
SMA 0.628 0.678 0.171
NAcSMX 0.648 0.656 -0.068
SMX 0.018 0.161 0.957
NAcSMA 0.165 0.081 0.950
Percentage variance 54.9% 20.5% 15.3%

explained (%)

#Extraction method: Principal component analysis. Rotation method: Var-
imax with Kaiser normalization.

" Full names and structures of chemicals are listed in Table 1.

¢ Numbers in italic refer to the variables with more significant loadings in
each factor.

in all samples. The resulting equation was as follows:
Zum = 0.228FS| + 0.428FS, + 0.845FS; (R* = 0.949) (3)

By expanding Zgum, the MLR equation can be written as:
Zam =0.2280FS|+0.4280FS,+0.8450FS5 + mean|Zgym| (4)

where o was 78.51 ng/L; and mean|Z,,,], was 82.21 ng/L. Thus
the mean percentage contribution (By/ > By) was 15.2% for
animal husbandry (Factor 1), 28.5% for human (Factor 2), and
56.3% for the combination of human and mariculture source
(Factor 3).

Figure 4 shows the estimated contributions for each source in
all sea, estuary, and mariculture samples using Equation 2. The
PCA-MLR analysis showed that animal husbandry mainly
influenced the eastern sea area of Liaodong Bay, adjacent to
the estuary of Shuangtaizi River and Daliao River. The result is
consistent with local industry structure: livestock farms
are primarily distributed on the Shuangtaizi River basin, while
the Xiaoling River and Daling River mainly flow through the
residential areas of Jinzhou and Linghai City, respectively
(Fig. 1).

Because Factor 3 might be influenced by both human activity
and mariculture, we were unable to distinguish their separate
contributions by PCA-MLR analysis. According to the avail-
able statistical data, the mariculture area around Liaodong Bay
is approximately 49,558 hm® [31], consisting of shellfish
(64.4%), shrimp (29.1%), algae (2.5%), fish (0.4%), and other
species (3.6%) ([39]; www.cnki.net). Of these mariculture
species, shrimp and fish are mainly bred in bait casting ponds.
Considering that the mariculture area for fish is much lower than
shrimp and the shrimp breeding period is from May to August
(120 d), the occurrence of sulfonamides in Liaodong Bay would
be influenced by shrimp farming during our sampling dates. The
average shrimp pond depth and daily water exchange rate are
1.0m and 8%, respectively [40], thus the daily mass flux of
sulfonamides from shrimp pond to seawater was estimated to be
5.45kg/d. The sampling period for the present study was
nearing the flood season, and the discharge from the four rivers
that flow into the Liaodong Bay is approximately 0.47, 0.40,
0.20, and 0.04 10® m*/d for Daliao River, Shuangtaizi River,
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Fig. 4. Source contributions (ng/L) based on principal component analysis with multiple linear regression (PCA-MLR) for sea, estuary, and mariculture samples.

C1: animal husbandry; C2: human; C3: human and mariculture.

Daling River, and Xiaoling River, respectively [39]. Taking
into account the chemical concentrations in the four estuary
sites, an estimated 17.1kg/d of total sulfonamides flux was
discharged into the Liaodong Bay though the rivers. Thus, the
contribution by mariculture to total sulfonamides in Liaodong
Bay was approximately 24.1%, and humans account for the
most discharge (60.7%) of sulfonamide antibiotics in Liaodong
Bay.

Overall, the present study reported the occurrence of sulfo-
namides, their available N-acetylated metabolites, and trime-
thoprim in human and agricultural sources, river, and marine
samples from Liao River basin and its adjacent Liaodong Bay,
north China. In addition, an estimated source apportionment
was determined to understand the influence of human and
agricultural activities on seawater for these chemicals.

SUPPLEMENTAL DATA

Detailed sample preparation, LC-MS/MS analysis, method
validation, and concentrations of target chemicals in river, sea,
and source samples.

Fig. S1. LC-MS/MS chromatograms of one river sample
(site L3) for 15 detected chemicals and the surrogate standards.

Table S1. LC-MS/MS multi-selected reaction monitoring
(MRM) conditions of target compounds.

Table S2. Instrumental detection limits (IDL, pg), absolute
recoveries (n = 3, %) and method detection limits (MDLs, ng/L)
of target chemicals in various water samples.

Table S3. Concentrations (ng/L) of sulfonamides and tri-
methoprim in river, source and sea samples. (a) river and source
samples (b) sea samples. (1.112 MB DOC)
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