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Abstract A simple and quick online solid-phase extraction
(SPE) coupled to liquid chromatography (LC)/tandem mass
spectrometry (MS/MS) for the determination of the five
antibiotics (florfenicol, FF; lincomycin, LCM; oxytetracyclin,
OTC; tylosin, TS; valnemulin, VLM) in swine wastewater
has been developed. After filtration, aliquots (100 pl) of
wastewater samples were directly injected to a column-
switching LC system. Some matrix interference was removed
by washing up SPE column with 0.2% formic acid solution
and acetonitrile. Antibiotics eluted from SPE column were
separated on analytical column by converting switching valve
and were detected by MS/MS. Calibration curves using the
method of standard addition had very good correlation
coefficients (#>0.99) in the range of 0.1 to 2 ng/ml. The
intra-day precision of the method was less than 12% and the
inter-day precision was between 6 to 17%. The detection
limits were 0.01-0.1 ng/ml. When this method was applied
to wastewater samples in swine facilities, four compounds
(LCM, OTC, TS, and VLM) were detected.
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Introduction

Veterinary antibiotics are extensively used in livestock for
therapeutic and prophylactic purposes. However, the large
amounts of administrated antibiotics are excreted from
animals in urine, feces, and manure. Animal agriculture
plants usually use aerobic or anaerobic lagoon system for
waste disposal. In the wastewater treatment system, the
behavior of antibiotics has not been confirmed. If many
antibiotics are accumulated in wastewater and soil, a
portion of bacteria may develop strong resistance to
antibiotics. There are a few case of investigation for
antibiotic residues in water and soil at livestock farms [1—
5]. For example, Schliisener et al. reported that the
maximum concentrations of antibiotics such as tiamulin
(43 ng/kg) and salinomycin (11 pg/kg) was found in liquid
manure [4]. The wastewater from livestock farms could
directly drain out to rivers and lakes. Recent studies have
also shown that the river and groundwater are contaminated
with veterinary antibiotics [6—12]. Therefore, it is very
important to know the concentrations of residual antibiotics
in livestock wastewater.

Several methods using a liquid chromatography (LC)/
tandem mass spectrometry (MS/MS) and offline solid-
phase extraction (SPE) cartridges have been developed to
detect antibiotics in aquatic environments [7—13]. Although
offline SPE methods are sensitive and selective, they lack in
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simplicity, rapidity, and safety. The simple and quick
methods to detect antibiotics in wastewater sample are
expected. Recently, online SPE methods have been used to
successfully determine antibiotics in animal tissues [14],
ground and surface water [15, 16], and urban wastewater
[17, 18]. On online SPE methods, sample has been directly
loaded on HPLC system without complicated preparation
like offline SPE. We also reported the more simple online
SPE-LC/MS/MS system to determine simultaneously vet-
erinary drugs (63 compounds) in animal tissues [19]. We
have used conventional LC system consisting of an
autosampler designed to typically inject 0.1-100 pl, a
binary pump and a six-port valve. However, there were no
effective and simple online SPE-LC/MS/MS methods
available for measuring the antibiotics in livestock waste-
water sample. Choi et al. [20] analyzed several sulfona-
mides and tetracyclines in agricultural wastewaters using
online SPE-LC/MS. The more reliable and sensitive online
SPE-LC/MS/MS analysis of drugs in the dirty matrices
such as livestock wastewater has not been developed yet.

In this paper, we describe online SPE-LC/MS/MS
procedure to simultaneously determine five antibiotics
actually used in two piggeries; florfenicol (FF), lincomycin
(LCM), oxytetracyclin (OTC), tylosin (TS), and valnemulin
(VLM) in swine wastewater. These five antibiotics are
frequently used for swine facilities in Japan.

Experimental
Chemicals

FF and TS were provided by Sigma-Aldrich (St. Louis, MO).
LCM and VLM were purchased from Dr. Ehrenstorfer
(Aufsburg, Germany). OTC, methanol, acetonitrile, and
formic acid were obtained from Kanto Chemicals (Tokyo,
Japan). All solvents used for standard preparation and mobile
LC phase were of LC grade. Distilled water was purified
using a Millipore system Milli Q (Molsheim, France).

Swine wastewater samples

Swine wastewater samples were obtained from a sewage
treatment field exhausted from two different swine produc-
tion facilities. At least five antibiotics were administered to
the domestic animals in the facilities. A schematic diagram
of the sewage treatment constructed at seven lagoons and a
return channel in Miyagi (Japan) is shown in Fig. 1.

Instrumentation

For an online SPE-LC/MS/MS analytical system, the LC
system consisted of an Agilent 1100 (Agilent Technologies,
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Atlanta, GA) with a binary pump, an autosampler, a six-
port switching valve and a thermostated column compart-
ment. The SPE column was a 20 mmx2.1 mm i.d., 25 um
Oasis HLB (Waters, Milford, MA), and a analytical column
was a 100 mmx2.1 mm id., 1.8 um Zorbax SB-Aq
(Agilent Technologies, Atlanta, GA). The mobile phase was
consisted of 0.2% formic acid solution and acetonitrile with
a linear gradient. The column temperature was 40 °C and
the injection volume of the sample solution was 100 ul.
The switching valve was set between SPE column and
analytical column [19]. All chromatographic programs for
the valve-switching procedure and the flow path of each
step are summarized in Table 1. At waste valve position
(Steps 14, 6-8), the solvent was eluted through only SPE
column and then disposed. In case of MS/MS valve
position (Step 4-6), elution solvent passed through SPE
and analytical column to MS/MS detector.

Facility 1

Facility

Lagoon D

Lagoon E
8

\Return channel

9

Lagoon F

Lagoon G

10

11

River B

Fig. 1 A schematic diagram of the sewage treatment field to obtain
the swine wastewater samples (sites 1-11)
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Table 1 Chromatographic program for online extraction and separation of five antibiotics

Step Time (min) Flow rate (ml/min) Pump?® Valve Description
A (%) B (%)
1 0.0 1.0 100 0 Waste Injection of sample
2 1.0 1.0 100 0 Wash and concentration
3 1.5 0.2 100 0
4 6.0 0.2 MS/MS Elution of target compounds
5 15.0 0.2 0 100 Wash of SPE and analytical column
6 20.0 0.2 0 100 Waste
7 21.0 1.0 100 0 Re-conditioning SPE column
8 25.0 1.0 100 0

*The mobile phase was 4 0.2% formic acid solution, B acetonitrile

The antibiotics in the eluate were quantitated with
API3000 tandem mass spectrometer (triple quadrupole
mass spectrometer) with electro spray ionization (Applied
Biosystems, Foster, CA). The ions were detected using
multiple reactions monitoring (MRM) with either positive
(ionspray voltage, 3,500 V; entrance potential, 10 V) or
negative (ionspray voltage, —3,500 V; entrance potential,
—10 V) ion mode. The temperature of nebulizer gas was
500 °C, and nebulizer gas, curtain gas, and collision gas
were fixed at 13, 9, and 5, respectively. The conditions of
MS/MS of each antibiotic are shown in Table 2.

Sample preparation

Individual stock solutions of five antibiotics (100 pg/ml)
were prepared in methanol, and each stock solution was
mixed. The calibration standards solutions were prepared in
distilled water at the following concentrations: 20, 10, 5, 1,
and 0 ng/ml. To prepare the spiked sample, aliquots
(100 ul) of appropriate standard solution were added in
each swine wastewater sample (900 pl). The final concen-
trations of these calibration-spiked samples were 2, 1, 0.5,

Table 2 Optimized MS/MS conditions for MRM of five antibiotics

0.1, and 0 ng/ml, and they were filtered by 0.20-pm
disposable filter. If particles were suspended in the sample,
it was centrifuged at 10,000 rpm for 10 min before
filtration. A 100 ul volume of the calibration-spiked sample
solution was injected into the online SPE-LC/MS/MS
system. If the concentration of sample spiked at 0 ng/ml
(diluted blank sample) was above 1 ng/ml, the sample was
diluted from ten to thousand times with distilled water.

Calibration and quantification

The linearity curves of five antibiotics were assessed by
preparing calibration-spiked samples (2, 1, 0.5, 0.1, and
0 ng/ml) using each wastewater sample or diluted one. The
calibration curve was constructed by plotting the peak area
of quantification ion against the concentration of each
compound. Quantification of all analytes was performed by
the standard addition method (SA). The diluted blank
sample concentrations were calculated from the slope of the
calibration curve and the peak area of the diluted blank
sample. Because the isomers/epimers of OTC and TS exit, a
peak within 3% of retention time from a standard peak was

Compound®  Precursor ion  Product ion ~ Dwell time  Declustering Focusing Collision Collision cell exit
(m/z) (m/z) (ms) potential (V) potential (V) energy (V) potential (V)
FF 356.02 184.96 100 —61 —-120 -26 -11
356.02 336.00 100 —61 —-120 —-14 -9
LCM 407.20 126.30 10 41 160 43 10
407.20 82.27 50 41 160 109 14
OTC 461.16 426.10 100 41 180 27 14
461.16 201.10 100 41 180 51 12
TS 916.52 174.20 100 51 230 55 12
916.52 101.00 100 51 230 73 18
VLM 565.37 263.10 10 31 140 25 18
565.37 72.10 10 31 140 75 12

Two different MRM transition are monitored per compound: the first one is used for quantification and the second one for confirmation
# FF florfenicol, LCM lincomycin, OTC oxytetracyclin, TS tylosin, VLM valnemulin
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identified by the confirmation ion. The real sample
concentration was estimated from the following formula.

Sample concentration (ng/ml)
= diluted blank sample concentration (ng/ml) x 1000

=900 x dilution ratio

Results and discussion
MS/MS parameters

To determine the optimal condition for each compound, the
individual standard solution in 0.2% formic acid solution—
acetonitrile (50/50, v/v) was introduced directly into the
MS/MS by the infusion mode using syringe infusion pump.
In ESI-MS, the drugs show intense [M+H]" ion except for
FF ([M—-H] ion) on their full-scan spectra. These ions were
selected as precursor ions to obtain product ions in MRM
mode. The MRM condition for the analysis is listed in
Table 2.

Optimizing online SPE condition

Online SPE optimization was carried out on an OASIS
HLB column. The offline HLB cartridges has been chosen
to avoid the irreversible binding of tetracyclines to silanol
groups in wastewater samples [6]. The online HLB
cartridge was also selected in our previous paper which

Table 3 Validation study for the determination of five antibiotics

described the analytical method of veterinary drugs in
animal muscle [19]. Although complete separation is not
necessary for the selective MS/MS detection, it generally
improves detectability and reduces ion enhancement/sup-
pression effect. The gradient conditions using 0.2% formic
acid solution and acetonitrile were examined with reference
to our previous paper [19]. The five antibiotics were eluted
according to the condition described in Table 1 using LC
system with only online SPE column. The retention time of
LCM, OTC, TS, FF, and VLM were 7.58, 9.20, 10.87,
11.26 and 11.66 min, respectively. The online SPE column
fully separated five antibiotics, but the chromatographic
peaks were broad. Thus, it is necessary to combine
analytical column with SPE column. Moreover, the valve
position was kept at the waste position until 6 min to
remove the polar matrix as much as possible.

Validation study of online SPE-LC/MS/MS

An analytical column was equipped in LC system and the
mixed standard solutions were measured at conditions
shown in Table 1. Under the optimized conditions, the
calibration curves of standard solutions (2, 1, 0.5, 0.1, and
0 ng/ml) diluted with water were linear at the range of 0.1—
2 ng/ml. The correlation coefficients were obtained 0.9954—
0.9998. The other validation data was shown in Table 3.
The precision of the method was determined by analyzing
six replicates of 0.5 ng/ml standard solutions. A relative
standard deviation (%RSD) of the retention time was from
0.070 to 0.10% and that of the peak area was 4.9 to 9.9%.

Sample Validation data FF LCM OTC TS VLM
Standard® Retention time (min) 14.37 11.65 12.45 14.46 15.03
%RSD of retention time 0.070 0.10 0.10 0.070 0.10
%RSD of peak area 4.9 7.9 52 8.2 9.9
Detection limit® (ng/ml) 0.1 0.01 0.1 0.05 0.1
Site 4° Accuracy® by ACT (%) 76 117 120 16 15
Accuracy® by SA® (%) 97 87 88 98 100
Intra-day precision” (%RSD) 3.9 3.8 2.1 2.8 3.1
Inter-day precision' (%RSD) 6.0 13 11 6.5 9.3
Site 6° Accuracy® by AC' (%) 36 87 98 58 44
Accuracy® by SA® (%) 98 97 93 94 95
Intra-day precision” (%RSD) 8.7 8.5 4.4 2.1 12
Inter-day precision' (%RSD) 11 16 17 12 17

0.5 ng/ml standard solution was repeatedly injected (n=6)

® Concentration (ng/ml) of blank sample: FF, <0.1; LCM, 0.89; OTC, 0.69; TS, 0.050; VLM, <0.1
¢ Concentration (ng/ml) of blank sample: FF, <0.1; LCM, 0.12; OTC, 0.21; TS, 0.36; VLM, <0.1

d8/IN=3

“Mean of recovery (n=3)

fAC: Absolute calibration curve method
€SA: Standard additions method

]'"Relative standard deviation of samples (n=3) spiked at the 1 ng/ml level on the same day
'Relative standard deviation of samples (n=3) spiked at the 1 ng/ml injected on 3 different days (2=9)
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Fig. 2 MRM chromatograms of: a standard solution (1 ng/ml); b
typical blank swine wastewater sample; ¢ blank sample spiked at 1 ng/ml.
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Table 4 Calibration curves and sample concentration of five antibiotics in swine wastewater

Site Dilution ratio Equation of line R? Diluted blank sample Sample concentration
concentration (ng/ml) (ng/ml)®

Florfenicol (FF)

1 1 y=67,577x-2,121 0.996 <0.1 <0.1
2 1 y=35,631x—120 1.000 <0.1 <0.1
3 1 y=14,728x+430 0.999 <0.1 <0.1
4 1 y=38,810x—93 1.000 <0.1 <0.1
5 1 y=31,665x+49 0.996 <0.1 <0.1
6 1 y=17,126x+187 1.000 <0.1 <0.1
7 1 y=30,470x—147 0.999 <0.1 <0.1
8 1 y=32,887x—199 0.999 <0.1 <0.1
9 1 y=33,773x—487 1.000 <0.1 <0.1
10 1 y=30,425x-320 1.000 <0.1 <0.1
11 1 y=32,012x—-239 1.000 <0.1 <0.1
Lincomycin (LCM)
1 1 y=481,935x+78,226 0.997 0.12 0.14
2 1000 y=441,613x+159,605 0.999 0.36 400
3 10 y=693,283x+63,036 0.994 0.20 2.2
4 10 y=588,831x+175,042 0.993 0.36 4.0
5 100 y=422,419x+116,407 0.991 0.20 23
6 1 y=883,516x149,948 0.999 0.11 0.12
7 10 y=376,585x+69,958 0.991 0.13 1.4
8 10 y=436,417x+114,180 1.000 0.25 2.8
9 10 y=389,438x+141,905 0.994 0.23 2.6
10 10 y=413,741x+103,507 0.997 0.29 32
11 1 y=499,573x+501,708 0.996 0.94 1.0
Oxytetracyclin (OTC)
1 1 y=75,310x+4,717 0.999 <0.1 <0.1
2 1000 y=127,694x+16,073 0.997 0.15 160
3 10 y=194,095x+70,591 0.996 0.35 3.9
4 1 y=178,755x+32,116 0.997 0.25 0.28
5 100 y=140,597x+19,661 0.995 0.16 18
6 1 y=82,497x+7,096 0.999 <0.1 <0.1
7 1 y=112,566x+3,650 1.000 <0.1 <0.1
8 1 y=129,393x-2,363 0.999 <0.1 <0.1
9 1 y=124,670x+1,837 1.000 <0.1 <0.1
10 1 y=119,712x+409 1.000 <0.1 <0.1
11 1 »=95,480x—345 0.999 <0.1 <0.1
Tylosin (TS)
1 1 y=145,054x-6,598 0.998 <0.05 <0.05
2 10 y=61,726x+6,347 0.994 0.12 1.4
3 1 y=71,490x+37,119 0.999 0.50 0.56
4 1 y=124,756x+675 0.999 <0.05 <0.05
5 100 y=15,242x+5,353 0.997 0.38 42
6 100 y=11,351x+1,647 0.995 0.17 19
7 1 y=72,741x+39,786 0.995 0.56 0.62
8 1 y=82,007x+31,495 1.000 0.38 0.43
9 1 y=78,995x+22,344 0.998 0.33 0.36
10 1 y=68,047x+19,906 0.999 0.31 0.34
11 1 y=91,178x+8,332 0.997 0.13 0.15
Valnemulin (VLM)
1 1 y=364,836x—-2,458 0.999 <0.1 <0.1
2 1 ¥=369,968x—3,137 0.997 <0.1 <0.1
3 1 y=566,784x—-25,149 0.996 <0.1 <0.1
4 1 y=414,213x-968 0.999 <0.1 <0.1
5 1 y=373,306x+42,752 0.999 0.11 0.12
6 1 y=440,250x—15,296 0.996 <0.1 <0.1
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Table 4 (continued)

Site Dilution ratio Equation of line R Diluted blank sample Sample concentration
concentration (ng/ml) (ng/ml)®
7 1 y=329,459x—-31,456 0.995 <0.1 <0.1
8 1 y=348,643x—-8,367 1.000 <0.1 <0.1
9 1 y=35,866x+379 0.998 <0.1 <0.1
10 1 y=308,598x—8,591 0.998 <0.1 <0.1
11 1 y=217,246x+3,413 0.998 <0.1 <0.1

#Correlation of coefficient of the calibration curve

°Sample concentration=diluted blank sample concentration x 1,000+900 x dilution ratio

The accuracy for five antibiotics (spiked at 1 ng/ml) in
typical wastewater samples (sites 4 and 6 of Fig. 1) was
calculated by the absolute calibration curve method (AC)
and SA. The recoveries by AC were 15-120%, and that by
SA were 87-100%. Thus, SA was selected for accurate
quantification. Method precision was evaluated by SA on
the same day (intra-day) and three different days (inter-day)
using a typical sample spiked at the 1 ng/ml level. Intra-day
precision was between 2.1 and 12%RSD, and inter-day
precision ranged from 6.0 to 17%RSD. Recoveries
(normally between 70 and 120%) and precision (%RSD <
20%) by SA were satisfied.

Quantitative analysis of antibiotics in swine wastewater
The online SPE-LC/MS/MS method established in this

study was applied for the determination of the residual
antibiotics in swine wastewater samples. The samples were

collected at eleven sites of a drainage canal exhausted from
two piggeries (Fig. 1). The typical chromatograms of
standard solution, blank sample and blank sample spiked
standard are shown in Fig. 2. The wastewater matrix was
sure to cause signal suppression or enhancement. SA is
required for accurate determination of antibiotics concen-
tration because of matrix suppression or enhancement.
The standard addition calibration curve and concentra-
tion of five antibiotics in swine wastewater samples are
shown in Table 4. FF was not detected in samples at all
sites. VLM was only detected in wastewater in facility B.
LCM, OTC and TS were found at both facilities A and B.
LCM and TS found at site 7 in river A could trace back to
facility A and B, respectively. OTC was diluted or
decomposed in river A and was not detected at site 7 in
upstream of river A, while LCM and TS were detected in
downstream of river A (site 10 and 11). Loftin et al.
reported that LCM and TS were higher stable than OTC

Table 5 Retention time and MS/MS ion intensity ratio of epimers/isomers at OTC and TS

Sample Concentration® Retention time Qucr’
(ng/ml) (min)

Oxytetracyclin (OTC)
Standard 0.50 12.45 6.79
Site 2 0.15 12.43 6.36
Site 3 0.35 12.43 5.00
Site 4 0.25 12.29 3.28
Site 5 0.16 12.44 6.54

Tylosin (TS)
Standard 0.50 14.46 3.75
Site 2 0.12 14.09 9.06
Site 3 0.50 14.21 3.54
Site 5 0.38 14.09 4.36
Site 6 0.17 14.24 1.06
Site 7 0.56 14.28 2.63
Site 8 0.38 14.26 2.55
Site 9 0.33 14.24 2.36
Site 10 0.31 14.24 2.38
Site 11 0.13 14.24 2.13

 Diluted blank sample concentration (ng/ml)
® Quantification ion intensity+confirmation ion intensity
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in water of pH 5-9 [21]. We presume that LCM and TS
might be difficult to degrade in this sewage treatment
system.

SA using the offline SPE method needs some purifica-
tion handling. It has to use several SPE cartridges per a
sample. On the other hand, the online SPE method has a
complicated system consisting of two pumps, a large
volumetric injection needle and a ten-port valve. We have
used conventional LC system consisting of an autosampler
designed to typically inject 0.1-100 pl, a binary pump and
a six-port valve. Our method has more simple system than
other online SPE system and higher sampling throughput
than offline SPE methods.

Identification of OTC and TS isomers/epimers

The OTC and TS in sample had peaks at the retention time
different from the standard. It is well known that OTC has
an epimer (4-epi-OTC) [21-25]. TS also has multiple
isomers and its epimer [26]. It is necessary to identify the
isomers/epimers of antibiotics existing in each sample,
because the isomers/epimers may affect drug resistance of
bacteria by different mechanism. However, it was difficult
to determine the structure of the isomers/epimers in this
study. The epimers of OTC and TC had the same precursor
ion and product ion (OTC: 461>426 m/z, TS: 917> 174 m/z),
but they did not always have same intensities [22-25].
We identified isomers/epimers OTC and TS by retention
time (within 3% of standard compound) and confirmation
ion (OTC: 461>201 m/z, TS: 917>101 m/z). Retention
time and a ratio of MS/MS intensity for OTC and TS
isomers/epimers are shown in Table 5. The retention time
and the ratio of quantification ion intensity and confirma-
tion ion intensity (QI/CI) tentatively judge the isomer/
epimer same or not. We guessed that OTC in site 2, 3, and 5
samples was the same epimer, but OTC in site 4 was not. In
the same way, we presumed that TS in site 2, 3, 5, and 6
were different isomer/epimer each other, but TS in site 7 to
11 were identical. We supposed that OTC epimerization
was occurred at aerobic lagoon (Lagoon A) as between site
3 and 4. On the other hand, it was conjectured that TS was
isomerized and/or epimerized at between sites 2 and 3, sites
5 and 6 (Lagoon B), and sites 6 and 7 (Lagoon C),
respectively. The air was bubbled through Lagoon A to C
for the whole day. OTC and TS could be oxidized to yield
the isomer/epimer in aerobic lagoons. Total concentrations
of OTC or TS in samples were often uncertain because of
different intensity of isomers/epimers. However, the results
of measurement are approximately accurate, because the
correlation coefficients of OTC and TS were greater than
0.994 (Table 4). We think the rapid detection was rather
necessary than accurate quantification of antibiotics in
swine wastewater.
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Conclusion

The screening methods using online SPE-LC/MS/MS was
developed for the determination of five antibiotics in swine
wastewater. It was possible to measure five antibiotic
compounds without pretreatment by offline SPE. The
analysis was more simple, rapid and safe than offline SPE
methods and other online SPE system. This method was
applied for measuring five antibiotics actually used in
swine facilities (Miyagi, Japan), and detected four com-
pounds (lincomycin, oxytetracyclin, tylosin, valnemulin) in
the wastewater. The detection limit of this system was
0.01-0.1 ng/ml. Most veterinary antibiotics in swine
wastewater sample purified by offline C;3 SPE could be
measured by our online SPE-LC/MS/MS method. The
isomers/epimers of OTC and TS were also separated by our
online SPE-LC/MS/MS method. The retention time and the
ratio of quantification ion intensity and confirmation ion
intensity tentatively judged the isomer/epimer same or not.
We are sure that our method can be useful for output
investigation of antibiotics in most livestock wastewater.
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