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Abstract Veterinary antibiotics like sulfonamides are
frequently detected in arable lands and they can poten-
tially contaminate food crops. It is thus of great impor-
tance to identify strategies to reduce food crops’ uptake
of antibiotics. For the first time, using a pot culture
experiment, sulfathiazole (STZ) uptake by lettuce
(Lactuca sativa L.) grown in antibiotic-contaminated
soils (10 and 100 mg STZ kg ' soil) and treated with
(in)organic amendments, namely chemical fertilizer
(NPK), compost, and hairy vetch, was investigated.
Subsequent enhanced plant growth was witnessed when
using hairy vetch treatment. The amount of antibiotic
uptake was significantly reduced to 5 and 33% with
hairy vetch application compared to compost or NPK
application at 10 and 100 mg kg~ ' STZ, respectively.
The total amounts of accumulated STZ in plant parts
increased as the levels of STZ contaminated in soils
were increased. STZ was much more abundant in the
roots than the leaves. Within 30 days, the extractable
STZ in the treated soils—especially with hairy vetch—
diminished considerably to concentrations that are fre-
quently detected in arable soils. We conclude that utili-
zation of green manure (cover crop—hairy vetch) is a
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viable strategy for safer crop production in antibiotic-
contaminated soils.
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1 Introduction

Antibiotics are widely used in agriculture for therapeutic
purposes to treat or control infectious diseases in ani-
mals (Ahmed et al. 2015), and this is about four to five
times greater than that in human use. In veterinary
practice, antibiotics are also used to increase feed effi-
ciency and to promote growth in food-producing ani-
mals at subtherapeutic levels (Schwarz et al. 2001;
Wassenaar 2005; Kim et al. 2016). In 2010, it was
estimated that a total of 63,200 t of antibiotics was
utilized for the livestock industry worldwide and that
amount is projected to increase to 105,600 t by 2030
(Van Boeckel et al. 2015). In various countries, 11-23%
of these antibiotics were sulfonamides (SAs), due to
their broad spectrum antibacterial and anticoccidial ac-
tivity (De Liguoro et al. 2007). In South Korea, SAs are
one of the most widely administered groups of antibi-
otics in animal husbandry and its consumption
amounted to 98,845 kg in 2015 with 32,269, 27,677,
and 13,068 kg for sulfathiazole, sulfamethoxazole, and
sulfamethazine, respectively (Kim et al. 2011, 2017).
However, SAs exhibit a high excretion rate (90%) by
animals as parent compounds or as acetylated metabo-
lites in urine and feces (Kim et al. 2017). Therefore, SAs
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may enter agricultural soils directly through grazing
livestock and/or indirectly through the spreading of
manure (Li et al. 2013). In soil, SAs persist for months
at relatively high concentrations (Stoob et al. 2006).
Residues of SAs have been found in soils and adjacent
compartments (Thiele-Bruhn 2003; Du and Liu 2012;
Hu et al. 2010; Jechalke et al. 2014). Released antibi-
otics in the soil can be taken up by plants, which may
pose a threat to people’s health when they consume
antibiotic-contaminated plants (Rajapaksha et al.
2014). Therefore, it is necessary to understand the po-
tential risk of antibiotic uptake by food crops. Notably,
most studies focus on sulfamethazine while those anal-
yses associated with sulfathiazole—which has a high
usage in South Korea—are scarce.

Exposure to low-level antibiotics in soil has raised
significant concerns of the toxic effects, as well as the
transfer and spread of antibiotic-resistant genes among
microorganisms (Boxall et al. 2002; Schmitt et al.
2006). It is thus of great importance to develop efficient,
cost-effective strategies for remediating antibiotic-
contaminated soils. Several studies have focused on
remediating such contaminated soils using different sor-
bents like clay minerals (Gao and Pedersen 2005), car-
bon nanotubes (Ji et al. 2009), and biochar (Rajapaksha
et al. 2014). Among the sorbents, this study hypothe-
sized that application of green manure would effectively
enhance biodegradation and reduce antibiotic availabil-
ity for plant uptake. The use of organic matter such as
green manure/cover crop is especially environmental
friendly rather than chemical fertilizers and is recom-
mended for sustainable agriculture. Because the avail-
ability of carbon substrates largely controls microbial
growth in soil (Elfstrand et al. 2007), green manure
amendments stimulate soil microbial growth and activ-
ity (Tejada et al. 2008). Moreover, incorporation of
cover crops in a crop production system may impact
on both soil biological and chemical processes, affecting
the subsequent fate of agrochemicals (Zablotowicz et al.
1998). Previous studies have reported the effect of green
manures on weed control, soil chemical/biological prop-
erties, crop growth, and yield (Tejada et al. 2008;
Muchanga et al. 2016). However, the impact of green
manure on plants grown in the antibiotic-contaminated
soil is not available. In South Korea, legume-based
green manures, notably hairy vetch (Vicia villosa) which
is an important N source is widely used in sustainable
agriculture. In the above context, for the first time, this
study aims to determine sulfathiazole uptake by plants
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in the soils exposed to hairy vetch. Compost which is
one of the other commonly used organic amendments in
agriculture including mineral fertilization (NPK) is used
for treatment comparisons.

2 Materials and Methods
2.1 Chemicals

Analytical grade sulfathiazole (STZ), simatone,
disodium ethylene diaminetetraacetic acid (Na,EDTA),
ammonium hydroxide (NH4OH), high-performance lig-
uid chromatography (HPLC) grade water, methanol
(MeOH), acetonitrile (ACN), formic acid (CH,O,),
and hydrochloric acid (HCI) with 99% purity were
obtained from Sigma-Aldrich (St. Louis, USA).
Corning™ Falcon™ conical centrifuge tubes (Thermo
Fisher Scientific, USA) and Advantec sterile syringe
filters of 0.2 wm (Cole-Parmer, USA) were used. Solid
phase extraction (SPE) cartridges, 3 mL per 60 mg of
HLB (hydrophilic-lipophilic-balance), were purchased
from Water Oasis Co. (Milford, MA). Stock solution
(500 mg L' STZ) was prepared with methanol in amber
color bottles (to prevent degradation of STZ) and stored
at 4 °C. Working solutions of 10 and 100 mg L™ STZ
were prepared immediately before the experiment by
diluting the stock solution. Distilled water was used
when ultra-pure water was required.

2.2 Test Soil

A fine silty mixed mesic Typic Haplaquepts soil collect-
ed in 2016 from the Gyeongsang National University
Crop Research Farm, Jinju, South Korea, was used in
the study. This particular soil was selected because it
was previously free from antibiotics. To ensure homo-
geneity, following collection, the soil was air-dried
and passed through a 2-mm screen and mixed prior to
use in uptake studies. Soil physicochemical properties
were measured according to standard analytical pro-
cedures (Daquiado et al. 2016; Kuppusamy et al.
2017). The soil contained pH 6.7+0.2, EC
36.3 uS cm ', organic matter 14.6+0.9 g kg, total
nitrogen 1.8+ 0.4 g kg™', and available phosphorous
79+£2.9 mg kg '. Exchangeable cations (cmol* kg ™)
like Ca**, Mg?*, and K* of the soil amounted to 9.2 +
0.4, 1.2+£0.02, and 1.2 +0.03, respectively.
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2.3 Organic Amendments

Two organic amendments—firstly, compost and sec-
ondly, green manure and a control (inorganic fertiliz-
er—NPK, but no manure)—were tested in this study.
Urea, super phosphate, and potassium chloride were the
sources of inorganic N, P, and K, respectively.
Physicochemical properties of compost and hairy
vetch were determined according to the methods
described in Huang et al. (2004) study. Compost used
was a livestock manure variety that contained 31.1% C,
2.2% N, 0.5% S, and 14.4 C:N ratio. Field-grown dry
and homogenized hairy vetch (Vicia villosa) with
44.1% C,4.3% N, 0.3% S, and 10.4 C:N ratio served
as the source of green manure. In the case of inor-
ganic fertilizer input, the amendment rates were 35,
30, and 18 kg ha ! for N, P, and K, respectively.
Compost treatment received 10 t ha™' compost while
6 t ha™' hairy vetch was incorporated into the green
manure treatment.

2.4 Pot Experiment

Homogenized soil samples were placed in 20 L polyvi-
nyl chloride pots (4 kg of soil was filled pot '). The
treatments were employed as follows: (1) NPK
amended control soil without STZ; (2) 10 mg kg '
STZ-contaminated NPK amended soil; (3) 100 mg kg '
STZ-contaminated NPK amended soil; (4) compost
amended control soil without STZ; (5) 10 mg kg™
STZ-contaminated compost amended soil; (6)
100 mg kg ' STZ-contaminated compost amended soil;
(7) hairy vetch amended control soil without STZ; (8)
10 mg kg ' STZ-contaminated hairy vetch amended
soil; (9) 100 mg kg ' STZ-contaminated hairy vetch
amended soil. STZ stock solution was added to 4 kg
of each air-dried soil to give nominal substance concen-
trations of 10 and 100 mg kg ' of dry weight. Respec-
tive fertilizers were added to the top of each pot and the
soil was mixed thoroughly. Seeds of lettuce (Lactuca
sativa) (lettuce seeds used were the commercially avail-
able variant readily available in the Korean market)
were germinated and grown in moist vermiculite for
2 weeks and then transferred to the treated soils. One
seedling was transplanted per pot and continued to grow
in a greenhouse (day time temperature =30-35 °C;
night time temperature =20-25 °C) located at the
Gyeongsang National University, Jinju, South Korea.
Each pot was maintained at 70% water-holding

capacity. Triplicate pots were prepared for each treat-
ment and were randomized in the greenhouse side-by-
side. Subsamples of soil were collected before
transplanting (Oth day) and 30 days after transplanting.
Plant samples (roots and leaves) were harvested after
30 days of transplanting when the lettuce entered full
growth stage and then rinsed with ultra-pure water to
remove any adhering soil particles. Both plant and soil
samples were then freeze-dried and stored in sealed
plastic bags at — 20 °C until required for analysis.

2.5 Chemical Analysis

Antibiotic concentrations in the soil and plant samples
were measured following the methodology of Kim and
Carlson (2007). First, 1 g of soil was transferred into
50 mL falcon tube. About 20 mL Mcllavine buffer
(USDA 2003) was added followed by simatone
(50 pL of 240 pg/L) and 200 pL of 5% Na,EDTA
and the sample was vigorously mixed in a shaker
(Koencon, South Korea) for 20 min at 400 rpm. The
sample was then centrifuged (Hanil Science, South Ko-
rea) at 4000 rpm for 15 min followed by filtration using
0.2 um sterile filters. The filtered sample was decanted
to another 50 mL falcon tube and kept at 4 °C. Extrac-
tion was repeated again and the supernatants were com-
bined for an SPE cleanup procedure. For the SPE clean-
up procedure, initially, the pH of the aqueous sample
was adjusted to the2.0-2.5 range to increase the hydro-
phobicity of STZ in the SPE cartridge. The cartridge
was pre-conditioned with 3 mL MeOH and 3 mL of
0.5 N HCI followed by 3 mL water. About 3 mL of
MeOH was used to extract STZ. After elution, approx-
imately 30 uL of 10% CH,O, was added to the extract-
ed sample, mixed, and filtered. Then the sample was
transferred into amber vials fitted with auto sampler
inserts for LC assay. Referring to the plant sample,
0.5 g of the sample was extracted with 10 mL of
ACN:ultra-pure water (70:30) and 150 pL of 5%
Na,EDTA in a shaker for 20 min at 200 rpm, centri-
fuged for 10 min at 4000 rpm, supernatant filtered and
stored at 4 °C. The sample was re-extracted and then the
aqueous samples were pooled and subjected to SPE
cleanup. Further SPE cleanup protocol and LC analyses
are the same as that of soil.

Concentration of STZ in soil and plant sample ex-
tracts were determined with an AB Sciex API 4000 LC-
MS/MS (AB Sciex, Singapore) equipped with an
Agilent 1290 HPLC system (Agilent Technologies,
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USA). An XBridge C8 (Waters, USA) 2.1 x 100 mm
(3.5 um pore size) column was used for chromatograph-
ic separation. ESI (electrospray ionization) was utilized
to detect STZ and a positive mode was adapted. Mobile
phase A was composed of 0.1% CH,0, in HPLC grade
water, and the mobile phase B was 0.1% CH,O, in
HPLC grade MeOH. The column temperature was set
at 40 °C and the gradient was ramped from 95% mobile
phase A and 5% mobile phase B to 5% mobile phase A
and 65% mobile phase B in the first min and held
isocratically for 8 min. Injection volume was 10 pL
and the flow rate was 0.3 mL min '. Selective ion
monitoring mode helped to detect simatone and STZ.
The calibration’s reliability was checked periodically by
injecting known standards and solvent into the column.
The detection limit of the LC system was 0.7 ug L.
For quality control, experiments on recovery were car-
ried out by spiking a known concentration of STZ
standard (5 and 10 mg L") in untreated and uncontam-
inated soil. The results showed a significant recovery of
91+£8.5%. The accuracy and precision of the whole
chromatographic operation was checked every ten sam-
ples by injecting known standards and a solvent blank.

2.6 Statistical Analysis

Statistical analyses were undertaken using SAS software
version 9.4 (SAS Institute Inc.). Duncan’s Multiple
Range Test (DMRT) was executed at the 0.05 probabil-
ity level for making treatment mean comparisons (7 =
3). Graphs were generated through SigmaPlot software
version 10.0 (Systat Software Inc.)

3 Results and Discussion
3.1 Effect on Plant Growth

In this study, a negative effect on the plant growth was
observed as reduced fresh weight revealed the most
pronounced outcome for increasing antibiotic concen-
tration (Fig. 1), which is in agreement with previous
studies (Mikes and Trapp 2010; Ahmed et al. 2015). The
highest spiking concentration ofantibiotics (100 mgkg ™'
STZ), which is well above what can be typically expect-
ed in agricultural soil (Stoob et al. 2006; Martinez-
Carballo et al. 2007; Karci and Balcioglu 2009), had
the worst effect on the growth of lettuce and presented
the lowest values (0.2+0.02 to 0.4+0.08 g). This
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negative effect can be attributed to the higher bioavail-
ability of SAs for plants because of their higher mobility
in soils (Boxall et al. 2002) which makes them toxic to
plant growth. Sartorius et al. (2009) also discovered that
plants’ growth decreased due to the effects of toxic
alteration of SAs on root morphology. However, Ferro
et al. (2010) and Michelini et al. (2012) stated that
influences on enhancing or inhibiting plant growth de-
pend on the antibiotic exposure level. Meanwhile, at an
environmentally relevant soil concentration of
10 mg kg ' STZ, the highest values were obtained for
hairy vetch amended soil (19.8 + 1.2 g), which was x5—
8 greater than the NPK or compost amended soils.
Notably, with hairy vetch amendment, fresh weights
for the 10 mg kg ' antibiotic-treated lettuce were not
negatively affected and statistically equal to those of the
control lettuce. A non-inhibitory effect of STZ after
adding hairy vetch may be caused by the improvement
in the soil’s biological properties as well as in the nutri-
tion (Tejada et al. 2008).

3.2 Lettuce Uptake of STZ

The cultivation experiment revealed that lettuce grown
in soils contaminated with 10 mg kg' STZ took up
about 12.7% of the applied STZ with NPK application.
However, the uptake amount was significantly reduced
to 5.1% with hairy vetch application, followed by 7.4%
with compost application compared to the NPK appli-
cation (Table 1). This reduction of STZ uptake by let-
tuce with hairy vetch can be due to the biodegradation of
STZ in the soil. Incorporating fresh organic residues
such as hairy vetch, which can be readily mineralized
by microbes greatly increases soil microbial and enzy-
matic activities (Villalobos and Fereres 2017), which
may have favored the microbial transformation of
STZ. Meanwhile, reduced transport of STZ to lettuce
in compost-mixed soils may possibly be attributed to the
compost’s high potential to adsorb STZ (Kahle and
Stamm 2007). The determined STZ uptake in lettuce
was clearly smaller at the soil spiking concentration of
10mgkg ', compared to STZ uptakes of 68.2, 32.5, and
46.8% in lettuce after 30 days’ exposure to
100 mg STZ kg ' soil treated with NPK, hairy vetch,
and compost, respectively. This agrees with previous
findings (Dolliver et al. 2007; Migliore et al. 2010),
where the total amounts of accumulated SAs to plant
parts increased as the levels of SAs contaminated in
soils were increased. Given its low molecular weight
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Fig. 1 Fresh weight of lettuce samples under different treatments
at 30 days after transplanting. Values are means of triplicate
samples. Error bars indicate SE. Means with different matching

(255.3 g mol "), hydrophilicity, and low affinity to soil
particles (K, = 0.05; log pKa =2.2 and 7.24) and at soil
pH 6.7 of this study, it is expected that the majority of
STZ may exist in neutral form and a certain percentage
will be in the anionic state. Because clay particles and
humic substances carry a predominantly negative
charge, it is predicted that electrostatic repulsion may
have occurred, rendering STZ more freely dissolved in
the soil pore water which resulted in its high plant
uptake (Carter et al. 2014; Miller et al. 2016). Hence,
increasing the concentration of antibiotics in soil will
increase the potential health risk.

Further, in lettuce samples, the antibiotic was much
more abundant in the roots than the leaves. Likewise,
Michelini et al. (2012) observed an increased

letter(s), in the same treatment (P > 0.05), are significantly differ-
ent according to DMRT

accumulation of SAs inside plant roots than at the rhi-
zoplane level. According to Gao et al. (2005), many
legacy pollutants have low translocation to aboveground
plant materials. Various studies (Fantke et al. 2011; Li
et al. 2013) reported that roots have a high potential to
accumulate lipophilic organic compounds like antibi-
otics owing to their adsorption on lipophilic root solids.
STZ is expected be subject to ion trapping in root
cells that may had limited its translocation out of the
lettuce roots owing to a decline in their membrane
permeability (Trapp 2004; Miller et al. 2016). Culti-
vation of leaf vegetables rather than root vegetables
in the antibiotic-contaminated agricultural soils may
therefore greatly reduce the potential risk of antibiot-
ic uptake by food crops.

Table 1 Concentration (mg kg ', dry weight) of STZ recorded in the soil and lettuce samples under different treatments at 30 days after

transplanting
Treatments Control soil Soil contaminated with 10 mg kg ' STZ Soil contaminated with 100 mg kg ' STZ

S L R S L R S L R
NPK nd nd nd 0.4 +0.005°  0.07+0.008" 1.2 £0.02° 17.8 +0.8" 29.5+5.1% 38.7 +8.2%
Hairyvetth nd nd nd 0.2+0.003°  0.01+0.01° 0.5+0.4° 13.8 £ 04° 142 +29° 18.3 +6.8°
Compost nd nd nd  03+0.005  0.04+0.009a° 0.7+03° 173 £ 04 173 +4.8° 205+34°

Values are means of triplicate samples + SE. Means with different matching letter(s), in the same treatment (P> 0.05), are significantly

different according to DMRT
nd not detected, S soil, L lettuce leaves, R lettuce roots
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3.3 STZ Content in Soil

STZ was not detected in the control soils (Table 1).
Within 30 days, the extractable STZ in the treated soils
diminished to concentrations that are frequently detect-
ed in arable soils (Stoob et al. 2006; Michelini et al.
2012). This could be possibly due to sorption, diffusion,
degradation, and/or plant uptake of this compound over
time. SAs are polar and non-volatile, so degradation and
plant uptake can be the major removal mechanisms (Wu
et al. 2010). Notably, in this study, at 30 days of
transplanting, the total fresh weight of lettuce from hairy
vetch-treated pots at an environmentally relevant STZ
concentration (10 mg kgfl) averaged 19.8 g, while the
amount of STZ mass accumulated in the plant was as
small as 0.5 ug kg ~'. Consequently, loss by plant uptake
from the soil is negligible compared with the amount
present in the soil (0.2 mg kg™'). The extractable frac-
tions of STZ from soil planted with lettuce equaled 14%
of the high-spiking concentration (100 mg kg ' STZ).
Conversely, for lettuce, the value was 33%. Therefore,
more than 65% of the applied STZ might have under-
gone biodegradation, diffusion and/or sorption in the
hairy vetch soil matrix.

4 Conclusion

This study suggests that a practical strategy for
farmers is to incorporate organic manures and espe-
cially green manures (a cover crop like hairy vetch)
rather than inorganic fertilizers as a source of plant
nutrients. This will allow the manure to sit in the soil
for as long as possible before planting food crops.
Having this extra time will help degrade the antibi-
otics and/or sorb them to the soil matrix and thus
reduce their concentration for plant uptake. In future,
investigations eclucidating antibiotic uptake mecha-
nisms and pathways in agricultural soils treated with
organic amendments are warranted. Further studies
are recommended to assess the responses of different
plant species to diverse antibiotic groups in the pres-
ence of hairy vetch.
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