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Abstract Globally, besides human medicine, an increasing
amount of antibiotics as veterinary drugs and feed additives
are used annually in many countries with the rapid
development of the breeding industry (livestock breeding
and aquaculture). As a result, mostly ingested antibiotic
doses (30-90%) and their metabolites to humans and
animals, as emerging persistent contaminants, were excret-
ed together with urine and feces, and subsequently
disseminated into environmental compartments in forms
of urban wastewater, biosolids, and manures. More impor-
tantly, significant amount of antibiotics and their bioactive
metabolites or degradation products were introduced in
agro-ecosystems through fertilization and irrigation with
antibiotics-polluted manures, biosolids, sewage sludge,
sediments, and water. Subsequently, accumulation and
transport of antibiotics in soil-crop systems, particularly
soil-vegetable systems, e.g., protected vegetable and
organic vegetable production systems, poses great risks on
crops, soil ecosystem, and quality of groundwater- and
plant-based products. The aim of this review is to explore
the sources, fates (degradation, adsorption, runoff, leaching,
and crop uptake), and ecological risks of antibiotics in agro-
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ecosystems and possible food security and public health
impacts. Three topics were discussed: (1) the occurrence,
fates, and ecological impacts of antibiotics in agro-
ecosystems, a global agro-ecological issue; (2) the potential
ecological risks and public health threat of antibiotic
pollution in soil-vegetable system, especially protected
vegetable and organic vegetable production systems; and
(3) the strategies of reducing the introduction, accumula-
tion, and ecological risks of antibiotics in agro-ecosystems.
To summarize, environmental contamination of antibiotics
has become increasingly serious worldwide, which poses
great risks in agro-ecosystems. Notably, protected vegetable
and organic vegetable production systems, as public health
closely related agro-ecosystems, are susceptible to antibi-
otic contamination. Occurrence, fate, and ecotoxicity of
antibiotics in agro-ecosystems, therefore, have become
most urgent issues among antibiotic environmental prob-
lems. Nowadays, source control, including reducing use
and lowering environmental release through pretreatments
of urban wastes and manures is a feasible way to alleviate
negative impacts of antibiotics in agro-ecosystems.

Keywords Antibiotics - Ecological risks - Agro-ecosystem -
Soil-vegetable system - Fate

Contents
1. Introduction. . .. ...... ... ..t 2
2. Pathways of antibiotics entering agro-ecosystems. . . 5
2.1 Fertilization with animal manures and urban

wastes polluted by antibiotics. .. ............ 5
2.1.1 Concentrations of antibiotics in raw animal
manures and urban biosolids. .. ............. 5
2.1.2 Antibiotic concentrations in treated animal
manures and urban biosolids. . ... ........... 6
2.2 Trrigation with water polluted by antibiotics. . . . . 6

#I’%!#& Im @ Springer



310

L.Du, W. Liu

3. Fates of antibiotic in agro-ecosystems. ... ........ 7
3.1 Soil accumulation. . . ............ ... .... 8
3.2 Adsorption and degradation. . . .............. 8
3.3 Leaching and runoff. . . . ................. 9
34Cropuptake. ... ... 9

4. Effect of antibiotics in agro-ecosystems. . ......... 9
4.1 Impacts on soil microorganisms and soil enzyme
ACHIVILY. « oo et 9
4.2 PhytotoXiCity. . .. oo v oo e 10

5. Risks related to antibiotics in agro-ecosystems,

particularly PV-OVPS. ... ... .. .. . .. ... 10
5.1 Use necessity, benefits and antibiotic risks of
organic fertilizer in PV-OVPS. . ................ 10
5.2 Antibiotic pollution of agro-ecosystems, particularly
PV-OVPS. ..o 11

5.2.1 Soil, groundwater pollution. . ......... 11
5.2.2 Vegetable pollution by antibiotics. . . . . .. 12

6. Research prospects. . . ...................... 12
6.1 Fates and ecological risks of antibiotics in agro-
ecosystems: a global agro-ecological issue. . . .. ... 12
6.2 Fates and ecological risks of antibiotics in PV-
OVPS: an urgent agro-ecological issue. .. ........ 13
6.3 Strategies of lowering the introduction and ecological
impacts of antibiotics in agro-ecosystems. . . ... ... .. 13

6.3.1 Control the use of antibiotics as feed additives
and human medicines to reduce excretion rate. . . .13
6.3.2 Developing pretreatment technology to
decrease the quantity of antibiotics in organic

fertilizer and irrigation water. . . ............ 13
6.3.3 Clarifying fates and rhizosphere dynamics
of antibiotics in agro-ecosystems. . .......... 13
7. Concluding remarks. . ...................... 14

1 Introduction

Broadly defined, antibiotics are organic substances that are
produced through the secondary metabolism of living
microorganisms or synthesized artificially or semi-
artificially that can kill other microorganisms or inhibit
their growth or metabolic activity via biochemical actions
(Lancini and Parenti 1982; Thomashow and Weller 1995;
Thiele-Bruhn 2003). Mass production and use of antibiotics
in medicine and agriculture have existed and substantially
benefited public health and agricultural productivity for
over 60 years (Knapp et al. 2010). Nowadays, a wide
variety of antibiotics are extensively applied worldwide as
drugs for preventing or treating human, animal, and plant
infections, or as feed additives for animals and fishes to
prevent or treat diseases as well as growth promotion
(Cromwell et al. 1996; Smith et al. 2002; McManus et al.
2002; Kumar et al. 2005a, b; Sarmah et al. 2006; Cabello
2006; Aust et al. 2008; Stone et al. 2009). It was estimated

@ Springer

that the total amounts of annual use of antibiotics had
reached 100,000-200,000 tons worldwide (Wang and Tang
2010), including veterinary antibiotics and medical anti-
biotics. Among them, veterinary antibiotics are in the
majority of the total amount used. For example, they
approximately accounted for 70% of the total consumption
in the USA and about 70% of them are used for
nontherapeutic purposes (Sassman and Lee 2005; UCS
2001). Although the inclusion of antibiotics in feed for
growth promotion in livestock production was banned in
the European Union in 1998 (CEC 1998a, b) and Korea
will cease the use of growth promotion antibiotics feed
additives by 2012 (Kim et al. 2011), large-scale use of
antibiotics in animal production is being widely adopted
worldwide as drugs, particularly in the European Union,
USA (Kolpin et al. 2002), China (Zhao et al. 2010),
Southeast Asia, and Russia as feed additives or for
prophylactic, metaphylactic, and therapeutic purposes
(Hamscher et al. 2003; Sarmah et al. 2006). China is the
largest country for production and use of antibiotics. In
2003, China produced 28,000 and 10,000 tons of penicillin
and oxytetracycline (OTC), occupying 60% and 65% of the
global total output (Yang et al. 2010a). On the other hand,
antibiotics, as human medicines, have been extensively
adopted in disease treatment globally, and their use
frequency and dosage often surpass the actual need. Taking
China for example, the proportion of antibiotics in drug
prescription was over 70% in China, much higher than
the proportion 30% in western countries, which reflected
that the antibiotic misuse was more serious in China
(Bruce et al. 2005).

With the rapid development of stockbreeding (e.g.,
livestock and poultry raising) and aquaculture (e.g.,
fishery), an unprecedented increment in used amount of
veterinary antibiotics is undergoing. Among antibiotics,
tetracyclines were the most commonly used, followed by
sulfonamides and macrolides that accounted for approxi-
mately 90% of the total antibiotics used in the UK and
more than 50% in Korea and Denmark (Kim et al. 2011).
Subsequently, about 30-90% antibiotic doses to humans
and animals, both unaltered and their metabolites, were
excreted and released together with urine and feces after
medication for incomplete absorption (Halling-Serensen et
al. 1998; Alcock et al. 1999; Winckler and Grafe 2001;
Jjemba 2002a, b; Heberer 2002; Bound and Voulvoulis
2004; Phillips et al. 2004; Kumar et al. 2005b). Addition-
ally, the amount rate of antibiotics excreted varies with the
antibiotic species, the use dosage, as well as the type and
the age of the animals (Katz 1980; Zhao et al. 2010).
Furthermore, the overuse and abuse of antibiotics occur
ubiquitous globally, which increases substantially the rates
of excretion and environmental release (Smith et al. 2002).
Some literatures showed that the excretion rates of some
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antibiotics, e.g., chlortetracycline (CTC), sulfamethazine
(SMZ), and tylosin (TYL) after medication, exceeded 50%
(Montforts 1999; Winckler and Grafe 2001; EMEA 1994—
2002; Arikan et al. 2009a, b). Most antibiotics come from
various sources will eventually enter in environmental
compartments through different pathways. It is apparent
that the readily water-soluble ones are inclined to spread
broadly and quickly with the aid of water fluidity.
Therefore, taking the large environment-release quantity
and antimicrobial attributes of antibiotics into consider-
ation, the ecotoxic risks of antibiotics in environment,
particularly agro-ecosystems would be the key environ-
mental and human health concerns, and should be paid
more scientific attentions on.

Three main pathways for environmental release of
antibiotics are included, i.e., feed additives for stock-
breeding and aquaculture, human and veterinary drugs,
and environmental release during production or use
(Fig. 1). Some antibiotics are bioactive and recalcitrant
after excretion (Bouwman and Reus 1994; Dolliver et al.
2008). As human medicine, antibiotics were released into
environment media in forms of wastewater and biosolids,

Fig. 1 Sources, entrance path-
ways, fates of antibiotics in

and reached surface water and sediments via the release of
effluents from sewage treatment plants (Hamscher et al.
2003; Giger et al. 2003; Gdobel et al. 2004). All kinds of
manures, as another important carrier of veterinary anti-
biotics, their transfer and seepage from manures to soil,
surface, and groundwater also contribute the environmental
release of antibiotics (Kim and Carlson 2005; Kim et al.
2005; Burkhardt et al. 2005; Kay et al. 2005). Moreover,
water mobility will accelerate the environmental release and
diffusion processes of some antibiotics, and consequently
enlarged their geographic distribution and ecotoxicity in
environmental compartments. Based on previous reports,
environmental impacts of residual antibiotics include: (a)
resistance evolution of pathogens and bacteria through
long-time exposure, genetic variation, and transfer of
antibiotic-resistant genes (ARGs), e.g., transferring resistance
from nonpathogenic to pathogenic bacteria (Khachatourians
1998; Hirsch et al. 1999; Boxall et al. 2003); (b) human
health impacts of antibiotic ingestion via animal- or plant-
based food products and drinking water with antibiotic
residues; (c) ecotoxic effects on nontarget organisms in
aquatic environment and terrestrial environments, especially
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environmental microorganisms; and (d) ecological impacts
on agro-ecosystems of introduced antibiotics through
amending with manures (Wegener 1999; Kumar et al. 2005a;
Boxall et al. 2006: Dolliver et al. 2007) and irrigated water.
Recently, the occurrence of ARGs in various environmental
components (sediments, soils, wastewater, and drinking
water) has been detected, and their abundance in soils had
increased significantly (Knapp et al. 2010). Thus, human
being and animals are becoming subjected to a rising risk of
superbug infection that cannot be treated with existing
pharmacotherapy. To sum up, residual antibiotics in the
environment may pose a serious threat to human health by
antibiotic intake via food and drinking water, superbug
infection, and so on.

Exposure and adverse effects of antibiotics to the water
environment and terrestrial ecosystems have aroused great
concern over the last decade. As a worldwide-growing
concern issue, related studies dealing with occurrence, fate,
and ecological risks of antibiotics have been conducted
extensively, and the research data were updated and
renewed quickly. There are more than 20 review articles
on fates and ecological risks of antibiotics in Chinese
(Zhang et al. 2005a, b, 2008a, b, c; Wang et al. 2006, 2007,
Zhu and Song 2006; Kong and Zhu 2007; Zhou et al. 2007;
Li et al. 2008; Wang and Tang 2010; Shi et al. 2010; Yang
et al. 2010a; Wu et al. 2010a, b) and in English (Halling-
Serensen et al. 1998; Tolls 2001; Jjemba 2002a; Heberer
2002; Thiele-Bruhn 2003; Boxall et al. 2003; Kumar et al.
2005a; Sarmah et al. 2006; Kemper 2008; Snow et al. 2009;
Ding and He 2010; Kim et al. 2011; Zhang and Li 2011)
published in over the past decade. Many of them focused
comments on the advances in exposure assessment in
aquatic or terrestrial environment, fates (adsorption, trans-
location, and degradation), as well as ecological risks on
ecosystems. However, few review literatures provided
comprehensive summary that covered China and worldwide
literatures and gave the overall and updated information on
impacts of antibiotics in agro-ecosystem, particularly in
protected vegetable and organic vegetable production
systems (PV-OVPS).

Among agro-ecosystems, PV-OVPS are characterized by
heavy application of organic fertilizer; therefore, they are
much easier contaminated by antibiotics contained in
manures, biosolids, and irrigation water. Organic fertilizer
use as nutrient source and good soil amendment for PV-
OVPS; in turn, PV-OVPS are suitable places to utilize or
recycle animal wastes with respect to the environmental and
economic benefits. By the end of 2009, China’s organic
cultivation area has developed increasingly in the past
decade, up to 1.85 million hectares, listing the third in the
world (Willer and Lilcher 2010). In addition, the acreage of
protected horticulture has sustainedly develop in the past
decade, reaching 3.5 million square hectometers (hm?) in
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2009 (Liu et al. 2009b) in China, ranking first globally.
More than 90% protected facilities are used for vegetable
production, particularly off-season vegetables (Fig. 2).
Therefore, massive organic manure is usually fertilized into
PV-OVPS. Apparently, the fates and ecological risks of
antibiotics introduced in protected systems may differ from
that of in open fields due to the special environmental
conditions in protected facilities and planting intensity. The
beneficial roles of organic manure played in protected
vegetable production, including (a) increasing CO, emis-
sion and utilization by horticultural crops, (b) improving
soil temperature to alleviate chilling stress, (c) providing
nutrients, (d) ameliorating soil structure and avoiding
succession cropping obstacle, and (e) alleviating soil
secondary salinization caused by chemical fertilizer. Based
on the above functions of organic manures, more and more
organic manures were applied in protected agriculture. In
some areas of China, it was estimated that the ratio of
organic manure to total fertilizers used in protected facilities
exceeded 60-87% (Zhang et al. 2005a, b; Zhao and Chen
2001). In addition, the fertilization rate of organic manure
reached 100—150 tons/hm? (Xiao and Yang 1997; Zhao and
Chen 2001). However, residual antibiotics and some other
contaminants (e.g., heavy metals) in organic manure from
scaled stockbreeding farms discounted the benefits brought
by organic manures (Yao et al. 2006). As a result,
antibiotics accumulation and vegetable contamination
occurred increasingly. Moreover, many relevant studies,
especially in China and Germany, published and deepened
the understanding on this topic in recent years. More
importantly, no document available has reviewed the
occurrence, fates, and ecological risks of antibiotics in
agro-ecosystems (Snow et al. 2009) with highlights on PV-
OVPS. Thus, collecting and summarizing the updated
achievements in this field is helpful and necessary to impel
future research. This review gives priority to the collection
and comment on the novel documents issued after 2000 to
supplement the existing review literatures.

Fig. 2 Typical Chinese solar greenhouse for vegetable cultivation
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2 Pathways of antibiotics entering agro-ecosystems

Agro-ecosystems, such as croplands or vegetable fields,
are the most important terrestrial environment where
antibiotics-containing animal manures or organic wastes
were applied largely and repeatedly. In summary, two
avenues of antibiotics entering agro-ecosystems are
involved: firstly, fertilization with antibiotics-containing
animal manures, biosolids, sewage sludge, and sediments
(Jorgensen and Halling-Serensen 2000; Diaz-Cruz et al.
2003, 2006; Gobel et al. 2004; Kemper 2008; Yang et al.
2010b); secondly, irrigation with antibiotic-polluted reclaimed
water from sewage treatment plants, wastewater, surface water,
or groundwater (Renew and Huang 2004; Gulkowska et al.
2007) since they have been frequently polluted by antibiotics
(Kolpin et al. 2002; Christian et al. 2003; Giger et al. 2003;
Gobel et al. 2004; Renew and Huang 2004; Gulkowska et al.
2007; Fig. 1). Simultaneously, produce, e.g., vegetables and
grains, cultivated in antibiotic-contaminated agro-ecosystems
may pose the potential threat to public health when high-level
antibiotics were absorbed and accumulated. Currently, appli-
cation of manures to agro-ecosystems is a common practice
in many countries in the world, including China, as periodic
measure, especially for PV-OVPS. However, antibiotics have
just aroused attention as potential pollutants in the past two
decades (Halling-Serensen et al. 1998; Kiimmerer 2001a).
Although some processes have been known about the
exposure, fates, and risks of antibiotics in environmental
compartments, very limited information pertaining to those
processes in agro-ccosystems was revealed so far, particularly
organic agriculture and protected agriculture. Therefore,
monitoring, assessing, and controlling the pollution status of
water and organic fertilizers are helpful for predicting or
reducing the amounts of antibiotics into agro-ecosystems and
their potential human health impacts (Fig. 1). Also, it is
necessary to study and to comprehensively evaluate the fate
of antibiotics in dairy farms, from administration to excretion,
waste collection, land application, and potential soil-water
transport (Watanabe et al. 2010). More importantly, since
fertilization and irrigation is carried out repeatedly and
frequently year-by-year, long-term monitoring on fates of
antibiotics in agro-ecosystems should be systematically
examined.

2.1 Fertilization with animal manures and urban biosolids
polluted by antibiotics

Residual antibiotics in medicated animal manures and
urban biosolids contribute as the major sources of anti-
biotics entered in agricultural soils via fertilization. There-
fore, monitoring, evaluating, and controlling the residual
level of antibiotics in animal manures are an important
link for reducing their accumulation and deleterious

impacts on agro-ecosystems. Generally speaking, antibi-
otic concentration in animal manure could be decreased
significantly via composting and anaerobic fermentation
treatment, which will favor the quantity reduction of antibiotic
environmental exposure (Figs. 3 and 4). In order to evaluate
the feasibility and efficiency of utilizing composting and
anaerobic fermentation as control techniques to reduce
environmental release of antibiotics, here the advances in
treatment efficiency of composting and anaerobic fermenta-
tion on antibiotic removal from excretions were collected.

2.1.1 Concentrations of antibiotics in raw animal manures
and urban biosolids

Many investigations have been conducted to examine the
residual levels of antibiotics in animal dejecta and manures
from large-scale livestock farms, mainly including slurry,
dung, and manures of pig, cow, and chicken (Winckler and
Grafe 2001; references in Table 1 and Kim et al. 2011). The
residue levels for most antibiotics showed significant
statistical differences among the sampling districts and the
animal species (Zhao et al. 2010). Zhang et al. (2008a, b, ¢)
showed that the residue level of selected antibiotics varied
in sequence of pig manure>chicken manure>cow manure,
and the antibiotics residues were generally higher in animal
manures from industrial-scale farms than in those from
farmer’s households. Apart for animal excreta, residues of
these substances in the farm dust present a new source of
health hazard for farmers (Hamscher et al. 2003). Hamscher
et al. (2003) detected up to five different antibiotics in 90% of
dust samples collected during two decades from the same
piggery. The total amounts were up to 12.5 mg/kg dust. The
results suggested that dust from the farm is a route of entry
for veterinary drugs in the environment and risks may arise
from the inhalation of dust contaminated with antibiotics.
Urban biosolids are a source of antibiotic contamination for
the agro-ecosystem because these substances are usually
employed in agriculture. Biosolids refer to solid, semisolid,
and liquid residues that are generated during the treatment of

Fig. 3 Typical scaled livestock breeding in China
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of antibiotics in these materials has become an increasingly
recognized environmental risk as well (Halling-Serensen et
al. 1998; Hirsch et al. 1999; Jorgensen and Halling-Serensen
2000). Some of the antibiotics can maintain residual activity
in biosolids for a long time (Summer 2000). Zhang and Li
(2011) summarized the latest information on occurrence,
transformation, and fate of antibiotics in wastewater treat-
ment plants based on more than 90 papers published.

2.1.2 Antibiotic concentrations in treated animal manures
and urban biosolids

Fig. 4 Waste treatment of scaled livestock breeding

Whether or not there is pretreatment before environmental

domestic sewage in treatment works. Antibiotic residues have
been frequently detected in sewage, activated sludge, digested
sludge, and urban biosolids (Zhang and Li 2011); the presence

discharge or agricultural utilization determines the final
residual concentrations of antibiotics in animal manures to
some extent. Composting, anaerobic, and aerobic digestion

Table 1 The reports on antibiotic content in animal excreta

Sites Antibiotics species Sample Average concentration Reference

description
Germany TC, CTC Liquid pig manure 0.1-4 mg/kg Hamscher et al. (2002)
Germany TYL, TC, SMZ, CAP 10-15 Dust samples Detected in 90% samples, Hamscher et al. (2003)

Seven provinces,
China

Tianjin, China

Zhejiang province, China

Jiangsu, China

Tianjin, China

Eight provinces, China

OTC, TC, CTC

OTC, TC, CTC,
Doxycycline, SDZ,
SDM, SCP, SMZ,
SDO, Furazolidone,
CIP, Pefloxacin, CAP

OTC, TC, CTC

SG, SA, SD, SMR, SMD,
SMM, SCP, SMZ

OTC, CIP, CTC, SMZ,
SDO, SCP, CAP, OFL,
PEF, CIP, LIN

FQ, SDM,TC

each year during
1981-2000 from
piggery

32 Pig and 23 chicken
manure samples

9 Pig manures and
11chicken manures

93 Pig, cow and
chicken manure samples

178 Manure samples

Winter manures and
summer manures

61 Pig, 54 chicken

and 28 cow dung samples

0.19-12.5

Pig manure: 9.09 for OTC,

5.22 for TC, 3.57 for CTC;

chicken manure: 5.97
for OTC, 2.63 for TC,
1.39 for CTC

0.3-173 ng/kg

3.1 for OTC, 1.57 for
TC,1.8 for CTC

0.08-7,105 pg/kg

Winter manures: 0.1-183.5;

summer manures: n.d.—29.3

Pig and cow dung: up to

34 and 30 CIP, 33 and 47

EFL, 59 and 60 OTC, 21

and 28 CTC; chicken dung:

up to 99 fleroxacin, 225
norfloxacin, 46 CIP,
1,421 EFL

Zhang et al. (2005a, b)

Hu et al. (2008)

Zhang et al. (2008a, b, c)

Chen et al. (2008)

Hu et al. (2010)

Zhao et al. (2010)

AMX amoxicillin, AOC aureomycin, CAP chloramphenicol, CTC chlortetracycline, CIP ciprofloxacin, EFL enrofloxacin, FQ fluoroquinolones,
LIN lincomycin, LSM lincosamides, OFL ofloxacin, OTC oxytetracycline, PEF pefloxacin, SMD sulfonamides, SMZ sulfamethazine, SMX
sulfamethoxazole, SDO sulfadoxine, SCP sulfachloropyridazine, SG sulfagidine, S4 sulfanilamide, SDZ sulfadiazine, SDM sulfadimidine, SMM
sulfamonomethoxine, SCP sulfachloropyridazine, SMR sulfamerazine, SMT sulfameter, SDM sulfadimethoxine, 7C tetracycline, 7YL tylosin; n.d.

not detected
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are well-established approaches for reducing the amount of
antibiotics in animal manures (Kolz et al. 2005; Arikan et
al. 2006, 2007, 2008; Stone et al. 2009; Mohring et al.
2009; Bao et al. 2009). The degradation rates of antibiotics
during composting, anaerobic, or aerobic digestion varied
with the species of antibiotic, the type of livestock manures,
and the composting conditions. Moreover, removal tech-
nologies of antibiotics in sewage treatment plants were
actively developed in the European Union and the USA
(Kim et al. 2005; Castiglioni et al. 2006; Vieno et al. 2006;
Xu et al. 2007a,b). A variety of commonly used antibiotics
are persistent in the environment. Although some methods,
including adsorption, biodegradation, disinfection, and
membrane separation were developed to remove antibiotic
in different wastewater treatment processes of municipal
wastewater treatment plants, many antibiotics cannot be
removed completely in wastewater treatment processes and
would enter into environment via effluent and sludge
(Ternes 1998; Zhang and Li 2011). On the other hand,
antibiotics present may impact the efficiency of digestion
and their degradation during treatment for their antimicro-
bial properties. Previous studies showed that antibiotics or
metabolites in manure had negative effects on treatment
systems such as anaerobic digesters (Poels et al. 1984) and
nitrifying systems (Campos et al. 2001). However, Kakimoto
et al. (2007) found that amoxicillin did significantly decrease
the composting of human feces even at only 10 pg/g dry
weight. In summary, source reduction through pretreatments
is an effective method to control environmental release and
contamination by antibiotics, but relevant techniques should
be fully developed to enhance their efficiencies.

2.2 Irrigation with water polluted by antibiotics

Antibiotics could enter aquatic environment through urban
sewerage systems and wastewater of livestock breeding
(Fig. 5), and runoff and leaching from terrestrial ecosys-
tems. Certainly, antibiotics in aquatic environment could be
transported into agro-ecosystems via irrigation and sedi-

Fig. 5 Wastewater treatment of scaled livestock breeding

ment utilization. As early as 1980s, high-level antibiotics
detected in UK’s river water in 1960s were reported (Watts
et al. 1982). In addition, US survey revealed that a number
of antibiotics were detectable in 27% of 139 rivers at
concentrations of up to 0.7 ug-L™" (Kolpin et al. 2002). Up
to now, antibiotics occurred widespread in surface waters
(Lindsey et al. 2001; Christian et al. 2003; Managaki et al.
2007) and groundwaters (Sacher et al. 2001; Lindsey et al.
2001; Kolpin et al. 2002; Hamscher et al. 2005; Focazio et
al. 2008), particularly the persistent, soluble species, e.g.,
CTC (Kolpin et al. 2002). CTC was found in 2.4% of the
84 surface water samples with the maximum concentration
of 0.69 pg/L by Kolpin et al. (2002). Many reports had
detected antibiotic pollution in water bodies in Asia (Xu et
al. 2007a, b; Gulkowska et al. 2007) and Europe (Golet et
al. 2002; Christian et al. 2003; Stolker et al. 2004; Lindberg
et al. 2005; Tamtam et al. 2008), particularly for water from
sewage treatment plants (Alcock et al. 1999; Lindberg et al.
2005; Castiglioni et al. 2006; Vieno et al. 2006; Xu et al.
2007a, b; Pedrouzo et al. 2011). Giger et al. (2003) detected
antibiotics in hospital and municipal wastewater. Gulkowska
et al. (2007) detected tetracycline (TC), erythromycin,
norfloxacin, and trimethoprim in Hong Kong coastal waters.
Managaki et al. (2007) reported that the veterinary anti-
biotics, e.g., erythromycin, trimethoprim, and various sulfo-
namides, were detected in the Mekong Delta in Vietnam.
Additionally, the highest concentrations in both water and
sediment samples occurred in winter and sediment samples
had greater detection frequencies and higher concentrations
than water samples (Kim and Carlson 2007). This might be
attributed to the seasonal changes of antibiotic concentrations
from sewage treatment plants and hospitals (Pena et al.
2010). In view of the frequent occurrence and accumulation
of antibiotics in natural water in global areas; thereafter, the
species and rate of antibiotics entering agro-ecosystems by
irrigation may tend to increase.

3 Fates of antibiotics in agro-ecosystems

Agro-ecosystems are the ideal places to employ and utilize
animal manures. However, high anthropogenic input
quantity and low harmless treatment rate of animal manures
unavoidably result in continuous accumulation of anti-
biotics in agro-ecosystems through repeated fertilization.
Taking China as an example, annual production of animal
wastes in China had climbed up to 2-3 billion tons and
only 50% was utilized. More importantly, the harmless
treatment rate of animal wastes is just about 11% (Zhang
2008). After entering agricultural soil of antibiotics, several
interrelated processes were involved, including degradation
(Kreuzig and Holtge 2005), adsorption (Rabelle and Spliid
2000), transport (leaching and runoff) (Blackwell et al.
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2007), and plant uptake (Migliore et al. 1996; Kumar et al.
2005a; Boxall et al. 2006; Dolliver et al. 2007). The active
ingredients in the upper soil layer might either accumulate
in soil or be absorbed by crops, or be readily available for
transport into surface and groundwater through leaching
and overland flow runoff (Jongbloed and Lenis 1998). All
dynamic processes of antibiotics in soils are closely
interrelated and driven by crop, soil microorganism, water,
and anthropogenic activities, which will ultimately determine
the spatial-temporal distribution and environmental impacts
of antibiotics.

3.1 Soil accumulation

Soil is a habitat of indigenous antibiotics produced by soil
microorganisms (Gottlieb 1976; Thomashow et al. 1997).
Topp (1981) found that less half-soil actinomycetes isolated
were able to synthesize antibiotics, also in in situ
rhizosphere, the background level of antibiotics was up to
5 pg/g soil (Lumsden et al. 1992; Shanahan et al. 1992).
Some exogenous antibiotics incorporated soil through
fertilization and irrigation were persistent and cumulative,
which resulted in an increasingly residual concentrations
ranged from a few micrograms up to grams per kilograms

Table 2 Antibiotics concentration in soils

(see Table 2; Thiele-Bruhn 2003). Many countries had
detected the antibiotic residues in soils (Boxall 2004;
Hamscher et al. 2005; Martinez-Carballo et al. 2007). As
previously reported, TC could persist in soil for over 1 year
(Zuccato et al. 2000), and only a moderate degradation of
various TCs occurred within 180 days (Hamscher et al.
2002). Hamscher et al. (2002) detected the concentration of
TC up to 0.3 g/kg in farmland soil fertilized with liquid
manure. Also, 9.5 ug/kg CTC in the upper 10 cm soil from
eight fields manured with animal slurry 2 days before
sampling were detected (Kolpin et al. 2002). Zhang et al.
(2008a, b, c) found that about 93%, 88%, and 93% of
surface soils (020 cm) applied manure contained OTC,
TC, and CTC, and their soil residues were 38, 13, and 12
times as high as those soils without manure application.
Martinez-Carballo et al. (2007) detected CTC, enrofloxacin,
and ciprofloxacin in arable Austrian soils. In addition, half-
lives of some antibiotics in soils were examined (Schliisener
and Bester 2006; Accinelli et al. 2007).

3.2 Adsorption and degradation

Soil adsorption is the main physicochemical mechanism that
prevents the antibiotics from leaching or runoff to some extent.

Site Antibiotics species

Concentration detected

Sample description

Reference

Germany CTC, TC

Zhejiang, China OTC, CTC

Zhejiang province, OTC, TC, CTC
China

Guangdong, China OTC, TC, CTC, SDZ,
SMR, SMT, SMZ,SDM

Guangdong, China NOR, CIP, LOM, EFL

OTC, TC, CTC, SMZ,
SDO, SCP, CAP, OFL,
PEF, CIP, LIN

Tianjin, China

Guangdong, China TCs, SMDs, quinolones

86.2, 198.7, 171.7 mg/kg
TC; 4.6-7.3 mg/kg CTC

OTC, 0.44-1.23; CTC,
0.44-1.56 mg/kg

0.64 for OTC, 0.65 for
TC; 0.56 for CTC mg/kg

n.d.—321.6 pg/kg

Surface soils 3.97-32.03 ng/kg;
19.5-23 pg/kg for 0-20 cm;
2.5-12 pg/kg for 20—40 cm;
2.4-5 pg/kg for 40-60 cm;
n.d.—2.2 pg/kg for 60-80 cm

Winter soils: n.d.—2.68; summer
soils: n.d.—2.5 pug/kg

0-10, 10-20 and
20-30 cm soils

0-20 cm soil

48 Surface 0-20 cm
and subsurface
2040 cm soils

31 Surface soils
(0-30 cm)
of vegetable fields

Surface soils 0-20 cm;
vegetable field 0-20,
2040, 40-60,
60—80 cm soils

Hamscher et al. (2002)

Wang and Han (2008)

Zhang et al. (2008a, b, c)

Li et al. (2009b)

Tai et al. (2010)

Winter soils, summer soils Hu et al. (2010)

242.6, 33.3-321.4, 27.8-1,537.4 ug/kg Vegetable field soils

Li et al. (2011)

CAP chloramphenicol, CTC chlortetracycline, CIP ciprofloxacin, EFL enrofloxacin, LIN lincomycin, LOM lomefloxacin, NOR norfloxacin, OFL
ofloxacin, OTC oxytetracycline, PEF pefloxacin, SMD sulfonamides, SMZ sulfamethazine, SDO sulfadoxine, SCP sulfachloropyridazine, SDZ
sulfadiazine, SMR sulfamerazine, SMT sulfameter, SDM sulfadimethoxine, 7C tetracycline, n.d. not detected
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The extent of antibiotic adsorption to soils depends on the
antibiotic species present and soil properties including pH,
organic matter content, and the concentration and type of
divalent cations present, regardless of soil type (Rabglle and
Spliid 2000). Dissolved organic matter decreased sorption of
antibiotics to clay by increasing their mobility (Kulshrestha et
al. 2004). Sorption to sterile manure, compost, and humic acid
was determined to be strongly affected by contact time and
pH. Kurwadkar et al. (2007) also found a strong pH
dependency for sorption of sulfathiazole and SMZ to three
sand and loam soils. TCs are known to bind strongly to soil
particles, due to their ability to form complexes with doubly
charged cations (e.g., Ca®"; Tolls 2001; Hamscher et al. 2002).
Sassman et al. (2007) also studied sorption and degradation of
TYL and its degradation products. Residues of OTC, TC, and
CTC correlated positively to soil clay content. The more
porous the soil texture, the more antibiotics are liable to
transport and accumulate in the subsurface horizons of many
soils (Zhang et al. 2008a, b, c). Soil-contained antibiotics may
degrade completely or partially of the parental compound
(Kiimmerer 2001b) through three degradation behaviors
(Schliisener and Bester 2006) driven by biodegradation and
photodegradation. The photodegradability of antibiotics in
aqueous and soil environments is an important factor in
environmental fate. Thiele-Bruhn and Peters (2007) observed
significant photodegradation of various TC and sulfonamides
in sterile water and soil surfaces.

Table 3 Antibiotic concentration in crops

3.3 Leaching and runoff

Mobility and transport of accumulated antibiotics are
important processes involved in environmental issue, which
may evoke when irrigation and precipitation occur. Leach-
ing of antibiotics into deeper soil or into groundwater
depended on the adsorption strength of the drugs in topsoil
(Hamscher et al. 2002). Stoob et al. (2007) conducted a
field study of sulfonamide runoff from cropland to surface
water. Results suggested a worst-case scenario of 0.5%
runoff loss for sulfonamides. Wehrhan et al. (2007) reported
extensive column studies of SDZ leaching. Kay et al.
(2005) examined the antibiotics concentrations in the
overland flow in an irrigated arable land after 4-h pig
slurry application. They found that sulphachloropyridazine
and OTC was detectable in runoff from the tramline plot at
a peak concentration of 0.7 and 0.072 mg/L. However,
TYL was not detected. Blackwell et al. (2007) determined
OTC fate in soil and very low concentrations were detected
in surface runoff but not in soil pore water.

3.4 Crop uptake

High-level accumulation of antibiotics in food crops may
raise potential human health concerns through food chain.
Previous studies showed that crops could absorb from
antibiotics-polluted soils or manure-amended soils (Table 3).

Site Crop species Antibiotics species Concentration detected Reference
Italy Millet, pea, corn and barley SMZ 1,000-2,000 pg/kg in Migliore et al. (1996)
foliage and root
Italy Weed species: Amaranthus SDM 981-6,065 ng/kg Migliore et al. (1997)
retroflexus L., Plantago
major L., Rumex acetosella L.
USA Corn SMZ <1.06 mg/kg Kumar et al. (2005a)
China Alfalfa (Medicago sativa L.) OTC OTC absorbed by alfalfa, Kong et al. (2007)
and the uptake inhibited
by 2,4-dinitrophenol and Hg**
USA Corn SMZ 0.9-1.2 mg/kg Dolliver et al. (2007)
USA Wheat CTC, SDZ Root 1.1 and 0.5 for CTC and Grote et al. (2007)
SDZ; 0.043 of CTC was
detected in wheat grain
USA Soybean Carbamazepine, Carbamazepine, triclosan Wau et al. (2010a, b)
diphenhydramine, accumulated in root tissues
fluoxetine and above ground parts;

diphenhydramine and fluoxetine

CTC chlortetracycline, OTC oxytetracycline, SMD sulfonamides, SMZ sulfamethazine, SDZ sulfadiazine
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Generally, the uptake and effects on plants varies consid-
erably between reports and depends on the antibiotic and
plant species (Migliore et al. 1995; Kumar et al. 2005a;
Dolliver et al. 2007). Some antibiotics, e.g., TYL, could not
be absorbed by corn, green onion, and cabbage (Kumar et
al. 2005a) because of their large molecular weight.
Although the maximum residue value for antibiotics in
animal-based products has been established, the limit
for antibiotics in plant-based products is absent yet
(JECFA 2000).

4 Effects of antibiotics in agro-ecosystems

Nowadays, antibiotics are being considered as ubiquitously
occurring persistent contaminants in agro-ecosystems,
and their ecological risks are a growing problem with
respect to agro-environmental quality. Many antibiotics
are persistent with long half-lives in soils. Long-term
accumulation of persistent antibiotics and their metabo-
lites in agro-ecosystems are bioactive and ecotoxic to
soil microorganisms and crops, particularly bacteria
(Baguer et al. 2000). Here, we summarized the research
advances in ecotoxicity of antibiotics in agro-ecosystems,
including soil microorganisms, soil enzyme activity, and
crops.

4.1 Impacts on soil microorganisms and soil enzyme
activity

Environmental antibiotics are still bioactive chemicals that are
potentially hazardous to soil bacteria and other organisms
(Baguer et al. 2000). The side effects of antibiotics on
nontarget soil organisms are the issues of most concern in
ecological risks assessment since they are highly effective
and bioactive substances. A number of soil microbiological
parameters, including microbial biomass and basal respira-
tion, have been suggested as possible indicators of soil
environmental monitoring programs (Yao et al. 2000;
Winding et al. 2005). Degraded products of antibiotics also
exhibited toxicity to microorganisms (Ge et al. 2010). In
general, residual antibiotics in the soils may possibly assist in
developing antibiotic resistant microbial populations (Witte
1998; Morris and Masterton 2002), microbial activity
(Jjemba 2002a, b), and alter soil microbial constitution and
functions. The occurrence of ARGs in various soil bacteria
has been detected and their abundance in soils had increased
significantly (Knapp et al. 2010). Generally speaking, there
is limited information available on the direct effects of these
drugs on soil biota, particularly those living in rhizosphere.
Furthermore, previous reports on the effects of pharmaceu-
tical antibiotics on soil microorganisms are inconsistent
(Thiele-Bruhn and Beck 2005; Kong et al. 2006; Zielezny
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et al. 2006; Kotzerke et al. 2008). Ding and He (2010)
summarized the effect of antibiotics in the environment on
microbial populations.

Diao et al. (2004) reported that apramycin inhibited soil
bacteria growth significantly. Previous studies showed that
oxidative stress induced by fenpropimorph and fenhexamid
could be alleviated by arbuscular mycorrhiza (Campagnac
et al. 2010), and arbuscular mycorrhiza benefited for the
detoxification of xenobitics, a pharmaceutical paracetamol
(Khalvati et al. 2010). However, the impacts of antibiotics
on formation and function arbuscular mycorrhizal symbio-
sis were little investigated up to now. Kotzerke et al. (2011)
investigated the effects of manure containing different
concentrations of the antibiotic amoxicillin on microbial
community function in soils over an incubation time of
18 days. Soil potential nitrification rate was not signifi-
cantly affected. Currently, there is lack of the understanding
on ecotoxic impacts of antibiotics on soil ecology,
particularly growth, community structure, function, and
diversity. In addition, some beneficial rhizosphere micro-
organisms, like arbuscular mycorrhizal fungus and rhizobi-
um have not been investigated yet till now.

The impacts on soil organisms of antibiotics will
certainly modify enzyme activities and soil biochemical
processes. Wei et al. (2009) showed that the presence of
TC significantly disturbed the structure of microbial
communities and inhibited soil microbial activities in
terms of urease, acid phosphatase, and dehydrogenase.
The antibiotics, including CTC, TC, TYL, SMX, SMZ,
and trimethoprim, inhibited soil phosphatase activity
during the 22 days’ incubation. Significant effects on soil
respiration were found for the two sulfonamides (SMX
and SMZ) and trimethoprim, whereas little effects were
observed for the two TC and TYL (Liu et al. 2009a). OTC
decreased the urease, sucrase, phosphatase, hydrogen
peroxidase, and microbial biomass nitrogen in rhizosphere
of wheat, and increased the microbial biomass carbon
(Yao et al. 2010).

4.2 Phytotoxicity

Phytotoxicity of antibiotics had been examined through
seed germination experiment (Liu et al. 2009a, b) and plant
growth tests (Wei et al. 2009), varying between plant
species and antibiotic compounds (Batchelder 1982; Jjemba
2002a; Farkas et al. 2007; Liu et al. 2009a, b; see Table 4).
The earlier results dealing with the effects of antibiotics on
plants were reviewed by Jjemba (2002b) and Thiele-Bruhn
(2003). Three hundred milligram per liter sulphadimethox-
ine (SDM) in agar and soil-based laboratory systems
significantly reduced root, stalk, and leaf growths of millet,
pea, corn, and barley (Migliore et al. 1996). These authors
identified bioaccumulation as the mechanism causing the
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Table 4 Phytotoxicity of antibiotics

Sites Plant species Antibiotics species Impacts or concentration Reference
detected
Italy Cucumis sativus L., Lactuca EFL Modifying the length of Luciana et al. (2003)

sativa L., Phaseolus vulgaris
L., Raphanus sativus L.

Beijing, China Alfalfa OTC
China Wheat OTC, TC
Liaoning, China Lettuce OTC

Guangdong, China Sweet oat, rice

CTC, TC, TLY, SMZ,

primary root, hypocotyl,
cotyledons and the
number/length of leaves

Inhibiting growth of stem
and root

Kong et al. (2007)

Inhibiting root and shoot Bao et al. (2008)

elongation

Growth were inhibited Cui et al. (2008)

Germination inhibited Liu et al. (2009a)

and cucumber trimethoprim
Henan, China Chinese cabbage SDZ, SDM, EFL Inhibitory effects on root Jin et al. (2009)
and tomato elongation and shoot
elongation
Hongkong, China Ryegrass TC Plant biomass, especially Wei et al. (2009)
the roots reduced; Plant
P assimilation decreased
Beijing, China 63 wheat species OTC Biomass and chlorophyll Xie et al. (2009)

in leaves decreased

CTC chlortetracycline, EFL enrofloxacin, OTC oxytetracycline, SMZ sulfamethazine, SDZ sulfadiazine, SDM sulfadimidine, 7C tetracycline, TYL

tylosin

phytotoxic response since concentrations as high as 1,000
and 2,000 mg/kg SDM were reported in the foliage and root
materials, respectively (Migliore et al. 1996). Kong et al.
(2007) found that 0.002-0.2 mM OTC significantly
inhibited the growth of alfalfa at 61-85% and they
suggested that OTC uptake into alfalfa is an energy-
dependent process. Currently, limited studies have been
conducted to investigate the phytotoxicity of antibiotics to
crop plants (Migliore et al. 1998, 2003; Kong et al. 2007).
When grown in CTC-treated soil, a significant increase in
the activities of the plant stress proteins glutathione S-
transferases and peroxidases was observed in maize plants,
but not in pinto beans (Farkas et al. 2007). Boxall et al.
(2006) found that carrot and lettuce growth were inhibited
by spiking at a concentration of 1 mg antibiotic per
kilogram soil. Genotypic differences in responses of wheat
to OTC were found among 63 wheat cultivars tested. The
most sensitive cultivar to OTC with the EC50 value of
1.25 mg/L, and the most insensitive cultivar to OTC with
the EC50 value of 54.21 mg/L, and chlorophyll contents in
leaves of the two wheat cultivars tested decreased with the
increase of OTC concentrations (Xie et al. 2009).

5 Risks related to antibiotics in soil-vegetable systems,
particularly PV-OVPS

5.1 Use necessity, benefits, and antibiotic risks of organic
fertilizer in PV-OVPS

Recently, the environmental fates and impacts of anti-
biotics as emerging pollutants in PV-OVPS have been
paid growing attention on (Shi et al. 2010; Hu et al.
2010). In order to balance nutrients and to overcome
continuous cropping obstacle dysfunctions, vegetable
production in PV-OVPS needs to apply more organic
manures than other agro-ecosystems. More importantly,
organic fertilizer as the principal nutrient source and soil
amendments for PV-OVPS is supplied repeatedly and
annually in large scales. Consequently, antibiotics were
introduced PV-OVPS together with organic fertilizer in
large quantity and possibly accumulated up to a high level
both in soil, groundwater, and vegetables. Currently, this
is unavoidable since the majority of organic fertilizer
could only originate from large-scaled livestock farms
where antibiotics were intensively used. Antibiotic con-
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Table 5 Antibiotics absorption and accumulation of vegetables
Sites Plant species Antibiotics species Concentration detected Reference

Minnesota, USA Green onion, cabbage CTC,TYL

Minnesota, USA Carrot, lettuce

trimethoprim
Minnesota, USA Lettuce, potato SMZ
Zhejiang, China Leek, celery, pakchoi OTC, CTC

cabbage and radish

Guangdong, China Green pepper, potato,
sweet potato, ipomoea
aquatica, Chinese
flowering cabbage,
lettuce, carrot, bitter

melon, white gourd

Guangdong, China Green pepper, potato,
sweet potato, ipomoea
aquatica, Chinese
flowering cabbage,
lettuce, carrot, bitter

melon, white gourd

OTC, TC

Tianjin, China Radish, rape, celery
and coriander

PEF, CIP, LIN

EFL, florfenicol, levamisole,

Sulfathiazole, sulfapyridine,
SDZ, SMD, SMT, SMZ

OTC, TC, CTC, SMZ,
SDO, SCP, CAP, OFL,

0.002-0.017 mg/kg, CTC,
TYL not detected

Kumar et al. (2005a)

lettuce leaves, 6170
ug/kg; carrot root
2.8-13 ug/kg

Boxall et al. (20006)

0.1-1.2 mg/kg

Leek root, OTC
0.0277-0.0364;
CTC 0.139 mg/kg

Dolliver et al. (2007)
Wang and Han (2008)

0.38-2.24 mg/kg Bao et al. (2010)

OTC, TC ranged from
0.041-0.174 and
0-0.048 mg/kg

Yao et al. (2010)

0.1-532 pg/kg Hu et al. (2010)

CAP chloramphenicol, CTC chlortetracycline, CIP ciprofloxacin, EFL enrofloxacin, LIN lincomycin, OFL ofloxacin, OTC oxytetracycline, PEF
pefloxacin, SMZ sulfamethazine, SDO sulfadoxine, SCP sulfachloropyridazine, 7C tetracycline, TYL tylosin

tamination of PV-OVPS may impact the productivity and
quality of vegetables. Additionally, water contamination by
antibiotics may affect protected vegetable production in
hydroponics. Study results indicated that full nutrient solution
spiked into milligrams per liter of antibiotics (e.g., CTC)
inhibited growth vigor seriously (Cui et al. 2008). Vegetables
are ready-to-eat freshly food crops, a kind of principal food.
Uptake of antibiotics by vegetables contributes to human
ingestion of antibiotics (Batt et al. 2006; Ye et al. 2007a, b),
which may pose more serious health risks than other crops.
Other major risks of introducing these substances into PV-
OVPS are the development of resistant pathogens and
adverse impacts on soil beneficial microorganism that are
closely correlated to vegetable health.

5.2 Antibiotic pollution of soil-vegetable systems,
particularly PV-OVPS

Recently, contamination of antibiotics in soil-vegetable
systems was given serious attention worldwide (Table 5)

@ Springer #[%!#!% Im

particularly in China (Shi et al. 2010; Hu et al. 2010).
Antibiotic pollution in agro-ecosystems, particularly PV-
OVPS, is becoming an intractable environmental problem.

5.2.1 Soil, groundwater pollution

Zhao (2007) detected some kinds of antibiotics in all soils
from vegetable fields in pig farm, common vegetable fields,
nonpollution vegetable fields, and green vegetable fields in
Pearl River Delta. Results showed that antibiotic levels in
the soils of vegetable field in pig farm, common vegetable
field, nonpollution vegetable field, and green vegetable
fields presented a decrease trend. Shi et al. (2010) and Hu et
al. (2010) firstly put forward the antibiotic pollution issues
stemming from organic manures in PV-OVPS in China. Hu
et al. (2010) firstly investigated the occurrence and
seasonality of antibiotics in OVPS, including manure, soil,
vegetables, and groundwater. Seasonality of concentration
change of antibiotics in manure and groundwater (Hu et al.
2010) were found, which depended on the application
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season of manure (Hamscher et al. 2000; Hu et al. 2010).
Arable lands were applied in spring with a summer-high
concentration, while organic bases were fertilized in winter
with a winter-high concentration. Tai et al. (2010) found
quinolone antibiotics in soils from vegetable field chronically
fertilized with manure in subtropical area where high
frequency are detected, decreasing with the increase of soil
depth, and residual concentrations varied with the vegetable
species. For long-term manure-amended soils planting vege-
tables, the soil contamination of antibiotics was significant
(Li et al. 2009b; Tai et al. 2010). Hu et al. (2010) detected
nanograms per liter antibiotics in groundwater of OVPS. Li et
al. (2011) has revealed an alarming condition of antibiotics in
vegetable farmland soil of the Pearl River Delta, southern
China. They found that the highest antibiotic concentrations
were observed mainly in vegetable farmlands affiliated with
livestock farms and the composition and concentration of
antibiotics in soil were correlated with vegetable species.
More importantly, chlortetracycline, sulfameter, and quino-
lones in some soils exceeded the ecotoxic effect trigger value
(100 pg/kg) set by the Steering Committee of Veterinary
International Committee on Harmonization (Li et al. 2011).

5.2.2 Vegetable pollution by antibiotics

Unintentional high-level introduction of antibiotics together
with organic fertilizer are the fundamental inducement (Li
et al. 2009a). Relevant scientists are trying to enrich the
understanding to accumulation of antibiotics in vegetables,
and the possible human health risks via food chain. Some
results showed that vegetables could absorb, transport, and
accumulate antibiotics in edible parts, such as lettuce
(Boxall et al. 2006; Dolliver et al. 2007; Cui et al. 2008),
potato (Dolliver et al. 2007), green onion (Kumar et al.
2005a), cabbage (Kumar et al. 2005a), carrot (Boxall et al.
2006), and leek (Wang and Han 2008). The distribution of
antibiotics in vegetable organs was in the sequence leaf>
stem>root (Hu et al. 2010), and the antibiotic levels in
vegetable samples in winter were significantly higher than
those in summer. Additionally, uptake of antibiotics by
vegetables differed with antibiotic and vegetable species
(Boxall et al. 2006). Overall, these works laid the sound
foundation for understanding ecological risk of antibiotics and
their potential adverse effects on human health by food chain.

6 Research prospects

6.1 Fates and ecological risks of antibiotics
in agro-ecosystems: a global agro-ecological issue

Occurrence of antibiotics in animal excretions and environ-
mental media, e.g., surface water, groundwater and soil, had

been widely investigated and acknowledged. Furthermore,
it has been widely accepted that antibiotics are emerging,
broad-spectrum bioactive and persistent organic contami-
nants. Thus, it is inevitable to pollute the farmlands through
repeated fertilization and irrigation. Accumulated antibiot-
ics in agro-ecosystems may pose serious threat to soil
ecosystem when soil accumulation occurs. Nowadays,
many studies have been conducted to investigate the
dynamics of antibiotics in agro-ecosystems, including soil
persistence, soil adsorption, degradation, transport, and
crop uptake (particularly vegetables), and a few valuable
data have been presented. Some negative impacts of
antibiotics on agro-ecosystems were preliminarily revealed,
including (a) inhibition seed germination and crop growth,
(b) inhibited microbial activity and soil enzymatic activity,
(c) antibiotic accumulation in crop biomass, and (d)
leaching and runoff diffusion into groundwater and ground-
water. However, there are scarcity in-depth systematical
investigations on some aspects, e.g., long-term effects of
antibiotics on soil microorganisms, soil accumulation and
crop absorption, and human health impacts. Furthermore, the
environmental impacts of their metabolites of antibiotics have
been little investigated, although they are considered to be
bioactive. Thus, clarifying the migration processes, fates, and
ecological impacts in agro-ecosystems is a key link to
understand the environmental effects of antibiotics compre-
hensively. Monitoring and controlling of antimicrobial con-
taminants in arable lands and their crops will be of importance
for preventing agro-ecosystems and consumers from damage.

6.2 Fates and ecological risks of antibiotics in PV-OVPS:
the urgent agro-ecological issue

Vegetables, the indispensable staple produce providing humans
with many beneficial substances, are readily contaminated by
nitrate, heavy metals, pesticides (Liu et al. 2009b), and
antibiotics during cultivation (Hu et al. 2010). The contam-
ination of antibiotics for protected vegetables and organic
vegetables has become an urgent problem (Smukler et al.
2008; Siderer et al. 2005). The urgency of public damage of
vegetable pollution is based on considerations below: (1)
heavy acquirement and accumulation of harmful substance
during short growth period, (2) high proportion of edible
parts, and (3) short-term storage and fresh consumption. All
these determine that there is larger quantity and quicker
transportation of pollutants through vegetable than other plant
food among food chains to human body. However, little is
investigated about the occurrence, fate, and ecological impacts
of antibiotics in PV-OVPS. Vegetables are main plant species
cultivated in protected facilities in China. Different from
PVPS, protected vegetable production systems are character-
ized by repeated fertilization and irrigation, elongated inten-
sive cultivation period, strengthened environmental factors
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(high temperature, high humidity), and frequent disturbance of
soil, which certainly affect the physicochemical and biochem-
ical processes of antibiotics in soils. It is speculated that
discharge amount of poultry and animal feces will reach 4.5
billion tons in China (Li et al. 2009a). In China, near 80%
animal dejecta were utilized without comprehensive harmless
disposal. Antibiotics are used in animal livestock production
for therapeutic treatment of disease and at subtherapeutic
levels for growth promotion and improvement of feed
efficiency and their well-being (Boxall et al. 2003). Limited
information regarding the fates and ecological impacts in
protected and organic soil-vegetable systems was obtained,
especially long-term monitoring data.

6.3 Strategies of lowering the introduction and ecological
impacts of antibiotics in agro-ecosystems

6.3.1 Controling the use of antibiotics as feed additives
and human medicines to reduce excretion rate

Currently, in order to minimize the occurrence of ecological
problems and public health impacts caused by antibiotic
contamination in agro-ecosystems, control methods of
decreasing antibiotic commercial use, environmental
release, and agro-input should be developed. First, the use
of antibiotics in livestock farming should be reduced or
limited compulsively to lower the agro-input from manures;
second, relevant regulations with respect to human use of
antibiotics should be issued to avoid the misuse in practices
and over-release from biosolids and wastewater.

6.3.2 Developing pretreatment technology to decrease
the quantity of antibiotics in organic fertilizer
and irrigation water

Antibiotics-contained animal slurry or dejecta applied into
farmlands as organic fertilizer without proper harmless
pretreatments are the main source of antibiotics contribution
to agro-ecosystems (Baguer et al. 2000). Anyway, to decrease
the concentration of antibiotics in organic fertilizer and
irrigation water is the first step to control the agro-input.
Effective pretreatment methods, such as composting and
anaerobic fermentation, wastewater treatment technology,
must be further developed and optimized. In order to reduce
the entrance of antibiotics by fertilization and irrigation
ways, some standards of limits of antibiotics concentration in
organic fertilizer and irrigation water need to be developed.

6.3.3 Clarifying fates and rhizosphere dynamics
of antibiotics in agro-ecosystems

Several studies have been conducted to investigate the
contamination status and impacts of antibiotics in protected
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soils on vegetable yield and quality (Zhao 2007; Wang and
Han 2008; Li et al. 2008; Liu et al. 2009a) and organic
agriculture (Hu et al. 2010). However, the behaviors of
antibiotics between soil-root interfaces are little under-
stood. In order to reduce the ecological risks, some
biological mechanisms should be developed to accelerate
the removal processes. Therefore, future extensive works
should be focus on the investigations of fates and
ecological risks of antibiotics in agro-ecosystems, particu-
larly rhizosphere dynamics and the transfer from soil to
crops.

7 Concluding remarks

Numerous studies dealing with antibiotic contamination of
effluents of sewage treatment plants, surface water, ground-
water, slurry or manures, soils, and sediments have been
reported. Consequently, introduction of antibiotics into
farmlands has given rise to a growing public concern over
the ecological effects of antibiotics in agro-ecosystems.
Besides deleterious effects on soil microflora and crop
growth, antibiotics can provoke resistant pathogens through
long-time exposure due to genetic variation and transfer. As
novel persistent pollutants, antibiotics were included in
limitations issued by the Food and Agriculture Organization
(FAO) and the USA. However, there are no regulations
involving antibiotics dealing with quality standards of
produce in China. Although the acceptable daily intake
values (less than 50 pg/kg) and the maximum residue levels
for animal tissues (below 1 mg/kg) have been established
(JECFA 2006) by FAO and the World Health Organization,
limits have not been established for concentration of
agricultural organic fertilizers and plant-based products,
e.g., vegetables (Dolliver et al. 2007). Antibiotic ecotox-
icological relevance is scarcely known and understood
(Rooklidge 2004). Case-by-case studies in terms of species
of antibiotics, plants, and soil use patterns are needed to
investigate the ecotoxicological potential and their mecha-
nisms of antibiotics in agro-ecosystems (Kotzerke et al. 2011),
including source, exposure, and fate evaluation of soil
antibiotics, impact investigations on plant and soil ecosys-
tems, crop uptake, and transportation analysis via food chain
in all kinds of agro-ecosystems. More importantly, some key
issues should be revealed urgently, i.e., (1) crop rhizospheric
impacts of antibiotics on soil microorganisms and relevant
biochemical processes, particularly beneficial microorgan-
isms (e.g., arbuscular mycorrhizal fungi, rhizobium etc.); (2)
uptake of antibiotics via crop uptake, particularly leafy
vegetables; (3) risk assessment of metabolites of antibiotics
equivalent to their parental compounds in soil—crop systems
for they usually being omitted in previous reports; (4)
environmental assessment through leaching and runoff;
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and (5) fate and ecotoxicity of antibiotics in PV-OVPS. To
sum up, further investigation is needed to fully understand
the occurrence, fates in agro-ecosystems, particularly in
PV-OVPS.
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