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Abstract

A total of 79 papers published in 2016 were reviewed ranging from detailed descriptions of
analytical methods, to fate and occurrence studies, to ecological effects and sampling techniques
for a wide variety of emerging contaminants likely to occur in agricultural environments. New
methods and studies on veterinary pharmaceuticals, steroids, antibiotic resistance genes,
cyanotoxins, and potential effects of biochar use in agricultural environments continue to expand
our knowledge base on the occurrence and potential impacts of these compounds. This review is
divided into the following sections: Introduction, Analytical Methods, Steroid Hormones,
Anthelmintics, Antibiotic Fate and Occurrence, Antibiotic Resistance Genes, Cyanotoxins, and
Implications of Biochar in Agricultural Environments.
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INTRODUCTION

Water resources in agricultural environments are impacted by a wide variety of contaminants
including nutrients, sediments, and pesticides. These groups of contaminants typically occur
at easily measured concentrations in surface run-off in agricultural watersheds. Nutrients,
especially nitrogen, and pesticides have also been shown to impact ground water quality in
areas susceptible to contamination. The impacts of newer contaminant classes such as
pharmaceuticals, steroids, antibiotics and antibiotic—resistance genes of bacteria are less
well-known. These “emerging” contaminants clearly have potential to enter the environment
and cause known or suspected adverse ecological or human health effects. Release of these
contaminants to the environment has very likely occurred for quite some time, but methods
for their detection at environmentally—relevant concentrations have only recently become
available.

Evaluating the environmental fate and effects of emerging contaminants includes
compounds such as surfactants, antibiotics and other pharmaceuticals, steroid hormones and
other endocrine—disrupting compounds (EDCs), fire retardants, sunscreens, disinfection
byproducts, new pesticides and pesticide metabolites, and naturally—occurring algal toxins.
Detection of these contaminants in environmental matrices (water, wastewater, soils and
sediments) is particularly challenging because of the low detection limits required, the
complex nature of the samples, and difficulty in separating these compounds from
interferences. New extraction and cleanup techniques, coupled with improvements in
instrumental technologies provide the needed sensitivity and specificity for accurate
measurement.

The objective of this paper is to review the literature published in 2016 evaluating the
detection, fate, and occurrence of emerging contaminants, with a particular focus on those
contaminants likely to be found in agricultural systems. Relevant contaminants are EDCs
(particularly hormones and anabolic steroids), antibiotics and other pharmaceuticals
associated with wastewater, antibiotic resistance genes in bacteria. Studies on pesticides and
flame retardants are not reviewed unless they were evaluated in the same study. New
sections this year include a review of the literature on cyanotoxins and the implications of
biochar use in agricultural environments.

ANALYTICAL METHODS

New developments in analytical methods permit more rapid, sensitive, and simplified
analysis of emerging contaminants in agricultural environments. For example, Chung et al.
(2016) describes an LC/MS/MS method for the analysis of several classes of veterinary
antibiotics in surface water from the Yeongsan River in China. Sample concentration using
Oasis™ HLB solid-phase extraction produced method detection limits between 0.1 and 74
ng L™, and recoveries ranging from 71 to 120% in reagent water. Results indicated that
lincomycin, sulfamethazine, sulfamethoxazole, and sulfathiazole were the most frequently
detected antibiotics with maximum concentrations greater than 307 ng L~1.
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A multiresidue screening method for mixtures of pesticides and drugs was published by
Cotton et al. (2016) to quickly characterize contaminant concentrations in water. The fully
automated method utilizes solid phase extraction (SPE) and ultrahigh pressure liquid
chromatography (UHPLC) with high resolution mass spectrometry (HRMS) to measure over
500 different analytes at detection limits ranging between 0.1 and 1,000 ng L=1. Application
of the method to samples of tap water in Paris, France led to identification of 34 different
organic contaminants at concentrations below the European Union drinking water limit of
0.1 pg/L.

Gao et al. (2016a) developed a method for measurement of several classes of veterinary
antimicrobial drugs in water and in livestock feces and urine. Optimization of extraction and
clean-up conditions, including adjustment of pH, solvent, and solid-phase extraction media,
are presented for each class of drug. Method detection limits ranged between 0.01 — 0.05 ug
L1 for water, between 0.5 — 1 ng g1 for feces and urine were reported with recoveries
falling between 85 — 110%. Analysis of agricultural wastewater and nearby river waters
indicated occurrence of quinolones, sulfonamides, and tetracyclines up to 56.8 ug/L in the
wastewater samples.

A method combining solid-phase extraction with dispersive liquid-liquid microextraction
(SPE-DLLME) was reported by Liang et al. (2016b) for concentrating several classes of
antibiotics in wastewater for analysis by ultra-high pressure liquid chromatography-tandem
mass spectroscopy (UHPLC/MS/MS) analysis. Optimization of extraction phases, pH, flow
rates, solvents and solvent volumes are presented. Detection limits between 0.08 and 1.67 ng
g~1 were reported with recoveries between 64 and 100% at concentrations fortified to 500 ng
g~1. Results from analysis of a variety of wastewater samples using the methods are
presented.

Measurement and uptake of four classes of antibiotics in food crops irrigated with
wastewater was investigated by Sallach et al. (2016). Evaluation of four approaches to plant
tissue extraction are presented with optimization of detection limits, recoveries, and
preparation times. The best overall method was used to extract antibiotics from lettuce tissue
irrigated with synthetic wastewater. Method detection limits in plant tissues were generally <
100 ng g1, though sonication produced more variability and higher detection limits.

Analysis of veterinary antibiotics used in swine production and their degradation products is
the focus of a method described by Solliec et al. (2016). Soil and manure samples were
equilibrated with an aqueous buffer prior to concentration and cleanup using solid phase
extraction. Water samples were filtered and acidified with a similar aqueous citric acid and
EDTA buffer before extraction. HPLC coupled with high resolution mass spectrometry
reportedly produced detection limits between 2.0 and 27 ng L1 for tile drainage water, 1.0 —
7.4 ng gL in soils, and 3.6 — 12 ng g~ for manure with recoveries between 40 and 120% for
tetracyclines and selected degradation products. The method was used for analysis samples
from a swine production facility, and results indicated that the degradation products often
occurred at significantly higher concentrations (Solliec et al. 2016).
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Off-line extraction combined with on-line SPE and LC/MS/MS by Tlili et al. (2016) was
used for determination of antibiotics and other drugs in water and suspended solids from
French wastewater treatment plant (WWTP) influent and effluent, aerated lagoons, and river
waters. Pressurized liquid extraction (PLE) protocols were optimized for three residue
classes before combining for the final extracts. Detection limits near 0.1 ng L™ were
reported for most analytes, except for sulfadiazine (0.9 ng L™1) and florfenicol (0.36 ng L™1)
with recoveries between 50% and 102%.

Tandem SPE for measurement of multiple classes of antimicrobials from water was
described by Tran et al. (2016) for wastewater samples analyzed by UHPLC and tandem
mass spectrometry. The tandem extraction system used both polymeric and ion exchange
SPE cartridges at pH = 3 to maximize recoveries of analytes. Optimization of mass
spectroscopic parameters combined with isotope dilution compensated for analyte losses due
to extraction efficiency and matrix effects. Detection limits of < 5 ng L™ were reported for
surface water, < 10 ng L1 for treated wastewater, and < 15 ng L1 for raw wastewater.
Reported recoveries ranged from 85% to 106% for most analytes. Results obtained from the
optimization of the method and from the application of the method to wastewater samples
from WWTP effluents and influents are presented.

Van den Meersche et al. (2016) describe a method using UHPLC/MS/MS for analysis of
veterinary antibiotics extracted from swine manure. Analytes were extracted using a mixture
of acetonitrile and trichloroacetic acid. Optimization of extraction and instrumentation
conditions are described. Recoveries between 94% and 106% were obtained with detection
limits ranging from 1 to 20 ng g~2.

Kaufmann et al. (2016) propose a novel instrumental method using interpretation of ion
abundance ratios to elucidate the structures of unknown compounds. Using differences in
daughter ion intensities obtained from fragmenting isotopic parent ions (masses A and A+1)
at narrow and wide isolation windows, losses of the heavier isotopes during fragmentation
can be observed. This “Product-ion isotopologue pattern” (P11P) technique is reported by the
authors to assist in the identification of the number of carbons lost during fragmentation for
several classes of antibiotics. Comparisons of the PIIP technique to identification of
unknowns using conventional relative isotopic abundances are described.

STEROID HORMONES

The occurrence and fate of steroid hormones in agricultural environments continues to be of
interest. For example, Noguera-Oviedo and Aga (2016) investigated the changes of
concentrations and estrogenic activities of free and conjugated estrogens through a full scale
anaerobic co-digestion system. Free estrogens analyzed by gas chromatography-mass
spectrometry (GC/MS) included 17B-estradiol (B-E2), 17a-estradiol (a-E2), estrone (E1),
and estriol (E3), and their sulfate- and glucuronide-conjugates were measured by
LC/MS/MS. Results showed that the total estrogen concentrations in manure were not
significantly changed after digestion while the composition was changed. The predominant
species a-E2 (65%) in the untreated manure was mostly converted to E1 during digestion,
making E1 dominant in the digested manure (72%). Conjugated estrogens were detected at
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very low levels in the untreated manure and mostly deconjugated after digestion.
Estrogenicity estimated from estrogen concentrations and their relative potencies did not
show a dramatic change. The results of this study indicate that mesophilic anaerobic
digestion cannot provide an effective removal of estrogens and endocrine disrupting
activities.

Zhang et al. (2016¢) evaluated the impact of stereoselectivity and co-occurrence on the
biotransformation of estradiol and trenbolone isomers in a sandy and a silt loam sediment.
Both a- and B-isomers of E2 or TB were added to saturated sediment microcosms
individually or together. Attenuation rates and biotransformation products were monitored
periodically using derivatization gas chromatography—mass spectrometry. Results showed
that in both sediment types, B-isomers generally dissipated more rapidly than a-isomers,
indicating the significance of stereoselective degradation of E2 and TB isomers. However,
the interaction of co-occurring isomers was sediment type-specific. In the sandy sediment,
the dissipation rates of both a.- and B-isomers decreased when they were present together
compared with the dissipation rates of individual isomer, whereas the changes were not
significant in the silt loam sediment. Estrone and trendione were primary metabolites of E2
and TB isomers, respectively. The formation and decay of estrone were similar in both
sediments while less dissipated a-TB was converted to trendione relative to g-TB in the
sandy sediment. The abundance of organic carbon and nutrients were suggested by the
authors to be a possible explanation for this sediment-specific behavior. These results
indicate that co-occurrence of stereoisomers could prolong steroid persistence and thus pose
greater environmental risk.

Zhang et al. (2016d) investigated the impact of sediment particle size on the attenuation rates
and metabolite formation of 17p-estradiol (E2) and 17p-trenbolone (TB). A sandy and a silt
loam sediment were fractionated into sand and fine (silt, clay or mixed silt and clay)
fractions using wet sieving and repeated sedimentation. Microcosms were established by
amending saturated whole sediments and different fractions with E2 or TB. It was found that
the attenuation of parent compounds followed a first order Kinetics in the coarse fraction
while a biphasic pattern was observed in the fine fractions. In the second phase following the
initial rapid decay phase, the residues of E2 and TB associated fine particles were more
persistent than those in the sand fraction. Estrone and trendione were primary metabolites
for E2 and TB, respectively. Although no clear correlation was observed between sediment
particle size and the formation or degradation rates of the daughter compounds, the authors
unveiled that the dissipation rates of estrone and trendione associated with the fine fractions
were not statistically different from those with the corresponding whole sediment. These
results indicate that fine particles may play an important role in influencing the persistence
of and the potential risk posed by steroid hormones in the aquatic systems.

Yang et al. (2016a) performed a first attempt to evaluate the distribution and fate of 17
micropollutants in drain fields receiving septic tank effluents over an eight-month period.
Drain fields were simulated by lysimeters constructed using pressure treated wood,
commercial sand and natural soil collected from the A and A/E horizons. The 17
micropollutants of interest included steroid hormones, pharmaceuticals and personal care
products (PPCPs), plasticizers and wastewater markers. Sucralose, caffeine, acetaminophen,
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carbamazepine, ibuprofen, sulfamethoxazole, estrone, triclosan, triclocaban, butyl paraben,
ethyl paraben, methyl paraben, propyl paraben, and bisphenol-A were detected in the septic
tank effluents, while butyl paraben and ethyl paraben were missing in the leachate from the
drain fields. Most contaminants (85%) were retained or removed by the drain fields via
sorption or microbial degradation so that their concentrations in the leachate were below 200
ng L~1. Median monthly total concentrations of hormones and PPCPs in the leachate varied
between 30 and 86 ng L1, indicating septic systems are still important sources for
micropollutants to enter the environment. Sucralose was more stable than caffeine in the
drain fields and was suggested by the authors as a better indicator of septic tank effluent.

Fairbairn et al. (2016a) monitored 26 emerging contaminants including herbicides,
pharmaceuticals and personal care products (PPCPs) in a mixed-use watershed in Minnesota
over a 7-month period in 2012. Water samples were collected from wastewater treatment
plant (WWTP) effluent, upstream and downstream sites on the Zumbro River. Sampling
events took place to catch snowmelt, the first precipitation after corn plantation, late summer
baseflow, and postharvest flows. Sixteen compounds were detected in the watershed, among
which herbicides such as atrazine, acetochlor, metolachlor, and mecoprop, and PPCPs such
as caffeine, DEET, acetaminophen, trimethoprim, and carbamazepine were of high detection
frequency (>50%). 4-nonylphenol, erythromycin, sulfamethoxazole, and carbamazepine
were detected at the greatest concentrations (median >100 ng L™1). Agrochemicals entered
the watershed primarily from upstream and peaked during high flow conditions. Input of
trimethoprim, mecoprop, nonprescription pharmaceuticals, and personal care products were
from mixed sources and pathways with peaks also under high flow conditions. WWTP
effluent was found to be a relatively stable sources of carbaryl, 4-nonylphenol, and
prescription pharmaceuticals regardless of flow conditions. They suggested that mass
balance analysis may be a powerful tool for emerging contaminants source apportionment.

The authors have also conducted a longer period (2011-2012) monitoring of the 26
contaminants in the same watershed (Fairbairn et al. 2016b). It was found that the
concentrations and loadings of the detected contaminates were closely related to land use
and flow conditions. Similar trends as reported in the 7-month monitoring were observed for
WWTP-contributed compounds and agrochemicals. However, several compounds such as
carbaryl, carbamazepine, trimethoprim, and cotinine which were considered to come from
WWTP effluent may also leach from septic systems or land-applied biosolids.

Shappell et al. (2016) investigated the estrogenic activity of runoff from agricultural lands
post-application of various types of animal waste to frozen ground, the effect of vegetation
on estrogenic activity of runoff, the potential correlations between measured estrogenic
activity, and various nutrients/ions that might be used as an indicator for the presence of
estrogenic activity. The study was conducted between 2009 and 2011 at the former North
Appalachian Experimental Watershed (Coshocton, OH). Six gages small watershed were
used in 2009, while three watersheds were used in 2010 and 2011. During the first year, six
small watersheds used to produce corn were evaluated, treatments: two no-manure controls,
two liquid swine manure with 30-m setbacks, and two turkey litter with 30-m setbacks. In
addition, beef manure was applied to six frozen plots of forage. During the following two
years, applications were repeated on the swine manure watersheds and one control
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watershed. The measured estradiol equivalents (E2Eqs) and nutrient concentrations
generally peaked in the first runoff event after application. The highest measured E2Eq (5.6
ng L=1) was in the first event after swine manure application and was less than the Lowest
Observable Effect Concentration (LOEC) for aquatic species (8.9 ng L™1) and well below
the concentrations measured in other studies using enzyme linked immunosorbent assays
(ELISAS) to measure hormone concentrations. No runoff occurred from plots planted with
forage, indicating low risk for environmental impact. During year 2 and year 3, estrogenic
activity never exceeded the Predicted No Effect Concentrations for E2 (2 ng L™1). When
post-application runoff contained high estrogenic activity, strong correlations (R2 0.86 to
0.96) of E2Eq to Ca*2, Mg*2, and K* concentrations were observed, indicating under some
condition these cations might be useful surrogates for E2Eq measurements.

ANTHELMINTICS

Although anthelmintic drugs are widely used for veterinary treatment, few studies have
investigated their occurrence in the environment. In an attempt to elucidate the
environmental fate of anthelmintic drugs, Kumirska et al. (2016) investigated the occurrence
of two benzimidazoles (flubendazole [FLU] and fenbendazole [FBZ]) and one avermectin
(doramectin [DORY]) in water, sediment and fish tissue samples collected along the River
Reda (northern Poland). Regardless of the compartment, FLU, FBZ, and DOR were detected
at least once. In water samples, FLU was the most frequently detected anthelmintic
compound (12/13) followed by FBZ (11/13) and DOR (4/13). FLU and FBZ were constantly
below the method quantification limit (MQL) while DOR ranged between 196.7 ng L™tand
<MQL. A similar trend (FLU > FBZ > DOR) was observed in the sediment and fish
samples. However, measured concentrations were consistently below the MQLs.

Environmental risk

Bundschuh et al. (2016) assessed the acute toxicity (between 24 and 96 h) of five antibiotics
including three anthelmintic drugs (FBZ, FLU, and ivermectin [I\VVE]) for nine freshwater
macroinvertebrate species. FBZ, FLU and IVM caused substantial acute toxicity in most of
the tested freshwater macroinvertebrates. Daphnia magna was the most sensitive test species
for IVM and FBZ, while Tubifex tubifexand Dugesia gonocephala were slightly more
sensitive towards FLU. The sensitivity of the freshwater macroinvertebrates deviated several
orders of magnitude (acute median effective concentrations ranged between 0.59 and > 8000
g L71). Among the three anthelmintic drugs, IVM represented the biggest environmental
threat for freshwater macroinvertebrates species.

Eichberg et al. (2016) investigated the effects of anthelmintic Cydectin and its active
pharmaceutical ingredient Moxidectin on seed germination using three wide-spread plant
species of temperate grasslands (Centaurea jacea, Galium verum, and Plantago lanceolate).
Cydectin and Moxidectin had adverse effects on seed germination. A two third reduction in
terms of reseeding number was observed and a 12 d delay of germination occurred when
Moxidectin was applied at 10 mg L=1. Moxidectin acted more strongly on seeds if
administered in formulation (Cydectin) than if administrated solely. Moxidectin may impact
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plant regeneration not only indirectly (reduced breakdown of feces) but also directly through
toxic effects.

Gao et al. (2016b) investigated the combined subacute toxicity of Copper (Cu) exposure and
albendazole (ABZ) in earthworms (E£/senia) using three methods: the chronic growth and
reproduction, antioxidant enzyme activity, and earthworm Cu residue. Various levels of Cu
(0to 160 mg Kg™1) and ABZ (0 to 9 mg Kg~1) were tested. No mortalities were found for
the earthworms in all of the treatments after a 28 d exposure. The chronic reproduction
method showed that among the five reproductive parameters used (cocoon numbers, cocoon
weight, cocoon hatching success, juvenile numbers, and the biomass of the juvenile and
cocoon) only cocoon weight was not affected by the Cu concentration in the absence or
presence of ABZ. The concentrations of ABZ highly impacted the subacute toxicity of
exposure to Cu on earthworm reproduction (decreased with low concentrations [3 mg Kg™1],
increased with high concentrations [9mg Kg™1]). The antioxidant enzyme activities
(including CAT, SOD, and GSH-PX) showed contrasting results depending on the enzyme
type, exposure time, and exposure concentration. For example, the CAT activity had a
different trend from SOD activity during the 28-day exposure period. After exposure of 7
days, the activity was significantly induced at the low Cu concentration of 80 mg kg1 with
the presence of ABZ, but not in the absence of ABZ. ABZ was not found to influence the Cu
residues in adult earthworms, and with the increasing of the Cu exposure concentrations, the
internal concentrations tended to level off, which was consistent with the above responses of
the earthworms’ reproduction and enzyme activity to Cu exposure.

Rath et al. (2016) evaluated the acute toxicity of IVE, its degradation products and UV/TiO2
and UV/TiO2/H202 by-products on Daphnia similis. No acute toxicity to D. similis was
observed throughout the study. The toxicity of the solutions submitted to the photocatalytic
processes decreased over time and it was completely eliminated after 10 minutes.

Stuchlikova et al. (2016) investigated the phytotoxicity and biotransformation of the
benzimidazole anthelmintic drugs (ABZ, FBZ, and FLU) in a meadow plant (harebell,
Campanula rotundifolia) grown in pastures. ABZ, FBZ, and FLU were not found to be toxic
for harebell cells. FLU, ABZ, and FBZ were transformed by harebell cells into 18, 24, and
29 metabolites, respectively. The transformation rates were different among the three
anthelmintic drugs. After 24-h incubation, 98%, 84%, and 16% of parent ABZ, FBZ, and
FLU were transformed into metabolites, respectively. The phase | biotransformation was
dominated by S-oxidation, hydroxylation, carbonyl reduction and hydrolysis. During phase
I1, many various glucosides, acetylglucosides, and glucosylglucosides were formed.

Sorption and degradation

Havlikova et al. (2016) investigated the photocatalytic degradation and the kinetics of the
degradation of two widely used anthelmintic drugs (IVE and praziquantel [PZQ]) under
different TiO2 concentration (0.25 to 2.5 g L™1) and pH levels (3 to 9). Degradation
pathways under different conditions were also investigated. The degradation efficiency
increased for both compounds with the increase in the TiO2 concentration from 0.5 to 2.0
mg/L, and then remained constant. The estimated k-values ranged between 0.36 and 0.64 h
=1 for IVE and between 0.29 and 0.47 h™1 for PZQ, respectively. The degradation rate
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remained constant regardless of the pH of the aqueous dispersion for both compounds. The
photo degradation was about 90% for both compounds after 5 h of irradiation and it was
inhibited in the presence of iodide anion and isopropy! alcohol. IVE and PZQ were
completely removed after 7 h of irradiations. The contribution of hydroxy! radicals and holes
was 92.1 % for IVE and 93.2 % for PZQ, respectively. IVE was degraded to five degradation
intermediates and PZQ to six intermediates.

Rath et al. (2016) investigated the sorption and desorption of IVE in two Brazilian soils
(sandy and clay soil) using batch sorption and column experiments. Photo degradation in
aqueous solutions was also investigated. Adsorption and desorption coefficients were higher
in the clay-rich soil compared to sandy soil. VM showed a strong interaction with the
binding sites in both soils, suggesting a low potential for groundwater leaching. The
dissipation rate (DT50) was higher in the clay soil, which also presented a higher biomass
content compared to the sandy soil (11.5 and 15.5 d, respectively). IVM showed a
degradation efficiency rate > 85% in aqueous solution regardless of the TiO, concentrations
ranging between 10 and 120 mg L1, The degradation rate was higher during the first
seconds of the reaction and lower after 60 s. pH did not influence the reactivity efficiency.

ANTIBIOTIC FATE AND OCCURENCE

A growing number of studies are investigating the fate and occurrence of antibiotics in
agricultural environments. Burke et al. (2016) investigated the occurrence of 26 veterinary
compounds belonging to four groups, macrolides (MLs), sulfonamides (SAs), tetracyclines
(TCs), and penicillins (PNs) at an agricultural intensively used drinking water catchment in
Northern Germany. A set of 24 sampling points, including nine surface water sampling
points and 15 shallow groundwater observation wells, was examined. In addition to the field
investigation, a column study was conducted to elucidate the sorption behavior of
trimethoprim. Eight antimicrobial compounds (sulfadiazine, sulfapyridine,
sulfamethoxazole, trimethoprim, dehydrato-erythomycin, sulfadimidine, tylosin, and
tetracycline) were detected in surface water, while only trimethoprim was detected in
groundwater. Higher concentrations were observed in surface water (10 to 155 ng L™1)
compared to groundwater (5 to 12 ng L™1). Trimethoprim showed a moderate sorption
potential to the sandy aquifer material (linear adsorption coefficient: 1.45 L Kg~1;
retardation coefficient: 5.7) Burke et al. (2016).

Dong et al. (2016) investigated the seasonal and spatial variation of 12 antibiotics belonging
to four groups, SAs, TCs, MLs, and quinolones (QNs), in three main tributaries of Liao
River (Jilin Province, Northern China). Water and sediment (top 10-cm layer) samples were
collected from seven sampling sites in summer (July 2015) and autumn (November 2015).
Several antibiotics, except sulfamethizole, were quantified in soil and/or water samples.
Eleven of twelve target compounds were detected in water samples with total concentrations
ranging between 106 and 1346 ng L-1. Nine of twelve antibiotics were detected in sediments
with total concentrations ranging between 1 and 1,190 ng g~1. Among the four groups of
antibiotics investigated, TCs had the highest concentrations in water and in sediments, while
SA concentrations were generally lower. The number of antibiotics detected and the total
antibiotic concentrations in water at each location were significantly higher in autumn than
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in summer due to the higher water flow-through rate and enhanced microbial activity
occurring during the summer (Dong et al. 2016).

Li et al. (2016b) investigated the seasonal and spatial occurrence of seven antibiotics
belonging to two groups, SAs and TCs, in water samples from the Tiaoxi watershed
(Northwest Zhejiang Province, East China). Twenty-three surface water samples were
collected from eight sampling sites located in areas with different land use (i.e., agriculture,
forest, grassland, wetland, etc.), percentage and density of variables (i.e., population,
poultry, livestock, and aquaculture). Three sampling campaigns, September 2008, March
2009, and June 2010, were conducted. The target antibiotics were detected at the eight sites
throughout the study. Their concentrations were in ng L™ level except doxycycline and
oxytetracycline in June 2010 (ug L™1). Concentrations were highly dependent on seasonal
effects. Maximum concentrations of all antibiotics, except chlortetracycline, occurred in
June. Meteorological data revealed larger rainfall amounts in June compared to September
and March. Li et al. (2016) argued that this unusual trend, high concentrations of antibiotics
during wet season, was related to the different type of source pollution (nonpoint source vs.
point source pollution). The occurrence of selected antibiotics was also linked to the land
use types. For example, TCs showed positive correlation with area of developed in
September (r = 0.93) and barren land in March (r = 0.87). Concentrations of doxycycline
and oxytetracycline were significantly correlated with density of aquaculture (r = 0.74, 0.76,
respectively, June 2010).

Zhang et al. (2016a) investigated the occurrence of seventeen target antibiotics belonging to
four groups, TCs, SAs, MLs, and fluoroquinolones (FQs), in soil surface samples (0 to 20
cm) collected from protected vegetable farm lands as well as open farmlands (Jiangsu,
Shanghai, and Yunnan province, China). The impact of vegetable planting durations and
manure type applications was also elucidated. The seventeen target antibiotics were detected
in the different soil samples. Their concentrations ranged between 0.1 and 8,400 ng g~1.
Tetracycline, norfloxacin, ofloxacin, enrofloxacin, and roxithromycin were the only
antibiotics detected in all soils samples. Significantly (p > 0.05) higher concentration of the
antibiotics were observed in the protected vegetable land compared to the traditional open
farmlands due to the higher loading amount of organic amendments used. The occurrence of
selected antibiotics was highly impacted by farming management (organic vs. conventional)
and planting duration (short term [< 5 years], middle term [5-10 years], and long term [>10
years]). Concentrations of TCs in the soils of organic farms were lower than that in
conventional farms, while the highest residual concentrations of FQs were measured in soils
from organic farms. In terms of planting duration, TCs and FQs showed much higher
residual concentrations during the short-term planting land, while SAs showed much higher
residual concentrations during the middle-term planting land.

Zhang et al. (2016c) investigated the effects of soil texture and drought stress on the uptake
of three groups of antibiotics, SAs, TCs, and lincosamides. The internalization of human
pathogens into lettuce through root uptake following wastewater irrigation was also
investigated. Synthetic wastewater containing sulfamethoxazole, lincomycin, and
oxytetracycline, and one Salmonella strain was used. The effect of soil texture was
elucidated by using three soils obtained by mixing sand into Sharpsburg silt clay (25:75,
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50:50, 75:25 %). The impact of drought stress was achieved by growing lettuce plants for 6
weeks in soils (sand: silt clay = 50: 50) regularly irrigated (control), not irrigated for 3 days
(mild drought) and 4 days (severe drought). The selected antibiotics were detected in all
soils at concentrations ranging between 11 and 736 ng g~1. In sand, lincomycin
concentrations were significant higher than sulfamethoxazole and oxytetracycline.
Sulfamethoxazole was the only antibiotic detected in lettuce samples and increased with the
percentage of sand in the soil. The difference in the pathogens levels in soil was highly
impacted by the initial level of Salmonella (5 vs 8 log CFU mL™1), while the soil type was
not significant. According to Zhang et al. (2016c¢), the effects of drought on antibiotic uptake
were compound specific, because the drought-trigged alteration of root exudate might have
different effects on the bioavailability of different antibiotics in soil. The internalization of
Salmonella was negligible when the pathogen level in irrigation water was low, and high
when the initial level was high.

Zhao et al. (2016) investigated the occurrence and temporal-spatial variation of 8 antibiotics
belonging to three groups, TCs, FQs, and MLs, in the intertidal zones of the Yellow River
Delta (China). The partitioning trends of two antibiotics between the surface water and
sediments were also investigated. Seventeen surface water and sixteen sediment samples
were collected from seven sampling sites in April 2014 and September 2014. Results
showed that the selected antibiotics were constantly identified at ng L=1level in surface
water, and ng g1 level in sediments. Among the three groups of antibiotics investigated,
FQs and MLs had the highest and the lowest concentrations in water and in sediments.
Norfloxacin and roxithromycin showed the highest and lowest concentrations in water
(70.35 and 0.21 ng L1, respectively) and sediments (105 and 0.87 ng L1, respectively).
Seasonal variations were observed for most antibiotics in water (p < 0.05), except for
ciprofloxacin and erythromycin, while no significant seasonal variations were observed in
sediments (p > 0.05). The properties of the sediments such as particle-size fractions, cation-
exchange-capacity, and the content metal ions played crucial roles in the partition behaviors
of norfloxacin and erythromycin (Zhao et al. (2016)).

ANTIBIOTIC RESISTANCE GENES

Xu et al. (2016) compared two management practices for beef cattle manure, stockpiling and
window composting, in terms of their effectiveness on reducing antimicrobial resistance
genes (ARGS). The levels of su1), tefB), and erm(X) in the manure declined by 0.5, 1.6
and 2.8 log units per gram of dry matter, respectively, after 102 days. The concentration of
the 16S rRNA gene reduced by 0.9 and 0.6 log units per gram dry matter during composting
and stockpiling, respectively. Composting resulted in a greater decrease of these genes than
stockpiling due to longer thermophilic periods of temperatures =55°C. Of the genes studied,
sul(1) had the least reduction with both management practices, while tef(M), te{W), erm(B),
erm(X) and sul2) were effectively reduced during composting. Overall, composting was
found to be more effective in reducing ARGs in beef cattle manure than stockpiling.

Xie et al. (2016a) assessed the long-term effects of field application of sewage sludge on the
antibiotic resistome of soil using high-throughput quantitative polymerase reaction (HT-
gPCR). The method included primer sets for 213 ARGs, eight transposase genes, one class 1

Water Environ Res. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Snow et al.

Page 12

integrase gene, and the 16S rRNA gene. Results show that the field application of sewage
sludge increased the abundance of mobile genetic element (MGE) marker genes and ARGs
in comparison to the control soil receiving no sludge. A total of 130 genes were detected in
both soil and sludge and were divided into two subgroups: genes conferring resistance to
multidrug classes, aminoglycoside, p-lactam, macrolide-lincosamide-streptogramin B
(MLSB), and vancomycin (subgroup 1) and those conferring resistance to tetracycline, FCA,
and sulfonamide (subgroup 2). Genes in subgroup 1 were detected with high abundance in
soils, and with low abundance or no detection in sludges. Conversely, genes in subgroup 2
were more prevalent in sludge than in soil. Aminoglycoside and tetracycline resistance genes
(aphA(L) and tef(M)) were attenuated following sludge application, likely resulting from the
low ability of these genes to be horizontally transferred by MGEs into soil microbiome.

In a study by Duse et al. (2016), the occurrence and spread of quinolone resistant
Escherichia coli (QREC) were investigated in the environment. The authors analyzed fecal
samples from the farm environment, postpartum cows, and preweaned calves. The genetic
diversity of QREC within farms was determined in relation to geographic distance between
farms and the number of cattle purchased. It was also observed that QREC was more
prevalent in areas where calves were kept than in areas where older cattle were kept. Clonal
dissemination of QREC was observed between and within farms due to the circulation of
similar strains of QREC in the farms, as indicated by genetic fingerprinting results. Farms
within shorter distance had similar QREC strains. The on-farm diversity was very low as
only two genotypes were found in the five farms analyzed, however the genetic diversity
increased upon the introduction of new cattle carrying new QREC strains.

Luby et al. (2016) investigated the fate and transport of tylosin resistant enterococci and
macrolide resistance genes (ermand msr(A) genes) in artificially drained agricultural fields
following the land application of swine manure. The level of occurrence of antibiotic
resistant bacteria and ARGs in samples from plots with or without manure application were
evaluated under no-till and chisel plow tillage conditions. The highest concentration of
enterococci was found in soil immediately after manure application, and this concentration
reduced to background concentrations within six months. Manure samples had high
concentrations of erm genes (> 107 copies g~ manure). The most frequently detected ARGs
across manure, soil and drainage water samples was erm(B). The concentration of the erm
genes decreased to a level similar to the control plot during the first year after manure
application. Comparing manured plots to control plots, errm(B) and erm(F) concentrations
were significantly greater due to manure application. In drainage water samples, erm(C) had
the highest concentration with a steady concentration regardless the land application method
used.

A study by Fang et al. (2016) evaluated changes in soil microbial community during
repeated treatment by carbendazim (CBD) and chlortetracycline (CTC). Different
concentrations of CBD and CTC were applied to soil individually or in combination.
Degradation of both CBD and CTC followed first order kinetics with CBD having faster
degradation kinetics than CTC. The relative abundance of five genera (i.e., Bacillus,
Actinobacillus, Pseudomonas, Mycobacterium, and Corynebacterium) in CTC treated soil
increased with increased CTC treatment concentration and frequency. The relative
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abundance of these five genera decreased with increased CBD treatment concentrations and
frequency. Genes coding efflux pumps (e.g., e{A) and tef(B)), ribosomal protection
proteins (e.g., fefM) and fefO)), and enzymatic degradation (e.g., fef(X)) were identified to
play major roles in accounting for resistance to the CTC in soil.

Nolvak et al. (2016) investigated the effect of inorganic and organic fertilizer on the
abundance and proportion dynamics of ARGs and integron-integrase genes (i.e., /nt(1) and
int(2)) in agricultural grassland soils. Targeted genes encoding resistance to sulfonamides
(sul(1)), tetracycline (tef(A)), cephalosporins (blaCTX-M), penicillin (blaOXA2) and
flouroquinolones (gnn(S)) were analyzed as affected by mineral fertilizer application in
comparison to cattle slurry and cattle slurry digestate. The non-fertilized grassland soil
contained background concentrations of su/1), blaCTX-M and fef{A). Results showed that
the application of mineral fertilizer increased the abundance and proportion of tet(A) in soil
but had no effect of blaCTX-M or sul1) as their levels remained almost identical to non-
fertilized controls. Soil amendment with cattle slurry and its digestate significantly enhanced
the abundance and proportion of /ntl1), inth2), blaCTX-M, and su/1) in grassland soil.

Another study by Xie et al. (2016b) investigated the dynamics of antibiotics and ARGs
during commercial composting of wastes from cattle, poultry and swine, at different
composting phases. All of the 15 antibiotics administered and a total of 161 ARGs were
detected in all the samples. ARGs encoding resistance to aminoglycoside, tetracycline,
MLSB and multidrug were most frequently detected. The level of fluoroguinolones in
poultry and swine manure increased after the thermophilic phase (temperature > 60°C),
possibly due to the release of adsorbed fluoroquinolone from mineralized organic matters.
There was a reduction in the abundance of ARGs and MGEs during composting, partly
because thermophilic composting might have killed most bacteria. The results also indicated
a strong correlation between ARGs (gac(EAL), aad(A2), erm(X), and cm{Al)) and MGEs
(cinth1), inth1), tnp(A04)). Multiple ARGs with class 1 integron cassettes were found in
close relation to transposons, which was observed in both manure and compost samples. The
study also reported high correlation between MGEs and norfloxacin and ofloxacin
antibiotics in compost. The authors suggested that antibiotics may cause a selective pressure
for ARGs.

Leclercq et al. (2016) investigated the diversity of tetracycline mobilome within a Chinese
pig manure sample. The authors identified two new tetracycline resistance genes (TRGS),
one encoding for efflux pump (fe459)) and one for mosaic ribosomal protection (fe{\W/N/
W)). The authors identified 17 distinct TRGs by coupling fosmid tetracycline resistance
large-insert library construction and next-generation sequencing. The new efflux pump
encoding gene fef(59) was preceded by a homolog of the tetracycline repressor fe{R), which
is typically found upstream of tetracycline genes encoding for efflux pumps. The new gene
tef(WIN/W) shared 96% amino acid composition with fef(W) and matched the central region
of fef(N), creating the fef WW/N/W) mosaic gene. This study also analyzed the genomic
context of the TRGs in order to identify their mobility potential and found six new putative
nonconjugative transposons: Tn6298, Tn6303, Tn6299, Tn62300, Tn62301 and Tn62302.
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Sui et al. (2016) examined the distribution of ARGs during the process of anaerobic
digestion (AD) followed by land application of swine wastewater. The ARGs of tetracycline
(2e(G), tefM) and fef(X)), sulfonamide (suA1) and suA2)), and macrolide (erm(B), erm(A),
ere(A) and mef{A)) were detected in high abundance ( >108 copies mL™1) in swine
wastewater and digested liquor. AD could reduce ARG levels by 0.21 to 1.34 orders of
magnitude. The findings highlighted a significant difference in the ARG removal efficiency
between the seasons. The copy numbers of fef(X), sul1), suk2), erm(B), mef{A) were
significantly reduced in the winter. The results of the study also confirmed that when AD
operation temperature was increased to 55°C, the removal rate of some genes (i.e., fe{A),
tef(0), te(X), te W) and /nt/(1)) was enhanced.

Background levels of antibiotic resistance in southeastern Nebraska soils was recently
characterized by Durso et al. (2016). They sampled native Nebraska prairie soils not affected
by human or food-animal waste production. Soil samples were collected from 20 sites, in
five counties, enumerated on tetracycline and cefotaxime media, and screened for
tetracycline-, sulfonamide-, B-lactamase, and macrolide-resistance genes. Selected sites were
not grazed during the last 20 years. To minimize potential sources of variations, sites were
selected based on geographic proximity, and all sample collections were performed within
the same week. Phenotypically, all 100 native Nebraska prairies soil samples contained
bacteria that were resistant to tetracycline and cefotaxime. Genotypically, carriage of
tetracycline genes in bulk soil DNA extracts was common. Ninety-eight percent of the soil
samples and all 20 prairies had at least one tetracycline gene. Despite the lack of human
inputs at the selected sites, 91% of the samples showed the presence of sulfonamide genes.
No correlations were found between either phenotypic or genotypic resistance and soil
physical or chemical properties (Durso et al. 2016).

Graham et al. (2016) used historical data to identify which sector, agricultural versus
medical antibiotic, had most influenced acquired antibiotic resistance (AR) on broad scales.
Four broad-spectrum p-lactam AR genes (ARG; blaTEM, blaSHV, blaOXA, blaCTX-M)
and class-1 integron genes (intl) in soils from manured (M) versus inorganic fertilized (IF)
fields. The Askov Long-Term Experiment (LTE) Station in Denmark was selected due to the
extensive information available since 1894. Total p-lactam ARG levels were higher in M
versus IF in soil post-1940. Dominant individual ARGs varied over time. blaTEM and
blaSHV were predominant between 1963 and 1974, while blaCTX-M became predominant
since 1988. When non-therapeutic antibiotic use was banned in Denmark, blaCTX-M levels
declined in M soils. Graham et al. (2016) suggested that a strong bridge between clinical and
agricultural AR was apparent and to reduce globally increasing AR, antibiotic use and
stewardship must improve across all sectors.

CYANOTOXINS

Cyanotoxins are often discussed as the potentially harmful byproducts of urbanization and
agriculture due to their broad distribution in both marine and freshwater ecosystems. For
example, Loftin et al. (2016) explored the distribution and prevalence of cyanotoxins in a
nation-wide survey of 1161 lakes and reservoirs across the continental United States.
Hepatotoxic microcystins (MC) were prevalent in 32% of the sampled lakes with a mean
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concentration of 3.0 ug L™1. Other cyanotoxins, including cylindrospermopsin, the
neurotoxins saxitoxin, anatoxin-a, and nodularin-R were also detected in 4.0%, 7.7%, 15%,
and 3.7% of the samples, respectively. The survey also noted that the co-occurrence of
cyanotoxins was rare among the surveyed sites.

Cyanotoxins are not limited to surface waters. Global reports have noted the presence of MC
in desert drylands (Chatziefthimiou et al. 2016) and movement into groundwater reservoirs
(YYang et al. 2016b). Yet despite the widespread prevalence of MC and other cyanotoxins, the
impact of harmful algal blooms is still debated due to a lack of congruency among survey
data collected across multiple agencies (Brooks et al. 2016).

Microcystins are produced by a variety of cyanobacterial strains (e.g. Microcystis spp.). In
order for a toxic bloom to occur, however, a population of cyanobacteria with the genetic
capacity to produce toxins must exist within a specific set of environmental parameters.
Marmen et al. (2016) evaluated the presence, distribution, and genetic diversity of
potentially toxin-producing Microcystisin 58 Israeli surface waters using the genes mcyA
and mcyD, two components of the genetic pathway required for the production of MC in the
genus Microcystis. Using PCR amplification of the two genes, potentially-toxic Microcystis
strains were identified in roughly 65% of the sampled locations. All those serving as
aquaculture or irrigation waters were mcyD positive indicating the presence of potentially
toxic Microcystis and suggesting a strong potential for crop-land contamination by
cyanotoxins.

Recent reviews have further highlighted the role of cyanotoxins as emerging freshwater
contaminants in agro-ecosystems primarily through toxin accumulation in plant tissues and
yield reduction from irrigation with toxin-contaminated waters (Bouaicha and Corbel 2016;
Testai et al. 2016). Bioaccumulation of MC in food-crops including rice (Liang et al. 2016a),
tomato (Corbel et al. 2016), lettuce (Bittencourt-Oliveira et al. 2016); and arugula (Kézia
Cordeiro-Araujo et al. 2016) have illustrated that MC accumulation in plant tissues is
influenced by a variety of factors relating to the species and developmental state of study
plants as well as the type, exposure time, and concentration of the cyanotoxins. For example,
Corbel et al. (2016) evaluated MC bioaccumulation in tomato (Solanum lycopersicum)
tissues (root, stem, leave, and fruit) started from seed. Seedlings were exposed to 90 days of
daily microcystin treatments ranging between 0 — 100 pg equivalents of microcystin-LR L1,
MC-LR was detected in all tissues with the exception of the fruit at the time of harvest, but
at very low concentrations that never exceeded 0.001% of the total MC quantity the plant
was exposed to during the irrigation period.

Comparatively, in a study focused on the impact of contaminated irrigation water on rice
(Oryza sativa) MC bioaccumulation, Liang et al. (2016a) irrigated seedlings with MC-
contaminated water produced from freshly lyophilized cyanobacterial extracts. Plants were
exposed to total MC concentrations ranging between 1 — 3000 pg L= for 7 days. One-third
of the plants were harvested after the 7 d exposure, one third following a 7 d recovery
without MC exposure, and the final third after maturation. MC significantly accumulated in
the seedling roots and leaves during the initial 7 day exposure at 1000 pg L1 and 3000 pg L
~1 which was maintained through the recovery period. Roughly 10 % of the applied MC was
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detectable within the roots of plants exposed to the highest MC treatment concentration. At
the time of harvest, MC had aggregated in all plant tissues, including the grains, reflective of
the treatment MC concentrations. Further, rice plants exposed to the higher treatment
concentrations also had reduced growth and photosynthetic rates.

Microcystins are also likely to accumulate in soils (see Bouaicha and Corbel 2016 for
review) and therefore, may also affect plant growth through effects on the soil microbial
community. El Kalloufi et al. (2016) evaluated the effects of MC-contaminated waters on the
rhizosphere growing in conjunction with the non-food crop alfalfa (Medicago sativa).
Seedlings were exposed to 100 pg MC-LR L1 isolated from a cyanobacterial extract every
three days for a 30 day period. Microbial communities from the soils, rhizosphere, and roots
between non-exposed and exposed treatments revealed compartment-specific results. MC
exposure primarily influenced the relative abundance and diversity of various bacterial
families in the bulk soil and most notably affected the relative abundance of
Pseudomonadaceae and Enterobacteriaceae in the root and root-adhering communities.

Treatment with MC containing waters may also select for MC-tolerant bacterial strains that
buffer the detrimental effects of MC on plant growth. For example, Lahrouni et al. (2016)
demonstrated that a MC tolerant RAizobium strain was able to maintain nodulation and
nitrogen content of plants during sustained treatment with MC-containing irrigation water.
Here, previously isolated RAizobium strains with varying degrees of sensitivity to MC were
grown with faba bean (V/ faba L. var. Aguadulce) and exposed to 100 ug L1 for a one
month period. Nodulation in plants with the MC-tolerant strain decreased by roughly 10%
when exposed to MC while plants with the MC-sensitive strain decreased by 20%. Given the
available information, further work related to the impacts of compromised irrigation water
on agricultural environments is needed to full assess the impact of freshwater cyanotoxins on
food and non-food crops.

ACTIVATED CARBON AND BIOCHAR

Recently, carbonaceous geosorbent materials, namely biochar (BC) and activated carbon
(AC), have been investigated for their use in agricultural applications. As a soil amendment,
traditional benefits of BCs and ACs include increased carbon sequestration, increased soil
fertility, and increased plant productivity. In addition, numerous other impacts of AC and BC
soil amendments have been identified in studies published in the previous year. One of the
most profound ancillary benefits of AC & BC amendments is their high sorption potential
and resultant effects on the mobility of contaminants through impacted soils. Heavy metal
contamination in agricultural soils remains a significant concern with impacts on plant
productivity as well as potential for human exposure. In an experiment that monitored Cd
and Cu levels in paddy soils over the course of three years following BC amendment, Li and
co-authors showed that contaminant bioavailability to rice was reduced. Their comparison of
two BC materials showed that characteristics of BCs impact how they age over time which
in turn effect their longterm in-situ viability (Li et al. (2016a)).

A similar study compared amendments utilizing an AC and a BC on the phytoavailability
and phytotoxicity of Cd, Pb, and Zn, on two plants, spinach and mustard. Brendova et al.
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(2016) showed that both AC and BC amendments resulted in increased plant biomass.
However, the effects on phytoavailability were contaminant specific, amendment specific,
and plant specific.

In addition to metals, changes in compound mobility resulting from BC amendments were
investigated for other chemical classes including pesticides, herbicides, and pharmaceuticals.
Pesticide runoff is a significant concern of ecologists and motivated the study by Jin et al.
(2016) to predict and confirm sorption capacity of different BC soil amendments. While
results showed that BCs were effective in stabilizing pesticide contaminated soils, predicting
sorption capacity was made increasingly complicated by cross-effects between BCs and soil.
Comparing two BC materials, Bair et al. (2016) showed that sorption capacity varied
between the two BCs and this difference was magnified by the concomitant addition of
biosolids. They also note that for some compounds, namely agrochemicals, sequestration by
BCs can limit their efficacy.

Impacts with native soil microbial communities by BC amendments has been the subject of
significant study and the idea that BC may benefit microbiota by providing optimal
microhabitats was the focus of Schnee et al. (2016). Their study of two BC materials with
very different pore structures, showed that BC is capable of promoting microbial
colonization; However, physical pore space characteristics were not adequate predictors for
microbial habitat quality. Promotion of microbial activity resulting from BC amendments
was not observed in arid and semi-arid soils at relevant BC application rates in a paper by
Elzobair et al. (2016). This was in stark contrast to manure amendment which significantly
impacted microbial communities and enzymatic activities in the same soils.

Soil amendments incorporating ACs and BCs do not provide only potential benefits, there
are risks associated with their use as well. Noting that BC formation often results in the
incorporation of polycyclic aromatic hydrocarbons and metals which are introduced into the
soil environment along with the BC material, Visioli et al. (2016) used root phytoxicity
bioassays to assess biochar ecotoxicity. They noted that metal contamination associated with
biochar had the potential to effect root elongation but had little effect on seed germination.

The use of AC and BC is not limited to soil amendments. Composting of bio-waste is an
emerging frontier for utilization of these materials. A BC material derived from straw was
shown to accelerate the degradation and maturation of composted pig manure in a study by
Zhang et al. (2016b). The BC amendment increased humidification, decreased dissolved
organic content and NH4, increased conductivity and lowered the pH.

Jindo et al. (2016) found that biochar amendments to manure compost increased the C
content of humic and fulvic acids in the manure with greatest impact on the stabilization of
fulvic acids. They noted that sorption of humic substances by the BC likely protected them
from further decomposition resulting in increased compost quality.

The interaction between BC and bio-waste was investigated at two major phases of the
composting process in a study conducted by Vandecasteele et al. (2016). Adding BC
amendments either at the start of composting or later prior to compost storage, researchers
were able to determine specific impacts to the material compost. When added at the
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beginning, faster rate of decomposition, reduced emissions of greenhouse gasses, reduced
losses of N, and increases in readily available P were observed. When BC was added after
composting, just prior to the storage period, an increase in C content and a reduction in P
resulted. While the timing of BC addition impacted the condition of P in the resulting
compost, field trials with ryegrass using the different compost conditions showed no clear
impact on differences in P utilization by the plants.

Similar to soil amendments, when BCs are added to composting material the microbial
community and function is influenced. Following the theory that heavy metal contaminants
present in compost materials provide a selective pressure on bacterial populations which
contribute to the proliferation of antibiotic resistance, Cui et al. (2016) investigated antibiotic
resistance genes (ARG) in chicken manure compost following the addition of different
biochars. Their study revealed that reductions in heavy metal bioavailability correlated with
reduction in ARGs. However, these results were BC dependent with ARG, likely associated
with non-pathogenic bacteria, increasing in the presence of one BC material even though
metal concentrations were reduced.

The ability to engineer AC and BC materials for specific environmental applications
represents an exciting technological frontier and was the topic for a recent review by
Rajapaksha et al. (2016). They found that physical, chemical, impregnation, and magnetic
processes could be used to create outcome-based biochar modifications with the potential to
increase their use in remedial technologies. Ahmed et al. (2016) et al. examined the same
basic concept of modified BCs as they relate to water and wastewater treatment and
highlight studies that engineer surface functionality as well as nanomaterial impregnation to
increase efficiency, capacity, and selectivity of contaminant sorption.

References

Ahmed MB, Zhou JL, Ngo HH, Guo W, Chen M. Progress in the preparation and application of
modified biochar for improved contaminant removal from water and wastewater. Bioresour Technol.
2016; 214:836-851. [PubMed: 27241534]

Bair DA, Mukome FND, Popova IE, Ogunyoku TA, Jefferson A, Wang D, Hafner SC, Young TM,
Parikh SJ. Sorption of Pharmaceuticals, Heavy Metals, and Herbicides to Biochar in the Presence of
Biosolids. Journal of Environmental Quality. 2016; 45(6):1998-2006. [PubMed: 27898796]

Bittencourt-Oliveira, MdC, Cordeiro-Araujo, MK., Chia, MA., Arruda-Neto, JDdT, Oliveira, ETd,
Santos, Fvd. Lettuce irrigated with contaminated water: Photosynthetic effects, antioxidative
response and bioaccumulation of microcystin congeners. Ecotoxicology and Environmental Safety.
2016; 128:83-90. [PubMed: 26896895]

Bouaicha, N., Corbel, S. Cyanobacterial Toxins Emerging Contaminants in Soils: A Review of
Sources, Fate and Impacts on Ecosystems, Plants and Animal and Human Health Cyanobacterial
Toxins Emerging Contaminants in Soils: A Review of Sources, Fate and Impacts on Ecosystems,
Plants. Larramendy, M., editor. InTech; 2016. p. 105-126.

Brendova K, Zemanova V, Pavlikova D, Tlustos P. Utilization of biochar and activated carbon to
reduce Cd, Pb and Zn phytoavailability and phytotoxicity for plants. Journal of Environmental
Management. 2016; 181:637-645. [PubMed: 27544477]

Brooks BW, Lazorchak JM, Howard MDA, Johnson M-VV, Morton SL, Perkins DAK, Reavie ED,
Scott GI, Smith SA, Steevens JA. Are harmful algal blooms becoming the greatest inland water
quality threat to public health and aquatic ecosystems? Environ Toxicol Chem. 2016; 35:6-13.
[PubMed: 26771345]

Water Environ Res. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Snow et al.

Page 19

Bundschuh M, Hahn T, Ehrlich B, Héltge S, Kreuzig R, Schulz R. Acute toxicity and environmental
risks of five veterinary pharmaceuticals for aquatic macroinvertebrates. Bulletin of environmental
contamination and toxicology. 2016; 96(2):139-143. [PubMed: 26408031]

Burke V, Richter D, Greskowiak J, Mehrtens A, Schulz L, Massmann G. Occurrence of Antibiotics in
Surface and Groundwater of a Drinking Water Catchment Area in Germany. Water Environ Res.
2016; 88(7):652—659. [PubMed: 27329061]

Chatziefthimiou AD, Metcalf JS, Glover WB, Banack SA, Dargham SR, Richer RA. Cyanobacteria
and cyanotoxins are present in drinking water impoundments and groundwater wells in desert
environments. Toxicon. 2016; 114:75-84. [PubMed: 26921462]

Chung HS, Choi J-H, Abd EI-Aty AM, Lee Y-J, Lee HS, Kim S, Jung H-J, Kang T-W, Shin H-C, Shim
J-H. Simultaneous determination of seven multiclass veterinary antibiotics in surface water
samples in the Republic of Korea using liquid chromatography with tandem mass spectrometry. J
Sep Sci. 2016; 39(24):4688-4699. [PubMed: 27778445]

Corbel S, Mougin C, Nélieu S, Delarue G, Bouaicha N. Evaluation of the transfer and the
accumulation of microcystins in tomato (Solanum lycopersicum cultivar MicroTom) tissues using
a cyanobacterial extract containing microcystins and the radiolabeled microcystin-LR (14C-MC-
LR). Sci Total Environ. 2016; 541:1052-1058. [PubMed: 26473707]

Cotton J, Leroux F, Broudin S, Poirel M, Corman B, Junot C, Ducruix C. Development and validation
of a multiresidue method for the analysis of more than 500 pesticides and drugs in water based on
on-line and liquid chromatography coupled to high resolution mass spectrometry. Water Res.
2016; 104:20-27. [PubMed: 27508970]

Cui E, Wu Y, Zuo Y, Chen H. Effect of different biochars on antibiotic resistance genes and bacterial
community during chicken manure composting. Bioresour Technol. 2016; 203:11-17. [PubMed:
26720134]

Dong D, Zhang L, Liu S, Guo Z, Hua X. Antibiotics in water and sediments from Liao River in Jilin
Province, China: occurrence, distribution, and risk assessment. Environ Earth Sci. 2016; 75(16):1-
10.

Durso LM, Wedin DA, Gilley JE, Miller DN, Marx DB. Assessment of Selected Antibiotic Resistances
in Ungrazed Native Nebraska Prairie Soils. Journal of Environmental Quality. 2016; 45(2)

Duse A, Waller KP, Emanuelson U, Unnerstad HE, Persson Y, Bengtsson B. Occurrence and Spread of
Quinolone-Resistant Escherichia coli on Dairy Farms. Applied and environmental microbiology.
2016; 82(13):3765-3773. [PubMed: 27084013]

Eichberg C, Wohde M, Miiller K, Rausch A, Scherrmann C, Scheuren T, Diring RA, Donath TW. The
Anthelmintic Ingredient Moxidectin Negatively Affects Seed Germination of Three Temperate
Grassland Species. PLOS ONE. 2016; 11(11):e0166366. [PubMed: 27846249]

Elzobair KA, Stromberger ME, Ippolito JA, Lentz RD. Contrasting effects of biochar versus manure
on soil microbial communities and enzyme activities in an Aridisol. Chemosphere. 2016; 142:145—
152. [PubMed: 26138708]

Fairbairn DJ, Arnold WA, Barber BL, Kaufenberg EF, Koskinen WC, Novak PJ, Rice PJ, Swackhamer
DL. Contaminants of Emerging Concern: Mass Balance and Comparison of Wastewater Effluent
and Upstream Sources in a Mixed-Use Watershed. Environmental Science & Technology. 2016a;
50(1):36-45. [PubMed: 26605430]

Fairbairn DJ, Karpuzcu ME, Arnold WA, Barber BL, Kaufenberg EF, Koskinen WC, Novak PJ, Rice
PJ, Swackhamer DL. Sources and transport of contaminants of emerging concern: A two-year
study of occurrence and spatiotemporal variation in a mixed land use watershed. Sci Total Environ.
2016b; 551-552:605-613.

Fang H, Han L, Cui Y, Xue Y, Cai L, Yu Y. Changes in soil microbial community structure and
function associated with degradation and resistance of carbendazim and chlortetracycline during
repeated treatments. Sci Total Environ. 2016; 572:1203-1212. [PubMed: 27524727]

Gao J, Cui Y, Tao Y, Huang L, Peng D, Xie S, Wang X, Liu Z, Chen D, Yuan Z. Multiclass method for
the quantification of 92 veterinary antimicrobial drugs in livestock excreta, wastewater, and surface
water by liquid chromatography with tandem mass spectrometry. J Sep Sci. 2016a; 39(21):4086—
4095. [PubMed: 27593397]

Water Environ Res. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Snow et al.

Page 20

Gao Y, Li H, Li X, Sun Z. Combined subacute toxicity of copper and antiparasitic albendazole to the
earthworm (Eisenia fetida). Environmental Science and Pollution Research. 2016b; 23(5):4387—
4396. [PubMed: 26780053]

Graham DW, Knapp CW, Christensen BT, McCluskey S, Dolfing J. Appearance of -lactam
Resistance Genes in Agricultural Soils and Clinical Isolates over the 20th Century. Scientific
Reports. 2016; 6:21550. [PubMed: 26878889]

Havlikova L, Satinsky D, Solich P. Aspects of decontamination of ivermectin and praziquantel from
environmental waters using advanced oxidation technology. Chemosphere. 2016; 144:21-28.
[PubMed: 26344145]

Jin J, Kang M, Sun K, Pan Z, Wu F, Xing B. Properties of biochar-amended soils and their sorption of
imidacloprid, isoproturon, and atrazine. Sci Total Environ. 2016; 550:504-513. [PubMed:
26845186]

Jindo K, Sonoki T, Matsumoto K, Canellas L, Roig A, Sanchez-Monedero MA. Influence of biochar
addition on the humic substances of composting manures. Waste Manage (Oxford). 2016; 49:545—
552.

Kaufmann A, Walker S, Mol G. Product ion isotopologue pattern: A tool to improve the reliability of
elemental composition elucidations of unknown compounds in complex matrices. Rapid Commun
Mass Spectrom. 2016; 30(7):791-799. [PubMed: 26969920]

Kumirska J, Wagil M, Stolte S, Maksymiuk M, Puckowski A, Maszkowska J, Biak-Bieliska A, Caban
M, Stepnowski P. Anthelmintics in the Aquatic Environment: A New Analytical Approach.
Current Analytical Chemistry. 2016; 12(3):227-236.

Lahrouni M, Oufdou K, EIl Khalloufi F, Benidire L, Albert S, Gottfert M, Caviedes MA, Rodriguez-
Llorente ID, Oudra B, Pajuelo E. Microcystin-tolerant Rhizobium protects plants and improves
nitrogen assimilation in Vicia faba irrigated with microcystin-containing waters. Environmental
Science and Pollution Research. 2016

Leclercq SO, Wang C, Zhu Y, Wu H, Du X, Liu Z, Feng J. Diversity of the Tetracycline Mobilome
within a Chinese Pig Manure Sample. Applied and Environmental Microbiology. 2016; 82(21):
6454-6462. [PubMed: 27565618]

Li H, Ye X, Geng Z, Zhou H, Guo X, Zhang Y, Zhao H, Wang G. The influence of biochar type on
long-term stabilization for Cd and Cu in contaminated paddy soils. J Hazard Mater. 2016a;
304:40-48. [PubMed: 26546702]

Li J, Zhang H, Chen Y, Luo Y, Zhang H. Sources identification of antibiotic pollution combining land
use information and multivariate statistics. Environ Monit Assess. 2016b; 188(7):1-12. [PubMed:
26627206]

Liang C, Wang W, Wang Y. Effect of irrigation with microcystins-contaminated water on growth, yield
and grain quality of rice (Oryza sativa). Environmental Earth Sciences. 2016a:75.

Liang N, Huang P, Hou X, Li Z, Tao L, Zhao L. Solid-phase extraction in combination with dispersive
liquid-liquid microextraction and ultra-high performance liquid chromatography-tandem mass
spectrometry analysis: the ultra-trace determination of 10 antibiotics in water samples. Analytical
& Bioanalytical Chemistry. 2016b; 408(6):1701-1713. [PubMed: 26780712]

Loftin KA, Graham JL, Hilborn ED, Lehmann SC, Meyer MT, Dietze JE, Griffith CB. Cyanotoxins in
inland lakes of the United States: Occurrence and potential recreational health risks in the EPA
National Lakes Assessment 2007. Harmful Algae. 2016; 56:77-90. [PubMed: 28073498]

Luby E, Ibekwe AM, Zilles J, Pruden A. Molecular Methods for Assessment of Antibiotic Resistance
in Agricultural Ecosystems: Prospects and Challenges. Journal of Environmental Quality. 2016;
45(2)

Marmen S, Aharonovich D, Grossowicz M, Blank L, Yacobi YZ, Sher DJ. Distribution and habitat
specificity of potentially-toxic Microcystis across climate, land, and water use gradients. Frontiers
in Microbiology. 2016; 7:1-14. [PubMed: 26834723]

Noguera-Oviedo K, Aga DS. Chemical and biological assessment of endocrine disrupting chemicals in
a full scale dairy manure anaerobic digester with thermal pretreatment. Sci Total Environ. 2016;
550:827-834. [PubMed: 26849346]

Nolvak H, Truu M, Kanger K, Tampere M, Espenberg M, Loit E, Raave H, Truu J. Inorganic and
organic fertilizers impact the abundance and proportion of antibiotic resistance and integron-

Water Environ Res. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Snow et al.

Page 21

integrase genes in agricultural grassland soil. Sci Total Environ. 2016; 562:678-689. [PubMed:
27115621]

Rajapaksha AU, Chen SS, Tsang DCW, Zhang M, Vithanage M, Mandal S, Gao B, Bolan NS, Ok YS.
Engineered/designer biochar for contaminant removal/immobilization from soil and water:
Potential and implication of biochar modification. Chemosphere. 2016; 148:276—291. [PubMed:
26820777]

Rath S, Pereira LA, Bosco SMD, Maniero MG, Fostier AH, Guimaraes JR. Fate of ivermectin in the
terrestrial and aquatic environment: mobility, degradation, and toxicity towards Daphnia similis.
Environmental Science and Pollution Research. 2016; 23(6):5654-5666. [PubMed: 26578379]

Sallach JB, Snow D, Hodges L, Li X, Bartelt-Hunt S. Development and comparison of four methods
for the extraction of antibiotics from a vegetative matrix. Environ Toxicol Chem. 2016; 35(4):889-
897. [PubMed: 26291062]

Schnee LS, Knauth S, Hapca S, Otten W, Eickhorst T. Analysis of physical pore space characteristics
of two pyrolytic biochars and potential as microhabitat. Plant and Soil. 2016; 408(1-2):357-368.

Shappell NW, Billey LO, Shipitalo MJ. Estrogenic activity and nutrient losses in surface runoff after
winter manure application to small watersheds. Sci Total Environ. 2016; 543(Part A):570-580.
[PubMed: 26610286]

Solliec M, Roy-Lachapelle A, Gasser M-O, Cote C, Genereux M, Sauve S. Fractionation and analysis
of veterinary antibiotics and their related degradation products in agricultural soils and drainage
waters following swine manure amendment. Sci Total Environ. 2016; 543(Part_A):524-535.
[PubMed: 26605832]

Stuchlikova L, Jirasko R, Skalova L, Pavlik F, Szotakova B, HolCapek M, Vanék T, Podlipna R.
Metabolic pathways of benzimidazole anthelmintics in harebell (Campanula rotundifolia).
Chemosphere. 2016; 157:10-17. [PubMed: 27208642]

Sui Q, Zhang J, Chen M, Tong J, Wang R, Wei Y. Distribution of antibiotic resistance genes (ARGS) in
anaerobic digestion and land application of swine wastewater. Environ Pollut. 2016; 213:751-759.
[PubMed: 27038206]

Testai E, Buratti FM, Funari E, Manganelli M, Vichi S, Arnich N, Biré R, Fessard V, Sialehaamoa A.
Review and analysis of occurrence, exposure and toxicity of cyanobacteria toxins in food. EFSA
supporting publication 2016:EN-998. 2016; 13:309p.

Tlili I, Caria G, Ouddane B, Ghorbel-Abid I, Ternane R, Trabelsi-Ayadi M, Net S. Simultaneous
detection of antibiotics and other drug residues in the dissolved and particulate phases of water by
an off-line SPE combined with on-line SPE-LC-MS/MS: Method development and application.
Sci Total Environ. 2016; 563-564:424-433.

Tran NH, Chen H, Do TV, Reinhard M, Ngo HH, He Y, Gin KYH. Simultaneous analysis of multiple
classes of antimicrobials in environmental water samples using SPE coupled with UHPLC-ESI-
MS/MS and isotope dilution. Talanta. 2016; 159:163-173. [PubMed: 27474294]

Van den Meersche T, Van Pamel E, Van Poucke C, Herman L, Heyndrickx M, Rasschaert G,
Daeseleire E. Development, validation and application of an ultra high performance liquid
chromatographic-tandem mass spectrometric method for the simultaneous detection and
quantification of five different classes of veterinary antibiotics in swine manure. J Chromatogr A.
2016; 1429:248-257. [PubMed: 26739912]

Vandecasteele B, Sinicco T, D’Hose T, Vanden Nest T, Mondini C. Biochar amendment before or after
composting affects compost quality and N losses, but not P plant uptake. Journal of Environmental
Management. 2016; 168:200-209. [PubMed: 26708650]

Visioli G, Conti FD, Menta C, Bandiera M, Malcevschi A, Jones DL, Vamerali T. Assessing biochar
ecotoxicology for soil amendment by root phytotoxicity bioassays. Environ Monit Assess. 2016;
188(3)

Xie WY, McGrath SP, Su JQ, Hirsch PR, Clark IM, Shen Q, Zhu YG, Zhao FJ. Long-Term Impact of
Field Applications of Sewage Sludge on Soil Antibiotic Resistome. Environmental Science &
Technology. 2016a; 50(23):12602-12611. [PubMed: 27934260]

Xie W-Y, Yang X-P, Li Q, Wu L-H, Shen Q-R, Zhao F-J. Changes in antibiotic concentrations and
antibiotic resistome during commercial composting of animal manures. Environ Pollut. 2016b;
219:182-190. [PubMed: 27814534]

Water Environ Res. Author manuscript; available in PMC 2018 October 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Snow et al.

Page 22

Xu S, Sura S, Zaheer R, Wang G, Smith A, Cook S, Olson AF, Cessna AJ, Larney FJ, McAllister TA.
Dissipation of Antimicrobial Resistance Determinants in Composted and Stockpiled Beef Cattle
Manure. Journal of Environmental Quality. 2016; 45(2):528-536. [PubMed: 27065400]

Yang Y-Y, Toor GS, Wilson PC, Williams CF. Septic systems as hot-spots of pollutants in the
environment: Fate and mass balance of micropollutants in septic drainfields. Sci Total Environ.
2016a; 566:1535-1544. [PubMed: 27312276]

Yang Z, Kong F, Zhang M. Groundwater contamination by microcystin from toxic cyanobacteria
blooms in Lake Chaohu, China. Environ Monit Assess. 2016b; 188:280. [PubMed: 27068532]

Zhang H, Zhou Y, Huang Y, Wu L, Liu X, Luo Y. Residues and risks of veterinary antibiotics in
protected vegetable soils following application of different manures. Chemosphere. 2016a;
152:229-237. [PubMed: 26971176]

Zhang J, Chen G, Sun H, Zhou S, Zou G. Straw biochar hastens organic matter degradation and
produces nutrient-rich compost. Bioresour Technol. 2016b; 200:876-883. [PubMed: 26600456]

Zhang Y, Sallach JB, Hodges L, Snow DD, Bartelt-Hunt SL, Eskridge KM, Li X. Effects of soil
texture and drought stress on the uptake of antibiotics and the internalization of Salmonella in
lettuce following wastewater irrigation. Environ Pollut. 2016c; 208(Part B):523-531. [PubMed:
26552531]

Zhang Y, Sangster JL, Gauza L, Bartelt-Hunt SL. Impact of sediment particle size on
biotransformation of 17p-estradiol and 17B-trenbolone. Sci Total Environ. 2016d; 572:207-215.
[PubMed: 27498382]

Zhang Y, Snow DD, Bartelt-Hunt SL. Stereoselective Degradation of Estradiol and Trenbolone
Isomers in Alluvial Sediment. Environmental Science & Technology. 2016e

Zhao S, Liu X, Cheng D, Liu G, Liang B, Cui B, Bai J. Temporal—-spatial variation and partitioning
prediction of antibiotics in surface water and sediments from the intertidal zones of the Yellow
River Delta, China. Sci Total Environ. 2016; 569-570:1350-1358.

Water Environ Res. Author manuscript; available in PMC 2018 October 01.



	Abstract
	INTRODUCTION
	ANALYTICAL METHODS
	STEROID HORMONES
	ANTHELMINTICS
	Environmental risk
	Sorption and degradation

	ANTIBIOTIC FATE AND OCCURENCE
	ANTIBIOTIC RESISTANCE GENES
	CYANOTOXINS
	ACTIVATED CARBON AND BIOCHAR
	References

