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Studies have shown the detection of emerging contaminants (ECs), of which pharmaceuticals are a

subset, in surface waters across the United States. The objective of this study was to develop

methods, and apply them, to evaluate the potential for food chain transfer when EC-containing

waters are used for crop irrigation. Greenhouse experiments were performed in which select food

crops were irrigated with water spiked with three antibiotics. Field experiments, at two different sites,

were conducted. Select crops were irrigated with wastewater effluent known to contain ECs, EC-free

well water, and Colorado River water containing trace-level ECs. The results of the greenhouse

studies show the potential for uptake of one or more of the antibiotics evaluated, albeit at very low

levels. In those food crops watered with wastewater effluent, only an industrial flavoring agent, N,N 0-
dimethylphenethylamine (DMPEA), was consistently found. None of the evaluated contaminants

were found in crops irrigated with Colorado River water.
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INTRODUCTION

In the southwesternpart of theUnitedStates, increasing demands
on scarce water resources have forced water authorities to look for
alternative water resources. Some water authorities use treated
wastewater effluent for injection into groundwater aquifers for the
purpose of pumping it out later for reuse, with further treatment, as
drinking water (1). Other municipalities use treated wastewater
effluent for nonpotable water reuse, for exampe, watering of golf
courses and municipal green spaces, as well as a source of irrigation
water for crops (2). Of concern are the reports of numerous
pharmaceuticals and other emerging contaminants (ECs) found in
these groundwaters.Roweet al. (3) reported that at least oneECwas
present in 76% of shallow urban wells sampled in the Great and
Little Miami River Basins in Ohio and found that the number of
ECs detected increased with increasing urban land use.

Although pharmaceuticals designed for human or veterinary
use have a specific biological mode of action, the impact on
nontarget species is rarely known. Because pharmaceuticals are
released into the environment as complex mixtures, and not as
individual compounds, there exists the possibility for synergistic,
or antagonistic, interactions resulting in unexpected biological
effects. The concentrations of pharmaceuticals in drinking water
supplies are likely to be below any level of direct risk to humans.

However, it is the persistence and presence of antibiotics in the
environment that could pose a serious threat to human health
(4-7). The principal existing concern with antibiotics is the
identification of growing resistance in microbial populations
(7-10). Resistance has been found in bacteria isolated from the
entrails of animals treated with antibiotics, in their corresponding
manure (11), and in agricultural soils receiving manure (12, 13).
There is concern that nonpathogenic bacteria can serve as a
platform for gene transfer to pathogenic organisms as a result of
promiscuousexchangeofgeneticmaterialamongmicrobes (5,14).
Antibiotic-resistantbacteriahavebeen found in surfacewater (6,7),
sediments (15, 16), and groundwater (10, 17).

Recent studies have shown that human-use antibiotics (azith-
romycin, clindamycin, and roxithromycin) are environmentally
available in wastewaters, source waters, and biosolids (18-21).
Several researchers have demonstrated that certain veterinary
antibiotics (e.g., florfenicol, trimethoprim, sulfamethazine, and
enrofloxacin) can be taken up into food crops (e.g., wheat, corn,
lettuce, barley, and potato) produced on manure-amended soils
(22-25). Recently, Herklotz et al. (26) published a study of the
uptake of human pharmaceuticals (e.g., carbamazepine, salbutamol,
sulfamethoxazole, and trimethoprim) into cabbage (Brassica rapa
var. pekinensis) and Wisconsin Fast plants (B. rapa) in a hydro-
ponic garden setting.

At the Imperial DiversionDam (IDD) nearYuma, AZ, almost
5 billion cubic meters of water are diverted from the Colorado
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River to irrigate the approximately 400,000 ha of agricultural
crops that are shipped nationally and internationally. Previous
research has shown that the ColoradoRiver is contaminatedwith
low levels of perchlorate, and this contaminant can be detected in
most agricultural commodities irrigated with this water (27, 28).
Macrolide antibiotics, pseudoephedrine, and illicit drugs have
been identified in several municipal wastewater streams that
discharge into the Colorado River (29). There is a probability
that the drugs present inwater could potentially reach food crops.
The research presented in this paper will focus on the develop-
ment and ground-truthing of analytical methods for determining
the fate ofECs [e.g., antibiotics, illicit drugs, and over-the-counter
(OTC) drugs] into food crops via a three-part study. There was an
emphasis on method development for detecting three antibiotics,
azithromycin, roxithromycin, and clindamycin, azithromycin
and clindamycin due to their widespread usage in the United
States (18) (http://drugtopics.modernmedicine.com/drugtopics/
data/articlestandard//drugtopics/252010/674976/article.pdf) and
roxithromycin due to its surreptitious usage. Roxithromycin is
not prescribed in the United States, but has been detected in
wastewaters and biosolids in the Unites States (18, 20).

MATERIALS AND METHODS

Chemicals. Clarithromycin was obtained from U.S. Pharmacopeia
(Rockville, MD). Azithromycin, roxithromycin, clindamycin, and N,N 0-
dimethylphenethylamine (DMPEA) were obtained from Sigma-Aldrich
(St. Louis, MO). Methamphetamine, Ecstasy (MDMA), d5-MDMA, and
pseudoephedrine were obtained from Cerilliant Corp. (formerly Radian
Corp., Round Rock, TX). HPLC-grade methanol was obtained from
various sources [e.g., Burdick and Jackson (Muskegon,MI); EK Industries

(Joliet, IL); J. T. Baker (Phillipsburg, NJ)]. Acetic acid, glacial ACS
reagent grade (VWR, West Chester, PA), acetonitrile (Burdick and
Jackson, Muskegon, MI), formic acid ACS reagent grade (Anachemia,
Rouses Point,NY),methyl tert-butyl ether (MTBE) (VWR,WestChester,
PA), and deionized water (NANOpure, Barnstead, Dubuque, IA) were
used.

Stock standard solutions were individually prepared in HPLC-grade
methanol and stored in the dark at 4 �C. A high-level standard mix
(containing the macrolide antibiotics and the other drugs/chemicals), at
concentrations of 10 or 20 ng μL-1, was prepared monthly in methanol,
and a calibration standard mix was prepared weekly at environmentally
relevant concentrations (0.5-1 ng μL-1) in 99%methanol/1%acetic acid.

Samples.Multiple samples, for example, soils, waters, and plants, were
collected and processed during the three phases of the study. A brief
summary of the samples collected and their sources are listed in Table 1.

Phase I: Greenhouse Study, Plant Materials and Growth Conditions.
The first phase of the studywas a controlled greenhouse experiment. Three
crops, lettuce (Lactuca sativa), spinach (Spinacia oleracea), and carrots
(Daucus carota sativus), were initially germinated in potting soil and
irrigated with unspiked Colorado River water. At approximately the
four-leaf stage, the plants were transplanted into 1.5 L pots filled with
1.5 kg ofwashed silica sand. From transplanting through harvest, the plants
were irrigated with Colorado River water spiked with various concentra-
tions of three antibiotics: azithromycin, clindamycin, and roxithromycin.
The antibiotics were dissolved in a small amount of methanol and then
diluted to 1000 ngL-1 withColoradoRiverwater.All concentrationswere
achieved by serial dilutions with Colorado River water. The dosing
concentrations were selected relative to concentrations found in waste-
water effluent streams (29) and were dosed at 0 (control), 0.1, 1, 10, 100,
and 1000 ng L-1. It was observed that the concentrations of the macrolide
antibiotics in the prepared irrigationwater declinedwith time, perhaps due
to photodegradation, microbial degradation, or adhesion to the walls of
the plastic container. Thus, solutionswere preparedweekly tomaintain the
target concentrations. Four replicates, at each concentration, were per-
formed. Plant selection per treatment was done following a complete
randomized design. After harvest, the crop plants were partitioned into
leaves and roots and then frozen. The frozen samples were freeze-dried,
and weights before and after freeze-drying were recorded. The freeze-dried
samples were ground and stored in vials for later extraction.

Phase II: Field Studies UA-CAC. The second phase of the study was to
ground-truth the methods developed during the first phase. This phase of
the study was conducted at the University of Arizona Campus Agricultural
Center (UA-CAC), Tucson, AZ. This was accomplished by applying the
developed methods to field-grown crops irrigated with treated City of
Tucsonwastewater effluent that contained known amounts of ECs and, as
a control, irrigated with well water known to be EC-free (Table 2). The
growing field consisted of loam-textured soils and was split into two
separate sections. The first half was irrigated by furrows filled with treated
wastewater effluent and the other section, the control, was irrigated by
furrows filled with well water (Table 3). On March 10, 2008, peppers
(Capsicum annuum), tomatoes (Lycopersicon esculentum), melons (Cucumis
melo), lettuce, and watermelon (Citrullus lanatus) transplants were planted
in raised beds on 1m centers. Spinach and carrots were seeded in these same

Table 1. Chart of Samples Collected

sample type

phase I,

greenhouse

phase II,

UA-CACa
phase III,

UA-YACb

bell pepper, green X

Bermuda grass X

cantaloupe X

carrots X X

lettuce X

spinach X X X

soils X X X

water

IDDc X X

Tucson WWTPd X

Tucson well water X

watermelon X

aUA-CAC, University of Arizona Campus Agricultural Center, Tucson, AZ. bUA-
YAC, University of Arizona Yuma Agricultural Center. c IDD, Imperial Diversion Dam,
Colorado River. dWWTP, wastewater treatment plant.

Table 2. Tucson Wastewater Effluent EC Concentrations

ng L-1

collection date azithromycin roxithromycin clarithromycin methamphetamine DMPEAa pseudoephedrine

Tucson effluent Feb 28, 2008 255 NDb ND 144 ND 566

Tucson dup Feb 28, 2008 255 ND ND 222 ND 713

Tucson well March 24, 2008 ND ND ND ND ND ND

Tucson effluent April 1, 2008 686 ND ND 288 ND 680

Tucson effluent April 10, 2008 162 880 ND 155 21 229

Tucson effluent April 29, 2008 323 ND ND 99 ND 86

Tucson effluent dup April 29, 2008 285 ND ND 135 ND 76

Tucson effluent May 29, 2008 259 ND ND 309 ND 158

Tucson effluent dup May 29, 2008 267 ND ND 289 ND 216

Tucson well May 29, 2008 ND ND ND ND ND ND

Tucson effluent July 2, 2008 176 ND ND 568 ND 608

aDMPEA, N,N0-dimethylphenethylamine. bND, not detected.
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beds. Identical crops were established in each of the two sections. The
crops were fertilized and pests were controlled using standard practices.
The crops were irrigated as needed and harvested as each crop species
matured. The final harvest was June 15, 2008. After harvest, the crop
plants were partitioned into leaf and root segments, and when appro-
priate fruit, and frozen. The frozen samples were subsequently freeze-
dried, and weights before and after freeze-drying were recorded. The
freeze-dried samples were ground and stored in vials for later extrac-
tion.

Phase III: Field Studies UA-YAC.During the third phase of the study,
the same crops as used in the Tucson studies were grown and collected at
theUniversity ofArizona-YumaAgricultural Center (UA-YAC), Yuma,
AZ. All crops were grown on loam-textured soils and irrigated with
Colorado River water diverted at the IDD, north of Yuma (Table 3). An
opportunity arose to sample Bermuda hay grass from a field, close toUA-
YAC, that had a long-term history of application (several years’ worth) of
EC-containing biosolids. The biosolids used on the field were obtained
from theHyperionwastewater treatment plant (WWTP), Orange County,
CA; its biosolids had previously been characterized for ECs (20). The
Bermuda grass samples were sampled for the purpose of studying the
possible migration of ECs from the biosolids into Bermuda grass grown as
feedstock for livestock.

Water Samples. Phase I. Colorado River water, used in the green-
house studies, was sampled during each collection period. Phase II. Well
water and treated wastewater effluent used in the UA-CAC field study
were sampled approximately every other irrigation period. These water
samples were kept on ice, or refrigerated, until processing. Phase III.
Water, which was diverted at the IDD for agricultural use in the Yuma
region of the lower Colorado River, was sampled monthly at the main
Yuma conveyance siphon during the crop-growing period of the field
crops being sampled.

Water Extractions. Water samples were prepared for analysis using
solid phase extraction (SPE) Oasis MCX cartridges (Waters Corp.,
Milford, MA) with an automated extractor (AutoTrace, Caliper Life
Sciences, Hopkinton, MA). Oasis MCX cartridges were prepared for use
by loading at a rate of 1 mL min-1, 5 mL each of methanol, deionized
water, and 95:5 water/methanol. All water samples were pH adjusted to
pH <3, with 12 N HCl, and 500 mL was passed through the prepared
Oasis MCX cartridges at a rate of 7 mL min-1. The cartridges were dried
for 15 min (using N2) and then extracted with 5 mL of 90:10 MTBE/
methanol, followedby 10mLofmethanol/4%ammoniumhydroxide. The
resultant extracts were reduced to 0.5 mL using 4-10 psi of nitrogen, via
an automated evaporator (TurboVap, Caliper Life Sciences). Sample
extracts were analyzed by liquid chromatography-electrospray-ion trap
mass spectrometry/mass spectrometry (LC-ESI-ITMS/MS).

Plant and Soil Extractions. Crop samples were freeze-dried for 48 h,
or longer, until moisture was no longer present. The freeze-dried samples
were ground to a semifine state, such that they passed through a sieve size
of 300 μm and stored in vials until extraction.

Test plot and field soil samples were poured into clean 2 L beakers and
air-dried. The dried soils were ground to∼300 μmusing a high-impact ball
mill (Mixer Mill 301, Retsch Inc., Newtown, PA).

Pressurized Liquid Extraction (PLE) of Plant and Soil Samples.

One gram each of prepared plant and soil samples was extracted using an

accelerated solvent extraction (ASE) system (model ASE 200 accelerated
solvent extractor, Dionex Corp., Sunnyvale, CA) in 22 mL stainless steel
extraction cells according to the following procedures.

Extraction Cell Preparation. A glass microfiber filter, 2 cm (Ahlstrom,
Helsinki, Finland) was placed at the bottom of the extraction cell.
Dependent upon whether soils or plants were to be extracted, the
extraction cells were prepared as follows:

(a) Soil Sample Extraction Cell Preparation. Three grams of Fluorosil
was added to the cell, followed by a layer of 3 g of alumina.

(b) Plant Sample Extraction Cell Preparation. Three grams of alumina
was added to the cell, followed by a layer of 3 g of Fluorosil.

The final sample cell preparation, whether soil and plant samples, was
the same.Amixture of 1 g of sample (soil or plant) and 1 g ofHydromatrix
was added to the extraction cell, followed by 3 g of alumina. Hydromatrix
was filled to the top, and the extraction cell was capped with another glass
microfiber filter and sealed.

PLE Extraction Procedure. A two-solvent extraction regimen was
necessary to fully extract the analytes from the solid matrices. The
prepared cells were placed into the ASE and initially extracted with a
mixture of MTBE/methanol (90:10) and flushed at 80% of cell volume.
Temperature and pressure were kept steady at 50 �C and 1500 psi,
respectively. After a static period of 15 min, the eluant was purged into
a clean collectionvial. The cells were left in situ and further extractedwith a
mixture of methanol/1% acetic acid and flushed at 80% of cell volume.
The temperature and pressure were maintained at 80 �C and 2800 psi,
respectively. After a static period of 15 min, the eluant was purged into a
clean collection vial.

PLE Extract Concentration and Cleanup. The MTBE/methanol
extract was placed into a Turbovap tube and reduced to 5 mL, using
4-10 psi of nitrogen, via an automated evaporator (TurboVap, Caliper
Life Sciences). The methanol/acetic acid extract was then combined
with the reduced MTBE/methanol extract and evaporated until a
combined extract sample volume of 5 mL was reached. The 5 mL
extracts were removed from the TurboVap and washed with 1-2 mL of
hexane. The number of hexane washes varied from one sample to
another, but typically washes were done as many times as necessary to
clean the sample of any undesirable compounds, such as chlorophyllic
compounds or fatty and waxy materials. The cleaned extracts were
placed back into the TurboVap, further concentrated to 0.5 mL, and
solvent exchanged with methanol/1% acetic acid before analysis by
LC-ESI-ITMS/MS.

Validation of Plant Extraction Method. The PLE method was
validated by using a modified extraction technique that had previously
been published for extracting ECs from biosolids (20). The spiked plant
materials were extracted and analyzed by LC-ESI-ITMS/MS. The resul-
tant accuracy and precision data are shown in Table 4.

LC-ESI-ITMS/MS Analysis. Liquid Chromatography. Chromato-
graphic separations were performed using an Ascentis Express C18
(Supelco-Aldrich, Bellefonte, PA) 2.7 μm particle size, 3 cm � 2.1 mm
column, coupledwith aVarian guard column (MetaGuard 2.0mmPursuit
XRs 3 μm C18). Compositions of the mobile phases were as follows: (A)
deionized water/0.5% formic acid and (B) 82% methanol/18% acetoni-
trile/0.5%formic acid. The flow rate through the columnwas 200μLmin-1,
with the following gradient elution conditions:mobile phaseA 100%, hold
for 2 min; 3 min gradient to 30%A/70%B, hold for 5 min; 3 min gradient
to 100% A, hold for 2 min; end run, 5 min equilibration time between
analyses.

Mass Spectrometry.Mass spectrometric datawere acquiredwith an ion
trap mass spectrometer, Varian 500MS (Walnut Creek, CA), configured
with a liquid chromatograph and an electrospray ion source. The 500MS
was run in the positive ionizationmode under the following conditions: ES
needle, 5 kV; drying gas, 20 psi and 350 �C; housing chamber, 50 �C;
nebulizer gas, 40 psi; spray shield, 600 V. Capillary voltages were set
dependent upon the optimized response of the product ions of interest.

The molecular weight of the ECs of interest, the precursor and
product ions formed under LC-ESI-ITMS conditions, and the mass
spectrometric limits of detection (LODs) of the ECs are listed in Table 5.
Due to the large amounts of interfering materials coextracted with the
ECs, the analyses were performed using the collision-induced dissocia-
tion (CID) mode for both identification and quantitation of the analytes
of interest (18).

Table 3. Chemical and Physical Properties of Loam Soil Used in Field
Experiment Phases II and III

value

parameter (unit) phase II phase III

pH 8.2 7.8

ECa (dS m-1) 2.2 1.8

ESPb (%) 3.3 4.1

organic C (%) 0.7 1.2

sand (%) 50 9

silt (%) 38 53

clay (%) 12 38

nitrate-N (mg kg-1) 42 20

bicarbonate soluble phosphate (mg kg-1) 24 27

aEC, electrical conductivity. b ESP, exchangeable sodium percentage.
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RESULTS AND DISCUSSION

The steps in environmental method development involved (1)
the ability to extract the analytes of interest with some degree of
precision and accuracy from an environmental matrix and (2) the
ability to accurately identify andmeasure at low (environmentally
relevant) concentrations the analytes of interest. The focus of the
Results and Discussion is on the plant extraction procedures and
the results of the finalized plant extraction method as applied to
the various plant samples.

Analytical Challenges. During the development and execution
of thismethodology for plants, various analytical difficulties were
encountered, both in the extraction phase and in the detection
phase. For example, chlorophyll andwaxy or fattymaterials were
coextracted fromplantmaterials, but theywere not fully removed
during the hexane cleanup phase, even after multiple (four)
washes. Injection of plant and root extracts into themass spectrom-
eter built up deposits on the inner spray shield, causing loss of
sensitivity and necessitating cleanup of the spray shield after every
second injection of sample extracts into the mass spectrometer.

Injection of some plant and root extracts temporarily bound
nondissolvable materials to the column, even with a guard
column in place, resulting in poor chromatography. This problem
necessitated reversing the flow into the chromatographic column.
The column was flushed first with methanol/0.5% formic acid
and then with deionized water/0.5% formic acid before the
column was usable again.

Results of Water Analysis. Phase I.All contaminants evaluated
were below detection in the Colorado River water collected for
spiking in the greenhouse studies. Phase II. The treated Tucson
wastewater effluent, used atUA-CAC field studies, contained the
macrolide antibiotic azithromycin, the OTC drug pseudoephed-
rine, the illicit drug methamphetamine, and an industrial com-
pound, DMPEA (an isomeric compound to methamphetamine)
(Table 2). All contaminants evaluated were below detection in the
control well water used during the phase II experiments at UA-
CAC. Phase III. Previous studies have found a number of ECs in
wastewater discharged at various points along the Colorado
River (29). However, almost all ECs were below levels of detec-
tion for Colorado River water that was collected at the IDD

(main Yuma irrigation siphon). The one exception was Ecstasy
(MDMA), which was detectable but not quantifiable during the
warmer months (June-September).

Validation of PLE Method. It is difficult to compare the
recoveries of ECs from crops in this study to the few other studies
on plant uptake that have been published (22, 24, 26) because
those studies did not indicate findings of percent recovery of
spiked ECs. Boxall (22) does briefly mention, “Although recov-
eries for most determinands were good, low but reproducible
recoveries were obtained for selected substances in soil and/or plant
material, so all measured values were recovery corrected. These low
recoveries were observed for the highly sorptive study substances.”
The actual spiked recovery data, however, were not published.
Most recently, Herklotz et al. (26) reported percent recoveries of
spiked ECs from carrots and cabbages. Their method, similar to
the one reported in this paper, used PLE, and they reported>70%
recoveries of six different ECs. However, their methodology used
either a mass-labeled internal standard calibration or a combina-
tion of standard addition and mass-labeled internal standard
calibration to calibrate and calculate the percent recoveries.

In comparison to Herklotz et al.’s method (26), the method
presented in this research used external standard calibration with
no corresponding mass-labeled compounds for calibration and
quantitation. The best recoveries of ECs (i.e., azithromycin,
roxithromycin, and clindamycin) from the plant materials were
generated by packing the extraction cell with a layer of alumina,
followed by a layer of Fluorosil. With the PLE method reported
in this paper, the percent recoveries of the spiked ECs were low,
on average 25-30% recovery, but reproducible, as measured by
percent relative standard deviation (RSD); most were <17%
RSD (Table 4). The EC amounts detected in the nonspiked plant
materials were spike-corrected using an equivalent spikedmatrix.

Whereas the use of labeled compounds will give a sense of
higher recoveries, in truth, the labeled compound is correcting for
the low recovery of the native compound. One downside to the
use of mass-labeled compounds in these types of studies is the
usually higher costs (compared to nonlabeled standards) asso-
ciatedwith their purchase and the lackofmanyof theECswith an
accordingly matched mass-labeled compound.

Table 4. Accuracy and Precision Spiked Recovery Parameters (0.5 and 1 μg g-1) from Bermuda Grass, Lettuce, Spinach, and Carrots

% recoverya (standard deviation; relative standard deviation)

compound Bermuda grass roots lettuce leaf lettuce root spinach leaf spinach root carrot root carrot tops

azithromycin 20 ((4; 20%) 22 ((2; 10%) 2 ((1) 45 ((9; 20%) 5 ((1; 20%) 19 ((6; 32%) 19 ((1; 5%)

roxithromycin 40 ((3; 8%) 32 ((5; 16%) 26 ((2) 29 ((4; 14%) 48 ((4; 8%) 76 ((17; 23%) 35 ((5; 13%)

clarithromycin 22 ((6; 25%) 20 ((2; 11%) 10 ((1) 22 ((4; 20%) 16 ((3; 17%) 32 ((9; 28%) 21 ((3; 12%)

clindamycin 33 ((7; 22%) 30 ((8; 26%) 22 ((1) 23 ((6; 26%) 38 ((9; 24%) 35 ((5; 15%) 32 ((4; 12%)

methamphetamine 44 ((6; 14%) 24 ((4; 16%) 15 ((0) 21 ((2; 7%) 33 ((9; 28%) 30 ((4; 15%) 36 ((5; 13%)

MDMA 45 ((8; 17%) 23 ((1; 6%) 11 ((0) 23 ((4; 18%) 22 ((15; 69%) 26 ((6; 21%) 26 ((1; 4%)

DMPEA 47 ((10; 21%) 29 ((1; 5%) 17 ((2) 22 ((3; 13%) 23 ((6; 28%) 29 ((5; 16%) 38 ((1; 2%)

pseudoephedrine 50 ((3; 6%) 27 ((0; 0%) 17 ((1) 24 ((2; 8%) 20 ((15; 74%) 23 ((6; 28%) 28 ((1; 4%)

a n = 3 for all sample types except lettuce roots, for which n = 2, and carrot roots, for which n = 6.

Table 5. Emerging Contaminants, Molecular Weight (MW), Precursor and Product Ions, and Limits of Detection (LODs)

analyte (CAS Registry No.) molecular weight (amu) precursor ion product ion (confirmation ion) LOD (ng), on-column

azithromycin (83905-01-5) 748.5 749.5 (M þ H)þ 591.4 (M þ H - C8H16O2N)
þ 0.5

roxithromycin (80214-83-1) 836.5 859.5 (M þ Na)þ 755.4 (M þ Na - C4H9O3)
þ 1

clarithromycin (81103-11-9) 747.5 748.4 (M þ H)þ 590.1 (M þ H - C8H16O2N)
þ 1

clindamycin (18323-44-9) 424.2 425.2 (M þ H)þ 377.2 (M þ H - SH - CH3)
þ 1

methamphetamine (537-46-2) 149.3 150 (M þ H)þ 119 (M þ H - CH3NH2)
þ 1.5

MDMA (69610-10-2) 193 194 (M þ H)þ 163.0 (M - CH3NH2 þ H)þ 1

pseudoephedrine (90-82-4) 165.2 166 (M þ H)þ 148.2 (M þ H - H2O)
þ 0.5

DMPEA (1126-71-2) 149.2 150 (M þ H)þ 105 (M - N(CH3)2)
þ 0.5
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Results of Plant Uptake Studies. Phase I: Greenhouse.Above-
ground dry matter production averaged 1.5, 3.3, and 1.9 g for the
spinach, lettuce, and carrots, respectively, and 2.0 g for carrot
roots. There were no statistically significant differences in dry
matter production among the macrolide treatment rates, indi-
cating no phytotoxocity to these macrolide antibiotics up to
1000 ng L-1 in irrigation water. The greenhouse study indicated
that there were traces of uptake of clindamycin into the spinach
roots, lettuce roots, and carrot roots (Table 6). Trace amounts of
roxithromycin were also detected in lettuce roots and carrot
roots. Carrots showed the greatest amount of uptake of roxi-
thromycin, an average of 110 ng g-1, from the 1000 ng L-1

treatment. Neither clindamycin nor roxithromycin was detected
at the <1000 ng L-1 treatments. The greenhouse study demon-
strates potential for EC uptake from contaminated irrigation
water.

Phase II: Field Studies UA-CAC. The field study at UA-
CAC was a side-by-side comparison, and it did not include true
replication so statistical evaluations of production were not
possible. However, the observed production was generally lower
in the plot receiving effluent compared to that receiving well
water. Most of the crops evaluated are sensitive to salinity;
therefore, the high salinity (1.2 dS m-1) in the effluent, as
compared to the well water (0.2 dS m-1), may have caused the
limited production.

Although several of the ECs studied were constantly present in
the Tucson treated wastewater effluent (Table 2), only DMPEA
was consistently found in the UA-CAC food crops irrigated with
wastewater effluent. No uptake of azithromycin was seen in any
of the plant/root samples from Tucson effluent field crops. No
detectable levels of the study pharmaceuticals were found in the
soils collected from the root zones of the crops sampled in the
Tucson effluent field crops.

The results of the greenhouse study and of the field study with
treated effluent wastewaters indicate a potential for uptake of
pharmaceuticals from contaminated water, albeit at very low
levels. At present, it seems that the pharmaceuticals tested are
sufficiently diluted, or degraded, within the main channel of the
Colorado River and that risks of uptake by crops irrigated
downstream of municipal waste discharges are minimal.

Phase III: UA-YAC and Biosolids-Amended Field.None of
the ECs evaluated were found in spinach crops grown in the UA-
YAC fields irrigated with Colorado River water. This was not
surprising considering no detectable levels of these contaminants
were present in theColoradoRiverwater diverted for irrigation at
the IDD.However, in previous studies, perchlorate accumulation

has been found in plants when the contaminant was not detect-
able in irrigation water (28), perhaps due to soil accumulation or
plant bioconcentration. No detectable levels of the study phar-
maceuticals were found in the soils collected from the root zones
of the crops sampled in the Yuma area.

From a field nearby UA-YAC, soils and Bermuda grass were
collected. This field had been treated for several years with bio-
solids from the Hyperion WWTP (Orange County, California),
and the Bermuda grass was being used for animal fodder.
Whereas none of the ECs evaluated were detected in either the
soils or Bermuda grass grown in those soils, azithromycin,
clarithromycin, and DMPEA were detected in the roots of the
Bermuda grass (Table 7). Both azithromycin and clarithromycin
had been previously detected in Hyperion biosolids (20).

The final analysis of data from phases I-III has shown the
possibility, although small, of transfer of specific ECs into select
crops. The amount of ECs that were transferred was minimal
(parts per trillion levels), but the likelihood does exist.

Although this study was designed to look at the possibility of
transfer of human-use pharmaceuticals and other ECs into crops,
the possibility exists for other avenues of crop contamination via
animal husbandry practices. Animal manures and composts are
widely used on both feed and food crops in irrigated desert
production systems to increase organic matter and improve over-
all soil fertility and tilth. Due to concerns of microbial food risks,
state programs such as the Arizona and California Leafy Greens
Marketing Agreements prohibit the application of raw manures
for a one-year periodpreceding the production of leafy vegetables.
However, the programs do allow for composted manure applica-
tions immediately before production, provided that testing shows
the food systems are free of coliform indicators. Composts are
widely used by organic producers as the principal forms of N and
P fertilizers and are also widely used by conventional growers due
to soil quality improvements and production benefits. Therefore,
further work with other pharmaceutical contaminants potentially
present in irrigationwaters andanimal husbandrywaste composts
(i.e., combined animal feed lots) is warranted.
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