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HIGHLIGHTS

BPA was more uniformly distributed between roots, stems, and leaves in lettuce.
NP concentrations were highest at site of exposure for both crops.

BPA concentrations were highest at site of exposure in tomatoes only.

Estimated daily intake of BPA ranged from 8.9 to 62.9 pg.

Estimated daily intake of NP ranged from 11.9 to 95.1 p.g.
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The potential uptake and distribution of bisphenol A (BPA) and nonylphenol (NP) (from reclaimed
irrigation water) in edible crops was investigated. BPA and NP were spiked into simulated reclaimed
water at environmentally relevant concentrations. Two crops (lettuce, Lactuca sativa and tomato, Lyco-
persicon esculentum) were grown hydroponically in a greenhouse using the spiked irrigation water under
two irrigation exposure scenarios (overhead foliar exposure and subsurface root exposure). BPA con-
centrations in tomato fruit were 26.6 +5.8 (root exposure) and 18.3 +3.5 (foliar exposure) wgkg!,

gﬁﬂ‘;vgrrife:-disrupting chemicals while concentrations in lettuce leaves were 80.6 & 23.1 (root exposure) and 128.9 + 17.4 (foliar exposure)
Bisphenol A pgkg1. NP concentrations in tomato fruit were 46.1+ 6.6 (root exposure) and 24.6 & 6.4 (foliar expo-
BPA sure) wg kg1, while concentrations in lettuce leaves were 144.1 +9.2 (root exposure) and 195.0 + 16.9
Nonylphenol (foliar exposure) g kg~1. BPA was relatively mobile in lettuce plants regardless of exposure route. Limited
NP mobility was observed for NP in both crops and BPA in tomatoes. The estimated daily intake of BPA and NP

Bioaccumulation through consumption of vegetables irrigated with reclaimed water ranged from 8.9-62.9 to 11.9-95.1 p.g,

respectively, depending on the exposure route.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

There is growing interest concerning the possible health threats posed by
endocrine-disrupting chemicals (EDCs). EDCs are substances that interfere with
hormone biosynthesis, metabolism, or action resulting in a deviation from nor-
mal homeostatic control or reproduction [1]. Among the many EDCs, bisphenol
A (BPA) and nonylphenol (NP) have attracted public attention because of their
potential negative effects on human and environmental health [1-4]. BPA is an
industrial chemical used to manufacture a hard, clear plastic known as polycarbo-
nate [5]. NP is a common biodegradation product of nonylphenol polyethoxylates
(NPEOs) in wastewater [6-11]. Nonylphenol polyethoxylates (NPEOs) are one of
the most widely used classes of non-ionic surfactants, encompassing more than
80% of the world market [12]. Their biodegradation product NP has many isomers
with a phenol group and a linear (4-n-NP) or branched carbon (C) chain of nine C
atoms [6,13]. Widespread occurrences of BPA and NP have been reported in various
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environments [3,7,8,11,14] and foodstuffs [13,15-17].In a previous study [ 16], both
BPA and NP were detected in many vegetables and fruits, indicating a significant
potential exposure pathway for humans.

Reclaimed water is used for irrigation of agricultural crops worldwide due to
increasing shortages of freshwater resources [18-22]. Reclaimed water is a source
for many organic pollutants including pharmaceutical and personal care products in
food crops such as soybean (Glycine max), pumpkins (Cucurbita pepo), and cucum-
ber (Cucumis sativus) [23-25]. However, minimal information is available for the
potential bioaccumulation of BPA and NP in edible crops irrigated with reclaimed
water containing each. Reported BPA concentrations in effluents range from 0.01 to
370 wgL-! [26]; whereas NP concentrations range from 0.2 to 330 pgL~! [21,27].
Both BPA and NP were frequently detected at relatively high concentrations in efflu-
ents [26-28], suggesting that irrigation with reclaimed water may be a pathway for
BPA and NP entering into foodstuff.

This study evaluated the uptake, distribution, and mobility of BPA and NP in two
popular crops irrigated with simulated reclaimed water containing BPA and NP (at
environmentally relevant concentrations). Lettuce (Lactuca sativa) is grown world-
wide for its edible leaves, while tomatoes (Lycopersicon esculentum) are grown for
consumption of their fruit. Uptake and distribution were evaluated for two exposure
scenarios, (1) foliar contact (simulating overhead irrigation methods) and (2) root
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contact (simulating subsurface and micro-sprinkler irrigation methods). Human
exposures through consumption of vegetables (lettuce) and fruit (tomatoes) were
estimated from the data collected.

2. Materials and methods
2.1. Standards, reagents, chemicals, and plant materials

Standards of NP (4-n-NP) (>98%), BPA (>99%), and [3-estradiol
17-acetate (>99%, served as surrogate) were purchased from
Sigma-Aldrich (St Louis, MO). Isotope dilution standards (IDS)
including '3C12-BPA (ring-13C12, 99%), and 13C6-4-n-NP (ring-
136, 99%) were purchased from Cambridge Isotope Laboratories,
Inc. (Andover, MA). Standards were individually dissolved in ace-
tonitrile at concentrations ranging from 1 to 10mgL~!. Solvents
including acetone, hexane, and methylene chloride were of pes-
ticide grade while acetonitrile was of high performance liquid
chromatography (HPLC) grade (Fisher Scientific, Pittsburgh, PA).
Concentrated stock solutions were made for addition of the EDCs
to irrigation water. The BPA stock water solution (100 mgL~1) was
made by dissolving 200 mg of BPA in 2000 mL of reagent grade
water. The flask was sealed and placed on a magnetic stirrer for
over 12 h to assure complete dissolution of the BPA. The NP stock
solution (500 mg mL~!) was prepared in acetone. The stock solu-
tions were stored at <4°C before use. Lettuce (cv. Parris Island)
seeds were obtained from Ferry-Morse Seed Co. (Fulton, KY, USA)
while tomato (cv. Micro-Tom) seeds were kindly provided by Dr.
Jay Scott at Gulf Coast Research and Education Center, University
of Florida/IFAS.

2.2. Exposures

Lettuce (cv. Parris Island) and tomato (cv. Micro-Tom) seeds
were sown in commercially available germination media (Con-
rad Fafard Inc., Agawam, MA, USA). Seedlings (30 d old, with two
cotyledons and one true leaf) were transferred to a continuously
aerated hydroponic culture system in a greenhouse. Typical tem-
peratures in the greenhouse ranged from 30 °C during daytime to
15°C during nights. The humidity in the greenhouse ranged from
40 to 85%, reflecting levels outside. Each seedling was grown in
an 11.4-L container in 50% Hoagland’s nutrient solution [29]. The
hydroponic nutrient solution was made by adding individual salts
to aged, analyte-free tap water. The pH of the hydroponic solu-
tion ranged from 6.26 to 7.47 while electrical conductivity (EC)
ranged from 1.99 to 2.34mScm~! during the entire experiment.
There were eight replicates for each treatment.

Irrigation source water (simulated reclaimed water) was spiked
with BPA and NP at a target concentration of 50 wgL~!, which
is a moderate environmentally relevant concentration based on
previous reports [27,28]. Uptake of the EDCs into the plants was
measured using two modes of exposure - root exposure (referring
to irrigation of roots only, as with drip and subsurface irrigation
methods) and foliar exposure (referring to overhead irrigation
where irrigation water contacts the foliage). For the root exposure
treatment, BPA and NP were spiked directly into the hydro-
ponic nutrient solution. BPA and NP can be degraded efficiently
by microflora in aqueous and soil environments, with half-lives
of 1d or less [20,30]. This short half-life was confirmed in the
hydroponic system used in the current study based on several mon-
itoring events using an HPLC equipped with a fluorescence detector
(Waters Corporation, Milford, MA). The aeration system used in
the hydroponic system likely enhanced biodegradation of the con-
taminants. For the foliar exposure treatment (overhead irrigation),
BPA and NP were not spiked into the hydroponic nutrient solution.
Instead, both compounds were dissolved in reagent grade water at
a concentration of 50 wgL~1, followed by spraying (5-200 mL per

day for lettuce; 2-30 mL per day for tomato) onto the leaves daily to
simulate daily overhead irrigation with reclaimed water. The vol-
ume applied was based on the amount needed to wet all foliage
and increased as the plants grew larger. Lettuce experiments ran
for 30 days, while tomato experiments ran for 80 days reflecting the
time to produce mature crops. The total spiking masses in the root
exposure treatments for lettuce and tomato were 300 and 800 mg
per plant, respectively; while those in the foliar exposure treat-
ment were 103.5 and 47.5 ng per plant, respectively. Differences
in amounts applied to each plant were due to the need for daily
additions in the root exposure treatments, and the different vol-
umes needed to wet the foliage for the foliar exposure treatments.
Both root and foliar treatments included controls that received no
BPA or NP. After the exposure periods, each plant was dissected
into roots, leaves, stem, or fruit. Fresh weight of all plant fractions
was recorded; followed by rinsing with deionized water, draining,
freezing, and storage at —20°C until extraction. All glassware and
containers were washed with soapy water and rinsed with deion-
ized water, dichloromethane and acetone before use to eliminate
potential cross-contamination.

2.3. Sample preparation and analysis

To evaluate the potential bioaccumulation of BPA and NP in
lettuce and tomato, six of the eight replicate plants in the green-
house were randomly selected, extracted, and analyzed using
isotope dilution gas chromatography with tandem mass spectrom-
etry (GC-MS/MS) [16]. Briefly, plant samples (5g) were mixed
with 100 mL acetone after the IDS and surrogate (3-estradiol 17-
acetate) was added. The surrogate was spiked at 50 wgkg~!. The
samples were then homogenized in a glass research-grade blender
and subjected to ultrasonic extraction, followed by vacuum fil-
tration. The extracts were evaporated to dryness, redissolved in
acetonitrile, followed by non-specific acid hydrolysis. The acidi-
fied solution with the target compounds was then extracted with
methylene chloride. The extract was evaporated to dryness before
being subjected to trimethylsilyl derivatization. The derivatized
extracts were dried using UHP nitrogen and were then dissolved
into 100 pL of hexane for analysis. The derivatized extracts were
analyzed using a Varian 3800 gas chromatograph connected to a
Varian 4000 mass spectrometer with aninternal electron ionization
(EI) source (Agilent Technologies, Santa Clara, CA, USA). The tar-
get compounds were separated using a Rxi-5MS (30 m x 0.25 mm,
0.25 wm film thickness) capillary column (Restek Co., Bellefonte,
PA, USA). The carrier gas (helium) was maintained at a constant
flow rate of 1mLmin~'. Temperatures of the transfer line, trap,
and manifold were held at 270°C, 150°C, and 50 °C, respectively.
Prepared extracts (2 L) were injected in splitless mode. Inlet tem-
perature was held at 280°C and the oven temperature program
was as follows: initial temperature, 130°C; increasing to 280°C
at 10°Cmin~1; hold at 280°C for 5min. The solvent delay was
set to 5 min. Quantification and confirmation of analytes was per-
formed in multiple reaction monitoring (MRM) mode using matrix
matched standards as described by Lu et al. [16]. MRM transitions
for BPA and the internal standard 13C12-BPA were 357 > 191+ 341
and 369 > 197 +353, respectively; while those for NP (4-n-NP) and
the 13C6-4-n-NP internal standard were 179>73 and 185>73,
respectively. Method recoveries ranged from 96 to 99%. The lim-
its of detection (LOD) for BPA and NP were 0.03 and 0.1 pgkg™1,
respectively. The limits of quantification (LOQ) for BPA and NP were
0.1 and 0.3 pgkg1, respectively.

Samples of the spiked water (for root and foliar exposures)
were collected on several days, centrifuged at 15,000 rpm, and
analyzed using a Waters 2695 (Milford, MA, USA) Alliance high
performance liquid chromatograph (HPLC) equipped with a Waters
Carbamate Analysis column (150 x 3.9 mm) (Milford, MA, USA) and
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a Waters 474 fluorescence detector. Binary gradients of acetonitrile
and water composed the mobile phase. For BPA analysis, acetoni-
trile was increased from 40 to 58% within 4.5 min. For NP analysis,
acetonitrile was increased from 80 to 90% within 5.0 min, with a
10min hold (15 min total run). The mobile phase flow rate was
1.0mLmin~!. Excitation wavelength for BPA was 225 nm and the
emission wavelength was 310 nm. Excitation wavelength for NP
was 280 nm and the emission wavelength was 310 nm. Injection
volume was 500 pL and the column temperature was maintained
at 35°C. Method detection limits (MDLs) for BPA and NP were 0.1
and 0.5 pg L1, respectively.

2.4. Data analysis

Daily intake of BPA and NP was estimated by multiplying the
average daily vegetable consumption by the concentrations of each
in lettuce leaves or tomato fruit. In this study, the average daily
vegetable intake was estimated to be 488 g d~! (Per capita con-
sumption of vegetables in 2010: 178 kg yr~1)[31]. The distribution
(%) of each compound in plants was calculated by dividing the total
masses in each tissue (i.e. roots, stem, leaves, fruit) by the total
amount in the plants. Total mass in each tissue was calculated by
multiplying the measured concentration by the fresh weight of each
tissue; while the total mass in plants was calculated by adding the
total mass of EDCs in each tissue of the plant together.

3. Results

BPA and NP were detected in different tissues of lettuce and
tomato in both root and foliar exposure treatments (Fig. 1),
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suggesting that both compounds can be taken up by crops through
both roots and leaves when present in reclaimed water irrigation.

3.1. Uptake and distribution

3.1.1. BPA

3.1.1.1. Lettuce. Exposure pathways influenced the partitioning
behavior of BPA within lettuce plants. In the root exposure exper-
iments, mean concentrations of BPA were highest in lettuce roots
(248.8 £37.9 pgkg1),lowestin the stems (27.4 + 3.6 wgkg~1),and
intermediate in the leaves (80.6 +23.1 ugkg~!) (Fig. 1). Account-
ing for the mass of each respective tissue, total BPA content in
each tissue type was 35.9 + 5.8 g (roots), 4.8 + 0.8 g (stems), and
26.0+6.0 pg (leaves) (Fig. 2). On a percentage basis, 53.9% of the
total mass taken up by the plant was distributed to the roots, while
39.0 and 7.1% was detected in the leaves and stems, respectively
(Fig. 2).

In contrast, highest mean concentrations for the foliar exposure
treatments were detected in the foliage (128.9+17.4 ugkg~!) and
roots (116.9+13.1 pgkg1) (Fig. 1). As with the root exposures,
concentrations in the stems (52.8 =+ 15.1 ugkg~1) were the lowest.
The total mass of BPA detected in each tissue type, accounting for
the mass of tissue, was 19.5+3.2 pg (roots), 9.7 + 2.3 pg (stems),
and 48.0 £6.1 pg (leaves) (Fig. 2). On a percentage basis, 25.3% of
the total mass taken up by the plant was distributed to the roots,
while 62.2 and 12.6% was detected in the leaves and stems, respec-
tively, indicating that the leaves were the primary sink (Fig. 2).

3.1.1.2. Tomato. As with lettuce, uptake occurred into all parts
of the tomatoes, regardless of exposure pathway. Following root
exposures, mean concentrations of BPA in tomato roots, stems,
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Fig. 1. Concentrations of BPA and NP in lettuce and tomato. Note: total mass of BPA and NP that plants were exposed to differed between species and exposure scenario (i.e.
root exposures, lettuce (300 pg/plant) and tomato (800 pg/plant); foliar exposures, lettuce (103.5 pg/plant) and tomato (47.5 pg/plant)).
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Fig. 2. Bisphenol-a (BPA) and nonylphenol (NP) mass (pg) and distribution (%) in
lettuce associated with root and foliar exposures. Plants were exposed to a total of
300 pg/plant (root exposure) and 103.5 pg/plant (foliar exposure).

leaves, and fruit were: 229.1+51.6 ugkg™!, 16.2+3.4ugkg?,
94.4+27.8 ngkg!, and 26.6+5.8 wgkg1, respectively (Fig. 1).
Accounting for the mass of each tissue, total mass detected in each
was 8.9+ 1.6 pg (roots), 2.3 +0.4 wg (fruit), 1.9+ 0.3 pg (leaves),
and 0.2 £0.1 pg(stems)(Fig. 3). Ona percentage basis, these masses
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Fig. 3. Bisphenol-a (BPA) and nonylphenol (NP) mass (pg) and distribution (%) in
tomato associated with root and foliar exposures. Plants were exposed to a total of
800 p.g/plant (root exposure) and 47.5 pg/plant (foliar exposure).

equate to 67.1% (roots), 17.0% (fruit), 14.2% (leaves), and 1.7%
(stems) of the total mass taken up by the plants (Fig. 3).

In contrast, BPA concentrations in each respective tissue
following foliar exposures were: 18.2+53pugkg ! (roots),
49+2.0ugkg ! (stems), 363.3+693pngkg ! (leaves), and
18.3+£3.5wgkg™! (fruit) (Fig. 1). The total mass in each tissue
type was: 1.0+0.3 ug (roots), 0.1+0.03 pg (stems), 9.2+1.4 ng
(leaves), and 1.8 £0.3 wg (fruit) (Fig. 3). These masses equate to
8.2% (root), 0.7% (stems), 76.5% (leaves), and 14.6% (fruit) of the
total mass taken up by the plants, indicating that leaves were the
dominant sink (Fig. 3).

3.1.2. NP

3.1.2.1. Lettuce. In the root exposure experiments, concentra-
tions of NP were 3537.2 4+ 325.5 wgkg~! (roots), 41.3+9.0 pgkg!
(stems), and 144.1+9.2 pgkg~! (leaves) (Fig. 1). Accounting for
the mass of each tissue type, the total mass of NP in each
was 191.3 £30.1 pg (roots), 5.1 £ 1.3 pg (stems), and 25.2 +4.1 ug
(leaves) (Fig. 2). As a percentage of the total NP taken up by the
plants, these masses equate to 86.3% (roots), 2.3% (stems),and 11.4%
(leaves), indicating that the roots are the primary sink (Fig. 2).

In contrast, concentrations of NP in tissues from the
foliar exposure treatments were 58.9+19.4ugkg-! (roots),
705493 pugkg! (stems), and 195.0+169 ugkg! (leaves)
(Fig. 1). The total mass in each tissue type, accounting for tis-
sue mass, was: 3.0+0.9 g (roots), 9.5+1.6 ng (stems), and
37.0+ 1.8 pg (leaves) (Fig. 2). These masses equate to 6.2% (root),
19.2% (stems), and 74.6% (leaves) of the total mass taken up by the
plants, indicating that leaves were the dominant sink (Fig. 2).

3.1.2.2. Tomato. NP was also detected in all tissues of tomatoes,
regardless of irrigation exposure method. Concentrations in tis-
sues from the root exposure treatment were 425.5+117.2 pg kg1
(roots), 44.4+ 3.0 ugkg~! (stems), 39.4+ 8.5 pugkg! (leaves), and
46.1+6.6 pgkg~! (fruit) (Fig. 1). These concentrations, accounting
for tissue mass, equate to 6.9 + 1.8 pg (roots), 1.1 +0.2 g (stems),
1.6 £0.4 pg (leaves), and 6.3 + 1.0 g (fruit) (Fig. 3). These masses
equate to 43.6% (root), 6.7% (stems), 10.2% (leaves), and 39.5% (fruit)
of the total mass taken up by the plants, indicating that roots and
fruit were dominant sinks (Fig. 3).

In contrast, concentrations from the foliar exposure treat-
ments were: 17.7 £ 1.9 pugkg! (roots), 45.3 + 3.0 wgkg~! (stems),
135.9+13.7 ugkg! (leaves), and 24.6 + 6.4 pgkg~! (fruit) (Fig. 1).
Accounting for the mass of each tissue, total mass detected in
each was 0.3+0.03 pg (roots), 1.0+0.4 ug (stems), 3.3+0.4 ng
(leaves),and 2.8 + 0.7 g (fruit) (Fig. 3). On a percentage basis, these
masses equate to 3.4% (roots), 38.0% (fruit), 45.6% (leaves), and
13.0% (stems) of the total mass taken up by the plants, indicating
dominant distribution to leaves and fruit (Fig. 3).

4. Discussion

The uptake and distribution of BPA and NP (from simu-
lated reclaimed irrigation water) into edible crops was observed.
BPA (log Kow = 3.40, water solubility=300mgL-") [32,33] and NP
(log Kow =4.48, water solubility=4.9 mgL-1) [34] were more water
soluble than the traditional hydrophobic organic compounds such
as pentachlorophenol (log Kow =5.12) and pyrene (log Kow =4.88)
which are relatively immobile past the roots (evaluated root expo-
sure only) [35]. According to Dettenmaier et al. [35] the uptake
of organic pollutants through crops (soybean and tomato) almost
ceased when the log Ko of the chemical is greater than 4.8. Expo-
sure pathway (irrigation method) significantly influenced BPA and
NP distribution in both crops. In both cases, the exposed tissues
(roots or foliage) had the highest mass of each contaminant. How-
ever, interestingly both compounds were mobile to a limited extent
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within the plants (Figs. 1-3). Of the two exposure pathways, expo-
sure of the foliage resulted in higher loadings of BPA and NP in the
plant, relative to the root exposure pathway.

As a percentage of the total mass applied to the foliage in
irrigation water, 74.6% and 47.9% of the BPA and NP was detected
within the lettuce plants (whole), respectively; while 25.3% and
15.5% of each were accounted for in the tomatoes, respectively. It
is difficult to accurately estimate uptake efficiency for both com-
pounds in the root exposure treatments due to their instability in
the hydroponic system. Previous studies have reported that BPA
and NP can quickly degrade in aqueous and soil environments due
to microbial action [20,30], similar to this study. Ignoring the insta-
bility issue, the total mass uptake ranged from 0.002% (tomatoes)
to 0.02% (lettuce, BPA) and 0.07% (lettuce, NP) of the total amount
of both contaminants applied to both crops, with roots containing
the highest concentrations of each. These results support those of
Dodgen et al. [36], who also reported maximum accumulation of
BPA and NP in roots of lettuce and collards grown hydroponically,
with minimal transport into aerial portions of the plants. These
results indicate that uptake of both compounds by the plants is
more efficient with foliar exposures, relative to root-only expo-
sures. Interestingly, significant redistribution of BPA through the
stems and into the roots was observed when it was applied to the
foliar treatments, resulting in relatively uniform concentrations in
the leaves (128.9 +17.4 pg/kg) and roots (116.9 +13.1 pg/kg) of
the plants (Fig. 1). However, when corrected for total mass of tis-
sues, more BPA accumulated in the leaves (62% of BPA taken up,
Fig. 2). Similarities in NP concentrations were not observed, likely
due to its much greater hydrophobicity. This transport pathway
was likely associated with symplastic transport of BPA conjugated
to carbohydrates. Lu et al. [16] reported higher analytical yields
of BPA and several other contaminants from vegetables and fruit
when plant tissues were subjected to a hydrolysis step, presumably
due to hydrolysis of carbohydrate-contaminant bonds.

Results from this study are useful for estimating potential
human exposures through the consumption of vegetables and fruit
irrigated with reclaimed water containing BPA and NP. Assuming
per capita vegetable consumption of 488¢g d~! [31] and that the
mean concentrations of EDCs in lettuce leaves are representative
of all vegetables, the daily intake of BPA and NP through consump-
tion would range from 13.0 to 70.3 jug based on the data from the
root exposure treatment (common root irrigation culture system);
and from 8.9 to 95.1 g for foliar-applications of reclaimed water.
Assessment of risks to human health is beyond the scope of this
study given the current uncertainty and lack-of-agreement associ-
ated with effects-thresholds for human health.

5. Conclusions

This research demonstrated the movement of BPA and NP (at
environmentally relevant concentrations) into edible crops follow-
ing root and foliar exposures simulating subsurface and overhead
irrigation techniques using water containing the two compounds.
Concentrations of nonylphenol in both crops tended to be great-
est at the site of exposure, with some redistribution within the
plants. In contrast, BPA concentrations in lettuce tended to be
distributed more evenly between roots and leaves, regardless of
exposure route, with less redistribution in the tomatoes. However,
uptake into the aerial plant organs was more efficient through
foliar contact. For this reason, exposure of consumers to these
contaminants may be minimized by limiting contact of reclaimed
water with the aerial portions of crops. These results highlight
the individual species-contaminant relationships associated with
potential uptake and redistribution. Further research is needed to
better define these relationships using a wider array of chemical

properties in order to develop models for predicting potential
contamination of edible crops. These results likely represent a
worse-case scenario for plant exposures. In production systems,
the contaminants would be exposed to, and interact with, soil
components and more diverse microbial populations, which could
significantly reduce their availability for uptake by the crop plants.
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