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Abstract

The use of treated wastewater (TWW) for agricultural irrigation is a critical measure in
advancing sustainable water management and agricultural production. However, TWW irrigation
in agriculture serves as a conduit to introduce many contaminants of emerging concern (CECs)
into the soil-plant-food continuum, posing potential environmental and human health risks.
Currently, there are few practical options to mitigate the potential risk while promoting the safe
reuse of TWW. In this greenhouse study, the accumulation of 11 commonly occurring CECs was
evaluated in three vegetables (radish, lettuce, and tomato) subjected to two different irrigation
schemes: whole-season irrigation with CEC-spiked water (FULL), and half-season irrigation
with CEC-spiked water, followed by irrigation with clean water for the remaining season
(HALF). Significant decreases (57.0-99.8%, p < 0.05) in the accumulation of meprobamate,
carbamazepine, PFBS, PFBA, and PFHXA in edible tissues were found for the HALF treatment
with the alternating irrigation scheme. The CEC accumulation reduction was attributed to
reduced chemical input, soil degradation, plant metabolism, and plant growth dilution. The
structural equation modeling showed that this mitigation strategy was particularly effective for
CECs with a high bioaccumulation potential and short half-life in soil, while less effective for
those that are more persistent. The study findings demonstrate the effectiveness of this simple
and on-farm applicable management strategy that can be used to minimize the potential
contamination of food crops from the use of TWW and other marginal water sources in

agriculture, while promoting safe reuse and contributing to environmental sustainability.

Keywords: Contaminants of emerging concern; PFAS; Wastewater irrigation; Plant uptake and

accumulation; Water reuse
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1. Introduction

Treated municipal wastewater (TWW) is a promising alternative water resource for
augmenting agricultural irrigation and conserving freshwater, especially in arid and semi-arid
regions (Shi et al., 2022; Singh, 2021; Sokolow et al., 2019). However, despite the increasing
need for reuse of TWW and other marginal water for agricultural irrigation, the potential risks
associated with contaminants in TWW remain a significant challenge for the broader adoption of
this practice (Carter et al., 2019; Natasha et al., 2023; Ruan et al., 2023). Due to industrial
activities, household consumption of pharmaceuticals and personal care products (PPCPs), and
other chemicals lead to the accumulation of these contaminants in municipal wastewater, and
they may appear in treated wastewater due to incomplete removal (Lin et al., 2020; Rogowska et
al., 2020; Tran et al., 2018). Many contaminants of emerging concern (CECs), including PPCPs,
per- and polyfluoroalkyl substances (PFAS), flame retardants, and plasticizers, are known to
have biological activity and may have adverse ecological and human health effects at
environmentally relevant concentrations (Anderko and Pennea, 2020; Christou et al., 2017a;
Sharma et al., 2019; Tang et al., 2020; Yang et al., 2022).

The ubiquitous occurrence of CECs in agricultural fields receiving TWW irrigation has been
increasingly documented (Ben Mordechay et al., 2022; Biel-Maeso et al., 2018; Christou et al.,
2017b; LeFevre et al., 2017; Pullagurala et al., 2018). For example, concentrations of CECs in
samples of food crops, collected from 445 commercial fields, varied among plant species and
organs (Ben Mordechay et al., 2021). In general, leaves exhibited the highest accumulation,
ranging from <0.1 to 2,470 ng/g, while median concentrations of <10 ng/g were found in roots,
fruits, or tubers (Ben Mordechay et al., 2021). Martinez-Piernas et al. (2019) analyzed 74

frequently occurring CECs in TWW and found 12 of the target compounds in lettuce and radish,
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at concentrations of 0.03-57.6 ng/g. Under field conditions, the total concentrations of 19 PPCPs
in the edible tissues of vegetables irrigated with TWW ranged from 0.01 to 3.87 ng/g (Wu et al.,
2014). Although our understanding of plant accumulation of CECs has improved greatly over the
last decade, research on mitigation strategies to minimize the potential accumulation of CECs in
food crops is limited. The lack of practical management strategies hinders the broader adoption
of TWW irrigation in agriculture.

A potentially effective and on-farm applicable mitigation strategy is a hybrid or alternating
irrigation scheme, e.g., TWW irrigation for the first part of the growing season, followed by
freshwater (FW) irrigation for the remaining season. Conceptually, the use of TWW irrigation
only for the first part of the growing season reduces the chemical input and allows time for the
attenuation of CECs through processes such as soil degradation, plant metabolism, and plant
growth dilution. In a preliminary study, we used hydroponic cultivation to demonstrate this
concept, and observed reductions ranging from 52.0-96.6% for select CECs in lettuce and tomato
grown in nutrient solutions (Shi et al., 2023b). However, the TWW-soil-plant continuum
represents a much more complex system than hydroponic cultivation, and processes such as
adsorption/desorption and rhizosphere microbial degradation likely play important roles in
influencing plant accumulation of CECs (Mei et al., 2021; Sutherland and Ralph, 2019; Yu et al.,
2021). To further advance this concept for eventual field implementation, we carried out
greenhouse experiments, in which three common vegetables were grown in soil. Radish, lettuce,
and tomato were chosen as model food plants in this study, as they represent root, leafy, and fruit
vegetables. We hypothesized that when irrigation with TWW is discontinued, CECs dissipate in
the soil-plant system due to rhizosphere degradation, plant metabolism, and growth dilution,

leading to reductions in CEC accumulation in the edible tissue at maturity. Structural equation
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modeling (SEM) was further used to explore the contribution of various factors to the reduced
CEC accumulation. The findings of this study are expected to solidify alternating irrigation as a
feasible mitigation practice, contributing to an increased acceptance of TWW and other marginal
waters to sustain agriculture and the environment.
2. Materials and Methods
Chemicals

Eleven compounds were selected in this study based on their occurrence and generally high
levels in TWW. The selected test compounds included acetaminophen, caffeine, meprobamate,
ibuprofen, naproxen, carbamazepine, atenolol, fluoxetine, perfluorobutanesulfonic acid (PFBS),
perfluorobutanoic acid (PFBA), and perfluorohexanoic acid (PFHxA), covering a range of
chemical classes and physicochemical properties (Table S1). The sources of chemical standards
are provided in Text S1. Stock solutions of all target compounds were prepared in methanol and
stored at -20°C prior to use. The QUEChERS extraction kit containing 6 g magnesium sulfate
(MgSOQa4) and 1.5 g sodium acetate (NaOAc) and cleanup kit containing 400 mg of primary
secondary amine (PSA), 400 mg of bulk carbograph, and 1200 mg of magnesium sulfate were
purchased from Agilent (Santa Clara, CA). High-purity Fisher HPLC grade solvents were used
for all extractions and analyses (Fisher Scientific, Waltham, MA). Deionized (DI) water was
produced in-house using a Barnstead E-Pure water purification system (Thermo Scientific,
Dubuque, 1A) for all analysis.
Soil properties

The soil was collected from a field at the University of California, Riverside Agricultural
Operations and sieved through a 2-mm mesh after air drying. Particle size distribution was

determined by the 12-h hydrometer method (Klute, 1986). The soil was classified as a sandy
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loam based on the texture (51.9% sand, 43.5% silt, and 4.6% clay). A soil pH of 6.5 was
measured using the soil slurry method (Donohue, 1992). Total carbon and nitrogen contents were
determined using a FlashEA NC Analyzer (Thermo Fisher, Waltham, MA), while the major
elements were characterized by inductively coupled plasma-optical emission spectroscopy (ICP-
OES) (PerkinElmer Optima 7300DV). Specific soil properties are summarized in Table S2. In
addition, degradation and adsorption of CECs in the soil were measured for individual CECs
using batch incubation or batch equilibration methods (Xu et al., 2009), from which half-life
(T12) values and adsorption coefficients (Kd) were derived and used for data interpretation and
model prediction.
Greenhouse experiments

Three vegetable species, i.e., radish (Raphanus sativus L.), lettuce (Lactuca sativa L.), and
tomato (Solanum lycopersicum L.), were selected as they represent leaf, root, and fruit
vegetables, respectively. The seeds of these vegetables were first germinated on wet filter paper
(Cytiva, MA) until the root had emerged. Then, 3 seedlings were transferred to polypropylene
pots (17 cm height, 10 cm top diameter, 7 cm bottom diameter) containing moist soil (1.2 kg dry
weight). Deionized water was periodically added to each container to maintain a water content of
75% of the soil's maximum water-holding capacity, to compensate for the water loss from
evapotranspiration. This ensured that the plants received sufficient water for growth, while
preventing water from leaching from the bottom of the containers. The plants were grown in a
greenhouse receiving full sunlight, with a daily temperature variation of 15 to 40 °C and a
relative air humidity of 30 to 60%.

When the cotyledons had developed, each container was thinned to one plant and subjected

to one of the following two irrigation treatments: the FULL treatment received irrigation with
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CEC-spiked water (5 ug/L of each CEC in DI water) throughout the entire growth period, while
the HALF treatment received CEC-spiked water for the first half of the growth period and then
received only DI water for the second half. Plant-free and CEC-free controls were included to
monitor the background levels of CECs in soil and plant tissues. Since daily watering needs
varied for the different plant species, the same total volume of spiked water was added to each
container daily, while any additional watering needs were accounted for with DI water. In
addition, the amount of water applied was increased to accommodate plant growth during the
second half of the growing season. To supplement nutrients, a water-soluble fertilizer (Peters
Professional 20-20-20 General Purpose Fertilizer) was applied along with the irrigation water
once a week at 125 mg/L.

Triplicates from each treatment group of each plant species were sacrificed at four different
time points: 1/4, 2/4 (water source switch point for HALF treatment), 3/4, and 4/4 (harvest point)
of the total growth period. The total growth durations for radish, lettuce, and tomato were 37, 49
and 93 days, respectively, when they reached maturity or market-ready state. For the HALF
treatment, the irrigation water was switched from CEC-spiked solution to fresh water at the
middle point, or day-17 and day-25 for the radish and lettuce, respectively. For the tomato, the
water source switch was at day-42, when the fruit began to develop. The control treatment
groups were sampled only at the end of the growing season, i.e., harvest point. The growth
period and sampling time points for each vegetable are shown in Figure S1.

For sampling, the entire plant was carefully removed from the soil and separated into roots
and shoots (and fruits for tomato) after being carefully rinsed with DI water. The collected soil

was thoroughly homogenized, and a small fraction was used for subsequent chemical analysis.
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All plant and soil materials were stored in a —80 °C freezer prior to sample preparation and
chemical analysis.
Chemical extraction and analysis

Soil samples were freeze-dried for 72 h and then ground into fine particles using a mortar and
pestle. A 2.0-g aliquot of soil was weighed into a 15 mL polypropylene centrifuge tube (Sigma,
St. Louis, MO). Each soil sample was spiked with 50 pL of a mixture of isotope-labeled CECs (2
mg/L stock solution in methanol) as the recovery surrogate. The soil samples were extracted and
analyzed according to a modified AOAC method (Lehotay et al., 2007). Briefly, 2 mL of DI
water and 5 mL of acetonitrile containing 1% acetic acid were added to the sample tube and the
mixture was vortexed for 1 min, then shaken at 200 rpm for 5 min. The slurry was added with 2 g
of anhydrous MgSQO, and 0.5 g of NaOAc, and the sample tube was shaken at 200 rpm for
another 5 min, followed by centrifugation at 3500 rpm for 20 min.

The freeze-dried plant tissues were homogenized into powder with a stainless-steel grinder,
before weighing a 0.5-g aliquot into a 50 mL polypropylene centrifuge tube and spiking with 50
pL of a mixture of isotope-labeled CECs. The plant tissue extraction procedure was similar to
that of the soil samples, with 4 mL of DI water, 10 mL of acetonitrile (1% acetic acid), 6 g of
MgSQ,, and 1 g NaOAc. The supernatant was collected in a 15 mL centrifuge tube containing 1
g d-SPE cleanup sorbents (200 mg PSA, 200 mg bulk carbograph, 600 mg MgSQ.,). The samples
were vortexed for 1 min, followed by centrifugation at 3500 rpm for 20 min.

The supernatant was collected after centrifugation, dried under nitrogen, and reconstituted
with 1 mL water/methanol (1/1, v/v) for both soil and plant samples. All extracts were

transferred into 2 mL polypropylene microcentrifuge tubes and centrifuged at 15000 rpm for 15
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min. The supernatant was then transferred to a 300-pL polypropylene vial for instrumental
analysis.

Concentrations of the target CECs were determined on a Waters ACQUITY
ultraperformance liquid chromatograph (UPLC) in tandem with a Micromass triple quadrupole
(TQD) mass spectrometer with an electrospray ionization source (Waters, Milford, MA).
Additional details on LC—MS/MS analysis can be found in Text S2 and Table S3.

Quality Assurance/Control and Statistical Analysis

Confirmation of the target CECs was achieved using the observed ion transitions and
comparison against peak retention times of authentic standards in mass spectrometry and
chromatography. Matrix blanks were obtained from non-spiked plants grown in CEC-free
growth media for each species. Solvent blanks (1:1, v/v methanol/water), matrix blanks, and
matrix spike analyses were included to monitor for method variation and background
contamination. Stable isotope-labeled surrogates (deuterium or *3C) were included in all samples
to determine analyte recoveries, correct matrix effects, and instrument response shifts. Limits of
quantification (LOQ) and recoveries were established for each analyte through preliminary
experiments and are summarized in Table S4. An analytical precision measurement was
performed by analyzing one sample of the calibration standard in triplicate for every 10-20
samples analyzed, and a <20% relative standard deviation was observed throughout the study.

Data analysis and post-processing were performed using GraphPad Prism (La Jolla, CA). To
evaluate the difference between the FULL and HALF treatments, statistical analyses including
one-way analysis of variance (ANOVA) and Student's t-test were performed, with a significance
level of p < 0.05. The partial least square Structural Equation Modelling (SEM) analysis was

used to evaluate the relationships between reduction factor (RF) in different plant compartments
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and various physiochemical properties, i.e., log Kow, K, solubility, root concentration factor
(RCF), and translocation factor (TF). In this study, WarpPLS 8.0 (ScriptWarp Systems, Laredo,
TX) software was employed to generate the model using the robust maximum likelihood method.

3. Results and Discussion

3.1 CEC accumulation in plant tissues

In this study, the effect of irrigation alternation on the plant accumulation of CECs was
characterized in three different vegetable species grown in soil under greenhouse conditions. To
monitor changes in CEC concentrations in plant tissues and soil, samples of soil and plant tissues
were collected for each vegetable species at four different time points, i.e., the water source
switch point, harvest point, and two midway time points (Figure S1). The plants grown under the
two irrigation schemes showed no significant differences in their biomass (p > 0.05). For the
same treatment, there were significant variations among the different CECs in their levels in the
plant tissues and soil, even though the same nominal concentration (5 pg/L) was used for all
CECs (Figures 1 and 2, Figures S2 and S3). For example, at the time of harvest, PFBA (227.1 +
82.8 ng/g), PFHXA (26.2 £ 7.7 ng/g) and meprobamate (10.6 + 1.9 ng/g) were detected in the
radish root (edible tissue) for the FULL treatment. A similar pattern was observed in the edible
tissues of lettuce (lettuce shoot) and tomato (tomato fruit). In contrast, acetaminophen, ibuprofen,
caffeine, and meprobamate were infrequently detected, or detected at much lower levels.

When detected, the CEC accumulation in plants from the HALF treatment was significantly
lower (p < 0.05) than that from the FULL treatment, and the difference was observed in both
edible and non-edible tissues (Figures 3 and S4). For example, in radish tuber at harvest, the
levels of PFBA, PFBS, and carbamazepine were 227.1 £ 82.8, 28.0 £ 11.2, and 26.5 + 0.6 ng/g,

respectively, for the FULL treatment, which decreased to 67.4 £ 42.7,10.5+4.3and 4.2 £ 3.1

10
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ng/g, respectively, for the HALF treatment. A similar trend was observed in lettuce, with PFBA
having the greatest shoot accumulation at 3926.1 + 284.5 ng/g at harvest for the FULL treatment,
while the concentration was 1189.6 + 75.1 ng/g under the HALF irrigation scheme. Tomato
fruits from the FULL treatment showed a significant accumulation of PFBA and PFHXA at
2595.7 £ 550.9 and 637.2 + 149.9 ng/g, respectively, while the corresponding levels were 612.5
+ 196.6 and 130.3 + 81.2 ng/g for the HALF treatment.

It can also be noted that despite being in direct contact with the soil, radish tuber
accumulated significantly less CECs than lettuce shoot or tomato fruit on a dry biomass basis.
The differences may be due to the upward translocation of these mobile compounds driven by
plant transpiration. For example, the concentrations of PFAS in radish shoots in the FULL
treatment ranged from 565.7 to 7239.5 ng/g, which were an order of magnitude higher than those
in the tuber. A similar trend was observed in lettuce and tomato whole plants. For example,
carbamazepine and PFBA were detected at 40.7 + 6.4 and 282.1 + 110.2 ng/g, respectively, in
lettuce roots at harvest in the FULL treatment, which were significantly lower than those
detected in the lettuce shoot (336.4 + 26.3 and 3926.1 + 384.5 ng/g, respectively). Likewise, the
levels of PFBA and PFHXA in tomato roots at harvest were 69.2 + 43.4 and 33.0 + 17.6 ng/g,
respectively, while the levels in tomato shoots were 1536.0 + 137.8 and 440.5 + 71.6 ng/g, and
the respective values for tomato fruit were 2596.7 + 551.0 and 637.2 + 150.0 ng/g (Figure 3 and
Figure S4). A high percentage of water taken up by the tomato plant is used for fruit
development, as compared with the amount of water that transpires (Fitter and Hay, 2012;
Yakushiji et al., 1998). Observations from this and other studies suggest that for highly mobile
compounds such as short chain PFAS, upward translocation is an important process contributing

to their accumulation in above-ground tissues, including the fruit.

11
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To characterize the translocation of CECs in plants after root uptake, translocation factor
(TF) was calculated as the ratio of the chemical concentration in the shoot (aboveground part) to
that in the root (Cshoot/Croot). Acetaminophen, meprobamate, carbamazepine, and all three PFAS
compounds showed a strong tendency for upward movement, with TF > 1, while other CECs
showed limited translocation (Figure S5). Compounds with moderate log Kow (1 to 3) exhibited
high TFs, as observed with acetaminophen, meprobamate, and carbamazepine, which could be
attributed to their ability to move through the xylem vessels (Miller et al., 2016; Roberts and
Oparka, 2003; Tester and Leigh, 2001). PFAS compounds with relatively short carbon chains are
hydrophilic and recalcitrant to microbial degradation and plant metabolism, and can readily
penetrate roots and translocate upward, which may have contributed to their high accumulation
in the above-ground parts (Jiao et al., 2020; Zhang et al., 2019). It is worth noting that even
though PFBA and PFBS have the same carbon chain length, their different functional groups led
to distinctly different accumulation patterns, with PFBS consistently exhibiting greater
accumulation in above-ground tissues among the different plant species (Dal Ferro et al., 2021).

The uptake and translocation of CECs in plants appeared to be influenced by their
physiochemical properties. Previous studies suggested a positive correlation between root uptake
and pH-adjusted log Kow for neutral compounds and a negative correlation with translocation due
to hydrophilicity-regulated transport via xylems (Wu et al., 2013). In the soil porewater (pH =
6.5) under the experimental conditions, only acetaminophen and carbamazepine were expected
to remain primarily in the neutral form, while ibuprofen, naproxen, PFBS, PFBA, and PFHxA
mostly existed as anionic species. Over 90% of caffeine, meprobamate, atenolol, and fluoxetine
were present as cationic species. Nonionic compounds with moderate hydrophobicity (2 < log

Kow < 5) are known to diffuse readily across root cell membranes (Briggs et al., 1982; Trapp,

12
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2009), while cationic chemicals can be attracted via electrostatic interaction (Inoue et al., 1998;
Trapp, 2009), explaining the high accumulation of carbamazepine and atenolol in roots.
Conversely, the limited uptake of anionic ibuprofen and naproxen may be attributed to their
negative charge, limited lipophilic binding, and short half-life in soil and plants (Schopfer and
Brennicke, 2010). The observed PFAS uptake and translocation differed from the other CECs,
likely because of their amphiphilic characteristics (Gredelj et al., 2020). In addition to dislocating
the negative charge due the strong electron-withdrawing effect of fluorine atoms, the relatively
high accumulation of PFBA in roots may also be ascribed to its ability to bypass the Casparian
strip and accumulate in vascular tissues (Felizeter et al., 2012).
3.2 CEC residues in soil

The concentrations of most CECs in soil were found to decrease over time after switching to
a clean water source for the HALF treatments (Figure 2), which may be attributed to microbial
degradation and phytoextraction (Clarke and Cummins, 2015; Shi et al., 2023a; Yakushiji et al.,
1998). Acetaminophen and naproxen were present only at trace levels (<1 ng/g) throughout the
cultivation period, suggesting rapid degradation in soil (Patel et al., 2019; Phong Vo et al., 2019).
A previous study using *C labeling showed that a significant portion (73.4-93.3%) of
acetaminophen formed non-extractable or bound residues in soil (Li et al., 2014). This was
consistent with the estimated short half-life (T12= 0.95 days) for acetaminophen in this study.
Among the 11 targeted chemicals, acetaminophen, caffeine, ibuprofen, and naproxen showed
short persistence (T2 < 7 days) in the soil, while carbamazepine (T2 = 293 days) and PFAS
compounds (T2 > 10 years) were found to be persistent. Plant uptake may also have contributed
to the dissipation of CECs in the soil, especially in a soil container system (Shi et al., 2023a). For

instance, PFHXA and PFBA exhibited high soil concentrations for the first half of the growth

13
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period which decreased in both the FULL and HALF treatments during the second half of the
growth period, along with a decrease in the total amount of chemical accumulated in the plant
tissue. The observed decreases suggest the removal of persistent compounds by plants, while

compounds with short half-lives were likely removed by degradation in soil.

In soil, a chemical is distributed between water and the soil solid phase, and the partition
coefficient Kq regulates the level of CECs in the soil porewater that is potentially available for
root uptake. As shown in Table S1, Kq varied over three orders of magnitude for the CECs
considered in this study. Chemicals with high Kq values are more likely to adsorb to soil
particles, resulting in lower porewater concentrations, and hence limited uptake into the root (Li
et al., 2019). For instance, fluoxetine (Kd = 214.5 mL/g) exhibited the highest accumulation in
roots among a select group of CECs under hydroponic conditions (Shi et al., 2023b), while
negligible accumulation in the root was observed in the soil-plant systems considered in this
study. In general, chemicals with large T12 and small Kq values, such as carbamazepine and the
three PFAS compounds (Table S1), consistently showed greater plant uptake and translocation,

as well as accumulation in the edible tissues at harvest.

3.3 Reduction in CEC accumulation with irrigation alternation

At harvest, only a handful of the target CECs were found above the detection limits in the
edible tissues. For the detected CECs, significant reductions in accumulation (p < 0.05) were
consistently observed for meprobamate, carbamazepine, PFBS, PFBA and PFHXA in the edible
part of the plants from the HALF treatment as compared to the FULL treatment. To
quantitatively evaluate the effect of the alternating irrigation scheme on CEC accumulation, a

reduction factor (RF) was calculated as follows (Table 1):

C -C
RF — FULL HALF X 100%
CruLL

14
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where CruLL and CHaLr were the CEC concentrations in specific plant tissue with FULL and
HALF treatments at the harvest time, respectively. The RF values were not derived for those
CECs with levels below the limit of detection. The RF serves to demonstrate the decrease in
CEC accumulation in the edible part of plants resulting from the switch from irrigation with
contaminated water to clean water. While the RF does not provide a direct comparison of CEC
reduction under equal exposure conditions—due to the FULL and HALF treatments receiving
different amounts of CECs—it allows for an evaluation of the effectiveness of the alternating
irrigation scheme in practical settings, where contaminant mass loadings are expected to differ
due to the different irrigation intervals of contaminated water such as TWW.

Among the edible tissues, CEC levels were reduced by 27.5-100% for radish root, 9.3-98.9%
for lettuce shoot, and 57.9-99.8% for tomato fruit in the HALF treatment. Among the different
CECs with significant accumulations, the reduction for meprobamate and carbamazepine were
higher, ranging from 81.0% to 99.8%, as compared to those for PFAS compounds, which varied
between 57.0% and 93.3%. In non-edible tissues from the HALF treatments, high reduction rates
were also observed. For example, in lettuce roots, the level of meprobamate, naproxen and
fluoxetine decreased by 98.4, 94.3 and 93.6% in the HALF treatment, respectively. In tomato
roots, the corresponding reductions were 99.5, 98.4, and 82.6%, while they were 97.1, 100.0, and
91.8% for tomato leaves. Likewise, in radish shoots, the reductions for these compounds were
88.2, 100.0, and 92.1%, respectively. The concurrent reductions in non-edible tissues suggest
that the decreased uptake into the plant root, metabolism after uptake, and growth dilutions due
to increases in biomass contributed to the decreased accumulation in the edible tissues at the end
of the study. For the same CECs, quantitative differences were observed in the reduction of

atenolol among plant species; the RF value was 66.9% in radish roots, compared to over 85% in
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both lettuce and tomato roots. This disparity may be attributed to longer growth durations and
more pronounced translocation stemming from higher transpiration rates.

For the HALF treatments, the source of irrigation was changed at approximately the middle
point of each plant species’ growth duration. Additionally, more water was added to each plant
species during the second half of the growth period to account for the larger biomasses resulting
from plant growth. For radish, lettuce, and tomato plants, the quantities of irrigation water were
0.96, 1.25, and 4.25 L per plant container before the point of switch, which accounted for 31.4,
34.2, and 30.7% of the total amount of water that each plant species received for the entire
season. Therefore, the total chemical input for the HALF treatment was 68.6, 65.8 and 69.3%
less than that of the FULL treatment for radish, lettuce, and tomato, respectively. The reduced
chemical input in the HALF treatment group played a major role in the overall reductions in
CEC accumulation in the tissues at harvest. However, the changes in chemical input alone could
not explain the overall reductions. For example, additional reductions in radish roots and lettuce
shoots were observed for meprobamate, carbamazepine, and fluoxetine, with 81.0-98.9% less
accumulation in the HALF treatment. In the tomato fruit, a significant (p < 0.01) difference
between the HALF and FULL treatments was observed for meprobamate, carbamazepine, PFBS,
PFBA and PFHXA, as the concentration decreased by 76.4-99.8% with the alternation.
Therefore, other processes and factors, such as degradation in soil, adsorption/desorption, plant
metabolism, and growth dilution, likely also contributed to the ultimate reductions in CEC
accumulation in edible tissues at harvest. In contrast, the reductions of persistent chemicals,
exemplified by PFAS accumulation in the edible part of radish (57.0-70.3%) and lettuce (65.0-
69.7%), were somewhat similar to the reduction in their chemical loads between the two

treatments. Therefore, the reduction due to irrigation water alternation for persistent chemicals
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was more effective for fruit vegetables than leafy or root vegetables. In general, greater
reductions were observed for unstable CECs with a short soil half-life, such as meprobamate and
fluoxetine, suggesting that their accumulation in plants would be more responsive to the change
in irrigation water sources.

Soil served as a sink for CECs introduced by irrigation water. Chemical residues in the soil
continued to be available for plant uptake after the chemical input was stopped at the switch
point. This was evidenced by the increase in the total chemical mass accumulation after the
change of water sources in the HALF treatment (Figure S6). For example, at the 3/4 time point,
the total amount (the product of chemical concentration multiplied by the total biomass) of
PFHXA in radish was significantly greater (p < 0.05) at 559.9 + 174.0 ng, as compared to that at
the switch point (225.5 + 67.0 ng). The total accumulated amount of PFHXA continued to
increase over time and reached 828.0 + 196.5 ng at the time of harvest. It must be noted that the
PFAS compounds considered in this study were short-chain PFAS with high mobility and
bioavailability. As the chain length increases, plant uptake and translocation of PFAS generally
decrease. More PFAS compounds, including those with different functional groups as well as
PFAS precursors, should be evaluated to gain a more complete understanding of PFAS
accumulation by food crops and the potential dietary intakes through human consumption.

In this study, we tested the alternating irrigation scheme by choosing the middle growth point
as the water source switch point. Different degrees of reductions in contaminant accumulation
may be expected when irrigation water is changed at other time points during plant growth.
Future research should consider the influence of the timing of irrigation water source change on
contaminant accumulation in edible tissues. In addition, to better delineate the contribution of

soil degradation, plant metabolism, and growth dilution, the same chemical mass loading may be
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388 used in treatments with different irrigation schedules. Therefore, future studies examining the
389 interplay among irrigation scheduling, mass loading, and target crops are warranted to improve

390 our understanding and ability to optimize this mitigation strategy.

391 3.4 Structural equation modeling analysis

392 In recent years, SEM has been frequently used as an effective approach to quantify the

393  nonlinear relationship of multiple variables (Li et al., 2020b; Neo et al., 2017). For example, Li
394 etal. (2020b) utilized SEM to understand the contribution of environmental factors on

395  sulfamethoxazole attenuation in natural water samples. This statistical approach was also

396 employed to evaluate diverse climatic and soil factors on temperature sensitivity of soil

397  respiration at global and regional scales (Li et al., 2020a). In this study, SEM was applied to

398  better understand the factors influencing the reduction of CEC accumulation in plant tissues

399 through the alternating irrigation scheme, including the interactions between the degree of

400 reduction in plant tissues and a chemical's hydrophobicity, solubility, soil-water partition, and
401  plant metabolism (Figure 4). The applicability of the model was evaluated based on 10 global
402  model fit and quality indices, as detailed in Table S5, which yielded highly significant values
403  within acceptable ranges, indicating a favorable fit. The f-values in Figure 4 represent the path
404  coefficients, and the p-values indicate their level of significance. The effect sizes (ES) indicate
405 the significance of the independent variable's impact on the dependent variable, calculated as the
406  absolute value of the individual contribution to the R-squared (R?) coefficients of the latent

407  variable. The R? values, indicating the percentage of variability explained by the hypothesized
408 independent latent variables, demonstrate the strength of the predictors’ explanatory power in the

409 model.
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The results showed that among the physiochemical properties, log Kow had a significant effect
on RCF (= 0.40, p<0.01), which suggests that hydrophobic compounds are more likely to have
a greater root accumulation (Akenga et al., 2021; Wu et al., 2013). Conversely, the weak
correlation between TF and log Kow indicated that the translocation of compounds in vegetables
is primarily mediated by transpiration-driven water movement (Chuang et al., 2019). This was
also evident in the significant positive relation (5 =0.68, p <0.001) between TF and solubility
(ES = 0.54), which was consistent with previous studies showing that water solubility facilitates
a chemical’s translocation in plants (Kinney and Heuvel, 2020). As plants were grown in soil in
this study, Kq was found to have a negative relation with RCF (5 = -0.27, p = 0.056) with a
marginal significance and a small effect (ES = 0.05), which underscored the above assumption
that chemicals strongly adsorbed to soil generally exhibit a lower bioavailability for plant uptake.

The reduction of CEC accumulation in each plant compartment could be decided by the input
(RCF for root, TF for shoot) and output (TF for root and metabolism for all tissues), following
the mass balance principle. A significant positive effect of TF (6=0.51, p<0.001) on reduction
in root and a marginally negative impact on reduction in shoot (5 =-0.28, p = 0.053) were
observed. This finding indicated that strong translocation of CECs promoted their accumulation
in plant shoots as an input route while facilitating their reduction in plant roots as an output
route. Additionally, RCF showed a significant positive relation with reduction in root
accumulation of CECs (5=10.36, p <0.05). For instance, meprobamate (RCF > 215) and PFBA
(RCF > 35) demonstrated great bioaccumulation potential across all three plant species, with
large reductions in root concentrations from the alternating irrigation scheme, ranging from 88.2-
99.8% and 70.3-94.2%, respectively. This was in agreement with previous studies showing that

smaller reductions were seen for those CECs with limited plant accumulation, while reductions
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were greater for CECs with significant accumulation (Shi et al., 2023b). The analysis further
showed a significant positive correlation between the percentage of reduction in CEC
accumulation between root and shoot (f =0.55, p<0.001), likely due to the intrinsically similar
metabolism potential for the same chemical in different plant tissues. Soil half-life was found to
have a significant negative effect on the reduction of CECs in the root (p =-0.46, p < 0.001).
Chemicals with shorter half-lives in the soil underwent rapid degradation, which decreased the
uptake of the CECs by plants when irrigation with TWW was stopped, resulting in a more
pronounced reduction in their accumulation in plant roots. For example, the relatively short half-
lives of meprobamate, naproxen, and fluoxetine in soil (29.7, 2.7, and 55.6 d, respectively),
combined with their relatively high plant metabolism potential (Wu et al., 2016, 2013), likely
resulted in greater reductions for the plants considered in this study. Among the three factors,
soil half-life showed a slightly greater contribution (ES = 0.21) than RCF (ES = 0.17) or TF (ES
=0.19) to the CEC reduction in roots, underlying the importance of the persistence of CECs in
soil in governing their overall fate in the TWW-soil-plant continuum.

The SEM model explained up to 57% of the variability in the reduction of CEC accumulation
caused by the alternating irrigation treatment in the root, and 52% in the shoot. However, log Kow
and Kq explained a relatively small percentage of the variability (19%), suggesting that the
influence of physicochemical properties such as Kow Was indirect and likely complex (Akenga et
al., 2021). The reduction in CEC accumulation in plants due to the alternating irrigation scheme
appeared to be better related to the plant's uptake and translocation potential of the chemical, as
well as the chemical’s plant metabolism potential. For example, the relatively small reduction in
PFAS levels could primarily be ascribed to their long half-lives in soil (T2 > 10 years) and high

translocation potential. In contrast, the relatively short half-lives of meprobamate, naproxen, and
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fluoxetine in soil, combined with their relatively high plant metabolism potential (Wu et al.,
2016, 2013) resulted in more effective reductions in plant accumulation in response to the
alternating irrigation strategy. Taken together, our findings demonstrated that the alternating
irrigation scheme was generally effective for a wide range of CECs but was particularly effective
for CECs with a higher bioaccumulation potential and shorter half-life in soil. Contaminants with
a greater mobility and persistence (e.g., short chain PFAS) pose a more pressing concern for
accumulation in food crops, and additional mitigation strategies need to be explored for such
CECs.
4. Conclusions

This greenhouse study demonstrated that a simple change in irrigation scheme may be
effective at reducing the accumulation of many CECs in food crops from TWW irrigation. The
reduction in CEC accumulation as the result of the alternating irrigation scheme may be
attributed to reduced chemical input in the soil-plant system, as well as attenuation caused by soil
degradation, plant metabolism, and growth dilution. The alternating irrigation scheme was
particularly effective for CECs with a high bioaccumulation potential and short half-life in soil.
For persistent compounds such as PFAS with a high accumulation potential, a substantial
decrease in their accumulation in the edible tissue at maturity was also observed due to the
reduced chemical input, adsorption in soil, and plant growth dilution. Among the different plant
species considered in this study, fruit vegetables (tomato) appeared to respond to the alternating
irrigation scheme more effectively than leafy or root vegetables.

This study marks a significant stride in understanding the impact of an alternating irrigation
scheme on the accumulation of CECs in food plants under environmentally relevant conditions.

This advancement is valuable for ensuring the safety and sustainability of agricultural practices
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using recycled water. Although only a small set of CECs were considered in this study, the same
strategy could be adapted for other non-traditional water sources and a wider range of
contaminants. The systematic assessment of potential human exposure risk to CECs aims to
enhance public awareness and promote the safe use of marginal waters, providing a foundation
for future research and policy development. However, it must be noted that the current study was
conducted under controlled conditions with relatively high CEC concentrations (5 pg/L) and
limited growth space. In agricultural fields, additional factors may influence the accumulation
and reduction of CECs in soil and plants, such as more abundant microbial activity, earthworm
function, leaching to deeper soil layers, and surface runoff, among others. Therefore, studies
conducted under realistic field conditions using treated wastewater are necessary to further
demonstrate the feasibility and efficacy of this strategy for reducing plant accumulation of CECs.
Modifications to existing infrastructure to create flexible irrigation systems that can
accommodate alternation between TWW and conventional water sources are also necessary for

the broad implementation of this management strategy.
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690 Tables and Figures

691  Table 1. Reduction Factors (RF) for Target CECs in Different Compartments of Radish, Lettuce

692 and Tomato

Radish Lettuce Tomato
Chemical root shoot | root shoot | root shoot  fruit
(%) (%) | (%) (%) | (%) (%) (%)
Acetaminophen 27.5 275 | 640 229 | 610 -126 ND
Caffeine 48.4 695 | 778 480 | 746 211 ND
Meprobamate 94.3 88.2 | 984 989 | 995 971 99.8
Ibuprofen ND 41.8 | ND 9.3 56.0 ND 57.9
Naproxen 100.0 100.0 | 943 ND 98.4 100.0 ND
Carbamazepine 84.2 472 | 96.7 810 | 99.2 88.1 95.5
Atenolol 66.9 557 | 850 109 | 856 769 ND
Fluoxetine 923 921 | 936 941 | 826 918 66.8
Perfluorobutanesulfonicacid | 625 639 | 524 65.0 | 935 435 93.3
Perfluorobutanoic acid 70.3 59.1 | 942 69.7 | 91.7 228 76.4
Perfluorohexanoic acid 570 66.0 | 699 658 | 93.7 424 79.6
693 ND: The RF values were not derived for those CECs with levels below the limit of detection

694
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Figure 1. Temporal variations in carbamazepine and perfluorobutanoic acid (PFBA)
concentrations in various plant tissues under FULL and HALF treatments. Each data point
represents the arithmetic mean concentration of triplicate samples (n = 3). The error bar

represents the standard deviation.
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Figure 2. Temporal variations of target CEC concentrations in the soil during tomato growth

under FULL and HALF treatments. Each data point represents the arithmetic mean concentration

of triplicate samples (n = 3). The error bar represents the standard error.

FULL HALF

»
8
i

N
s

140

70

(a) Radish root

I

- &) ] Wl Z1

IS

| (b) Lettuce shoot
4000
30004
1 =

2000
1 0= —
"

1000+

r

g

.

(c) Tomato fruit

2800+

2100+

1400+

700

Wﬂ ] &

1

-
m

T Y J—rt T T T T
ACE CAF MEP IBU NAP CBZ ATE FLU PFBS PFBA PFHxXA

T Y
ACE CAF MEP IBU NAP CBZ ATE FLU PFBS PFBA PFHXA

T T T T T T T T T T
ACE CAF MEP I1BU NAP CBZ ATE FLU PFBS PFBA PFHXA

Figure 3. Accumulation of target CECs in edible parts of radish (a), lettuce (b), and tomato (c) at

harvest point under FULL and HALF irrigation schemes. Radish, lettuce, and tomato were

harvested 37, 49 and 93 days after planting. ACE, acetaminophen; CAF, caffeine; MBP,

meprobamate; IBU, ibuprofen; NAP, naproxen; CBZ, carbamazepine; ATE, atenolol; FLU,

fluoxetine; PFBS, perfluorobutanesulfonic acid; PFBA, perfluorobutanoic acid; PFHXA,

perfluorohexanoic acid.
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Figure 4. Structural equation models showing the relationship between compound
physiochemical properties and reduction factors of plant tissue. Black lines indicate positive
relationships, while red lines indicate negative relationships. R? is the coefficient of
determination indicating the variability explained for each dependent variable. B-values indicate
the path coefficients. The level of significance is indicated by ™ (marginal significance)

(p = 0.05), * (p <0.05), ** (p <0.01), and *** (p < 0.001). The effect size (ES) categorizes the
influence of an independent variable on a dependent variable: <0.02 (weak), 0.02 (small), 0.15
(medium), and 0.35 (large). TF, translocation factor; RCF, root concentration factor, log Kow,

water partition coefficient; Ka, adsorption coefficient.
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