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Abstract

Irrigation with treated wastewater (TWW) and applicatibbiosolids introduce
numerous pharmaceutical and personal care products (Pir€@Psyro-food systemsVhile
the use of TWW and biosolids has many societal bengfiteduction of PPCPs in
production agriculture poses potential food safety and hdm@alth risks A comprehensive
risk assessment and management scheme of PPCPs imag®$tems is limited by
multiple factors, not least the sheer number of ingattd compounds and their diverse
structuresHere we follow the fate of PPCPis the water-soil-produce continuum by
considering processes and variables that influence PPGetrand accumulation. By
analyzing the steps in the soil-plant-human diet newagropose a tiered framework as a
path forward to prioritize PPCHRisat could have a high potential for plant accumulatiah an
thus pose greatest riskhis article examines research progress to date and creseatrch
challenges, highlighting the potential value of leveragkigtimg knowledge from decades of
research on other chemicals such as pesticides. A proigess scheme is outlingd derive
a short list that may be used to refocus our future relsedforts on PPCPs and other

analogous emerging contaminants in agro-food systems
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Introduction

Many regions in the world are experiencing unprecedented sia¢ss due to
growing populationsincreasing urbanization, higher living standards and a gréateand
for food. In addition, climate change-induced variationgrecipitation patterns are further
exacerbating the water crisis. Water scarcity is aafheacute in many arid and semi-arid
regions, such as the Middle East, East Africa and tBe Sbuthwest:2 California, an
important agricultural state relying heavily on irrigatibas experienced a perennial drought
in recent yearswvith nearly the entire state designated as utaerre drought” as recent as
20172 To combat water shortage and meet increasing water démagdcultural
production, treated wastewater (TWW) is accepted as &leshdternative to augment
irrigation. In Israel, TWW has been used for crop irrigation simeedarly 1980s, with TWW
accounting for over 50% of water used in agricatproduction Figure 1A).*
Comparatively, the amount of TWW used for agriculturadation in California is less than
10%, but has been increasing steadllykewise, agricultural irrigation with TWW is a

common practice in many other areas, including Greealg, Bpain, France, and Chifi4.

Wastewater treatment also produces large quantities aflidissBiosolids area
source of organic matter and nutrients, and have been widetlto improve solil structures
and soil fertility’*> A U.S. national survey in 2007 suggested that about 6.5 mithios of
biosolids (dry weight) were produced and about 55% was recyckealls® With increasing
populations worldwide, biosolid production increased to 8.Jamilinetric tons in 2013 and
is likely to continue to increase in the future. Traditldriasolid disposal approaches (e.g.,
ocean-dumping, landfills, incineratipare limited by regulation or are becoming
prohibitively expensive. Therefore, land application of blidsais considered an optimal
solution, and is expected to be extended more widely whemgensuch as pathogens,

heavy metals, and trace organic contaminants have bfeiestly addressed-®
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The reuse of TWW and biosolids in agriculture brings mayesal and economic
benefits and contributes to agricultural and environmeuosasability. However, irrigation
with TWW and land application of biosolids introduce nuvous PPCPs to agro-food
systems522 Painkillers, antibacterial agents, antidiabeticsaddckers, contraceptives,
lipid regulatorsantidepressants, and many other classes of PPCPs| as t&ir
metabolites, have been found in TWW and biosdfidS.Use of TWW and biosolids in
agriculture leads to soil contamination with PPCPsthaut metabolites, providing a route for
accumulation in food produck;*®28 which poses potential risks environmental and human

health.

Since about 20Q%n increasing number of studies have documented the uptdke a
accumulation of PPCPs by planisdure 1B). However, so far data have been generated only
for a small subset of PPCPs using different experirhsataps, e.g., cell culture,
hydroponics, soil cultivation in a growth chamber or greesk, and field experiments
(Figure 1B-D).213033 At present, the evaluation of PPCPs in agro-foodesystis rather
disjointed and lacks a coordinated approach. One way forwardiWweld prevalence study to
understand what is known and what is still yet unknown aboQPBkh the agricultural
environment. ldentification of knowns and unknowns can ack/@ur community’s
understanding of knowledge gaps and address future researchaseengphasized in a
recent review by Carter et &f.The greatest challenge to understanding plant accuow i
PPCPs is the sheer number of the compounds,theiratiffehysicochemical properties, as
well as their metabolites. Given the large number @P$? it is infeasible to evaluate all
PPCPs through experimentation. Thus, there is an urgedttoelevelop a framewotk
identify “high-risk” PPCPs on the basis of uptake and accumulation in food produation

potential harm to human healtfuture research efforts could target the shoredistPCPs,
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and the value of our research efforts could therdfemaximized.
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Figure 1. (A) Proportions of water sources used in agricultural itidgan Israel from 1996-2016 (data from
Israeli Central Bureau of Statistics); (B) Number of puwilans on uptake and accumulation of PPCPs by plants
(retrieval from PubMed from 2007-2019 in March 2019); (C) Studiesanitpiptake and accumulation on
different plant organs; and (D) Studies using different experiat setups (i.e., field, hydroponic, sail

cultivation in greenhouse or laboratory, cell culture) b/simeter).

Here we first briefly discuss the flux processes of PRiGPhe water-soil-plant
continuum by highlighting key research advances and igemgifundamental knowledge
gaps We then outline a conceptual framework as a path forward byitiring PPCPs that

may have an elevated probabilitffaccumulation in food produce.

Soil Processes

Soil serves as the initial recipient of PPCPs whercaljural fields are irrigated with
TWW or amended with biosolid$:343>Sorption to soil (Ksei) and degradation in soil )

play an important role in controlling the concentratid®PCPs in soil porewater {&ewate)
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and hence the availability of PPCPs for plant upté&kgufe 2). Soil can therefore act as both

asource ana sink for PPCPs, regulating the amount of PPCPs available fot pi#ake.

Sorption of PPCPs by soil generally reduces their uptakdabysp especially for
those chemicals with strong hydrophobicity or positivargh?°26-3¢38 For these PPCPs, the
soil may act as a source after irrigation or raiméyeas a fraction of the adsorbed chemicals
may be released to the soil porewater to maintain apperentical equilibrium. Indeed,
Mordechay et af? detected carbamazepine in wheat that was only rain-fethahe same
soils previously irrigated with TWW. Comparatively, PPCRt\& low sorption capacity
typically remain in the agueous phase, and are readily bieaflar plant uptake but have high
susceptibity to off-site transport via runoff or leaching. The physkemmical properties of
PPCPs and soil collectively govern PPCP sorpticf*? It hasbeen noted that irrigation with
TWW and soil amendment with biosolids can change saipasition and chemistry, e.g.,
increasing soil organic matter contéht>**Batch methods have been used to derivaiK
values for a small number of PPCPs in select soil typslecular descriptors, combined
with artificial neural network, has alémenused to predict &soil values of organic
compounds including PPCP%% However, such predictive models have not been fullgdest
or refined for different chemical classes of PPCPsultrbe noted that substantial
knowledge has been accumulated from decades of reseasoinption of other organic
compounds including pesticid&s?® The fact that pesticides are also extremely diverse i
structures and physicochemical properties underscoresltigetgause some of the

established models for predicting & of PPCPs and furthersGewater >0
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Figure 2. Fate and transport proces®f PPCPs in the soil-plant system. NotesiGoncentration in soil;

Chorewater pOrewater concentrationy K, soil/water partition; Ko, root/water partition; dg degradation in soil;
Kin roo, Uptake into root, ikiia, foliar uptake; kans translocation in plankmes, in-plant metabolism; dm,

potential loss from plant.

Abiotic and biotic degradation{dg also influences PPCP availability for plant
uptake. Like pesticidesgdg values are wide-ranging among different PPCPs, andvaly in
different soils for a giveRPPC>3652 Many factors affect PPCP degradation in soil, including
soil microbial communities, pH, moisture, and the physicottal properties of the PPCP
itself. 253940.53\icrobial degradation is a major process governing tbsightion of many
PPCPs in soil, especially in the rhizosphere where ptexitexudates often contribute to
enhanced biodegradation by increasing microbial activity aedrajtthe sorption dynamics
and bioavailability’>*°° On the other hand, wastewater irrigation and biosolichdment
may introduce antimicrobial agents (e.qg., triclgganlocarban) and microplastics, which
have the potential to alter soil microbial communitiephase distribution of PPCP%6:60

8



169  Additionally, PPCPs with short half-lives should not beoigrd as these chemicals can

170  become pseudo-persistent through continual applicatiof/Tor biosolids. In addition,

171  metabolites from PPCPs could retain the bioactive ty@Ethe parent compound, and be

172 taken up by plant®4! Therefore, an improved understanding of the fate andgiib

173  activity of metabolites in soil is needed fcomprehensive evaluation of PPCP plant uptake.
174 It must be again stressed that biosolid application and Tikkiyétion have the potential to

175  alter biotic and abiotic characteristicsaoil. It is important to understand the subsequent
176  effects on PPCP degradation and also the long-ternegoeaces resulting from repeated

177  applications of TWW and biosolids.

178 To date, soil processes have been evaluated for onlalararmber of PPCPs, often
179  usingasingle chemical while ignoring the effects of chemicaltomes or the influence from
180 the componentsf wastewater or biosolicf.In addition, research efforts have typically
181  focused on short-term TWW and biosolid application scesafiberefore, we need to

182  improve our predictive capability on sorption and transfoionadf PPCPs in soils under
183  various application scenarios in the field, e.g., logwgat repeated applications of TWOY
184  biosolids The movement of PPCPs in the water-soil-plant continistardynamic process,
185 andabetter understanding on water flow in soil and plant syseerd$PPCP chemical fluxes
186 is essential to elucidating the transport and accuroulati PPCPs under certain scenarios
187  for example, between irrigation events. Again, leveragnformation from other man-made
188  chemicals such as pesticides offers a logical and ¢festige meango fill some of these

189  knowledge gaps.

190 Root Uptake and Accumulation
191 Roots are the primary entry point for PPCPs into plftata the soil via soil
192  porewater Figure 2). To date, more than 100 PPCPs have been shown to beugak&o

193  roots of agricultural plants from studies using a hydropongodisetup’!26-30:31.626ppCpg

9
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enter a plant vascular system with water flow via aptiplasymplastic and transmembrane
pathways Figure 2).64%” Root uptake of PPCPs is determined by a combination of PPCP
physicochemical properties (e.g., molecular size, chaggecation, lipophilicity), the
bioavailable fraction in soil, and plant species of ie$&t®>92855Many non-ionic compounds
such as carbamazepine and caffeine have been shown twééanorable for root uptake
than ionic compounds (e.g., diclofenac) in crops irrigatitid TWW.3° Currently, PPCPs are
believed to be passively transportetbiplant roots through cell membranes; however, the
diffusion rate and magnitude to penetrate cell membran€ggparian strip domains remain
largely unknownNevertheless, some transporter proteins such as orgditin transporters
are substrate versatile, and have been suggested t@fealitive transport of metformin, an

anti-diabetic drug, into plant roots.

The accumulation of PPCPs in root is governed by the eatibn of intake flux (k
root), Metabolism (ke) in roots and translocation out of the roati with transpiration flow
(Figure 2). These kinetic parameters are intrinsically influehiog plant physiological
properties such as root lipid content or the dynamics ofamdplant growti° In addition,
the metabolism of PPCPs in roots can alter the chéstitecture and hydrophobicity and
hence accumulation in roots and transport from rooesaisfiluits. Information on these
individual processes is currently limited, but is needed tolop\etter predictive models to
estimate root uptake and accumulation potential for PP&Pactive transport may be
involved in the translocation of PPCPs out of the rodd,atiso important to consider the role

of active transpuers in the distribution and redistribution of PPCPsiniplants®®

Translocation and Accumulation in Plants
Once PPCPs enter plant roots, these chemicals can pibieraiaslocate to different
organs. The extent of the translocation of PPCPs dspgaimarily on the transpiration

stream wher@ compound moves with water flow through the xylem to the siteseatest

10



219  transpiratiort>%° As the rate of transpirationygky is influenced by ambient temperature and
220  humidity,”® environmental conditions can exert significant influermeshe accumulation of
221  a compound. Higher temperature, lower hutgidgreaer wind speed, and higher soil water
222 content may result in greater transpiration ratethnd increased accumulation of PPCPs in

223 the upper portions of plants

224 Passive diffusion, xylem transport, and phloem transporharmain processes

225 governing the translocation of PPCPs within plakigyre 2). The major factor determining
226  PPCP translocation is, however, the physicochemical giep®f the chemical including for
227  example lipophilicity. As reported for pharmaceuticals andigides, moderately lipophilic
228  neutral compounds (logd 2 to 5) such as carbamazepine, diazepam and phenytoin san cro
229 membranes through passive diffustband enter the symplast pathway, which enables

230 translocation via the xyleR$:3°3138Additional physiochemical properties such as hydrogen
231  bonding, molecular size, and ionization properties msgy ifluence the translocation of

232  PPCPsFor example, ionized and polar PPCPs passively diffussathe plasma membrane
233 at a much slower raf&3n addition, xylem transport has the potential to introdRREPS to
234  developing fruits that transpire water, via similar piptes to the translocation to leaves. The
235 movement of PPCPs to fruits can also occur via phloansport The Minch theory derived
236  from other xenobiotics such as pesticides suggests thethagbs move from source organs
237  to sink organs driven by the osmotic gradi€rf This translocation mechanissless

238  reported for PPCP§&urther studies are needed to evaluate whether the singitdramism is

239  applied for the translocation of PPCRgplant.

240 Predictive models have been proposed and tested forigedtianslocation in plants
241  These models demonstrate a bell-shaped curve of tramspistream concentration factor
242  with respect to hydrophobicity (i.e., loghl for compounds of a similar chemical cld&$? A

243  sigmoidal relationship between translocation concaatrdactor and logkw was found for a

11
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wide range of compounds that differ greatly in physicochalhpimperties® A recent article
by Bagheri et ai® showed two different curves (i.e., bell-shape and sidaipfor compounds
with log Kow >1 and kw<1. Asthe translocation of PPCPs is not expected to solelyndepe
hydrophobicity, future model development or refinement needscorporate additional
parameters, such as pkharged species, and molecular size, to understand ibrslaips

and models can account for the different physicochemioglerties of PPCPs. Furthermore,
models in pharmacodynamics and pharmacokinetics showgdered and utilized if
possible, as rich data in mammalian systems are avaitabileany PPCPdndeed, Limmer
and Burkef? applied molecular descriptors initially used in drug discpaad found that
similar descriptors, includingds, molecular weight and H-bond donors that control
translocation across the blood-brain barrier alsa@nite the uptake into plant roots for
seleced pharmaceuticals. More recently, the same group appliettinealearning (i.efuzzy
logic) to predict the translocation of emerging contammanib plants with a neural network-

based model and achieved higher accuracy prediciions.

Plant M etabolism

Metabolism in plants @) plays an important role in determining the ultimate fa
and accumulation of PPCPs in plant orgdfigyre 2). Thus, plants may be considered as a
“green liver” for metabolizing PPCPs. Once in plammny PPCPs are metabolized primarily
via phase | metabolism, phase Il conjugation, and plasempartmentatiori’ Research to
date on plant metabolism of PPCPs has only focused malaraimber of compounds, such
asnonsteroidal anti-inflammatory druds®? lipid-lowering drug$?® antibiotics8+-8¢
antibacterial$/®° psychoactive drug®;°*and anti-epileptic drug®:313392Transformation
products, in-plant processes, and metabolic reactioR®EGPs are largely unknowwhile
some biotransformation reactions are shared acrosgsger the same PPCPs, others are

likely also planéd species-specifi8°8For example, diclofenac was transformed mainly to

12
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4’0OH-diclofenac and diclofenac-glucose conjugate in bafidyt to diclofenac-glutamate

conjugate in Arabidopsis cells and whole pE&nt.

Screening and identification of unknown metabolites fré?CFs in plants are
particularly challenging, because of little prior struckiméormation of the metabolites and
interference from complex plant matrices (e.g., pigmesugars, secondary metabolites)
Research is needed to use cutting-edge high-resolutigpastrometry, along with
chemoinformatic algorithms, metabolomic software, angroved mass spectra databases
and knowledge rooted in the study of pharmacokinetics to esttabiget, suspect, or non-
target workflows in order to obtain a more comprehensiveigcif PPCP metabolism in
plants. Fu et &° developed a stable isotope labeling assisted method to protieist
information of metabolites in plant matrices, whidlbws tentative identification of unknown

metabolites in the absence of authentic standards.

In most cases, conjugation with biomolecules is a Hadduto detoxify PPCPs in
plants; however, recent studies have shown that métgbobuldbe more toxic than the
parent compound, such as the genotoxic metabolite ofroadegine, i.e., 10,11-
epoxycarbamazepirfé3°3in addition, plant metabolism via conjugation ¢amsk’ the
parent compound or its metabolité$287:%3after ingestion, such conjugates may be de-
conjugatedn human gastrointestinal trattFurthermore, a recent study showed that a
metabolite of triclosan, methyl triclosan, was conveliack to the parent compound in
plants®® These studies suggest potential preservation of biologataity in plant
metabolism; neglecting to account for metabolites eag to an underestimation of human
exposure. Therefore, further studies are needed to expfermation of biologically active
metabolites, including conjugates, in food plants and to enathair contribution to human

exposure.

13



293  Phytotoxicity

294 PPCPs are bioactive chemicasd therefore the uptake of these chemicals into plants
295 has the potential to alter plant physiology and key bioctaimathway$®°’ Early studies

296  with aprimary focus on antibiotics have demonstrated advefsetgn root growth and

297  development? seed germination, and photosynth&f,in a concentration-dependent and
298  compound-specific manner. However, it is largely unknowndhsdeleterious effects occur
299  across different groups of PPCPs or different plant specieunder environmentally relevant
300 conditions. Again, PPCPs from TWW irrigation and bi@sapplication introduced to the

301  agricultural environment as a mixture, and yet there baea& only a few studies that have
302 considered the mixture effects of PPCPs to pi¥n’2 Indeed, it was found that mixtures of
303 PPCPs could exacerbate cytotoxicity to alfalfa comparedthéthexposed individuallj2°

304 Therefore, further research should consider phenotifierences of PPCP-induced

305 phytotoxicity, effects at the subcellular and moleculaellesuch as changes in

306 phytohormones, cellular metabolism, nutrient uptake anthbigf31°0192194 that may be

307 considered as the underlying mechanisms for the long-teumahphytotoxic responses, and
308 the influence of plant health (e.g., plant physiological biochemical processes) on the fate

309 of PPCPs and their phytotoxicity potential.

310 Human Exposure

311 Uptake and accumulation of PPCPs in edible crops pragastential route for human
312 exposure via dietary ingestioff. Based on observations to date, PPCPs are accumulated in
313 the edible fruits, leaves or roots, typically within tigdg range. Under field conditions, the
314  estimated dietary consumption would be several ordersaghitude less than a prescribed
315 daily dose for a given pharmaceutiddbwever, there is little knowledge pertaining to short-
316  or long-term human health effects of chronic exposueertoxture of PPCPs, including

317  metaboliteg?3031105Thjs is especially true for PPCPs that have known aeditifects, or

14



318 contraindications and metabolites that are potentmadiye toxic than the parent compound.
319 The potential risk may be also significantly greatersfemsitive populations such as children

320 and individuals with genetic, metabolic and immunologitsbrders.

321 While there is little doubt that PPCPs are present in fwoducts under current

322 agricultural production (e.g., irrigated with TWW or amethehgth biosolids), to date, field-
323  scale data are scarce. Recently, Paltiel ¥° aéported concentration of carbamazepine and
324 its metabolites in human urine for individuals who eoned vegetables and fruits produced
325  with TWW irrigation. The study showed that consumptibthe contaminated food increased
326 urinary carbamazepine and metabolite concentratioweMer, the peak urinary

327  concentration of carbamazepine was 4 orders of magnituae than the urinary

328 concentration after a single medical dose of 400 ntgdfamazepine; this exposure was

329 deemed unlikely to have clinical effects for most adtftSimilar field-oriented studies are
330 needed to provide a better understanding of the exposure to humdathe @otential health
331 risk of PPCPs. Further research is needed to develohdtulesr trigger values for

332 accumulation of PPCPs in food protknvith human exposure. Research should also

333 consider mixture effects (e.g., additiggnergistic) of PPCPs on human exposure through the

334 dietary intake of food produce impacted by TWW and biosolids

335  Prioritization Scheme of PPCPsin Agro-Food Systems

336 The primary challenge in evaluating PPCPs in agro-foo@msstsa large number of
337 PPCPs, which makes the experimentation-based approacsilitded his is evident in the
338 fact that research so far has touched upon only a vealy sabset of PPCPs and mostly in
339 artificial experimental settings. Therefore, a striat@gproach to developing a short list of
340  potential “high risk” PPCPs is urgently needed so that we can better focus our next-step
341 research and maximize the use of our resources and tesapacity. Here woutline a

342 tiered framework to accomplish the above objectives by camsgdeach of the threshold

15
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processes and by tracing the flow of a chemical from Mi&¥olids to soil to the edible

organ of a plantKigure 3).

Specifically, future efforts should focus on: 1) develoglatabases of occurrence of
PPCPs in TWW and biosolids, and estimating their injpetihto agroecosystems, 2)
evaluating persistence (3 soi) and sorption (Ksoi) of PPCPs entering agroecosystems using
empirical, descriptor-based and deep learning models, Bjngfijuantitative structure-
activity relationship (QSAR) based models and/or deep learniniglsito prioritize
compounds that are capable of entering plant roots argldcating within plants, 4)
determining metabolism rates and identifying metaboliteliding conjugatef®r those
PPCPs with appreciable uptake and translocation, and 5¢fangdiuman exposure to such

“high risk” PPCPs and their biologically active metabolites

High chemical flux into soil? }

| PPCPs ] 0
o
cwastawatpr t !
biosolids 3
0] @ P i
[ Flux into soil ] < 3 Persistent and weak sorption in soil?
~ &
[
a>, Accumulative in roots?
>
=
[ -
8 Accumulative in edible organs?
0 Mixture effects
Cleaf.'fruil ]
kmel
Accumulation in Accumulation in
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Figure 3. Prioritization of PPCPs in agro-food systems

While the prioritization scheme outlined above provides assary direction going

forward, it is critical that we make use of knowledgeagied from many decades of research
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on other man-made chemicals, especially pesticideswiske information on
pharmacokinetics and toxicokinetics of PPCPs in huraadsanimals should be mined and
used wherever possible. While this article highlights maini@iP$ this prioritization
approach should be also suitable for other emerging mamats, such as corrosion

inhibitors, microplastics, flame retardants, perfluorinated compoumdsng others

Conclusions and Future Prospects

The extensive use of TWW and biosolids in agriculture éuoes PPCPs and other
contaminants of emerging concern to arable soil and kgsotiential to contaminate food
produce, constituting a route for human exposurerder to provide sufficient food for the
growing populations, the global agricultural sectors hawentinue or even enhance the use
of TWW for irrigation and biosolids assoil amendment and fertilizer. Here we have
discussed the potential transfer of PPCPs to food prododes the premise that TWW and

biosolids are used in production agriculture.

When circumstances allow, TWW and biosolids may be usewosfood crops such
as fiber-producing plants (e.g., cotton) or in landscapeagsttwhich would prevent PPCPs
from coming into contact with agro-food systems in th& folace. The use of TWW and
biosolids on landscape plants may also offer the ddgarof lower energy cost and
infrastructure investment, as residential homes arks@ae generally located in closer
vicinity of municipal wastewater treatment plants thancadpral fields. In addition, the
emission of PPCPs into the environment, including agoatsystems, may be reduced by
improving wastewater treatment capacities via advanceddledies s that trace
contaminants such as PPCPs are removed at the sauregidns or countries where
advanced treatment is economically or technically inféasibVW effluents of different
guality may be used on different crops. For example, T\Wat/ltas not undergone advanced

treatments may be used on certain perennial stonefag (e.g., walnut, apple), while only
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rigorously treated water is allowed for use on vegetabless& and other management
practices (e.g., allowing TWW to be used for irrigationeglobsn soil properties) may help
minimize the unintended human exposure to PPCPs by avertilgg@asing the
accumulation of PPCPs in food produce. While more reséareeded to validate the merits
of these alternative practices, the potential riskREPs as a result of agricultural use of
TWW and biosolids should be addressed holistically by weiglhiegdst and benefits as well

as the need against other uses.

What we know about PPCPs in agro-food systems is rathieed at present; there
are still many unknown$/ore research is urgently needed to fill these knowledgetgaps
better elucidate the fate of trace-level PPCPRenmtWW/biosolids-soil-plant-human
continuum, and ultimately the exposure to humans vianjiettakes of the impacted
agricultural products. While our discussion outlines sombaefiost relevant questions
needing answers on PPCRsagro-food systems, it cannot be overstated that we codld an
should leverage our existing knowledge, including that deriwegdsticides and other man-
made chmicals. By doing so, we not only avoid “reinventing the wheel”, but also maximize
the use of our limited research resources by addressingjuedyions of the greatest
relevance and significance. Parallel to the aboveipziation scheme, below we propose

some research needs meriting immediate attention:

1) Synthesize occurrence datfaPPCPs in TWW and biosolids, and consumption and other
information where necessary, and develop a databaB®6Ps with a high probability to
enter agro-food systems;

2) Use experimental data and apply modeling appresithidentify PPCPs that are persistent
in soil and with an elevated likelihood for plant uptake aswimulation;

3) Employ non-target screening and other analytical todietter understand plant

metabolism of PPCPs, with a focus on biologically @&cthetabolites, including conjugates;
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4) Consider chemical mixtures in plants and their imgbestin human exposure through the
dietary intake of food produce impacted by TWW and biosplids

5) Understand the behavior and fate of PPCPs following chooniepeated applications of
TWW and biosolids in agro-food systems;

6) Relate accumulation of PPCPs and their metabolitésoith produts with human exposure
and develop threshold or trigger values; and

7) Last but not least, standardize experimental protocdlsas@ata may be compared across

studies and be related to common agricultural practices.
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