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Abstract: The transformation that pharmaceuticals can undergo during the water reclamation
cycle, or by biotic/abiotic reactions when reclaimed water (RW) is used for irrigation,
can lead to the presence of transformation products (TPs) in agricultural environments.
However, data on TPs in real crops are scarce. Herein, a suspect screening approach
was applied for the comprehensive investigation of 262 potential TPs, associated with
20 prioritised pharmaceuticals found in real tomato crops exposed to long-term RW
irrigation. The occurrence and fate of the TPs was evaluated by the retrospective
analysis of RW, soil, leave and tomato samples from 4 intensive production
greenhouses. Sample analysis was accomplished by liquid chromatography coupled to
quadrupole-time-of-flight mass spectrometry (LC-QTOF-MS). Up to 18 TPs were
tentatively identified, of which 2 were not previously reported. 7 TPs were finally
confirmed with analytical standards. 5 TPs were determined in RW, 15 TPs in soil and
2 TPs in leaves. Remarkably, the investigated TPs were not found in tomato fruits.
These results shed light on the variety of TPs that can be found in the water reuse
cycle and contribute to the assessment of the global risks of wastewater reuse and the
safety of the vegetable and fruit production system.
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Dear Editor,

Please, find enclosed the manuscript entitled “Assessment of the presence of transformation
products of contaminants of emerging concern in agricultural environments irrigated with
reclaimed water by wide-scope LC-QTOF-MS suspect screening” by A. B. Martinez-Piernas,
P. Plaza-Bolafios and A. Aglera, for consideration of publication in Journal of Hazardous
Materials. A list of suggested reviewers is also provided.

The research presented in the submitted manuscript relates to the Aims and Scope of the journal
as it deals with the occurrence and fate of transformation products (TPs) of contaminants of

emerging concern (CECSs) in real field agricultural environments irrigated with reclaimed water.

The overall objective of this work was to identify and evaluate the occurrence of CEC TPs derived
from reuse practices in real field agricultural systems. To this aim, a retrospective LC-QTOF-MS
suspect screening analysis of 262 TPs from 20 prioritised CECs was applied to samples from 4
greenhouses (crop: tomato), considering the complete water reuse cycle: reclaimed water,
perlite/agricultural soil, plant material and tomato fruits. Combining the support of spectral
libraries, in silico prediction tools and own MS? structural elucidation, a total of 18 TPs from 9
parent CECs were allocated in different identification confidence levels. 7 TPs were confirmed
with their analytical standards. The occurrence study revealed the presence of 15 TPs in perlite,
8 TPs in agricultural soils, 4 TPs in reclaimed water and 2 TPs in plant leaves. Remarkably, none
of the investigated TPs was found in tomato samples. Interestingly, some of the detected TPs
derived from the antibiotics azithromycin and clarithromycin. Some of these TPs maintained
intact the antibacterial moiety in their molecule and, thus, some potential antimicrobial activity,
stressing the likely spread of antibiotic resistance in the water reuse cycle. Furthermore, 2 TPs
were tentatively identified which were not reported before. To our knowledge, this study
represents the first wide-scope identification of CEC TPs in real-field agroecosystems irrigated

with reclaimed water.

I hope that the reviewing process finds the manuscript acceptable for publication in the journal.
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Yours Sincerely,

Ana Belén Martinez Piernas, PhD

Email: anabelen.martinez@ual.es

Tel: +0034 950 015 049

Address: CIESOL (Solar Energy Research Center), Joint Centre University of Almeria-CIEMAT,
Carretera de Sacramento s/n, E-04120, Almeria, Spain.

CIESOL (UNIVERSIDAD DE ALMERIA) CIESOL (UNIVERSITY OF ALMERIA)
Ctra. Sacramento s/n - La Cafiada de San Urbano Ctra. Sacramento s/n - La Cafada de San Urbano

04120 Almeria (ESPANA) 04120 Almeria (SPAIN)

Tel./Fax. (+34) 950 214 140 - e-mail: ciesol. @ual.es




N
LR
Adzsa

www.ciesol.es - www.ciesol.com
CeNTRO DE INVESTIGACION EN ENERGIA SOLAR
IR MEITD UAL-PEA GIWET

LIST OF AUTHORS:

A.B. Martinez-Piernas, PhD:
Email: anabelen.martinez@ual.es

ORCID: 0000-0001-5278-2735

P. Plaza-Bolafos, PhD:
Email: pplaza.bolanos@ual.es

ORCID: 0000-0003-1386-2470

A. Aglera, Full Professor:
Email: aaguera@ual.es

ORCID: 0000-0003-2649-6772

CIESOL (UNIVERSIDAD DE ALMERIA) CIESOL (UNIVERSITY OF ALMERIA)
Ctra. Sacramento s/n - La Cafiada de San Urbano Ctra. Sacramento s/n - La Cafada de San Urbano

04120 Almeria (ESPANA) 04120 Almeria (SPAIN)

Tel./Fax. (+34) 950 214 140 - e-mail: ciesol. @ual.es




www.ciesol.es - www.ciesol.com
CeNTRO DE INVESTIGACION EN ENERGIA SOLAR
FETRD MIEIND LR | VT

LIST OF SUGGESTED REVIEWERS:

Name: Thorsten Reemtsma
Institution: Department of Analytical Chemistry, Helmholtz Centre for Environmental
Research-UFZ, Permoserstrasse 15, 04318, Leipzig, Germany

Email: thorsten.reemtsma@ufz.de

Name: José Benito Quintana

Institution: Department of Analytical Chemistry, Institute of Research on Chemical and
Biological Analysis (IAQBUS), Universidad de Santiago de Compostela, 15782 Santiago de
Compostela, Spain

Email: jb.quintana@usc.es

Name: Susan Richardson

Institution: Department of Chemistry & Biochemistry, University of South Carolina,
Columbia, SC, 29208, United States

Email: richardson.susan@sc.edu

CIESOL (UNIVERSIDAD DE ALMERIA) CIESOL (UNIVERSITY OF ALMERIA)
Ctra. Sacramento s/n - La Cafiada de San Urbano Ctra. Sacramento s/n - La Cafada de San Urbano

04120 Almeria (ESPANA) 04120 Almeria (SPAIN)

Tel./Fax. (+34) 950 214 140 - e-mail: ciesol. @ual.es



mailto:thorsten.reemtsma@ufz.de
mailto:jb.quintana@usc.es

Novelty Statement (maximum limit:100 words)

Novelty statement

This study represents the first wide-scope analysis of transformation products (TPs) of prioritised
contaminants of emerging concern (CECs) in real agricultural environments exposed to long-term
water reuse practices. A retrospective analysis based on a suspect screening strategy was applied
for the identification of TPs in samples from the whole water reuse cycle: reclaimed water, soil,
plant leaves and tomato fruits.

Among the detected TPs (7 confirmed with standards and 2 TPs not reported), the occurrence
study revealed presence of TPs in soil but not in tomato. Antibiotic TPs with potential activity
were detected, indicating also a potential antibiotic resistance spread.
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Highlights

Highlights

e LC-QTOF-MS suspect screening to evaluate 262 TPs in agroecosystems

e 18 TPs tentatively identified and 7 confirmed in reclaimed water, soil and leaves
e None of the investigated TPs were detected in the analysed tomato fruits

e Potential spread of antibiotic resistance due to detected active antibiotic TPs

e Additional research is needed in other crops and reclaimed water agro-ecosystems
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Response to Reviewers

Dear Editor,

We would like to thank honestly to the reviewers for the time that they devoted to reading our
manuscript, as well as for their valuable and constructive comments which greatly helped us to
improve its quality. Please, find below a detailed answer to each of the comments raised by the
reviewers.

REVIEWER # 1

In their manuscript entitled 'Assessment of the presence of transformation products of
contaminants of emerging concern in agricultural environments irrigated with reclaimed water
by wide-scope LC-QTOF-MS suspect screening' the authors provide the results of an intensive
retrospective analysis of transformation products of CECs that were identified from complex
agricultural matrices. This paper provides a significant contribution in efforts to evaluate the
extent of CEC TP exposure in the environment. The authors provide important and relevant
detail into their workflow for unknown identification and confirm tentative assignments with
standards in a number of instances. With that said, there are significant
structural/organisational issues that should be addressed prior to acceptance and a thorough
grammatical review is also necessary. Below | have provided comments with the aim of
improving the clarity of this manuscript.

Comment 1: There are significant grammatical errors throughout. 1 have recommended
specific suggestions for the abstract, but the paper in its entirety would benefit from careful
revision.

RESPONSE: The manuscript was sent to language check.

Line 19: I would suggest using a more technical term in place of 'suffer’
RESPONSE: The wording has been changed accordingly.

Line 23: change 'to 20 prioritised...' to 'with 20 prioritised’
RESPONSE: The wording has been changed accordingly.

Line 28: change "being" to ‘with' or similar
RESPONSE: The wording has been changed accordingly.

Line 30: change "evidences’ to ‘results' or similar
RESPONSE: The wording has been changed accordingly.

Line 31: change "assess' to 'the assessment of"
RESPONSE: The wording has been changed accordingly.

Line 31: add ‘wastewater' before ‘reuse’
RESPONSE: The wording has been changed accordingly.

Line 32: change to '... the safety of the vegetable and fruit production system' or similar
RESPONSE: The wording has been changed accordingly.

Comment 2: In the introduction (lines 66-69), the description of transformation product
toxicity should be expanded and less general as it is the major focus of this study. What TPs
have been found to be more toxic than their parents. There is literature on this topic that also
describes why many/most TPs will likely be less toxic/bioactive. This should be included.



RESPONSE: According to the reviewer’s comment, more literature has been included in the
Introduction section to expand the description of TPs toxicity (Lines 79-96 revised Manuscript
with tracked changes).

Comment 3: This reviewer is unfamiliar with the term 'wide-scope'. | would suggest removing
it from the title and/or consider using an alternate word that is more commonly used.

RESPONSE: Using the term “wide-scope” we want to emphasize the large number of TPs
derived from a wide variety of pharmaceuticals that have been studied in this work. We believe
that it is a term widely used in suspect and non-target screening analysis.

Comment 4: Please provide the latin name with each vegetable/fruit crop at its first mention.

RESPONSE: The information has been added accordingly (Lines 152 and 154, revised
Manuscript with tracked changes).

Comment 5: Section 2.2. What does "W' stand for? Please ensure that this abbreviation is
necessary. Line 154: change ‘form’ to 'from’

RESPONSE: We agree with the reviewer. The term ‘W distribution’ is not properly explained
in the text. The authors wanted to describe that subsamples were taken following a W sampling
route in the cultivation area. In order to clarify it, the term ‘W distribution’ has been replaced by
‘zig-zag sampling’ (Line 159, revised Manuscript with tracked changes).

Also, please provide additional details of the QUEChERS methods in the main body of the text.
Why were 2 different methods needed and for which of the samples?

RESPONSE: Text S1 has been moved to the main body of the Manuscript as Paragraph “2.3.
Sample preparation’.

In previous works, we optimised and validated two different QUEChERS-based methods for soil
and for plant material (tomato leaves and fruit) (Martinez-Piernas et al. Anal. Chim. Acta. 1030
(2018) 115-124; and Martinez-Piernas et al. J. Agric. Food Chem. 67 (2019) 6930-6939,
respectively). In both methodologies, acetate buffer is used to adjust the extraction pH, although
slight protocol modifications had to be made due to the differences between both matrices. The
main differences are: i) the plant material is extracted in wet-weight (10 g) while the soil is
processed freeze-dried (1 g), ii) an additional rehydration step before soil extraction is necessary,
iii) the addition of different amounts of MgSOa during salting-out due to the different water
content of the matrices, and iv) various adsorbent mixtures for the d-SPE step.

Line 154: change ‘form’ to ‘from’

RESPONSE: The mistake has been corrected.

Comment 6: Section 2.5. please describe what was used as a procedural blank

RESPONSE: Procedural blanks were prepared according to the Eurachem Guide on ‘Blanks in
method validation’. For the preparation of the procedural blank, the matrix was replaced by Milli
Q water and subjected to the same analytical process as the real samples. A reference of the Guide
has been added in line 248 (revised Manuscript with tracked changes).

Line 191: Please clarify if the entire MassBank database was accessed or if the Norman
Network curated list was used.

RESPONSE: The entire MassBank Europe collection of mass spectra was used. The text and the
reference have been modified accordingly.



Line 206-207: please provide more information on what is meant by spatial occurrence? Does
this just mean between the 4 different growth facilities? If so, | do not think that constitutes a
spatial distribution but rather a location occurrence.

RESPONSE: The reviewer is right. This sentence has been deleted.

Comment 7: The presentation of the TPs could be significantly improved. There is significant
redundancy in the description of the approach for every TP. This is already presented in the
method. | would suggest moving much of this to the SI and presenting a more general
presentation of the results that is organised by parent compound. You may also consider
moving Table S2 to the main text or merging Table 1 and Table S2 and presenting this in the
manuscript.

RESPONSE: According to reviewer’s comment, section ‘3.1. Tentative identification of TPs’
has been significantly reduced and organised by parent compound for a more general discussion
of these results. Table S2 has been merged with Table 1 in the body of the text.

Comment 8: Why is semi-quantification (line 444) rather than guantification used? Is this
because no internal standard was used? Whatever the reason, the procedure used for this
should be incorporated into the methods.

RESPONSE: The authors used the term ‘“semi-quantification” considering that the results
obtained represent only an approximation of the concentration of the analytes, considering the
following aspects:

- This work has been carried out by retrospective analysis and, consequently, samples and
standards have been analysed in different days. Unfortunately, samples cannot be reinjected and
IS were not used when they were analysed.

- The extraction efficiency of the method has not been tested for the confirmed TPs.

A new description has been added to 2.6 section to clarify this point (lines 267-271, revised
Manuscript with tracked changes).

Comment 9: Lines 452-455, should extraction efficiency from the SP compared to soils also be
considered? Additionally, it would be worth some discussion on the relationship between soil
pore water and uptake that has been shown by many studies to be more strongly correlated than
bulk soil and plant uptake.

RESPONSE: In a previous work (Martinez-Piernas et al. Anal. Chim. Acta. 1030 (2018) 115-
124), the extraction method was fully validated for parent compounds in agricultural soil matrix
and the recoveries for all CECs were in the range 70-120%. Therefore, the difference in the
number of detected analytes in both matrices is not expected to be related to a bad performance
of the extraction method in soil. The reasons why this commodity showed a higher number of
analytes and concentrations could be related to the large surface area of perlite which allows it to
retain a large amount of water. In addition, it should also be noted that perlite was contained in
pots, which would limit migration or vertical transport of TPs. However, since no specific
sorption/desorption studies of CECs were carried out in perlite, these hypotheses could not be
evaluated.

Comment 10: Figure 3 and Figure 1 could be combined into a single figure.



RESPONSE: We consider that Figure 1 should remain in the Materials and Methods section for
clarification on the specific periods in which the sampling events took place, while Figure 3
should be kept in the Results and discussion section.

REVIEWER # 2

This paper examines transformation products of several pharmaceutical parent chemicals that
have been found in soils and some plants (e.g., tomatoes). While the chemical analyses appear
to be very thorough, it is unclear how this research will be used by ecological or human health
risk assessors or agricultural research. The pharmaceuticals would be assumed to be
associated with sludge from wastewater treatment plants and at very low concentrations in
treated wastewater or recycled wastewater - this is the case in the U.S. and in many other
countries. From my perspective there is a significant gap in our understanding of
concentrations and distribution of the parent pharmaceutical chemicals in soils, recycled
water, and edible crops. The status of transformation products may be of chemical interest but
those data may not be readily usable because we know so little about their toxicology and
therefore risk to biota or people.

RESPONSE: Critical information of CECs and their mixtures is needed by many disciplines to
gain a better understanding of the ecological impacts of water reuse on organisms of different
trophic levels. However, and although the information in this regard is increasing, a full picture
of the problem is not possible if the presence of TPs is ignored, especially when it is known that
toxicity of some TPs may exceed that of the parent compounds [Escher and Fenner, Environ. Sci.
Technol. 45(9) (2011) 3835-3847]. Furthermore, they can interact with each other resulting in
additive or potentially even synergistic mixture effects. This work aims to contribute to
identifying the presence of relevant TPs as a first step in the study of their risk to biota and/or
consumers. Thus, this work represents a step forward and complements previous studies about
the presence and fate of parent compounds in agricultural environments exposed to reuse
practices.

I was unclear about the results from the perlite samples - isn't that a **soil** that should be free
of contaminants? Are the pharmaceuticals coming from recycled water that is used to water
the tomatoes grown in perlite? If so, then that would explain why the frequency and types of
TPs in perlite and greenhouse soil were similar.

RESPONSE: Perlite is an inert, porous, and lightweight material widely used in soilless cultures
since provides adequate aeration and proper water retention and drainage capabilities. As it should
be initially a “blank” matrix, TPs found in perlite are derived from reclaimed water irrigation,
which contains parent CECs and TPs. Furthermore, it cannot be discarded that the formation of
TPs may take place by reactions produced by biological organisms present in the perlite
ecosystem.

Still, the concentrations of TPs measured appear to be extremely low (< 20 ng/L and most below
1 ng/L).

RESPONSE: Please, note that the concentrations of the TPs in soil/plant material are expressed
as ng/g instead of ng/L. The relevance of TP’s concentration depends on their ecological impacts,
which are still unknown. The initial steps to study TPs’ agricultural implications are linked to the
knowledge of their structures and environmental concentration levels reached after long-term
exposure in real-field conditions. Therefore, this work provides useful information to begin to fill
the ecotoxicological knowledge gaps related to TPs in reuse practices.

Table 3 should list detection limits for each TP.



RESPONSE: According to reviewer’s comment, LOQs haven been included in Table 3.

Much of the Discussion in the paper is speculative regarding potential effects such as anti-
microbial resistance and potential effects on people or biota. For the most part, as the authors
indicate, the TPs that could be identified have very little information in this regard.

RESPONSE: Indeed, as indicated by the reviewer, there is a lack of ecotoxicological information
for the identified TPs. It is expected that the proven evidence of their presence in agricultural
environments will contribute to expanding the available information on the extent of exposure
and fate of TPs in an agricultural ecosystem subjected to long-term irrigation with reclaimed
water.

It is also noteworthy that, unlike most of the scientific literature usually focused on experiments
in artificially contaminated soils, the present study has been carried out on a real tomato crops
long term-irrigated with reclaimed water.

| also suggest specifying pharmaceuticals in the title of the paper - this paper did not examine
all types of CECs, only certain pharmaceuticals.

RESPONSE: According to reviewer’s comment, the title has been modified.

REVIEWER #3

The paper is providing valuable information on the occurrence of transformation products
(TPs) of contaminants of emerging concern (CECs) in soil, leave and tomato samples irrigated
by the reclaimed water. The study is a continuation of previous work by the authors where 57
pharmaceuticals and their TPs were detected in the crops exposed to the long-time irrigation.
The available high-resolution mass spectrometry data were retrospectively re-analysed for
presence of 262 potential TPs of the prioritised 20 parent CECs. As a result, none of the TPs
was detected in the tomato samples, however, a few were present in the soil and leaves.

Despite the paper provides so much needed information on the fate of CECs in the agricultural
ecosystems, it is written in a way more suited for dedicated mass spectrometry journal, with
lengthy discussion on the process of identification of TPs, which were finally of no relevance
from the human health point of view. In the discussion are often addressed ecotoxicology
effects of the identified TPs and even hints are made that there is a potential threat from the
transfer of antimicrobial resistance. The reasoning behind such assessments and statements is
inadequate.

Therefore, the paper is recommended for publication only after significant shortening and
major revision.

General

An in-house retention time (RT) prediction model has been used to support the process of
identification of TPs. As claimed by the authors (lines 202 - 204) 'due to the rough RT
estimation, the prediction approach was not considered as exclusion criteria for structure
allocation, due to the reliability requirements and the inherent limitations of the method'.
Nevertheless, it has been used rather opportunistically in the discussion, discarded when wrong
value came out and praised when it matched the RT of the identified TP.

The discussion should not include references to this model.



RESPONSE: An error window of + 2 min was assumed considering the possibility of making
large errors in the predicted log Kow, according to our in-house experience. RTs were predicted
for all TPs for which a unique structure could be suggested. This information was available in
Table S2 (now merged with Table 1, revised Manuscript) and it was not discussed for almost all
TPs to avoid redundancy in the identification description. For TPs for which insufficient
information could not be compiled to propose a unique structure (most of the TPs included in
identification level 3 due to the possibility of several positional isomers), the log Kow could not
be calculated and, therefore, their RTs were not estimated. According to reviewer’s comment, the
discussion of RTs has not been included in the revised Manuscript. However, expected RT
information has been kept in Table 1.

The English should be improved.
RESPONSE: The manuscript was sent to language check.
Line 28 - ... being 2 TPs not previously reported... Please, rephrase.

RESPONSE: The wording has been changed accordingly.

Line 117 - ... Physical-chemical characterization... Should read ...physico-chemical...

RESPONSE: The wording has been changed accordingly.

Line 191 - ... MassBank database (NORMAN network) [25]...Please, use proper description
and reference to both MassBank Europe and NORMAN network. MassBank Europe is
wrongly addressed several times throughout the text.

RESPONSE: The text and the reference have been modified accordingly.
Line 202 - ... the EPI Suit software... Should read EPI Suite...
RESPONSE: The wording has been changed accordingly.

Line 444 - ...Table 3 depicts the average semi-quantified concentrations...There is no mention
in the text before how the semi-quantification works. Should be explained.

RESPONSE: The authors used the term ‘“‘semi-quantification” considering that the results
obtained represent only an approximation of the amount of the analytes. Considering that:

- This work has been carried out by retrospective analysis and, consequently, samples and
standards have been analysed in different days. Unfortunately, samples cannot be reinjected and
IS were not used when they were analysed.

- The extraction efficiency of the method has not been tested for the confirmed TPs.

A new text has been added to 2.6 section (lines 267-271, revised Manuscript with tracked
changes) to clarify this point.

Line 488 - 492 - ...4n estimated environmental risk assessment in aquatic environments
carried out by Beretsou et al. (2016) reported that no individual risk is expected for CIT 343 at
a semi-quantified concentration in wastewater of 0.01 ug L-1. However, other study developed
by Osawa et al. (2019) found that CIT 343 showed positive results in two of the three in silico
carcinogenicity prediction models applied... This is confusing. Not clear, if the authors are
addressing environmental ecotoxicity or human toxicity when assessing the results of the study.
Please, clarify.



RESPONSE: Due to the scarce information available on the general toxicological implications
of the TPs identified in this work, in these lines we set out to collect, identify and highlight both
environmental and human repercussions found in the literature. In our opinion, it contributes to
provide a preliminary vision of the impact associated with the presence of these compounds in
agricultural environments, but according to the reviewer’s comment, we have deleted the sentence
referring to the results published by Osawa et al. to avoid misunderstandings.

Line 494 - ...commonly used as brain scanner... Please, rephrase.

RESPONSE: According to the reviewer’s comment, the term has been rephrased (lines 727-728,
revised Manuscript with tracked changes).

Line 496 - 497 - ...no ecotoxicological details or hazard information were found for DIP 267
in real environmental samples... Not clear, what was the purpose of this assessment. Pollutants
in tomatoes, as crops intended for human consumption, should not be assessed based on
ecotoxicological criteria (adverse effects to ecosystems). Please, clarify.

RESPONSE: We agree with the reviewer. The toxicological evaluation of crops intended for
consumption should be based on health risk assessment. However, we refer to ecotoxicological
aspects in the case of DIP 267 as it was not found in tomato fruits but in perlite samples. Since
none of the TPs detected were found in tomato, a discussion of their health risk assessment has
been avoided. The term “ecotoxicological details” has been replaced by “environmental risk
assessment” to clarify this point. (line 735, revised Manuscript with tracked changes).

Line 503 - 504 - ...the high frequency of detection observed in this work would require further
study of the presence and potential ecotoxicological effects in agricultural
environments...Please, clarify why 'ecotoxicological effects' are relevant for this study.

RESPONSE: From our point of view, critical information is required for many disciplines to
obtain a better understanding of the ecological impacts of water reuse on (micro)organisms that
take part of agricultural ecosystems (from reclaimed water to edible crops). CECs, TPs, and their
mixtures may affect biological biodiversity, biogeochemical cycles of nutrients, ecosystem
functions and services, and their resilience to environmental stressors. For instance, a study
carried out by Heye et al. found that a TP of the antiepileptic drug carbamazepine exhibited a
higher chronic toxicity on the midge Chironomus riparius in comparison to the parent compound
(Heye et al. Water Res. 98 (2016) 19-17). The opinions of experts on reclaimed water reuse point
out that there is a knowledge gap on the agricultural impact of TPs on (micro)organisms (Carter
et al. Environ. Sci. Process. Impacts. 21 (2019) 605-622 & Deviller et al. Chemosphere. 240
(2020) 124911). The identification of CEC TPs will contribute to studying their fate in agricultural
environments and quantifying them when feasible, which aids to evaluate TPs assessment as
exposure- or effect-driven on agricultural compartments. To clarify this point and to provide a
more generic discussion, the sentence has been rephrased (lines 738-739, revised Manuscript with
tracked changes).

Line 522 - 523 - ...Since the majority of the tentatively identified TPs in this study have been
only investigated in aquatic environments, all potential ecotoxicological evidences are referred
to this media...Please, clarify why this discussion is relevant for the study.

RESPONSE: Due to the lack of available information on the impact of TPs on agricultural
ecosystems, a review on environmental implications on aquatic microorganisms is included,
which may shed light on the potential impact of TPs on agricultural microorganisms. According
to reviewer’s comment, the sentence has been deleted.

Line 527 - 530 - ...effects on microorganisms, terrestrial wildlife and plant stress inducers,
spread of antibiotic resistance, toxicological synergistic effects related to mixtures,



transformation of parent compounds in plant metabolism, introduction into the food chain and
human low-level exposure...None of these points is properly addressed in the 'ecotoxicology’
assessment in the text.

RESPONSE: None of these points have been addressed in the discussion since they are unknown
for the scientific community. This is what has been highlighted in the manuscript. This work
represents the first study that reveals the wide variety of pharmaceutical TPs that can be present
in agricultural environments irrigated with reclaimed water, so that no specific (eco)toxicological
tests at agricultural level have been performed so far.

Line 555 - 557 - ...the need for specific knowledge to evaluate TP ecotoxicological effects,
including the spread of antibiotic resistance in agricultural environments submitted to RW
irrigation...This statement in the conclusions is not sufficiently backed-up in the discussion
and should be either supported by more evidence or deleted.

RESPONSE: New evidence about the risk associated to the presence of antibiotics and their TPs
in agricultural systems has been included in the text (lines 719-724, revised Manuscript with
tracked changes). Tadic et al. [J. Hazard. Mater. 401 (2021) 123424] reported that “detected ABs
explained 54 % of the total variation in AB resistance genes abundance in vegetable samples.
Thus, further studies are needed to assess the risks of antibiotic resistance promotion in
vegetables and the significance of the occurrence of their metabolites”.



Abstract

The transformation that pharmaceuticals can undergo during the water reclamation cycle, or by
biotic/abiotic reactions when reclaimed water (RW) is used for irrigation, can lead to the presence
of transformation products (TPs) in agricultural environments. However, data on TPs in real crops
are scarce. Herein, a suspect screening approach was applied for the comprehensive investigation
of 262 potential TPs, associated with 20 prioritised pharmaceuticals found in real tomato crops
exposed to long-term RW irrigation. The occurrence and fate of the TPs was evaluated by the
retrospective analysis of RW, soil, leave and tomato samples from 4 intensive production
greenhouses. Sample analysis was accomplished by liquid chromatography coupled to
guadrupole-time-of-flight mass spectrometry (LC-QTOF-MS). Up to 18 TPs were tentatively
identified, of which 2 were not previously reported. 7 TPs were finally confirmed with analytical
standards. 5 TPs were determined in RW, 15 TPs in soil and 2 TPs in leaves. Remarkably, the
investigated TPs were not found in tomato fruits. These results shed light on the variety of TPs
that can be found in the water reuse cycle and contribute to the assessment of the global risks of
wastewater reuse and the safety of the vegetable and fruit production system.
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Abstract

The transformation that pharmaceuticals can undergo during the water reclamation cycle, or by
biotic/abiotic reactions when reclaimed water (RW) is used for irrigation, can lead to the presence
of transformation products (TPs) in agricultural environments. However, data on TPs in real crops
are scarce. Herein, a suspect screening approach was applied for the comprehensive investigation
of 262 potential TPs, associated with 20 prioritised pharmaceuticals found in real tomato crops
exposed to long-term RW irrigation. The occurrence and fate of the TPs was evaluated by the
retrospective analysis of RW, soil, leave and tomato samples from 4 intensive production
greenhouses. Sample analysis was accomplished by liquid chromatography coupled to
guadrupole-time-of-flight mass spectrometry (LC-QTOF-MS). Up to 18 TPs were tentatively
identified, of which 2 were not previously reported. 7 TPs were finally confirmed with analytical
standards. 5 TPs were determined in RW, 15 TPs in soil and 2 TPs in leaves. Remarkably, the
investigated TPs were not found in tomato fruits. These results shed light on the variety of TPs
that can be found in the water reuse cycle and contribute to the assessment of the global risks of

wastewater reuse and the safety of the vegetable and fruit production system.

Keywords: Water reuse, transformation products, contaminants of emerging concern, LC-
QTOF-MS, suspect screening
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1. Introduction

Reuse of reclaimed water (RW) for agricultural purposes is one of the solutions to reduce water
stress in arid and semi-arid regions. In these areas, the lack of water is a widespread problem, and
itis particularly important when agriculture represents the main economic activity. Consequently,
water reuse in agriculture contributes to an efficient water usage and the preservation of the
environment [1]. In this sense, the European Union (EU) is promoting a circular economy strategy
through urban wastewater reuse as a reliable alternative water source for agricultural irrigation
[2]. Thus, the EU Regulation (EU) 2020/741 [3] on minimum requirements for water reuse
(including agriculture irrigation), stablishes a common framework based on physico-chemical and
microbiological parameters. However, reference levels for contaminants of emerging concern
(CECs), term which also includes pharmaceuticals, are not defined in this document.

One of the possible risks derived from water reuse practices is due to the presence of CECs in
RW and their release into agricultural systems. Water monitoring legislation at EU level
(Directive 2013/39/EU [4]) only focuses on a set of 45 priority substances (PS) and priority
hazardous substances (PHS). Additionally, the so-called EU 2020 Watch List proposes the
monitoring of 19 compounds for their consideration as possible PS [5]. Despite this, current
European legislation is still insufficient to manage the risks derived from wastewater reuse in
agriculture due to the occurrence of CECs and their TPs in RW and their possible plant/fruit
uptake [6].

One of the main knowledge gaps in addressing general risk assessment of water reuse is the
determination of the levels of pharmaceutical TPs in the water-soil-plant nexus. These TPs can
be generated by different biotic and abiotic processes during wastewater treatments [7,8] and by
parent compound biotransformation [9]. In addition, some TPs can be present in RW at
concentration levels similar to those of the parent pharmaceuticals [10]. Available data indicate
that, in most cases, TPs are as toxic as or less toxic than their parents [11]. Nevertheless, some
TPs may pose increased environmental risks than parent compounds: i) if they are formed at
>10% the concentration of the parent compounds, ii) if they show higher persistence and mobility
than their parents, and iii) if they exhibit toxicity due to the preservation of the bioactive moiety
or result in a different and more bioactive action than parents [11,12]. A recent study has reported
that TPs of sulfamethoxazole, trimethoprim, diclofenac, tetracycline, and ibuprofen, which were
generated during wastewater treatments, exhibited higher toxicity to aquatic microorganisms than
parent compounds [13]. Besides, recent works pointed out that the potential synergistic effects of
parent antibiotics and their TPs cannot be obviated, including their role in antibiotic resistance
spread in agricultural ecosystems [14,15]. The negative effects on the composition of soil
microbial community due to the presence of CECs have also been reported [16], but effects
associated with their TPs at environmental concentrations still requires further investigation. In

plants, the highest risk is related to the possible uptake of CECs and TPs and the subsequent health
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risks when consuming the fruit or final product, which are still under discussion [15,17].
Considering these facts, additional investigation of TPs and their fate in the water reuse cycle is
needed.

Research efforts have mainly been focused on the identification of pharmaceutical TPs in the
water-soil-plant nexus including the study of the TPs generated in secondary and tertiary
wastewater treatments [18,19], after CEC degradation in soils, and as a consequence of in-plant
biotransformation [20-22]. The mechanisms explaining the formation of TPs have not been
thoroughly described yet. Studies dealing with the identification of TPs in agro-ecosystems are
usually performed under controlled conditions. Thus, single or mixtures of a few parent CECs are
used to spike the investigated medium at considerably higher concentrations than those expected
in a real agroecosystem. These strategies are essential to identify new TP structures and predict
their potential ecotoxicological effects under the evaluated conditions. However, the number and
nature of TPs reported in real agricultural environments is still scarce [15,23-25]. To our best
knowledge, studies dealing wide-scope search of TPs in real agricultural ecosystems have not
been reported. Due to the high number of unknown TPs that can be present in agricultural
compartments, their identification is a considerably complex and difficult task. In this sense,
liquid chromatography (LC) coupled to high-resolution mass spectrometry (HRMS) has
demonstrated its potential and capabilities as a powerful analytical tool for the detection of
unknown compounds at trace levels by the application of suspect screening methodologies and
retrospective analysis [26].

The present study aims to investigate the presence of pharmaceutical TPs due to the use of RW
in agricultural irrigation in real field crops. The selected agricultural systems consisted of plastic-
based greenhouses devoted to the intensive production of tomato and showing a long-term
exposition to RW irrigation. Samples from these greenhouses, including RW, soil, plant leaves
and tomato fruits, were studied in detail. A retrospective analysis to search and identify TPs from
prioritized pharmaceuticals was performed by using LC-HRMS data and a suspect screening
approach.

2. Materials and methods
2.1 Chemicals and reagents

Ultrapure water, acetonitrile (MeCN), glacial acetic acid and formic acid (LC-MS grade) were
purchased from Sigma-Aldrich (Steinheim, Germany). Ultrapure water was produced using a
Milli-Q water purification system from Millipore (Darmstadt, Germany). PTFE syringe filters (25
mm diameter, 0.22 pm pore size) were from SinerLab Group (Madrid, Spain). A total of 7
analytical reference standards were acquired for confirmatory purposes, namely atenolol acid
(CAS 56392-14-4, Toronto Research Chemicals, North York, Canada), 4-bromoantipyrine (CAS
5426-65-3, Sigma-Aldrich), chlorothiazide (CAS 58-94-6, TRC), citalopram amide (CAS 64372-
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56-1, TRC), de(cladinosyl)clarithromycin (CAS 118058-74-5, TRC), N-desmethyltramadol
(CAS 1018989-94-0, LGC Standards (Middlesex, United Kingdom) and SR-49498 (CAS
748812-53-5, TRC) with purity > 98%). Individual stock solutions of each compound were
prepared in concentrations ranging from 1000 to 2000 mg L™ in MeOH. All standard solutions
were stored in amber glass vials at -20°C. Working solutions were prepared at appropriate
concentrations in MeCN:H;0 (10:90, v/v).

2.2 Sample collection

RW was supplied by a private regeneration plant facility, which treats municipal wastewater
secondary effluents by filtration (sand and anthracite filters) and chlorination (NaClO). This plant
provides RW to greenhouses (GH) of Almeria province (Spain). Among them, 4 GHs devoted to
intensive production of tomato (13000-25000 m?) were selected and sampled due to RW has been
used for irrigation for more than 10 years. One of the GHs was dedicated to an experimental
soilless culture of cherry tomato (Solanum lycopersicum var. cerasiforme) grown in pots filled
with perlite substrate (SP), while the other 3 produced tomato ramyle and retinto varieties
(Solanum lycopersicum L.) ground in real agricultural soils (GH1-3). Physico-chemical
characterization of the sampled soil can be found elsewhere [23]. Figure 1 shows the sampling
timeline followed for each matrix in the four sampling sites (GH1, GH2, GH3 and SP). For soil,
two sampling events were scheduled in consecutive years coinciding with the end of the tomato
cultivation (May 2016 and May 2017). In every sampling event, 500 g of soil were taken
(composite sample, five soil cores, zig-zag sampling, depth 10-15 cm close to the plant root). The
subsamples were mixed to conform the homogeneous composite sample which was sieved, freeze
dried until constant weight, grinded and kept in the dark at -20°C until analysis. For plant material
(plant leaves and tomato fruit), up to 4 sampling events were fixed in different periods throughout
a commercial tomato campaign (from January 2016 to May 2016). In each sampling event,
tomatoes at mature stage of growth and leaves of similar size (500 g each) were taken from
different plants of the greenhouse following a zig-zag sampling route. The subsamples were
chopped and mixed to form a homogeneous composite sample and were kept in the dark at -20°C

until analysis. Regarding RW, only a single RW sample was taken in November 2015.

2.3. Sample preparation

Sample extraction (soil, leaves and tomato) was carried out using two different versions of
QUEChERS (acronym of Quick, Easy, Cheap, Effective, Rugged and Safe) acetate methodology,
which were previously published by our group [23,24]. For leaves and tomatoes, a portion of 10
g of plant material were placed into a 50-mL polypropylene centrifuge tube. Then, 10 mL of 1%
acetic acid in MeCN and 20 pL of the extraction quality control solution (100 pg/L) were added
and the tube was shaken (5 min). After that, 6 g of anhydrous MgSO. and 1.5 g of NaOAc were
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added and the tube was shaken again (5 min) and centrifuged at 3500 rpm (2054xg, 5 min).
Following this, a dispersive solid-phase extraction (d-SPE), used as clean-up step, was carried
out. To this purpose, 5 mL of the upper organic layer were placed into a 15-mL centrifuge tube
containing 750 mg of anhydrous MgSO., 125 mg of primary-secondary amine (PSA) and 125 mg
of C18. Then, the tube was vortexed (30 s) and centrifuged at 3500 rpm (5 min). Finally, 4 mL of
extract were transferred to screw-cap vials where 40 pL of MeCN at 1% of formic acid were
added. Prior to injection into the HPLC-QTOF-MS system, 100 pL of the extract were evaporated
until dryness and reconstituted in 100 uL. of MeCN:H,0O (10:90, v/v).

In case of soil samples, 1 g of freeze-dried sample was weighed in a 50-ml polypropylene tube.
After that, 4 mL of Milli-Q H,O were added, then shaken in a vortex (30 s) and left for 15 min
for rehydration. Afterwards, 10 mL of 1% acetic acid in MeCN and 20 L of the extraction quality
control solution were added and the tube was shaken (5 min). Following this, 5 g of anhydrous
MgSO, and 1.5 g of NaOAc were added and the tube was shaken again (5 min) and centrifuged
(3500 rpm, 20549, 5 min). In this case, the d-SPE consisted in a mixture of 750 mg of MgSO,
and 125 mg of C18. Then, the protocol followed the same steps as for plant material described
before. RW sample was filtered and 100 pL of MeCN were added to an aliquot of 900 pL
previously to direct injection in the HPLC-QTOF system, as it is described in [23].

2.4. LC-QTOF-MS analysis

Analysis of samples was carried out using a LC Agilent 1260 Infinity system (Agilent
Technologies, Foster City, CA, USA) equipped with a Poroshell 120 EC-C18 analytical column
(50 x 4.6 mm, 2.7 um particle size, Agilent Technologies) operated at a flow rate of 0.5 mL min™?
and using an injection volume of 20 uL. Ultrapure water (0.1% formic acid, eluent A) and MeCN
(eluent B) were used as mobile phases. The gradient used ranged from 10% to 100% of solvent
B: initially it was kept constant at 10% for 2 min, then increased linearly from 10% to 100% for
9 min and finally it remained constant for 4 min before returning to the initial conditions. The
total analysis run time was 22 min. The LC system was connected to a QTOF mass analyzer
Triple TOF 5600+ from Sciex Instruments (Foster City, CA, USA) with a DuoSpray ™ ion source
consisting of an electrospray (ESI) interface for sample injection and an atmospheric-pressure
chemical ionization interface (APCI) for calibrant solution delivery. Samples were analyzed in
both ESI+ and ESI— modes. The ESI source parameters were: ionspray voltage, 4500 V; curtain
gas, 25 (arbitrary units); GS1, 60 psi; GS2, 60 psi; and temperature, 575°C. The acquisition was
made via TOF MS survey scan (resolving power of 30000) with an accumulation time of 250 ms
followed by four IDA (Information Dependent Acquisition) TOF MS/MS scans with an
accumulation time of 100 ms. The m/z scan range for both TOF MS and IDA was 50-1000.

Dynamic background subtraction was considered for IDA experiments. For MS? fragmentation,
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a collision energy of 30 eV with a + 15 eV spread was applied. Analyst TF 1.5 software was used

for data acquisition, and Sciex OS 1.5 for data processing (both from Sciex).

2.5. Prioritization of CECs and TPs suspect screening list

The previous analysis of the agricultural samples (RW, soil, leaves, tomato), retrospectively
evaluated in this work, revealed the presence of 57 CECs (pharmaceuticals and some of their
major and more frequently reported TPs) [23,24]. To investigate the presence TPs, a previous
selection of the parent analytes was carried out based on the following criteria: (i) compounds
found at high concentration; (ii) analytes most frequently detected in the different commodities;
(iii) drugs suspected to have an environmental/human toxic impact, according to literature
evidences; and (iv) those included in current regulations [4,5]. Based on these criteria, 20 parent
CECs were selected: amitriptyline (AMI), atenolol (ATE), azithromycin (AZI), caffeine (CAF),
cetirizine (CET), citalopram (CIT), clarithromycin (CLA), dipyrone (DIP), flecainide (FLE),
fluoxetine (FLU), hydrochlorothiazide (HCT), irbesartan (IRB), lamotrigine (LAM), lidocaine
(LID), mepivacaine (MEP), propranolol (PRP), telmisartan (TEL), tramadol (TRA), trimethoprim
(TRI) and venlafaxine (VEN).

Once the selection was performed, a literature search focused on their relevant and previously
reported TPs was carried out, minded diverse formation sources such as wastewater treatments
and biological processes. For certain CECs, reported TPs were not found in literature, and thus,
the in silico prediction tool EAWAG-BBD Pathway Prediction System [27] was used to obtain
possible TP structures. The suspect list finally developed contained 262 TPs and is shown in Table
S1. 8 TPs from the list had already been analysed in our laboratory [23,24]. Accordingly, their
retention time (RT) were included in the TP processing list to exclude them from possible isomer
candidates and were not considered as suspect TPs onwards. This was the case of paraxanthine
(CAF TP); N-desmethylcitalopram (CIT TP); 4-acetylaminoantipyrine, 4-formylaminoantipyrine
and antipyrine (DIP TPs); o-desmethyltramadol and tramadol-N-oxide (TRA TPs); and o-
desmethylvenlafaxine (VEN TP) (Table S1).

2.6. Suspect screening workflow

The analysis of HRMS data was entirely performed by Sciex OS software. The suspect list was
processed using the [M+H]* and [M-H] adducts in samples analyzed by ESI+ and ESI-,
respectively. The criteria considered to obtain tentative candidates included an absolute intensity
threshold of 1000 cps, a S/N ratio >10, a tolerance of 5 ppm mass accuracy and an isotope ratio
difference (IRD) <10%. Only chromatographic peaks with an intensity response ten times higher
than that of the procedural blanks [28] were further studied. The algebraic calculation of the best
formula to fit accurate masses of the product ions was performed by the Sciex OS software tool,

Formula Finder, and fragment alignment was also verified. Acquired MS? spectra were primarily
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compared with two spectral libraries, the internal library All-in one HRMS (Sciex) and the open-
access database of mass spectra MassBank Europe [29]. In case of match with libraries, a score
>80% was set for the tentative assignation of candidates. Additionally , the in silico fragmentation
tool ChemSpider database [30] (integrated into the Sciex OS software) was checked to enhance
spectra interpretation. A minimum score of 70% was considered for candidates. TPs for which no
match was found in libraries or using the in silico fragmentation tool, the criteria adopted for their
further investigation as candidates was the presence of at least two product ions with a mass
accuracy error <5 ppm. Furthermore, their acquired MS? spectra were checked with literature
evidence, when available. To use the chromatographic retention behavior of the TPs to help with
their structural elucidation, an in-house RT prediction model was applied using a linear
correlation of the measured RTs and the estimated log Kow values (RT=0.8363xlog Kow+4.2853,
R2=0.4705) of 120 analytical standards analyzed in the same conditions. A window of + 2 min
was considered. TP log Kow were estimated by the EPI Suit[31]. Due to the rough RT estimation,
the prediction approach was not considered as exclusion criteria for structure allocation, due to
the reliability requirements and the inherent limitations of the method. TPs tentatively identified
were grouped according to the identification confidence levels proposed by Schymanski et al.
[32]. The concentration of the TPs confirmed with the analytical standard (identification level 1),
was estimated by external standard calibration curves. Experimental limits of quantification
(LOQs) were set as the lowest acceptable concentration in the calibration curve which yielded a

signal-to-noise (S/N) ratio close to 10 with a mass error < 5 ppm and an IRD <10%.

3. Results and discussion
3.1. Tentative identification of TPs

The identification of TPs in agro-ecosystems presents some analytical difficulties, which
include: (i) the complexity of the matrices; (ii) the frequent lack of high-quality MS? spectra,
mainly due to the low TP concentrations in samples; (iii) the lack of MS? spectra for many of
these TPs in libraries; and (iv) the lack of commercially available analytical standards for final
confirmation of the structure. For these reasons, it is often necessary to carry out structural
elucidation of TPs based on a laborious and detailed observation of the spectra, which in many

cases leads to a tentative identification.

The suspect screening strategy applied in this study yielded a first list of 44 TP candidates in
RW, soil, leaves and tomato samples. After comparing the acquired spectra with spectral
databases and literature, and scrutinizing the fragmentation pattern of each compound, a total of
18 TPs could be tentatively identified in the samples. 6 TPs were grouped in the high confidence
level 2 and, eventually, 7 TPs could be confirmed with the RT of their analytical standards. Table

1 shows the proposed structures, identification levels (according to Schymanski et al
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[32]),chromatographic, spectral information and a summary of the criteria considered for
structure allocation in each case. A thorough discussion devoted to structure assignation of the
identified TPs has been performed and is shown below.

3.1.1ATETP

The formation of the only detected ATE TP, ATE 268 ([M+H]* C14H21NO4, m/z 268.1543),
involves the hydrolysis of the amide group of the parent compound (Figure S1A), which results
in the formation of an acid. The acquired MS? spectrum of ATE 268 (Figure S1B) showed similar
fragmentation pattern as ATE and matched with the reported spectrum in literature [21]. A score
of 92% with ATE acid in MassBank Europe database supported the purchase of the analytical
standard and its RT was finally confirmed (Figure S1C).

3.1.2 AZI TPs

Up to three AZI TPs (Figure S2) were identified in the samples. AZI 592 (C3Hs7NO1o, [M+H]*,
m/z 592.4055) and AZI 434 (C22H43sNO7, [M+H]*, m/z 434.3112) kept the macrolactone ring intact
and were formed by the consecutive enzymatic removal of the desosamine (Figure S3) and
cladinose (Figure S4) moieties, reported in biotransformation reactions [2]. Both compounds were
included at identification level 2b, due to a 92 % of score with the structure proposed for AZI 434
in ChemSpider, and the match of three diagnostic fragments of AZI 592 with the most intense
ions found in the literature [18]. AZI 374 (C19H3sNOs, [M+H]*, m/z 374.2534) represents a further
step in the AZI degradation process, which mainly results in the opening of the macrolide ring
and subsequent losses and oxidative reactions in the resulting structure. MS? information (Figure
S5) coincided well with two different isomers [18], AZI 374 B and 374 C in Table S1, but not
sufficient spectral evidence was found for an unambiguous assignment. For this reason, AZI 374

was included in identification level 3.

3.1.3.CIT TPs

The TPs CIT 339 (C20H1sFN205, [M+H]" m/z 339.1503) and CIT 325 (C19H17FN2O2, [M+H]*
m/z 325.1346) identified were formed by an oxidation reaction of CIT (Figure S6) in the furan
ring and further N-demethylation (Figures S7 and S8, respectively). Detection of the neutral loss
of CO from the product ion at m/z 276.0819 was indicative of the presence of a carbonyl group
in the furan ring, which produced 3-oxo-citalopram, a CIT human metabolite, as confirmed by
Beretsou et al [33]. The subsequent N-demethylation was supported by the loss of the NH>CH3
group observed in CIT 325 [34]. The full agreement of the MS? spectra of both compounds with
those reported in the literature placed them in the identification level 2b.

CIT 343 (CooH23FN207, [M+H]* m/z 343.1816) was confirmed as CIT amide. This TP is formed

by hydrolysis reaction of the nitrile group of CIT to yield a primary amide. This proposal was
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supported by the presence of the product ion corresponding to the loss of the amide moiety at m/z
237.1074 (Figure S9A) and similarities of the MS? fragmentation pattern found in literature
[33,34]. Lastly, structure confirmation was carried out by reference standard analysis (Figure
S9B).

3.1.4. CLATPs

CLA 590 (CsoHs5NO10, [M+H]" m/z 590.3898) would be formed by cleavage of the cladinose
group of CLA (Figure S10), typical of macrolide antibiotics, which led to the formation of a
hydroxy derivative. The CLA 590 MS? spectrum (Figure S11A) matched with the fragmentation
pattern reported in the literature [20,35] and by the ChemSpider database (85% of score). Its RT
was finally confirmed with the analytical standard (Figure S11B).

In the case of CLA 764 (CasHsoNO14, [M+H]" m/z 764.4790), two different structures could be
proposed: the hydroxylation of the parent compound (14-OH-CLA) and the CLA-N-oxide
formation. Based on the differences observed with the spectrum reported for CLA-N-oxide by
Tian et al. [20] and considering that the acquired spectrum (Figure S12) scored 71% for 14-OH-
CLA using ChemSpider, the latter structure was the proposed and CLA 764 was included in

confidence level 2b.

3.1.5DIP TP

The structure of DIP 267 corresponds to the 4-brominated derivate of phenazone (Figure S13):
4-bromoantipyrine (C1:H11BrN2O, [M+H]* m/z 267.0127) (Figure S14A). The similarities of the
acquired MS? with the compound tentatively identified in literature [36] and a score of 72% on
ChemSpider were the reasons for purchasing the analytical standard. Finally, its RT could be
confirmed (Figure S14B).

3.16 HCT TP

The HCT 293 (CsHeCIN3O4S,;, [M-H]" m/z 293.9415) structure corresponded to the
dehydrogenation of HCT (Figure S15), which resulted in an additional double bound located in
the benzothiadiazine ring to form a tertiary amine. The acquired spectrum (Figure S16A) was
checked against MassBank Europe and ChemSpider, and both results indicated a good match with
chlorothiazide (91% and 78% of score, respectively). Analysis of the corresponding analytical
standard confirmed the identity of this TP (Figure S16B).

3.1.7IRB TPs
Up to 5 TPs of IRB (Figure S17) could be identified, which were formed by oxidation reactions

of the parent compound. The main reactions observed were: i) hydroxylation in the alkyl chain
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(IRB 445 A), ii) oxidation of the double bond of the imidazolone ring (IRB 445 B, IRB 447) and
iii) oxidation of both positions (IRB 461 A).

The hydroxylation of the alkyl chain was observed for IRB 445 A (CsH2sNeO2, [M+H]* m/z
445.2346, RT 7.03 min) (Figure S18). The acquired MS? spectrum of this TP also showed the
breakage of the molecule observed for IRB, yielding a coincident ion at m/z 207.0917 (C14H10N>)
corresponding to the tetraazolic biphenyl moiety; and a second fragment at m/z 211.1441
(C11H1sN20,) instead of the ion at m/z 195.1492 (C11H1sN2O) present in IRB spectrum. This
indicates that the hydroxylation occurred in this part of the structure. Although some authors
propose the hydroxylation of the alkyl chain as the most probable structure [37], the absence of
characteristic ion fragments does not allow to confirm this hypothesis. Therefore, IRB 445 was
classified in level 3.

For IRB 447 (CasH30NsO2, [M+H]" m/z 447.2503), the ESI+ fragments at m/z 252.1244, and
196.1331 (Figure S19A), would indicate the oxidation of the imidazolone ring and its subsequent
opening. The fragments at m/z 305.1659 and 211.1452 in the ESI- MS? spectrum (Figure S19B)
also confirmed the formation of the amide group. After obtaining a 91% of score in ChemSpider
and comparing the RT with that of the analytical standard, the proposed structure for IRB 447
was confirmed.

IRB 445 B (C5H2sN6O2, [M+H]* m/z 445.2346, RT 8.84 min) presented a fragmentation pattern
similar to that of IRB 447 in ESI+, with two coincident ions (m/z 196.1332 and 168.1383) while
other three ions were found with a difference of 2 Da (m/z 250.1087, 233.0822 and 205.0760,
Figure S20). This mass difference indicated a related structure with an extra unsaturation
(RDB=15), probably located between the carbon in alpha with the biphenyl group and the nitrogen
atom, which is supported by the presence of fragments at m/z 361.1771 and m/z 250.1087.
However, due to the lack of conclusive information, IRB 445 B was included in level 2b as
probable structure.

The MS? spectrum of IRB 461 A (CsH2sNgOs, [M+H]* m/z 461.2295, RT 7.35 min) showed
common ions with IRB 447 (m/z 252.1244, 235.0978, 207.0917 and 84.0808, Figure S21A). But
presence of one additional oxygen atom and an extra unsaturation, suggested the presence of an
additional carbonyl group. Presence of product ion at m/z 99.0441 in ESI+ was decisive to ensure
the presence of two carbonyl groups in the alkyl chain (Figure S21A) [37]. The spectrum in ESI-
was also compatible with the proposed structure by the structural allocation of product ion at m/z
207.1139, which presumably could be formed by the rearrangement of the imidazole ring
producing the loss of H,O (Figure S21B). However, and although the similarities found with the
ESI+ spectrum reported in literature [37] were consistent, IRB 461 A was included in confidence
level 3.

Finally, IRB 461 B isomer (RT 7.61 min) presented fragment ions similar to IRB 461 A, at m/z
252.1244,235.0992, 207.0917 and 180.0808 (Figure S22A). However, the characteristic product
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ions of IRB 461 A at m/z 210.1125 and 99.0441, which supported the presence of the two carbonyl
moieties in the alkyl chain, were not found in IRB 461 B. This suggested that the extra oxygen
and the unsaturation should be in another position of the molecule. The associated molecular
formulae of product ions found at m/z 102.0913 in ESI+ and at m/z 124.0404 and 81.0346 in ESI-
(Figure S22B), pointed out that the oxidation may occur in the cyclopentane ring. However, the
structural assignment of the ESI- product ion at m/z 220.0768 (C1sH1:NO) was not possible under
this premise. Thus, IRB 461 B was kept in identification level 4. Although a structure could not
be proposed in this case, MS? information provided sufficient keys to correlate this TP with
sartans. To our knowledge, this TP has not been reported before.

3.1.8 TEL TP

The structure proposed for TEL 439 (C27H26N4O2 ([M+H]*, m/z 439.2128) was obtained using
the in silico prediction tool EAWAG-BBD Pathway Prediction System [27]. TEL 439 would be
formed by an initial dihydroxylation of the biphenyl carboxylic moiety of TEL, followed by a
meta-cleavage pathway that would produce a para-phenyl acid derivate (Figure S23). Degradation
of various alkylphenols has been reported to occur by bacterial biotransformation in sediments
and sludge via the proposed meta-cleavage route [38]. The spectral information of parent TEL
439 was compared to internal and external databases and no match was found. However, MS?
spectrum of parent TEL showed a common product ion with TEL 439 at m/z 276.1369 (Figure
S24, Table 1). The investigated product ions revealed an initial loss of H,O (m/z 421.2023) and
subsequent losses of CO (m/z 393.2074) and CO; (m/z 365.1761), which support the presence of
a carboxylic acid group (Figure 2). Presence of product ion at m/z 289.1448 would indicate a loss
of the propyl chain and the phenyl acid groups, while characteristic ion at m/z 276.1369 would
correspond to both imidazolone core groups (shared with TEL). Although the mass fragments
obtained support the assignment of the proposed structure, the lack of additional evidence led to
the inclusion of TEL 439 in level 3. To our best knowledge, TEL 439 has not been previously
reported.

3.1.9TRATP

Up to 5 different structures included in the suspect list (Table S1), belonging not only to TRA
but also to VEN TPs, matched with the molecular formula of TRA 250 (C1sH23sNOz, [M+H]* m/z
250.1801). O-desmethyltramadol and O-desmethylvenlafaxine were discarded based on the RTs
of the corresponding analytical standards. N,N-didesmethylvenlafaxine and N,O-
didesmethylvenlafaxine proposals were not considered as their MS? spectra did not match when
compared in Mass Bank Europe. Characteristic fragment ions of TRA (Figure S25) were observed
at m/z 159.0804, 121.0648 and 91.0542 (Figure S26A). MS? spectrum scored 98% and 78% with

N-desmethyltramadol in MassBank Europe and ChemSpider, respectively. It also matched with
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literature reported [19]. Finally, TRA 250 was confirmed with the analytical standard (Figure
S26B).

3.2 Occurrence of TPs in agricultural samples

The occurrence and distribution of the 18 TPs in RW, soil, plant leaves and tomato fruits were
evaluated throughout the different sampling events at the selected sampling points (SP, GH1,
GH2, GH3). Table 2 shows the average chromatographic peak areas of the TPs in the samples in
which they were detected. Table 3 depicts the average concentrations of the confirmed TPs. The
concentrations of the parent compounds can be found elsewhere [23,24]. Up to 5 TPs were found
in RW, while 15 TPs could be determined in agricultural soils and perlite. Regarding tomato
plants, only 2 TPs were detected in leaves and none of them were found in tomato fruits (Table
2, Figure 3). SP substrate contained by far the highest number of compounds (14 TPs), followed
by agricultural soils from GH2 (8 TPs), GH3 (3 TPs), and GH1 (1 TP). This finding was closely
related to the presence of parent compounds previously reported in these matrices (Table 2)
[23,24]. Although perlite showed the highest number of TPs and some of them presented certain
accumulation or persistence, this fact could not be associated with a higher availability and
translocation of such TPs in the plant. This behavior agrees with the results obtained in previous
studies evaluating the occurrence of the parent pharmaceuticals. The data demonstrated that there
was not any difference in the detected concentrations or the detection frequency of the CECs in
leaves and tomato samples from SP when compared with the samples from typical GHs [23,24].

ATE 268, CLA 764, IRB 445 A, IRB 447, and IRB 461 A were the only five TPs identified in
RW. Although ATE and ATE 268 had been reported in wastewater [8] and ATE 268 is recognized
as the main transformation product of ATE biodegradation in soil under controlled conditions
[21]. Nevertheless, none of the two compounds was detected in any of the real soil samples
analysed. The same occurred for IRB 445 A and CLA 764. The latter was only present at low
abundance in a single soil sample. However, two additional IRB TPs, IRB 447 and IRB 461 A,
were found in perlite in both sampling events, with IRB 447 showing slight accumulation between
samplings. Other IRB TPs, IRB 445 B and IRB 461 B (not present in the RW) could be detected
in SP in both samplings. However, despite the high occurrence of IRB TPs in perlite, none of
them could be detected in GH soil samples, except for IRB 445 B which was present in a single
sample. The sorption of IRB in soil has been described [39], however, its behavior is still unclear
and only a limited number of reports have examined its fate. Some authors have reported that IRB
potential to migrate is moderate or low in a subsurface water environment [16]. This fact, together
with its high dissipation half-live reported in soil, can limit the formation of TPs at detectable
concentrations, which agrees with the results obtained in this work.

AZI TPs (AZI 374, AZI 434, and AZI 592) were found in various soil samples from different

sampling points presenting persistence in most cases. AZI 374 was only detected in SP while AZI
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592 was also observed in soil samples from GH2. It must be noticed that AZI 434 was present in
all perlite and soil samples, except for the first sampling carried out in GH3, showing a higher
detection frequency than that observed for the parent AZI [23]. AZI 434 and AZ1 592 have already
been tentatively identified in real RW intended for agricultural purposes [14]. Noticeably, these
TPs maintain intact the macrocyclic lactone ring and, thus, they may still show residual
antimicrobial activity [40]. Other compounds that may have toxicological implications on the
spread of antibiotic resistance are CLA 590 and CLA 764, as they preserve the antimicrobial ring
and the tertiary amine group of the desosamine moiety [40]. A study carried out by Baumann et
al. revealed a comparable environmental risk of CLA 764 (tentatively identified as 14-OH-CLA)
than parent CLA due to their similar concentrations found in surface waters [41]. However, in
this work, CLA 764 was only detected in the samples in which the parent compound was
quantified at the highest concentrations [23]. Although data indicates less occurrence of CLA TPs
compared to AZI TPs, their presence should not be underestimated due to the potential
ecotoxicological implications. Evidence about the risk associated with the presence of antibiotics
and their TPs in agricultural systems have been studied by Tadi¢ et al. The authors reported that
only the 54 % of the total variation in antibiotic resistant genes abundance could be explained by
the detected antimicrobials in vegetables irrigated with RW [15]. Therefore, further insight about
antibiotic TPs occurrence and their possible activity should be investigated, including regular
monitoring.

CIT related TPs, CIT 325, CIT 339, and CIT 343 were detected only in samples from SP (both
samplings except for CIT 343) and GH2 (first sampling). An estimated environmental risk
assessment in aquatic environments carried out by Beretsou et al. (2016) reported that no
individual risk is expected for CIT 343 at a semi-quantified concentration in wastewater of 0.01
g L™

DIP 267 was detected in perlite substrate in both sampling events showing an accumulation
tendency. This phenazone halogenated derivate, commonly used as a contrast agent for brain scan,
has been identified during chlorination of antipyrine under controlled conditions when bromide
was present in the degradation solution [36]. However, no environmental risk assessment or
hazard information were found for DIP 267.

The presence of TEL 439 was observed in all the GH and SP soil samples, with a notably higher
intensity in the latter. This behavior is in agreement with the high concentrations also observed in
SP for the parent TEL [23]. Because of the high log Kow = 7.7 of TEL, its presence at high
concentrations in sewage sludge used as a soil amendment, as well as a very high bioaccumulation
in roots, have been reported [42]. To our knowledge, no previous information about TEL TPs has
been found. However, the high frequency of detection observed in this work would require further

studies to evaluate the presence and fate of TEL TPs to assess their contribution to overall
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agricultural risks, where the presence of TEL can be abundant due to both reuse practices and use
of sewage sludge.

At last, two TPs were detected in leaves, HCT 293 and TRA 250, confirmed as chlorothiazide
and N-desmethyltramadol, respectively. HCT 293 was detected in leaves from SP and GH 2 (third
and fourth samplings) and SP substrate (last sampling), showing comparable concentrations than
those found for parent HCT in leaves (Table 3) [24]. Interestingly, this TP was not detected in
soil samples from GH 2, which would indicate that its formation could be related to the
biotransformation/uptake of the parent HCT in plant tissues. The formation of HCT 293 from the
parent compound has already been reported by abiotic and biotic reactions such as ozonation,
photodegradation, hydrolysis, and biotransformation in river sediments [43,44]. Regarding
environmental hazardous implications, an ecotoxicological evaluation with bacterial
bioluminescence revealed that HCT 293 did not pose increased effects in comparison with HCT
[44]. On the contrary, the occurrence of TRA 250 did not follow a clear trend. It was found in the
first sampling of SP, but surprisingly, it was not present in the second sampling. Furthermore, this
TP was observed in the leaves from GH3 (fourth sampling) without being detected in soil samples
from the same site. This would indicate a probable formation by biotic transformations of TRA
in plant tissues. In line with this, and according to Kostanjevecki et al. (2019), TRA 250 has been
detected as a microbial biodegradation product of TRA in activated sludge culture and no
significant toxic effects were found in algal bioassay.

To our knowledge, occurrence data of the 18 TPs investigated in this work have not been
reported in real field agricultural samples. However, in terms of agricultural systems, there is a
knowledge gap regarding CEC TPs due to the high variety of compounds that can be present and
the scarce information available about real-field samples at environmental concentrations. For
instance, effects on microorganisms, terrestrial wildlife and plant stress inducers, spread of
antibiotic resistance, toxicological synergistic effects related to mixtures, transformation of parent
compounds in plant metabolism, introduction into the food chain and human low-level exposure,
among others, are practically unknown for the reuse of RW in agriculture [17]. From this point
of view, the application of HRMS analytical strategies able to detect and identify compounds not
previously reported in agricultural environments is of high importance to fill in the knowledge

gaps in risk assessment associated with reuse practices.

4. Conclusions

The originality of this study is based on the first application of a retrospective suspect screening
focused on 262 TPs from 20 parent CECs in actual agricultural environments. Four real-field
agricultural systems (SP, GH1, GH2, GH3) irrigated with RW for more than 15 years were
investigated in search of pharmaceutical TPs. A thorough investigation of TP fragmentation

patterns together with a comparison with spectral libraries and literature evidence were decisive
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for the structural assignment and classification of up to 18 TPs from 9 CECs. The developed
analytical strategy has been successfully applied for the tentative identification with high
confidence of 12 TPs, which led to the confirmation of 7 TPs. 2 TPs were tentatively identified
for the first time. Occurrence and environmental impact of the 18 TPs were evaluated. SP (perlite
matrix) showed the highest number of compounds (15 TPs), followed by agricultural soils from
GH1, GH2 and GH3 (8 TPs), RW (4 TPs) and plant leaves (2 TPs). Remarkably, none of the
investigated TPs was found in tomato fruit samples. Although perlite substrate accumulated the
highest number of TPs, no significant and specific availability of TPs for plants was observed.
Up to 6 TPs showed persistence between sampling events in perlite/soil samples and occurrence
of AZI 434 and TEL 439 was found to be almost ubiquitous in these matrices. In general, no clear
trend showing uptakes from soils/perlite to leaf plant tissues was detected. HCT 293 and TRA
250 were the only two compounds identified in leaves. To our knowledge, no previous data is
available regarding the TPs evaluated in this work in agricultural environments. This study
stresses the wide variety of CEC TPs derived from reuse practices that can be present in
agricultural systems as well as the need for specific knowledge to evaluate TP environmental
impact, including the possible spread of antibiotic resistance in agricultural environments

submitted to RW irrigation.
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Figure captions

Figure 1. Sampling events carried out for each matrix at all sampling sites (SP, GH1-3)
Figure 2. ESI+ MS? spectrum of TEL 439 in a perlite sample and proposed fragmentation
Figure 3. Total number of TPs found in each sampling site/matrix
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Abstract

The transformation that eentaminants—of-emerging-conecern{CECs)pharmaceuticals can-suffer

undergo during the water reclamation cycle, or by biotic/abiotic reactions when reclaimed water
(RW) is used for irrigation, can lead to the presence of transformation products (TPS) in
agricultural environments. However, data on TPs in real crops are scarce. Herein, a suspect
screening approach was applied for the comprehensive investigation of 262 potential TPs,

associated te-with 20 prioritised SECs-pharmaceuticals found in real tomato crops exposed to

long-term RW irrigation. The occurrence and fate of the TPs was evaluated by the retrospective
analysis of RW, soil, leave and tomato samples from 4 intensive production greenhouses. Sample
analysis was accomplished by liquid chromatography coupled to quadrupole-time-of-flight mass
spectrometry (LC-QTOF-MS). Up to 18 TPs were tentatively identified, withbeingof which 2 FPs

of themwere not previously reported. 7 TPs were finally confirmed with analytical standards. 5

TPs were determined in RW, 15 TPs in soil and 2 TPs in leaves. Remarkably, the investigated
TPs were not found in tomato fruits. These evidenees-results shed light on the variety of TPs that
can be found in the water reuse cycle and contribute to assess-the assessment of the global risks
of wastewater reuse and the safety of the vegetable and fruit production systemthe-safety-ofthe

produced-vegetables-and-fruts,

Keywords: Water reuse, transformation products, contaminants of emerging concern, LC-
QTOF-MS, suspect screening
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1. Introduction

Reuse of reclaimed water (RW) for agricultural purposes_is one of the solutions to reduce ean

mitigate-water stress in arid and semi-arid regions. In these areas,~where the lack of water is a

widespread problem, and it is particularly important wherewhen agriculture represents the main

economic activity. Consequently, water reuse in agriculture this-strategy-is-of-great-interest-since

contributes to an efficient water usage and the preservation of the environment [1].-Bue—ts

inherent-benefits In this sense, the European Union (EU) is facing-the-waterscarcity-problem-by
promoting a circular economy strategy through urban wastewater reuse as a reliable alternative
water source for agricultural irrigation [2]. Thus, in-erderte-harmenize-the-differentregulations
of the European countries, the EU European Parliament and the Council- launched the Regulation

(EU) 2020/741 [3] on minimum requirements for water reuse_(including agriculture irrigation),
stablishes a common framework based on eensidering—onhy—physicoal-chemical and

microbiological parameters-to-ensure-the-safe-use-of RW-for-agriculttral-purpeses. However

reference levels for contaminants of emerging concern (CECs), term which also includes

pharmaceuticals, are not defined in this document.
One of the possible risks derived from water Although reuse practices isseems-to-be-effective

dealing-with-water shortages; due to the presence of contaminants-of-emerging-concern{CECs)
in RW and their release into agricultural systems. is-a-matter-ofcurrent-concerh—CECs-are-defined

Wwater monitoring appreaches-legislation enlyfecus-on-a-set-of 45-priority-substances{PS)-and

priority-hazardeus—substances{PHS)-at European-EU level (Directive 2013/39/EU [4])_only

focuses on a set of 45 priority substances (PS) and priority hazardous substances (PHS).

Additionally, the so-called EU 2020 Watch List proposes the monitoring of 19 compounds are

2020-for their future-consideration as possible PS [5]. Despite this, the-jeint-efforis-to-preparea
regulation—experts—on—the—field—have—peinted—out—that—current European legislation is still

insufficient to manage the risks derived from wastewater reuse in agriculture due to the
occurrence of CECs and their TPs pesed-by-CECs-in RW and their possible plant/fruit uptake in
the-agricultural-reuse-context [6].

One of the main knowledge gaps in addressing general risk assessment of water reuse to-assess
the-glebalrisk-ofreuse-is the determination of the levels of pharmaceutical fate-eftransfermation
products{TPs) in the water-soil-plant nexus-derived-from-CECs. These TPs can be generated by
different biotic and abiotic_processes—reactions—n_during wastewater treatments processes—for
waterreclamation-[7,8] and by parent compound biotransformation earried-out-by-envirenmental
organisms-[9]. In addition, some TPs can be present in RW at simiar-concentration levels similar

to those of thane parent CECs-pharmaceuticals [10]. Available data indicate that, in most cases,
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TPs are as toxic as or less toxic than their parents [11]. Nevertheless, some TPs -and-can-may
posehave-even-increased-eco-toxie increased environmental risks than parent compounds: i) if

they are formed at >10% the concentration of the parent compounds, ii) if they show higher

persistence and mobility than their parents, and iii) if they exhibit toxicity due to the preservation

of the bioactive moiety or result in a different and more bioactive action than parents [11,12]-. A

recent study has reported that TPs of sulfamethoxazole, trimethoprim, diclofenac, tetracycline,

and ibuprofen, which were generated during wastewater treatments, exhibited higher toxicity to

aquatic microorganisms than parent compounds [13]. Besides, rRecenthy works pointed out that

the potential synerqistic effects of parent antimicrebial-antibiotics and their TPs cannot be

obviated, including their role in antibiotic resistance spread in agricultural ecosystems derived

reuse-practices[14,15]. The negative effects on the composition of soil microbial community due

to the presence of CECs have also been reported [16], but effects associated with their TPs at

environmental concentrations still requires further investigation. In plants, the highest risk is

related to the possible uptake of CECs and TPs and the subsequent health risks when consuming

the fruit or final product, which are still under discussion [15,17]. Considering these facts,

additional investigation of TPs and their fate in the water reuse cycle is needed.
Secientificresearch—has—tackledResearch efforts have mainly been focused on the exelusive
identification of pharmaceutical TPs from-pharmaceutical CECs-in the water-soil-plant nexus

reuse-cycle-from-differentperspectives,-which-includinge the study of the TPs generated duringin
secondary and tertiary wastewater treatments [18,19], after as:weH-asby-CEC degradation in soils,

and as a consequence of in-plant biotransformation [20-22]. The mechanisms explaining the
formation of TPs have not been are-still-not thoroughly described_yet. Conseguenthy—sStudies
dealing with the identification of TPs in agro-ecosystems are usually performed under controlled

conditions. Thus, Ssingle or esektaHs-mixtures of a few parent CECs are used to spike added-to
the investigated medium at muehconsiderably higher concentrations than those environrmentaky

expected.in a real -agroecosystem. These strategies are essential to identify new TP theirstructures

and predict their potential ecotoxicological risks-effects under the specified-evaluated conditions.
However, the number and nature of TPs reported in real-field agricultural environments is still
scarce [15,23-25].-and; tT0 our best knowledge, studies dealingre wide-scope search of TPs atin
real epvirenmental-concentrations-has-beenperformed-in-agricultural ecosystems have not been
reportedse—far. Due to the high number of unknown TPs that can be present in
envirenmentalagricultural —compartments, their identification is a considerably complex and
difficult task. In this sense, liquid chromatography (LC) coupled to high-resolution mass
spectrometry (HRMS) has demonstrated its potential and capabilities as a powerful analytical tool
for the detection of unknown compounds at trace levels by the application of suspect screening

methodologies and retrospective analysis [26].
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The present study aims to investigate contribute-to-the-current-knowledge-abeut-the presence of
pharmaceutical TPs due to the use of RW derivedfrom—waterreuse—practices-in agricultural

environments irrigation in real field crops. The selected agricultural systems consisted of plastic-

based greenhouses devoted to the intensive production of tomato and showing a long-term
exposition to RW irrigation. Forthispurpesethe-identification-of TRs-inreal-field-agricultural
samples-was-perfermed-Samples from these greenhouses, including RW, soil, plant leaves and
tomato fruits, were studied in detail. A retrospective analysis to search and identify TPs from
prioritized pharmaceuticals was performed by using the—application—efa-LC-HRMS data

workflewusing—a—and a suspect screening approach. Fhe—eceurrence—and-fate—of TRsfrom

2. Materials and methods
2.1 Chemicals and reagents

Ultrapure water, acetonitrile (MeCN), glacial acetic acid and formic acid (LC-MS grade) were
purchased from Sigma-Aldrich (Steinheim, Germany). Ultrapure water was produced using a
Milli-Q water purification system from Millipore (Darmstadt, Germany). PTFE syringe filters (25
mm diameter, 0.22 pum pore size) were from SinerLab Group (Madrid, Spain). -A total of 7
analytical reference standards were acquired for confirmatory purposes, namely atenolol acid
(CAS 56392-14-4, Toronto Research Chemicals, North York, Canada), 4-bromoantipyrine (CAS
5426-65-3, Sigma-Aldrich), chlorothiazide (CAS 58-94-6, TRC), citalopram amide (CAS 64372-
56-1, TRC), de(cladinosyl)clarithromycin (CAS 118058-74-5, TRC), N-desmethyltramadol
(CAS 1018989-94-0, LGC Standards (Middlesex, United Kingdom) and SR-49498 (CAS
748812-53-5, TRC) with purity > 98%). Individual stock solutions of each compound were
prepared in concentrations ranging from 1000 to 2000 mg L™ in MeOH. All standard solutions
were stored in amber glass vials at -20°C. Working solutions were prepared at appropriate
concentrations in MeCN:H,0 (10:90, v/v).

2.2 Sample collection

RW was supplied by a private regeneration plant facility, which treats municipal wastewater
secondary effluents by filtration (sand and anthracite filters) and chlorination (NaClO). This plant
provides RW to greenhouses (GH) of Almeria province (Spain). Among them, 4 GHs devoted to
intensive production of tomato (13000-25000 m?) were selected and sampled due to RW has been
used for irrigation for more than 10 years. One of the GHs was dedicated to an experimental

soilless culture of cherry tomato (Solanum lycopersicum var. cerasiformeeherry-variety) grown

in pots filled with perlite substrate (SP), while the other 3 produced tomato ramyle and retinto
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varieties (Solanum lycopersicum L.) ground in real agricultural soils (GH1-3). Physicoal-

chemical characterization of the sampled soil can be found elsewhere [23]. Figure 1 shows the
sampling timeline followed for each matrix in the four sampling sites (GH1, GH2, GH3 and SP).
For soil, two sampling events were scheduled in consecutive years coinciding with the end of the
tomato cultivation (May 2016 and May 2017). In every sampling event, 500 g of soil were taken
(composite sample, five soil cores, zig-zag sampling‘W/-distribution-in-the-GH, depth 10-15 cm
close to the plant root). The subsamples were mixed to conform the homogeneous composite

sample which was sieved, freeze dried until constant weight, grinded and kept in the dark at -
20°C until analysis. For plant material (plant leaves and tomato fruit), up to 4 sampling events
were fixed in different periods throughout a commercial tomato campaign (from January 2016 to
May 2016). In each sampling event, tomatoes at mature stage of growth and leaves of similar size

(500 g each) were taken from different plants of the greenhouse following a ¥/-zig-zag sampling

route. The subsamples were chopped and mixed to form a homogeneous composite sample and
were kept in the dark at -20°C until analysis. Regarding RW, only a single RW sample was taken
in November 2015.

2.3. Sample preparation

Sample extraction (soil, leaves and tomato) was carried out using two different versions of the

QUEChERS (acronym of Quick, Easy, Cheap, Effective, Rugged and Safe) acetate methodology,

which were previously published by our group [23,24]. For leaves and tomatoes, a portion of 10

g of plant material were placed into a 50-mL polypropylene centrifuge tube. Then, 10 mL of 1%

acetic acid in MeCN and 20 pL of the extraction guality control solution (100 pg/L) were added
and the tube was shaken (5 min). After that, 6 g of anhydrous MgSO4 and 1.5 g of NaOAc were

added and the tube was shaken again (5 min) and centrifuged at 3500 rpm (2054xq, 5 min).

Following this, a dispersive solid-phase extraction (d-SPE), used as clean-up step, was carried

out. To this purpose, 5 mL of the upper organic layer were placed into a 15-mL centrifuge tube

containing 750 mqg of anhydrous MgSQa, 125 mg of primary-secondary amine (PSA) and 125 mg
of C18. Then, the tube was vortexed (30 s) and centrifuged at 3500 rpm (5 min). Finally, 4 mL of

extract were transferred to screw-cap vials where 40 puL of MeCN at 1% of formic acid were

added. Prior to injection into the HPLC-QTOF-MS system, 100 uL of the extract were evaporated
until dryness and reconstituted in 100 pl. of MeCN:H,0 (10:90, v/v).

In case of soil samples, 1 g of freeze-dried sample was weighed in a 50-ml polypropylene tube.
After that, 4 mL of Milli-Q H,O were added, then shaken in a vortex (30 s) and left for 15 min
for rehydration. Afterwards, 10 mL of 1% acetic acid in MeCN and 20 pL of the extraction quality

control solution were added and the tube was shaken (5 min). Following this, 5 g of anhydrous

MgSO4 and 1.5 g of NaOAc were added and the tube was shaken again (5 min) and centrifuged
(3500 rpm, 205449, 5 min). In this case, the d-SPE consisted in a mixture of 750 mg of MgSQO4




191
192
193
194
195

|196
197
198
199

200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

|215

216

|217

218
219
220
221
222
223
224
225
226
227

and 125 mg of C18. Then, the protocol followed the same steps as for plant material described

before. (Fext-Si)-which-were-previously-published-by-eurgroup—RW samples waswere filtered
and 100 pL of MeCN were added to an aliquot of 900 pL previously to direct injection in the

HPLC-QTOF system, as it is described in [23].

2.34. LC-QTOF-MS analysis

Analysis of samples was carried out using a LC Agilent 1260 Infinity system (Agilent
Technologies, Foster City, CA, USA) equipped with a Poroshell 120 EC-C18 analytical column
(50 x 4.6 mm, 2.7 um particle size, Agilent Technologies) operated at a flow rate of 0.5 mL min!
and using an injection volume of 20 pL. Ultrapure water (0.1% formic acid, eluent A) and MeCN
(eluent B) were used as mobile phases. The gradient used ranged from 10% to 100% of solvent
B: initially it was kept constant at 10% for 2 min, then increased linearly from 10% to 100% for
9 min and finally it remained constant for 4 min before returning to the initial conditions. The
total analysis run time was 22 min. The LC system was connected to a QTOF mass analyzer
Triple TOF 5600+ from Sciex Instruments (Foster City, CA, USA) with a DuoSpray™ ion source
consisting of an electrospray (ESI) interface for sample injection and an atmospheric-pressure
chemical ionization interface (APCI) for calibrant solution delivery. Samples were analyzed in
both ESI+ and ESI— modes. The ESI source parameters were: ionspray voltage, 4500 V; curtain
gas, 25 (arbitrary units); GS1, 60 psi; GS2, 60 psi; and temperature, 575°C. The acquisition was
made via TOF MS survey scan (resolving power of 30000) with an accumulation time of 250 ms
followed by four IDA (Information Dependent Acquisition) TOF MS/MS scans with an
accumulation time of 100 ms. The m/z scan range for both TOF MS and IDA was 50-1000.
Dynamic background subtraction was considered for IDA experiments. For MS? fragmentation,
a collision energy of 30 eV with a + 15 eV spread was applied. Analyst TF 1.5 software was used
for data acquisition, and Sciex OS 1.5 for data processing (both fromerm Sciex).

2.45. Prioritization of CECs and TPs suspect screening list

The previous analysis of the agricultural samples (RW, soil, leaves, tomato), retrospectively
evaluated in this work, revealed the presence of 57 CECs (pharmaceuticals and some of their
major and more frequently reported TPs) [23,24]. To investigate the presence TPs, a previous
selection of the parent analytes was carried out based on the following criteria: (i) compounds
found at high concentration; (ii) analytes most frequently detected in the different commodities;
(iii) drugs suspected to have an environmental/human toxic impact, according to literature
evidences; and (iv) those included in current regulations [4,5]. Based on these criteria, 20 parent
CECs were selected: amitriptyline (AMI), atenolol (ATE), azithromycin (AZI), caffeine (CAF),
cetirizine (CET), citalopram (CIT), clarithromycin (CLA), dipyrone (DIP), flecainide (FLE),
fluoxetine (FLU), hydrochlorothiazide (HCT), irbesartan (IRB), lamotrigine (LAM), lidocaine
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(LID), mepivacaine (MEP), propranolol (PRP), telmisartan (TEL), tramadol (TRA), trimethoprim
(TRI) and venlafaxine (VEN).

Once the selection was performed, a literature search focused on their relevant and previously
reported TPs was carried out, minded diverse formation sources such as wastewater treatments
and biological processes. For certain CECs, reported TPs were not found in literature, and thus,
the in silico prediction tool EAWAG-BBD Pathway Prediction System [27] was used to obtain
possible TP structures. The suspect list finally developed contained 262 TPs and is shown in Table
S1. 8 TPs from the list had already been analysed in our laboratory [23,24]. Accordingly, their
retention time (RT) were included in the TP processing list to exclude them from possible isomer
candidates and were not considered as suspect TPs onwards. This was the case of paraxanthine
(CAF TP); N-desmethylcitalopram (CIT TP); 4-acetylaminoantipyrine, 4-formylaminoantipyrine
and antipyrine (DIP TPs); o-desmethyltramadol and tramadol-N-oxide (TRA TPs); and o-
desmethylvenlafaxine (VEN TP) (Table S1).

2.56. Suspect screening workflow

The analysis of HRMS data was entirely performed by Sciex OS software. The suspect list was
processed using the [M+H]" and [M-H] adducts in samples analyzed by ESI+ and ESI-,
respectively. The criteria considered to obtain tentative candidates included an absolute intensity
threshold of 1000 cps, a S/N ratio >10, a tolerance of 5 ppm mass accuracy and an isotope ratio
difference (IRD) <10%. Only chromatographic peaks with an intensity response ten times higher
than that of the procedural blanks [28] were further studied. The algebraic calculation of the best
formula to fit accurate masses of the product ions was performed by the Sciex OS software tool,
Formula Finder, and fragment alignment was also verified. Acquired MS? spectra were primarily
compared with two spectral libraries, the internal library All-in one HRMS (Sciex) and the open-
access database of mass spectraspen-tibrary MassBank Europe database-{NORMAN-retwork)

[29]. In case of match with libraries, a score >80% was set for the tentative assignation of

candidates. Additionally , the in silico fragmentation tool ChemSpider database [30] (integrated
into the Sciex OS software) was checked to enhance spectra interpretation. A minimum score of
70% was considered for candidates. TPs for which no match was found in libraries or using the
in silico fragmentation tool, the criteria adopted for their further investigation as candidates was
the presence of at least two product ions with a mass accuracy error <5 ppm. Furthermore, their
acquired MS? spectra were checked with literature evidencesevidence, when available. fn-order
teTo use the chromatographic retention behavior of the TPs to help with their structural
elucidation, an in-house RT prediction model was applied using a linear correlation of the
measured RTs and the estimated log Kow values (RT=0.8363xlog Kow+4.2853, R?=0.4705) of
120 analytical standards analyzed in the same conditions. A window of + 2 min was considered.
TP log Kow were estimated by the EPI Suit-seftware-[31]. Due to the rough RT estimation, the
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prediction approach was not considered as exclusion criteria for structure allocation, due to the
reliability requirements and the inherent limitations of the method. TPs tentatively identified were
grouped according to the identification confidence levels proposed by Schymanski et al. [32]. The

concentration of the TPs confirmed with the analytical standard (identification level 1), was

estimated by external standard calibration curves. Experimental limits of quantification (LOQS)

were set as the lowest acceptable concentration in the calibration curve which yielded a signal-
to-noise (S/N) ratio close to 10 with a mass error <5 ppm and an IRD <10%. SpatialFhe-location

3. Results and discussion

3.1. Tentative identification of TPs

The identification of TPs in agro-ecosystems presents some analytical difficulties,
includingwhich include: (i) the complexity of the matrices; (ii) the frequent lack of high-quality
MS? spectra, mainly due to their low TP concentrations in the-samples; (iii) the lack of MS?
spectra for many of these TPs in libraries; and (iv) the lack of commercially available analytical
standards for final strueture-confirmation of the structure-with-RF. For these reasons, it is often
necessary to perform-carry out the-structural elucidation of the-TPs based on a laborious and

detailed observation of the spectra, which in many cases leads to a tentative identification.

The suspect screening strategy applied in this study yielded a first list of 44 TP candidates in
RW, soil, leaves and tomato samples. After comparing the acquired spectra with spectral
databases and literature, and scrutinizing the fragmentation pattern of each compound, a total of
18 TPs could be tentatively identified in the samples. £2-6 TPs were grouped in the high
confidence level 2 and, eventually, 7 TPs could be confirmed with the RT of their analytical
standards. Table 1 shows the proposed structures, identification levels (according to Schymanski
et al [32]),—and-the—chromatographic,—anrd spectral information_and a summary —Fable-S2

surmmarizesof the criteria considered for structure allocation in each case. A thorough discussion

devoted to structure assignation of the identified TPs has been performed and is shown below.

3.1.1 ATE 268TP

The proposed-strueture-for-this P formation of the only detected ATE TP, ATE 268 acid-with
moleetlarformula([M+H]" -C1aH21NO., (FM+H}"-m/z 268.1543), involves the hydrolysis of the
amide group of ATFEthe parent compound (Figure S1A), which results in the formation of an acid.
The acquired MS? spectrum of ATE 268 (Figure S1B) showed the-samesimilar fragmentation

pattern as ATE {Figure-STA)-presenting-a-coincident-characte agrent-at-m/z145:0648an
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aforementioned—spectralevidences,—simiaritiesand matched with the reported spectrum in
literature [21]. Aane-a score of 92% with ATE acid in MassBank Europe database supported the
purchase of the analytical standard and its RTt. Finatly-thisFR-was finally confirmed with-the
reference-standard-(Figure S1C).

3.1.2 AZI TPs
Up to three AZI TPs (Figure S2) were identified in the samples. AZI 592 (C3oHs7NO1o, [M+H]",
m/z 592.4055) and AZI1 434 (C,H4sNO7, [M+H]*, m/z 434.3112) kept the macrolactone ring intact

and were formed by the consecutive enzymatic removal of the desosamine (Figure S43) and

cladinose (Figure S54) moieties, reported in biotransformation reactions [2]. Both compounds

were included at identification level 2b, due to a 92 % of score with the structure proposed for
AZIl 434 in ChemSpider, and the match of three diagnostic fragments of AZI 592 with the most
intense ions found in the literature [18]. AZI 374 (C19H3sNOg, [M+H]*, m/z 374.2534) represents

a further step in the AZI degradation process, which mainly results in the opening of the macrolide

ring and subsequent losses and oxidative reactions in the resulting structure. MS? finformation
(Figure S35) coincided well with two different isomers [18]—AZ}, AZI 374 B and 374 C in Table

S1, but not sufficient spectral evidence was found for an unambiguous assignment. For this

reason, AZI 374 was included in identification level 3.

3.1.3. CIT TPs
The TPs CIT 339 (C20H19FN202, [M+H]+ m/z 3391503) and CIT 325 (C19H17FN202, rM+H]+
m/z 325.1346) identified were formed by an oxidation reaction of CIT (Figure S6) in the furan

ring and further N-demethylation (Figures S7 and S8, respectively). Detection of the neutral loss

of CO from the product ion at m/z 276.0819 was indicative of the presence of a carbonyl group

in the furan ring, which produced 3-oxo-citalopram, a CIT human metabolite, as confirmed by

Beretsou et al [33]. The subsequent N-demethylation was supported by the loss of the NH,CH3

group observed in CIT 325 [34]. The full agreement of the MS? spectra of both compounds with

those reported in the literature placed them in the identification level 2b.
CIT 343 (CH23FN20O,, [M+H]* m/z 343.1816) was confirmed as CIT amide. This TP is formed

by hydrolysis reaction of the nitrile group of CIT to vield a primary amide. This proposal was

supported by the presence of the product ion corresponding to the loss of the amide moiety at m/z

237.1074 (Figure S9A) and similarities of the MS? fragmentation pattern found in literature

[33,34]. Lastly, structure confirmation was carried out by reference standard analysis (Figure

S9B).
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3.1.4. CLATPs

CLA 590 (CgoHs5NO10, [M+H]" m/z 590.3898) would be formed by cleavage of the cladinose
group of CLA (Figure S10), typical of macrolide antibiotics, which led to the formation of a
hydroxy derivative. The CLA 590 MS? spectrum (Figure S11A) matched with the fragmentation
pattern reported in the literature [20,35] and by the ChemSpider database (85% of score). Its RT

was finally confirmed with the analytical standard (Figure S11B).
In the case of CLA 764 (C3sHggsNO14, [M+H]" m/z 764.4790), two different structures could be
proposed: the hydroxylation of the parent compound (14-OH-CLA) and the CLA-N-oxide

formation. Based on the differences observed with the spectrum reported for CLA-N-oxide by

Tian et al. [20] and considering that the acquired spectrum (Figure S12) scored 71% for 14-OH-

CLA using ChemSpider, the latter structure was the proposed and CLA 764 was included in

confidence level 2b.

3.15DIPTP
The structure of DIP 267 corresponds to the 4-brominated derivate of phenazone (Figure S13):
4-bromoantipyrine (C1:H11BrN,O, [M+H]* m/z 267.0127) (Figure S14A). The similarities of the

acquired MS? with the compound tentatively identified in-the literature [36] and a score of 72%

on ChemSpider were the reasons for purchasing the analytical standard. Finally, its RT could be
confirmed (Figure S14B).

3.1.6 HCT TP
The HCT 293 (C/HsCINsO4S,, [M-HT m/z 293.9415) structure corresponded to the
dehydrogenation of HCT (Figure S15), which resulted in an additional double bound located in

the benzothiadiazine ring to form a tertiary amine. The acquired spectrum (Figure S16A) was

checked against MassBank Europe and ChemSpider, and both results indicated a good match with

chlorothiazide (91% and 78% of score, respectively). Analysis of the corresponding analytical
standard confirmed the identity of this TP (Figure S16B).

3.1.7 IRB TPs
Up to 5 TPs of IRB (Figure S17) could be identified, which were formed by oxidation reactions

of the parent compound. The main reactions observed were: i) hydroxylation in the alkyl chain
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(IRB 445 A), ii) oxidation of the double bond of the imidazolone ring (IRB 445 B, IRB 447) and
iii) oxidation of both positions (IRB 461 A).

The hydroxylation of the alkyl chain was observed for IRB 445 A (CzsH2sNeO2 [M+H]* m/z
445.2346, RT 7.03 min) (Figure S18). The acquired MS? spectrum of this TP also showed the
breakage of the molecule observed for IRB, yielding a coincident ion at m/z 207.0917 (C14H10N2)
corresponding to the tetraazolic biphenyl moiety;; and a second fragment at m/z 211.1441
(C11H18N205); instead of the ion at m/z 195.1492 (Ci11H1sN»0O) present in IRB spectrum. This;
which eenfirmindicates that the hydroxylation occurreds in this part of the structure. Although

some authors propose the hydroxylation of the alkyl chain as the most probable structure [37], the

absence of characteristic ion fragments does not permitallow to confirm this hypothesis.
Therefore, ard-IRB 445 was classified in level 3.

For IRB 447 (CsH30NeOo, [M+H]" m/z 447.2503), the ESI+ fragments at m/z 252.1244, and
196.1331 (Figure S19A), would indicate the oxidation of the imidazolone ring and its subsequent
opening. The fragments at m/z 305.1659 and 211.1452 in the ESI- MS? spectrum (Figure S19B)

also confirmed the formation of the amide group. After obtaining a 91% of score with-in

ChemSpider and comparing the RT with that of the analytical standard, the proposed structure for
IRB 447 was confirmed.

IRB 445 B (C2sH2sN6O,, [M+H]* m/z 445.2346, RT 8.84 min) presented a fragmentation pattern
similar to that of IRB 447 in ESI+, with two coincident ions (m/z 196.1332 and 168.1383) while
other three ions were found with a difference of 2 Da (m/z 250.1087, 233.0822 and 205.0760,
Figure S20). This mass difference indicated a related structure with an extra unsaturation

(RDB=15), probably located between the carbon in alpha with the biphenyl group and the nitrogen

atom, which is supported by the presence of fragments at m/z 361.1771 and m/z 250.1087.

However, due to the lack of conclusive information, IRB 445 B was included in level 2b as

probable structure.
The MS? spectrum of IRB 461 A (CasHsNeOs [M+H]* m/z 461.2295, RT 7.35 min) showed
common ions with IRB 447 (m/z 252.1244, 235.0978, 207.0917 and 84.0808, Figure S21A). But

presence of one additional oxygen atom and an extra unsaturation, suggested the presence of an

additional carbonyl group. Presence of the-product ion at m/z 99.0441 in ESI+ was decisive to

ensure the presence of two carbonyl groups in the alkyl chain (Figure S21A) [37]. The spectrum

in ESI- was also compatible with the proposed structure by the structural allocation of product

ion at m/z 207.1139, which presumably could be formed by the rearrangement of the imidazole

ring producing the loss of H,O (Figure S21B). However, and although the similarities found with

the ESI+ spectrum reported in literature [37] were consistent, IRB 461 A was included in

confidence level 3.
Finally, IRB 461 B isomer (RT 7.61 min) presented fragment ions similar to IRB 461 A, at m/z
252.1244, 235.0992, 207.0917 and 180.0808 (Figure S22A). However, the characteristic product
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ions of IRB 461 A at m/z 210.1125 and 99.0441, which supported the presence of the two carbonyl
moieties in the alkyl chain, were not found in IRB 461 B. This suggested that the extra oxygen

and the unsaturation should eeeupybe in another position #of the molecule. The associated

molecular formulae of product ions found at m/z 102.0913 in ESI+ and at m/z 124.0404 and

81.0346 in ESI- (Figure S22B), pointed out that the oxidation may occur in the cyclopentane ring.

However, the structural assignment of the ESI- product ion at m/z 220.0768 (CisH1:NO) was not

possible under this premise. Thus, IRB 461 B was kept in identification level 4. Although a

structure could not be proposed in this case, MS? information provided sufficient keys to correlate

this TP with sartans. To our knowledge, this TP has not been reported before.

3.1.8 TEL TP

The structure proposed for TEL 439 (C27H26N4O, ([M+H]*, m/z 439.2128) was obtained using
the in silico prediction tool EAWAG-BBD Pathway Prediction System [27]. TEL 439 would be
formed by an initial dihydroxylation of the biphenyl carboxylic moiety of TEL, followed by a

meta-cleavage pathway that would produce a para-phenyl acid derivate (Figure S23). Degradation

of various alkylphenols has been reported to occur by bacterial biotransformation in sediments

and sludge via the proposed meta-cleavage route [38]. The spectral information of parent TEL

439 was compared to internal and external databases and no match was found. However, MS?

spectrum of parent TEL showed a common product ion with TEL 439 at m/z 276.1369 (Figure
S24, Table 1). The investigated product ions revealed an initial loss of H,O (m/z 421.2023) and
subsequent losses of CO (m/z 393.2074) and CO, (m/z 365.1761), which support the presence of
a carboxylic acid group (Figure 2). FhepPresence of product ion at m/z 289.1448 would indicate

a loss of the propyl chain and the phenyl acid groups, while characteristic ion at m/z 276.1369

would correspond to both imidazolone core groups (shared with TEL). Although the mass

fragments obtained support the assignment of the proposed structure, the lack of additional

evidence led to the inclusion of TEL 439 in level 3. To our best knowledge, TEL 439 has not been

previously reported.

3.1.9TRATP

Up to 5 different structures included in the suspect list (Table S1), belonging not only to TRA
but also to VEN TPs, matched with the molecular formula of TRA 250 (C1sH2sNO,, [M+H]* m/z
250.1801). O-desmethyltramadol and O-desmethylvenlafaxine were discarded based on the RTs

of the corresponding analytical standards. N,N-didesmethylvenlafaxine and N,O-

didesmethylvenlafaxine proposals were not considered as their MS? spectra did not match when

compared in Mass Bank Europe. Characteristic fragment ions of TRA (Figure S25) were observed
at m/z 159.0804, 121.0648 and 91.0542 (Figure S26A). MS? spectrum scored 98% and 78% with

N-desmethyltramadol in MassBank Europe and ChemSpider, respectively. It also matched with
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literature reported [19]. Finally, TRA 250 was confirmed with the analytical standard (Figure

S26B).
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665 3.2 Occurrence of TPs in agricultural samples and-environmental-relevanece

666 The occurrence and distribution of the 18 TPs were-evaluated-in RW, soil, plant leaves and
667  tomato fruits waswere evaluated throughout aleng-the different sampling events and-at the
668  selected sampling points (SP, GH1, GH2, GH3). Table 23 shows Fhe—the average
669  chromatographic peak areas of the TPs in the different-samples in which they were detected-are
670  shewninTable32. Table 33 depicts the average semi-guantified-concentrations of the confirmed
671  TPs. The concentrations of the parent compounds can be found elsewhere [23,24]. Up to 5 TPs
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were found in RW, whilst-while 15 TPs could be determined in agricultural soils and perlite.
Regarding tomato plants, only 2 TPs were detected in leaves and none of them wereas found in
tomato fruits (Table 2, Figure 3). SP substrate contained by far the highest number of compounds
(14 TPs), followed by agricultural soils from GH2 (8 TPs), GH3 (3 TPs), and GH1 (1 TP). This
finding was closely related to the presence of parent compounds previously reported in these
matrices (Table 2) [23,24]. Although perlite showed the highest number of TPs and some of them
presented certain accumulation or persistence, this fact could not be associated with a higher
availability and translocation of such TPs in the plant. This behavior agrees with the results
obtained in previous studies evaluating the occurrence of the parent CECspharmaceuticals. The
data demonstrated that there was not any difference in the detected concentrations or the detection
frequency of the CECs in leaves and tomato samples from SP when compared with the samples
from typical GHs [23,24].

ATE 268, CLA 764, IRB 445 A, IRB 447, and IRB 461 A were the only five TPs identified in
RW. Although ATE and ATE 268 had been reported in wastewater [8] and ATE 268 is recognized
as the main transformation product of ATE biodegradation in soil under controlled conditions
[21]. Nevertheless,; the-presence-of-both-none of the two compounds was ret detected in any of
the real soil samples analyszed. The same fact-was-observedoccurred for IRB 445 A and CLA
764. and-tThe latter was only present at low abundance in a single soil sample. However, two
additional IRB TPs, IRB 447 and IRB 461 A, were found in perlite in both sampling events, with
IRB 447 showing slight accumulation between samplings. Other IRB TPs, IRB 445 B and IRB
461 B (not present in the RW) could be detected in SP in both samplings. However, despite the

high occurrence of IRB TPs in perlite, none of them could be detected in GH soil samples, with
the-exception-efexcept for IRB 445 B; which was present in a single sample. The sorption of IRB
in soil has been described [39], however, its behavior is still unclear and only a limited number
of reports have examined its fate. Some authors have reported that IRB potential to migrate is
moderate or low in a subsurface water environment is-moderate-orlow-[16]. This fact, together

with itsthe high dissipation half-live reported in soil, can limit the formation of this TPs at
detectable concentrations, which agrees with the results obtained inef this work.

AZI TPs (AZI 374, AZI 434, and AZI 592) were found in various soil samples from different
sampling points presenting persistence with-the-time-in most-ef-the cases. AZIl 374 was only
detected in SP while AZI 592 was also observed in soil samples from GH2. It must be noticed
that AZI 434 was present in all perlite and soil samples, except for the first sampling carried out

in GH3, showing a higher detection frequency than that observed for the parent AZI [23]. -AZI

434 and AZI 592 have already been tentatively identified in real RW intended for agricultural

purposes [14]. Noticeably, these TPs maintain intact the macrocyclic lactone ring and,- thus, they
may still show eertain-residual antimicrobial activity [40].- Fhisfactisremarkable-since—an
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agriculturalenvironmen A1 -Furtherinsightabouttheiroccurrence-and-possible-activityrsho

be—investigated—including—regular—meonitoring—Other compounds that may eeuld—have

toxicological implications on the spread of antibiotic resistance are CLA 590 and CLA 764, as

they preserve the antimicrobial ring and the tertiary amine group of the desosamine moiety ;

exhibiting—bactericidalactivity-simiarto-theparentcompound-[40]. A study carried out by

Baumann et al. revealed a comparable environmental risk of CLA 764 (tentatively identified as

14-OH-CLA) than parent CLA due to their similar concentrations found in surface waters [41].

However, in this work, CLA 764 was only detected in the samples in which the parent compound

was quantified at the highest concentrations [23]. Although data indicates less occurrence of CLA

TPs compared to AZI TPs, their presence should not be underestimated due to the simiarpotential

ecotoxicological implications. Evidence about the risk associated with the presence of antibiotics

and their TPs in agricultural systems have been studied by Tadi¢ et al. The authors reported that

only the 54 % of the total variation in antibiotic resistant genes abundance could be explained by

the detected antimicrobials in vegetables irrigated with RW [15]. Therefore, further insight about

antibiotic TPs occurrence and their possible activity should be investigated, including reqular

monitoring.
CIT related TPs, CIT 325, CIT 339, and CIT 343 were detected only in samples from SP (both

samplings except for CIT 343) and GH2 (first sampling). An estimated environmental risk

assessment in aquatic environments carried out by Beretsou et al. (2016) reported that no

individual risk is expected for CIT 343 at a semi-quantified concentration in wastewater of 0.01

DIP 267 was detected in perlite substrate in both sampling events showing an accumulation
tendency. This phenazone halogenated derivate,-is- commonly used as a contrast agent for brain
scanbrain-sean-contrast-agent,per-and has been identified during chlorination of antipyrine under
controlled conditions; when bromide was present in the degradation solution [36]. However, no
ecotoxicological-detatlsenvironmental risk assessment or hazard information were found for DIP
267-inrealenvironmental-samples.

The presence of TEL 439 was observed in all the GH and SP soil samples, with a notably higher

intensity in the latter. This behavior is;are in agreement with the higher concentrations also

observed in SP for the parent TEL [23]. Because of the high log Kow = 7.7 of TEL, its presence
at high concentrations in sewage sludge used as a soil amendment, as well as a very high
bioaccumulation in roots, have been reported [42]. To our knowledge, no previous information
about TEL TPs has been found. However, the high frequency of detection observed in this work

would require further studiesy to evaluate ef-the presence and fate of TEL TPs to assess their

contribution to overall agricultural riskspetential—ecetoxicological—efects—in—agricuttural
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environments, where the presence of TEL can be abundant due to both reuse practices and use of
sewage sludge.

At lastlast;; two TPs were detected in leaves, HCT 293 and TRA 250, confirmed as
chlorothiazide and N-desmethyltramadol, respectively. HCT 293 was detected in leaves from SP

and GH 2 (third and fourth samplings) and SP substrate (last sampling), showing comparable
concentrations than those found for parent HCT in leaves (Table 3) [24]. Interestingly, this TP

was not detected in soil samples from GH 2, which would indicate that its formation could be
related to the biotransformation/uptake of the parent HCT in plant tissues. The formation of HCT
293 from the parent compound has already been reported by abiotic and biotic reactions such as
ozonation, photodegradation, hydrolysis, and biotransformation in river sediments [43,44].
Regarding environmental hazardous implications, an ecotoxicological evaluation with bacterial
bioluminescence revealed that HCT 293 did not pose increased effects in comparison with HCT
[44]. On the contrary, the occurrence of TRA 250 did not follow a clear trend. It was found in the
first sampling of SP, but surprisingly, it was not present in the second sampling. Furthermore, this
TP was observed in the leaves from GH3 (fourth sampling) without being detected in soil samples
from the same site. This would indicate a probable formation by biotic transformations of TRA
in plant tissues. In line with this, and according to Kostanjevecki et al. (2019), TRA 250 has been
detected as a microbial biodegradation_product of TRA in activated sludge culture and no

significant toxic effects were found in algal bioassay.

knowledge, occurrence data of the 18 TPs investigated in this work have not been reported in real

field agricultural samples. However, in terms of when-tatking-about-agricultural systems, there is
a knowledge gap regarding CEC TPs due to the high variety of compounds that can be present
and the scarce information available about real-field samples at environmental concentrations.
For instance, effects on microorganisms, terrestrial wildlife and plant stress inducers, spread of
antibiotic resistance, toxicological synergistic effects related to mixtures, transformation of parent
compounds in plant metabolism, introduction into the food chain and human low-level exposure,
among others, are practically unknown for the reuse of RW in agriculture [17]. From this point
of view, the application of HRMS analytical strategies able to detect and identify compounds not

previously reported in agricultural environments is of high importance to fill in the_knowledge

gaps in ecetoxicological-knowledge risk assessment associated with reuse practices.

4. Conclusions
The originality of this study is based on the first application of a retrospective suspect screening
focused on 262 TPs from 20 parent CECs in actual agricultural environments. Four real-field

agricultural systems (SP, GH1, GH2, GH3) irrigated with RW for more than 15 years were
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investigated in search of CEC-pharmaceutical TPs. A thorough investigation of TP fragmentation
patterns together with_a comparison with spectral libraries and literature evidences were decisive
for the structural assignment and classification of up to 18 TPs from 9 CECs. The developed
analytical strategy has been successfully applied for the tentative identification with high
confidence of 12 TPs, which led to the confirmation of 7 TPs. 2 TPs were tentatively identified
for the first time. Occurrence and environmental impact of the 18 TPs were evaluated. SP (perlite
matrix) showed the highest number of compounds (15 TPs), followed by agricultural soils from
GH1, GH2 and GH3 (8 TPs), RW (4 TPs) and plant leaves (2 TPs). Remarkably, none of the
investigated TPs was found in tomato fruit samples. Although perlite substrate accumulated the
highest number of TPs, no significant and specific availability of TPs for plants was observed.
Up to 6 TPs showed persistence between sampling events in perlite/soil samples and occurrence
of AZI 434 and TEL 439 was found to be almost ubiquitous in these matrices. In general, no clear
trend showing uptakes from soils/perlite to leaf plant tissues was detected. HCT 293 and TRA
250 were the only two compounds identified in leaves. To our knowledge, no previous data is
available regarding the TPs evaluated in this work in agricultural environments. This study
stresses the wide variety of CEC TPs derived from reuse practices that can be present in
agricultural systems as well asnd the need for specific knowledge to evaluate TP ecotoxicological

effeetsenvironmental impact, including the possible spread of antibiotic resistance in agricultural

environments submitted to RW irrigation.
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Figure captions

Figure 1. Sampling events carried out for each matrix at all sampling sites (SP, GH1-3)
Figure 2. ESI+ MS? spectrum of TEL 439 in a perlite sample and proposed fragmentation
Figure 3. Total number of TPs found in each sampling site/matrix
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Table 1. List of parent pharmaceuticals (in bold) and TPs tentatively identified in samples. Chromatographic, spectral information, identification level and
criteria considered for structure allocation.

Compound Structure RT?  Molecular Theoretical Error RDBP IRD® ILY Criteria Ref
(min) formula [M+H]* (ppm) (%)
(m/z)
ATE ”\)OH\, 1.88  Ci14H22N203 267.1703 0.7 5 1.9 1
Y” °m C11H16N203 225.1234 1.0 5
" C11H11NO; 190.0863 1.8 7
C1oH11NO; 178.0863 -7.6 6
C10HsO 145.0648 7.6 7
C7/HsO 107.0491 4.3 5
ATE 268 H\)"”\/ 4.40 C14H21NO4 268.1543 -0.7 5 2 1 MassBank Europe score: 92% [1,2]
Atenolol acid \(" °\©\i C11H1sNO4 226.1074 -2.1 5 Literature: 4 Pl matched
on C11H1003 191.0703 -0.4 7 Predicted RT difference: 1.63 min
CoHs0s 165.0546 -8.6 6 RT match with analytical standard
C10HsO 145.0648 -4.8 7
CsH1sNO 116.1070 6.1 1
CsH/NO 74.0600 0.8 1
AZI 6.08  CszsH72N2012 749.5158 -0.9 4 8.9 1
Ca30HssN209 591.4215 -1.4 3
C3oHs6N20g 573.4109 0.3 4
C22HasNO; 434.3112 -2.8 2
CsH1sNO; 158.1176 2.2 2
CsH1sNO 116.1070 7.8 1
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Compound Structure RT?  Molecular Theoretical Error RDBP IRD® ILY Criteria Ref
(min) formula [M+H]* (ppm) (%)
(m/2)

AZI 374 521  Ci19H3sNOs 374.2534 -0.9 3 2.5 3 Literature: 4 Pl matched each [3]
C14H2sNO4 272.1856 -2 3 spectrum
C11H21NO3 216.1594 -1.9 2 Predicted RT difference:
C11H1sNO; 198.1489 -5.8 3 B: 1.84 min, C: 0.56 min
CsH1403 159.1016 3.3 2

AZI 434 571  Ca2HasNOy 434.3112 -0.9 2 35 2b Literature: No MS/MS [4]
C22H41NOg 416.3007 -1.4 3 ChemSpider score: 92%
C16H31NOs 318.2275 35 2 Predicted RT difference: 0.26 min
Ci6H29NO4 300.2169 -0.4 3
C10H1sNO; 186.1489 -5.7 2

AZ1 592 7.12  CazoHs7NO1o 592.4055 -1.2 3 1.5 2b Literature: 3 Pl match [3]
C22Ha3sNO7 434.3112 5.0 2 Predicted RT difference: 1.49 min
C22Ha1NOg 416.3007 -1.8 3
CsHsO 83.0491 0.7 3




Compound Structure RT?  Molecular Theoretical Error RDBP IRD® ILY Criteria Ref
(min) formula [M+H]* (ppm) (%)
(m/2)
CIT 722  CaHaFN20 325.1711 -0.4 11 2.4 1
C2oH19FN; 307.1605 -1.0 12
C1sH14FNO 280.1132 -1.9 12
CisH12FN 262.1027 -1.0 13
Ci7H1oFN 247.0792 -1.9 13.5
CisHsFN 234.0714 -1.9 13
CisHsFN 221.0635 -3.3 12.5
C12H7N 166.0651 -3.2 10
C7HsF 109.0448 7.3 5
CIT 325 6.97  CioHi7FN20: 325.1346 -0.3 12 5 2b  Literature: 8 Pl match [5]
Ci19H1sFN20 307.1241 -6.9 13 Predicted RT difference: 0.57min
C1sH10FNO 276.0819 -4.1 14
CisHsFN 258.0714 0.2 15
Ci1sHoNO 256.0757 -4.3 15
Ci17H10FN 248.0870 -4.9 13
Ci1sH10FNO 228.0819 -1.4 10
C11HoFN20, 221.0721 -0.8 8
C1oHsNO2 172.0393 -7.6 9
CIT 339 7.05  CaH19FN202 339.1503 0.1 12 0.9 2b Literature: 6 PI match [5,6]
Ca0H17FN20 321.1398 -5.5 13.5 Predicted RT difference: 0.47min
C1sH12FNO2 294.0925 -2.3 13
CisH10FNO 276.0819 1.7 14
CisHsFN 258.0714 2.9 15
Ci7H1oFN 248.0870 4.4 13
C1oHsNO> 172.0393 -4.7 9




Compound Structure RT?  Molecular Theoretical Error RDBP IRD® ILY Criteria Ref

(min) formula [M+H]* (ppm) (%)
(m/2)
CIT 343 6.1 C20H23FN202 343.1816 -0.8 10 3.1 1 Literature: 5 Pl match [5,6]
Citalopram amide Cz0H21FN20 325.1711 -7.9 11 Predicted RT difference: -0.64min
CigH1sFNO 280.1132 8.9 12 RT match with analytical standard
Ci7H1sF 237.1074 4.6 11
CsH7FO2 155.0503 -102 5
C7HsF 109.0448 0.9 5
CLA 7.72 CssHesNOa1s 748.4841 -0.5 5 1.7 1
CsoHs55NO10 590.3899 -3.9 4
C29H51NOg 558.3637 -3.7 5
C16H29NOs 316.2118 -4.6 3
CsH1sNO; 158.1176 0.9 2
CsH1sNO 116.1070 35 1
CLA 590 6.73  CazoHssNOao 590.3898 -1.8 4 2.4 1 Literature: 3 Pl match [4,7,8]
De(cladinosyl) Ca9H51NOg 558.3637 3.3 5 ChemSpider score: 85%
Clarithromycin CsH1sNO; 158.1176 -1 2 Predicted RT difference: -0.03 min
CeH13NO 116.1070 -6.8 1 RT match with analytical standard
CLA 764 6.79  CszsHesNOa14 764.4790 0.2 5 5.8 2b  ChemSpider score: 71% [4]
CaoHssNO11 606.3848 -3.8 4 Predicted RT difference: 1.13 min
C29oH5:NO1g 574.3586 34 5
CsH1sNO; 158.1176 -6 2
CsH1sNO 116.1070 4.4 1




Compound

DIP

DIP 267

4-Bromoantipyrine

HCT'

HCT 293f
Chlorothiazide

IRB

Structure RT2  Molecular Theoretical Error RDBP IRD® ILY Criteria Ref
(min) formula [M+H]* (ppm) (%)
(m/2)
Q 5.85 C1H12N20 189.1022 -1.7 7 0.7 1
C10H10N20O 174.0788 -3.2 7.5
Q_”\ | CioH12N, 161.1073 45 6
/N CoH1oN> 147.0917 -1.9 6
CoH7N 130.0651 -1.7 7
C7HsN 104.0495 3.1 6
6.82 CuH11BrN20 267.0127 -3 7 8.9 1 Literature: 4 Pl match [4,9]
2 o C1oHeBrN,O 251.9893 4.5 7.5 ChemSpider score: 72%
C11H12N20 188.0944 -0.1 7.5 Predicted RT difference: 1.71 min
Q—N}I CioHsN20 173.0709 -8.3 8 RT match with analytical standard
/” C3HeBrN 135.9756 -9.8 1
cl N 4.50 C7HsCIN304S2 295.9572 -1.0 5 3.1 1
ﬁ CeHiCIN:O,S,  268.9463 26 4
uzu\s S/NH CsH7CIN,0,S 204.9844 2.9 4
O// \\0 0/\\0
cl y 3.91 C7HsCIN304S2 293.9415 -2 4 5.4 1 MassBank Europe score: 91% [2,4,10]
W CiHsCIN,O.S  214.9687 147 6 Literature: 2 Pl matched
HN _N C7H3CIN,0,S 213.9609 -4.3 6.5 ChemSpider score: 78.4%
N\ VaN C7HaN20,S 178.9921 1.8 7 Predicted RT difference: -0.3 min
o © oo RT match with analytical standard
N&"\N 7.90 C2sH2sN6O 429.2397 -1.1 15 0.3 1
Nt Ca5H27N30 386.2227 -1.0 14
Q C1sH10N2 207.0917 1.1 11
N O Q C11H1sN20 195.1492 0.1 4
= CisHg9N 180.0808 -0.4 10



Compound Structure RT?  Molecular Theoretical Error RDBP IRD® ILY Criteria Ref
(min) formula [M+H]* (ppm) (%)
(m/2)
IRB 445 A 7.03 C25H28N6O2 445.2346 -1.7 15 0.6 3 Literature: 3 Pl matched [11]
N¢N\N C25H26N6O 427.2241 -4.9 16
i’ C25H28N40; 417.2285 0.2 14
o Ca5H27N302 402.2176 9.7 14
? . O O C11H1sN202 211.1441 9.1 4
_ C1aH10N2 207.0917 2.1 11
N 1on CuHoN 192.0808 1.7 11
IRB 445 B N’N\N 8.84  CazsH28N6O2 445.2346 -0.6 15 3.2 2b Literature: 4 Pl matched [11]
Nt C2sH2sN402 417.2285 1.7 14 Predicted RT difference: 2.06 min
o C20H20NsO 361.1771 2.7 14
y Q O CreH11Ns 250.1087 01 12
Qg\N C1aHsN4 233.0822 7.4 13
ﬁ/ﬂ\/\/ C14H10N20 223.0866 4.5 11
© C14aH11N3 222.1026 6.0 11
C14HsN2 205.0760 1.3 12
C11H17NO> 196.1332 -0.5 4
C1oH17NO 168.1383 24 3
IRB 447 N&”\N 8.34 C25H30N6O2 447.2503 0.2 14 5.8 1 ChemSpider score: 91% [4,11]
SR-49498 A CasH2sNsO 429.2397 0.6 15 Literature: 7 Pl matched ESI+, 4 Pl
0 C13H1sNgO2 291.1564 -8.6 8 ESI-
?\ ) O O C1aH1aNs 2521244 21 11 Predicted RT difference: 1.84 min
H C14H10Ng 235.0978 -0.1 12 RT match with analytical standard
NN CiaH10N; 207.0917 23 11
C11H17NO> 196.1332 -0.5 4
C10H17NO 168.1383 1.8 3
CsHoN 84.0808 5.0 2
C25H30N6Of 4452357 -3.1° 147 1.5f
C20H22N20 305.1659 2.1 11
C11H20N202 211.1452 5.7 3
CisHio 165.0710 -2.9 9



Compound Structure RT?  Molecular Theoretical Error RDBP IRD® ILY Criteria Ref

(min) formula [M+H]* (ppm) (%)
(m/2)
IRB 461 A 7.35  CasH2sNeO3 461.2295 -0.7 15 7.4 3 Literature: 3 PI matched [11]
NN C2sH2sN602 443.2190 -2,7 16
H\N C2sH23Ns0; 425.1846 0.2 17.5
C22H21N503 403.1639 -2,5 15.5
C14H13Ns 252.1244 -4.,6 11
O} C1aH10Ns 235.0978 52 12
/ﬂ\f/\/%o C11H15NOs3 210.1125 27 5
CisH1oN2 207.0917 2,5 11
CioH1sNO; 182.1176 35 4
CisHgN 180.0808 2,4 10
CeH12Ny 164.1056 34 55
CsHsO: 99.0441 8.5 3
CsHgN 84.0808 122 2
Ca2sH2sN6Os f 459.2145f -3.4%  15f 7.2f
C23H2aN60 416.1966 -0.8 14.5
C20H2:N20 305.1659 35 11
C11H1N20; 207.1139 1.0 5
CuHuN 192.0819 2.5 10

CisHio 165.0710 6.2 9



Compound Structure RT?  Molecular Theoretical Error RDBP IRD® ILY Criteria Ref
(min) formula [M+H]* (ppm) (%)
(m/2)
IRB 461 B No structure proposal 7.61  CzsH2sNeOs 461.2295 1.3 15 1.2 4 - [11]
C20H17Ns02 360.1455 -1.9 15
C20H14N41O2 343.1190 2.8 16
C20H17N302 332.1394 4.7 14
C14H13Ns 252.1244 -3.1 11
C14H10N4 235.0992 -2.6 12
Ci3H10N4 223.0978 -2.3 11
Ci14H10N2 207.0917 -2.8 11
CuH7N 190.0651 -9.1 12
CisHoN 180.0808 9.5 10
CsH1:NO 102.0913 35 1
C25H28N6O3 " 459.2150f -22f 15f 1.7°
C20H17Ns02 358.1309 -3.2 15
C20H17N302 330.1248 -2.4 14
C20H16N202 315.1139 -8.3 14
C14H13Ns 250.1098 -4.5 11
CisH1NO 220.0768 -3.1 11
CuHuN 192.0819 -10.6 10
CuaH12 179.0866 2.7 9
CsH7NO- 124.0404 -1.6 4
CsHsO 81.0346 -18.7 3
TEL NAD\(N 7.70 Cs3H30N4O2 515.2441 -0.5 21 1.2 1
/\/{N :‘ CasH2sN4O 497.2336 -1.8 22
or o / CigH20Ns 305.1761 0.7 12
O CisH16N20 289.1335 18 13
O C17H16N4 276.1369 -1.5 12.5
C14H1002 211.0754 2.1 10



Compound Structure RT?  Molecular Theoretical Error RDBP IRD® ILY Criteria Ref

(min) formula [M+H]* (ppm) (%)
(m/2)
TEL 439 6.50  Caz7H26N4O2 439.2128 -0.8 17 3.1 3 MS/MS Elucidation
C27H24N4O 421.2023 3.4 18 Predicted RT difference:-3.64min
Nb\(u Ca2sH20N402 409.1659 15 18
/\/(N "D Co6H24N4 393.2074 -0.2 17
/ CaaH20N4 365.1761 6.5 17
CigH16N4 289.1448 -0.6 13
© Ci7H16N4 276.1369 -1.6 12.5
OH Ci6H12N4 261.1135 -4.1 13
CusHuN 194.0964 -1.7 10
CsHsO 119.0491 -2.0 6
TRA v 590 CiHsNO2 264.1958 -0.8 5 2.6 1
CisH23NO 246.1852 -0.6 6
CsH7N 58.0648 -152 0
P
OH
TRA 250 SnH 6.0 Ci5H23NO2 250.1801 -2.2 5 8.9 1 MassBank Europe score: 98% [2,4,12]
N- CisH21NO 232.1696 0.5 6 ChemSpider score: 77%
Desmethyltramadol C13H160 189.1274 -5.8 6 Literature: 3 Pl matched
O Cu1H100 159.0804 2.9 7 Predicted RT difference: -0.63min
OH CsHsO 121.0648 0.1 5 RT match with analytical standard
C7He 91.0542 4.1 5

2Retention time, ® Ring and double bonds, ¢ Isotope ratio difference, ¢ Identification level, f Data correspondent to the [M-H]-adduct from ESI- analysis.
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Table 2. Average peak areas of the studied TPs in the different commodities and sampling events.

SP GH1 GH?2 GH 3
Perlite Leaves Soil Soil Leaves Soil Leaves

RW S1 S2 S3 S4 S1 S2 S1 S2 S3 S4 S1 S2 S4
ATE 268 3.96E+04 ND ND ND ND ND ND ND ND ND ND ND ND ND
AZ| 374 ND 2.06E+04 3.93E+04 ND ND ND ND ND ND ND ND ND ND ND
AZl 434 ND 1.43E+05 1.37E+05 ND ND 2.46E+03 4.98E+03 2.44E+04 1.64E+04 ND ND ND 3.29E+03 ND
AZ| 592 ND 3.58E+03 ND ND ND ND ND 9.00E+03 1.25E+04 ND ND ND ND ND
CIT 325 ND 2.72E+04 1.95E+04 ND ND ND ND 3.61E+03 ND ND ND ND ND ND
CIT 339 ND 5.15E+04 3.36E+04 ND ND ND ND 2.94E+03 ND ND ND ND ND ND
CIT 343 ND 3.44E+03 ND ND ND ND ND 4.84E+03 ND ND ND ND ND ND
CLA 590 ND 2.51E+04 ND ND ND ND ND ND ND ND ND ND ND ND
CLA 764 6.93E+03 ND ND ND ND ND ND ND 4.22E+03 ND ND ND ND ND
DIP 267 ND 159E+04 3.20E+04 ND ND ND ND ND ND ND ND ND ND ND
HTC 293 ND ND 1.80E+04 1.33E+04 1.19E+04 ND ND ND ND 7.55E+03 1.66E+04 ND ND ND
IRB 445A 5.29E+04 ND ND ND ND ND ND ND ND ND ND ND ND ND
IRB 445B ND 4.53E+04 1.54E+04 ND ND ND ND 7.58E+03 ND ND ND ND ND ND

IRB 447 3.79E+04 2.68E+04 6.46E+04 ND ND ND ND ND ND ND ND ND ND ND


https://www.editorialmanager.com/hazmat/download.aspx?id=3597055&guid=7660620b-d925-4c0a-a977-1df0b850d1b3&scheme=1
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SP GH1 GH 2 GH 3
Perlite Leaves Soil Soil Leaves Soil Leaves
RW S1 S2 S3 S4 S1 S2 S1 S2 S3 S4 S1 S2 S4
IRB 461A 5.04E+04 ND 5.27E+04 ND ND ND ND ND ND ND ND ND ND ND
IRB 461B ND 5.22E+04 9.30E+04 ND ND ND ND ND ND ND ND ND ND ND
TEL 439 ND 1.05E+05 6.22E+04 ND ND ND 3.91E+03 ND 1.58E+04 ND ND 4.41E+04 4.09E+03 ND
TRA 250 ND 1.14E+06 ND ND ND ND ND ND ND ND ND ND ND 1.63E+05

Abbreviations: SP, soilless perlite culture; GH, greenhouse; RW, reclaimed water; S, sampling event; ND, not detected. In bold, TPs for which the parent compound was also determined in this

sample.
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Table 3. Average concentrations of TPs confirmed in samples.

SP GH1 GH?2 GH 3
Perlite (ng/g) Leaves (ng/g) Soil (ng/g) Soil (ng/g) Leaves (ng/g) Sail (ng/g) Izﬁgyge)s

(IF]S/S) (;\/Ali) S1 S2 S3 S4 S1 S2 S1 S2 S3 S4 S1 S2 S4
ATE 268 1 8023 ND ND ND ND ND ND ND ND ND ND ND ND ND
CIT 343 0.1 ND 0.4 ND ND ND ND ND 0.5 ND ND ND ND ND ND
CLA 590 0.1 ND 25 ND ND ND ND ND ND ND ND ND ND ND ND
DIP 267 1 ND 2.9 6.0 ND ND ND ND ND ND ND ND ND ND ND
HTC 293 0.5 ND ND 19 1.3 1.1 ND ND ND ND 0.6 17 ND ND ND
IRB 447 0.1 883 6.2 14.9 ND ND ND ND ND ND ND ND ND ND ND
TRA 250 1 ND 18.1 ND ND ND ND ND ND ND ND ND ND ND 2.5

Abbreviations: SP, soilless perlite culture; GH, greenhouse; LOQ, limit of quantification; RW, reclaimed water; S, sampling event; ND, not detected.
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