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Resumo

Um problema ambiental que recentemente tem ganho notoriedade é a
contaminacéo de aguas superficiais e subterraneas com farmacos. O diclofenac (DCF)
€ um dos farmacos mais comummente encontrados nestas aguas devido a sua alta taxa
de utilizacdo e também a fraca eficicia de remocdo nos processos de tratamentos de
aguas residuais. Neste trabalho, foram usados tomateiros para verificar como uma
espécie agronomicamente importante reage a este contaminante, sendo focados os
mecanismos internos despoletados por esta exposicéo e especialmente no papel das
enzimas relacionadas com o metabolismo da glutationa (GSH), uma vez que a
conjuncdo GSH-DCF é um fendmeno de destoxificacdo ja descrito em varios mamiferos
e algumas plantas. Os resultados obtidos apontam para uma diminuicdo a nivel
biométrico da parte aérea das plantas tratadas com concentra¢des muito elevadas, mas
nao foi detetado atraso a nivel da maturagcéo das plantas, uma vez que atingiram a fase
de fruto ao mesmo tempo e com rendimento semelhante. Estes resultados, em
conjuncdo a falta de DCF quantificavel nos frutos mostra que no atual contexto
ambiental, a espécie vegetal utilizada é candidata vidvel ao cultivo em zonas
contaminadas sem efeitos negativos notérios a nivel de rendimento ou de salude, sendo
gue a sua presenca parece ainda auxiliar na remog¢do do DCF no meio circundante.
Acerca do stresse induzido nas plantas pelo DCF, os resultados mostram que estas
sofreram stresse oxidativo devido a acumulagéo de espécies reativas de oxigénio que
em niveis elevados levaram a ocorréncia de peroxidacao lipidica e danos na integridade
membranar das células na raiz. Estes efeitos negativos levaram a planta a focar-se nos
efeitos protetores da prolina e da rede redox mediada por grupos tiéis, enquanto que
através da analise de enzimas antioxidantes foi detetada uma inibicdo da resposta
enzimatica, consistindo numa diminuicdo significativa da atividade da catalase e da
peroxidase do ascorbato. A resposta a este contaminante parece ter sido sistémica, mas
na generalidade os resultados apontam para que a destoxificagdo seja um processo ha
sua maioria confinado a raiz da planta. Para além disto, a hipétese da destoxificacdo
mediada pela GSH parece ter sido corroborada pelos resultados deste trabalho, uma
vez que a atividade da glutationa-S-transferase (GST) associada a menores niveis totais
de GSH indicam uma conjugacao desta ao DCF através da acdo da GST. Foi também
avaliada a importancia da classe tau das GSTs neste processo, mas um maior foco foi
dado a analise de genes da classe phi (GSTF), mostrando que GSTF4 e GSTF5 sao os

genes principalmente responsaveis por esta destoxificacao.
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Abstract

One emerging environmental problem that recently has become a vastly
acknowledged topic of concern is surface and groundwater pollution from
pharmaceuticals. Diclofenac (DCF) is one of the most common pharmaceuticals found
in these waters due to its high utilization rate and low removal in wastewater treatment
processes. In this research, tomato plants were used to unravel how DCF contamination
can affect an agronomically important crop, focusing on the internal mechanisms
triggered by this exposure and especially on the role of glutathione (GSH)-related
enzymes, as GSH conjugation to DCF is a well reported detoxification mechanism in
mammals and in some plants. Results obtained here point towards a loss of shoot
performance when plants were exposed to very high DCF concentrations, but with no
delay in their growth, as treated plants presented fruits at the same time period and in
similar quantity. These results, along with the lack of DCF quantified in the fruits indicate
that, in the current environmental context, tomato plants are applicable to be cultivated
in contaminated soils without noticeable negative effects, while also participating in the
removal of DCF from the surrounding environment. Regarding DCF-induced stress,
results show that a state of oxidative stress due to high reactive oxygen species
accumulation was associated with this contamination, with very high DCF levels leading
to the rise of lipid peroxidation and subsequent loss of membrane integrity in roots of
treated plants. These negative effects triggered the plant to focus on the protective
effects of proline and the thiol-based redox network, while the analysis of antioxidant
enzymes showed an inhibition of the enzymatic response, as ascorbate peroxidase and
catalase had their activities significantly reduced. Although a systemic response seems
to be present in response to this contaminant, the results show that detoxification of DCF
was mostly a root-specific process. Furthermore, the hypothesis of GSH-mediated DCF
detoxification was corroborated by the obtained results, as glutathione-S-transferase
(GST) activity associated with lower levels of free GSH point towards a GST-mediated
GSH conjugation. Here, the importance of the tau class of GSTs was accessed, but a
major focus was given to genes of the phi (GSTF) class, showing that GSTF4 and GSTF5

were the main players in the conjugation of this contaminant.
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1. Introduction

1.1. Pharmaceuticals in the environment — Occurrence,

fate and risks

An emerging environmental problem that has recently become a widely
acknowledged topic of concern is surface and groundwater pollution from
pharmaceuticals and personal care products (PPCPs) (Khetan and Collins, 2007).
Pharmaceutical industry is a very large and leading industry around the globe, whose
products can be utilized in a vast array of situations, such as in medical, agricultural and
biotechnological cases, and averaging a consumption rate of 50 to 150 g per capita per
year in industrialized regions (Lonappan et al., 2016). These pharmaceutically active
compounds (PhACs) are a category that comprises a vast variety of prescription drugs,
over the counter medication, and drugs utilized in hospital or veterinary treatments
(Ebele et al., 2017). They can enter the environment (Figure 1) through the disposal of
unused medication, but mostly due to incomplete elimination from the organism, as they
are excreted in an insignificantly or even non-transformed form. Additionally, these
contaminants can be conjugated to polar molecules, with these conjugates suffering
cleavage during sewage treatment, discharging the original PhACs in the aquatic
environment (Heberer, 2002; Lonappan et al., 2016).

Some of these compounds have already been detected in drinking water throughout
the world, utilizing methods that are sensible to ng L concentrations, assuring that
conventional water treatment processes are not enough to efficiently remove PPCPs and
avoid the prospective dangers to aquatic environments and surrounding organisms
(Snyder, 2008; Ebele et al., 2017). To add to this, any degradation or removal of some
compounds is easily compensated by constant and increasing release in the
environment, thus being considered as pseudo-persistent contaminants (Grassi et al.,
2013) and danger ensues, as these products are designed to cause deep effects in low
concentrations (Fent et al., 2006). PPCPs can then reach plants mostly by the utilization
of wastewater for irrigation, as well as the application of treated sewage sludge (i.e.
biosolids) for soil fertilization and as the percentage of use of these methods in soil
irrigation increases, so does the amount of these compounds in agricultural systems
(Bartrons and Pefiuelas, 2017). Consequently, as plants are primary producers,
pharmaceutical uptake by these organisms can cause problems in those pertaining to
higher trophic levels, posing a threat along the entire food chain, through ingestion

(Mohapatra et al., 2016). Regarding these problems, most studies up to date utilize
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aguatic environments and have shown that exposure to some of these compounds can
cause several reactions, affecting per example, mobility, fecundity, embryonic endpoints
and cognitive functions, as well as downregulating genes involved in osmoregulation,
skeletal development, respiration and immune mechanisms in various species of fish
(Jeffries et al., 2015; Overturf et al., 2015; Ford and Fong, 2016).

In plants, and although this knowledge is severely lackluster when compared to
different beings, or other compounds in plants (e.g. heavy metals), it is reported that the
first and more noticeable effects of toxicity in plants comprise germination inhibition, as
well as diminishing root growth, with higher concentrations of contaminants also being
reported to damage the photosynthetic apparatus and in the most severe cases, can
even cause death (Michelini et al., 2012; Gonzalez-Naranjo et al., 2015; Pino et al., 2016;
Bartrons and Pefiuelas, 2017).

Human Drugs Veterinary Drugs

Excretion Disposal Excretion
Y Y Y
Sewage i Domestic waste Manure
7 » Leakages Y ¥
Treatment plant ‘ Landfill |~ Run-off Soil
. > " #
River, creek - - Ground water
-~ A

' Drinking water

Figure 1. Fate of pharmaceuticals in the environment (Khetan and Collins, 2007).

1.2. Diclofenac — Occurrence, fate and risks

Within PhACs, non-steroidal anti-inflammatory drugs (NSAIDs) comprise some of
the most detected types of pharmaceutical products in the environment, as
concentrations spreading between ng L't and mg L have been observed throughout the
world (Lonappan et al., 2016). This class englobes several known products, with the
most utilized worldwide being diclofenac (DCF), ibuprofen, mefenamic acid and
naproxen, but the first is highlighted as the most popular NSAID, since it has a usage
share almost as large as the latter three products combined (McGettigan and Henry,
2013). DCF (Table 1) is employed to diminish inflammation and pain, also possibly
working as a antiuricosuric and is normally administered either through direct contact

with the skin or through ingestion (Lonappan et al., 2016).
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Table 1. Nomenclature and physicochemical properties of diclofenac (Source: www.pubchem.ncbi.nim.nih.gov).

c IUPAC: 2-(2-(2,6-dichlorophenylamino)phenyl)acetic acid
NH Chemical Formula: C14H1:CI,NO>

Cl OH
o CAS: 15307-86-5

Chemical Structure | Molecular Weight: 296.147 g mol*

Since DCF is an over the counter drug that can be utilized not only in humans, but
also for veterinary purposes and can be marketed throughout the world with distinct
brand names, there is a lack of precise values regarding its worldwide consumption but
reports based on IMS health data show that on average global consumption of DCF for
human use reaches about 1450 tons per year, with Europe alone representing 28.7% of
this utilization (Acufia et al., 2015).

This compound can enter the environment through deconjugation of the excreted
metabolites and other mechanisms described above, while a low removal rate ensures
that the amount of DCF present in surface and wastewaters continues to increase, with
concentrations of ng L and pg L*?, respectively, being found throughout the globe
(Ternes, 1998; Heberer, 2002; Ashton et al., 2004; Han et al., 2006; Kim et al., 2007,
Lopez-Serna et al., 2010; Gracia-Lor et al., 2012). This includes Portugal, with Salgado
et al. (2010) and Pereira et al. (2017) reporting DCF as one of the most abundant PhACs,
based on Portuguese surface and wastewaters analysis. Adding to an ever-increasing
amount of this compound in the environment, there have been studies that prove that
DCF can harm the surrounding lifeforms, mostly in laboratory-controlled situations but
can also cause severe damage in the wild.

The most notorious case portraying the nefarious effects of this pharmaceutical in
the environment was described by Oaks et al. (2004), where a direct correlation between
the visceral gout that caused a >95% population decrease of the Oriental white-backed
vulture, in India and exposure to diclofenac residues was established. This report
showed that consumption of DCF via DCF-treated preys was the only common possible
cause, as residues of this compound were detected in every tested vulture that died due
to the result of renal failure, leading to visceral gout. The amount of diclofenac found in
the kidneys of the test subjects was in the range of the high ng g* to the low pg g%,
showing that low concentrations of this pharmaceutical are sufficient to cause detrimental
effects in wildlife. Besides, and although most studies regarding the effects of DCF
exposure in aquatic environments are performed in controlled conditions, several reports
have been published that show that even in environmentally relevant concentrations,

DCF can cause various effects in fish, such as oxidative stress, tissue damage or
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biochemical alterations, with cytological modifications being caused by an accumulation
of this compound in the liver, kidney, gills and muscle tissues (Schwaiger et al., 2004;
Mehinto et al., 2010; Guiloski et al., 2017; McRae et al., 2018).

Phytotoxicity of this compound is still a relatively understudied topic, but a common
occurrence in various reports is the presence of oxidative stress (Bartha et al., 2014;
Christou et al., 2016; Pierattini et al., 2018), accompanied by a clear increase in the
antioxidant defense mechanism of the treated plants, but can also affect other
parameters in a plant-specific way, since exposure to the same concentration of DCF
enhanced cotyledon opening in Lactuca sativa L. but suppressed it in Raphanus sativus
L. (Schmidt and Redshaw, 2015). Also, and in parallel to what was described above for
other pharmaceuticals, DCF exposure has also been shown to negatively affect
biometric and photosynthetic parameters in treated plants (Kummerova et al., 2016;
Pierattini et al., 2018).

Therefore, since DCF is considered persistent in the environment and exposure to
this contaminant can be hazardous towards surrounding lifeforms, the European
Commission has acted by placing DCF in the first-watch list of priority substances in the
EU Water Framework Directive in order to collect monitoring data to better determinate
a way to respond to the problems emerging from the environmental contamination by
DCF (EU, 2015).

1.3. Xenobiotic detoxification

Since conventional water treatments are insufficient in removing these compounds
from the environment, it is important to research new and green alternatives. A concept
that can possibly help address this problem is the process of phytoremediation (i.e. the
use of plants to remove, degrade or contain several types of organic and inorganic
pollutants) (Susarla et al.,, 2002), with published work showing that some
pharmaceuticals can effectively be removed from the environment by utilizing this plant-
based method (Dordio et al., 2009; Kotyza et al., 2010; Dordio et al., 2011; Matamoros
et al., 2012a; Matamoros et al., 2012b). These contaminants can enter the roots and
shoots of exposed plants, with diffusion of dissolved compounds being the main
mechanisms behind root uptake, while root translocation to shoots is the main pathway
towards shoot accumulation of PPCPs (Trapp and Legind, 2011; Bartrons and Pefiuelas,
2017). From here, the main factors defining their fate are the physicochemical
characteristics of the compound, since roots mostly retain hydrophobic compounds that
can partition into lipids, while hydrophilic substances in equilibrium with water should be

directed to the xylem. Then, the negatively charged cell walls will repel ionic substances,
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possibly trapping them in the phloem and being accumulated in the fruit, while nonionic
substances are transported mainly through the transpiration stream and accumulated in
leaves (Trapp and Legind, 2011; Dodgen et al., 2015; Bartrons and Pefiuelas, 2017).

In the specific case of DCF, several crops show potential to efficiently remove this
contaminant from the environment, such as lettuce and poplar, with the same potential
being detected in in vitro cultures of horseradish (Kotyza et al., 2010; Gonzalez Garcia
et al., 2018; Pierattini et al., 2018). However, for the same concentrations utilized in the
horseradish report, three other plants presented low uptake and suffered high toxicity,
with yellowing and desiccation of shoots being observed (Kotyza et al., 2010). In all
mentioned studies, most or all accumulated DCF was found in the roots of treated plants,
with severely minor amounts being observed in the aerial portion.

In this sense, it is important to understand how different plants uptake different
compounds in a way to better optimize this process to be a more cost-effective
alternative (e.g. utilizing economically important species), with fewer downsides, such as
possible health risks by consuming such plants if the compound is only absorbed and
accumulated, but not degraded. Other concern associated with this process is that the
contaminant of interest can cause phytotoxicity and compromise crop viability. To
counter this and since they are incapable or escaping from unfavorable environments,
plants have developed ways to metabolize toxic compounds to a non-toxic form in a
similar way to metabolic processes described in animals but with a distinct factor, which
is the lack of an excretory pathway and therefore a need to store these final metabolites
within vacuoles and cell walls. Due to similarities with to animal metabolism, this concept
was defined by Sandermann (1994) as a “green liver”, consisting of three different
phases, first described by Shimabukuro (1976).

Phase | — Transformation

The first phase in xenobiotic detoxification is a preparation for the following phases.
Here, these compounds are activated via oxidation, hydrolysis or reduction, allowing for
subsequent transformations, with the first two being the most common form of activation,
and are catalyzed by esterases and amidases (in hydrolytic reactions) or by the
cytochrome P450 system, in oxidative reactions. The aforementioned processes consist
in the addition of functional groups or exposure of already existing ones that are suitable
for the next phase, resulting in derivatives that are normally more active in a biological
and chemical point of view. However, this activation does not always grant less toxicity,
and sometimes the resulting metabolite is even more toxic than the original compound.
(Coleman et al., 1997; Komives and Gullner, 2005).
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Phase Il = Conjugation

After transformation, derivates are deactivated via conjugation to an endogenous
hydrophilic molecule, resulting in a water-soluble compound. The conjugated molecule
is dependent of the original properties of the xenobiotic, since amino, carboxyl, sulfhydryl
and hydroxyl groups tend to be mostly linked to glucose, through glucosyl-transferases
(EC 2.4.-.-), while those with electrophilic sites tend to suffer conjugation to glutathione
(GSH), through the action of glutathione-S-transferase (GST, EC 2.5.1.18). Another
possible phase Il reaction is conjugation with amino acids, mostly glutamate and
aspartate, but this mostly occurs when metabolizing herbicides, fungicides and acidic
insecticides (Davidonis et al., 1978; Eyer et al., 2016). The main characteristic of this
phase as a detoxification mechanism is that the resulting metabolites of the described
conjugation are either non-toxic or significantly less toxic than the original xenobiotic
(Coleman et al., 1997).

Phase Ill - Compartmentation

Here, the inactive and less toxic metabolites derived from the previous phase are
removed from vulnerable portions of the cytoplasm and are exported to regions where
they cannot affect cellular metabolism. Metabolites with soluble properties (e.g. sugar or
peptide conjugates) are recognized by ATP-dependent carriers and are transported to
the vacuole (Sandermann, 1992; Coleman et al., 1997), while insoluble residues (e.qg.
xenobiotics with aromatic or heterocyclic rings) can be incorporated in the pectin, lignin,
hemicellulose and cellulose portions of the cell wall (Sandermann, 1992; Schréder and
Collins, 2002). For some conjugates, the vacuole is considered to be merely an
intermediate storage site, to compensate for slower metabolic processes that follow this
compartmentalization, in comparison to the fast conjugation rates in phase Il. From here,
these metabolites can be cleaved and form stable end products or can suffer further
metabolic reactions, ending as substrate for different enzymes (Schréder and Collins,
2002). Some of these metabolites can end in the apoplast, in the rhizosphere, and can
even suffer volatilization through methyl transferases (Lamoureux et al., 1993).

These reactions are exclusive to plants because the lack of an excretory system
drives the need to restrain the xenobiotic within the plant (if impossible to be fully
metabolized) and the resulting products of this metabolic cascade do not portray any

phytotoxic menace (Wink, 1997).
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1.4. Diclofenac metabolism

DCF metabolism in mammals has already been well documented, with 4’-OH DCF
and 5’-OH DCF being described as the main phase | metabolites after DCF hydroxylation
via P450. Afterwards, these hydroxylated metabolites can either be conjugated with
sulphate or glucuronide and then excreted from the body or experience supplementary
oxidation, producing a highly toxic and reactive benzoquinone metabolite, whose
conjugation with glutathione results in the production of 4’-OH DCF glutathione and 5'-
OH DCF glutathione, two nontoxic metabolites that can then be further degraded and
eliminated from the body (Bartha et al., 2014). GSH conjugation can also be involved in
a different metabolic pathway, with an acyl glucuronidation of DCF causing the resulting
metabolite to transacylate GSH, forming a DCF-S-acyl-glutathione thioester, which is
then excreted to the bile, highlighting the importance of glutathione in different ways of
DCF metabolism, in mammals (Grillo et al., 2003).

In plants, this knowledge is not as deep and there is still much more to unravel, but
from what is reported, DCF in these beings experiences fast metabolism in a similar way
to mammals, as expected by the “green liver” concept. From phase |, the main
metabolites described are the hydroxylated 4-OH-DCF and 5-OH-DCF, while the main
phase Il products seem to be the glycoside and glutathione conjugates, accompanied by
an increased glycosyltransferase and GST activities (Huber et al., 2012; Schréder et al.,
2013; Bartha et al., 2014).

1.5. Oxidative stress and plant antioxidant defense

Normal processes associated with aerobic metabolism, like photosynthesis and
respiration, in plants and other organisms, can cause the production of reactive oxygen
species (ROS) by the activation or reduction of molecular oxygen (O2). However, and
even though in normal conditions, these molecules are scavenged by intrinsic antioxidant
(AOX) mechanisms, maintaining the normal redox state of the cell, an overproduction of
ROS can be a result of different environmental changes to which the plant was exposed,
such as abiotic or biotic stresses. When this occurs, normal plant defenses might not be
enough to balance the production and detoxification of these molecules, leading to
oxidative stress (Gill and Tuteja, 2010; Tripathy and Oelmiller, 2012) (Figure 2). In fact,
and as mentioned, exposure to DCF and other pharmaceuticals has been shown to
trigger an increase in ROS content and consequent oxidative stress in plants (Christou
et al., 2016; Sun et al., 2017; Pierattini et al., 2018).
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Figure 2. Equilibrium between AOX and ROS and its unbalance, leading to oxidative stress (Gill and Tuteja, 2010).

1.5.1. Reactive oxygen species (ROS)

Dioxygen, the most common allotrope of elemental oxygen, is a fairly non-reactive
molecule, but activation or reduction of this form leads to the formation of several reactive
species, with the most common being the superoxide anion (O>"), hydrogen peroxide
(H20.), hydroxyl radical (OH) and singlet oxygen (*O.) species (Tripathy and Oelmidiller,
2012). About 1% of the oxygen consumed by plants is utilized in ROS production, taking
place in several subcellular regions with high oxidizing metabolic activity or with a large
rate of electron flow (e.g. chloroplasts, mitochondria and peroxisomes) (Sharma et al.,
2012; Tripathy and Oelmdller, 2012). Depending on the concentration in which they
occur, a dual role is recognized to these molecules, which means that in low or moderate
concentrations they can be detected by the plant as a signaling mechanism and a proper
response is formulated, mediating processes such as stomatal closure, gravitropism,
programmed cell death and tolerance to different stresses, but when these ROS occur
in a large enough concentration to surpass the equilibrium between production and
scavenging, they can severely harm the plant by causing lipid peroxidation (LPO),
damage to nucleic acids and other organic molecules, inhibition of enzymes and possibly
leading to cellular death (Sharma et al., 2012).

O contains two unpaired electrons with the same spin quantum number, restricting
this molecule to only being able to transfer one electron at a time, with the single electron
reduction of O, generating the superoxide anion (Tripathy and Oelmduller, 2012). O™ is
usually the first ROS to be generated and is moderately reactive, with a short half-life
determined by superoxide dismutase- (SOD, EC 1.15.1.1) catalyzed conversion to H,O>
(Jajic et al., 2015). In plants, Oz is mostly produced in chloroplasts and mitochondria,
with photosystem (PS) | and Il being the main producing sites in the thylakoid membrane
(Asada, 2006), while complex | and 11l are the main production sites in the mitochondria
(Sharma et al., 2012). However, O™ can also be formed in other organelles, such as the

peroxisomes, where this ROS can be produced in the peroxisomal matrix, via xanthine
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oxidase (EC 1.1.3.22) or by electron transport chain (ETC) in the peroxisomal membrane
(Jajic et al., 2015). O, can also be a result of oxygen reduction via an ETC formed by
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (EC 1.6.3.1), or
through the action of oxalate oxidase (EC 1.2.3.4) and amine oxidases (EC 1.4.3.21)
(Tripathy and Oelmuiller, 2012). Lastly, this ROS can be generated in the cytosol as well,
by xanthine dehydrogenase (EC 1.17.1.4) and aldehyde oxidase (EC 1.2.3.1) (Jajic et
al., 2015).

Since O;" has low mobility and is incapable of passing through biological
membranes as a result of its negative charge, O™ toxicity is usually due to its oxidizing
and reducing prowess. In this sense, this ROS can reduce Fe®*, originating Fe?*, which
in turn reduces the H,O, (formed by the mentioned SOD-catalyzed O™~ dismutation) to
"'OH, considered to be central to oxidative damage, as one of the most toxic oxygen
species (Demidchik, 2015). This process is known as the Haber-Weiss reaction, with the
last step, which forms "“OH, being called Fenton reaction (Gill and Tuteja, 2010). O;™ can
also react with H*, which results in the hydroperoxyl radical (HO2™), a more reactive,
stable and permeable molecule, with the O, /HO," pair possibly reacting with nitric oxide
(NO", forming highly reactive molecules that can decompose to "OH (Demidchik, 2015).
This ROS has also been shown to reduce cytochrome ¢ and oxidize enzymes that
contain the [4Fe-4S] clusters (Sharma et al., 2012).

H20- is the most studied and understood ROS within the scientific community, due
to its perceived importance in both signaling and toxicity mechanisms (Lopez-Serna et
al., 2010). Unlike other ROS, whose half-life is about 2-4 pys (Quan et al., 2008), H,O,
has a significantly longer half-life, about 1 ms, which added to other inherent
characteristics, such as its small size and lack of unpaired electrons, allows it to pass
through membranes, enabling its signaling importance (Lopez-Serna et al., 2010).
Consequently, these characteristics also allow that in high concentrations, this ROS can
generate oxidative damage in regions distant from its production site (Sharma et al.,
2012). The main mechanism regulating H2.0O. generation is the two-step reduction of
oxygen, resulting in the formation of O™ and its consequent dismutation, with several
metabolic processes also taking part in the formation of this ROS, such as electron
transport in the chloroplast, mitochondria, plasma membrane and endoplasmic
reticulum, as well as the B-oxidation of fatty acids and photorespiration in the
peroxisomes (Lopez-Serna et al., 2010; Sharma et al., 2012). The signaling function of
this molecule orchestrates different tolerance (e.g. reinforcement of cell walls, production
of phytoalexins and pathogen and direct or indirect toxicity towards pathogens) and

metabolic (e.g. regulation of plant cell cycle, senescence and stomatal movement)
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processes, while a production/scavenging equilibrium is possible (Quan et al., 2008; Gill
and Tuteja, 2010). However, when this equilibrium is not possible and H2O; levels
become too much for the plant to withstand, it can portray significant oxidative damage.
In this sense, H,O; can oxidize cysteine or methionine residues, oxidize thiol groups of
SOD and enzymes of the Calvin cycle, leading to their inhibition (Sharma et al., 2012).

‘OH is considered to be the most toxic and reactive ROS and is generated via the
Fe-catalyzed Fenton reaction. Due to its strong ability to be involved in addition and
abstraction of hydrogen and electron transfer reactions, this molecule has a very short
lifetime (around 1 ns) (Sutherland, 1991; Sies, 1993). For this reason, "‘OH can act non-
selectively on any biological molecule but only near its production site (Sutherland,
1991). Since plants lack a specific enzymatic ‘OH scavenging mechanism, its
overproduction can severely harm proteins, nucleic acids and lipids, causing lipid
peroxidation, blocking elongation and activation of K* efflux channels, resulting in the
loss of K* and leading to cell death through K*-dependent proteases and endonucleases
(Demidchik, 2015).

Lastly, 'O, is an idiosyncratic and uncommon ROS because it is not caused by
electron transfer to O.. Instead, inadequate dissipation of energy during photosynthesis
leads to production of a chlorophyll triplet state, which reacts with 20O, and forms the
highly reactive singlet oxygen (Gill and Tuteja, 2010). This molecule can be scavenged
shortly after its production by B-carotene, tocopherol, flavonoids or reduced
plastoquinone (Demidchik, 2015). Also, different environmental stresses can induce
stomatal movement and consequent loss of CO, availability, facilitating the production of
this ROS (Sharma et al., 2012). Although a short lifespan is associated with 1O, an ability
to diffuse over large distances from the production site has been reported, as well as an
ability to react with most biological molecules, serving as oxidizing agent towards several
biomolecules, and being the main cause behind PSII light-induced damages and
consequent possible cell death (Gill and Tuteja, 2010; Sharma et al., 2012).

After production of these molecules, a quick response must be formulated to avoid
toxic levels of ROS. If the formation/scavenging of ROS equilibrium is disturbed, severe
damage can be caused to lipids, DNA and proteins, consequently leading to cell death
(Sharma et al., 2012) (Figure 3). One of the most severe results of oxidative stress is
LPO and is therefore considered to be an important indicator of ROS damage to cells
(Demidchik, 2015). This process is usually triggered by "OH, which can abstract H* of
polyunsaturated fatty acids and form lipid peroxyl radicals and hydroperoxides, who then
suffer reductive cleavage and produce reactive species, such as lipid alkoxyl radicals,
malondialdehyde (MDA) and alcohols (Gill and Tuteja, 2010; Sharma et al., 2012). In
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severe conditions, LPO will disturb membrane integrity, affecting its fluidity and
permitting the passage of substances that are usually unable to cross it, damaging
proteins, receptors, enzymes and ionic channels (Gill and Tuteja, 2010; Demidchik,
2015). Reactive molecules, mainly ‘OH can also affect the plant genome, as it can cause
base deletions and modifications (e.g. alkylation and oxidation), strand breaks or
pyrimidine dimers, resulting in the inhibition of protein synthesis, destruction of cell
membrane and affecting the development of the plant (Gill and Tuteja, 2010). Oxidation
of proteins is also an undesirable effect of ROS accumulation and are usually
irreversible, apart from some with sulfur-containing amino acids (Demidchik, 2015). The
most common oxidation process in proteins is the insertion of a carbonyl group
(carbonylation), resulting in a modification of their activities and leading to their
ubiquitination, which turns them into targets for proteolysis (Gill and Tuteja, 2010;
Sharma et al., 2012; Demidchik, 2015).
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. athigh concentrations
[ Oxidative damage ]
Lipid ™ 'd Protein _\\ d DNA
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= Chain breakage - S|te—§pecr|_°|c amino acid = Decxyribose oxidation
» Increase in membrane modification = Strand breakage
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Figure 3. Reactive oxygen species (ROS) and oxidative damage to lipids, proteins, and DNA (Sharma et al., 2012).

1.5.2. Antioxidant mechanism

As mentioned before, it is crucial that plants can maintain the equilibrium between
the production and scavenging of ROS, and since plants are characterized by a sessile
nature they were forced to develop different mechanisms for compensating the stress-
induced overproduction of ROS by utilizing enzymatic and non-enzymatic antioxidants,
present in different cellular compartments (Figure 4), to maintain the natural redox state
of the plant (Ahmad et al., 2010).

Regarding the enzymatic system, plants utilize different enzymes to eliminate ROS,
such as SOD, catalase (CAT, EC 1.11.1.6), GST, glutathione reductase (GR, EC
1.6.4.2), monodehydroascorbate reductase (MDHAR, EC 1.6.5.6), dehydroascorbate
reductase (DHAR, EC 1.8.5.1) and ascorbate peroxidase (APX, EC 1.1.11.1) (Gill and
Tuteja, 2010).

11
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Figure 4. Antioxidant resources in the different organelles of plant cells. Adapted from Ahmad et al. (2010).

SOD is considered to be the primary line of defense from plant cells against high
levels of ROS, as it catalyzes the dismutation of the first formed ROS (O;") to H20:
(Alscher et al., 2002) and prevents the consequent formation of ‘OH by Haber-Weiss
reaction (Gill and Tuteja, 2010). The importance of this defense is highlighted by the
presence of three different forms of SOD, defined by their metal cofactor [iron (Fe)
manganese (Mn) or copper and zinc (Cu/Zn)], as evolutionary pressure was very intense
and most SOD-lacking organisms could not resist the environmental transition brought
by the genesis of oxygenic photosynthesis (Gill and Tuteja, 2010; Miller, 2012). This is a
ubiquitous metalloenzyme in most organelles capable of forming the superoxide radical,
since this molecule is unable to pass through biological membranes and is confined to
the production site (Alscher et al., 2002). The different forms of SOD are all encoded in
the nucleus, but are located in different sites due to the presence of a terminal amino
acid targeting tag, with Fe SOD being found in the chloroplasts, Mn SOD in the
mitochondria and peroxisomes and Cu/Zn SOD being the most abundant forms in plants
and contained in the cytosol, chloroplasts, peroxisomes and apoplast (Gill and Tuteja,
2010). The abundance of the metallic ion is considered to be the main factor in the
evolution of the three SOD, with a decrease in Fe (Il) availability and increase in toxicity
driving the evolution of Mn SOD from an ancestral Fe form (Miller, 2012). These two
forms share structural similarities, due to similar electric properties of both metals, but
do not possess the ability of functioning with the other form’s metal as a cofactor. The
same cannot be said about Cu/Zn SOD, as the different properties of these metals
required major alterations in protein structure after Cu availability rose and started being
utilized as a cofactor (Alscher et al., 2002). Various types of environmental stress have

been shown to lead to an increase in the activity of this enzyme as a response
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mechanism and consequently some studies have focused on the overproduction of SOD,
with results showing enhanced tolerance in transgenic lines to the imposed oxidative
stress, highlighting the protecting importance of SOD (Gupta et al., 1993; Sharma et al.,
2012; Xu et al., 2013).

CAT is a very important AOX enzyme in the elimination of H2O- from the cell and
acts by catalyzing the decomposition of two H.O- molecules into H,O and O, (Mhamdi
et al., 2010). Along with SOD, CAT plays a major role in avoiding the formation of "OH
and preventing the consequent severe damages imposed. This enzyme stands out from
other peroxide-metabolizing enzymes by not needing a reductant and by possessing a
very high and fast turnover rate, since one CAT molecule can dismutate around 6 million
H>0, molecules in only one minute (Gill and Tuteja, 2010). However, the high turnover
rate and specificity to H,O; is compensated by its weak affinity to this ROS, meaning that
CAT is not as relevant as other H,O, scavengers when concentrations of this peroxide
are not very high (Sharma et al., 2012). This enzyme has its presence documented in
the cytosol and in different organelles, such as chloroplasts and mitochondria but
information on significant activity in these sites are scarce, in contrast to that of
peroxisomes. This organelle is the primary action site of CAT, as it is the main producer
of the targeted ROS (Gill and Tuteja, 2010). Three classes of CAT have been detected
and classified in plants, differing on their expression profiles, with CAT | being light-
dependent, involved in dismutating photorespiration-produced H.O, and expressed
mostly in leaves, CAT Il mostly act in vascular tissues and lastly, CAT Ill are highly
expressed in seeds and young seedlings and are responsible for the detoxification of
H.O, formed in the glyoxysomes (Dat et al., 2000). Several forms of stress seem to
impact CAT activity, but the nature of this impact (enhancement or inhibition) is very
dependent on intensity, duration and type of stress, as well as plant species, as even
when exposed to the same conditions, some plants seem to utilize CAT as a defense
mechanism, while others present its inhibition (Sharma et al., 2012).

Contrasting with CAT’s low affinity to H20,, APX presents high relevance even in
low concentrations of this ROS, suggesting that while CAT might be more involved in
ROS-induced damage tolerance, APX might be more adept in signaling processes
(Mittler, 2002). This peroxidase comprises five different isoenzymes differing in a
chemical and enzymatic context, as well as presence in different cell sites: cytosolic,
mitochondrial, stromal, thylakoidal and peroxisomal APX forms (Sharma et al., 2012).
APX utilizes two molecules of ascorbate (AsA) as substrate in order to reduce H»O; to
water, with adjuvant production of two monodehydroascorbate (MDHA) molecules. In

this sense, it is important to maintain the levels of reduced AsA to allow a consequent
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oxidation by APX and H2O; dismutation. The MDHA radical produced due to APX is not
stable for long periods of time and can either be quickly reduced to AsA by MDHAR, via
oxidation of NADPH or can non-enzymatically react with another MDHA molecule,
forming one molecule of AsA and one molecule of dehydroascorbate (DHA). The latter
is then reduced by DHAR, making use of GSH as the reducing substrate, regenerating
the reduced form of AsA and oxidized GSH (GSSG). From here, the reduced/oxidized
AsA homeostasis is maintained but an imbalance of the GSH/GSSG ratio is created.
Then a NADPH-dependent reaction of disulfide bond of GSSG is quickly enforced by
GR, ensuring the regeneration of GSH (Ahmad et al., 2010; Gill and Tuteja, 2010; Do et
al., 2016). The latter enzyme pertains to the NADPH-dependent oxidoreductase family
and while it can also be found in the cytosol and mitochondria, most (>80%) of GR activity
in photosynthetic tissues is associated with the chloroplast (Gill et al., 2013).

This cycle of H-O- detoxification consisting of consecutive oxidations and reductions
of AsA and GSH is named AsA-GSH or Halltwell-Asada cycle (Figure 5) (Dgbrowska et
al., 2007).

NADP NADPH
m / GSSG \ / NADP
AsA
o MDHA DHA —
H,0, \ 2 GSH / \ NADPH
H,0

Figure 5. Ascorbate-Glutathione cycle.

The non-enzymatic system comprises the amino acid proline, low molecular weight
cellular compounds, such as carotenoids, flavonoids and phenolic acids, as well as the
cellular redox buffers GSH and AsA. These compounds can directly detoxify the plant
from ROS or act indirectly by reducing substrates for the enzymatic system (Kasote et
al., 2015; Caverzan et al., 2016). Alongside the described role in the Asa-GSH cycle,
AsA can also partake a vital role on the AOX defense without enzymatic action, as it can
directly react with H,O, and O™, assuring the integrity of plant membranes (Sharma et
al., 2012). Proline is commonly reported as an osmolyte involved in the protection of
cellular structures from osmotic stress, but recently this amino acid is showing positive
influence in other stress-related processes (Kaur and Asthir, 2015). Currently, proline is

being described as an important amino acid in osmoprotection, protein stabilization, lipid
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peroxidation inhibition and *OH and O, scavenging (Gill and Tuteja, 2010). Not only that,
but proline levels seem to be related with the ratio of NADP*/NADPH, necessary for the
maintenance of the important reduced state of both AsA and GSH (Hare and Cress,
1997), since proline biosynthesis from glutamate, via A'-pyrroline-5-carboxylate (P5C) is
associated with oxidation of NADPH to NADP*, with subsequent induction of the pentose

phosphate pathway and reduction to NADPH (Liang et al., 2013).
1.6.  Glutathione

As a low molecular weight tripeptide, formed by a y-L-glutamyl-L-cysteinyl-L-glycine
sequence, GSH is considered one of the most important metabolites in several
physiological processes of plants (Gill and Tuteja, 2010).

GSH is generated by the subsequent action of two enzymes: y-glutamyl-cysteinyl
synthetase (y-ECS, EC 6.3.2.2) and glutathione synthetase (GSS, EC 6.3.2.3). In the
first step y-ECS potentiates the bond of Cys with Glu, forming y-glutamylcysteine (y-EC)
in the presence of ATP, whereas, in the second step, GSS catalyzes an ATP-dependent
linkage between y-EC and Gly, forming the final GSH product (Noctor et al., 1998;
Rouhier et al., 2008). This thiol-containing molecule is nearly ubiquitous and can be
found in most cellular sites in either the original reduced form with a free thiol group or
as GSSG, an oxidized form constituted by two GSH molecules linked by a disulfide bond
(Gill and Tuteja, 2010; Gill et al., 2013). Two main differences between GSH and other
thiol groups correlate with the high concentration of this metabolite but also with its major
reduced status (Noctor et al., 2012). This occurs due to GR, as this enzyme utilizes
NADPH as an electron donor in order to reduce the glutathione oxidized during a stress
response to its original state (Gill et al., 2013).

GSH is a major water-soluble redox buffer in the cell partaking in plant defense
against oxidative stress in different ways. In this sense, glutathione can act directly in
ROS scavenging by reacting with O™, H2.0. or "OH, yielding GSSG, as well as forming
adducts with reactive electrophiles, protecting other biomolecules, such as DNA,
proteins and lipids. Indirectly, GSH can also act in the protection against ROS by
facilitating the regeneration of reduced AsA by the AsA-GSH cycle (Rouhier et al., 2008;
Hasanuzzaman et al., 2017). Another important process where GSH functions as a key
player is the detoxification of xenobiotics, via a GST-mediated conjugation (Gill and
Tuteja, 2010). In summary, GSH is a crucial thiol-containing compound for normal plant
development, with several other functions being added to the ones described above,
such as cell differentiation and death, regulation of sulfate transport, heavy metal

detoxification, senescence, enzymatic regulation, pathogen resistance and also in
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glutathionylation reactions in response to stress (Rouhier et al., 2008; Noctor et al.,
2012).

1.7. Glutathione-S-Transferase

Glutathione transferases (or GSTs) are a heterogeneous superfamily of cell
detoxifying enzymes, being major players in the plant xenome (i.e. xenobiotic
detoxification mechanism) (Labrou et al., 2015), and although other functions are
associated with this transferase, the main GST-catalyzed reaction is the GSH
conjugation to electrophilic sites of several phytotoxic compounds (Sasan et al., 2011).

Three families constitute the plant GSTome (i.e. the collective presence and function
of all GSTs in the respective organism), with mitochondrial and microsomal families
being evolutionarily very distinct to the cytosolic family and are not thought as partaking
in cell detoxification. Despite the most prevailing cytosolic GSTs in plants pertaining to
the GSTF (phi) and GSTU (tau) classes, eight other classes are present in these
organisms: GSTL (lambda), DHAR, GSTT (theta), GSTZ (zeta), TCHQD, EF1BG,
hemerythrin and lota, but solely GSTF, GSTU, GSTL and DHAR are plant-specific
(Labrou et al., 2015). A great divergence is associated with the different classes of GST
but strong similarities are found in the three-dimensional structure, a trait shared with
other GSH-dependent proteins (Dixon et al., 2002; Oztetik, 2008). Structurally, these
enzymes are generally homo or hetero-dimers, consisting of two domains linked by a
variable region. The first domain (G-site) is a thioredoxin-like fold and presents a GSH-
specific binding site, while the second domain (H-site) is formed by a variable amount of
a-helices and a binding site specific to the hydrophobic substrate (Sasan et al., 2011).

As mentioned, GSTs play a very important role in the detoxification mechanisms of
plants against external compounds, potentiating the conjugation reaction of GSH to the
electrophilic site of several phytotoxic substances, such as PhACs and herbicides,
forming S-glutathionylated conjugates in the cytosol, which are then sent towards the
vacuole through the action of ABC transporters (Oztetik, 2008). This process is usually
associated with GSTF and GSTU (Csiszar et al., 2014) and recently overexpression of
GSTs pertaining to these classes has been successfully employed to improve herbicide
tolerance (Benekos et al., 2010; Cummins et al., 2013). Furthermore, GSTs can also be
involved in the response and tolerance towards oxidative stress by functioning as
glutathione peroxidases (GPOX, EC 1.11.1.9). In this case, GST-GPOX will reduce
peroxides, utilizing GSH as a substrate and yielding GSSH (Dixon et al., 2002; Oztetik,
2008). This is highlighted by several studies showing that overexpression of some GST

is related with a higher tolerance to oxidative stress (Yu et al., 2003; Sharma et al., 2014),
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with a tomato GSTU suppressing the ROS-induced apoptosis caused by the Bax protein
in yeast (Kampranis et al., 2000). Taking in mind these protective functions, it comes as
no surprise that GST is becoming an interesting biomarker in plant stress studies and a
better understanding of how this enzyme works, as well as what classes are involved
with each process is an important tool in allowing its use to induce higher tolerance to

different forms of abiotic and biotic stresses (Labrou et al., 2015).
1.8.  Solanum lycopersicum L. cv. Micro-Tom

Tomato (S. lycopersicum) originated in South America and was later brought to the
European continent and maintains its status as one of the most relevant crops worldwide.
As a member of the Solanaceae family, tomato shares the trait of economic importance
with other Solanaceae plants, like potato, eggplant, petunias, peppers and tobacco
(Gerszberg et al.,, 2015). However, the importance of this crop extends beyond
economics and consumption, reaching scientific importance as a model system for basic
and applied research. This importance correlates with several characteristics inherent to
this plant, such as an ability to grow under different conditions, lack of gene duplication
and a small and fully sequenced genome, with high efficiency transformation protocols
already established. While these characteristics are not unique to S. lycopersicum, it
distinguishes itself from other biologic models, such as Arabidopsis thaliana L., due to
its associated photoperiod-independent sympodial flowering, compound leaves and
production of fleshy fruits highly consumed by humans and also for the ability to be
utilized in the research of agronomically important interactions (Kimura and Sinha, 2008;
Campos et al., 2010; Gerszberg et al., 2015). The main disadvantage concerning the
use of tomato as a plant model is the normal size of this crop, requiring large growing
sites and high maintenance, as well as a four-month generation period. Because of this,
the “laboratory tomato” (Meissner et al., 1997), which is the dwarf cultivar Micro-Tom
(Figure 6), has gained attention as the most convenient model, since it can grow in
smaller spaces and takes only around ten weeks to bear fruits (Campos et al., 2010).
Besides, and a very important characteristic, is that this cultivar only differs in two major
genes from the standard tomato, meaning that research performed in the dwarf cultivar

can be easily transferred to an environmental context (Meissner et al., 1997).
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Figure 6. Solanum lycopersicum cv. Micro-Tom (left) bearing fruits and a standard tomato fruit (right) (Source:

http://lwww.kazusa.or.jp/jsol/microtom/project.html).

1.9. Objectives

This research work aimed to better understand how an economically important
species (S. lycopersicum) responds to being exposed to an emerging contaminant that
has been detected in water and soils, possibly damaging cultivation perspectives
throughout the world. In this sense, and at a macroscopic scale, it is important to verify
if the cultivation of this species in contaminated soils can lead to morphologic alterations
that can compromise crop yield or even be detrimental to human health, while
understanding the plants’ internal mechanisms that are being triggered during this
process.

As the main purpose of this work, the GSH metabolism was in the spotlight, as this
metabolite has been considered instrumental in both antioxidant and detoxification
processes. For this, enzymatic activity and transcript accumulation of different GSH-
relate enzymes was analyzed to investigate how exposure to DCF affected synthesis,
utilization and regulation of the redox ratio of this molecule. Additionally, as claimed by
various reports, the conjugation of GSH to DCF with an adjuvant increase in GST activity
is a common occurrence, similarly to what happens in mammals. Taking this in
consideration, five different GST genes pertaining to the phi class were evaluated
regarding their mRNA accumulation to understand the role taken by specific gene
members in the detoxification of this contaminant, as up to date there is no information
besides the global spectrum of GST activity and conjugate detection.

Also, it is important to understand if the plant can cope with a long-term exposure to
DCF on an external and internal level. For this, seedlings and plants were evaluated
biometrically, and the edible fruits tested for the presence of DCF to unveil if any toxicity
may be passed through the food chain in this scenario. It is also pertinent to assess the
intrinsic defenses triggered to combat a possible DCF-induced stress and therefore the

antioxidant mechanisms of treated plants were also evaluated.
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Hopefully, this research will proportionate new and important information about the
underlying mechanisms regarding the detoxification of DCF and defense against
subsequent damages, serving as a precedent for further research aimed at better

improving and understanding these processes.
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2. Material and Methods

2.1. Diclofenac

Diclofenac was purchased from Sigma-Aldrich® (Steinheim, Germany) as a sodium
salt (D6899).

2.2. Solanum lycopersicum L. seeds

Solanum lycopersicum L. cv. Micro-Tom (Tomato Genetics Resource Center;
germplasm LA3911) certified seeds were surface-disinfected with a 10-minute
immersion in 70% ethanol before being washed, in constant agitation, for 5 minutes, with
a solution containing 20% commercial bleach and 0.02% tween-20. Following these
steps, the seeds were then repeatedly washed with double-distilled sterile water.

2.3. Tested concentrations

Even though not every utilized dosage was maintained for the consequent assays,
some concentrations had to be chosen for preliminary studies to select the final ones. In
this sense, two current environmentally relevant concentrations (15 ug L and 30 pg L
1) were used alongside two higher concentrations, one that has been utilized in other
assays utilizing diclofenac and plants (1 mg L) and a higher concentration unlikely to
be found in the environment (10 mg L?) (if this latter concentration does not provoke
harmful effects, then no danger should be associated with the presence of these plants
in contact with this contaminant in the environment). A control situation was used under

the same conditions, but without the addition of diclofenac.
24. Germination assay

Following disinfection, seeds were distributed in sterile Petri dishes (10 cm
diameter) containing a solidified medium consisting of 1X Hoagland solution (Taiz and
Zeiger, 2010) supplemented with the respective diclofenac concentrations (0 ug L?, 15
ug L1, 30 ug L%, 1 mg L't and 10 mg L) and 0.625% (w/v) agar. Subsequently, these
Petri dishes were stored at 4 °C during 48h to break seed dormancy and synchronize
germination, and afterwards they were placed in a growth chamber with controlled
optimized conditions (16 h light/8 h dark; 25 °C) and 60 pumol m2 s photosynthetically
active radiation for 10 days. Following this period, the germination rate in each Petri dish
was registered and the grown plantlets were evaluated regarding their shoot and root

size, as well as total fresh weight.
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2.5. Growth trial

After selecting the final concentrations to be exploited in the posterior assays, seeds
were grown under the same conditions described for the germination assay but without
the addition of diclofenac to any Petri dish. After 10 days in the growth chamber,
seedlings were transferred to individual pots filled with a 2:1 mixture of expanded
vermiculite and perlite and separated amongst the different experimental conditions. The
trays containing these pots were then moved to the growth chamber and left to grown in
the aforementioned conditions. For the first week, in order to acclimatize plantlets to the
new conditions, every tray was irrigated only with 1X Hoagland solution, while for the
following 5 weeks each tray was being supplied a different diclofenac concentration (0O
mg L1, 0.5 mg L* and 5 mg L?) diluted in Hoagland solution. The DCF-containing
nutritive medium was renewed when necessary.

When the treatment period was completed, the grown plants were removed from
the pots, their roots washed with tap and then deionized water, with biometrical analysis
ensuing. Here, shoots and roots were separated and the length and fresh weight of both
portions of the plant were determined. Afterwards, plants were divided in two groups: the
first group was left to dry at 65 °C in an oven for the posterior determination of the hydric
content, while the second group was frozen and pulverized in liquid N2, with aliquots

being stored at -80 °C until used for biochemical and m