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ARTICLE INFO ABSTRACT

Handling Editor: K Kees Venema Coexistence impact of pollutants of different nature on halophytes tolerance to metal excess has not been

thoroughly examined, and plant functional responses described so far do not follow a clear pattern. Using the Cu-

Keywords: tolerant halophyte Sarcocornia fruticosa as a model species, we conducted a greenhouse experiment to evaluate
Antioxidant activity the impact of two concentration of copper (0 and 12 mM CuSO,4) in combination with three nitrate levels (2, 14
Ii‘;l;:;; " and 50 mM KNOs3) on plant growth, photosynthetic apparatus performance and ROS-scavenging enzymes system.
Nitratey The results revealed that S. fruticosa was able to grow adequately even when exposed to high concentrations of
Photosynthesis copper and nitrate. This response was linked to the plant capacity to uptake and retain a large amount of copper
Sarcocornia fruticosa in its roots (up to 1500 mg kg’1 Cu), preventing its transport to aerial parts. This control of translocation was

further magnified with nitrate concentration increment. Likewise, although Cu excess impaired S. fruticosa
carbon assimilation capacity, the plant was able to downregulate its light-harvesting complexes function, as
indicated its lowers ETR values, especially at 12 mM Cu + 50 mM NO3. This downregulation would contribute to
avoid excess energy absorption and transformation. In addition, this strategy of avoiding excess energy was
accompanied by the upregulation of all ROS-scavenging enzymes, a response that was further enhanced by the
increase in nitrate concentration. Therefore, we conclude that the coexistence of nitrate would favor S. fruticosa
tolerance to copper excess, and this effect is mediated by the combined activation of several tolerance
mechanisms.

Stress tolerance

1. Introduction tolerance thresholds of a wide range of plant species against different
types of metals, in order to comprehend the ecotoxicological impact of
these pollutants on species communities evolution and/or determinate

their potential for environmental remediation (Caparros et al., 2022;

Many of heavy metals, such as Cu, Mn, Ni, Zn, etc., are essential for
plant development, being key elements in important biological pro-

cesses such as photosynthetic carbon assimilation, photochemical effi-
ciency for light capture and transformation, and respiration process
(Chen et al., 2022; Meng et al., 2018; Mishra and Tanna, 2017; Shabala,
2013). However, when present in excess, they can drastically affect
these vital metabolic processes. This has led to increased attention from
the scientific community in recent decades, focusing on research into
metal tolerance in plants. This research aims to understand: (i) the

Mateos-Naranjo et al., 2008a; Redondo-Gomez et al., 2010; Singh et al.,
2023), and (ii) elucidate underlying tolerance mechanisms that would
allow these species to respond to stress induced by the presence of
metals (Singh et al., 2023). In this conceptual framework, the scientific
community has identified several halophyte species as metal-tolerant
due to their special morphological, anatomical, physiological, and
biochemical features that allow them offered them to complete their life

Abbreviations: Ay, net photosynthetic rate; CAT, catalase; ETR, electron transport rate; GPX, guaiacol peroxidase; F,/Fy,, maximum quantum efficiency of PSII
photochemistry; ®pgy;, actual photochemical efficiency of PSII; g, stomatal conductance; LDMC, dry mass content of branches; RDMC, dry mass content of the roots;
RH, relative humidity; ROS, reactive oxygen species; SOD, superoxide dismutase; ;WUE, intrinsic water use efficiency; €, apparent carboxylation efficiency.
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cycle in environments contaminated with both salinity and heavy metals
(Calone et al., 2022; Lutts and Lefevre, 2015; Manousaki and Kaloger-
akis, 2011; Redondo-Gomez et al., 2006). These species have garnered
attention as model organisms for the study of metal tolerance
mechanisms.

Generally, the majority of halophytes tolerance mechanisms against
metal excess aim to avoid the buildup of excessive levels of this element
in sensitive tissues where it has toxic effects (Kabata-Pendias, 2001).
This is achieved through their ability to prevent metal uptake, transport,
or sequestration in tissues or cellular compartments that are sensitive to
metals. This can be accomplished by metal binding to the cellular wall
and extracellular root exudates or by reducing metal influx across the
plasma membrane (Singh et al., 2023). Particularly, some halophytes
demonstrate enhanced resistance to reactive oxygen species (ROS), such
as superoxide radicals (0>7) and hydrogen peroxide (H205), caused by
heavy metals. This resistance is achieved through the synthesis of anti-
oxidants (Sruthi et al., 2017) and the modulation of ROS-scavenging
enzymes, as superoxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), peroxidase (POX), and glutathione reductase (GR),
resulting in reduced damage to lipid membranes from ROS under heavy
metal stress (Liang et al., 2017). Additionally, copper tolerance in hal-
ophytes has been also ascribed to the maintenance of photosynthetic
functions under metal excess. This circumstance is related to the mod-
ulation of its aforementioned antioxidant apparatus and the fact that
many, or even most, steps in photosynthetic pathway (light harvesting
system and/or diffusional and biochemical components for CO, assim-
ilation) may be tolerant to the uptake and accumulation of high amounts
of metal in plant tissues (Mallick and Mohn, 2003; Singh et al., 2023).

Despite the enormous progress made in determining the tolerance
potential of halophytic species and disentangling their constitutive
tolerance mechanisms, many studies were mostly confined to assess the
tolerance against specific pollutants (Nikalje and Suprasanna, 2018;
Redondo-Gomez et al., 2010), without considering the coexistence of
several heavy metals and/or contaminants of different natures, which
could have a different significant impact on these plant tolerance
mechanisms. This impact would depend on pollutant characteristics
such as concentration, nature, or their combination (Pérez-Romero
et al., 2022). In this context, nitrate (NO3) contamination resulting from
fertilization processes associated with intensive farming practices has
been identified as a primary factor contributing to various adverse ef-
fects on ecosystem conservation (Barros et al., 2012; Martinez-Dalmau
et al., 2021). Given the widespread occurrence of nitrate contamination
in saline environments, like saltmarshes (Mohammadzadeh and Haji-
boland, 2022), it becomes imperative to understand the potential impact
of nitrate presence on the tolerance mechanisms and metal uptake ca-
pacity of halophytic plants within these ecosystems. Therefore, this
study was designed and conducted to fill this gap in knowledge.

Sarcocornia fruticosa (L.) A. J. Scott was chosen as a model halophyte
species to study in detail the impact of nitrate and metal interaction on
plant performance and tolerance mechanism. Specifically, the study
focused on the functionality of the photosynthetic apparatus, modula-
tion of antioxidant enzyme machinery, and metal uptake. This species
has been described as a natural phytostabilizer for several metals with
distribution in coastal systems across southern and western Europe (Said
et al., 2019; Silva et al., 2021). Moreover, several authors have sug-
gested a link between heavy metal tolerance and nitrate accumulation in
certain species to the Amaranthaceae family, to which this selected
species belongs (Hawkesford et al., 2023; Moreira da Silva et al., 2015).
Considering these factors, we hypothesize that the coexistence of nitrate
in the growing medium would modulate the tolerance and metal accu-
mulation capacity of the halophyte S. fruticosa, which would be linked to
the activation of specific halophytic tolerance mechanisms favored by
the greater availability of nitrogen resources in the environment. Taking
all this into account, the main objective of this study was to investigate
the ability of S. fruticosa photosynthesis and ROS-scavenging enzyme
systems to cope with copper excess under different levels of nitrate in the
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growing medium, and examine the possible role of copper and nitrogen
concentration in plant tissues in explaining plant responses. Copper was
selected as it attains priority pollutant status according to both the Eu-
ropean Community and UNEP (T6th et al., 2016; UNEP, 2013) and due
to its biological importance in assessing plant tolerance mechanisms in
this study.

2. Material and methods
2.1. Plant material and experimental design

Sarcocornia fruticosa plants completely developed and planted in 5.5
cm diameter multi-perforated pots filled with rockwool as substrate
were supplied by the company ‘Haldfitas Onuba S.L.’. (Isla Cristina,
Huelva; Spain). These plants were placed in a climate-controlled, PLC-
automated, software-controlled, venlo glass greenhouse module (Uni-
versity of Seville, Center for Research, Technology and Innovation,
CITIUS II; 37°24'N, 6°0'W; Southwest Spain) under controlled condi-
tions: 21-25 °C temperature, 40-50% RH, natural light was supple-
mented by fluorescent/incandescent lamps set to a photoperiod of 16 h
of light (with a maximum photon density flux at leaf level of 1000 pmol
m~2 s71) and 8 h of darkness, with adequate irrigation during 15 days
for an acclimation period until experiment onset.

After acclimation period, plants with 10 cm height were selected and
divided into six treatments of forty individuals per group and arranged
in a randomized plot. For that, the pots were randomly subjected to two
copper concentration treatments (0 and 12 mM CuSOj4), in combination
with three levels of nitrate (2, 14 and 50 mM KNO3) for 60 days (n =
240; 40 plants per treatment). The copper concentration was chosen
considering the current copper levels previously recorded in the marshes
of the southwestern peninsula by Redondo-Gomez et al. (2009) and
Sanchez-Gavilan et al. (2021). For nitrate, three concentrations were
chosen to make our data representative of low (2 mM), medium (14 mM)
and high (50 mM) levels of environmental nitrate contamination
derived from chemical fertilizer application according to Mohammad-
zadeh and Hajiboland (2022). Copper and nitrate treatments were
established by combining 20% Hoagland solution (Hoagland and Arnon,
1950) with the appropriate concentration of CuSO4 - 7H20 and KNOsg,
respectively. In addition, all treatments were supplied with a solution of
171 mM NaCl, since this is the optimal salinity within the range of
natural conditions in which this species grows naturally (Pérez-Romero
et al., 2023). For that, at the beginning of the experiment, 3 L of the
appropriate solution was applied to the trays to a depth of 1 cm. Solution
levels and pH were monitored daily, and topped up with 20% Hoagland
solution and adjusted to 6.5 & 7.0 without the additional application of
CuSO4 - 7H20 and KNOg, to avoid variations in pH and copper and ni-
trate concentrations due to evaporation of the solution. The control, 0
mM CuSO4 treatment, had 0.0005 mM Cu, as the Hoagland solution
contains a small amount of Cu as an essential nutrient. All solutions,
including CuSO4 - 7H20 and KNOj3, were changed weekly.

2.2. Evaluation of plant growth and photosynthetic apparatus
performance

After 60 days of treatment, the plants were harvested and divided
into branches and roots. These biomass fractions were then oven dried at
60 °C for 48 h and weighed to obtain estimates of the dry mass content of
the branches (LDMC) and roots (RDMC). These measurements were
complemented with instantaneous leaf gas exchange and PSII photo-
chemical efficiency measurements, obtained with an open system
infrared gas analyser, equipped with a fluorescence measurement
chamber (LI-6800-01, LICOR Inc., Lincoln, NE, USA) and a portable
modulable fluorometer (FMS-2; Hansatech Instruments Ltd., King ‘s
Lynn, UK) 20 and 60 days after experimental treatments imposition.
Thus, net photosynthetic rate (Ay), stomatal conductance (gs), apparent
carboxylation efficiency (e: An/C;j), intrinsic water use water use
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efficiency (WUE), actual photochemical efficiency of PSII (®pg) and
electron transport rate (ETR) were determined at 400 ppm COj, 25 +
0.5 °C, 50 + 1% RH and 1000 pmol photon m 25! (n = 7 measure-
ments per treatment). All measurements were made between 10:00 and
13:00 h and were corrected by photosynthetic area according to
(Pérez-Romero et al., 2018). Finally, the maximum photochemical
quantum efficiency of PSII (F,/Fp) was measured in 30 min of
dark-adapted branches (n = 12 measurements per treatment), according
to the protocol described by Mateos-Naranjo et al. (2020).

2.3. Evaluation of plant antioxidant enzymes status

At the end of the experiment, 500 mg of fresh aerial tissue samples
from each of experimental treatments were collected, ground and ho-
mogenized in 8 mL of a 50 mM sodium phosphate buffer solution (pH
7.6) and 0.1 mM Na-EDTA, under ice-cold conditions according to the
protocol described by Duarte et al. (2015). The homogenate was then
subjected to centrifugation at 9000 rpm for 20 min at 4 °C and the su-
pernatant liquid obtained was used for several enzymatic analyses.
Three samples per treatment were used and three measurements per
sample and enzyme activity were registered. The protein content in the
extracts was obtained according to Bradford (1976), using bovine serum
albumin as standard.

Guaiacol peroxidase EC 1.11.1.7 (GPX) was calculated as Bergmeyer
(1974) indicated, with a reaction mixture made of 50 mM sodium
phosphate buffer (pH 7.0), 2 mM H205, and 20 mM guaiacol. For all
these enzymatic activities, 100 pL of vegetal extract was added to the
reaction mixture to start the reaction. Superoxide dismutase EC 1.15.1.1
(SOD) activity was assayed by monitoring the reduction of pyrogallol at
325 nm, following Marklund and Marklund (1974) work. The reaction
mixture was 50 mM sodium phosphate buffer (pH 7.6), 0.1 mM
Na-EDTA, 3 mM pyrogallol, Mili-Q water. The reaction started with the
addition of 10 pL of enzyme extract. Catalase EC 1.11.1.6 (CAT) was
prepared following the protocol of Teranishi et al. (1974) in a mixture of
890 mL of sodium phosphate buffer (50 mM, pH 7.0), 100 pL leaf extract
and 10 pL HyO3 (15%). Subsequently, to determine the enzyme activity,
the decrease in absorbance at 240 nm was calculated, using the molar
extinction coefficient of HyO3 (39.4 mM ™! em™Y). Finally, ascorbate
peroxidase EC 1.11.1.11 (APX) was analyzed according to Duarte et al.
(2015). The reaction mixture was composed of 50 mM of sodium
phosphate buffer (pH 7.0), 12 mM pL of H204 and 0.25 mM L-ascorbate,
in addition to the 100 pL of plant extract. Enzyme activity was recorded
by measuring the decrease in absorbance at 290 nm due to ascorbate
oxidation and calculated using the molar extinction coefficient of € (2.8
mM~! em™Y). The auto-oxidation of the substrates was evaluated by a
control sample with the reaction mixture but without the enzyme
extract.

2.4. Evaluation of copper and nitrogen content in plant tissues

At the end of the experiment, dried branch and root samples were
collected and crushed to obtain 0.5 g aliquots in triplicate from each
experimental treatment. Subsequently, the samples were digested with
6 mL of HNO3, 0.5 mL of HF and 1 mL H50»; and the concentration of
copper in the tissues was quantified by inductively coupled plasma
spectroscopy (ICP; ARL-Fison 3410, USA). Finally, the undigested dry
samples underwent total nitrogen concentration analysis using the
Dumas method with an elemental autoanalyzer (Leco CHNS-932-
Trumac, Spain). This technique involves sample combustion to trans-
form nitrogen into nitrogen oxides, followed by the precise quantifica-
tion of the released nitrogen gas, ensuring accurate determination of
nitrogen content (Lopez-Calderon et al., 2020).

2.5. Statistical analysis

Statistical analyses were carried out using RStudio statistical
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software (R Development Core Team, 2008). The analysis of the effect of
copper and nitrate treatments on the different parameters of S. fruticosa
was carried out using general linear models (GLM test). Copper and
nitrate concentrations were considered as grouping variables and the
different quantified parameters as contrast variables. Those analyses
that yielded significant results were subjected to a post hoc pairwise
contrast analysis (LSD test).

3. Results
3.1. Growth and gas exchange measurements

The dry mass content of the branches and roots did not differ be-
tween the experimental treatments after 60 days of treatment (GLM
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Fig. 1. (A) Dry mass content of the branches (LDMC) and (B) dry mass content
of the roots (RDMC) in Sarcocornia fruticosa plants after 60 days of treatment,
with three nitrate levels (2, 14 and 50 mM KNO3) in combination with two
copper concentrations (0 and 12 mM CuSO,). Each value represents the mean
+ standard error of ten replicates. Cu, NO3 or Cu x NO3 in the upper corner of
the panel indicates significant main effects or interactions (LSD test, *p < 0.05,
**p < 0.01).
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Model: p > 0.05; Fig. 1A and B). Contrarily, our results showed a sig-
nificant effect of copper and nitrate treatments on the instantaneous gas
exchange characteristics of S. fruticosa in the different sampling periods
(GLM Model: p < 0.05; Fig. 2). Overall, apparent carboxylation effi-
ciency was lower with increased copper concentration independently of
nitrate concentration in the grown medium after 20 days of treatment,
and this difference was more acute 60 days after metal stress imposition
and mainly in plants exposed to 50 mM nitrate (GLM Model: Cu and
NOs, p < 0.01; Fig. 2A and B). A very similar pattern was observed for
Ay values after 20 and 60 days of treatment (GLM Model: Cu and NOg, p
< 0.01; Fig. 2C and D), while stomatal conductance (gs) showed mean
values ¢. 90 mmol ! Hy0 m™2 s7! in all treatments after 20 days
(Fig. 2E), and decreased considerably after 60 days in presence of copper
regardless of the nitrate concentration (GLM Model: Cu, p < 0.01;
Fig. 2F). Regarding intrinsic water use efficiency ((WUE), it was
observed that, in general, values were lower in the presence of copper at
20 days of treatment (GLM Model: Cu, p < 0.05; Fig. 3A). However, at 60
days, no significant differences in treatments were observed and all
treatments had a similar efficiency (Fig. 3B).

3.2. Chlorophyll a fluorescence measurements

Our results showed a significant effect of copper and nitrate treat-
ments on the PSII efficiency of S. fruticosa in the different sampling
periods (GLM Model: p < 0.05; Fig. 4). Therefore, the maximum
photochemical quantum efficiency of PSII (F,/Fy,), did not vary signif-
icantly between experimental treatments after 20 days (Fig. 4A), while
there was a negative synergistic in plants grown at 12 mM Cu + 50 mM
KNOj that showed the lowest F,/F;, values compared to the other
treatments (GLM Model: Cu x NOgs, p < 0.01; Fig. 4B).

However, the overall actual photochemical efficiency of the PSII
(®psr) and electron transport rate (ETR) values was lower in plants
grown in the presence of copper after 20 days (GLM Model: Cu, p < 0.01;
Fig. 4C and E). In addition, both copper and nitrate presence had sig-
nificant effects on plants ®pg and ETR values after 60 days, obtaining
the lowest values in the plants subjected with 12 mM Cu + 50 mM ni-
trate in the medium (GLM Model: Cu and NOs, p < 0.01; Fig. 4D and F).

3.3. Antioxidant enzymes measurements

Our results showed a significant effect of copper and nitrate treat-
ments on the antioxidant enzymes status of S. fruticosa at the end of the
experiment (GLM Model: p < 0.05: Fig. 5). Thus, overall ascorbate
peroxidase (APX) activity was higher in plants grown in the presence of
copper (GLM: Cu, p < 0.05) and tended to increase with nitrate con-
centration in the growth medium with and without Cu application (GLM
Model: NOs, p < 0.01; Fig. 5A). Very similar patterns were recorded for
catalase (CAT), superoxide dismutase (SOD), and guaiacol peroxidase
(GPX), but for these enzyme activities it should be noted that the dif-
ferences between both copper treatments were even more pronounced
(GLM Model: Cu, p < 0.01; Fig. 5B and D), obtaining overall the highest
values in the plants subjected to 12 mM Cu + 50 mM nitrate in the
medium and specially for GPX activity (GLM Model: Cu, NO3 and Cu x
NOs, p < 0.01; Fig. 5D).

3.4. Analysis of copper and nitrogen content in tissues

There were significant effects of CuSO4 and NOj concentration
treatments on Cu and N concentrations in tissues (GLM Model: p < 0.05;
Fig. 6). Therefore, the copper concentration was higher in roots than in
leaves, and within the tissues a considerable increase was observed
along the external exposure to Cu regardless of the concentration of
nitrate in both tissues (GLM Model: Cu, p < 0.01; Fig. 6A and B), except
for the Cu concentration of leaves, which showed a reduction in plants
grown at 50 mM nitrate compared to the rest of Cu treated plants (GLM
Model: Cu x NOs, p < 0.01; Fig. 6A). However, nitrogen concentration
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was higher in aboveground tissues than in belowground tissues and
tended to increase with the concentration of nitrate in the grown me-
dium; being this increase was even magnified in Cu-supplied plants
grown at 50 mM nitrate, especially in leaves (GLM Model: Cux NOs, p <
0.01; Fig. 6C).

4. Discussion

The ability of halophytes to cope with induced metal stress has been
highlighted by many studies, and significant efforts have been made to
unravel the mechanisms involved in this response (Flowers and Colmer,
2008; Meng et al., 2018). However, few studies have explored in depth
how this innate tolerance could be modulated by the coexistence of
pollutants of different nature, such as nitrate enrichment in the envi-
ronment. In fact, previous studies have highlighted the overlapping ef-
fect of distinct stressors on plants tolerance capacity, resulting in the
generation of integrated mechanical and chemical signals that play a
pivotal role in eliciting the tolerance (Mateos-Naranjo et al., 2021, 2024;
Roe and MacFarlane, 2022). In this sense, our study showed how
S. fruticosa tolerance responses to copper excess were, to some extent,
modulated by the variation in nitrate concentration in the growing
medium, demonstrating a differential activation of specific tolerance
mechanisms in this plant species (i.e., metal uptake and transport lim-
itation, photosynthetic apparatus performance, and ROS-scavenging
enzyme system modulation; Meng et al., 2018; Mishra and Tanna,
2017; Shabala, 2013).

Focusing on the obtained results, we found that S. fruticosa exhibited
high tolerance to copper stress, since plants were able to sustain their
growth at concentrations higher than 12 mM Cu, measured as LDMC and
RDMC, compared to those grown at 0 mM Cu. This is noteworthy,
especially considering the results obtained for other halophytic species
belonging to the Amaranthaceae family, where the detrimental impact
of copper excess negatively affects their growth (Orrego et al., 2020).
The observed growth maintenance in S. fruticosa was attributed to the
activation of different tolerance mechanisms, which could act individ-
ually or synergistically, in response to Cu excess (Caparros et al., 2022;
Liang et al., 2017). In this context, our results revealed a substantial
copper uptake and retention plant capacity in the plant, particularly in
its roots, with mean values around 1500 mg kg ! Cu for plants grown at
12 mM Cu, regardless of the nitrate level. Consistent with this result,
numerous studies have corroborated the capacity of S. fruticosa to retain
metals in the rhizosphere (roots and rhizosediment), thereby preventing
their translocation to aerial parts (Caetano et al., 2008; Moreira da Silva
et al., 2015; Silva et al., 2021). This Cu accumulation pattern could be
explained by well-described process in halophytes, such as Cu binding to
root cell walls, chelation, and/or compartmentalization in vacuoles for
non-toxic storage, avoiding ion interaction with essential cellular
metabolic processes in more sensitive organs (Caparros et al., 2022;
Sheoran et al., 2010). Additionally, our results indicate that the copper
accumulation pattern was altered to a certain degree by the presence of
nitrate. In this regard, several authors have indicated that Cu accumu-
lation pattern may vary depending on plant species or ecotypes, devel-
opmental stage, and environmental factors such as nitrogen supply
(Yruela, 2009). Thus, our results suggested that overall NO3 supply led
to a higher nitrogen content in plant tissues. This effect was even more
pronounced in plants subjected to 12 mM Cu + 50 mM NOs, followed by
a concomitant reduction in the concentration of copper in their leaves
compared with their Cu-supplied counterparts, which would contribute
to explaining plant tolerance against excess copper. According to our
results, Cui et al. (2022) indicated that Cu and N supply altered the
uptake patterns of both elements through a differential regulation of the
expression levels of NO3 and Cu transporters in rice plants. Hence, it is
possible that something similar occurred in S. fruticosa, and this area
deserves further research as it could contribute to explaining its high Cu
tolerance.

Despite the relatively high tolerance demonstrated by S. fruticosa in
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Fig. 2. (A, B) Apparent carboxylation efficiency (¢), (C, D) net photosynthetic rate (Ay) and (E, F) stomatal conductance (g;) in randomly selected Sarcocornia
fruticosa branches of plants subjected to two copper concentrations (0 and 12 mM CuSO,) in combination with three nitrate levels (2, 14 and 50 mM KNO3) after 20
and 60 days of treatment. Each value represents the mean + standard error of three replicates. Cu, NO3 or Cu x NO3 in the upper corner of the panel indicates
significant main effects or interactions (LSD test, *p < 0.05, **p < 0.01). In case of interaction, Cu x NO3, means that are significantly different from each other
within the same sampling period are indicated by different letters (GLM, p < 0.05).
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Fig. 3. (A, B) Intrinsic water use efficiency ((WUE) in Sarcocornia fruticosa plants after 20 and 60 days of treatment, with three nitrate levels (2, 14 and 50 mM KNO3)
in randomly selected Sarcocornia fruticosa branches of plants subjected to two copper concentrations (0 and 12 mM CuSO,) in combination with three nitrate levels
(2, 14 and 50 mM KNO3) after 20 and 60 days of treatment. Each value represents the mean + standard error of three replicates. Cu, NO3 or Cu x NO3 in the upper
corner of the panel indicates significant main effects or interactions (LSD test, *p < 0.05, **p < 0.01). In case of interaction, Cu x NO3, means that are significantly
different from each other within the same sampling period are indicated by different letters (GLM, p < 0.05).

terms of growth, our photosynthetic performance analysis indicated a
greater sensitivity of this metabolic process in terms of carboxylation
capacity and photochemical efficiency under elevated concentrations
both Cu and NOs (i.e., 12 mM Cu and 50 mM NOs). It is noteworthy that
the photosynthetic apparatus of plants, including halophytes, is often
highly vulnerable to heavy metal toxicity (Nikalje and Suprasanna,
2018). The effects of Cu on Ay of S. fruticosa were clearly discernible
regardless of nitrate concentration, with this effect becoming more
pronounced after 60 days of treatment. In addition, we found that
although several studies have indicated that exogenous applied nitrate
could favor photosynthetic activity (Agnihotri and Seth, 2016; Wei
et al., 2024) as showed plants grown at 14 mM NOs and without Cu
addition, when it is in excess, it can damage photosynthetic activity, as
indicated by the reduction of Ay at 50 mM NOg3 (Han et al., 2023). These
tendencies of Cu and NOg impacts on the performance of the S. fruticosa
photosynthetic apparatus could be partially explained by a differential
modulation effect of experimental factors on the down-regulation of key
steps in the plant photosynthetic apparatus triggered by each stress
factor in terms of apparatus integrity and functioning; i.e., CO, diffusion
limitation, RuBisCO activity, and light-harvesting antenna efficiency
(Flexas et al., 2012; Mateos-Naranjo et al., 2013, 2015). Our results
indicated that the limitation of Ay in S. fruticosa was mediated by both
diffusional and biochemical limitations (Amari et al., 2014; Mir et al.,
2021), as indicated by the decrease in g5 and the increased in C;, which
generated a consequent drop in photosynthetic apparent carboxylation
efficiency (e) with increasing Cu concentration and in plants grown at
50 mM NO3 with and without Cu supply. The reduction in instantaneous
carboxylation efficiency would also suggest a metabolic impairment in
S. fruticosa, primarily in biochemical carboxylation, which would be
associated with a decrease in RuBisCO carboxylase activity (Mir et al.,
2021). In this sense, several authors have indicated that enzyme activity
down-regulation is really common in the presence of heavy metals
(Siedlecka and Krupa, 2004) and would be attributed to the ability of Cu
to compete with Mg for the formation of the RuBisCO-CO,-metal?*
catalytic complex, thereby altering the affinity for CO and potentially
impairing the chlorophyll synthesis system (Mateos-Naranjo et al.,
2008b; Mir et al., 2021). However, it should be noted that the reduction
of g led to {WUE values maintenance, which would contribute to pre-
serving the trade-off between CO; acquisition for photosynthetic process

and water losses in S. fruticosa in the presence of both contaminants, as
other halophytes have shown in response to copper excess
(Pérez-Romero et al., 2018). This circumstance would favor plant water
relations, upholding a greater cell turgor and water potential gradient,
and consequently a larger leaf area, compensating in part for the decline
in carbon assimilation capacity per unit area and ensuring continued
growth under adverse conditions (Mohammadzadeh and Hajiboland,
2022), as has been addressed in other halophytes (Redondo-Gomez
et al., 2010).

On the other hand, S. fruticosa impairment in carbon assimilation
capacity arising from the individual or combined presence of copper and
high nitrate concentration was associated with differential pollutant
effects on the photochemical apparatus functionality. Thus, we observed
a decrease in ®pgyy in the presence of copper, attributable to the pol-
lutants negative impact on the PSII reaction center through the
destruction of antennae pigments (Anjum et al., 2016; Khan et al.,
2022). In this sense, it has been described that copper interferes with the
uptake and assimilation of essential ions such as Mg, Zn, Fe, and Ni,
leading to chloroplast ultrastructural alterations (Shabbir et al., 2020).
Therefore, it affects the plant capacity for energy transfer from the
collector antennae to reaction centers (Li et al., 2012). Additionally, our
results indicated that there was a negative synergistic effect of copper
supply in plants grown at 50 mM KNOs, as they presented the lowest
Fy/Fp, values compared with the rest of treatments. This response sug-
gests that the combination of both pollutants tested would increase
photoinhibition induced by light stress (Werner et al., 2002). Likewise,
the negative impact of these pollutant factors on S. fruticosa photo-
chemical apparatus was attributed to the down-regulation of its electron
transport chain functionality, as indicated by the lower ETR values
recorded in plants grown at 12 mM Cu, regardless of NO3 concentration
in the grown medium, and especially in those subjected to 12 mM Cu +
50 mM NOs after 60 days of treatment. This response indicates that the
presence of Cu disrupts energy fluxes per leaf cross-section (Anjum et al.,
2016; Mateos-Naranjo et al., 2008a, 2013; Nikalje and Suprasanna,
2018), being this impact more pronounced due to the synergistic effect
of the presence of a high nitrate concentration. This electron transport
downregulation would be an avoidance strategy used by S. fruticosa to
protect its photosynthetic apparatus and other chloroplast structures
against photoinhibition damage induce by copper excess (Meng et al.,
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Fig. 4. (A, B) Maximum photochemical quantum efficiency of PSII (F,/F,,), (C, D) actual photochemical efficiency of PSII (®psy) and (E, F) electron transport rate
(ETR) in randomly selected Sarcocornia fruticosa branches of plants subjected to two copper concentrations (0 and 12 mM CuSOj,4) in combination with three nitrate
levels (2, 14 and 50 mM KNOs3) after 20 and 60 days of treatment. Each value represents the mean + standard error of three replicates. Cu, NO3 or Cu x NO3 in the
upper corner of the panel indicates significant main effects or interactions (LSD test, *p < 0.05, **p < 0.01). In case of interaction, Cu x NO3, means that are
significantly different from each other within the same sampling period are indicated by different letters (GLM, p < 0.05).
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Fig. 5. (A) Ascorbate peroxidase (APX), (B) catalase (CAT), (C) superoxide dismutase (SOD) and (D) guaiacol peroxidase (GPX) in randomly selected Sarcocornia
fruticosa plants subjected to two copper concentrations (0 and 12 mM CuSO,4) in combination with three nitrate levels (2, 14 and 50 mM KNO3) after 60 days of
treatment. Each value represents the mean + standard error of three replicates. Cu, NO3 or Cu x NOg in the upper corner of the panel indicates significant main effects
or interactions (LSD test, *p < 0.05, **p < 0.01). In case of interaction, Cu x NOs, means that are significantly different from each other are indicated by different
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Fig. 6. (A, B) Copper content (Cu) and (C, D) nitrogenous content (N) in aboveground and belowground tissues in randomly selected Sarcocornia fruticosa plants
subjected to two copper concentrations (0 and 12 mM CuSO,4) in combination with three nitrate levels (2, 14 and 50 mM KNO3) after 60 days of treatment. Each value
represents the mean =+ standard error of three replicates. Cu, NO3 or Cu x NO3 in the upper corner of the panel indicates significant main effects or interactions (LSD
test, *p < 0.05, **p < 0.01). In case of interaction, Cu x NO3, means that are significantly different from each other are indicated by different letters (GLM, p < 0.05).

2018). It reduces the number of electrons being absorbed but are not
fixed by carboxylation activity; therefore, they are free to create ROS
(Pérez-Romero et al., 2020; Salazar-Parra et al., 2012). Congruently, the
mentioned minimization of light-harvesting complexes has been
addressed in other halophytes subjected to environmental stress (Koyro
et al., 2013).

In contrast, our results revealed that S. fruticosa was able to modulate

its antioxidant system to acclimate to excess copper, as do other halo-
phytes facing fluctuating stress environment (Bashri and Prasad, 2015;
Mesnoua et al., 2016; Redondo-Gémez et al., 2011; Sruthi et al., 2017).
In this sense, ROS-scavenging enzymes such as APX, CAT, SOD and GPX
play an essential role in regulating ROS levels in plants (Dazy et al.,
2009; Parlak and Yilmaz, 2013). In particular, SOD converts superoxide
radicals to HyO2, while APX, GPX and CAT catalyze the decomposition
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of HyO4 into HoO (Pirasteh-Anosheh et al., 2023). The increased of all
antioxidant enzyme activities observed in this study is related to an
increase in the rate of ROS production due to Cu increment, allowing the
plant to cope with this stressful condition and explaining the high
tolerance demonstrated by S. fruticosa. However, beyond this trend, the
most remarkable aspect was that nitrate application increased the ac-
tivity of antioxidant enzymes, being this effect more pronounced at 50
mM NOs, which was consistent with the results obtained by several
authors in plants subjected to various environmental factors (De Souza
et al., 2021; Moghaddam et al., 2023; Wei et al., 2015). Therefore, this
upregulation ROS-scavenging enzymes, along with the avoidance of
excessive light energy absorption and transformation in S. fruticosa
photosystems aforementioned, would contribute to explaining the high
tolerance demonstrated by this species under elevated concentrations of
both Cu and NOs.

These physiological and biochemical findings are, by themselves,
extremely important in terms of understanding the tolerance mecha-
nisms underlying metal exposure in halophytes under the coexistence of
pollutants of different natures. Nevertheless, from an ecological and
application perspective, our findings are also relevant. Thus, in an
ecological context, our results suggest that the development and main-
tenance of natural populations of S. fruticosa would not be adversely
affected by occasional episodes of diffuse pollution by nitrates derived
from fertilization practices in agricultural farms close to marshes sys-
tems dominated by this halophytic species, which are also subject to
metal contamination (Redondo-Gomez et al., 2009), ensuring the
maintenance of its ecosystem services. The identification of plant dif-
ferential tolerance/resistance and metal uptake behaviors under the
coexistence of different concentrations of copper and nitrate also pro-
vides a more realistic view of the species potential for its implementa-
tion as bio-tools in polluted estuarine ecosystems. In this sense, although
numerous studies substantiate the remarkable phytoremediation capa-
bilities exhibited by halophytes (Calone et al., 2022; Liang et al., 2017;
Nikalje and Suprasanna, 2018; Roe and MacFarlane, 2022), it has been
demonstrated that the uptake of metals, such as copper, when improp-
erly managed, compromise plant growth and, consequently, the success
of phytoremediation projects (Gibilisco et al., 2022; Mateos-Naranjo
et al., 2008a; Orrego et al., 2020; Pérez-Romero et al., 2018). Regarding
this concern, our results highlight that S. fruticosa, with its proficient
growth maintenance and effective sequestration of copper and nitrate
from the medium, emerges as an adequate species for phytoremediation
applications in soils tainted with these specific pollutants.

5. Conclusion

Sarcocornia fruticosa shows high tolerance to Cu-induced stress and
nitrate presence in the medium, as indicated by the capacity to maintain
its growth at 12 mM Cu, even with nitrate concentration as high as 50
mM NOs. This growth maintenance was linked to the activation of
different tolerance mechanisms, such as the plant ability to uptake and
retain a large amount of copper in its roots, preventing its transport to
the most sensitive aerial parts. This translocation limitation was further
magnified with the increment nitrate concentration. Likewise, main-
taining water balance, down-regulation photosystems function to avoid
excess energy absorption and transformation, along with an upregula-
tion of ROS-scavenging enzymes, contributed to explain the high
tolerance demonstrated by this species under elevated concentration of
both Cu and NOs. Finally, from a conservational perspective, these re-
sults suggest the resilience of S. fruticosa and its potential for phytor-
emediation applications.
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