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Abstract
Context Soil pollution by heavy metals is a worldwide environmental concern. Owing to their proximity to
anthropogenic emission sources, urban forest fragments are highly affected by the excessive input of heavy
metals into the soil.

Objectives This study aimed to assess the physiological and biochemical responses of two native Brazilian
Atlantic Forest Schinus terebinthifolia Raddi (pioneer species) and Eugenia uniflora L. (non-pioneer species), when
cultivated in soils contaminated with Cu.

Methods Plants were cultivated in soils of an urban forest fragment contaminated with 0 (control), 60, 120, 180 or
240 mg Cu kg-1 soil. Growth variables, Cu content in plant tissues, translocation index, bioaccumulation factor,
pigment contents, leaf gas exchange and chlorophyll fluorescence were all measured to assess physiological
alterations resulting from copper stress, while the enzymatic (superoxide dismutase) and nonenzymatic (ascorbic
acid and glutathione) antioxidants were quantified to assess the biochemical responses of the species.

Results Both species presented high uptake and accumulation of Cu in roots with low translocation rates to
shoots; however, S. terebinthifolia showed higher Cu restriction in roots than E. uniflora. S. terebinthifolia and E.
uniflora showed distinct responses in growth and leaf gas exchange. The species showed neither difference in
enzymatic contents nor oxidative reduction.

Conclusion The restriction of copper in roots appears to be the principal protective mechanism against copper
phytotoxicity, preventing negative effects on the physiological and biochemical status of the species. S.
terebinthifolia shows potential as a Cu phytostabilizer, while the E. uniflora has potential as a Cu phytoextractor.

Introduction
The atmospheric deposition of heavy metals in urban forests affects human quality of life since these forests
conserve biodiversity and provide ecosystem services, acting, for example, as a buffer against air pollution (Alarsa
et al. 2018). In urban areas, the emission of atmospheric particulate matter via industry and automobiles may
impose risks to urban forest fragments by increasing heavy metal concentrations in soils and other ecosystem
compartments (Ferreira et al. 2019, Nakazato et al. 2021). The excessive input of heavy metals into the soil leads
to bioaccumulation since these elements are not degraded by physical, chemical or biological processes (Mishra
et al. 2019).

Copper (Cu) is a heavy metal that is both a contaminant and a micronutrient required by plants, playing a
fundamental role in several physiological and biochemical processes necessary for plant growth and normal
development (Shabbir et al. 2020). The main anthropogenic sources of Cu are mining, refining, waste incineration,
sewage effluent, continuous use of fertilizers/pesticides, industrial waste and fossil fuel combustion (Kumar et al.
2020). High concentrations of Cu in soils can cause toxic effects on plants, including reduced growth rate (Singh
et al. 2016), negative impact on physiological functions (Zaouali et al. 2020) and increased reactive oxygen
species (ROS) (Zeng et al. 2019).

Species tolerant to the toxicity of contaminated soil are indispensable for vegetation restoration in contaminated
areas since they can grow and develop in spite of these limiting factors (Silva et al. 2011). Some species have
acquired the ability to tolerate heavy metals and can flourish in contaminated soils, finding a use in
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phytoremediation for removing/retaining contaminants (Vendruscolo et al. 2018). Tree species native to the
Atlantic Forest display favorable characteristics for phytoremediation of soils contaminated with heavy metals as
a result of their dynamic growth, high biomass production and the presence of adaptive mechanisms to new
environments (Caires et al. 2011). Current studies on physiology and biochemical responses, as well as the
possibility of using plants in phytoremediation for copper-contaminated soils, are frequently carried out with
conventional agricultural/crop species (Saleem et al. 2020; Zaouali et al. 2020).

Pioneer and non-pioneer trees native to the Atlantic Forest have distinct strategies to tolerate environmental
stressors, such as high levels of heavy metals in soils (Brandão 2017). Non-pioneer tree species seem to have a
greater ability than pioneer species to tolerate and, hence, bioaccumulate the current panorama of contamination
and bioavailability levels of heavy metals in Atlantic Forest remnants (Nakazato et al. 2021). On the other hand,
pioneer species frequently have higher photosynthetic rates, higher biomass accumulation and lower pigment
content than non-pioneer species (Calzavara et al. 2019; Macieira et al. 2020). However, specific responses to
excess copper in the soil are still poorly understood in tree species native to tropical ecosystems, especially the
Atlantic Forest. Based on the available knowledge, we hypothesized that high Cu concentrations in the soil of
urban Atlantic Forest remnants cause more physiological and biochemical changes in non-pioneer tree species,
resulting in reduced growth and development, compared to pioneer tree species. Therefore, the present study
aimed to experimentally compare physiological and biochemical responses of pioneer and a non-pioneer tree
species cultivated in soil from an urban forest fragment contaminated with increasing copper concentrations.  

Material And Methods
Initial characterization of plants and soil

Seedlings of a pioneer tree species (Schinus terebinthifolia Raddi) 46.2 cm in height, 4.8 mm in stem diameter and
with 0.33 g of leaf DW, 1.67 g of stem DW and 0.83 g of root DW and a non-pioneer tree (Eugenia uniflora L.) 46.7
cm in height, 4.7 mm in stem diameter, and with 0.66 g in leaf DW 2.62 in stem DW and 2.18 g of root DW were
used in this experimental study. The natural soil used in the experiment (Table 1) was classified as acidic (pH <
7.0), eutrophic (V > 50%), and loamy, presenting high organic matter levels and consisting of highly weathered
mineral material (Nakazato et al. 2021). The soil was collected at a depth of approximately 40 cm in the Atlantic
Forest fragment inside the Parque Estadual Fonte dos Ipiranga (PEFI) located in São Paulo City, São Paulo State,
Brazil.

Experimental conditions and design

The experiment was carried out in a greenhouse located within PEFI (23º30’ S and 46º40’ W; 770 m altitude) under
natural lighting, air temperature and relative humidity. At the beginning of the experiment, the plants were
transplanted into 2.6 L pots containing the natural soil and acclimatized in this new condition for 1 month. The
experiment consisted of the application of 75 mL of Hoagland and Arnon nutrient solution n. 1 (Hoagland and
Arnon 1950) modified with 0, 60, 120, 180 or 240 mg Cu (CuSO4

.5H2O) kg-1 soil DW. The copper concentrations

were based on the prevention value for Cu (60 mg Cu kg-1 soil DW), as defined by the Companhia Ambiental do
Estado de São Paulo (CETESB), responsible for environmental monitoring of São Paulo State, Brazil (CETESB
2016). The ionic balance of the solutions was accomplished to keep the macro- and micronutrient concentrations
constant and pH adjusted to 5.8 (Table 2). The plants were irrigated weekly with ¼ of the total concentration,
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repeating the procedure 4 times to obtain the total values of copper in the soil for each treatment. Irrigation with 75
mL of distilled water was performed at application intervals.

The experiment lasted 120 days after copper contamination, between the spring and summer seasons in Brazil
(September to December 2019). During this period, the plants were grown inside the greenhouse under a
temperature of 26 ºC and 56% of relative humidity, on average.

Growth parameters

Plant height (cm) and stem diameter (mm) were measured. Old and new leaves, stem and roots were detached.
The samples were oven-dried at 60 °C until constant weight for dry weight (DW) determination.

Cu concentration in soil and plant tissues

Copper concentration in soil (mg Cu dm-3 soil) was determined by flame atomic absorption spectrometry (AAS)
after extraction in DTPA solution pH 7.3 (Raij et al. 2001). Old leaves, new leaves, stem and roots were digested in
nitro-perchloric solution, and Cu concentration (mg Cu kg-1 DW) was determined by flame atomic absorption
spectrophotometry (AAS) (Raij et al. 2001).

Translocation index (Ti) and Bioaccumulation factor (Bf)

The translocation index (Ti) was determined by dividing copper concentration in shoots (Culeaves + Custem) by
copper concentration in roots (Vendruscolo et al. 2018): Cushoots / Curoots. The Bioaccumulation factor (Bf) was
calculated by dividing copper concentration in root tissue by copper concentration in the soil (Zang et al. 2020):
Curoots / Cusoil.

Relative chlorophyll (SPAD index) and pigment contents

The relative chlorophyll content was determined using a SPAD-502 (Soil Plant Analysis Development, Konica
Minolta) manual chlorophyll meter. Measurements were performed on the 3rd fully expanded leaf (counting from
the apex to the base) of all plants in triplicate. The values were expressed as the SPAD index (Amarante et al.
2009). In the same leaves used for relative chlorophyll content, three samples (Ø = 0.5 cm, n = 10) from the leaf
blade were removed, and fresh weight (≈ 0.02 g) was determined. The pigment contents (Chl a, Chl b and
carotenoids in μg g-1 FW-fresh weight) and Chl a/b ratio were determined in samples immersed in 2.5 mL DMF
(Dimethylformamide) and kept in dark for 24 h. The solutions were analyzed on a spectrophotometer at λ = 664
nm (Chl a), 647 nm (Chl b), 480 nm (carotenoids) and 750 nm (residual) wavelengths (Minocha et al. 2009).

Leaf gas exchange and chlorophyll fluorescence

The gas exchange parameters [net CO2 assimilation (A, µmol CO2 m-2 s-1), leaf transpiration (E, mmol H2O m-2 s-1),

stomatal conductance (gs, mol H2O m-2 s-1) and intercellular carbon concentration (Ci, µmol m-2 s-1)] were
determined using a portable infrared gas analyzer (IRGA, LCpro+, ACD BioScientific Ltd.). The measurements were
performed in the morning (8 to 11 am), using ambient relative humidity, CO2 and air temperature. The ideal PAR

value for obtaining maximum net CO2 assimilation in S. terebinthifolia (1,655 mmol m-2 s-1) and E. uniflora (1,056

mmol m-2 s-1) was previously determined by a net CO2 assimilation curve in response to a decreasing flux of

photosynthetically active radiation (from 2,000 to 0 mmol m-2 s-1) performed in healthy individuals of each
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species. Minimum (F0), maximum (Fm) and variable (Fv) fluorescence was determined in dark-adapted leaves over
30 minutes time in the same plants used for gas exchange measurements, using a portable modulated pulse
fluorometer OS5p (Opti-Sciences, Hudson, NH, USA). Variable fluorescence (Fv) was calculated as Fv = Fm - F0, and
the maximum quantum yield of photosystem II was determined by the Fv / Fm ratio (Campostrini 2001).

Antioxidants

Samples of fully expanded leaves (n = 5) inserted in the central region of the stem were removed and immediately
weighed to obtain fresh weight, then dipped in liquid nitrogen and stored in a -80 ºC freezer. The concentration of
ascorbic acid in reduced (AA), oxidized (DHA) and total (AA+DHA) forms (mg g-1 leaf FW) was determined in leaf
extracts crushed within metaphosphoric acid (HPO3) in a mechanical mixer, followed by centrifugation at 10,000
rpm for 15 minutes at 2 ºC. The supernatant was collected and filtered (20 µm). AA concentrations were
determined by high-performance liquid chromatography (HPLC) with UV detector (λ = 245 nm), C18 column, and
1.00 mL min-1 flow rate, using aqueous solution mobile phase acidified with orthophosphoric acid (H3PO4) (López
et al. 2005). The concentrations of glutathione in reduced (GSH), oxidized (GSSG) and total (GSH+GSSG) forms
(mg g-1 leaf FW) were determined by spectrophotometer reading (λ = 412 nm) after extraction with sulfosalicylic
acid solution (Israr et al. 2006). The oxidized form of the nonenzymatic antioxidants (ascorbic acid and
glutathione) was calculated by subtracting total content and the reduced form. The ratios between the reduced
and total forms (AA / AA+DHA and GSH / GSH+GSSG) were calculated to determine the oxi-reduction capacity of
these antioxidants (Burkey et al. 2006).

SOD activity (unit SOD g-1 leaf FW) was determined in leaf extracts homogenized with PVPP 0.5% and extraction
solution (50 mM phosphate buffer, pH 7.5, containing 1 mM EDTA-Na2, 50 mM NaCl and 1 mM ascorbic acid) in a
mechanical mixer. The extract was then centrifuged at 10,000 rpm at 2 ºC for 25 minutes, and the supernatant was
collected. The absorbances of the extract exposed to fluorescent light and the extract kept in the dark were
determined in a spectrophotometer (λ = 560 nm). SOD activity was determined by the difference between
absorbances, which is based on inhibiting the reduction of NBT by enzymatic dismutation of the superoxide. One
unit of SOD enzymatic activity was defined as the amount of SOD enzyme causing 50% inhibition of NBT
reduction (Zeng et al. 2019).

Statistical analyses

The experimental design was based on completely randomized blocks, consisting of 5 blocks with 5 treatments
and 20 plants per plot, totaling 100 plants of each species. The data were submitted to two-way analysis of
variance (ANOVA-2) and the means compared by the Tukey test (p ≤ 0.05) to evaluate the differences between
treatments and species, using the statistical package Sisvar 5.7. Gas exchange parameters were also submitted to
analysis of variance (ANOVA), followed by regression analyses (p ≤ 0.05).

Results
Copper concentration in soil and plant tissues

Cu concentrations in the soils (mg Cu dm-3 soil) were 4.1, 11.3 21.6 25.6 and 31.2 (S. terebinthifolia) and 2.2, 9.0,
17.8 23.8 and 28.3 (E. uniflora) in treatments of 0, 60, 120, 180 or 240 mg Cu kg-1, respectively (Figure 1). The soils
of control and 60 mg Cu kg-1 treatments showed the lowest values of Cu concentration, while in the 180 and 240
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mg Cu kg-1 treatments, the highest values of Cu concentrations were observed. No statistical difference was
observed for copper concentrations in soil between S. terebinthifolia and E. uniflora in any treatment.

In all treatments, copper concentrations in S. terebinthifolia tissues showed significantly higher values in roots
when compared to new and old leaves and stems (Figure 2). S. terebinthifolia showed higher copper concentration
in roots in 180 and 240 mg Cu kg-1 treatments compared to control. E. uniflora showed significantly higher copper
concentration in roots for 120, 180 and 240 mg Cu kg-1 treatments compared to control. The 120 mg Cu kg-1

treatment in E. uniflora roots resulted in a higher value of Cu concentration than that in stem, whereas 180 and 240
mg Cu kg-1 treatments resulted in statistically higher values of copper concentrations in roots compared to the
values of Cu concentration in all above-ground tissues, i.e., new/old leaves and stem. No statistical difference was
noted for Cu concentrations among the treatments in new leaves, old leaves, or stem of S. terebinthifolia and E.
uniflora. Also, there were no difference in root Cu concentration between the species for control treatment; however,
the roots of S. terebinthifolia exposed to 60, 120, 180 and 240 mg Cu kg-1 showed a higher value of copper
concentration than that of roots of E. uniflora exposed to the same treatments. Copper concentrations in old
leaves, new leaves and stem were no different between S. terebinthifolia and E. uniflora for all treatments.

Translocation index (Ti) and Bioaccumulation factor (Bf)

S. terebinthifolia and E. uniflora cultivated in 120, 180 and 240 mg Cu kg-1 showed the lowest translocation values
(0.15, 0.13 and 0.14 for S. terebinthifolia and 1.25, 1.06 and 0.95 for E. uniflora, respectively) when compared to
control treatment (Table 3). S. terebinthifolia showed the highest Bf value in the 60 mg Cu kg-1 treatment (4.79),
when compared with the 240 mg Cu kg-1 treatment (2.87). E. uniflora showed no statistical difference for Bf
among treatments. S. terebinthifolia showed higher translocation index and bioaccumulation factor than E.
uniflora in all treatments.

Relative chlorophyll (SPAD index) and pigment contents

No statistical difference was observed for chlorophyll a, b, total (a + b), carotenoids, chlorophyll a/b ratio and
SPAD index among treatments for both species (Online Resource 1).

Leaf gas exchange and chlorophyll fluorescence

S. terebinthifolia and E. uniflora showed an increase in net carbon assimilation (A) up to 60 mg Cu kg-1 and 120
mg Cu kg-1 compared to control, respectively, followed by a decline at higher concentrations (Figure 3). S.
terebinthifolia showed a linear decline in stomatal conductance (gs) and leaf transpiration (E) as copper
concentration increased, whereas E. uniflora presented a linear increase for these parameters. The intercellular
carbon concentration (Ci) of S. terebinthifolia showed a linear increase with increasing Cu concentration, while E.
uniflora Ci was negatively affected up to a concentration of 120 mg Cu kg-1, followed by an increase at higher
concentrations. No statistical difference was noted for chlorophyll fluorescence in any treatment for both species
(Online Resource 2).

Growth parameters

S. terebinthifolia showed a reduction in leaf dry weight in the 240 mg Cu kg-1 treatment (Figure 4) compared to
plants cultivated in the 60 mg Cu kg-1 treatment. S. terebinthifolia stem, roots, total dry weight, as well as height
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and diameter (Figure 5), showed no statistical differences among treatments. E. uniflora showed a reduction in
height in the 60 and 180 mg Cu kg-1 treatments when compared to control, but no statistical differences among
treatments for stem diameter and all dry weight analyzed.

Antioxidants

S. terebinthifolia and E. uniflora showed no statistical difference for reduced, oxidated and total ascorbic acid and
glutathione contents, as well as oxidation-reduction capacity among treatments (Figure 6). Neither species showed
statistical difference for superoxide dismutase enzymatic (SOD) activity among treatments (Online Resource 3).

S. terebinthifolia showed higher reduced and total ascorbic acid contents than E. uniflora in all treatments, as well
as higher oxidation-reduction capacity in the 60, 120 and 180 mg Cu kg-1 treatments. S. terebinthifolia showed
higher reduced glutathione than E. uniflora in the control and 60 mg Cu kg-1 treatments and higher total
glutathione in the control and 60 and 120 mg Cu kg-1 treatments. No statistical difference was seen for superoxide
dismutase enzymatic (SOD) activity between S. terebinthifolia and E. uniflora in all treatments.

Discussion
The increase of copper concentration in nutrient solution was followed by a corresponding increase of copper
concentration in the soil. However, the values of Cu concentration in the soil at the end of the experiment were
lower than the values of Cu concentration in the nutrient solutions and the CETESB prevention value of 60 mg Cu
kg-1 for soils contaminated with Cu (CETESB 2016). These results indicate that some Cu applied was retained in
the soil particles, but most was absorbed by the two species. Cu bioavailability in soils is facilitated by several
physical characteristics of soil, such as acidic pH (< 7.0), high levels of organic matter in the surface horizons and
clay content (Campillo-Cora et al. 2019, 2020; Nakazato et al. 2021). The PEFI soil used in the experiment,
therefore, showed favorable characteristics (Table 1) to copper bioavailability and uptake by S. terebinthifolia and
E. uniflora.

S. terebinthifolia and E. uniflora cultivated in soils with copper concentrations above 120 mg Cu kg-1 accumulated
Cu mainly through the root system. After Cu uptake, it was mostly retained in root cells owing to high affinity to
root cell wall ligands; otherwise, Cu had low mobility and translocation in plants (Ambrosini et al. 2017; Zaouali et
al. 2020). Under toxicity situations, copper accumulation in the root system is the most common behavior pattern
observed in several species of different functional groups and botanical families (Marques et al. 2018; Torasa et
al. 2019; Tiecher et al. 2017; Li et al. 2019). This behavior is one of the tolerance mechanisms in higher plants,
acting as a strategy to preserve normal metabolic activities and mitigate the potential harmful effects to the
photosynthetic mechanism in leaf tissues (Comin et al. 2018). Some strategies, such as chelation, sequestration
and storage of copper ions in the vacuole, are used by higher plants to retain Cu in roots (Klaumann et al. 2011;
Kumar et al. 2020). Moreover, the transport and accumulation of Cu phytotoxicity in shoots can be decreased
since Cu stress induces a reduction of water and solutes uptake from soil, consequently decreasing the rates of
transpiration that contribute to ion translocation through xylem (Farias et al. 2018).

S. terebinthifolia and E. uniflora showed a reduction in the Translocation Index as Cu concentration in the soil
increased; however, the pioneer species S. terebinthifolia had less translocation of Cu than that of E. uniflora.
Furthermore, except for the control treatment, S. terebinthifolia had more accumulation of Cu in the roots than that
of E. uniflora. Species belonging to different successional groups from the Brazilian Atlantic Forest have distinct
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Cu translocation capacities when cultivated in Cu-contaminated soils (Asensio et al. 2019). The pioneer S.
terebinthifolia accumulates Cu in roots, but shows low translocation to shoots, while the non-pioneer species E.
uniflora shows greater translocation, and Cu accumulation occurs in both roots and shoots (Zabotto et al. 2020).
The differences in Cu translocation rates and root accumulation capacity between S. terebinthifolia and E. uniflora
may be explained by different biochemical mechanisms governing the levels of root retention existing in each
species (Silva et al. 2015). The ability to limit the translocation of heavy metals to the shoots and retain them in
the roots is a tolerance indicator (Vendruscolo et al. 2018). Therefore, it is possible to assume that S.
terebinthifolia is more tolerant to excess copper in the soil than E. uniflora. Despite that, neither species showed a
reduction in biomass production or negative impacts on development, indicating that both S. terebinthifolia and E.
uniflora could tolerate the Cu concentrations used in the experiment.

S. terebinthifolia and E. uniflora showed a bioaccumulation factor greater than 1 for all treatments, indicating that
both species have characteristics of other phytoextracting species able to bioaccumulate soil pollutants, as
indicated by Oguh and Obiwulu (2020). However, S. terebinthifolia showed a higher Bf than E. uniflora in all
treatments, indicating that the pioneer species has a greater capacity for uptake, accumulation and extraction of
copper than that of the non-pioneer species. As Cu concentrations applied to the soil increase, the
bioaccumulation factor for both S. terebinthifolia and E. uniflora reduced significantly, implying that roots had
reached a saturation point and thus restricted further Cu uptake to prevent phytotoxicity (Chua et al. 2019).

Excessive Cu concentrations can damage the photosynthetic apparatus, and plants under Cu toxicity generally
present reductions in biosynthesis and concentration of photosynthetic pigments (Goswami and Das 2016;
Zaouali et al. 2020). In our study, S. terebinthifolia and E. uniflora did not show alterations in relative levels of
chlorophyll and carotenes in any treatment, nor did they show any significant changes in the efficient use of light
by chlorophylls (e.g., Fv/Fm ratio). The deleterious effects on the synthesis and concentration of photosynthetic
pigments under Cu toxicity occur only when the concentrations of Cu are high in the leaf tissues (Saleem et al.
2020). No increase in Cu concentration occurred in the leaves of S. terebinthifolia and E. uniflora among
treatments, significantly increasing only in the root system. Consequently, the retention and accumulation of Cu in
the roots seems to be an effective mechanism to preserve photosynthetic pigments in both species, avoiding the
phytotoxic effects of Cu stress on the biosynthesis of pigments and the efficient use of light by chlorophyll.

S. terebinthifolia and E. uniflora showed a decline in carbon assimilation when cultivated in soils with the highest
concentration of Cu. This decrease in carbon net assimilation (A) in response to Cu stress seems to be related to
non-stomatal limitations [independent of the variables transpiration (E) and stomatal conductance (gs)] since the
intercellular carbon concentration (Ci) increased in the highest concentrations of Cu, indicating that CO2

acquisition was not the factor causing the decrease in carbon assimilation. Decrease in A concurrent with
increase, or no change, of Ci is a pattern found in several species grown on substrates contaminated with excess
Cu (Vinit-Dunand et al. 2002; Kevat and Sharma 2016; Hippler et al. 2018, Li et al. 2019) and probably caused by a
decrease in rubisco activity and in the effectiveness of the Calvin-Benson cycle (Shahbaz et al. 2015; Suganami et
al. 2020). These effects may result from changes in the plant's nutritional homeostasis caused by excess Cu in
root cells, such as cell plasmolysis, retraction of the tonoplast and rupture / dysfunction of plasma membrane
(Souza et al. 2014), all of which can trigger changes in uptake, distribution, mobilization and regulation of other
essential nutrients (Janicka-Russak 2012; Marques et al. 2018; Zaouali et al. 2020).

Studies with several Atlantic Forest tree species cultivated in contaminated soil observed that the impacts on
biometric parameters occur differently, depending on the species, concentration and time of exposure to excess
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copper (Silva et al. 2010; Silva et al. 2011; Caires et al. 2011; Silva et al. 2015; Marco et al. 2016; Asensio et al.
2019; Zabotto et al. 2020). Excess Cu had negative effects on leaf dry biomass of the pioneer species S.
terebinthifolia, but did not affect height or stem diameter, while the non-pioneer species E. uniflora showed no
reduction in biomass but did show a decrease in height. The initial increase in dry leaf mass of S. terebinthifolia
and in the height of E. uniflora are likely caused by the necessity of the element for plant growth and the beneficial
effects to development when in low concentrations (Yruela 2009). However, excess of Cu causes ultrastructural
damage to the root cells, impairing the growth and functionality of roots, and, as a consequence, negatively
impacting the uptake of water and other nutrients (Li et al. 2019), which is a determining factor for reduction in
biomass and biometric parameters in tree species (Yuan et al. 2018).

The non-enzymatic (AA) and enzymatic (GSH and SOD) antioxidant levels in the leaves of S. terebinthifolia and E.
uniflora showed no significant changes among treatments, as already observed in other studies (Goswami and
Das 2016; Tiecher et al. 2017; Zaouali et al. 2020; Saleem et al. 2020; Giampaoli et al. 2012; Hippler et al. 2018), in
order to avoid oxidative stress and harmful effects on plant tissues. However, the increase in the synthesis of
antioxidants and ROS production in leaves triggered by Cu toxicity occurs only when concentrations of this
element are high in the leaf tissues (Li et al. 2019). Thus, it is possible to assume that the retention of Cu in the
roots and inhibition of translocation to the shoots effectivly prevented potential oxidative stress; as a result, the
levels of leaf antioxidants were essentially unchanged among treatments. Another important indicator of
protection against oxidative damage is the antioxidant's redox capacity. Except for the control treatment, S.
terebinthifolia showed higher capacity for oxidation-reduction of ascorbic acid compared to that of E. uniflora. The
response in the synthesis of antioxidant molecules of plants under Cu stress shows species-specific behavior; they
can be stimulated, inhibited or unchanged, depending on the species and concentration of the metal (Weckx and
Clijters 1996; Nagae et al. 2008; Buapet et al. 2019; Zeng et al. 2019). In situations of stress induced by excess Cu,
this indicates that S. terebinthifolia has a more active antioxidant system than E. uniflora and, therefore, a greater
capacity for tolerance against oxidative stress.

Implications and final remarks

The pioneer species S. terebinthifolia and non-pioneer species E. uniflora present high extraction capacity with
accumulation and root Cu restriction behavior when cultivated in soil contaminated with copper. However, the
intensity of copper accumulation in the roots and its translocation to the shoots occurs in a species-specific way.
S. terebinthifolia presents higher copper restriction capacity in the roots, showing potential as a Cu phytostabilizer,
while E. uniflora has potential as a phytoextractor by accumulating and translocating part of the copper to the
leaves. For both species, restricting the translocation of copper to shoots is indicative of a key protective
mechanism against excess copper, effectively preventing negative effects on the photosynthetic pigments and
oxidative damage to the leaves. S. terebinthifolia and E. uniflora have no visible symptoms of toxicity or
developmental abnormalities, demonstrating that they are tolerant and have the ability to grow in soils
contaminated with copper.

Declarations
Funding
We thank the Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) for financial support (proc.
2017/50341-0) and for M.C.S. master’s scholarship (proc. 2019/03105-4). 
Conflicts of interest/Competing interests 



Page 10/23

The authors declare that there is no conflict of interest.
Ethics approval 
Not applicable
Consent to participate 
Not applicable
Consent for publication 
Not applicable
Availability of data and material 
Data is available by request to the authors
Code availability 
Not applicable
Author contributions
All authors contributed to the study conception and design. Material preparation, data collection and analysis were
performed by Matheus Casarini Siqueira, Shoey Kanashiro and Armando Reis Tavares. The first draft of the
manuscript was written by Matheus Casarini Siqueira and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

References
Amarante CVTD, Zanardi OZ, Miqueloto A, Steffens CA, Erhart J, Almeida JAD (2009) Quantificação da área e do
teor de clorofilas em folhas de plantas jovens de videira 'Cabernet Sauvignon' mediante métodos não
destrutivos. Rev Bras Frut 31: 680-686. http://dx.doi.org/10.1590/S0100-29452009000300009

Ambrosini VG, Rosa DJ, Basso A, Borghezan M, Pescador R, Miotto A, Melo GWB, Soares CRFS, Comin JJ, Brunetto
G (2017) Liming as an ameliorator of copper toxicity in black oat (Avena strigosa Schreb.). J Plant Nutr 40: 404-
416. https://doi.org/10.1080/01904167.2016.1240203

Asensio V, Flórido FG, Ruiz F, Perlatti F, Otero XL, Oliveira DP, Ferreira, TO (2019) The potential of a Technosol and
tropical native trees for reclamation of copper-polluted soils. Chemosphere 220:892-899.
https://doi.org/10.1016/j.chemosphere.2018.12.190

Brandão SE, Bulbovas P, Lima ME, Domingos M. (2017) Biochemical leaf traits as indicators of tolerance potential
in tree species from the Brazilian Atlantic Forest against oxidative environmental stressors. Sci Total Environ
575:406-417. http://dx.doi.org/10.1016/j.scitotenv.2016.10.006

Buapet P, Mohammadi NS, Pernice M, Kumar M, Kuzhiumparambil U, Ralph PJ (2019) Excess copper promotes
photoinhibition and modulates the expression of antioxidant-related genes in Zostera muelleri. Aquat Toxicol
207:91-100. https://doi.org/10.1016/j.aquatox.2018.12.005

Burkey KO, Neufeld HS, Souza L, Chappelka AH, Davison AW (2006) Seasonal profiles of leaf ascorbic acid content
and redox state in ozone-sensitive wildflowers. Environ Pollut 143:427-434.
https://doi.org/10.1016/j.envpol.2005.12.009

Caires SM, Fontes MPF, Fernandes RBA, Neves JCL, Fontes RLF (2011) Desenvolvimento de mudas de cedro-rosa
em solo contaminado com cobre: tolerância e potencial para fins de fitoestabilização do solo. Rev Árv 35:1181-
1188. https://doi.org/10.1590/S0100-67622011000700004



Page 11/23

Calzavara AK, Bianchini E, Pimenta JA, Oliveira HC, Stolf-Moreira R (2019) Photosynthetic light-response curves of
light-demanding and shade-tolerant seedlings of neotropical tree species. Photosynthetica 57:470-474.
https://doi.org/10.32615/ps.2019.061

Campillo-Cora C, Conde-Cid M, Arias-Estévez M, Fernández-Calviño D, Alonso-Vega F (2020) Specific adsorption of
heavy metals in soils: individual and competitive experiments. Agron 10:1113.
https://doi.org/10.3390/agronomy10081113

Campillo-Cora C, Fernández-Calviño D, Pérez-Rodríguez P, Fernández-Sanjurjo MJ, Núñez-Delgado A, Álvarez-
Rodríguez E, Arias-Estévez M, Nóvoa-Muñoz JC (2019) Copper and zinc in rhizospheric soil of wild plants growing
in long-term acid vineyard soils. Insights on availability and metal remediation. Sci Total Environ 672:389-399.
https://doi.org/10.1016/j.scitotenv.2019.03.301

Campostrini E (2001) Fluorescência da clorofila a: considerações teóricas e aplicações práticas. UFNF, Rio de
Janeiro

Chua J, Banua JM, Arcilla I, Orbecido A, de Castro ME, Ledesma N, Deocaris C, Madrazo C, Belo L (2019)
Phytoremediation potential and copper uptake kinetics of Philippine bamboo species in copper contaminated
substrate. Heliyon 5:e02440. https://doi.org/10.1016/j.heliyon.2019.e02440

Comin JJ, Ambrosini VG, Rosa DJ, Basso A, Loss A, Melo GWBD, Brunetto G (2018) Liming as a means of reducing
copper toxicity in black oats. Ciênc Rural 48:e20170278. https://doi.org/10.1590/0103-8478cr20170278

Farias JG, Nunes ST, Sausen D, Nunes MA, Neis FA, Garlet LC, Nunes PAA, Dressler VL, Schetinger MRC, Rossato
LV, Girotto E, Brunetto G, Nicoloso FT (2018) Agricultural contamination: Effect of copper excess on physiological
parameters of potato genotypes and food chain security. J Appl Bot Food Qual 91:249-259.
https://doi.org/10.5073/JABFQ.2018.091.033

Ferreira ML, de Andrade NGV, da Costa MCLD, Araujo DM, Côrtes PL, Quaresma CC, Conti DM, de Camargo PB
(2019) Soil fertility and litterfall assessment in a peri-urban forest of São Paulo, SP: understanding for urban green
areas manegement. HOLOS 3:1-16. https://doi.org/10.15628/holos.2019.8290

Goswami S, Das S (2016) Copper phytoremediation potential of Calandula officinalis L. and the role of antioxidant
enzymes in metal tolerance. Ecotoxic Environ Safety 126:211-218. https://doi.org/10.1016/j.ecoenv.2015.12.030

Hippler FWR, Petená G, Boaretto RM, Quaggio JA, Azevedo RA, Mattos-Jr D (2018) Mechanisms of copper stress
alleviation in Citrus trees after metal uptake by leaves or roots. Environ Sci Poll Res 25:13134-1314.
https://doi.org/10.1007/s11356-018-1529-x

Hoagland DR, Arnon DI (1950) The water-culture method for growing plants without soil. Circular. California
Agricultural Experiment Station, Berkeley

Israr M, Sahi S, Datta R, Sarkar D (2006) Bioaccumulation and physiological effects of mercury in Sebania
drummondii. Chemosphere 65:591-598. https://doi.org/10.1016/j.chemosphere.2006.02.016

Janicka-Russak M, Kabała K, Burzyński M (2012) Different effect of cadmium and copper on H+-ATPase activity in
plasma membrane vesicles from Cucumis sativus roots. J Exp Bot 63:4133-4142.



Page 12/23

https://doi.org/10.1093/jxb/ers097

Kevat NV, Sharma PK (2016) Photosynthesis in copper mediated plant is affected due to oxidative damage caused
by reactive oxygen species (ROS) generation. Int J Recent Sci Res, 7:14009-14015

Klaumann S, Nickolaus SD, Fürst SH, Starck S, Schneider S, Ekkehard Neuhaus H, Trentmann O (2011) The
tonoplast copper transporter COPT5 acts as an exporter and is required for interorgan allocation of copper in
Arabidopsis thaliana. New Phytol 192:393–404. https://doi.org/10.1111/j.1469-8137.2011.03798.x

Kumar V, Pandita S, Sidhu GPS, Sharma A, Khanna K, Kaur P, Bali AS, Setia R (2020) Copper bioavailability, uptake,
toxicity and tolerance in plants: A comprehensive review. Chemosphere, 127810.
https://doi.org/10.1016/j.chemosphere.2020.127810

Li Q, Chen HH, Qi YP, Ye X, Yang LT, Huang ZR, Chen LS (2019) Excess copper effects on growth, uptake of water
and nutrients, carbohydrates, and PSII photochemistry revealed by OJIP transients in Citrus seedlings. Environ Sci
Pollut Res 26:30188-30205. https://doi.org/10.1007/s11356-019-06170-2

López A, Montaño A, Garcia P, Garrido A (2005) Note: quantification of ascorbic acid and dehydroascorbic acid in
fresh olives in commercial presentations of table olives. Food Sci Technol Int 11:199-204.
https://doi.org/10.1177/1082013205054421

Macieira BPB, Locosselli GM, Buckeridge MS, Hartmann H, Cuzzuol GRF (2020) Stem and leaf functional traits
allow successional classification in six pioneer and non-pioneer tree species in Tropical Moist Broadleaved
Forests. Ecol Indic 113:106254. https://doi.org/10.1016/j.ecolind.2020.106254

Marco R, da Silva RF, Andreazza R, Da Ros CO, Scheid DL, Bertollo GM (2016) Copper phytoaccumulation and
tolerance by seedlings of native Brazilian trees. Environmental Eng Sci 33:176-184.
https://doi.org/10.1089/ees.2015.0307

Marques DM, Júnior VV, da Silva AB, Mantovani JR, Magalhães PC, de Souza TC (2018) Copper toxicity on
photosynthetic responses and root morphology of Hymenaea courbaril L. (Caesalpinioideae). Water Air Soil Poll
229:138. https://doi.org/10.1007/s11270-018-3769-2

Minocha R, Martinez G, Lyons B, Long S. (2009) Development of a standardized methodology for quantifying total
chlorophyll and carotenoids from foliage of hardwood and conifer tree species. Can J For Res 39:849-861.
https://doi.org/10.1139/X09-015

Mishra S, Bharagava RN, More N, Yadav A, Zainith S, Mani S, Chowdhary P (2019) Heavy metal contamination: an
alarming threat to environment and human health. In Environmental biotechnology: For sustainable future.
Springer, Singapore. https://doi.org/10.1007/978-981-10-7284-0_5

Nagae M, Nakata M, Takahashi Y (2008) Identification of negative cis-acting elements in response to copper in the
chloroplastic iron superoxide dismutase gene of the moss Barbula unguiculata. Plant Physiol 146:1687-1696.
https://doi.org/10.1104/pp.107.114868

Nakazato RK, Lourenço IS, Esposito MP, Lima ME, Ferreira ML, Campos ROA, Rinaldi MCS, Domingos M (2021)
Trace metals at the tree-litter-soil-interface in Brazilian Atlantic Forest plots surrounded by sources of air



Page 13/23

pollution. Environ Poll 268:115797. https://doi.org/10.1016/j.envpol.2020.115797

Oguh CE, Obiwulu ENO (2020) Human risk on heavy metal pollution and bioaccumulation factor in soil and some
edible vegetables around active auto-mechanic workshop in Chanchaga Minna Niger State, Nigeria. Ann Ecol
Environ Sci 4:12-22

Raij BV, Andrade JC, Cantarella H, Quaggio JA (2001) Análise química para avaliação da fertilidade de solos
tropicais. Instituto Agronômico de Campinas, Campinas

Saleem MH, Fahad S, Khan SU, Din M, Ullah A, Sabagh AE, Hossain A, Llanes A, Liu L (2020) Copper-induced
oxidative stress, initiation of antioxidants and phytoremediation potential of flax (Linum usitatissimum L.)
seedlings grown under the mixing of two different soils of China. Environ Sci Poll Res 27:5211-5221.
https://doi.org/10.1007/s11356-019-07264-7

Shabbir Z, Sardar A, Shabbir A, Abbas G, Shamshad S, Khalid S, Murtaza G, Dumat C, Shahid M (2020) Copper
uptake, essentiality, toxicity, detoxification and risk assessment in soil-plant environment. Chemosphere, 127436.
https://doi.org/10.1016/j.chemosphere.2020.127436

Shahbaz, M., Ravet, K., Peers, G., Pilon, M. 2015. Prioritization of copper for the use in photosynthetic electron
transport in developing leaves of hybrid poplar. Frontiers in Plant Science, v.6, article 407.
https://doi.org/10.3389/fpls.2015.00407

Silva RF, Saidelles FLF, Silva AS, Bolzan JS (2011) Influência da contaminação do solo por cobre no crescimento e
qualidade de mudas de açoita-cavalo (Luehea divaricata Mart. & Zucc.) e aroeira-vermelha (Schinus
therebinthifolius Raddi). Ciência Florestal 21:111-118. https://doi.org/10.5902/198050982753

Silva RFD, Antoniolli ZI, Lupatini M, Trindade LL, Silva ASD (2010) Tolerância de mudas de Canafístula
(Peltophorum dubium (Spreng.) Taub.) inoculada com Pisolithus microcarpus a solo com excesso de cobre.
Ciência Florestal 20:147-156. https://doi.org/10.5902/198050981768

Silva RFD, Ros COD, Scheid DL, Grolli AL, Marco RD, Missio EL (2015) Copper translocation and tolerance in
seedlings of tree species grown in contaminated soil. Rev Bras Eng Agríc Amb 19:1093-1099.
https://doi.org/10.1590/1807-1929/agriambi.v19n11p1093-1099

Singh S, Parihar P, Singh R, Singh VP, Prasad SM (2016) Heavy metal tolerance in plants: role of transcriptomics,
proteomics, metabolomics, and ionomics. Front Plant Sci 6:1143. https://doi.org/10.3389/fpls.2015.01143

Souza VL, de Almeida AAF, Souza JDS, Mangabeira PA, de Jesus RM, Pirovani CP, Ahnert D, Baligar VC, Loguercio
LL (2014) Altered physiology, cell structure, and gene expression of Theobroma cacao seedlings subjected to Cu
toxicity. Environ Sci Poll Res 21:1217-1230. https://doi.org/10.1007/s11356-013-1983-4

Suganami M, Suzuki Y, Kondo E, Nishida S, Konno S, Makino A (2020) Effects of overproduction of rubisco
activase on rubisco content in transgenic rice grown at different n levels. Int J Mol Sci 21:1626.
https://doi.org/10.3390/ijms21051626

Tiecher TL, Tiecher T, Ceretta CA, Ferreira PA, Nicoloso FT, Soriani HH, De Conti L, Kulmann MSS, Schneider RO,
Brunetto G (2017) Tolerance and translocation of heavy metals in young grapevine (Vitis vinifera) grown in sandy



Page 14/23

acidic soil with interaction of high doses of copper and zinc. Sci Hort 222:203-212.
https://doi.org/10.1016/j.scienta.2017.05.026

Torasa S, Boonyarat P, Phongdara A, Buapet P 2019. Tolerance mechanisms to copper and zinc excess
in Rhizophora mucronata Lam. seedlings involve cell wall sequestration and limited translocation. Bull Environ
Contam Toxicol 102:573-580. https://doi.org/10.1007/s00128-019-02589-y

Vendruscolo D, Santana NA, Souto KM, Ferreira PAA, Melo GWB, Jacques RJS (2018) Differential behavior of the
summer cover crops in the absorption and translocation of copper. Ciência Rural 48:e20180005.
https://doi.org/10.1590/0103-8478cr20180005

Vinit-Dunand F, Epron D, Alaoui-Sossé B, Badot PM (2002) Effects of copper on growth and on photosynthesis of
mature and expanding leaves in cucumber plants. Plant Sci 163:53-58. https://doi.org/10.1016/S0168-
9452(02)00060-2

Weckx JEJ, Clijsters HMM (1996) Oxidative damage and defense mechanisms in primary leaves of Phaseolus
vulgaris as a result of root assimilation of toxic amounts of copper. Physiol Plantarum 96:506-512.
https://doi.org/10.1111/j.1399-3054.1996.tb00465.x

Yruela I (2009) Copper in plants: acquisition, transport and interactions. Funct Plant Biol 36:409-430.
https://doi.org/10.1071/FP08288

Yuan M, Li YF, Zhang CB, Wang JX, Li SJ, Fu XZ, Lin LL, Cao L, Peng LZ (2018) Review of research on copper
stress in Citrus. J Fruit Sci 35:347–357

Zabotto AR, França WS, Domingos M, Rinaldi MCS, Kanashiro S, Ferreira ML, Tavares AR (2020) Copper
accumulation and distribution in two arboreal species of the Atlantic Forest. Floresta e Ambiente 27:e20190027.
https://doi.org/10.1590/2179-8087.002719

Zang F, Wang S, Chen Y, Nan Z, Zhao C (2020) Accumulation and translocation of copper in Cu-polluted sierozem
in northwest China. Arch Agron Soil Sci 1-12. https://doi.org/10.1080/03650340.2020.1789968

Zaouali W, Mahmoudi H, Salah IB, Mejri F, Casabianca H, Hosni K, Ouerghi Z (2020) Copper-induced changes in
growth, photosynthesis, antioxidative system activities and lipid metabolism of cilantro (Coriandrum sativum
L.). Biologia 75:367-380. https://doi.org/10.2478/s11756-020-00419-9

Zeng Q, Ling Q, Wu J, Yang Z, Liu R, Qi Y (2019) Excess copper-induced changes in antioxidative enzyme activity,
mineral nutrient uptake and translocation in sugarcane seedlings. Bull Environ Contamin Toxicol 103:834-840.
https://doi.org/10.1007/s00128-019-02735-6

Tables
Table 1 Initial soil chemical composition
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pH O.M. Presin H+Al K Ca Mg BS CEC V% B Cu Fe Mn Zn

 CaCl2 g
dm-3

mg
dm-3

_ _ _ _ _ _ _ __ _ _ _ _ _ mmolc dm-3 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ mg dm-3 _ _ _ _ _ _

5.1 42.0 5.5 33.6 1.6 50.7 9.6 61.9 95.5 64.8 0.6 1.3 25.7 21.3 9.0

 

 

Table 2 Ion balance of Hoagland & Arnon nutritional solution modified with 0, 60, 120, 180 or 240 mg Cu kg-1

Ion source Treatments (mg Cu kg-1 soil DW)

0 60 120 180 240

 

Released Ions (mmol L-1 )

NH4
1+- (NH4)2SO4

18

 

13.65669 9.313379 4.970069 0.626759

NH4
2+ - NH4NO3

1 3.171655 5.34331 7.514966 9.686621

NO3
1- - NH4NO3

1 3.171655 5.34331 7.514966 9.686621

[NH4
2+] + [NO3

2-]   20 20 20 20 20

SO4
2- - (NH4)2SO4

9 6.828345 4.65669 2.485034 0.313379

SO4
2- - CuSO4.5H2O 0 2.171655 4.34331 6.514966 8.686621

[SO4
2-] 9 9 9 9 9

Cu2+- CuSO4.5H2O 0 2.171655 4.34331 6.514966 8.686621

[Cu2+] 0 2.171655 4.34331 6.514966 8.686621

 

 

Table 3 Translocation index and bioaccumulation factor of S. terebinthifolia and E. uniflora. Lowercase letters
compare between treatments, and * indicates differences between species within each treatment. Means followed
by same letters do not differ by Tukey's test at 5% probability
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Species Treatments Translocation index (Ti)  Bioaccumulation factor (Bf)  

(mg Cu kg-1 soil DW)  

S.  terebinthifolia 0 0.26 a --  

60 0.17 ab 4.79 a  *

120 0.15   b 3.55 ab*

180 0.13   b 3.48 ab*

240 0.14   b 2.87   b*

E. uniflora 0 2.44 a  * --  

60 1.71 ab* 2.02 a

120 1.25   b* 1.57 a

180 1.06   b* 1.40 a

240 0.95   b* 1.22 a

Figures
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Figure 1

Copper concentration in soil for S. terebinthifolia and E. uniflora. Lowercase letters compare treatments within
each organ of each species. Means followed by equal letters do not differ by Tukey's test at 5% probability
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Figure 2

Copper concentration in new leaves, old leaves, stem and roots of S. terebinthifolia (a) and E. uniflora (b).
Uppercase letters compare organs within each treatment and species, and lowercase letters compare treatments
within each organ of each species. * Indicates differences between species within each organ and treatment.
Means followed by equal letters do not differ by Tukey's test at 5% probability
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Figure 3

Net CO2 assimilation (a), stomatal conductance (b), leaf transpiration (c), and intercellular carbon concentration
(d) of S. terebinthifolia and E. uniflora
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Figure 4

Dry leaf weight (DLW), stem (DSW), roots (DRW) and total (DTW) of S. terebinthifolia (a-d) and E. uniflora (e-h).
Lowercase letters compare treatments within each species. Means followed by equal letters do not differ by
Tukey's test at 5% probability



Page 21/23

Figure 5

Height and diameter of S. terebinthifolia (a-b) and E. uniflora (c-d). Lowercase letters compare treatments within
each species. Means followed by equal letters do not differ by Tukey's test at 5% probability
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Figure 6

Concentration of ascorbic acid in the reduced (a), oxidized (b) and total (c) forms; glutathione in the reduced (e),
oxidized (f) and total (g) forms; and the oxidation-reduction potential of ascorbic acid (d) and glutathione (h) in S.
terebinthifolia and E. uniflora. Lowercase letters compare treatments within each species. * Indicates differences
between species within each treatment. Means followed by equal letters do not differ by Tukey's test at 5%
probability
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