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Copper is a micronutrient essential for plant growth and development. However, in excess, it is toxic to plants
and may cause various physiological and morphological changes. Therefore, the study of the growth of plants exposed to
excess Cu is important for the development of phytoremediation programs and for understanding the mechanisms
involved in the tolerance of this metal. The objective of this research was to evaluate the effect of excess copper on growth
and tolerance level responses of Schizolobium amazonicum Herb. Schizolobium amazonicum is a tree species suitable for
planting in consortia within agroforestry systems in the Amazon region. It grows rapidly and its wood is suitable for the
plywood industry. The study was conducted in a greenhouse using a completely randomized design described by five
copper concentrations and five replicates. Biometric measurements, Cu content in tissues and indices (translocation
factor, tolerance index, bioconcentration factor and bioaccumulation factor) were assessed. Schizolobium amazonicum
does not tolerate Cu toxicity because it has considerable reduction in aerial part and root growth at lower concentration.
Moreover, the indices translocation factor, tolerance index, bioconcentration factor and bioaccumulation factor presented
values lower than 1, suggesting that Schizolobium amazonicum does not phytoremediate Cu, let alone be sensitive to this
metal.
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Introduction

Soil contamination by copper (Cu) is an environmental issue of concern. Its addition to soils primarily occurs through
human activities, represented by industrial, mining, and agricultural practices (Cruz et al., 2022). The intensive use of
fertilizers, agrochemicals containing Cu, and organic fertilization based on pig manure are major sources of Cu input in
agricultural soils (Van-Zwieten et al., 2004; Graber et al,, 2005).

Cu is an essential element for all living organisms. In plants, Cu acts as a cofactor within cells in various physiological
processes, including electron transfer during photosynthesis, mitochondrial respiration, superoxide radical elimination,
the lignification process of cell walls, and ethylene signaling (Epstein and Bloom, 2005; Marschner, 2012).

However, despite the various functions of Cu in plants, toxic levels of Cu trigger physiological disorders because Cu
directly participates in the generation of free radicals in cells, in the Haber-Bosch and Fenton reactions, and in the
substitution of sulfur (S) by Cu in iron-sulfur proteins (Cruz et al, 2022). This set of biochemical events promotes
oxidative stress and, consequently, reduces plant growth (Maksymiec, 1997; Yruela, 2005; Chen et al., 2022).

Soil contamination by heavy metals (HMs) is a significant problem for the environment and human health, as their
decontamination requires time and can be costly. However, a variety of soil remediation approaches have been developed
to recover soils contaminated by HMs. These measures are based on mechanical or physicochemical techniques, such as
soil incineration, excavation and landfilling, soil washing, solidification, and the application of electric fields (Sheoran et
al,, 2011; Wuana and Okieimen, 2011; DalCorso et al.,, 2019).

However, phytoremediation of soils contaminated by HMs is a simple and cost-effective strategy that involves the use of
plants to extract and remove HMs or reduce their bioavailability in the soil through root absorption and translocation of
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HMs to the aboveground parts of the plants (Ghosh and Singh, 2005; Yan et al,, 2020). In this context, tree species are
potential candidates for phytoremediation due to their high biomass production, deep root growth, larger leaf area for
transpiration, and ability to remove HMs from contaminated soils (Pulford and Watson, 2003; Fan et al,, 2011).

Regarding Cu, some Amazonian species are identified as potential phytoremediators, such as Khaya ivorensis and Cedrela
fissilis. However, the pioneering tree species parica (Schizolobium amazonicum Herb.) meets the botanical requirements
for phytoremediation due to its rapid growth and good biomass production (Zeidler et al., 2021; Niu et al, 2022), there is a
lack of data regarding its tolerance to phytoremediation in Cu-contaminated soils. This indicates the need for studies to
evaluate the potential of this species to accumulate Cu in its tissues through the extraction of these HMs from
contaminated soils.

To the best of our knowledge, there are no studies investigating the tolerance of parica plants to toxic levels of copper.
This study was based on the hypothesis that the parica species has potential and tolerance for copper phytoextraction due
to its rapid growth and high biomass production. The aim of this study was to evaluate the potential and tolerance level of
parica plants to toxic levels of copper in soil conditions.

Results

Content of Cu in leaves and roots

The Cu concentrations in the leaves and roots of parica plants were significantly increased by the Cu doses applied to the
soil. The doses of 120 and 240 mg kg™ of Cu promoted the highest Cu levels in both leaves and roots. The 240 mg kg™
dose increased the foliar and root Cu levels by 62.5% and 95.5%, respectively, compared to the control treatment.
However, Cu levels were higher in the roots compared to the shoot parts (Figure 1). At doses of 120 and 240 mg kg™, the
root Cu levels were 79% and 72% higher than the foliar levels, respectively.
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Figure 1. Copper content in young parica plants grown in soil contaminated with Cu. Bars represent standard error of the
mean. n = 5. Means followed by the same letter on the column do not differ by Tukey test (p<.05).

Plant growth

Plant growth responded significantly to the Cu doses applied to the soil (Table 1). The 240 mg kg! Cu dose had the
greatest impact on plant growth, reducing shoot dry mass (SDM), root dry matter (RDM), total dry matter (TDM), and the
Dickson Quality Index (DQI) by 28%, 76.5%, 47%, 74.7%, and 41%, respectively, compared to the control treatment. Even
at the lowest Cu dose (30 mg kg-1), there was a significant reduction in Parica plant growth, but to a lesser extent than at
the 240 mg kg1 dose and the dose corresponding to the prevention value for copper (60 mg kg-1).

Table 1. Stem diameter (SD), shoot dry matter (SDM), roots dry matter (RDM), total dry matter (TDM) and Dickson
quality index (DQI) of Schizolobium amazonicum exposed to different Cu levels.

Cu levels SD SDM RDM TDM DQI
mg kg1 cm g plant!
0 582+10a 521+091a 1.88+0.25a 7.09+1.15a 4.24+0.52a
30 5.18 £ 0.68 ab 3.09+£0.63b 1.14+£0.19b 423+0.63b 3.65+0.85ab
60 5.04 +0.41ab 2.58+0.51b 1.12+£0.03b 3.71+0.5b 3.08+0.59 abc
120 4.08+0.74b 1.17£0.26 ¢ 0.63x0.12¢c 1.81x0.26¢ 2.24+0.69c
240 419+09b 1.22+041c 0.53+£0.05c 1.79+0.4 c 2.5+0.84 bc

Means followed by the same letter on the column do not differ by Tukey test (p<.05). Mean and standard error of the mean were used to
represent the data. n = 5.
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Visual symptoms of copper toxicity

Toxicity due to high Cu levels manifested in the root system, which exhibited loss of vigor with prolonged exposure to Cu,
resulting in dark coloration, thickening, and reduced growth. In the shoot parts of the plants, morphological symptoms of
Cu toxicity were evident through leaf chlorosis and a marked reduction in growth (leaves, stem, and roots). In later stages,
the leaf edges became necrotic, leading to leaf drop. These symptoms were more pronounced at doses of 60, 120, and 240
mg kg™ (Figure 2).

Control 30 mg kgt 60 mg kg1 120 mg kg1 240 mg kg!

Figure 2. Parica plants (Schizolobium amazonicum) treated with doses of copper.

Phytoremediation indices

All phytoremediation efficiency indices were significantly affected by increasing Cu doses applied to the soil (Table 2). The
240 mg kg Cu dose reduced the translocation index (TI), translocation factor (TF), bioconcentration factor (BCF), and
bioaccumulation factor (BF) by 51%, 54.5%, 50%, and 66.6%, respectively, compared to the 30 mg kg-! Cu dose (Table 2).

Table 2. Tolerance index (TI), translocation factor (TF), bioconcentration factor (BCF), and bioaccumulationfactor (BF) of
Schizolobium amazonicum exposed to different Cu levels.

f:léelr;; TI TF BCF BF
30 51.69+897a 0.88+0.07a 0.0036 £ 0.0001 a 0.006 + 0.0002 a
60 52.29+7.14a 0.87 +0.03a 0.0038 £ 0.0003 a 0.007 +0.0002 a
120 255+3.76 b 0.60 +0.04 b 0.0022 +0.0002 b 0.003 + 0.0001 b
240 253+5.72b 0.40 +0.03 c 0.0018 £ 0.0001 b 0.002 £ 0.0001 ¢

Means followed by the same letter on the column do not differ by Tukey test (p<.05). Mean and standard error of the mean were used to
represent the data.n = 5.

Discussion

In this study, the Cu concentrations in the leaves and roots were proportional to the Cu doses applied to the soil. However,
the roots exhibited higher Cu levels (Figure 1). Cu absorption in the root system occurs through specific and non-specific
transporters located in the plasma membrane of root cells. These transporters are identified as P-type ATPase copper
transporters, COPT (Copper Transporters), ZIP family transporters, and NRAMP family transporters. P-type metal
transporters (P-type ATPase copper transports) are responsible for the transmembrane transport of toxic metals, such as
divalent cations (Cu?*, Zn?*, Cd**, and Pb?*). These transporters utilize ATP to pump molecules across the cell membrane
(Williams et al., 2000; Kumar et al.,, 2021). The family of proteins responsible for transporting Cu in its reduced form
includes copper transporter (COPT - COPT1, COPT2, COPT3, COPT4, and COPT5). Zinc-regulated proteins are involved in
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the absorption of Cu ions. Depending on the Cu concentration in the plant growth medium, Zrt-/Irt-related Proteins (ZIP2
or ZIP4) may act as transporters. The Natural Resistance-Associated Macrophage Protein (NRAMP) is responsible for the
relocation of ions such as Fe, Ni, Mn, Zn, and Cu from the roots to the shoot parts through cellular and vacuolar
membranes (Kramer et al., 2007; Deng et al., 2013; Kavitha et al.,, 2015). This set of transporters facilitates greater Cu
absorption by plants. However, the higher accumulation of Cu in the roots of parica plants compared to the shootparts
(Figure 1) is due to Cu's affinity for enzyme groups and proteins present in the apoplast and cell wall of root cells, leading
to greater retention of Cu in the root system (Girotto et al,, 2016). Furthermore, the production and release of exudates,
chelation, sequestration, and compartmentalization of metal ions in the vacuoles of root cells (Kumar et al., 2021) are
plant defense mechanisms to restrict Cu in the root system and prevent its accumulation in the shoot organs, thereby
avoiding damage to the photosynthetic machinery (Marques et al., 2008).

Although the biochemical mechanisms for restricting Cu in the root system described above are strategies to mitigate the
toxic effects of Cu in both the shoot and root parts, these mechanisms were not effective in the present study. This is
evidenced by the reduction in growth of the shoot part, root, stem diameter, and the decrease in the Dickson Quality Index
(DQI) (Table 1). The dry matte of the shoot, root, and total mass were significantly reduced at a dose of 30 mg kg™* of Cu,
which is below the intervention value described by CONAMA (2009), which is 60 mg kg™, indicating the sensitivity of
parica plants to Cu. Additionally, the 30 mg kg™* dose considerably affected the DQ]J, is a tool for evaluating the quality of
tree seedlings based on total dry matter, plant height, stem diameter, shoot dry matter, and root dry matter. The DQI is
considered a promising integrated measure of morphological characteristics (Johnson and Cline, 1991). It is regarded as a
good indicator of seedling quality because it reflects the robustness and distribution of biomass while considering several
important parameters (Fonseca et al., 2002). Silva et al. (2015) observed a reduction in DQI in a study with young plants
of Anadenanthera macrocarpa, Mimosa scabrella, and Apuleia leiocarpa subjected to Cu doses. However, these authors
used more toxic doses than those applied in the present study, which explains the much lower DQI values found in their
research.

Under toxic Cu doses, plants exhibit reduced growth due to oxidative stress, which causes damage to the photosynthetic
machinery (Maksymiec, 1997; Yruela et al,, 2008), nitrogen metabolism enzymes (Lindon and Henriques, 1992; Xiong et
al,, 2006), and cell membranes through lipid peroxidation (Karimi et al., 2012; Yusuf et al,, 2021). The reduction in plant
growth, as evidenced in the present study, has been recorded in Senna multijuga and Erythrina crista-galli (De Marco et
al,, 2016), Hymenaea courbaril (Marques et al., 2018), and Hevea brasiliensis (Castro et al., 2024) cultivated under toxic
Cu levels. The decrease in plant growth induced by toxic levels of Cu may also result from ultrastructural damage in root
cells, such as disturbances in the plasma membranes and mitochondrial membranes, and in the endoplasmic reticulum,
affecting the proliferation of apical meristem cells in the roots (Doncheva, 1998), thereby compromising the absorption of
water and essential mineral nutrients for plant growth (Barcel6 and Poschenrieder, 2008; Rucinska-Sobkowiak, 2016).

The reduction in the tolerance index due to Cu toxicity highlights the sensitivity of parica plants to excess Cu, as the toxic
Cu levels significantly affected plant growth. Since Cu affects the proliferation of apical meristem cells in the roots, the
physiological functions of the roots related to the absorption of water and essential mineral salts for plant growth are
compromised by Cu toxicity. Therefore, the translocation factor, bioconcentration factor, and bioaccumulation factor were
strongly affected by the increase in Cu dose, indicating that parica plants have a low phytoextraction capacity for Cu at
doses greater than 60 mg kg™* of Cu (Table 2). The bioconcentration factor (BCF) is an excellent indicator of the capacity
to accumulate heavy metals (HMs), as it considers the plants' ability to extract HMs from the soil (McGrath and Zhao,
2003; Odjegba and Fasidi, 2007). The bioaccumulation factor (BF) is another parameter commonly used to evaluate the
rate of HMs in the shoot parts of plants compared to the soil (Yoon et al., 2006). The translocation factor (TF) indicates the
proportion of HMs in the shoot part of the plant relative to the root (Cui et al.,, 2007; Li et al,, 2007). For phytoextraction
purposes, plants should exhibit TF, BF, and BCF values > 1, assuming that they are good phytoremediators suitable for the
remediation of soil contaminated with HMs. Conversely, values < 1 indicate non-phytoremediating plants (Fitz and
Wenzel, 2002). In this study, the values of TF, BF, and BCF were below 1, indicating that parica plants are sensitive to Cu
toxicity and are not effective in phytoremediating Cu. Contrasting results to those found in this study were observed by
Asensio et al. (2019) in a study selecting tree species for Cu phytoremediation. These authors found that tree species
Myracrodruon urundeuva, Cecropia sp., and Handroanthus serratifolius were capable of phytoremediating Cu at toxic
doses of 60 and 100 mg kg™*. Our findings related to phytoremediation indicators, vegetative growth, and Cu levels in
parica plants suggest that the species evaluated in this study is sensitive to low levels of Cu toxicity, even below the
intervention value of 60 mg kg™* of Cu, according to CONAMA (2009), making it unsuitable for phytoremediation of Cu-
contaminated soils.

Materials and Methods

Plant material and treatments

The experiment was conducted in a greenhouse located at the experimental farm of the Instituto Federal do Amap3,
campus agricola de Porto Grande. It took place from September 2022 to June 2023, using soil classified as Typic hapludox
(Santos et al., 2013) sourced from an area of Cerrado in the municipality of Porto Grande. The experimental units
consisted of one parica plant per plastic pot with a volume of 8 dm?.

Soil was collected from the couche arable (Santos et al., 2013), crushed, air-dried, homogenized, and passed through a
sieve with a 2 mm mesh made of stainless steel. Subsequently, a sub-sample of the soil was sent to the Soil Laboratory of
Embrapa Amapa for chemical characterization according to Raij et al. (2001) and particle size analysis according to
Claessen (1997). The results of the chemical and particle size analyses are presented in Tables 3 and 4, respectively.
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Table 3. Soil chemical analysis, at depth 0-20 cm, experimental area IFAP/Campus Agricola Porto Grande, Amap4, Brazil.

Depth pH oM P K Ca+Mg Ca Al H+Al aSB bCEC (pH7) v dm
H20 g/Kg mg/dm3 cmolg /dm3 %
0-20 4.0 121 6 0.02 0.2 - 0.7 3.1 0.2 3.3 6 78

aSB (Sum of bases); PCEC (Cation exchange capacity), ¢v (Base saturation) and ¢m (Aluminum saturation).

Table 4. Soil granulometric analysis, at depth 0-20 cm, experimental area IFAP/Campus Agricola Porto Grande, Amap3,
Brazil.

Depth Clay Coarse sand Thin sand silt Textural classification
- g/kg *BSSS
0-20 229 420 190 161 Sandy clay loam

*Brazilian Soil Science Society

Based on the chemical soil analysis, the soil's acidity was corrected using 8g of agricultural limestone, which was packaged
in plastic bags for incubation and reaction of the corrective agent for 30 days. After the incubation period of the corrective
agent, the soil was contaminated with doses of CuS04-5H20 (0, 30, 60, 120, and 240 mg dm‘g], and it remained incubated
for 72 days until the transplanting of the parica seedlings.

After the incubation period of the limestone and the application of the Cu treatments, fertilization was conducted with
0.27 g of KCl, 1.11 g of single superphosphate, 0.45 g of urea, and 0.127 g of FTE (micronutrients) per pot, according to the
chemical analysis of the soil. Then, the seedlings were transplanted after 30 days of life. During the experiment, the soil
moisture was maintained at approximately 60% of the total pore volume. After 90 days of transplanting, the plants were
evaluated for their growth, Cu content, and phytoremediation indices.

Experimental design

The design used was a completely randomized design consisting of five treatments of Cu and five repetitions per
treatment. The Cu doses were determined based on the preventive value for copper, which is 60 mg kg™* (CONAMA,
20090).

Plant growth

At the end oAf this period, the height of the shoot part and the diameter of the stem were measured using a measuring
tape and a digital caliper, respectively. After this procedure, the plants were separated into shoot parts (leaves and stem)
and roots to determine the root length, using a ruler. The leaf area was determined by scanning the leaves and
subsequently using the Image] software (Rasband, 2007).

The Dickson Quality Index (DQI) (Dickson et al., 1960) was calculated according to the formula described below,
DQI = TDM/[(H/D) + (SDM/RDM)]

where: DQI = Dickson Quality Index; TDM = total dry matter of plant; H = height of the plant; SD = diameter of the plant
stem; SDM= shoot dry matter; RDM= dry matter of the root. All units were expressed in centimeters (cm).

After the growth measurements, the plants were dried in a forced-air oven at 65°C until they reached constant matter, in
order to determine the total dry matter of the plant (TDM), the shoot dry matter (SDM), and the dry matter of the root
(RDM).

Copper analysis

To determine Cu in the soil, soil samples were collected from the pots after the collection and evaluation of the plants. The
soil samples were subjected to a DTPA extractor at pH 7.3, and the extracts were analyzed using an atomic absorption
spectrophotometer. After drying in an oven, the plant parts were ground in a Willey mill for subsequent nitric-perchloric
digestion, and the samples were analyzed in an atomic absorption spectrophotometer. The analyses of soil and plants
were performed according to Embrapa (2017).

Phytoremediation efficiency parameters

The translocation factor (TF), tolerance index (TI), bioconcentration factor (BCF), and bioaccumulation factor (BF) were
evaluated according to the methodologies described by Zayed et al. (1998), Wilkins (1978), Caille et al. (2005), and Yoon
etal. (2006), using the formulas below:

FT = [Cuspm]/[Curpm].100

TI = (TDMcu treatment/ TDMcontro1).100
BCF = [Curpm]/[Cu s0i1].100

BF = [Cuspm]/[Cu soil]

In these equations: SDM, refers to shoot dry matter, RDM, dry matter of the root, TDM, represents the total dry matter of
the plant, and [Cu] denotes the copper content in the plant (both SDM and RDM) or in the soil.
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Statistical analysis

All data were statistically analyzed using the AgroEstat statistical program (Barbosa and Maldonado, 2011). An analysis of
variance was performed to compare the means of the treatments. Significant differences between treatments were
determined using the Tukey test at a 5% probability level. Mean and standard error of the mean were used to present the
data for the evaluated variables.

Conclusion

The results found in this study indicate that the tree species Schizolobium amazonicum is sensitive to copper toxicity, even
at low copper doses. This sensitivity limits its phytoremediation capacity, as its growth is negatively affected by copper
doses. This implies a lower accumulation of copper in the dry matter of the plants, reducing the potential of the evaluated
species to remediate contaminated soils, despite the species exhibiting characteristics of interest in the context of
phytoremediation, such as good dry matter production and rapid growth. The phytoremediation indices TF, BF, and BCF,
which had values less than one, further reinforce the non-phytoremediating nature of the studied species
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