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were not affected by copper. C. cajan can be explored in 
strategies to improve soil conditions and is a promising 
species in soil phytoremediation studies.
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Introduction

Trace elements are high-density metal elements (Pb, Cd, Zn, 
Cu, Hg, and Al), that accumulate in living organisms, occur 
naturally in the environment, and are potentially toxic to 
plants, depending on their concentration in the soil and water 
(Souza et al. 2018; Yang et al. 2020; Nworie and Lin 2021). 
Copper (Cu) is a trace element and is required by plants 
as a micronutrient, participating as a component of several 
enzymes that catalyze the oxidation–reduction reactions 
in the cytoplasm, chloroplasts, and mitochondria, by par-
ticipating in mitochondrial respiration, photosynthetic elec-
tron transport, cell wall metabolism, responses to oxidative 
stress and protein synthesis (Shabbir et al. 2020). Human 
actions frequently have a negative impact on the environ-
ment (Mohajel Kazemi et al. 2020), such as inadequate agri-
cultural practices and industrial activities that degrade the 
environment, contaminating the soil and water bodies with 
metals, with consequent bioaccumulation of these elements 
in the food chain (Mohajel Kazemi et al. 2020; Trentin et al. 
2022).

One of the ways Cu enters the environment is through 
the use of organic residues as fertilizers and the applica-
tion of fungicides based on Cu sulfate. The fungicides (Bor-
deaux mixture, Ca (OH)2 + CuSO4) are used for the control 
and prevention of fungal diseases in fruit, and vegetable 
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production (Meier et al. 2017; Rehman et al. 2019). Swine 
manure and cattle manure contains amounts of Cu and it has 
been reported that the massive application of these manures 
is responsible for increasing Cu in the soil, as in China, 
where 76% of Cu in agricultural soils comes from cattle 
manure (Peng et al. 2019) and in some states in Brazil (Rio 
Grande do Sul and Santa Catarina) a lot of swine manure 
has been used (Girotto et al. 2010).

In the European Union, a limit of 100.00 mg/kg1 Cu in 
agricultural soils was considered, with lower and upper ref-
erence values set at 150.00 mg/kg1 and 200.00 mg/kg1 Cu, 
respectively (Tóth et al. 2011). Concern about Cu contami-
nation of soil has decreased in Europe (Panel 2016; Huy-
gens et al. 2020), however, in many countries in Asia, China, 
northern Vietnam, and Latin America, soil Cu contamina-
tion is still widespread and very worrying (Peng et al. 2019; 
Dao et al. 2021), including in Brazil (Rosa-Couto et al. 2015; 
Perlatti et al. 2015, 2021; Fernandes et al. 2018; De Conti 
et al. 2018).

High levels of Cu (779.00 mg/kg) in the soil have been 
reported to trigger toxicity in alfalfa plants, Medicago sativa 
L. (Fabaceae), with the consequent decrease in leaf pig-
ments, biomass and even plant mortality (Wang et al. 2022), 
which can further aggravate environmental damage by accel-
erating soil degradation, due to lack of vegetation/natural 
regeneration of area if not mitigated (Närhi et al. 2012). 
Thus, metals comprise an important group of contaminants 
of great interest for studies on environmental preservation 
and human health, since they can alter the entire balance 
of an ecosystem and cause serious neurological disorders 
(Souza et al. 2018; Vardhan et al. 2019).

An alternative way to decrease soil contamination by 
Cu is phytoremediation, which consists of a set of phyto-
technologies used to recover soils contaminated by metals 
(Gautam and Agrawal 2019; Shah and Daverey 2020). In this 
phytotechnology, plants are used to recover soils contami-
nated by metals, which will be sequestered, metabolized, or 
immobilized by the plants structures and then decreasing 
the environmental impact with low financial cost (Shah and 
Daverey 2020).

The choice of plant species for the phytoremediation pro-
cess is fundamental, requiring the identification of plants 
with good development in contaminated environments and 
with a high level of tolerance and adaptation to local grow-
ing conditions (Saleem et al. 2020), in addition they must 
show growth fast, high biomass production, easy propaga-
tion, easy cultivation and harvest, be widely distributed and 
have a highly branched root system (Zhang et al. 2010; Ali 
et al. 2013; Sipos et al. 2013). Therefore, some cover crops 
are interesting and have a high potential for application as 
phytoremediation agents.

Cajanus cajan, known as pigeon pea, is an important 
nitrogen fixing legume with desired traits highlighted above. 

It is one of the most relevant food legume crops in the trop-
ics and subtropics, is the second most consumed food and 
about 91.00% of world production is traded by India, also 
cultivated in sub-Saharan Africa (Adjei-Nsiah 2012; Yadu 
et al. 2017; Kaushik et al. 2022). This cereal crop reached, in 
2020, approximately 4.50 million tons of world production 
(Byatarayappa et al. 2021). It is also widely used as a green 
manure in various agricultural systems, due to its nitrogen 
fixing capacity and a catalyst for ecological restoration 
(Vanaja et al. 2015). It is also drought-resistant, growing in 
poor soils, it has wide adaptability, due to the grain matura-
tion time (Kaushik et al. 2022). Based on this information, 
Cajanus cajan can be grown in a variety of environments 
and cropping systems, and it is also very suitable for crop 
rotation (Choudhary and Singh 2011).

Some authors have studied the effect of heavy metals 
like zinc and nickel; cadmium and lead; chromium and 
oily oil sludge (POS) in Cajanus cajan and its potential 
as a phytoremediator agent (Garg and Aggarwal 2011, 
2012; Jerez and Romero 2016; Allamin et al. 2020). How-
ever, data on the tolerance of C. cajan L. Millsp, cultivar 
IAPAR 43-Aratã to potentially toxic elements such as cop-
per are insufficient; thus, the evaluation of its tolerance 
and potential for Cu phytoremediation in soil is crucial to 
foster future literature and remediation projects. For this 
reason, our study evaluated the biomass production and 
tolerance of C. cajan L. Millsp, cultivar IAPAR 43-Aratã 
in response to different concentrations of copper in the 
soil, as well as the effect of this metal on photosynthetic 
pigments and gas exchange.

Material and methods

Soil characterization

The soil used in this study for the cultivation of C. cajan 
was obtained from FEPE (FEIS-UNESP Teaching, Research 
and Extension Farm), characterized as Latosols (oxisols). 
Two composite samples, each with 10 sub-samples, from 
the soil were taken for chemical characterization (Raij et al. 
2001), and the following characteristics were scored: acidity 
and base saturation: pH 4.20 and V% 23.00; sum of SB-
bases = 9.50 mmolc/dm3; Ca2+ = 4.00 mmolc/dm3; K+ = 0.50 
mmolc/dm3; Mg2+  = 5.00 mmolc/dm3; potential acidity 
(H+ + Al3+) = 31.00 mmolc/dm3; organic matter = 14.00 g/
dm3; cation exchange capacity—CTC = 40.50 mmolc/
dm3; Al3+  = 10.00 mmolc/dm3; P-resin = 1.00  mg/dm3; 
S-SO4 = 5.00 mg/dm3; B = 0.21 mg/dm3; Cu2+ = 0.90 mg/
dm3; Fe2+ = 16.00  mg/dm3; Mn2+ = 6.90  mg/dm3; 
Zn2+ = 0.10 mg/dm3.

The experiment was conducted at UNESP/Campus 
of Ilha Solteira-SP, Brazil, located at 20° 43′ 09″ south 
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latitude and 51° 33′ 79″ west longitude, with an altitude 
of around 335 m, in the greenhouse of the Laboratory of 
Plant Metabolism Physiology, at a controlled tempera-
ture of 27 °C for 60 days, between January and February 
2018, under natural light and temperature conditions. 
The temperature and relative humidity conditions were: 
26.40 °C average temperature; 32.70 °C maximum tem-
perature; 22.00 °C minimum temperature and 83.00% 
average relative humidity.

Treatment for Cu stress

A stock solution of copper sulfate pentahydrate was 
prepared according to the concentrations: 30.00, 60.00, 
120.00, and 240.00 mg Cu/dm3. For soil contamination/
treatment, each soil unit, duly identified by treatment and 
corresponding repetition, received (single application) 
20.00 ml of stock solution, was individually homogenized, 
and remained at rest in a closed plastic bag for 10 days. 
In the repetitions of the control treatment, 20.00 ml of 
distilled water was added. No soil conditioner, nitrogen 
or phosphate fertilizer was added.

After the stabilization period, soil samples were col-
lected at each repetition of treatments to assess the avail-
ability of Cu in the soil (Raij et al. 2001). The available Cu 
levels in the soil per treatment were in control = 0.50 mg/
dm3; 30.00 = 39.80  mg/dm3; 60.00 = 85.50  mg/dm3; 
120.00 = 106.20  mg/dm3 and 240.00 = 247.20  mg/dm3 
(Table 1).

Experimental design

It was composed of five treatments: one control (0.00) and 
four doses of copper (30.00, 60.00, 120.00, and 240.00 mg/
dm3). Each treatment contained five replications (5 × 5), that 
is, five pots of 2.00 dm3 of soil (being 1.00 dm3 of sand 
and 1.00 dm3 of soil), totaling 25.00 pots or experimental 
units in a completely randomized design in the greenhouse 
(n = 25). Each vessel was 12.50 cm high, 17.00 cm in upper 
diameter, and 12.00 cm in lower diameter.

Plant materials

Our research group has studied some species of leguminous, 
nitrogen-fixing, of wide vegetation cover (Crotalaria jun-
cea, Canavalia ensiformis) in response to increasing con-
centrations of potentially toxic elements in the soil. Cajanus 
cajan has been cultivated under potentially toxic concentra-
tions of Cd, Pb, Zn, Cr, and Ni, to assess its tolerance to 
these elements (Garg and Aggarwal 2011; Garg and Kaur 
2012; Garg and Singh 2018; Minari et al. 2020; Souza et al. 
2020). There are no published data related to the tolerance 
of this species to copper, therefore, the object of this study is 
Cajanus cajan L. Millsp, cultivar IAPAR 43-Aratã, obtained 
commercially (BRSEEDS®).

The C. cajan seeds were surface-sterilized for 15 min in 
10% sodium hypochlorite solution (v/v—commercial solu-
tion), and after remaining in distilled water for one hour for 
soaking, sowing was performed. The seeds of Cajanus cajan 
L. Millsp, cultivar IAPAR 43-Aratã, were sown directly in 
the contaminated soil. Five seeds were added to each pot, 
and after the emergence of the seedlings, thinning was per-
formed, leaving only two plants in each pot. One plant was 
used for in vivo evaluation of gas exchange and quantifica-
tion of pigments, and the other was used for evaluation of 
quantification of Cu by dry biomass produced.

Photosynthetic measurements

The leaf gas exchange measurement parameters were per-
formed at 60 days of cultivation, in the vegetative stage 
(before the collection of the experiment), in the morning, 
between 8:00 and 12:00 h, using the second or third leaf of 
the apex caulinar. The conditions established for the meas-
urements were 1000 µmol m−2/s of photosynthetic active 
radiation (PAR), provided by LED lamps.

The assessments include the net photosynthesis rate—A 
(µmol CO2 m−2/s); transpiration rate—E (mmol H2O m−2/s); 
stomatal conductance—gs (mol H2O m−2/s); internal CO2 
concentration (Ci, µmol/mol); external concentration of 
CO2 (Ca, µmol/mol); ratio between internal and external 
concentrations of CO2—Ci/Ca; the instantaneous water use 
efficiency—WUE (µmol CO2/mmol H2O) was obtained by 
the ratio between A and E (WUE = A/E), and the carbon use 
efficiency (CUE) = A/Ci ( mol C of biomass/mol C fixed) 
were analyzed by means of Infra-Red Gas Analyser (IRGA), 
using the ADC BioScientific Ltd, LC-Pro model.

Chlorophyll estimation

The plants were collected in the vegetative stage, after 
61 days of cultivation. The leaves were collected, and the 
levels of chlorophyll a (Chl a), b (Chl b) and total chloro-
phyll content (TChl) were quantified, sequentially, (Hiscox 

Table 1   Cu availability in the soil Latosols (oxisols) before and after 
the cultivation of Cajanus cajan 

Cu treatments Before After
mg/dm3

Control 0.50 0.90

30.00 mg/dm3 39.80 41.40
60.00 mg/dm3 85.50 69.10
120.00 mg/dm3 102.20 140.50
240.00 mg/dm3 247.20 274.00
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and Israelstam 1979), using DMSO (Dimethylsulfoxide) 
as an extracting agent. The foliar tissue was cut into thin 
strips (1 mm) until 50.00 mg was obtained. The material 
was incubated in 7.00 mL of DMSO (or 25.00 mg + 3.50 ml 
DMSO), in the dark in a water bath (65° C/30 min.). After 
cooling, a spectrophotometer reading with wavelengths 
of 645 nm and 663 nm was performed and the concen-
trations were calculated according to the equations: 
Ca = (12.70 × A663)—(2.69 × A645); Cb = (22.90 × A645)—
(4.68 × A663); Ca + Cb = (20.20 × A646) + (8.02 × A663).

Biomass and estimation of Cu contents in plant tissues

The nodules were separated from the roots, washed in 
distilled water, weighed (g) and counted. The roots were 
washed in running water to remove excess soil and then 
in deionized water. The aerial part and root material were 
placed in paper bags and dried in a forced circulation oven at 
60 °C for 72 h. The dry mass (g) of the root system—RDW, 
of the aerial part—SDW (leaves and stems), and of the total 
biomass—TBDW (root + aerial part) were obtained.

Afterwards the materials were ground in a Wiley-type 
mill (10 mesh sieve) for further digestion with nitric acid 
(HNO3) and perchloric acid (HClO4) and determination of 
the concentration (mg/kg1) of copper in the root system-
RMC, shoot-SMC and total biomass—SBMC, using atomic 
absorption spectrophotometry (Malavolta et al. 1997). The 
detection points for the analytical determination of Cu were 
0.00; 0.25; 0.50; 0.75; 1.00; 1.25 ppm. The data obtained 
were used for calculations of metal accumulation in the 
remaining dry matter and transfer factor.

After the cultivation and collection of C. cajan, com-
posite soil samples from each treatment were subjected to 
chemical analysis of Cu availability (Raij et al. 2001), again, 
in order to compare the available Cu contents in the soil and 
verify if there was or not a reduction in the metal content in 
the soil (Table 1).

Phytoremediation potential

To determine the phytoremediation potential of C. cajan 
some calculations were performed: tolerance index (TI) 
and transfer factor (TF) (Kabata-Pendias and Pendias 
2001). Tolerance index: TI = TBDWtotal biomass treatment/
TBDWtotal biomass control treatment; transfer factor to shoot: 
STF = SMCcopper in the shoot system/SBMCtotal biomass and trans-
fer factor to root: RTF = RMCcopper in the root system/SBMC-
total biomass (Bomfim et al. 2021).

Cu accumulation (µg/organ) was calculated using 
dry weight and Cu concentration data in the respec-
tive organs: root and shoot. RAC, SAC and TAC are 
accumulation of Cu in the root, shoot and total bio-
mass (µg/organ) respectively. Accumulation of Cu in 

the root: RAC = (RDWdry mass of the root system *RMC-
copper in the root system) and accumulation of Cu in the shoot: 
SAC = (SDW*SMCcopper in the shoot system) in milligram/dry 
organ weight (mg/organ) (Bomfim et al. 2021). The Cu 
translocation index (TI%) was calculated according to Rah-
man et al. (2013), TI (%) = (SAC/TAC) *100.

Statistical analysis

The data answered the hypothesis of normality and homo-
geneity of variance by the Shapiro–Wilk tests, respectively, 
at 5% probability. Therefore, they were subjected to analy-
sis of variance (ANOVA) by the F test at 5% probability 
(n = 25). With significance in the F test, the comparison 
of means was performed through the tests of Scott-Knott 
(Scott and Knott 1974). A graph of correlation networks was 
performed containing the Pearson correlation (r) between 
the variables: Chl a; Chl b; TChl; SDWdry mass of the shoot; 
RDWdry mass of the root system; TBDWtotal biomass; SACaccumulation of Cu in the shoot; 
RAC​accumulation of Cu in the root; TAC​accumulation of Cu in the total biomass; 
TI% translocation index; RT%transfer factor to root; TITolerance index. The 
data were analyzed using the R software (Core Team 2019).

Results and discussion

Physiological performance

The concentration of Cu in the soil solution varies between 
10–6 and 10–9 M; as it is a micronutrient, plants reduce and 
solubilize this mineral to absorb enough Cu for proper 
growth (Marschner 2011). Common Cu levels in plant tis-
sue range between 2.00 and 20.00 µg/g1 of dry matter (DM) 
for most species (Kabata-Pendias 2011; Shabbir et al. 2020; 
Farid et al. 2021). C. cajan shoots presented on average, 
23.66 mg/kg DM of Cu between the treatments from 30.00 
to 240.00 mg/dm3 of soil, sampling was done in 60 days 
after sowing. Concentrations between 20.00 and 100.00 mg/
kg1 in the dry matter of the shoot are considered toxic for 
some species such as legumes, cereals, citrus, among others 
(Kabata-Pendias 2011; Shabbir et al. 2020). Although the Cu 
content in C. cajan shoots is higher than previously reported, 
there were no visual symptoms of toxicity such as chlorosis 
in the leaves, and chlorosis is one of the primary signs of Cu 
toxicity (Reckova et al. 2019).

Cu is an essential element for higher plants with a fun-
damental role in photosynthesis (Marques et al. 2018; Zeng 
et al. 2019), is a constituent of the main electron donor in 
PSI, and of the enzymes involved in the scavenging of super-
oxide radicals from plants. Plant growth inhibition is a result 
of the toxic effects of Cu on physiological and metabolic 
processes, with photosynthesis (CO2 fixation) being the most 
sensitive (Dai et al. 2016; Chandrasekhar and Ray 2017), by 
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interfering with the pigment composition and the chloroplast 
structure, causing a reduction in the net photosynthetic rate, 
limiting the activity of RUBISCO and inhibiting the photo-
synthetic electron transport chain (Mir et al. 2021).

The content of chlorophylls a, b and total chlorophylls 
of C. cajan differed statistically among doses with the 
control treatment: chlorophyll content was higher in treat-
ments 30.00; 60.00; 120.00 and 240.00 mg/dm3 of Cu in 
soil, compared to the control (Fig. 1A). Unlike C. cajan, in 
soybean (Gomes et al. 2021), the total chlorophyll content 
presented a reduction with the addition of Cu to the soil 
(above 50.00 mg/kg1); in lentil plants (Hossain et al. 2020), 
there was a decrease in chlorophylls a, b and carotenoids at 
a high concentration of Cu (3.00 mM).

Other studies showed the negative effect of Cu on the 
levels of photosynthetic pigments. In Phragmites austra-
lis leaves (Wu et al. 2021), chlorophyll a, b and total chlo-
rophyll decreased with increasing concentration of Cu in 
solution (above 5.00 mg/l1). In maize plants (cultivars SC 
122 and SC 10) stressed with 100.00 μM of Cu there was 

a decrease in total chlorophyll contents (Aly and Mohamed 
2012), as well as in Spinacia oleracea (Gong et al. 2021) at 
concentrations above 700.00 mg/kg1

. At a concentration of 
800.00 μM of Cu (Giannakoula et al. 2021), it inhibited the 
biosynthesis of chlorophyll and carotenoids in Citrus auran-
tium L. and delayed the incorporation of these pigments into 
the photosynthetic machinery.

Chlorophyll concentration is a very useful indicator of 
heavy metal toxicity to calculate higher critical concen-
trations of elements in plant tissues (Giannakoula et al. 
2021). The reduction in photosynthetic pigment concentra-
tion under Cu stress can be thought of as a plant-specific 
response to metal stress, which resulted in the degradation 
of chlorophylls and inhibition of photosynthesis (Gianna-
koula et al. 2021). However, there was no such reduction 
in chlorophylls and photosynthesis in C. cajan L. Millsp, 
cultivar IAPAR 43-Aratã plants, indicating a mechanism for 
tolerance to excess Cu.

Cu toxicity resulted in a reduction in the net photosyn-
thetic rate in Citrus aurantium L., above 800.00 μM Cu 

Fig. 1   Spectral parameters of C. cajan (at 60  days of cultivation, 
vegetative stage) cultivated in a Latosols with four copper concentra-
tions: 30.00, 60.00, 120.00 and 240.00 mg Cu/dm3 of soil, in addition 
to the control treatment, in a greenhouse. A: quantification of Chlo-
rophylls—Chl a, Chl b and total—TChl (mg/g of fresh mass); B: net 
photosynthesis rate—A (µmol CO2 m−2/s); C: transpiration rate—E 

(mmol H2O m−2/s); D: stomatal conductance—gs, (mol H2O m−2/s). 
Different letters indicate statistical difference between treatments 
of the same variable, according to the Scott Knott test, at 5%. Same 
letters indicate that there was no statistically significant difference 
(n = 25)
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(Giannakoula et al. 2021), stomatal conductance, internal 
CO2 concentration, transpiration rate, in addition to A, 
(above 700.00 mg/kg1) in Spinacia oleracea, spinach (Gong 
et al. 2021). Other authors have observed the same response 
in photosynthetic pigment content, photosynthesis, and 
transpiration rates (Ding et al. 2017; Ambrosini et al. 2018; 
Marques et al. 2018).

In soybean plants (Gomes et al. 2021), the net photosyn-
thetic rate significantly reduced with the increase of Cu in 
the soil (above 50.00 mg/kg1); in C. cajan (Fig. 1B) there 
was a reduction of the net photosynthetic rate in the treat-
ments of 120.00 and 240.00 mg/dm3 of Cu in the soil, com-
pared to the low concentrations (30.00 and 60.00 mg/dm3), 
but not compared to the control treatment. Therefore, we 
can infer that Cu was not harmful to the net photosynthesis 
rate in C. cajan.

The stomatal conductance and the transpiration rate 
reduced under concentrations above 50.00 and 70.00 mg/
kg1 of Cu in soybeans (Gomes et al. 2021), respectively, 
similar to our results (Fig. 1C, D). The ratio between inter-
nal and external concentrations of CO2 of soybean (Gomes 
et al. 2021), increased at low concentrations, followed by 
a reduction with increasing levels of Cu in the soil (above 
70.00 mg/kg1 of Cu). However, internal, and external CO2 
concentration; ratio between internal and external concentra-
tions of CO2; the instantaneous water use efficiency, and the 
carbon use efficiency did not differ between Cu treatments 
in C. cajan plants.

Growth and nodulation

Copper in excessive concentrations in the soil disturbs nutri-
ent homeostasis by interacting with mineral nutrient oxides 
such as aluminum (Al), iron (Fe), manganese (Mn), and with 
organic matter, altering nutrient absorption and significantly 
decreasing productivity and plant yield (Mir et al. 2021).

A useful method to assess the occurrence of abiotic 
stresses in plants is to analyze the growth and development 
of plants (Giannakoula et al. 2021). At high concentrations 
and in bioavailable forms in the soil solution, Cu can also 
alter plant tissues at the biochemical and physical-biological 
level, which can cause considerable changes in the produc-
tive potential of crops (Vardhan et al. 2019). Studies show 
that low concentrations of Cu in the soil benefit fertilization 
and stimulate soybean growth, leading to increased grain 
yield (Moreira and Moraes 2019). However, high concen-
trations of Cu, or above the tolerated limit (60.00 mg/kg1), 
affected soybean growth and yield (Gomes et al. 2021).

The total dry biomass of C. cajan, after 60 days of culti-
vation, in the vegetative stage (Fig. 2C), was higher in the 
treatments with Cu (30.00, 60.00 and 240.00 mg/dm3) com-
pared to the control treatment, that is, the concentrations of 
Cu had a beneficial effect on C.cajan, as mentioned above 

in terms of chlorophylls and photosynthetic rate, unlike the 
results found for soybean (Gomes et al. 2021); cucumber 
(Vinit-Dunand et al. 2002); tomato (Zhang et al. 2010) and 
spinach (Gong et al. 2021).

Root growth and development have been observed to be 
more affected than aboveground growth at high Cu con-
centrations, such as in soybean (Gomes et al. 2021), Citrus 
aurantium L (Giannakoula et al. 2021), Hymenaea cour-
baril (Marques et al. 2018) and other plants exposed to other 
metals (Srivastava et al. 2011; Pérez-Chaca et al. 2014). In 
relation to C. cajan, Cu concentrations did not affect the 
growth and biomass of the root system (Fig. 2C). As for 
shoot biomass, there are differences among the treatments, 
but the Cu treatments had higher masses than the control 
treatment (Fig. 2C). Therefore, Cu treatments, from 30.00 
to 240.00 mg/dm3, were beneficial to the development of C. 
cajan, probably due to the functions of Cu as a micronutrient 
in plant metabolism (Yruela 2013).

Tortosa et al. (2020) reported that soybean (Glycine max 
L. Merr., cv. Williams) exposed to concentrations of 40.00, 
60.00 and 100.00 μM of Cu triggered a reduction in plant 
biomass and nodulation capacity, at concentrations lower 
than 20.00 μM of Cu, the number and mass of nodules 
increased, however, it reduced in concentrations greater than 
40.00 μM of Cu. Based on these results, the authors claim 
that high concentrations of Cu trigger the induction of oxida-
tive stress in plants (Tortosa et al. 2020).

Nodule number and fresh mass were significantly differ-
ent between treatments (Fig. 2A, B); however, nodulation 
and biological nitrogen fixation were not affected by soil 
copper doses, as opposed to Tortosa et al. (2020). The treat-
ment with 30.00 mg/dm3 of Cu in the soil obtained a higher 
number and mass of nodules (Fig. 2A, B), compared to the 
other treatments and the control. The fresh mass of nod-
ules in the copper treatments was higher than in the control 
treatment (Fig. 2B), indicating that excess copper did not 
negatively affect nodulation.

The legume-rhizobia symbiosis improves the growth of 
alfalfa (Medicago sativa) plants exposed to copper, increas-
ing nutrition and plant biomass, as well as increasing the 
uptake of Cu by plants (Duan et al. 2019), due to the biologi-
cal fixation of nitrogen, and its effect on the solubility and 
bioavailability of the metal in soils (Pajuelo et al. 2011). Our 
C. cajan plant biomass and nodulation results are consist-
ent with those of Duan et al. (2019), which reinforces the 
defense strategies of this species in tolerating Cu concentra-
tions in the soil.

The absence of vegetation increases the impact of raindrops 
on the soil surface and, consequently, its degradation, as well 
as the transport of soil particles by surface runoff, enhancing 
the transfer of Cu to surface waters and its percolation in the 
soil profile (Shrestha and Lal 2011). The excess of Cu induces 
toxicity to the root system, in most plants, by negatively 
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affecting the assimilation of water and nutrients (Mir et al. 
2021), in addition, the reduction in the development of the 
root system or its absence, results in a decrease in the explora-
tion of the soil by the roots, does not allow the absorption and 
cycling of Cu in the soil–plant system (Shrestha and Lal 2011).

The development of the root system and nodulation of 
C. cajan was not harmed, therefore, this species can be 

explored in strategies to improve soil conditions, since 
C. cajan is a nitrogen-fixing legume. According to our 
results (nodulation, pigments, gas exchange, and bio-
mass), Cu at low concentrations (30.00 to 60.00 mg/dm3) 
suggests a beneficial supplementation effect for plants 
(Moreira and Moraes 2019), whereas higher concentra-
tions can be deleterious to most plants, but the results 

Fig. 2   Spectral parameters of C. cajan (at 60  days of cultivation, 
vegetative stage) cultivated in a Latosols with four copper concentra-
tions: 30.00, 60.00, 120.00 and 240.00 mg Cu/dm3 of soil, in addition 
to the control treatment, in a greenhouse. A: number of nodules; B: 
fresh mass of nodules (g); C: dry shoot biomass (g)—SDW, root—
RDW and total plant biomass—TBDW; D: copper accumulation (µg/

organ) in shoot—SAC, in root—RAC and total copper accumula-
tion—TCA; E: copper translocation rates, translocation to shoot—
TI% and translocation to root—RT%; F: tolerance index—TI. Dif-
ferent letters indicate statistical difference between treatments of the 
same variable, according to the Scott Knott test, at 5%. Same letters 
indicate that there was no statistically significant difference (n = 25)
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show that C. cajan, responds positively to concentrations 
of up to 240.00 mg/dm3 of Cu in the soil.

Cu uptake and accumulation

Accumulation of metals within the tissue is an efficient strat-
egy of most heavy metal resistant plants (Covre et al. 2020), 
including efflux pumps, sequestration in cells and in intracel-
lular compartments, binding of heavy metals in cells, and 
production of strong ligands such as phytochelatins (Gian-
nakoula et al. 2021). Under high Cu concentrations, most 
plants restrict the highest percentage of Cu accumulation 
in the roots, thus preventing Cu transport/translocation to 
the shoot as a defense mechanism (Cambrollé et al. 2015; 
Oustriere et al. 2016; De Conti et al. 2019; Covre et al. 
2020).

As soil Cu concentrations increased, the translocation 
(TI) of Cu to the shoot decreased (Fig. 2E). We can notice 
that the translocation of the metal to shoot is low, about 
12.02%, without considering the control treatment, so 
most of the Cu, about 87.98%, absorbed by the plants was 
retained or accumulated in the roots (Fig. 2E). In addition 
to restricting the translocation of metals to leaves, plants 
have several protection mechanisms against stress caused 
by heavy metals. Such mechanisms include compartmen-
talization and subcellular sequestration, effectively con-
centrating the metal in the plant’s root system (De Conti 
et al. 2018, 2019).

The increase in Cu in the soil increased the accumula-
tion of Cu in the roots of C. cajan (Fig. 2D), Phragmites 
australis (Wu et al. 2021), apples (Wan et al. 2019), as well 
as observed in other studies (De Conti et al. 2018; Ju et al. 
2019). The accumulation of copper in the roots was about 10 
times greater than the accumulation of copper in the shoot 
of C. cajan plants, in vegetative stage (Fig. 2D). Consider-
ing the treatments from 30.00 to 240.00 mg/dm3 of Cu in 
the soil, the greatest accumulation of copper occurred in the 
roots of plants from the 240.00 mg Cu/dm3 treatment, as 
well as in the total biomass, followed by treatments 30.00, 
60.00 and 120.00 mg/dm3 of Cu in the soil (Fig. 2D).

Previous studies suggest that low translocation of Cu 
to the shoot and high accumulation in the root are the 
important tolerance mechanisms of plants (Zhou et al. 
2017), as in the case of C. cajan, whose pigment contents, 
photosynthetic activity, biomass production, nodulation 
were not impaired by the excess Cu. In addition to these 
indicators, the tolerance index of C. cajan to Cu was cal-
culated, and as in Fig. 2F, C. cajan was highly tolerant of 
the evaluated Cu doses. In addition to Cu accumulation 
in the root indicating tolerance, this accumulation may 
be beneficial to prevent leaching and bioaccumulation of 
toxic metals in the food chain, including affecting human 
health (Chen et al. 2018).

Biomass and Cu uptake‑correlation

The correlation network plot containing Pearson’s corre-
lations between the variables shows us some correlations 
between chlorophylls, the biomass produced, Cu accu-
mulation, and the indices of phytoremediation potential 
(Fig. 3). The TI-tolerance of C. cajan to Cu is dependent 
(ratio +) on the total dry biomass-TBD. Chlorophyll con-
tents (Chl a, b and TChl) are strongly dependent on the 
translocation-RT% and accumulation-RAC of Cu in the 
root, since the more Cu accumulates in the root, the less it 
is translocated to the leaves, thus avoiding damage to the 
photosynthetic apparatus of plants, similar to that reported 
by Covre et al (2020). The total accumulation of Cu-TAC 
is dependent on the translocation-RT% and accumulation-
RAC of Cu in the root.

Thus, the more biomass, pigments, Cu translocation, 
and accumulation in the root, the lower the Cu transloca-
tion to the shoot-TI% (inversely proportional ratio), as we 

Fig. 3   Correlation networks of C. cajan (at 60  days of cultivation, 
vegetative stage) cultivated in a Latosols with four copper concentra-
tions: 30.00, 60.00, 120.00 and 240.00  mg Cu/dm3 of soil, in addi-
tion to the control treatment, in a greenhouse (n = 25). Chlorophylls 
(mg/g fresh mass): Chl a, Chl b and total-TChl; (g) dry shoot bio-
mass—SDW, root—RDW and total plant biomass—TBDW; accumu-
lation of copper (µg/organ) in the shoot—SAC, in the root—RAC and 
the  total accumulation of copper—TAC; copper translocation rates, 
translocation to shoot—TI% and translocation to root—RT%; toler-
ance index—TI. Green color: positive correlation; red and pink color: 
negative correlation; thickness and color intensity of the line: inten-
sity of the relationship, the thicker the line and the darker the color 
(green and dark red), the stronger the relationship between the vari-
ables; narrower line and weak color (light green and pink), the rela-
tionship between the variables is weak (color figure online)
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can see in the strong negative relationships between TI% 
and RT%, RAC, TAC, Chl a, b and TChl.

Conclusion

Cajanus cajan L. Millsp, cultivar IAPAR 43-Aratã, is 
tolerant to concentrations of up to 240.00 mg/dm3 of Cu 
in the soil; the nodulation; chlorophyll content; carbon 
assimilation and fixation, and consequent biomass produc-
tion (root system and total biomass), were not affected by 
the doses of copper in the soil; the cultivation time was 
short, approximately 60 days, therefore, the potential for 
biomass production and Cu accumulation in its tissues was 
low, but it does not exclude the potential that C. cajan has 
to remediate areas with excess Cu in the soil. This cultivar 
can be indicated for the reduction of copper toxicity levels 
in the soil, based on the biomass production/growth and 
copper removal potential at the concentrations (from 30.00 
to 240.00 mg/dm3) and cultivation conditions studied. In 
addition, it can be used to improve soil quality through 
root development and biological nitrogen fixation. Its phy-
tostabilizer potential must be investigated and explored 
based on these results.
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