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Abstract Copper (Cu) is a micronutrient essential for
plant development. However, in excess, it is toxic to
plants and may cause various physiological and mor-
phological changes. 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.
In this context, the objective of this research was to
evaluate the effect of excess copper on photosynthetic
responses and root morphology of Hymenaea courbaril
L. Biometric measurements, gas exchange, root mor-
phology, and Cu content in tissues and indices (TI and
TF) were assessed, involving metal content and bio-
mass. Up to a concentration of 200 mg kg−1, Cu favored
growth, gas exchange, and root morphology of the
plants under study. At a higher concentration
(800 mg kg−1) in the soil, it affected plant growth and
caused a decrease in photosynthetic rate. Biochemical
limitations in photosynthesis were observed, as well as

lower maximum net photosynthetic rate (Amax), respira-
tion rate in the dark (Rd), light compensation point
(LCP), light saturation point (LSP), and apparent quan-
tum yield (α), when exposed to excess Cu. Root length,
surface area, mean diameter, root volume, dry biomass,
and specific root length decreased with high Cu concen-
trations in the soil. Cu was accumulated in the roots as a
mechanism of tolerance to the excess of this metal in
order to preserve the most metabolically active tissues
present in the leaves. At a concentration of 800 mg kg−1,
copper also caused inhibition of the root system. Plants
ofH. courbaril showed tolerance to excess Cu in the soil
and can be indicated for the recovery of areas contam-
inated with this metal.

Keywords Heavymetal . Gas exchange . Specific root
length . Root anatomy. Phytoremediation . Copper
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1 Introduction

Copper (Cu) is a micronutrient essential for plant devel-
opment. However, in excess in the soil, it becomes
phytotoxic to plants, interfering in innumerable physio-
logical processes (Yruela 2013; Küpper and Andresen
2016). The synthesis of photosynthetic pigments, cell
membrane permeability, homeostasis, and plant nutrient
balance is altered at high Cu concentrations (Adrees
et al. 2015; Gautam et al. 2016). Excess Cu ions in
plants cause disturbances in photosynthesis, which can
result in oxidative stress, with increasing reactive
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oxygen species (ROS), reducing carbon fixation, and
reducing or inhibiting plant development (Küpper and
Andresen 2016). Exposure to Cu stress leads to remod-
eling in root morphology (Cai et al. 2014), since the root
is the first organ to come into contact with the contam-
inant. The use of digital images of roots is an impor-
tant parameter for analysis of root development. How-
ever, it is worth mentioning that there are few studies
on the root morphology of native species and this
often occurs due to the difficulty in analyzing this
underground organ. High copper concentrations reflect
on a reduction in root biomass, as well as in shoot
biomass (Feigl et al. 2013).

The knowledge of physiological, biochemical, and
morphoanatomic responses of plants, when exposed to
heavy metals, is of great importance for the recovery of
contaminated areas. Phytoremediation and the physio-
logical processes involved have aroused worldwide in-
terest (Ent et al. 2013), but morphological and physio-
logical responses are still poorly understood in forest
species. The use of trees in phytoremediation programs
has advantages, once the metal remains immobilized in
plant tissues for a longer period and the roots present a
barrier against contaminant leaching. The species
Hymenaea courbaril L. (Caesalpinioideae) is native to
Brazil and has qualities in the recovery of degraded
areas due to the wide distribution of this species and
the tolerance and adaptation to a variety of environ-
ments. However, its tolerance and mechanisms of adap-
tation to copper stress are not yet known. In this context,
the objective of this research was to evaluate the effect
of excess copper on photosynthetic responses and root
morphology of Hymenaea courbaril L.

2 Material and Methods

2.1 Experimental Conditions

The experiment was conducted at the Institute of Agri-
cultural Sciences of Universidade José do Rosário

Vellano (UNIFENAS), in Alfenas, MG, Brazil, located
at 21° 25′ 45″ S, 45° 56′ 50″ W and altitude of 881 m.
The experimental design was in randomized blocks
(DBC), consisting of five copper concentrations
(CuSO4·5H2O), 0, 100, 200, 400, and 800 mg kg−1,
and four replicates. The plant material consisted of
Jatobá—Hymenaea courbaril L.—plants, with an ap-
proximate age of 120 days. The sowing was accom-
plished in tubes with capacity of 180 cm3, filled with
commercial substrate Plantmax® and basic fertilization
composed of 3 kg m−3 of Yorim Master® (16% P2O5,
18% Ca, 7% Mg). Three side dressing fertilizations
were carried out at 45, 60, and 90 days after sowing
with: 20 g of N and 15 g of K2O, respectively, with urea
and potassium chloride as the source, which were dis-
solved in 10 l of water and applied 10 ml solution per
plant.

In the experiment, subsurface soil was used, with the
chemical characterization described in Table 1. The
substrate used consisted of 360 dm3 soil, supplemented
with 3.6 kg earthworm humus, 160 g limestone, and
230 g simple superphosphate. Plants of H. courbaril
were transferred to pots (18 dm3), kept in a greenhouse
with a plastic cover (150 μm), and covered on the sides
with a screen (sombrite® 50%). During the experiment,
soil moisture was controlled every 2 days, by weighing
the pots and replacing the water, to maintain soil mois-
ture at 70% retention capacity. Thirty days after
transplanting seedlings, copper concentrations were ap-
plied to the soil surface via solution. Sixty days after
copper application, nitrogen fertilization was carried out
at a dose of 10 mg kg−1 N, in the form of urea. The
experiment occurred from December 2014 to
May 2015.

2.2 Biometric Measurements

Six measurements were made for each treatment of
height (H) and stem diameter (SD). Measurements were
established using a digital caliper and a tape measure at
20, 40, 60, 80, 100, and 120 days of cultivation.

Table 1 Initial chemical characterization of the soil used in the experiment

pH (H2O) P (Mehlich) K Ca+2 Mg+2 Al+3 SB V M.O. Zn Fe Mn Cu
mg dm−3 cmolc dm

−3 % dag kg−1 mg dm−3

5.7 0.4 0.2 0.5 0.3 0.1 1.0 29 0.9 0.2 3.0 2.5 0.2

SB sum of bases, V base saturation index, M.O. organic matter
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2.3 Gas Exchange

Gas exchange parameters were measured using a porta-
ble photosynthesis system (IRGA, LI-6400XT, Li-Col-
or, Lincoln, NE, USA) and a chamber with artificial
light source (LI-6400-02B RedBlue) at 20, 40, 60, 80,
100, and 120 days of cultivation after copper application
to the soil. Spot measurements were performed in the
morning from 9.00 to 11.00 a.m. on a fully expanded
leaf in the fourth node counting from the apical region.
The parameters evaluated were leaf photosynthesis rate
(A), stomatal conductance (gs), transpiration (E), con-
centration of intercellular CO2 (Ci), water use efficiency
(A/gs), and carboxylation efficiency (A/Ci). The mea-
surements were performed on a leaf area of 6 cm2, and
the airflow in the chamber was at a CO2 concentration of
380 mmol mol−1. The air was collected from outside the
greenhouse, transported to a gallon buffer tank, and then
pumped into the chamber. A photon flux density
(PPFD) of 1000 μmol m−2 s−1 was used, with blue-red
LED light source, and the chamber temperature was
28 °C.

The curves of the net photosynthetic rate (A) in
response to the flux of photosynthetically active radia-
tion (PAR) were determined by the same portable pho-
tosynthesis system. All measurements were made on the
same leaf used for spot measurements in three plants per
treatment. The PAR used were 1400, 1000, 800, 200,
100, 50, 25, and 0 μmol m−2 s−1 for 5 min at 28 °C and
at ambient CO2 condi t ions (approximate ly
380 μmol mol−1). The curves were made at four differ-
ent times 30, 60, 90, and 120 days of cultivation. Data
referring to the curves were adjusted to the rectangular
hyperbolic function: A = a + [(Amax × PAR)/(b + PAR)],
where Amax is the maximum net photosynthetic rate and
a and b are coefficients of the equation. Through the
curve, maximum net photosynthetic rate (Amax) was
obtained, as well as respiration rate in the dark (Rd),
measured in leaves adapted to the dark, light compen-
sation point (LCP), and light saturation point (LSP).
Apparent quantum yield (α) was estimated by linear
regression of the initial region of the curve (0 ≤ PAR ≤
200 μmol m−2 s−1), where A = c + (α × PAR), and c and
α are adjustment coefficients.

2.4 Root Morphology

For root morphology, three roots were used per treat-
ment at the end of the experiment. After the washing

process, the plants were separated into root system and
shoot, at the stem-root region. For the morphology
analysis of the root system, the image analysis system
WinRHIZO Pro 2007a (Regent Instruments, Sainte-
Foy, QC, Canada) was used, coupled to a professional
scanner (Epson, Expression 10000 XL, Epson America,
Inc., Long Beach, CA, USA), equipped with an addi-
tional photon unit (TPU). The procedures for obtaining
the images were made according to Souza et al. (2012a).
The following characteristics were determined: root
length (RL) (cm), root surface area (SA) (cm2), root
mean diameter (RMD) (mm), and root volume (RV)
(cm3). Root length was also analyzed through diameter
classes (0 to 4.5 mm) by the same software. The roots
were then stored in paper bags and transported to a
forced circulation oven at 65 °C until a constant mass
was obtained. Other attributes involving morphological
and dry matter data were the following: ratio between
root dry matter and shoot dry matter (RDM/SDM,
g g−1), specific root length (SRL, cm g−1), root fineness
(RF, cm cm3), and root tissue density (RMDe, g cm3).

2.5 Leaf and Root Anatomy

Two samples were collected in the region of the middle
third of the first fully expanded leaf (from the apex) for
leaf anatomy. Each sample consisted of a leaflet. The
samples were fixed in solution of formaldehyde, acetic
acid, and 90% ethanol (FAA 90); paradermal sections
were cut according to Souza et al. (2012a), and cross
sections of mesophyll and midrib were cut according to
Souza et al. (2010).

Sections were photographed under an Olympus BX-
60 light optical microscope coupled to a digital camera.
The parameter measured in the paradermal sections of
the leaf was stomatal index (SI): [(number of stomata/
mm2)/number of epidermal cells] × 100]. The parame-
ters evaluated for the cross section of the midrib were as
follows: xylem vessel diameter and area of perivascular
fibers. For the leaf limb, the following parameters were
measured: cuticle thickness of adaxial and abaxial sur-
faces. Evaluations in the leaf blade were performed
549 μm (μm) away from the midrib. This distance was
chosen based on the position of the secondary leaf ribs.
For root anatomy, a root sample (with all regions) was
collected, two plants/treatments/replications. Fixation
and cross sections were performed according to Souza
et al. (2009) and were photographed under an Olympus
BX-60 light optical microscope, coupled to a digital
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camera. The following parameters were analyzed in the
root: vascular cylinder area and cortex thickness. All
these measurements were made by the image analysis
program UTHSCSA ImageTool (University of Texas,
San Antonio, USA) (Souza et al. 2009, 2010).

2.6 Cu Content in Tissues and Indexes

The dry matter of roots, stems, and leaves was ground in
a Wiley mill and, with plant tissue samples, the deter-
mination of Cu contents by atomic absorption spectros-
copy was performed, according to Carmo et al. (2000).

To evaluate the tolerance of H. courbaril plants and
the ability to accumulate copper, tolerance index and
translocation factor were calculated. The tolerance index
(TI) is based on biomass production (Shi et al. 2011) and
was used to evaluate the tolerance of this tree for each
Cu concentration. The index was calculated as follows:
TI = Bt/Bc, where Bt (g/plant) is the biomass of plants
cultivated in soils with Cu and Bc (g/plant) is the bio-
mass of control plants.

The translocation factor (TF) indicates the ability of
the plant to translocate metals from the roots to the
shoot, calculated as: TF = As/Ar × 100, where As
(mg kg−1) is the total Cu accumulated in the shoot and
Ar (mg kg−1) is the total Cu accumulated in the roots
(Shi et al. 2011).

2.7 Data Analysis

For all analyzed parameters, the means and ± standard
error (SE) were calculated. For the statistical analysis of

the results, when significant, linear and non-linear re-
gression analyses were used; the analysis of variance
ANOVA and the Skott-Knott test were performed, using
the software Sisvar version 4.3 (Universidade Federal
de Lavras, Lavras, Brazil).

3 Results and Discussion

3.1 Biometric Measurements

In all treatments with copper (Cu), the plants of
H. courbaril maintained linear growth in height (H)
and stem diameter (SD) (p < 0.05) (Fig. 1a, b), with
higher growth at concentrations of 0, 100, and
200 mg kg−1. However, at concentrations of 400 and
800 mg kg−1, it is observed that Cu negatively affected
the height of the plants (H), as well as stem diameter
(SD) at the highest concentration (800 mg kg−1)
(p < 0.05) (Fig. 1a, b).

Up to a concentration of 200 mg kg−1, copper fa-
vored growth, gas exchange and root morphology of
H. courbaril plants, possibly due to the fact that it is a
micronutrient, within the limits favorable to plant devel-
opment (Souza et al. 2014). However, in excess in the
soil, Cu induced a reduction in the growth of this tree
due to its toxic potential at high concentrations, which
results in the limitation of plant development (DalCorso
et al. 2014; Adrees et al. 2015). This result resembles
that found by Marco et al. (2016), who investigated
excess Cu in tree species Senna multijuga and Erythrina
cristagalli, and found a decrease in their growth,

Fig. 1 Height and stem diameter of H. courbaril exposed to
different Cu concentrations. Regressions with asterisk correspond
to p ≤ 0.05% probability. Statistical difference by the Scott-Knott
test at 5% probability between Cu concentrations at 120 days of

cultivation. Means followed by the same letter for treatments at
120 days of cultivation did not differ by the Skott-Knott test at 5%
probability (p ≤ 0.05). Each value indicates treatment means ± SE
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probably due to excess Cu, which reduces plant growth
and stabilization in the subsequent stages of their devel-
opment. The reduction in growth observed in plants
exposed to the highest Cu concentrations can also be
attributed to the reduction in carbon assimilation
(Cambrollé et al. 2015).

3.2 Effect of Copper on Gas Exchange

At a concentration of 200 mg kg−1 Cu, H. courbaril
plants showed higher photosynthesis (A), stomatal con-
ductance (gs) and carboxylation efficiency (A/Ci), up to
the period of 100 days, with a decline in the same
parameters at 120 days (Fig. 2 a, b, d). However, it
was observed that excess Cu in the soil (800 mg kg−1)
caused a decrease in parameters A, gs and A/Ci (Fig. 2a,
b, d). H. courbaril showed an increase in water use
efficiency (A/gs) at a concentration of 800 mg kg−1 Cu
applied to the soil, with a decrease at 120 days (Fig. 2c).

InH. courbaril plants, themaximum net photosynthet-
ic rate (Amax) was higher in the treatment with
200 mg kg−1, followed by the concentration of
100 mg kg−1 Cu, with an increase in the measurements
performed over the days (Fig. 3a). At 800 mg kg−1 Cu
applied to the soil, the lowestAmax was observed (Fig. 3a).

Regarding respiration rate in the dark (Rd), a greater Rd
was observed at 100 mg kg−1, at 30 days of culture,
followed by an apparent decline (Fig. 3b). At
800 mg kg−1, a smaller Rd occurred in relation to the
other concentrations (Fig. 3b). Rd remained largely un-
changed over time at this concentration. In the measure-
ments, a lower light compensation point (LCP) was
observed at a concentration of 800 mg kg−1 (Fig. 3c).
After 6 days of cultivation, there was a significant in-
crease and stabilization of this parameter for excess Cu
(800 mg kg−1). On the other hand, for light saturation
point (LSP), H. courbaril showed higher means at con-
centrations of 200 and 100 mg kg−1, and lower LSP at
the highest Cu concentration (800 mg kg−1) (Fig. 3c). It
is noticed that, over time, there was an increase in LSP at
all concentrations, except for 0 mg kg−1. With respect to
apparent quantum yield values (α) obtained for
H. courbaril, it was observed that excess Cu
(800 mg kg−1) caused a decrease and, with the increase
in days of cultivation, an increase and stabilization in α
was observed (Fig. 3d).

Cu acts as a structural element of mitochondria,
chloroplasts, and proteins, such as plastocyanin, which
is involved in the electron transport chain between PS II
and PS I in the photochemical phase of photosynthesis

Fig. 2 Gas exchange ofH. courbaril exposed to different Cu concentrations. a Photosynthesis (A). b Stomatal conductance (gs). cWater use
efficiency (A/gs). d Carboxylation efficiency (A/Ci). Each value indicates treatment means ± SE
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(Yruela 2013; DalCorso et al. 2014; Adrees et al. 2015).
The presence of copper in the soil at concentrations up
to 200 mg kg−1 positively influenced the evaluated
parameters, resulting in a higher photosynthesis (A) in
H. courbaril plants. Another probable factor for the high
A is the high stomatal conductance (gs) at this concen-
tration, thus favoring greater CO2 fixation by these
plants.

Excess Cu ions in plants can cause competition with
other metallic ions (Zn, Fe, Ni) and substitution of
structural elements in enzymes, such as ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisco), caus-
ing a disturbance in photosynthesis; leading to an in-
crease in intracellular reactive oxygen species (ROS) in

leaves that are highly toxic and increasing lipid perox-
idation; decreasing carbon fixation and energy produc-
tion and, consequently, reducing or inhibiting plant de-
velopment (Küpper and Andresen 2016). This possibly
explains the lower photosynthesis (A) and the low max-
imum net photosynthetic rate (Amax) found in
H. courbaril plants at the highest concentration
(800mg kg−1). Another likely explanation for the results
found for A and Amax could be attributed to the different
effects of Cu toxicity on the integrity or function of the
photochemical apparatus—biochemical limitation, as
well as its impact on leaf chlorophyll concentrations
(Cambrollé et al. 2015). Fluorescence may occur, and
it is another limitation for A, suggesting that excess Cu

Fig. 3 a Maximum net photosynthetic rate (Amax). b Respiration
rate in the dark (Rd). c Light compensation point (LCP). d Light
saturation point (LSP). e Apparent quantum yield (α) in

H. courbaril plants exposed to different Cu concentrations. Each
value indicates treatment means ± SE
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increases photoinhibition induced by light stress (Zhang
et al. 2013; Cambrollé et al. 2015). These deleterious
effects of excess Cu on this tree can be confirmed when
analyzing carboxylation efficiency (A/Ci), which is re-
duced at a concentration of 800 mg kg−1, possibly due to
toxicity that led to the inhibition of carboxylic enzymes
(rubisco) (Mateos-Naranjo et al. 2013).

The maximum net photosynthetic rate (Amax) reflects
the maximum photosynthetic capacity of the leaf
(Zhang et al. 2014). Amax was influenced by the high
Cu concentration (800 mg kg−1), indicating that the
photosynthetic capacity ofH. courbaril plants decreased
with excess Cu. This fact can be reinforced by the light
compensation point (LCP) and light saturation point
(LSP), which reflect the plant ability to use the lowest
and highest levels of light, respectively, showing the
relationship between light and photosynthesis (Zhang
et al. 2014), which was limited at 800 mg kg−1, when
compared to the other treatments. These results differ
from those found by Zhang et al. (2014), where LCP
and LSP were higher with excess heavy metal, indicat-
ing that the metal could increase light use efficiency at
high light levels and reduce it at low light levels. LCP is
the light value in which CO2 fixation rate in photosyn-
thesis is equal to the rate of CO2 release in respiration
and photorespiration (Nunes et al. 2009). The high LCP
reflects a higher respiration, a lower Rubisco carboxyl-
ase activity, and a greater Rubisco oxygenase activity,
suggesting a possible protection mechanism to avoid
photoinhibition, dissipating the excess of ATP and
NADPH, producing internal CO2 (maintenance of
Rubisco activity) and consuming oxidants (H2O2)
through catalysis (Baccio et al. 2009). Cu is possibly
at a very toxic level in the soil, reflecting a large amount
of intracellular ions, preventing this protection mecha-
nism with the increase in LCP. Respiration rate in the
dark (Rd) was lower at 800 mg kg−1, when compared to
the other treatments, possibly due to Cu toxicity. In
apparent quantum yield (α), the negative effect of Cu
excess is observed; however, over time (days),
H. courbaril plants adapt to the stress condition induced
by this metal, increasing α and showing tolerance.

The higher water use efficiency (A/gs) inH. courbaril
plants at the highest copper concentration reflects in
water savings. Plants that save water in environments
with excess heavy metals are important for
phytoremediation programs, once they are not damaged
by additional stresses such as water, suggesting the
possible use of this species in phytoremediation

programs, since it tolerates more environmental varia-
tions such as drought. This fact favors a better perfor-
mance (survival) of the plant, since A/gs is an indicator
parameter of drought tolerance (Pinheiro et al. 2014).
One of the major hurdles of phytoremediation is the
influence of other environmental stresses (besides the
presence of metal) on contaminant uptake by plants (Ali
et al. 2013).

3.3 Root SystemMorphology and DryMatter Attributes

Excess Cu negatively affected all studied parameters of
root system morphology, with a marked decline at
800 mg kg−1 Cu for length, surface area, mean diameter,
and root volume of H. courbaril plants (Fig. 4a–d).
However, it was observed that, for root length parame-
ters up to a concentration of 172.68 mg kg−1, surface
area of 169.37 mg kg−1, mean root diameter of
166.66 mg kg−1, and root volume of 193.16 mg kg−1,
root development is favored and, above these concen-
trations, toxic and inhibitory effects are observed in the
root system (Fig. 4a–d).

Regarding the distribution of length, surface area,
and volume through diameter classes for H. courbaril
plants, the same behavior of the previous parameters
was observed (Figs. 4 and 5), with root growth at initial
concentrations above the control (0 mg kg−1) and root
growth inhibition at higher copper concentrations. In
general, the root system in H. courbaril is dominated
by fine roots. However, it was observed that concentra-
tions of 100, 200, and 400 mg kg−1 Cu have higher
length, surface area, and volume of finer roots (0 to
1 mm), when compared to the control (0 mg kg−1). It
is worth mentioning that, despite leading to an increase
in these characteristics for fine roots at concentrations of
200 and 400 mg kg−1 Cu, an increase in medium roots
(with a diameter of 2 mm) is simultaneously observed.
At 800 mg kg−1, a decrease in length, surface area, and
volume of finer roots is observed (Fig. 5a–c).

For shoot dry matter (SDM), up to a concentration of
100 mg kg−1 and root dry matter (RDM) up to
200 mg kg−1, an increase in biomass occurs, followed
by a decrease for these parameters at the other concen-
trations (Fig. 6a, b). The ratio between RDM/SDM
increases at higher concentrations (Fig. 6c). For specific
root length (SRL), the highest values were observed in
the control and at 100 mg kg−1, with a decrease at 200,
400 and 800 mg kg−1 (Fig. 6d). Up to 200 mg kg−1, root
fineness (RF) is favored, followed by a decrease at 400
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and 800 mg kg−1, due to the toxic effect of Cu (Fig. 6e).
Root tissue density (RMDe) showed an increase with
high Cu concentrations applied to the soil (Fig. 6f).

The morphological parameters of roots can be influ-
enced by biotic and abiotic factors such as heavy metals,
which may determine plant survival in a given environ-
ment (Cai et al. 2014). A well-developed root system is
an important characteristic for stress tolerance. In general,
exposure to stress leads to remodeling in root morpholo-
gy (Cai et al. 2014). High copper concentrations affected
root morphology/architecture in H. courbaril. The toxic
effect of Cu resulted in a decrease in length, surface area,
mean diameter, and root volume, which reflected in a
reduction in both root and shoot biomass at these
concentrations. Batool et al. (2015) emphasize that the
evident reduction in root growth may be due to a reduc-
tion in cell division, leading to an increase in the cell wall
thickness of the roots, when exposed to heavy metals.

These results were similar to those found by Cai et al.
(2014) in the root morphology analysis of Elsholtzia
haichowensis, emphasizing that the sharp reduction in
root volume under Cu stress reflects the relevant de-
crease in root biomass, which depends directly on cell
division and stretching. Similar effects were found by

Bochicchio et al. (2015) in a combination of heavymetals
Cd, Cu and Zn on the root morphology of Arabidopsis
thaliana. Marco et al. (2016) reported that increased Cu
reduced morphological parameters in the studied trees
(Senna multijuga and Erythrina crista-galli). Feigl et al.
(2013) found the inhibitory effect on the most prominent
root system in Brassica juncea, compared to Brassica
napus, caused by Cu stress, showing genetic variability
among the species in the tolerance to this metal.

On the other hand, under micronutrient conditions,
Cu favored the root development of H. courbaril and,
according to Imada et al. (2008), the root surface area is
the one that is most related to nutrient absorption, and an
increase in root volume leads to a greater efficiency in
nutrient absorption, favoring a good plant development.

Cu favored root length development, surface area, and
volume of fine roots, which are the roots suitable for
water absorption, up to a concentration of 400 mg kg−1.
However, even at 400 mg kg−1, it was observed that the
favoring of roots classified as thick (Ø > 2.0 mm)
(Magalhães et al. 2012) also occurred as a sign of support,
not absorption roots. Thus, up to 200 mg kg−1, concen-
tration seems to have actually favored the root system of
H. courbaril in soil exploration. However, toxic and

Fig. 4 Root characteristics. a Length, b surface area, c mean diameter, and d volume of the species H. courbaril exposed to different Cu
concentrations. *p ≤ 0.05%
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inhibitory effects are observed for the same parameters,
when at high concentrations in the soil, since fine roots
are more sensitive under high Cu levels. In addition to the
decrease in primary and lateral roots, root number and
density are also reduced by Cu (Feigl et al. 2013). This
fact can be observedwhen analyzing root anatomy, where
the plants of this tree presented smaller cortex thickness
and vascular cylinder area.

The application of the highest Cu concentration in the
soil caused a decrease in dry matter attributes, with an
increase in the ratio root/shoot dry matter (RDM/SDM),

suggesting that there is an increase in root tissue density
in this tree at the highest concentrations. It is known that
a greater specific root length (SRL) reflects in a greater
exploration and acquisition of water and nutrients in the
soil per carbon unit (Bouma et al. 2001). This fact
corroborates the result found for root fineness (RF). At
100 mg kg−1, SRL is favored, which was also observed
with the increase in fine roots (RF). In reforestation
areas, this Cu concentration could be indicated due to
the stimulus in root increase for soil exploration.

The high root tissue density (RMDe) (roots with
large amounts of dead and fibrous matter) is an example
of the characteristic of species inserted in stress environ-
ments, which eventually reduce specific root length
(Wahl and Ryser 2000). Cu can increase lignification
in tolerant species, since it accumulates in the cell wall
(Colzi et al. 2015) and may also be adhered to apoplastic
barriers in the exodermis and endodermis (Caspary stri-
ae) (Freitas et al. 2015). This fact possibly explains the
increase in the area of perivascular fibers (lignin) in
H. courbaril leaves. Cu can also increase lignification
in xylem cell walls (Lequeux et al. 2010), which is
probably related to the increase in xylem diameter, that
is, larger caliber vessels have a higher amount of lignin.
Fibers are important in plants that are inserted in envi-
ronments with metals, since lignin has adsorption sites
of heavy metals (Lin et al. 2005). Fu et al. (2015)
reported that the increase in Cu provided an increase in
xylem vessels by 60% in E. haichowensis, which cor-
roborates the increase in xylem vessels in the leaves of
the studied tree.

3.4 Leaf and Root Anatomy

In H. courbaril leaves, it is observed that excess Cu
caused a decrease in stomatal density, adaxial and abax-
ial cuticle thickness, and area of perivascular fibers,
except for xylem diameter (Fig. 7a–e). On the other
hand, for the root anatomy of these plants, there is a
reduction in vascular cylinder area and in cortex thick-
ness, with the increase in Cu concentrations in the soil
(Fig. 7f, g).

The absorption of heavy metals by a plant can cause
several anatomical changes, with possible functional con-
sequences in the plant, besides other morphophysiological
alterations (Batool et al. 2015). The abaxial cuticle in the
leaves, as well as the vascular cylinder area and cortex
thickness in H. courbaril roots, was affected by excess
Cu. These anatomical changes in leaves and roots

Fig. 5 a Root length, b root surface area, and c root volume
distributed through diameter classes in H. courbaril exposed to
different Cu concentrations
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possibly influenced the negative effect on gas exchange
and, mainly, the root morphology of this tree. However,
up to 200 mg kg−1, Cu stimulates cuticle production in
the leaves, which would possibly help these plants sur-
vive under stress conditions, such as drought due to
decreased transpiration.This result resembles those
found by Fu et al. (2015).

The stomatal density of H. courbaril plants was
favored up to 200 mg kg−1 Cu, which explains the
higher photosynthetic rate (A and Amax). Even with

a decline in stomatal density at the highest con-
centrations, it was still similar to the control
(0 mg kg−1), differing from the results found by
Silva et al. (2012), who reported a decreasing
trend for stomatal density at the highest concen-
trations. The same authors further emphasize that a
reduction in stomatal size can occur and may lead
to negative impacts on gas exchange, such as
photosynthesis and transpiration, due to the pres-
ence of the metal, inducing stomatal closure.

Fig. 6 Dry matter attributes and morphology of H. courbaril
plants exposed to different Cu concentrations. a Shoot dry matter
(SDM). bRoot dry matter (RDM). cRatio between root dry matter

and shoot dry matter (RDM/SDM). d Specific root length (SRL). e
Root fineness (RF). f Root tissue density (RMDe). Each value
indicates treatment means ± SE
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When exposed to increasing Cu concentrations,
the smallest vascular cylinder area and cortex thick-
ness of H. courbaril plants may be related to the
marked decrease in the size of root tissue cells, due

to the decreased elasticity of the cell walls, either of
the cortical parenchyma or the conduction system
(xylem and phloem), resulting in reduced root diam-
eter, when exposed to excess metals (Batool et al.

Fig. 7 Leaf and root anatomy of H. courbaril plants exposed to
increasing Cu concentrations. Leaf: a stomatal density, b adaxial
cuticle thickness, c abaxial cuticle thickness, d xylem diameter, e

area of perivascular fibers. Root: f Vascular cylinder area and g
cortex thickness. Regressions with asterisk correspond to p ≤
0.05% probability. Each value indicates treatment means ± SE
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2015). This fact may also be related to high Cu
levels, altering the photosynthetic metabolism of
leaves, responsible for the energy supply (ATP and
NADPH) for root development, which reflects in
morphological changes in the root system.

3.5 Copper Content in Tissues and Indexes

With the increase in copper in the soil, its increase was
also observed in H. courbaril tissues (p < 0.05) (Fig. 8).
Cu was absorbed and mainly allocated to the roots of
this species (Fig. 8).

Metal absorption by plants depends on the physiologi-
cal requirement andmetal availability in the soil (DalCorso
et al. 2014). Copper is absorbed and found at higher
concentrations in roots, since it strongly binds to the cell
wall of root cells and, therefore, it is not easily mobile in
the plant, resulting in a low translocation of this metal to
the shoot (Kabata-Pendias 2011). The Cu absorbed by
H. courbaril plants was retained in the roots, mainly at
the highest concentrations. This result resembles that found
by Silva et al. (2015), with emphasis on the tree
Enterolobium contortisiliquum (Vell.) Morong.; it is the
main species studied for accumulating Cu in the root
system. This behavior is used by many plants as a toler-
ance mechanism to heavy metals to reduce metal translo-
cation to the shoot and thus avoid damage caused by the
toxicity of the heavy metal to the photosynthetic apparatus
present in the leaves (Marco et al. 2016). This fact corrob-
orates the results found in this study, once they did not die
and still accumulated the metal in the roots, although the
plants suffered with the presence of excess copper.

For tolerance index (TI) and translocation factor (TF)
in H. courbaril plants, it is observed that the values
decreased with increasing Cu concentrations applied to
the soil (p < 0.05) (Table 2).

Even with the toxic effect of Cu at high concentrations,
H. courbaril plants presented tolerance and survival. The
tolerance index (TI) confirms this fact, based on
biomass production, even at the highest concentra-
tion, where this tree managed to survive. TI results
close to 1.0 indicate higher stress tolerance caused
by the metal (Souza et al. 2012b). Increasing Cu
concentrations incorporated in the soil reduced the
translocation factor (TF) of this tree, and it was
observed that only 4.45% Cu was translocated from
the roots to the shoot by the plants when they were
exposed to the concentration of 800 mg kg−1. Cu
concentrations higher in the roots and lower in the
shoot suggest that there may be some protection
mechanisms through which Cu translocation from
shoot to root was limited (Wang et al. 2016). This
fact is probably related to tolerance mechanisms
against the deleterious effects that excess Cu can
cause in the plant (Cambrollé et al. 2013). A study
by Marco et al. (2016) with trees showed similar
results with TF reduction in soils with Cu in Senna
multijuga and Erythrina crista-galli.

4 Conclusion

Up to a concentration of 200 mg kg−1, copper favored and
stimulated growth, gas exchange and root morphoanatomy
ofH. courbaril plants. However, excess Cu (800 mg kg−1)
caused toxicity, with a decrease in photosynthesis and
biochemical limitations, inhibition of root development,
mainly of fine roots, and changes in leaf and root anatomy

Fig. 8 Copper content in roots, stems, and leaves of H. courbaril
plants exposed to different Cu concentrations. Total Cu
bioaccumulated in plants p ≤ 0.05% (asterisk)

Table 2 Tolerance index (TI) and translocation factor (TF) of
H. courbaril plants exposed to different Cu concentrations. Each
value indicates treatment means ± SE. Means followed by the
same letter do not differ by the Skott-Knott test at 5% probability
(p ≤ 0.05)

Cu (mg kg−1) TI TF

100 1.67 ± 0.11a 6.46 ± 0.66a

200 1.42 ± 0.45a 7.73 ± 0.95a

400 1.16 ± 0.52a 4.35 ± 0.28b

800 0.32 ± 0.08b 4.45 ± 0.72b
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for this tree. Cu was accumulated in the roots of these
plants as a protection mechanism to the photosynthetic
apparatus present in the leaves. Plants of Hymenaea
courbaril L. showed high tolerance to excess copper and
can be indicated for areas contaminated by this metal and
phytoremediation programs such as phytostabilization.
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