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Abstract
Copper (Cu) can be toxic to vegetables when it is absorbed and accumulated at large concentrations, a
fact that increases the risk of excessive addition of this metal to the human food chain. The aims of the
current study are (1) to determine the Cu concentrations that have critical toxic effects on beet and
cabbage plants, and the potential of these plants to enter the human food chain; as well as (2) to assess
the physiological and biochemical responses of representatives of these vegetables grown in nutrient
solution presenting increasing Cu concentrations. Beet and cabbage plants were grown for 75 days in
pots �lled with sand added with nutrient solution presenting six Cu concentrations: 0.00, 0.52, 1.02, 1.52,
2.02 and 2.52 mg Cu L -1 . Dry matter yield and Cu accumulation in different plant organs were
evaluated. Photosynthetic pigment contents, lipid peroxidation levels (TBARs), superoxide dismutase
(SOD, EC 1.15.1.1) and peroxidase (POD, EC 1.11.1.7) activity, and hydrogen peroxide (H2O2 )
concentrations in leaves were evaluated. Critical Cu concentrations that led to toxicity in plant organs
such as beetroot and cabbage head, which are often found in human diets, corresponded to 1.43 mg Cu L
-1 and 1.59 mg Cu L -1 , respectively. High Cu concentrations in the nutrient solution have increased Cu
concentrations and accumulation in plant tissues. This outcome justi�ed the increased POD and SOD
enzyme activity in the leaves of beet and cabbage plants, respectively, as well as was the cause of
reduced plant growth in both crops. Cabbage plants presented higher tolerance to increased Cu levels in
the growing environment than beet plants. However, it is necessary being careful at the time to consume
both vegetables, when they are grown in Cu-enriched environments.

1. Introduction
Copper (Cu) is a heavy metal naturally found in the soil. Similar to other metals, total Cu concentrations
depend on geological parent materials and on soil formation processes. In addition, anthropogenic
activities such as mining, industrialization and agriculture can signi�cantly contribute to increase Cu
concentrations in the soil. Cu input in agricultural soils can increase due to the use of pesticides,
bactericides and fungicides (Adrees et al., 2015; Brunetto et al., 2016; Miotto et al., 2017). In addition, the
application of Cu-rich wastes, such as swine and poultry manure, can also help increasing Cu levels in the
soil (De Conti et al., 2016; Yang et al., 2017). Sewage sludge and agroindustrial e�uent deposition on the
soil, as well as the use of wastewater for irrigation purposes, are well-known Cu sources (Belhaj et al.,
2016). 

Copper is essential to the growth and development of all living beings. However, excessive Cu
concentration increase in agricultural soils is worrisome given its toxicity potential when it is absorbed by
plants and animals at large amounts (Keller et al. 2015; Adrees et al. 2015). Thus, high Cu concentrations
in crops focused on producing human and animal food such as grains, cereals, fruits and vegetables
pose signi�cant risks to food security. 

Signi�cantly decreased biomass production, reduced germination rates and number of leaves stand out
among toxicity symptoms often observed in plants (Adrees et al., 2015; Trentin et al., 2019). Root
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systems undergo morphological and structural changes (Ambrosini et al., 2015; Lequeux et al., 2010) that
lead to smaller soil surface exploration by plant roots and, consequently, to lower water and nutrient
absorption (De Vos et al., 1989; Kopsell and Kopsell, 2007). Photosynthetic rates also decrease due to
decreased levels of photosynthetic pigments such as chlorophyll and carotenoids (Bicalho da Silva et al.,
2018; Cambrollé et al., 2015, 2013). In addition, excessive Cu concentrations in plant tissues can lead to
oxidative stress and to cellular component degeneration. These processes result from imbalances
between antioxidant reaction and increased generation of reactive oxygen species (ROS) in plants
(Girotto et al., 2013). 

Cu concentrations and accumulation in different plant organs, as well as their toxic effects on these
organs, vary between plant species grown in vegetable crops (Cui et al., 2015; Pan et al., 2016). It
happens due to differences in Cu absorption and translocation, which can be higher in leafy species that
produce bulbs, roots and stems than in fructiferous plants (Ding et al., 2018; Hu et al., 2017). These
differences may be mainly associated with barriers in Cu absorption and translocation by fruits (Sun et
al., 2013). Variations in Cu concentrations in different organs of a single plant are usual. These
concentrations can reach toxic levels in some organs and remain normal in others (Adrees et al., 2015).
The effects of such variations on different plant species, as well as their tolerance mechanisms, change
depending on the Cu concentrations in the tissue of different plant organs (Mateos-Naranjo et al., 2013). 

Beetroot (Beta vulgaris L.) and cabbage (Brassica oleracea cv. capitata) stand out among the main
olericulture species exploited in Brazil and abroad for trading purposes. These crops present different
plant organs of commercial interest: tuberous roots in the beet culture and leaves forming the “head” in
cabbage crops. Thus, these crops present different behaviors towards culture environments enriched with
Cu and towards Cu contents observed in plant tissues (Ali et al., 2015; Morales et al., 2012). Based on the
importance of these crops to human nutrition, it is essential investigating the tolerance of these
vegetables to increased Cu levels in the culture medium, as well as the Cu distribution and concentration
in plant organs, mainly in the ones used as human food. Based on such information, it is possible
determining vegetable crops that can be grown in soil presenting increased Cu concentrations, but that do
not lead to productivity loss or represent risks to human health. 

The aims of the current study were (1) to determine critical Cu concentrations that could have toxic
effects on beet and cabbage plants, as well as the potential of these plants to be added to the human
food chain; and (2) to evaluate the physiological and biochemical responses of vegetables grown in
nutrient solution presenting increasing Cu concentrations. 

2. Materials And Methods

2.1. Describing the experiments
Two experiments were conducted for 75 days inside an umbrella-type container, which presented 65%
ventilation surface and was covered with anti-UV additive polyethylene (100 μm thickness; 80%
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transmissivity). Mean air temperature and relative humidity in crop environment were measured in two
electronic recorders (NOVUS, LogBox-RHT-LCD, Brazil), which were installed above the experiments -
results are shown in Figure 1. 

Beet (cv. Katrina) and cabbage (cv. Fuyutoyio) plants were the vegetables assessed in the current study.
Seedlings of both species were grown in polystyrene trays �lled with coconut �ber-based granulated
substrate (Golden Mix®) - 30-day-old seedlings were transplanted to experimental units. 

Both experiments followed a completely randomized experimental design, with 6 treatments (0.00; 0.52;
1.02; 1.52; 2.02 and 2.52 mg Cu L-1) and 5 repetitions, which resulted in 30 experimental units per
experiment, in total. Experimental units consisted in polypropylene pots (volume = 2.5 dm3) �lled with
sand (particle size ranged from 1 to 3 mm); their maximum water-holding capacity was 0.24 L dm-3; each
pot had 1 plant.

Water and nutrients were supplied to the plants through fertigation, based on dripping tapes (one dripper
per pot), throughout the experimental period. Nutrient solution was prepared and stored in 500 L
polypropylene boxes; a motor pump controlled by a time scheduler was used to supply plants with the
solution. Fertigation frequency was determined based on the intensity of global solar radiation and on the
potential transpiration of locally grown vegetables (Tazzo et al., 2012) by taking into consideration 30%
drainage coe�cient. Three to �ve 15-minute-long fertigations were performed on a daily basis. The
volume of drained nutrient solution returned to the nutrient solution storage box to be reused in a closed
system. Electrical conductivity (EC) and nutrient solution pH were measured every day. Whenever the
measured EC value recorded 5% deviation from the reference value (1.5 dS m-1), it was corrected through
the addition of water or aliquots of new nutrient solution at reference concentrations; NaOH (1 mol L-1)
and  H2SO4 (0.5 mol L-1) were added to the nutrient solution in order to increase and reduce its pH value,
respectively, in order to kept it between 5.5 and 6.0. 

 The chemical composition of the water used to prepare the nutrient solutions did not show Cu
concentration up to limit of 0.04 mg L-1 (Standard Methods 3111 B). The same nutrient solution was
used in all treatments, except for Cu. Macronutrient concentrations were 12.24 mmol of L-1 of  NO3

-, 3.0

mmol L-1of NH4
+, 2.5 mmol L-1of H2PO4

-, 6.5 mmol L-1 of K+, 2.62 mmol L-1 of Ca+2 and 2.0 mmol L-1 of

Mg+2. Micronutrient concentrations were 0.03 mg L-1 of Mo, 0.26 mg L-1 of B, 0.50 mg L-1 of Mn, 0.22 mg
L-1 of Zn and 1.0 mg L-1 of Fe through stock solution. Fe was individually supplied in its chelated form
(EDDHA). The nutrient solution presented electrical conductivity (EC) equal to 1.5 dS m-1 and pH 5.8.
Macronutrient sources comprised fertilizers such as potassium nitrate (KNO3), monoammonium

phosphate (NH4H2PO4), calcium-Calcinit® nitrate (Ca(NO3)2) and magnesium sulfate (MgSO4).  

2.2. Photosynthetic pigments 
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Three plants from each treatment were randomly selected 72 days after transplantation. Three freshly
expanded leaves from each beet plant, as well as three leaves from the middle third of the plant, which
were not yet part of the head of each cabbage plant, were collected. Leaves were frozen in liquid N2 and
stored in ultra-freezer (Indrel, RVV 880D, Brazil) at -80°C, right after collection. Chlorophyll a, chlorophyll b
and carotenoid extraction was carried out in 0.05 g of leaf limb, based on the methodology by Hiscox &
Israelstam (1979). Extract absorbance was analyzed in spectrophotometer (FEMTO, Spectrophotometer
800 XI, Brazil) and recorded 663 nm for chlorophyll a, 645 nm for chlorophyll b and 470 nm for
carotenoids. Pigment content was calculated based on the methodology by Lichtenthaler (1987). Total
chlorophyll (the sum of chlorophyll a and chlorophyll b contents), as well as chlorophyll a/chlorophyll b
and carotenoids/total chlorophyll ratios were calculated based on photosynthetic pigment contents.  

2.3. Biochemical analyses
Malondialdehyde (MDA) concentration - thiobarbituric acid reactive substance (TBARS) - was indirectly
determined based on the lipid peroxidation level, according to the methodology described by El-moshaty
et al. (1993); subsequently, it was determined at 532 nm and 600 nm in spectrophotometer (FEMTO,
Spectrophotometer 800 XI, Brazil). In order to determine enzymes such as superoxide dismutase (SOD, EC
1.15.1.1) and peroxidases (POD, EC 1.11.1.7), the enzyme extract was obtained from 0.5 g of fresh leaf
tissue, which was macerated with liquid N2 and homogenized with 3.0 mL of 50 mM sodium phosphate
buffer (NaPB - pH 7.8) containing 1.0 mM EDTA, and 0.5% Triton X-100 (v / v). The extract was
centrifuged at 13,000 g for 20 minutes at 4 ° C and the supernatant was collected (Zhu et al., 2004). Next,
0.5 mL aliquots of it were stored in freezer at -80°C, until enzyme quanti�cation. SOD enzyme activity was
determined based on the spectrophotometric method described by Giannopolitis & Ries (1977). POD
enzyme activity in the extract was determined based on Zeraik et al. (2008), whereas hydrogen peroxide
(H2O2) content was determined based on the method described by Loreto & Velikova (2001).  

2.4. Fresh and dry mass production and critical toxicity
concentrations 
Plant harvesting point was identi�ed at the 75th cultivation day (Filgueira, 2012). The harvesting point of
beet plants was based on the mean diameter (8.5 cm) of tuberous roots from 5 plants subjected to the
treatment that enabled the highest plant growth. Similarly, the harvesting point of cabbage plants was
based on head compactness at the onset of fully developed basal leaf senescence. The shoot of each
plant was initially collected and weighed in a 0.01 g precision scale (Shimadzu, BL 3200H, Brazil) in order
to determine shoot (SFM) and tuberous root (TRFM) fresh mass in beet plants, as well as fresh head
mass (HFM) in cabbage plants. Collected plants were divided into different parts; beet plants were
divided into leaves, petioles, tuberous root and roots, whereas cabbage plants were divided into leaves,
head, stem and roots. Samples were dried in forced-air oven at 65°C, until they reached constant mass in
order to determine the dry mass of each plant organ. Subsequently, a 0.001g precision scale (Marconi,
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MABL500C, Brazil) was used to determine the dry mass of leaves (LDM), petioles (PDM), tuberous root
(TRDM) and roots (RDM) of beet plants, as well as the dry mass of leaves that did not form the head
(LDM), head leaves (HDM), stem (StDM) and roots (RDM) in cabbage plants. Total shoot dry mass (SDM)
was determined by summing the DM of the corresponding organs. The critical toxicity concentration
(CCT), which represents the Cu concentration capable of decreasing DM production by 10%, as well as
toxic concentrations TC25 and TC50, which decrease DM production of each organ by 25% and 50%,
respectively, were calculated based on the methodology by Davis et al. (1978).   

2.5. Cu concentration and accumulation in plants 
The dry matter of leaves, petioles, tuberous root and roots of beet plants, as well as the dry matter of
leaves that did not form the head, head, stem and roots of cabbage plants, were ground in Willey-type
mill, sieved (20 mesh) and subjected to nitro-perchloric digestion (Embrapa, 2009). Atomic absorption
spectrophotometer (Perkin Elmer, Aanalyst 200, USA) was used to determine the Cu content in each organ
based on their respective extracts. Subsequently, Cu accumulated in each organ and total Cu
accumulated per plant were calculated.  

2.6. Statistical analysis
Data normality assumption was tested and found through the Kolmogorov-Smirnov test and,
subsequently, analysis of variance was performed. Regression equations were adjusted by testing linear
and quadratic models in the F test, in case of signi�cant treatment effects (p ≤ 0.05). The model
presenting signi�cance higher than 95% in the ASSISTAT software version 7.7 was the chosen one. Mean
value was calculated whenever there was not signi�cant difference between means in each treatment.

3. Results

3.1. Growth parameters and critical Cu toxicity
concentrations 
Shoot (SFM) and tuberous root (TRFM) fresh mass, as well as leaf (LDM), petiole (PDM), tuberous root
(TRDM) and root (RDM) dry mass of beet plants decreased as Cu concentrations increased in the nutrient
solution (Table 1). Beet plants grown in soil subjected to the highest Cu concentration (2.52 mg L-1)
recorded SFM, TRFM, LDM, PDM and SDM decrease by 55%, 52%, 56%, 60% and 57%, respectively, in
comparison to beet plants grown in soil subjected to the lowest Cu concentration (0.0 mg L-1), as shown
in Figures 2 a, b and c. The shoot/root dry mass production ratio (TRDM + RDM) decreased from 0.62 in
the Cu-free treatment to 0.41 in the treatment comprising Cu concentration of 2.52 mg L-1 in the nutrient
solution. 
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Table 1

 Growth parameters, photosynthetic pigments, accumulated Cu contents and biochemical parameters in
beet plants belonging to cultivar “Katrina”, grown in nutrient solution presenting different Cu

concentrations.
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Evaluated parameters Signi�cance Adjusted Equation/Mean R2 CV (%)

Growth parameters        

SFM * ŷ = 628.40 - 20.125x - 46.839x2 0.95 18.26

TRFM * ŷ = 400.53 - 9.870x - 29.133x2 0.98 20.60

SDM * ŷ = 19.995 - 0.870x - 1.460x2 0.83 26.27

LDM * ŷ = 12.250 + 0.130x - 1.137x2 0.77 25.21

PDM * ŷ = 7.671 - 0.674x - 0.467x2 0.92 31.11

TRDM * ŷ = 30.402 + 0.436x - 1.799x2 0.99 11.01

RDM * ŷ = 1.607- 0.079x - 0.144x2 0.88 23.09

Cu concentrations        

Leaves ** ŷ = 7.17+ 49.99x -12.06x2 0.98 3.87

Petioles ** ŷ = 10.02 + 15.60x  - 2.75x2 0.97 8.66

Tuberous roots ** ŷ = 12.10 + 44.42x - 12.82x2 0.99 3.54

Roots ** ŷ = 52.31 + 1.095.51x - 228.55x2 0.91 12.23

Accumulated Cu        

Leaves ** ŷ = 0.13 + 0.53x - 0.18x2 0.97 24.51

Petioles ns 0.123   34.82

Tuberous roots ** ŷ = 0.38 + 1.33x - 0.46x2 0.97 11.06

Roots ** ŷ = 0.01 + 1.46x - 0.47x2 0.93 27.88

Total ** ŷ = 0.60 + 3.41x - 1.14x2 0.98 15.56

Photosynthetic Pigments        

Chlorophyll a ns 0.836   23.10

Chlorophyll b ns 0.459   25.86

Carotenoids ns 0.267   23.45

Total chlorophyll ns 1.295   23.94

Chlorophyll a/ Chlorophyll b ns 1.821   5.65

Carotenoids/Total Chlorophyll ns 0.206   3.45
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Biochemical parameters        

Tbars ns 1.045   27.83

SOD ns 11.367   39.77

POD ** ŷ = 0.21+ 0.24x + 0.003x2 0.91 29.69

H2O2 ns 0.846   21.73

Signi�cance level in the F Test: ns=non-signi�cant; * =signi�cant at 5%; ** =signi�cant at
1%.Signi�cance level in the F Test: ns=non-signi�cant; * =signi�cant at 5%; ** =signi�cant at 1%.

Growth variables such as StDM and RDM in the cabbage crop did not show differences between
treatments applied to the nutrient solution. Variables such as SFM, HFM, SDM, LDM and HDM decreased
as Cu concentrations increased in the nutrient solution (Table 2); such decrease corresponded to 30%,
47%, 16%, 19% and 28%, respectively, in the comparison between the Cu-free treatment and the one
comprising the highest Cu concentration (Figures 2 a, b, c).  

Table 2

Growth parameters, photosynthetic pigments, accumulated Cu contents and biochemical parameters in
cabbage plants (cv. “Fuyutoyo”) grown in nutrient solution presenting different Cu concentrations.
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Evaluated parameters Signi�cance Adjusted Equation/Mean R2 CV (%)

Growth parameters        

SFM ** ŷ = 2.558.94 - 73.02x - 95.07x2 0.98 13.52

HFM ** ŷ = 1.141.97 - 192.34x - 9.22x2 0.88 12.16

SDM ** ŷ = 197.47 - 11.48x - 2.03x2 0.90 7.32

LDM ** ŷ = 117.77 - 13.69x +1.80x2 0.92 9.46

HFM ** ŷ = 62.58 + 1.47x - 3.40x2 0.83 11.99

StDM ns 11.30   8.60

RDM ns 17.04   14.25

Cu concentrations        

Leaves ** ŷ = 13.80 + 17.69x - 1.92x2 0.97 6.99

Head ** ŷ = 23.91+ 3.02x + 1.69x2 0.96 5.97

Stem ** ŷ = 10.20 + 60.22x - 17.15x2 0.96 9.50

Roots ** ŷ = 26.48 + 482.07x - 38.70x2 0.97 8.17

Accumulated Cu        

Leaves ** ŷ = 1.69 + 1.61x - 0.21x2 0.97 12.27

Head ns 1.747   13.33

Stem ** ŷ = 0.16 + 1.10x - 0.32x2 0.98 14.18

Roots ** ŷ = 0.17 + 5.90x - 0.67x2 0.96 23.37

Total ** ŷ = 3.52 + 8.87x - 1.24x2 0.97 14.97

Photosynthetic Pigments        

Chlorophyll a ns 0.779   16.25

Chlorophyll b ns 0.463   17.26

Carotenoids ns 0.254   21.22

Total chlorophyll ns 1.242   14.37

Chlorophyll a/ Chlorophyll b * s. a (0.193)   6.10

Carotenoids /Total chlorophyll *  ŷ = 0.21 -0.03x + 0.01x2 0.84 3.45
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Biochemical parameters        

Tbars ns 0.836   28.86

SOD ** ŷ = 6.97 - 0.83x +1.71x2 0.66 15.58

POD ns 4.828   36.13

H2O2 ns 0.394   12.99

Signi�cance in the F Test: ns = non-signi�cant; * = signi�cant at 5%; ** = signi�cant at 1%; s. a = no
mathematical adjustment up to 2nd degree.

There was difference in Cu concentrations necessary to reduce SDM production in the nutrient solution
by 10% (CTC) and 25% (TC25) between the two assessed vegetables (Table 3). CTC and TC25 in the shoot
were 54.9% and 50% higher in cabbage than in beet plants. Organs often consumed in human diets, such
as tuberous beetroot and cabbage head, recorded CTC corresponding to 1.43 mg Cu L-1 and 1.59 mg Cu
L-1, respectively. Cu concentrations required to reduce leaf, petiole, root and shoot dry mass production by
50% (TC50) in beet plants were 2.38 mg Cu L-1, 2.24 mg Cu L-1, 2.10 mg Cu L-1 and 2.33 mg Cu L-1,
respectively. On the other hand, TC50 was not recorded for any of the assessed variables in the cabbage
crop or for tuberous roots in the beet crop.  

Table 3

 Critical Cu toxicity concentrations recorded for beet (cv. Katrina) and cabbage (cv. Fuyutoyo) plants
grown in nutrient solution presenting different Cu concentrations.

Critical
concentrations

Beet plant Cabbage plant

Leaves Petioles Tuberous
roots

Roots Shoot Leaves Head Shoot

  Cu (mg L-1)

CTC1 1.10 0.76 1.43 0.82 0.91 1.0 1.59 1.41

TC25
2 1.70 1.43 2.18 1.42 1.58 n. a n. a 2.37

TC50
3 2.38 2.24 n. a 2.10 2.33 n. a n. a n. a

1. Cu concentration in the solution required to inhibit dry matter by 10%;

2. Cu concentration in the solution required to inhibit dry matter by 25%.

3. Cu concentration in the solution required to inhibit dry matter by 50%.

n. a= concentration was not achieved.
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3.2. Cu concentrations and accumulation in plant organs 
Cu concentrations in beet leaves, petioles, tuberous root and roots increased as Cu concentrations in the
nutrient solution increased (Table 1; Figures 2 d and e). They reached maximum values at copper
concentrations adjusted to 2.07 mg Cu L-1, 2.52 mg Cu L-1, 1.73 mg Cu L-1 and 2.40 mg Cu L-1 in the
nutrient solution, respectively. Maximum Cu concentrations in beet leaves, petiole, tuberous root and roots
corresponded to 59.0 mg Cu kg-1, 31.9 mg Cu kg-1, 50.6 mg Cu kg-1 and 1,365.1 mg Cu kg-1, respectively.
These concentrations represented Cu increase by 722% (leaves), 218% (petioles), 318% (tuberous root)
and 2,509% (roots) in comparison to the same organs of beet plants grown in nutrient solution subjected
to the Cu-free treatment.

The highest total Cu accumulation in beet plants was recorded when they received nutrient solution
containing 1.5 mg Cu L-1. This accumulation value was 425% higher than the one recorded for beet
plants that were not exposed to Cu via nutrient solution. On the other hand, beet plants grown in nutrient
solution subjected to Cu concentrations higher than 1.5 mg L-1 recorded total Cu accumulation decrease
by 38.1% at the highest Cu concentration. 

Cu concentrations in the leaves, head, stem and roots of cabbage plants recorded quadratic increase
(Table 2; Figures 3 d and e). These organs reached maximum dry mass values equal to 46.2 Cu kg-1, 42.2
Cu kg-1, 63.1 Cu kg-1 and 995.5 mg Cu kg-1, respectively. These concentrations were recorded for leaves,
head and roots when plants were grown in nutrient solution subjected to the highest Cu concentration
(2.52 mg Cu L-1). The highest Cu concentration in stem tissue was found in plants grown in nutrient
solution subjected to 1.75 mg Cu L-1. Maximum Cu concentrations in cabbage leaves, head, stem and
roots increased by 234%, 76%, 518% and 3,659%, respectively, in comparison to the same organs of
plants subjected to the Cu-free treatment (0.0 mg Cu L-1). 

Cu accumulated in cabbage organs, except for the head, increased as Cu concentrations in the nutrient
solution increased (Table 2; Figure 3 f). The highest Cu accumulation in the leaves and roots, as well as
the total Cu accumulation in cabbage plants, were observed after the application of nutrient solution
added with 2.52 mg Cu L-1. Cabbage plants subjected to this treatment accumulated 4.4 g of Cu in
leaves, 10.8 g of Cu in roots, and 18.0 g of Cu in the whole plant; these contents corresponded to Cu
increase by 161%, 6,242% and 411% in the same organs, respectively, in comparison to the one recorded
for plants grown in Cu-free nutrient solution. Cabbage stem recorded the highest Cu content (1.1 g Cu
plant-1) at Cu concentration 1.72 mg L-1.  

3.3. Photosynthetic pigments and biochemical parameters
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Chlorophyll a, chlorophyll b, carotenoid and total chlorophyll contents in the leaves of beet and cabbage
plants did not differ between Cu concentrations in the nutrient solution (Tables 1 and 2). Mean
chlorophyll a, chlorophyll b, carotenoid and total chlorophyll levels in the leaves of beet plants recorded
0.836 mg g-1, 0.459 mg g-1, 0.267 mg g-1 and 1.295 mg g-1 of leaf fresh mass (Table 1). Chlorophyll a,
chlorophyll b, carotenoid and total chlorophyll contents in cabbage leaves recorded 0.799 mg g-1, 0.463
mg g-1, 0.254 mg g-1 and 1.242 mg g-1 of leaf fresh mass, respectively (Table 2). Chlorophyll
a/chlorophyll b and carotenoids/total chlorophyll ratios in beet plants did not differ from each other
between Cu concentrations (Table 1). Chlorophyll a/chlorophyll b and carotenoids/total chlorophyll ratios
in cabbage plants differed from each other between Cu concentrations (Table 2). However, only
carotenoids/total chlorophyll ratio was higher in the leaves of plants grown in Cu-free nutrient solution. 

Mean POD activity values in the leaves of beet plants differed from each other and increased as Cu
concentrations in the nutrient solution increased; minimum and maximum values were observed at Cu
concentrations 0.0 mg L-1 and 2.52 mg L-1, respectively. Means recorded for TBARs levels, SOD activity
and H2O2 concentration in the leaves of plants grown at different Cu concentrations did not differ from
each other (Table 1). 

SOD activity in cabbage leaves increased as Cu concentrations in the nutrient solution increased (Table
2). Maximum SOD activity was observed at the highest Cu concentration in the nutrient solution (2.52 mg
Cu L-1). TBAR levels, POD activity and H2O2 concentrations did not respond to Cu concentrations in the
nutrient solution.

4. Discussion
Cell division and elongation processes are often inhibited in plants grown in Cu-contaminated
environments (Dey et al., 2014; Tiecher et al., 2018). The inhibition of these processes was evident in both
plants investigated in the current study (Figures 2 a, b, c and Figures 3 a, b, c). Beet plants were the ones
mostly affected by increasing Cu concentrations; low plant development can also be associated with the
signi�cant decrease in root growth, which resulted from increased Cu content in the nutrient solution.
Direct contact between plant roots and Cu ions found at toxic concentrations in the growth medium, as
well as the long exposure of the root system to Cu, hinder the absorption of water and of other nutrients
by plants, a fact that leads to poor plant growth and development (Ambrosini et al., 2015; Cuba-Díaz et
al., 2017; Flores-Cáceres et al., 2015; Liu et al., 2014; Sánchez-Pardo et al., 2014). In addition, the
excessive Cu content in the root growth medium and the increased Cu contents in the cytosol lead to
higher OH- radical production via Fenton and Haber-Weiss reactions (Girotto et al., 2013; Rodrigo-Moreno
et al., 2013). The high concentration of OH- radicals, in its turn, enables great opening of K+ e�ux
channels, as well as induces root elongation inhibition and possible cell collapse (Palm et al., 2017;
Rodrigo-Moreno et al., 2013; Ryan et al., 2013). 
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In addition to root growth, the high Cu concentration in the growth environments and the consequent Cu
absorption by plants led to signi�cant morphological changes in the roots and tuberous root of beet
plants. The increased diameter and brownish color of the roots (Figure 4) was likely associated with
excess of Cu in the root tissues, a fact that led to changes in distal regions of the root apex, as well as
increased diameter in root areas presenting cortical and vascular cylinders (Ambrosini et al., 2015;
Michaud et al., 2008). The larger root diameter of beet plants grown under high Cu concentration may
also result from root growth inhibition caused by disturbances in endoderm differentiation and by
premature cortical tissue ligni�cation (Ambrosini et al., 2015; Kováč et al., 2018).

Unlike beet plants, cabbage root growth was not hindered by increased Cu concentrations in the culture
medium. This response may be associated with the greater regenerative power of the cabbage root
system and, mainly, with the great ability of this species to accumulate and tolerate high Cu levels in the
root (Figures 3 c, e and f) (Radulescu et al., 2013).  

Beet plants grown in the nutrient solution subjected to the highest Cu concentration presented the
following trend of Cu concentrations in their tissues: roots > leaves > tuberous root > petiole, whereas
cabbage plants followed the following trend: roots > stem > leaves > head. On the other hand, Cu
accumulation in beet organs presented the following trend: tuberous root > roots > leaves. The highest Cu
accumulation in tuberous roots was directly associated with higher biomass production (Figure 2b),
whereas the highest Cu accumulation in the root may have resulted from higher Cu concentrations in it.
Cabbage plant roots accumulated 60% of the Cu absorbed by the plant. Although Cu concentrations in
cabbage head leaves increased as Cu in the nutrient solution increased, the amount of Cu accumulated in
this organ did not signi�cantly change (Figure 3 f). This outcome can be attributed to lower head growth,
which was assessed through variable HDM. 

The increased Cu retention in the root system of both plant species evidenced high Cu a�nity for
carboxylic groups found in cell wall. Some Cu may have been retained in the root apoplast, and it reduced
Cu concentration in the symplast (Ambrosini et al., 2018, 2015; Comin et al., 2018). The increased Cu
concentration in plant roots also results from intracellular production of organic acids such as citrate
(Keller et al., 2015; Murphy et al., 1999), as well as of phytochelatins acting in cytosol. During the metal
ion chelation process, chelated metals are sequestered and compartmentalized in the vacuole (Mourato
et al., 2015) to avoid detrimental effects on cell metabolism (Jan and Parray, 2016; Tiecher et al., 2018).
The preferential Cu accumulation in the root system is essential to prevent excessive Cu contents in the
shoot, mainly in leaves. 

Although the highest Cu retention was found in the root system of both vegetables, shoot organs also
recorded increased Cu levels. Beet and cabbage leaves reached concentrations higher than 20 mg Cu kg-1

dry mass (DM) when they were exposed to Cu concentrations in the nutrient solution higher than 0.27 mg
L-1 and 0.36 mg L-1, respectively. Cu concentrations between 15 mg kg-1 and 20 mg kg-1 of DM in leaves
are referred to as limiting to the growth of Cu-sensitive plants (Kabata-Pendias, 2011). This aspect can
lead to several physiological disturbances in plants, since high Cu concentrations in leaf tissues can
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affect the transport function of the membrane and of ion channels because it changes membrane
properties (Janicka-Russak et al., 2008). Changes in the nutritional balance of plants exposed to high
concentrations of heavy metals result from increased non-speci�c membrane permeability (Cambrollé et
al., 2013). This aspect contributes to increased Cu absorption and accumulation in plant tissues (Tiecher
et al., 2018), since excessive Cu can compete with other cations of the same valence, such as Fe and Mg,
in root absorption, as well as in other assimilation sites (Xu et al., 2015). 

The increased Cu concentration in shoot organs resulted in higher peroxidase (POD) activity in the leaves
of beet plants (Table 1), and in higher superoxide dismutase (SOD) activity in the leaves of cabbage
plants (Table 2). High Cu contents in leaf tissues help catalyzing Haber-weiss reactions, which increase
the production of reactive oxygen species (ROS) (Karimi et al., 2012; Miotto et al., 2014; Tiecher et al.,
2018). Some defense genes may have induced POD and SOD expression, and increased their activity in
beet and cabbage leaves, respectively, in response to excessive ROS production. Such response may
differ between plant species, as well as between tissues in the same plant. (İşeri et al., 2011; Passardi et
al., 2005). This outcome indicates the potential of these enzymes to mitigate oxidative damages, since
SOD act in superoxide (O2

•-) conversion into H2O2 (Gill and Tuteja, 2010; You and Chan, 2015), which is
often correlated to increased plant tolerance (Sharma et al., 2012). POD can directly convert H2O2 into
H2O and O2; thus, it plays a key role in enabling responses to abiotic and biotic stress (Karuppanapandian
et al., 2011; Yu et al., 2017), as well as in suppressing cell damages (Wu et al., 2014). 

Normal TBARS and H2O2 levels were observed in the leaves of plants throughout the experimental period.
This outcome has shown that the antioxidant system was e�cient in controlling the antioxidant
imbalance trend, which was explained by increased POD and SOD activity in beet and cabbage plants,
respectively. However, maintaining homeostasis is costly to stressed plants, such distress can be
expressed by the decreased dry matter yield in these plants, which indicates that the plant may have
demanded energy to maintain the antioxidant system. 

The tolerance of the investigated vegetables to increased Cu concentrations in the culture medium was
evaluated based on CTC, TC25 and TC50. Results indicated that cabbage plants are more tolerant than
beet plants; cabbage CTC and TC25 values were at least 50% higher than values recorded for beet plants.
In addition, TC50 was not reached in tuberous roots of beet plants or in any cabbage plant tissue; it may
have happened because the critical concentrations exceeded the Cu concentrations tested in the current
study. Higher cabbage tolerance may be associated with mechanisms triggered to mitigate damages
resulting from excessive Cu contents in the plant culture medium. Among these mechanisms one �nds
Cu complexation/chelation and subsequent compartmentalization in the cell vacuole (Mourato et al.
2015), as well as the action of antioxidant enzymes (Karimi et al., 2012; Miotto et al., 2014).

It is possible estimating the daily Cu intake based on the consumption of such vegetable if one takes into
consideration the Cu accumulation trends presented by cabbage plants, the decreased biomass
production of tuberous roots and cabbage heads, as well as the Cu contents found in these tissues.
Therefore, based on a daily per capita intake of 50 grams of each vegetable in separate, and by
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comparing the recommended daily Cu intake (RDI) for adult individuals - which is 0.9 mg in Brazil (Brasil,
2005) and in the USA (FDA 2001) -, it is possible stating that tuberous roots of beet plants grown in
nutrient solution subjected to Cu concentration of 1.5 mg L-1 account for 23% of the RDI, whereas the
intake of cabbage heads of plants grown in nutrient solution subjected to Cu concentration of 2.52 mg L-

1 represent approximately 16.5% of the RDI. 

5. Conclusion
Beet and cabbage plants accumulated Cu, mainly that absorbed by the roots; however, increased Cu
concentrations in the culture medium have increased the Cu content in the leaves, petioles and tuberous
roots of beet plants, as well as in the leaves, head and stem of cabbage plants. Both plant species have
shown changes in antioxidant enzyme activity, a fact that may have prevented the progress of deleterious
effects on the other evaluated parameters, although it may have drained plant energy, a fact that resulted
in reduced plant growth. With respect to plant organs often consumed in human diets, the decreased
tuberous root growth in beet plants was more signi�cant than that recorded for cabbage head. In
addition, Cu contents in cabbage head remained below the values observed in the tuberous root of beet
plants. Therefore, growing cabbage plants in areas contaminated with Cu is more viable than growing
beet plants in them; besides, consuming these cabbage plants represents lesser risk to food security.
However, fresh vegetables grown in Cu-enriched environments should be consumed with caution. 
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Figure 1

Data about mean air temperature (a) and relative humidity (b) in the growing environment were recorded
by two electronic recorders (NOVUS, LogBox-RHT-LCD, Brazil) installed above the plants.
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Figure 2

Shoot (SFM) and tuberous root (TRFM) fresh mass (a); tuberous root (TRDM), shoot (SDM) and leaf
(LDM) dry mass (b); petiole (PDM) ) and root (RDM) dry mass (c); Cu contents in different tissues (d, e);
and total and accumulated Cu in different organs (f) of beet plants, cv. “Katrina”, grown in nutrient
solution subjected to different Cu concentrations. Vertical bars represent the standard error.
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Figure 3

Shoot (SFM) and head (HFM) fresh mass (a); shoot (SDM) and leaf (LDM) dry mass (b); Head (HDM),
Stem (StDM) and root (RDM) dry mass (c); Cu contents in different organs (d, e); and total and
accumulated Cu contents in different organs (f) of cabbage plants, cv. “Fuyutoyo”, grown in nutrient
solution subjected to different Cu concentrations. Vertical bars represent standard error.
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Figure 4

Tuberous roots and roots of beet plants grown in nutrient solution subjected to Cu concentrations of (a)
0.52 mg L-1 and (b) 2.52 mg L-1.


