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Abstract: Copper (Cu), a toxic metal pollution found in the soil and water of industrialized
areas, causes continuous issues for agriculture product contamination and human health hazards.
However, information on copper phytotoxicity and its accumulation in vegetables is largely unknown.
To evaluate the related agricultural loss and health risks, it is necessary to assess copper phytotoxicity
and develop prediction models for copper concentration in vegetables. Here, we assess the growth
performance and copper concentration of four leafy vegetables: Water spinach, amaranth, pakchoi,
and garland chrysanthemum in copper-contaminated soil. The plant’s height and fresh weight is
dramatically reduced when the soil copper concentration is over ~250 mg·kg−1. This yield reduction
and copper accumulation are associated with an increase of soil copper concentration, suggesting high
copper phytotoxicity levels in plants and soil. The prediction models of plant copper concentration
were developed using multiple regressions based on one-step extractions of the soil copper as
independent variables. One prediction model derived for amaranth copper using hydrochloric acid
(HCl)-extractable and ethylenediaminetetraacetic acid (EDTA)-extractable copper from soil is able to
describe 78.89% of the variance in the measured copper. As a result, the phytotoxic copper level for
four leafy vegetables is revealed. Although the prediction models may not be universal, the predicted
and phytotoxic copper levels are useful tools for evaluating vegetable yield and daily copper intake.
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1. Introduction

Toxic metal contamination in soil is mainly caused by human activities, especially industrialization.
The economy of Taiwan is largely supported by the electronics, petroleum refining, chemical and
iron machinery industries, but such industrialization pollutes water bodies by the discharge of
waste water, which further accumulates in the soil by irrigating contaminated water [1]. Among the
toxic metal pollutions in Taiwan, copper contamination has the highest numbers of reported cases,
in which copper contamination occurs in 5684 sites out of a total 7460 heavy metal contamination sites,
according to the Taiwan Environmental Protection Administration database (https://sgw.epa.gov.tw/

ContaminatedSitesMap/Default.aspx, searched on December 2018). These facts suggest that the effects
of copper-contaminated soil upon crop cultivation and copper content in food must be investigated.

Copper is an essential element for plant nutrients, but it becomes toxic at high concentrations.
Copper is required for constituting enzymes catalyzing redox reactions, and is involved in
photosynthetic functions [2]. Excess copper induces high levels of reactive oxygen species (ROS) and
affects the photosystem in photosynthesis [3–5], which subsequently reduces the yield or quality of
crops. The toxic effects of copper are studied in several crops. When the soil’s copper level is over
300 mg·kg–1, the rice grain yields a decrease of about 50% [6].
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With an increase in copper concentration, wheat germination is greatly affected in its percentage,
total chlorophyll content and the number of its lateral roots [7]. When cabbage is exposed to high copper
concentrations in a nutrient solution, copper toxicity leads to a chlorosis of its leaves, and subsequently
reduces the biomass in both its shoots and roots [8]. The assessment and quantification of toxic metals
in fruits and vegetables is reported over the past decades. Cadmium (Cd), zinc (Zn), lead (Pb) and
copper (Cu) are the main elements that accumulate in staple foods, fruits and vegetables in mining
areas or industrial-polluted fields [9–12]. Recent publications increasingly focus on vegetables as
healthy foods, but vegetables still face exposure to toxic metal contamination [9,11,13–17]. Most of
these studies quantify multiple toxic metals in vegetables, but few of them mention the negative effects
of copper upon growth and production in leafy vegetables [9,13,14,16].

To improve food safety from toxic metal contamination, it is an efficient strategy to predict the
toxic metal contamination of crops by using the toxic metal information in the soil. The transportation
of metals from the soil to the crops could be affected by the dissolved, exchangeable, structural
components of soil and insoluble precipitation [18,19]. The bioavailability of heavy metals is
a logical approach to predicting plant–soil interactions [19–24]. One-step extraction approaches
using calcium chloride (CaCl2) and sodium nitrate (NaNO3) are frequently used to mimic soil
background electrolyte solutions [12,18,22–26]. Chelating agents, such as ethylenediaminetetraacetic
acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA), are often used to form stable and soluble
metal-organic complexes, simulating plant chelating uptake [18,19,22,23,25,27]. Hydrochloric acid (HCl)
is another extracting reagent that is often utilized for assessing heavy metal bioavailability [12,18,19,22].
Several prediction models are developed for cadmium, chromium, copper and zinc in barley and
rice [23,28]. No specific prediction model is constructed for copper contamination in major leafy
vegetables in subtropical regions.

The aim of this study is to determine the effects of copper toxicity on leafy vegetables and to
develop prediction models for copper concentration in leafy vegetables. For this purpose, it is critical
to evaluate the growth performance of vegetables under different levels of copper-contaminated soil
and to measure the copper concentration in the edible parts of vegetables. Growing performance
and copper concentration are the key information needed to evaluate the production of vegetables
and the health hazards of foods, respectively. In this work, we cultivated four of the most popular
leafy vegetables in a subtropical region, including two warm-season and two cold-season vegetables,
using five levels of copper-contaminated soil. The copper concentration of the vegetables and multiple
growth indicators, such as height and fresh weight, were used to assess the health hazard and copper
toxicity of the plants. To provide predicted information prior to the cultivation or harvest of vegetables
by simply analyzing the soil, we presented prediction models for the copper concentration in vegetables
formulated with parameters from one-step soil extraction. The health risk of vegetables cultivated on
copper-contaminated soil and the applications of copper prediction models were also discussed.

2. Materials and Methods

2.1. Soil Preparation

Soil for vegetable cultivation was collected in Sankuaicuo, Dayuan District, Taoyuan City, Taiwan,
where four farms were randomly selected to collect soil at 0–15 cm in depth; all collected soil samples
were pooled and evenly mixed. The collected soil was of the oxisol order, as they derived from a
red sandstone parent material. To prepare the five levels of copper-contaminated soil for vegetable
cultivation, the soil was air-dried and then soaked with deionized water, and 370 mg·kg−1, 1546 mg·kg−1,
2164 mg·kg−1, and 2783 mg·kg−1 of copper sulfate (CuSO4) solution for 16 h, respectively. To remove the
unabsorbed copper, the copper-treated soil was leached twice per week using a doubled-soil-volume of
deionized water in each run of leaching for four weeks. To evenly distribute the copper concentration
for each level of copper contamination, the leached soil was air-dried, crushed, and mixed before being
filled into five inch pots for vegetable cultivation.
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To prepare the soil property analysis and chemical analysis, the soil was air dried, and stones
and visible organic residues were removed. The air-dried soil was ground and screened with a 2 mm
standard sieve. The sieved soil was then passed through a 0.5 mm standard sieve, and the soil was
further passed through a 0.149 mm standard sieve for the samples subjected to aqua regia (mixture of
HNO3 with HCl) digestion.

2.2. Plant Materials

Two warm season leafy vegetables, water spinach (Ipomoea aquatic F.) (Hsinhocheng Seed, Taipei,
Taiwan), and amaranth (Amaranthus inamoenus W.) (Known-You Seed Co., Kaohsiung, Taiwan), as well
as two cold season leafy vegetables, pakchoi (Brassica rapa var. chinensis) (Hsinhocheng Seed, Taipei,
Taiwan) and garland chrysanthemum (Chrysanthemum coronarium L.) (Hsinhocheng Seed, Taipei,
Taiwan), were used as commercially-available seeds. Before seed imbibition, fully filled seeds without
obvious damage were selected. The selected seeds were imbibed with deionized water at 25 ◦C for
8 to 10 h until germination. The imbibed seeds were sprinkled on the soil’s surface in the five inch
pots, containing five different levels of copper-contaminated soil. Pakchoi and amaranth seeds were
covered with a thin layer of soil, whereas water spinach and garland chrysanthemum were buried with
about 1 cm of soil. These pots of vegetables were cultivated in a greenhouse situated in the National
Taiwan University Experimental Farm, Taipei, Taiwan (25◦00′43.7” N, 121◦32′50.4” E). Seedlings
were thinned to three seedlings per pot at 3 and 5 days post-germination. Plants in each pot were
considered to be a unit, which was arranged using completely randomized designs, with six pots for
each copper-contaminated level. Two batches of vegetables were cultivated for each species. For the
warm season vegetables, water spinach and amaranth were cultivated from June to July and from
September to October 2017, while the cold season vegetables, pakchoi and garland chrysanthemum,
were cultivated from February to March 2017 and from February to March 2018. Plant height was
defined as the average distance from the soil’s surface to the highest leaf tip of the three plants in
each pot. The edible parts of the vegetables were weighed immediately after being harvested to avoid
post-harvest water loss. For copper content measurement, the harvested vegetables were rinsed with
tap water and deionized water. After air-drying the surface water, the vegetables were dehydrated
in an oven at 60 ◦C for 72 h. The dehydrated samples were immediately subjected to dry weight
measurement and were ready for the following copper content analysis.

2.3. Soil Property Analysis

Soil organic matter (OM) was determined using the loss-on-ignition method. Twenty grams of
sieved soil were oven-dried at 105 ◦C for 2 h, followed by ignition at 375 ◦C for 16 h. The weight loss
between the oven-dried soil and the ignited soil was considered to be the weight of the OM. Regarding
the soil pH, 20 g of sieved soil was extracted with 20 cm3 of deionized water in 50 cm3 conical tubes.
The tubes were horizontally laid onto a horizontal shaker at 200 rpm, at 25 ◦C for 30 min, followed
by one hour of vertical standing on a bench. The supernatants were used to determine the soil pH
using a pH meter (pH 510, Eutech Instruments, Singapore). Clay content was determined using the
hydrometer method to analyze the particle size of the soil [29].

The cation exchange capacity (CEC) was determined using 1 M NH4OAc buffered at pH 7.0
(neutral) to exchange cation capacity, followed by measuring the ammonium level with colorimetric
methods [30]. Briefly, the cation in 1 g of sieved soil was exchanged with 10 cm3 of 1 M NH4OAc
buffered at pH 7.0 at 200 rpm, 25 ◦C for 1 h, followed by washing three times with 10 cm3 of 75%
ethanol. Ammonium in the washed soil was then replaced with 10 cm3 of 1 M MgCl2 two times.
The replaced ammonium solution was adjusted to a volume of 50 cm3 with a volumetric flask.
The ammonium concentration was then quantified with a colorimetric method by measuring the
production of indophenol blue [30]. Briefly, 1 cm3 of samples or ammonium standard solutions were
mixed with 40 mm3 of 0.1% phenol solution, 40 mm3 of 0.005% nitroferricyanide solution, and 40 cm3

of oxidizing solution, followed by incubation at 25 ◦C for 1 h.



Sustainability 2019, 11, 6215 4 of 18

The cation exchange capacity (CEC) was determined using 1 M NH4OAc buffered at pH 7.0
(neutral) to exchange cation capacity, followed by measuring the ammonium level with colorimetric
methods [30]. Briefly, the cation in 1 g of sieved soil was exchanged with 10 cm3 of 1 M NH4OAc
buffered at pH 7.0 at 200 rpm, 25 ◦C for 1 h, followed by washing three times with 10 cm3 of 75%
ethanol. Ammonium in the washed soil was then replaced with 10 cm3 of 1 M MgCl2 two times.
The replaced ammonium solution was adjusted to a volume of 50 cm3 with a volumetric flask.
The ammonium concentration was then quantified with a colorimetric method by measuring the
production of indophenol blue [30]. Briefly, 1 cm3 of samples or ammonium standard solutions were
mixed with 40 mm3 of 0.1% phenol solution, 40 mm3 of 0.005% nitroferricyanide solution, and 40 cm3

of oxidizing solution, followed by incubation at 25 ◦C for 1 h.
The concentration of ammonium was determined based on ammonium standard solutions at

630 nm absorbance. The total amount of ammonium exchanged from the soil was reflected in the
soil’s CEC.

2.4. Chemical Analysis

To analyze the copper content in plants, dehydrated vegetable samples were weighed and
digested with a nitric acid-based microwave digestion method, as described in [31]. One hundred mg
of dehydrated samples were transferred to a Teflon vessel (xpress vessel replacement, 55 cm3,
CEM, Matthews, NC, USA) and digested with 5 cm3 of HNO3 (65% nitric acid, Tracepur for
analysis, Merck, Darmstadt, Germany) and 2 cm3 of H2O2 (30% hydrogen peroxide, Suprapur
for analysis, Merck, Germany) in a MARS 5 microwave digestion system (CEM, Matthews, NC, USA).
Metal content-certified tomato leaf powder [SRM-1573a, the National Institute of Standards and
Technology (NIST), Gaithersburg, MD, USA] was used as a digestion and quantification reference.
The volume of the digested solution was adjusted to 20 cm3 with deionized water, followed by filtering
with a 0.45 µm membrane filter (promax syringe filter, 25 mm 0.45 µm pes, DIKMA, Lake Forest, CA,
USA) before elemental analysis. Soil metal concentrations were analyzed with two types of methods
separately. One method employed aqua regia extraction to digest metal from soil to determine its
total metal concentration. This approach is supposed to extract all forms of metals, including the
dissolved, the exchangeable, the structural components of soil and insoluble precipitation. The other
method utilized one-step extraction using a neutral salt solution, chelating agents and acids to extract
dissolved and/or exchangeable fractions. Regarding the total metal concentration in the soil, the aqua
regia digestion in the soil followed ISO 11466:1995 standard procedures with minor modifications.
Briefly, 1 g soil was digested with 7 cm3 of 32% HCL and 2.3 cm3 of 65% nitric acid for 16 h at 25 ◦C and
2 h at 108 ◦C. Certified heavy metal-containing soil (SRM 2711a - Montana II soil, NIST, Gaithersburg,
MD, USA) was used as a digestion and quantification reference. To analyze extractable metal contents,
dried soils were extracted by 0.01 M CaCl2, 0.1 M NaNO3, 0.1 M HCl and 0.05 M EDTA, respectively.
Briefly, the sieved soil samples were further dried in a 60 ◦C oven for one day before weighing.
One gram of dried soil was extracted with 10 cm3 of extractants with 200 rpm of horizontal shaking
for 1 h at 25 ◦C. For elemental analysis, all samples, including the digested plant samples, aqua regia
digested soil samples and four types of soil extracts, were determined by the core lab at the Joint Center
for Instruments and Research, College of Bioresources and Agriculture, National Taiwan University
(NTU), by using inductively coupled plasma optical emission spectroscopy (ICP-OES) (Optima 8000,
PerkinElmer, Waltham, MA, USA) or an inductively coupled plasma mass spectrometer (ICP-MS)
(Agilent 7700x, Agilent Technologies, Santa Clara, CA, USA).
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2.5. Statistical Analysis

All statistical analyses were carried out using the statistical package, SPSS version 22 (SPSS, Chicago,
IL, USA). The results presented were obtained from at least five replicates. Statistical comparisons
between the different levels of copper-contaminated soil were first subjected to a Levene test of the
homogeneity of variance, followed by a one-way analysis of variance (ANOVA). Subsequent multiple
comparison post hoc tests were performed with Fisher’s Least Significant Difference (LSD) at p ≤ 0.05.

A forward stepwise multiple linear regression was used to derive the models of plant copper
concentration as functions of the total/extractable copper from the soil. The stepping method criteria
used the probability of F as the entry (0.05) and removal (0.1). The p values for the Pearson correlation
coefficients in the regression models were determined by correlating the copper concentration in
vegetables with the total/extractable copper from the soil. The p values of the regression model and the
R square of the linear regression were determined by correlating the expected and measured copper
concentration in vegetables.

3. Results

3.1. The Effect of Copper Toxicity on Vegetable Growth

To evaluate the copper toxicity in vegetables, we prepared five levels of copper-contaminated soil
from the Taoyuan area in northern Taiwan for cultivated vegetables under green house conditions.
The range of copper contamination for the five copper levels, ranging from no copper contamination to
around 500 mg·kg−1 of copper, is decided based on 50 sets of field sample surveys from a potentially
polluted field in the Taoyuan area. The basic physicochemical properties of the non-contaminated
paddy soil for preparing the five copper levels is measured (Table 1). The soil collected is silty clay with
pH 5.84 (acidic), which is a typical condition for cultivated vegetables and rice. Four of the most popular
leafy vegetables in Taiwan, including two warm season vegetables, water spinach (Ipomoea aquatic F.)
and amaranth (Amaranthus inamoenus W.), as well as two cold season vegetables, pakchoi (Brassica
rapa var. chinensis) and garland chrysanthemum (Chrysanthemum coronarium L.), were selected to
investigate their growth and accumulation of copper. Five levels of copper-contaminated soil were
prepared, as described in the Materials and Methods. The copper concentration was measured after
each cultivation trial to ensure the existence of a copper gradient (Table 2). The levels of copper are
stable during the first cultivation (March 2017) until the end of the fourth cultivation (March 2018),
suggesting that the copper levels in the soil are consistent between the cultivation batches.

Table 1. Basic physicochemical properties of the soil.

Soil Property Value

Texture silty clay

Sand (%) 5.42

Silt (%) 52.6

Clay (%) 41.98

pH 5.84

OM (w/w%) 3.9

CEC (cmol·kg−1) 133

Copper in soil (mg·kg−1) 24.1

OM, organic matter; CEC, cation exchange capacity.
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Table 2. Soil copper concentration during four trials.

Soil Copper Concentration Level (mg·kg−1) *

Number of Trials 1 2 3 4 5

1 17 ± 0.8 78 ± 0.6 272 ± 2.2 340 ± 0.1 479 ± 2.6
2 12 ± 0.3 81 ± 0.5 294 ± 3.9 352 ± 4.6 518 ± 2.3
3 23 ± 0.7 80 ± 1.6 251 ± 25.4 296 ± 19.2 409 ± 7.8
4 30 ± 0.5 86 ± 4.0 296 ± 1.9 367 ± 8.2 484 ± 10.6

* copper concentration of the potted soil was defined into five grades, and the copper concentration of the soil was
detected after each batch of trials harvested. Duration of the trials: 1, from February to March 2017; 2, from June to
July 2017; 3, from September to October 2017; and 4, from February to March 2018. Each value represents the mean
± SD, n = 3.

The growth of all four vegetables is clearly inhibited by copper when the copper level is higher
than level 3 (251–296 mg·kg−1), while their growth is promoted at copper level 2 (78–86 mg·kg−1)
compared to copper level 1 (17–30 mg·kg–1), which features no copper addition (Figure 1). This growth
inhibition could be due to the toxicity of excessive copper, and the growth promotion may be explained
by providing sufficient copper at a low concentration, in which copper could act as a micronutrient
supplement. The fresh weight and plant height are further used to describe the growth (Figures 2 and 3).
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Figure 1. Performance of water spinach, amaranth, pakchoi and garland chrysanthemum in the soil
with five levels of copper concentrations for 28 days. The five levels of soil Cu concentration are 1:
17–30 mg·kg–1, 2: 78–86 mg·kg–1, 3: 251–296 mg·kg–1, 4: 296–367 mg·kg–1 and 5: 409–518 mg·kg–1

(see Table 2 for detail). Six replications were used for each treatment in one batch of cultivation, and
these pictures are one representative for the six replications. Two batches were carried out, including two
batches of warm season cultivation from June to July 2017 and from September to October 2017 for water
spinach and amaranth and two batches of cold season cultivation from February to March 2017 and from
February to March 2018 (for pakchoi and garland chrysanthemum). The scale bars indicate 15 cm.

In batch one, the fresh weight of water spinach, amaranth and pakchoi is significantly reduced when
soil copper concentration exceeds level 3; however, a fresh weight reduction in garland chrysanthemum
is observed when soil copper concentration exceeds level 4 (Figure 2A,C,E,G). Additional batches of
water spinach were subjected to determine malodialdehyde (MDA) content which is often used as
an indicator of lipid peroxidation caused by oxidative stress. Increase of soil copper concentration
leads to an increase of MDA concentration in water spinach (Appendix A Figure A1), suggesting that
lipid peroxidation increases when soil copper concentration exceeds level 4. In batch two, the fresh
weight of all four vegetables is significantly decreased when soil copper concentration exceeds level 3
(Figure 2B,D,F,H). Similarly, these reduction patterns in fresh weight are also observed for plant height
measured at 28 days after germination (Figure 3). Although the growth reduction caused by copper
toxicity between batch one and batch two is not identical, the trends of the toxic effects are consistent
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between batches. Taken together, these results suggest that the copper toxicity for these four vegetables
could be observed when soil copper concentration exceeds ~250 mg·kg–1 (copper level 3).
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Figure 2. The effect of soil copper concentration on the fresh weight of water spinach, amaranth,
pakchoi and garland chrysanthemum. The five levels of soil Cu concentration are 1: 17–30 mg·kg–1, 2:
78–86 mg·kg–1, 3: 251–296 mg·kg–1, 4: 296–367 mg·kg–1 and 5: 409–518 mg·kg–1 (see Table 2 for detail).
Two batches of cultivation were carried out. Two batches of warm season cultivation ran from June to
July 2017 and from September to October 2017 for water spinach and amaranth, and two batches of cold
season cultivation ran from February to March 2017 and from February to March 2018 for pakchoi and
garland chrysanthemum. The values are the means ± standard deviation (n = 5–6). The same letters
above the error bars indicate that there are no significant differences at p ≤ 0.05 according to the LSD.
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Figure 3. The effect of soil copper concentration on the plant height of water spinach, amaranth, pakchoi
and garland chrysanthemum. Plant height is defined from the root shoot junction to the highest leaf tip.
The five levels of soil copper concentration are 1: 17–30 mg·kg–1, 2: 78–86 mg·kg–1, 3: 251–296 mg·kg–1,
4: 296–367 mg·kg–1 and 5: 409–518 mg·kg–1 (see Table 2 for detail). Two batches of cultivation were
carried out. Two batches of warm season cultivation ran from June to July 2017 and from September to
October 2017 for water spinach and amaranth, and two batches of cold season cultivation ran from
February to March 2017 and from February to March 2018 for pakchoi and garland chrysanthemum.
The value are the means ± standard deviation (n = 5–6). The same letters above the error bars indicate
that there are no significant differences at p ≤ 0.05 according to the LSD.

3.2. Copper Concentrations in Four Vegetables

Excessive copper is known to have cytotoxicity on animals and plants [8,32]. Other than a
reduction of agricultural production, the accumulation of copper in crops could produce a risk to
human health [33]. To decrease the risk of copper intake from vegetables (apart from assessing the
phytotoxicity of copper in vegetables), it is necessary to quantify the copper contents in vegetables
cultivated in copper-contaminated soil. Copper accumulation in the aerial parts of plants increases
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as the soil copper levels in all test vegetable varieties increase (Figure 4). The copper content in
vegetables could explain the reduction of growth mentioned previously. All four vegetables show
growth retardation in fresh weight and plant height when their soil copper concentration exceeds
level 3 in batch two (Figures 2 and 3). Consistent with the growth reduction in batch two, the copper
concentration in all four vegetables presents a dramatic increase when the soil copper concentration
exceeds level 3 (Figure 4B,D,F,H). Similar accumulation of dry weight-based copper concentration is
also observed when the soil copper concentration exceeds level 3 in batch 2 (Appendix A Figure A2).
These results suggest that this significant accumulation of copper contributes to phytotoxicity in the
aerial parts of plants. Notably, although the water spinach and pakchoi in batch one show a significant
growth reduction (Figure 2A,E and Figure 3A,E), the copper concentration in water spinach and
pakchoi are not significantly higher at soil copper level 3.
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Figure 4. The effect of soil copper concentration on copper accumulation in water spinach, amaranth,
pakchoi and garland chrysanthemum. The five levels of soil copper concentration are 1: 17–30 mg·kg–1,
2: 78–86 mg·kg–1, 3: 251–296 mg·kg–1, 4: 296–367 mg·kg–1 and 5: 409–518 mg·kg–1 (see Table 2 for
details). Two batches of cultivation were carried out. Two batches of warm season cultivation ran
from June to July 2017 and from September to October 2017 for water spinach and amaranth, and two
batches of cold season cultivation ran from February to March 2017 and from February to March 2018
for pakchoi and garland chrysanthemum. The value are the means ± standard deviation (n = 5–6).
The same letters above the error bars indicate that there are no significant differences at p ≤ 0.05
according to the LSD.
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This inconsistency could be due to the copper phytotoxicity in roots but not in shoots.
Taken together, revealing the copper concentrations of these vegetables could not only provide
explanations for toxicity, but also copper dose information when consuming vegetables.

3.3. Regression Models for Crop Copper Concentrations

Since the copper concentration in crops is valuable information, it is important to develop a
copper content prediction platform for crops based on clues from the soil. One way to develop such a
platform is by utilizing regression models and employing one-step extractable copper, using CaCl2,
NaNO3, HCl and EDTA solutions. The one-step extraction is a relatively fast method, and metal
concentrations in the extracts are frequently used to describe the biologically available fraction [19]. In
contrast, the tedious and time-consuming aqua regia digestion method extracts almost all forms of
metals from the soil, but this total metal content in soil does not reflect to the biologically-available
fraction. To develop a more efficient approach, both regression models derived from this aqua regia
digestion method and the one-step extraction method are shown (Table 3), and the fitness of both
models is assessed.

Table 3. Multiple linear correlation models for predicting copper concentrations in vegetables.

Multiple Regression Analysis R2
adj.

a p Value b R2
cor.

c

Log(Cuwater spinach) = 0.325 *** Log(Cuaqua regia) + 1.888 *** 0.455 <0.001 0.3360
Log(Cuwater spinach) = 0.305 *** Log(CuNaNO3) – 1.123 *** Log

(CuHCl) + 0.978 ** Log(CuEDTA) + 3.29 *** 0.797 <0.001 0.8144

Log(Cuamaranth) = 0.972 *** Log(Cuaqua regia) – 1.605 *** 0.881 <0.001 0.7474
Log(Cuamaranth) = 0.822 *** Log(CuHCl) – 0.512 * 0.902 <0.001 0.7889

Log(Cuamaranth) = −0.487 Log(CuEDTA) + 1.309 *** Log(CuHCl) –
0.496 * 0.905 <0.001 0.8135

Log(Cupakchoi) = 1.253 *** Log(Cuaqua regia) – 2.836 *** 0.892 <0.001 0.6115
Log(Cupakchoi) = 1.027 *** Log(CuEDTA) – 1.327 *** 0.895 <0.001 0.5747

Log(Cugarland chrysanthemum) = 0.77 *** Log(Cuaqua regia) – 0.673 0.739 <0.001 0.6602
Log(Cugarland chrysanthemum) = 0.669 *** Log(CuHCl) + 0.124 0.756 <0.001 0.7239

*, for p ≤ 0.05; **, for p ≤ 0.01; ***, and for p ≤ 0.001 for the coefficients or constants using a Pearson Correlation. a,
Adjusted R square for the model. b, p value for the model. c, R square in the correlation analysis (Figure 5) for the
linear regression between the expected and measured Cu concentration.

The correlation coefficients of these extractable copper concentrations that are significant to the
copper concentrations in vegetables are subjected to a stepwise regression analysis. The combination of
NaNO3-extractable copper concentration, HCl-extractable copper concentration and EDTA-extractable
copper concentration produces a significant (p < 0.001) multiple linear regression model for water
spinach copper concentration, which could explain 79.7% of the variance, while a simple regression
model produced by the aqua regia-digested copper concentration can only explain 45.5% of the variance
(Table 3), suggesting that the prediction model has higher fitness and offers a better explanation of
variance compared to the simple regression model built according to the aqua regia-digested copper
concentration. Since the prediction model derived from one-step extraction shows better fitness
than that from the aqua regia method, the correlation of the expected and measured plant copper
concentrations are evaluated (Figure 5). When this multiple linear regression model for water spinach is
used to estimate the copper concentration in plants, the correlation between the expected and measured
copper concentration is described by a linear regression line with an R square of 0.8144 (Table 3 and
Figure 5A). Similar approaches are used to build regression models for amaranth, pakchoi and garland
chrysanthemum (Table 3 and Figure 5). The model for amaranth copper with the highest fitness
incorporates the HCl-extractable copper concentration and EDTA-extractable copper concentration
with an R square of 0.7889 (Table 3 and Figure 5B). The models for pakchoi and garland chrysanthemum
are derived from a single extraction, which greatly simplifies the quantification processes. The model
for pakchoi copper can be described by the EDTA-extractable copper concentration with an R
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square of 0.5747 (Table 3 and Figure 5C), whereas the model for garland chrysanthemum utilizes an
HCl-extractable copper concentration with an R square of 0.7239 (Table 3 and Figure 5D). The fitness
of these models is comparable with the published multiple regression models for copper, zinc and
nickel uptake by barley, wheat and corn [34–36]. For example, copper prediction models for barley
roots derived from CaCl2- and low-molecular-weight organic acids-extractable copper have R squares
from 0.617 to 0.801 [34]. A cadmium prediction model based on Na4P2O7-extractable cadmium and
solubilized organic carbon for Durum Wheat grain shows 74% of fitness [35]. A copper prediction
model for copper concentration in potato tubers shows an R square of 0.541 [36].
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Figure 5. The correlation of the expected and measured plant Cu concentration in water spinach,
amaranth, pakchoi and garland chrysanthemum using models derived from one-step extractions.
The expected plant Cu concentrations are calculated according to the following multiple linear
regression formula by fitting the Cu parameters from one-step extractions: A, Log(Cuwater spinach)
= 0.305 Log(CuNaNO3) – 1.123 Log (CuHCl) + 0.978 Log(CuEDTA) + 3.29; B, Log(Cuamaranth) =

−0.487 Log(CuEDTA) + 1.309 Log(CuHCl) – 0.496; C, Log(Cupakchoi) = 1.027 Log(CuEDTA) – 1.327;
D, Log(Cugarland chrysanthemum) = 0.669 Log(CuHCl) + 0.124.

At least two types of models are shown for each vegetable, including an aqua regia digestion-based
model and a one-step extraction-derived model. All concentration values are in µg kg−1, and are
log10-transformed to ensure the homogeneity of the variance. Stepwise regression criteria:
The probability of F to enter p ≤ 0.05; the probability of F to remove p ≥ 0.10.
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4. Discussion

4.1. The Development of Copper Prediction Models for Vegetables

One purpose of this study is to develop prediction models for plant copper content based on soil
parameters. We developed models for water spinach, amaranth, pakchoi and garland chrysanthemum
(Table 3 and Figure 5). The effects of cadmium and copper mixtures on growth and the nutrients in
pakchoi were investigated [17]. The contents of nickel, cadmium and copper are measured in a variety
of water spinach samples collected from Sri Lanka [13]. However, no copper prediction model for
pakchoi or water spinach was available until this study.

In our study, we agree that one-step extraction is an efficient method to evaluate copper
phytotoxicity and accumulation in vegetables. A wide variety of extraction reagents are utilized
to mimic the mobility and availability of heavy metals in soil, and even in rhizosphere soil, which
includes a neutral salt solution, acids and chelators [19,20,23,25]. We took advantage of CaCl2-,
NaNO3-, HCl- and EDTA-extractable copper concentrations to derive models with higher fitness by
comparing them to time- and labor-intensive aqua regia-based models. Soil background electrolyte
solutions are frequently mimicked using CaCl2, NaNO3 or NH4NO3 to extract metal concentrations
for bioavailability prediction [19,23,37]. Metals in the solid phase of soil are usually considered as
potential available metals which can be exchanged by HCl and HNO3, or chelated with EDTA or
DTPA [19,25,37,38].

The EDTA-extractable copper is reported as an indicator of the copper bioavailability for tomato [27].
The DTPA extraction method for predicting copper concentration in barley roots is suitable for neutral
and near-alkaline soils, and the EDTA extraction method is suitable for acidic soil (pH ≤ 6.5) [23].
Based on the soil pH (pH 5.84) in our study (Table 1), the EDTA solution is a suitable chelating reagent
for model building. Although these extraction methods developed over more than two decades and
the prediction models are usually not universal [24,39–41], current studies still utilize these approaches
to develop prediction models for toxic metals in maize, water lettuce, cucumber and pakchoi [42–46].

Five levels of copper-contaminated soil in this study are obtained by adding CuSO4, but spiked
soil may not represent a real scenario. Nevertheless, spiked soil, an artificial addition of copper into
the culture medium, is one of the stable and frequently used approaches to study copper phytotoxicity
and copper uptake [4–8,10,17,47,48]. A study utilizes the addition of CuCl2 to soil for exploring copper
toxicity on rice growth and copper accumulation in rice grain [6]. Recent studies add CuSO4 or
Cu(NO3)2 into soil for investigating accumulation of copper and physiological changes in black oat,
carrot and pakchoi [10,17]. Addition of CuSO4 in soil is also used to study the effect of biochar on
reducing copper toxicity in quinoa and mustard [47,48]. Nutrient solutions and hydroponic cultures
with the addition of toxic metals are general approaches to study phytotoxicity in plants [4,5,7,8,43].
The mixtures of sewage sludge and cultivated field soil are alternative approaches to obtain various
levels of metal contamination [45], or the sludge samples can be spiked with metal solutions to mimic
the wastewater treatment [34]. In real cases of toxic metal pollution, high levels of copper in soil are
often elevated with other metals. The influence of copper prediction by other metals is discussed in the
next section.

4.2. Influence on Copper Prediction Models

Even though this study develops copper prediction models based on simple one-step extraction
methods, these models may not be universally able to estimate the copper concentration in vegetables
because the bioavailability of metal for plant uptake is affected by the metal’s constituents and
by soil properties [26]. Under long-term field conditions, cadmium uptake by lettuce grown on
biosolid-amended soil is lower than that grown on soil supplemented with equivalent cadmium
salt [49], suggesting that the source and constitution of metals affects bioavailability. To estimate
the bioavailability of metals in the soil, chemical extractions using neutral salts, acids, or chelating
solutions, have been recommended [19]. Many cases of prediction models use the concentrations
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of multiple metals or soil properties to estimate one metal. For example, the chromium multiple
regression model suggests that chelating-solution-extractable chromium and iron oxides contribute
to chromium bioavailability in soil [23]. In the rice cadmium prediction model, some equations also
include the neutral salt-extractable zinc concentration, due to the uptake competition of cadmium and
zinc [12]. Furthermore, the soil’s pH effect is known to affect copper bioavailability and organic matter
retention in tomatoes [27]. Because the influences of other metals and soil properties are not included
as variables in this study, the developed copper prediction models are limited to similarly polluted
cases. Certain cultivation methods contribute to similar cases of copper contamination. Predominantly
fertilizing with manure instead of nitrate increases copper availability to the roots [50–52]. Fields applied
with copper-based fungicides have a higher potential to accumulate copper in soil and crops [27,53,54],
which are cases of single metal contamination. For soil contaminated with multiple metals or with
extreme soil pH, a further validation of soil properties and the extractable concentrations for other
metals are required to obtain more reliable predictions.

4.3. The Four Tested Leafy Vegetables Cultivated in Copper-Contaminated Soil May Not Pose a Significant Risk
to Human Health

Although the copper concentration in these vegetables increases along with an increase in the
soil’s copper levels (Figure 4), the market value of these vegetables is lost when the soil copper level
increases over level 3 (Figure 1), suggesting a low possibility to be ingested when the soil copper
concentration exceeds level 3 (251–296 mg·kg−1).

When the soil copper concentration is under level 2 (78-86 mg·kg−1) and level 3, the copper
concentrations are around 2.79 mg·kg−1 and 3.88 mg·kg−1 in water spinach, 1.29 mg·kg−1 and
5.29 mg·kg−1 in amaranth, 2.91 mg·kg−1 and 9.89 mg·kg−1 in pakchoi, and 1.46 mg·kg−1 and
4.59 mg·kg−1 in garland chrysanthemum. According the World Heath Organization (WHO) daily
recommendation of 400 g of vegetables and fruits, the copper intake from the vegetables above ranges
from 0.52 mg to 3.96 mg per day. To evaluate the risk to human health from consuming these levels of
copper from vegetables, the recommended levels of copper in water and food must be considered.
The No-Observed-Adverse-Effect Level (NOAEL) and Lowest-observed-adverse-effect level (LOAEL)
of copper for adult humans are reported as 4 mg·L−1 and 6 mg·L−1 of copper in drinking water,
respectively [55]. The NOAEL of copper in copper gluconate supplementation is 10 mg per day,
based on 12 weeks of trials without significant adverse effects on liver function and no changes in the
copper level in serum, urine, or hair [56]. Increasing the dietary intake of copper to 7.53 mg per day for
24 days shows no significant increase in plasma copper, ceruloplasmin, or whole-blood superoxide
dismutase [57]. The European Food Safety Authority recommends the tolerable upper intake level (UL)
for copper to be 5 mg per day for adults and 2 mg per day for children ages 4 to 6 [58]. Since the copper
content from the vegetables in this study is lower than the NOAEL, LOAEL and UL of copper, the
health risk from consuming such vegetables cultivated on copper-contaminated soil is low for adults.
To further reduce the health risk, one approach is to reduce the accumulation of copper in vegetables.
Biochar has been reported to be a soil amendment that can reduce copper in the water of soil pores
and copper accumulation in Brassica juncea and Chenopodium quinoa [47,48,59]. Another approach
is to reduce the source of copper from soil amendments. Fertilizing with manure potentially rises
copper availability to the roots and increases copper uptake and toxicity [50–52]. Further studies on
soil amendments to attenuate the uptake of copper in leafy vegetables could be required.
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5. Conclusions

This study demonstrates that assessing the growth performance and quantification of the copper
content in four selected leafy vegetables can be a useful approach for evaluating copper toxicity for
these vegetables. Combining the one-step extractions of soil copper with plant copper content suggests
multiple regression as a novel prediction model for the copper content in vegetables. This study not
only integrates copper phytotoxicity and copper accumulation, but also develops prediction tools and
discusses health risks. Although such a result may only be limited to these four vegetables, this strategy
gives insight into other crops and other toxic metals.
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Figure A1. The effect of soil copper concentration on malodialdehyde (MDA) content in water spinach.
The three levels shown here of soil copper concentration are 1: 17–30 mg·kg−1, 3: 251–296 mg ·kg−1,
and 4: 296–367 mg·kg−1 (see Table 2 for details). MDA content indicates lipid peroxidation that is
caused by copper toxicity. MDA content was analyzed with the thiobarbituric acid (TBA) method as
described previously [60]. Briefly, 0.02 g vegetable tissue from the edible part were homogenized with
400 mm3 of 5% trichloroacetic acid (TCA) and centrifuged at 10,000× g for 5 min. One hundred mm3 of
supernatant was mixed with 0.9 cm3 of 0.5% TBA in 20% TCA followed by incubating at 95 ◦C for 30
min. The reaction was stopped by ice bath and centrifuged at 10,000× g for 10 min. MDA concentration
was estimated by subtracting the 600 nm absorption from the 532 nm absorption with an absorbance
coefficient of extinction (155 mM−1 cm−1). The value are the means ± standard deviation (n = 3).
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