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Abstract: In a pot experiment, we assessed the potential of purslane (Portulaca oleracea) as a phy-
toremediation species in Cr(VI)-contaminated soils. We focused on the evaluation of phytotoxic
Cr(VI) effects at concentrations reaching 150 mg Cr(VI) kg_1 and the possible stress amelioration
effect of nitrogen on Cr(VI)-stressed plants. Treatments were T-0 (control), T-1 (25 mg Cr(VI) kg™ 1),
T-2 =50 mg kg !, T-3 = 100 mg kg~ !, and T-4 = 150 mg kg ~!. We measured Cr(VI) concentration
in aerial and root tissues, a series of parameters related to photosynthesis and plant growth, phos-
phorus aerial plant tissue content, and we also calculated indices (ratios) related to leaf growth and
above ground tissue water content. Cr(VI) almost exclusively was found in root tissues; all physio-
logical and growth parameters studied were severely affected and plants selectively accumulated
phosphorus in aerial plant tissues with increasing Cr(VI) soil concentrations. On the other hand, N
amendment resulted in improved plant features in some of the measured parameters: chlorophyll
index was improved with added N at T-2, plant height was significantly higher at T-0, T-1, and
T-2, and aerial dry weight and leaf area was higher at T-0; these effects indicate that added N did
increase P. oleracea potential to ameliorate Cr(VI) toxic effects. We conclude that purslane showed a
potential as a possible species to be successfully introduced to Cr(VI)-laden soils, but more research
is certainly necessary.

Keywords: hexavalent Cr; photosynthesis; phosphorus uptake; Cr(VI) tissue; leaf characteristics;
purslane; soil contamination; heavy metals

1. Introduction

Metal ions can be introduced to surface soils by natural or anthropogenic processes
and their environmental impact is greatly affected by their mineralogical and geochemical
form [1]. Cr is mainly found in two valence states, namely +3 (chromite (Cr(III)) and
+6 (chromate Cr(VI)). However, in natural soil conditions trivalent chromium Cr(III) is
the predominant state [2]. Hexavalent Cr compounds are found in wastes of numerous
industrial activities (i.e., chromic acid and Cr-pigment production, leather tanning, cement
production, metal plating, and stainless-steel production), and its anionic form results in
increased possibility of Cr(VI) pollution dispersal [2—-4].

Cr(III) is an essential element for some redox reactions that serve fundamental cellular
functions relevant to sugar, protein and lipid metabolism in humans (recommended adult
intake of 50 to 200 pg/d); however it is not an essential element for plants [5-7]. Hexavalent
chromium (Cr(VI)) is of much higher toxicity (10 to 100 times) compared to Cr(III) for both
acute and chronic exposure, posing serious health hazards for humans. Hexavalent Cr
has been identified as one of the seventeen chemicals threatening human health and is
classified as a human carcinogen causing a variety of cancer diseases in humans that result
in increased overall mortality rates. Cr(VI) and Cr(Ill) in soil are in dynamic equilibrium
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and the concentration of each form depends primarily on soil characteristics and redox
conditions [5,7-9].

The particularly high toxicity of Cr(VI) in prokaryotes and eukaryotes is attributed to
the high bioavailability of Cr(VI) oxyanions found in the soil environment (i.e., chromate
(CrO4%7), hydrogen-chromate (HCrO4 ™), and dichromate (Cr,O7%7). In common soil pH
values, soil constituents bear mainly negative charges resulting in limited anion binding
capacity [4,5,10].

Inside cells, the metabolic reduction of Cr(VI) through enzymatic and non-enzymatic
processes leads to the formation of Cr(IIl) and in the parallel production of reactive oxy-
gen species ROS, resulting in severe oxidative damage to plant cells. Cr(Ill) remains
inside plant cells because of its low membrane permeability, forming stable complexes
with proteins and nucleic acids resulting in the inhibition of DNA replication and RNA
transcription [8,11-14].

In plants, translocation and accumulation of Cr largely depends on Cr speciation, plant
species-specific stress alleviating mechanisms, concentration of Cr and Cr availability in
the growth medium [11,15,16]. Cr(VI) enter plant cells via the cell membrane generic anion
channels, due to structural similarities of chromate to sulfate and phosphate anions [12,13].
Contrary to that, Cr(IIl) ions can cross cell membrane at a much lower rate via simple
diffusion or pinocytosis [17,18]. Several studies indicated that Cr primarily accumulated in
the plant roots [19]. Cr(VI) is readily sequestered in root vacuoles and is poorly transported
to aerial biomass in an effort of the plant to address Cr(VI) toxicity, thus avoiding exposure
of important aerial organs for its physiological functions to elevated Cr(VI) [2,11].

It has been proposed that mechanisms developed from plant species tolerant to
abiotic stresses, contribute to heavy metal tolerance. Cross-tolerance mechanisms between
abiotic stresses and heavy metal tolerance mechanisms have been reported for various
plant species [20]. Halophyte plant species have developed a series of mechanisms that
confer tolerance to many metal ions, in concentrations prohibitive to the growth of most
plant species [21,22]. The mechanisms implemented from halophytes include vacuole
accumulation of metal ions, exclusion of metal ions from entering root cells and excretion
of metal ions through the salt glands [23]. Furthermore, in halophytes various organic
compounds may be accumulated, for cells to maintain their structure and protect the
function of enzymatic mechanisms due to salt stress [24]. In halophytic plant species,
increased concentrations of proline, total soluble sugars, and amino acids (such as leucine,
isoleucine, valine, glutamine, glutamate, tyrosine, threonine, arginine, phenylalanine, and
tryptophan) have been reported as a response to elevated toxic metal concentrations [25,26].
The above mechanisms result in the alleviation of heavy metal stress, rendering halophytes
as potential candidates for phytoextraction and phytostabilization, as well as for saline
agriculture [20,23,27,28].

Overall, high levels of Cr in plant tissues result in reduced plant height, root length,
chlorophyll and pigment content in leaves, reduced photosynthetic rate, damaged root
tissues, ultrastructural modifications of cell membranes, mineral nutrient imbalance and
reduced enzymatic activity [6,14,29]. Chromium can limit the absorption of elements
essential for plant growth such as N, P, K, Fe, Mg, Mn, Mo, Zn, Cu, Ca, and B [11,30,31].
Moreover, Cr(VI) has a negative effect on enzymes relevant to nitrogen metabolism, de-
creasing the activity of nitrate and nitrite reductase, glutamine synthetase, urease, and
glutamate dehydrogenase [2,11,32].

Nutrient supply of micro- and macronutrients is an essential factor influencing plant
growth that helps to alleviate the negative effects of biotic and abiotic stressors on plants.
However, under field conditions only a limited number of nutrients have been found to
alleviate biotic and abiotic stresses, among which, sulfate [33]. On the other hand, it is
known that species exposed to a certain environmental restrictive agent, may become
less effective in addressing other additional stresses [34,35]. In that sense, it should be
expected that plants growing in unfertilized soils could be severely affected upon exposure
to Cr(VI) contamination. However, to the best of our knowledge, this has never been tested
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before in real soil conditions. Thus, it could be the case that well-fertilized plants address
Cr(VI) exposure in a way that their developmental (i.e., root and shoot weight, and aerial
part height), as well as physiological features (i.e., photosynthetic rate and chlorophyll
content) are less severely affected compared to non-fertilized plants; however, due to a lack
of evidence from the literature, this potentially beneficial effect of fertilization has to be
elucidated [36].

Purslane (Portulaca oleracea) is a halophytic annual plant species, tolerant to several
abiotic stresses [22]. This species adaptability is largely attributed to great morpho-cyto-
physiologic variability that greatly contributes to the rapid growth and propagation under
harsh environmental conditions. Key factors that contribute to purslane adaptability
involve the production of secondary metabolites and the species ability to switch from
C4 to CAM photosynthesis (carbon fixation-photosynthetic mechanism) under drought
stress [21,37]. Salinity, drought and metal stress induce common physiological responses
from plants [38]. Tolerant plants to other abiotic stresses can be possible candidates to
be tested for phytoremediation purposes. To the best of our knowledge, despite the
literature reports regarding the accumulation and toxic effects of chromium on purslane
plants [36,39-41], there is a void in the literature concerning the ability of the species to
grow under elevated Cr(VI) soil conditions, especially when N-added soils and compared
to soil with non N addition.

Furthermore, it may be the case that nitrogen applied to Cr(VI)-stressed purslane
could result in higher plant aerial biomass and thus in higher overall removal of Cr(VI)
from soil. If this is the case, purslane could act faster as a phytoremediation species for the
restoration of a Cr(VI)-laden area, when considering that metal uptake is affected both by
plant tissue Cr(VI) content and the aerial biomass. However, this beneficial effect is also
not elucidated by current literature evidence. Hence, the aims of this work were to study
the developmental and physiological features of purslane, as well as its Cr(VI) content and
possible toxicity symptoms resulting from Cr(VI) exposure in a soil well-fertilized with
N and compare these effects with those in purslane plants grown in a non-fertilized soil.
This study targeted specifically the evaluation of purslane as a potential phytoremediation
species towards Cr(VI)-contaminated soils. To the best of our knowledge, although there
are some works that have investigated purslane as a phytoremediation species towards
Cr(VI) (e.g., [36]), there is no investigation in relation to the effects of added N on the
phytoremediation capacity of the species.

2. Materials and Methods

A 10-treatment (2 levels of nitrogen x 5 levels of Cr(VI)) x 10 replicates) experiment
was established. Overall, we had 100 replicates (each in 2-L pots) and for each replicate,
a mixture of 1000 g of soil and 800 mL perlite was prepared. Soil was obtained from a
field in the agricultural region between Volos and Larisa (39.394925 N, 22.756285 E), an
area not affected from any known source of pollution. Soil spiking was performed using
Cr(VI) solution of 10,000 ppm Cr(VI), by dissolving 19.22 g of CrO3 in 1000 mL distilled
water. Spiking solution was applied to the soil resulting in 5 Cr(VI) treatments (T-0: control;
T-1: 25 mg Cr(VI) kg~ !, with 2.5 mL spiking solution per pot; T-2: 50 mg kg !, with 5 mL
solution; T-3: 100 mg kg !, 10 mL solution; and T-4: 150 mg kg~!, 15 mL solution.

For each Cr(VI) treatment, half of the replicates (10 out of 20) were amended in rates
equivalent to 200 kg of nitrogen per hectare or 100 mg N per kg soil as NH4NO; salt
(thereafter named N-1 treatments and the non-added-N treatments are named N-0). The
spiked soil treatments along with the un-amended control were placed in 2-L plastic pots,
watered to their holding capacity and the spiked soil was left to equilibrate for 20 days.
During the equilibration period, soil was thoroughly mixed three times per week and water
was added as needed to keep soil to its water holding capacity.

At the end of the equilibration period, four samples per Cr(VI) treatment were obtained
from the pots, air dried, passed through a 2-mm sieve in order to determine the initial
(Day 0) hexavalent chromium (Cr(VI)) soil concentration.
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2.1. Plant Establishment, Measurements and Soil and Plant Analysis

Cr(VI) was extracted from soil samples using 0.01 M KH,POy solution, color was
developed by the diphenyl carbazide method and absorption values were determined
using a Biochrom Libra S11 spectrophotometer at 540 nm [42]. For each treatment the ini-
tial hexavalent chromium (Cr(VI)) concentrations were estimated (T-0: 0.0 mg Cr(VI) kg’l
(control), i.e., un-amended soil; T-1: 20.65 mg Cr(VI) kg~!; T-2: 49.92 mg Cr(VI) kg~ };
T-3: 106.43 mg Cr(VI) kg’1 ; and T-4: 148.62 mg Cr(VI) kg’l). Furthermore, three ran-
domly acquired samples were analyzed for soil physiochemical parameters (pH = 7.8,
ECe =850 uS cm ™!, CaCO; = 10.4%, soil of loam texture) according to commonly used
laboratory protocols [43].

Plants were grown in an unheated greenhouse. On Day 0, P. oleracea plants, already
sown 25 days before Day 0 in peat-filled seedling trays, were transplanted in pots (one
plant per pot). Transplantation took place when plants reached a height of 12 cm.

During the growth period, to compensate for any light and temperature differences
in the greenhouse, plant positions were exchanged regularly, and water was applied to
the plants according at regular intervals in amounts that depended on weather conditions
(50-250 mL per pot). One month prior to harvest date, we measured plant height in cm,
photosynthetic rate (umol CO; m~2 s~ 1) at a constant light intensity (250 umol cm~2 s~ 1)
using the LI-Cor LI-6400XT Portable Photosynthesis System (LI-Cor, Lincoln, NE, USA))
and chlorophyll content (SPAD index) was measured using the OPTI-SCIENCES CCM-200
plus chlorophyll content meter (Opti-sciences, Hudson, NH, USA).

Plants were grown in the Cr(VI) spiked soil for 50 days—from 14 October 2019
(establishment of seedlings in the pots) to 4 December 2019, when plants were harvested.
On harvest day we measured the weight of stems, the weight of leaves and the leaf area
per plant. Then, aerial plant tissues were washed with deionized water and root tissues
were meticulously washed so that no soil particles remained attached and further rinsed
with deionized water.

Aerial and root plant tissues were dried in an air-forced drying oven at 70 °C for
96 h. Both aerial and root tissues were weighted and pulverized. Then, 1.00 g samples of
plant tissue were dry-ashed at 500 °C for 4 h and ash was extracted using 10 mL of 20%
HCI. Plant tissue K, P and Cr(VI) concentrations were estimated according to established
laboratory protocols—dry ashing at 500 °C for 5 h, and then ash extraction with 20 mL
of 20% HCI [44]. Due to the lack of sufficient plant tissue mass, especially in the high
Cr(VI) treatments, out of the 10 replicates initially sown, 5 replicates for extraction and
measurement were formed by combining tissues from every two pots. Furthermore, out of
the primary data, we calculated a secondary index, i.e., tolerance index (TI), equal to dry
aerial biomass in contaminated soil over that in control. Because of the fact that we had
effectively two controls, typical to a two-factor experiment like ours, i.e., (a) no Cr(VI) with
no N, and (b) no Cr(VI) with added N, we calculated TI as two independent factors, one
for soils without N and one for soils with N.

2.2. Quality Assurance and Statistical Analyses

For data quality control purposes in-house plant and soil reference materials were
used and recovery rates were within the range of 95% to 105% of the certified value. To
rule out any possibility of cross-contamination, for every extraction batch blank samples
were also measured. For Cr(VI) calibration curves, Merck standard solutions were used
(Merck, Burlington, MA, USA).

Statistical analysis of the data was performed using IBM SPSS Statistics 25 and Excel
2019 software. One-way ANOVA and Duncan’s multiple range tests were used to identify
statistically significant differences between treatments and two-way ANOVA and Duncan’s
multiple range tests at p = 0.05 were used to monitor the effect that Cr and nitrogen had on
the different parameters studied.
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3. Results
3.1. Cr(VI) Concentration in Plant Tissues

Increasing soil Cr(VI), increased aerial tissue Cr(VI) content (p < 0.001), reaching
4.13 mg Cr(VI) kg~! dry matter (T-4 (Cr(VI)) treatment with no added N), while nitrogen
addition had no significant effect in the aerial tissue Cr(VI) content (p = 0.915) (Figure 1a).
Furthermore, increasing Cr(VI) soil concentration resulted in significant increase (p < 0.001)
in root tissue Cr(VI) concentration and nitrogen addition had no significant effect on root
tissue Cr(VI) content (p = 0.109). In root tissues, Cr(VI) levels were orders of magnitude
higher compared to aerial tissues, reaching 339 mg kg ~! dry matter at the highest Cr(VI) soil
concentration with no added N, while at T-4 Cr(VI) with added N root Cr(VI) concentrations
reached 596 mg kg~! (p < 0.001). This finding indicates that in the highest tested soil Cr(VI)
concentrations, N amendment resulted in increased root Cr(VI) concentrations (Figure 1b),
significantly higher than the non-added-N treatment, whereas aerial contents of Cr(VI)
remained low without being affected by N addition.

700 - e

600 A

{1 p<0.001

Aerial Cr(VI), mg kg-1

T0 T1 T2 T3 T4|T-0 T1 T2 T3 T4

Added N

No N Added N

(a) (b)

Figure 1. Cr(VI) concentration in plant tissues: (a) Aerial tissue Cr(VI) concentrations
(mg Cr(VI) kg*1 dry matter); (b) Root tissue Cr(VI) concentrations (mg Cr(VI) kg*1 dry matter).
Different letters denote statistically significant differences at p < 0.05. Error bars represent standard
error (T-1 = 25, T-2 = 50, T-3 = 100, T-4 = 150 mg Cr(VI) kg ! soil).

3.2. Effects of Cr(VI) on Parameters Relative to Photosynthesis and Plant Growth
3.2.1. Chlorophyll Content Index and Photosynthetic Rate

As aresult of Cr(VI) exposure, the purslane developmental and physiological param-
eters studied were significantly affected. Chlorophyll content (SPAD index) was found
to gradually decrease (p < 0.001) from 12.35 ((T-0)-no added N) to 4.82 (T-4-no added N).
Added nitrogen resulted in significantly higher chlorophyll content (Figure 2a). Similarly,
with increasing Cr(VI) soil concentrations, reduced photosynthetic rate values were noticed
(p <0.001) and nitrogen addition resulted in increased (p = 0.020) photosynthetic rate values
for every Cr(VI) level (Figure 2b).
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Figure 2. (a) Chlorophyll index; (b) Photosynthetic rate (umol CO, m~2 s~ 1). Different letters denote statistically significant
differences at p < 0.05. Error bars represent standard error (T-1 = 25, T-2 = 50, T-3 = 100, T-4 = 150 mg Cr(VI) kg ! soil).

3.2.2. Plant Height and Aerial Fresh Weight

Plant height and aerial fresh weight, as expected, followed the same trend observed
for photosynthetic rate and chlorophyll content. Increasing Cr(VI) concentrations resulted
in lower height values (p < 0.001) and nitrogen amendment had a positive effect in plant
height in every Cr(VI) level tested (p = 0.038). For aerial fresh weight the trend was similar,
with increasing Cr(VI) concentrations exerting negative effects on the measured values
(p < 0.001) and in this case nitrogen addition had also a positive effect (p < 0.001) (Table 1).

Table 1. Plant height and aerial fresh weight at harvest date.

Plant Height Aerial Fresh Weight
Treatments
(cm) (g pot™)
T-0 299 +1.09f 13.4+2.18
T-1 18.9 +0.57 4 5.9 £ 0.58
No N T-2 16.3 £0.91°¢ 444033
T-3 15.0 4 0.41 b¢ 4.5+ 0.35
T-4 112+ 0467 23+031
T-0 31.2+1.394 29.5+3.21
T-1 22.0 4 0.67 b¢ 8.2+0.52
Added N T-2 15.7 + 048 3 5.7 +0.30
T-3 15.7 4+ 0.99 20 424038
T-4 135+ 0467 3.5+0.40
Treatment effect p <0.001 p=0.298
Cr effect p <0.001 p <0.001
Nitrogen effect p=0.038 p <0.001

Mean = S. E. Different letters denote significant (p < 0.05) difference between means in columns according to
Duncan’s multiple range test (T-1 = 25, T-2 = 50, T-3 = 100, T-4 = 150 mg Cr(VI) kg~ soil).

3.2.3. Aerial Dry Weight and Root Dry Weight and Leaf Area per Plant

Cr(VI) increasing concentrations negatively affected aerial dry matter production
(p < 0.001), and nitrogen addition resulted in higher values for every Cr(VI) level studied
(p < 0.001). More specifically, in treatments where no nitrogen was added, values decreased
gradually from 0.99 g (T-0) to 0.23 g (T-4) and in treatments where nitrogen was added,
aerial dry weight values were significantly higher, reaching 2.73 g in the control treatment
(T-0) and gradually decreased to 0.36 g for the highest soil Cr(VI) concentration used in
the experiment (T-4). On the other hand, root dry weight showed an increasing trend with
increasing Cr(VI) concentrations even from the lower Cr(VI) level (I-1) (0.39 g per pot),



Horticulturae 2021, 7, 192

7 of 13

despite the fact that differences failed to escalate in the higher Cr(VI) levels, resulting in
marginally higher than 0.05 significance (p = 0.053); nitrogen addition resulted in higher
root dry weight values (p = 0.021) (Table 2). Considering the results presented in Figure 1
and Table 2, the addition of N in plants treated with the highest Cr(VI) concentration may
result in the removal of significantly higher amounts of Cr(VI) from contaminated soils.
In particular, despite the similar contents of Cr(VI) in the aerial parts the increase in dry
weight per pot (from 0.23 g pot ! t0 0.36 g pot~! in no N and added N plants, respectively)
indicates an increase in the removal of Cr(VI) from soils by 56.5%. On the other hand, in
the case of roots we noticed an increase in both root dry weight per pot (from 0.5 g pot~! to
0.96 g pot~! in no N and added N plants, respectively) and Cr(VI) content in dried tissues
(339 mg kg~ ! and 596 mg kg~ ! in no N and added N plants, respectively), meaning a
cumulative increase of 237.6% in Cr(VI) removal from soils.

Table 2. Fresh and dry weight of aerial tissues, and dry weight of root tissues.

Aerial Dry Weight Root Dry Weight
Treatments
(g pot™1) (g pot™1)
T-0 0.99 + 0.167 © 0.30 + 0.089 @
T-1 0.53 + 0.009 @b 0.39 4 0.053 2
No N T-2 0.42 +0.0152 0.56 =+ 0.084 abc
T-3 0.48 £ 0.049 2b 0.83 =+ 0.093 abc
T-4 0.23 +0.0152 0.50 =+ 0.127 abe
T-0 2.73 £0.339¢ 0.38 4 0.056 2P
T-1 0.76 + 0.107 b 0.76 + 0.169 2bc
Added N T-2 0.50 £ 0.019 @b 1.02 + 0.126
T-3 0.45 + 0.051 2 0.79 + 0.095 abc
T-4 0.36 & 0.052 2 0.96 + 0.146 b°
Treatment effect p <0.001 p =0.045
p <0.001 p=0.053
Nitrogen effect p <0.001 p=0.021

Mean =+ S. E. Different letters denote significant (p < 0.05) difference between means in columns according to
Duncan’s multiple range test (T-1 = 25, T-2 = 50, T-3 = 100, T-4 = 150 mg Cr(VI) kg~! soil).

3.2.4. Leaf Area per Plant, Leaf Weight/Total Aerial Weight Ratio and Aerial Tissue Dry
Matter Content (Aerial Dry Weight/ Aerial Fresh Weight Ratio)

Dry to fresh aerial tissue weight ratio increased significantly (p = 0.002) even from
the lowest soil Cr(VI) (T-1) concentration (Table 3). Leaf area was significantly reduced
(p < 0.001) even from the lowest level of Cr(VI) soil concentration (T-1), while nitrogen
addition had a positive effect, increasing leaf area (p < 0.001) (Table 3). Apart from leaf
area, leaf weight-to-total aerial weight ratio followed the same pattern as the leaf area, with
increasing Cr(VI) concentrations resulting in lower (p < 0.001) ratio values and N addition
resulting in higher ratio values (p = 0.007) (Table 3). Leaf weight/total aerial tissue weight
ratio decreased gradually with increasing Cr(VI) concentrations (p < 0.001) and nitrogen
addition resulted in significantly higher ratio values (Table 3).
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Table 3. Leaf area, leaf/total aerial weight ratio and fresh weight to dry weight ratio of aerial tissues.

Leaf/Aerial Aerial Tissue

Leaf Area . . (Dry Weight/Fresh
Treatments Weight Ratio Weight Ratio)
(cm? Plant—1) gg™ gg™
T-0 1145+ 18.8° 0.33 £ 0.020 0.0723+ 0.0032 2
T-1 59.6 4 2.5 ab 0.28 + 0.021 0.0936 + 0.0015 b¢
No N T-2 433 +284 0.27 £ 0.028 0.0884 =+ 0.0041 be
T-3 483 +4.12 0.30 £ 0.022 0.0934 + 0.0042 bc
T-4 41.0+£3.72 0.26 + 0.025 0.0953 + 0.0047 bc
T-0 381.5+19.0¢ 0.50 + 0.070 0.0790 =+ 0.0026 2P
T-1 1209 + 4.1° 0.31 £ 0.012 0.0875 + 0.0009 bc
Added N T-2 98.3 £ 592 0.33 £ 0.018 0.0927 =+ 0.004 b*
T-3 68.4 +2.42b 0.31 +£ 0.027 0.0996 + 0.004 ©
T-4 499+192 0.26 + 0.024 0.0998 + 0.008 ©
Treatment effect p <0.001 p=0.358 p=0.015
Cr effect p <0.001 p <0.001 p =0.002
Nitrogen effect p <0.001 p = 0.007 p=0.324

Mean = S. E. Different letters denote significant (p < 0.05) difference between means in columns according to
Duncan’s multiple range test.

3.2.5. Tolerance Index

Tolerance index values (aerial biomass in contaminated soil/aerial biomass in control),
complemented the results of physiological and growth parameters. Cr(VI) increasing soil
concentrations resulted in lower tolerance index values (p < 0.001) and nitrogen addition
had a similar effect (p < 0.001). It seems that nitrogen addition resulted in higher plant
growth potential in the control treatment, that was abruptly limited from the toxic effect of
Cr(VI), even from the lower level of Cr(VI) applied to the soil (Figure 3).

06 1p< 0.001_

0.4 1
o | p < 0.001

b

0.4 1 0.3 1

b b
ab
= 0.3 1 a = 02 a .
0.2 4
0.1 I 011 I
0 0
T0 T1 T2 T3 T4 3 T4

T0 T1 T2 T-

(a) (b)

Figure 3. Tolerance index (TI) values for plants non-treated (a) or treated with nitrogen (b). Different
letters denote statistically significant differences at p < 0.05. Error bars represent standard error
(T-1 =25, T-2 = 50, T-3 = 100, T-4 = 150 mg Cr(VI) kg~ soil).

3.3. Phosphorus in Plant Tissues

In aerial plant tissues phosphorus content was measured and Duncan post hoc test
results indicated that aerial tissue P concentrations increased (p < 0.001) with rising Cr(VI)
soil concentrations, while nitrogen addition resulted in lower aerial tissue P concentrations
when compared to the no N treated plants (p = 0.034) (Table 4). However, it must be noted
that when the N effect was compared between same Cr(VI) additions, no differences were
evident. For potassium content, despite the fact that the effect of Cr(VI) and N addition
were significant (p < 0.001 and p = 0.002 respectively), the trend was not clear and further
data are required to reach conclusive results (Table 4).
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Table 4. Phosphorus and potassium content (g kg_l DW) in the aerial part of purslane (Portulaca
oleracea) aerial tissues (n = 5).

Treatments Phosphorus Content Potassium Content
T-0 3.412b 39.50 f
T-1 4.10 abe 28.75 abe
No N T-2 5.10 ¢d 31.62 bede
T-3 4,72 bed 34.65 cdef
T-4 6.104 37.63 ¢
T-0 3.99 abe 35.50 def
T-1 2954 24.04°
Added N T2 4.16 2bc 25.92 ab
T-3 4.4( abe 36.07 o
T-4 4.75 bed 29.17 abed
Treatment effect p <0.001 p <0.001
Cr effect p <0.001 p <0.001
Nitrogen effect p =0.034 p =0.002

Mean =+ S. E. Different superscripts denote significant (p < 0.05) difference between means in columns according
to Duncan’s multiple range test. (T-1 = 25, T-2 = 50, T-3 = 100, T-4 = 150 mg Cr(VI) kg~ soil).

4. Discussion

Cr(VI) levels in root tissues were orders of magnitude higher compared to Cr(VI)
concentrations found in aerial tissues, especially when plants were treated with the high-
est Cr(VI) concentration and fertilized with nitrogen. Increased Cr(VI) concentrations
in root tissues have been noticed for a series of plant species, where plants limit the
translocation of potentially toxic elements to the aerial plant tissues [2,10,11,15,45]. The
physiological parameters studied (chlorophyll content and photosynthetic rate) were sig-
nificantly affected with increasing Cr(VI) concentrations, while nitrogen amendment had
a positive effect. Reduced values of total chlorophyll content, photosynthetic rate, and
impediment of plant growth due to Cr(VI) stress have been documented for several plant
species [2,8,20,26,45,46].

Values of all the parameters relevant to plant growth (aerial fresh weight, aerial dry
weight, root dry weight, plant height, and leaf area) were significantly affected with ris-
ing Cr(VI) concentrations; nitrogen addition partly alleviated Cr(VI) toxic effects. Cr(VI)
is known to impede several processes essential for plant growth such as photosynthe-
sis, mineral uptake, enzyme and gene function, that inevitably result in reduced plant
growth [6,11,45]. According to Kale et al. [47], plant growth of hydroponically grown P. ol-
eracea was severely affected by increasing Cr contents, while plant accumulated significant
amounts of Cr compared to other species (up to 190 mg kg~! dry biomass). Various re-
search articles have reported that nutrient addition to the growth medium alleviated to
some degree Cr(VI) stress effects, as was the case with Arabidopsis thaliana [48,49]. In these
investigations, the effect of N was non-significant, but the experimental settings were very
different from ours (i.e., seedlings were watered with nutrient or Cr(VI) solutions in soilless
culture). Contrary to such reports, our findings indicate that nitrogen amendment can
support the growth of plants under Cr(VI) stress and partially compensate for the negative
effects of Cr(VI) on plant physiological and metabolic processes. Leaf growth character-
istics were proposed as bio-indicators of heavy metal stress. Cr stress is known to result
in reduced leaf area, leaf size, and total leaf number per plant [2,45,50,51]. In the present
experiment, a series of parameters such as leaf area and the ratio of leaf weight/total
aerial weight were significantly affected with increasing Cr(VI) concentrations. Nitrogen
amendment partly alleviated the effects of Cr(VI) stress. In parallel to the leaf growth
restriction, significantly lower water content was noticed in above ground tissues. These
results are in accordance with other works supporting that toxic effects of Cr(VI) in root
tissues, alterations on the membrane structure of stomatal guard cells and the reduced
diameter of tracheary vessels under Cr(VI) stress are the main factors that limit the water
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supply to aboveground tissues and therefore inhibit plant growth [2,51]. It seems that
root tissues are the most affected plant parts since heavy metals are usually accumulated
in higher amounts in roots compared to other plants parts. This was also the case in the
study of Kale et al. [47], who recorded higher amounts of Cr in root tissues, followed by
a reduction in root length with increasing Cr content in nutrient solution. Similar results
were reported by Dwivedi et al. [52] who evaluated two Portulaca species (e.g., P. tuberosa
and P. oleracea) for their phytoremediation capacity of multiple heavy metals (e.g., Cu, Ni,
Hg, and Pb) and suggested that roots accumulated the highest amounts of metals, followed
by stems, leaves and flowers, regardless of the studied metal. Based on the findings of
Anandi et al. [53], this selective accumulation of heavy metals in plant tissues could be due
to differences in tolerance to toxic effects, as aerial tissues are more susceptible to stress
than roots.

According to the literature, Portulaca species have been reported for the phytoremedi-
ation of heavy metal-polluted soils, since the species seems to be tolerant to toxic effects of
increased contents of various metals. For example, Deepa et al. [54] suggested the efficiency
of P. oleracea stem cuttings in removing Cu from two different types of soils (e.g., Alfisol and
Vertisol), while plant uptake was higher for the Alfisol due to the lower availability of Cu in
this particular soil type. Moreover, it is worth to highlight the potency of Portulaca species
to hyperaccumulate different heavy metals, e.g., Cd, As and Cr; this indicates the presence
of efficient defense mechanisms that alleviate heavy metal toxic effects [55]. The suggested
mechanisms for stress alleviation include the biosynthesis of osmoregulators such as pro-
line or the induction of antioxidant enzymes, e.g., guaiacol peroxidase (GPX) [47]. Finally
Yang et al. [56] reported that purslane above and below ground plant parts showed a very
high concentration in various trace elements, including chromium, and further suggested
the use of the species as a potential biomonitor or phytoremediator.

Cr(VI) also limits the uptake of N, P, K, Mn, Fe, Cu, Zn and S. It is referred that
Cr(VI) root uptake is mainly performed by phosphate and sulphate transporters due to
the structural similarity of Cr(VI) to phosphate and sulfate ions [45,57]. Results of de
Oliveira et al. [58] indicated that increasing Cr(VI) concentrations resulted in higher sulfate
root uptake and elevated sulfur in aerial plant tissues. Elevated phosphorus plant tissue
content exerts positive effects on enzymes involved in Cr(VI) reduction [59] and increased
P uptake under Cr(VI) stress was noticed in Citrullus vulgaris [60]. In Arabidopsis thaliana
seedlings, high phosphorus concentrations in plant tissues resulted in significantly reduced
Cr(VI) tissue concentrations [48]. On the other hand, Brassica napus plants subjected to
oxidative stress recorded higher phosphorus cell content and results indicated that elevated
P content resulted in lower ROS stress [61]. These results are in accordance with the present
experimental results, where purslane seemed to selectively absorb soil phosphorus when
under Cr(VI) stress and nitrogen amendment had a positive effect on P accumulation in
purslane aerial tissues with increasing Cr(VI) concentrations.

5. Conclusions

e  Cr(VI) contents in root tissues were orders of magnitude higher than the concentrations
found in aerial plant tissues.

e All physiological and growth parameters measured were severely affected and nitro-
gen in all cases resulted even partially in Cr(VI) stress alleviation.

e  Under Cr(VI) stress purslane plants selectively accumulated phosphorus in aerial
plant tissues.
Cr(VI) stress resulted in lower water content in aerial plant tissues.
Added N did not result in increased Cr(VI) content in aerial biomass compared to
same Cr(VI)-amended treatments without N; however, the fact that added N improved
plant’s growth and physiological functions even when exposed to high Cr(VI) soil
concentrations, means that sufficient N fertilization may be a satisfactory treatment to
increased purslane tolerance against Cr(VI) toxicity.
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e  On the same lines, added N makes purslane a species to be further considered for
phytoremediation of Cr(VI)-laden soils; however, we acknowledge that more research
is necessary before conclusive decisions may be drawn.

Author Contributions: Conceptualization, V.A. and S.A.P.; methodology, V.A. and S.A.P.; software,
G.T. and E.N,; validation, G.T. and E.N.; formal analysis, V.A. and S.A.P,; investigation, G.T. and E.N.;
resources, G.T. and E.N.; data curation, G.T. and E.N.; writing—original draft preparation, G.T. and
E.N.; writing—review and editing, V.A. and S.A.P; visualization, V.A. and S.A.P.; supervision, V.A.
and S.A.P.; project administration, V.A.; funding acquisition, V.A. and S.A.P. All authors have read
and agreed to the published version of the manuscript.

Funding: We acknowledge the funding of this research by Greece and the European Union (European
Social Fund- ESF) through the Operational Programme “Human Resources Development, Education
and Lifelong Learning 2014-2020" in the context of the project “Study of cultivation methods for
purslane (Portulaca oleracea L.) as a plant species for remediation of polluted soils” (MIS 5048931).
This funding is highly appreciated.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The study did not report any data.

Acknowledgments: This research is co-financed by Greece and the European Union (European Social
Fund-ESF) through the Operational Programme «Human Resources Development, Education and
Lifelong Learning 2014-2020» in the context of the project “Study of cultivation methods for purslane
(Portulaca oleracea L.) as a plant species for remediation of polluted soils” (MIS 5048931).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Garrett, R.G. Natural sources of metals to the environment. Hum. Ecol. Risk Assess. 2000, 6, 945-963. [CrossRef]

2. Shanker, AK,; Cervantes, C.; Loza-Tavera, H.; Avudainayagam, S. Chromium toxicity in plants. Environ. Int. 2005, 31, 739-753.
[CrossRef]

3. Lilli, M.A.; Moraetis, D.; Nikolaidis, N.P.; Karatzas, G.P,; Kalogerakis, N. Characterization and mobility of geogenic chromium in
soils and river bed sediments of Asopos basin. J. Hazard. Mater. 2015, 281, 12-19. [CrossRef]

4. Megremi, L; Vasilatos, C.; Vassilakis, E.; Economou-Eliopoulos, M. Spatial diversity of Cr distribution in soil and groundwater
sites in relation with land use management in a Mediterranean region: The case of C. Evia and Assopos-Thiva Basins, Greece. Sci.
Total Environ. 2019, 651, 656—667. [CrossRef]

5. Jobby, R;; Jha, P; Yadav, A.K.; Desai, N. Biosorption and biotransformation of hexavalent chromium [Cr(VI)]: A comprehensive
review. Chemosphere 2018, 207, 255-266. [CrossRef] [PubMed]

6.  Shahid, M.; Shamshad, S.; Rafig, M.; Khalid, S.; Bibi, I.; Niazi, N.K.; Dumat, C.; Rashid, M.I. Chromium speciation, bioavailability,
uptake, toxicity and detoxification in soil-plant system: A review. Chemosphere 2017, 178, 513-533. [CrossRef] [PubMed]

7. USEPA. Chromium Compounds: Hazard Summary. Available online: https://www.epa.gov/sites/production/files/2016-09/
documents/chromium-compounds.pdf (accessed on 15 June 2021).

8. Kumar, P; Tokas, J.; Singal, H.R. Amelioration of Chromium VI Toxicity in Sorghum (Sorghum bicolor L.) using Glycine Betaine.
Sci. Rep. 2019, 9, 1-15. [CrossRef] [PubMed]

9. Kierczak, J.; Pietranik, A.; Pedziwiatr, A. Ultramafic geoecosystems as a natural source of Ni, Cr, and Co to the environment:
A review. Sci. Total Environ. 2021, 755. [CrossRef] [PubMed]

10. Antoniadis, V.; Levizou, E.; Shaheen, S.M.; Ok, Y.S.; Sebastian, A.; Baum, C.; Prasad, M.N.V.; Wenzel, W.W.; Rinklebe, J.
Trace elements in the soil-plant interface: Phytoavailability, translocation, and phytoremediation—A review. Earth Sci. Rev. 2017,
171, 621-645. [CrossRef]

11.  Ertani, A.; Mietto, A.; Borin, M.; Nardi, S. Chromium in Agricultural Soils and Crops: A Review. Water Air Soil Pollut. 2017, 228.
[CrossRef]

12. Ahemad, M. Enhancing phytoremediation of chromium-stressed soils through plant-growth-promoting bacteria. J. Genet. Eng.
Biotechnol. 2015, 13, 51-58. [CrossRef]

13. Sharma, L; Pati, PK.; Bhardwaj, R. Effect of 28-homobrassinolide on antioxidant defence system in Raphanus sativus L. under
chromium toxicity. Ecotoxicology 2011, 20, 862-874. [CrossRef] [PubMed]

14. Ali, S.; Chaudhary, A.; Rizwan, M.; Anwar, H.T.; Adrees, M.; Farid, M.; Irshad, M.K.; Hayat, T.; Anjum, S.A. Alleviation of

chromium toxicity by glycinebetaine is related to elevated antioxidant enzymes and suppressed chromium uptake and oxidative
stress in wheat (Triticum aestivum L.). Environ. Sci. Pollut. Res. 2015, 22, 10669-10678. [CrossRef] [PubMed]


http://doi.org/10.1080/10807030091124383
http://doi.org/10.1016/j.envint.2005.02.003
http://doi.org/10.1016/j.jhazmat.2014.07.037
http://doi.org/10.1016/j.scitotenv.2018.09.186
http://doi.org/10.1016/j.chemosphere.2018.05.050
http://www.ncbi.nlm.nih.gov/pubmed/29803157
http://doi.org/10.1016/j.chemosphere.2017.03.074
http://www.ncbi.nlm.nih.gov/pubmed/28347915
https://www.epa.gov/sites/production/files/2016-09/documents/chromium-compounds.pdf
https://www.epa.gov/sites/production/files/2016-09/documents/chromium-compounds.pdf
http://doi.org/10.1038/s41598-019-52479-w
http://www.ncbi.nlm.nih.gov/pubmed/31690803
http://doi.org/10.1016/j.scitotenv.2020.142620
http://www.ncbi.nlm.nih.gov/pubmed/33097274
http://doi.org/10.1016/j.earscirev.2017.06.005
http://doi.org/10.1007/s11270-017-3356-y
http://doi.org/10.1016/j.jgeb.2015.02.001
http://doi.org/10.1007/s10646-011-0650-0
http://www.ncbi.nlm.nih.gov/pubmed/21448625
http://doi.org/10.1007/s11356-015-4193-4
http://www.ncbi.nlm.nih.gov/pubmed/25752628

Horticulturae 2021, 7, 192 12 of 13

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Antoniadis, V.; Zanni, A.A.; Levizou, E.; Shaheen, S.M.; Dimirkou, A.; Bolan, N.; Rinklebe, J. Modulation of hexavalent chromium
toxicity on Origanum vulgare in an acidic soil amended with peat, lime, and zeolite. Chemosphere 2018, 195, 291-300. [CrossRef]
[PubMed]

Srivastava, S.; Srivastava, S.; Prakash, S.; Srivastava, M.M. Fate of trivalent chromium in presence of organic acids: A hydroponic
study on the tomato plant. Chem. Speciat. Bioavailab. 1998, 10, 147-150. [CrossRef]

Ding, M.; Shi, X. Molecular mechanisms of Cr(VI)-induced carcinogenesis. Mol. Cell. Biochem. 2002, 234-235, 293-300. [CrossRef]
Skeffington, R.A.; Shewry, PR.; Peterson, P.J. Chromium Uptake and Transport in Barley Seedlings (Hordeum vulgare L.). Planta
1976, 132, 209-214. [CrossRef]

Prasad, S.; Yadav, K K.; Kumar, S.; Gupta, N.; Cabral-Pinto, M.M.S.; Rezania, S.; Radwan, N.; Alam, ]. Chromium contamination
and effect on environmental health and its remediation: A sustainable approaches. J. Environ. Manag. 2021, 285, 112174. [CrossRef]
Nikalje, G.C.; Saini, N.; Suprasanna, P. Halophytes and Heavy Metals: Interesting Partnerships. In Plant-Metal Interactions;
Srivastava, S., Srivastava, A., Suprasanna, P.,, Eds.; Springer Nature: Cham, Switzerland, 2019; pp. 99-118. ISBN 9783030207328.
Karkanis, A.C.; Petropoulos, S.A. Physiological and growth responses of several genotypes of common purslane (Portulaca oleracea
L.) under Mediterranean semi-arid conditions. Not. Bot. Horti Agrobot. Cluj-Napoca 2017, 45, 569-575. [CrossRef]

Petropoulos, S.A.; Karkanis, A.; Martins, N.; Ferreira, I.C.ER. Edible halophytes of the Mediterranean basin: Potential candidates
for novel food products. Trends Food Sci. Technol. 2018, 74, 69-84. [CrossRef]

Nikalje, G.C.; Suprasanna, P. Coping with metal toxicity—Cues from halophytes. Front. Plant Sci. 2018, 9, 1-11. [CrossRef]
Petropoulos, S.; Levizou, E.; Ntatsi, G.; Fernandes, A.; Petrotos, K.; Akoumianakis, K.; Barros, L.; Ferreira, 1. Salinity effect on
nutritional value, chemical composition and bioactive compounds content of Cichorium spinosum L. Food Chem. 2017, 214, 129-136.
[CrossRef]

Lutts, S.; Lefévre, I. How can we take advantage of halophyte properties to cope with heavy metal toxicity in salt-affected areas?
Ann. Bot. 2015, 115, 509-528. [CrossRef]

Lefévre, I.; Marchal, G.; Meerts, P; Corréal, E.; Lutts, S. Chloride salinity reduces cadmium accumulation by the Mediterranean
halophyte species Atriplex halimus L. Environ. Exp. Bot. 2009, 65, 142-152. [CrossRef]

Corréa, R.C.; Di Gioia, F; Ferreira, I.C.; Petropoulos, S.A. Wild greens used in the Mediterranean diet. In The Mediterranean Diet:
An Evidence-Based Approach; Preedy, V., Watson, R., Eds.; Academic Press: London, UK, 2020; pp. 209-228. ISBN 9788578110796.
Correa, R.C.G,; Di Gioia, F,; Ferreira, I.; SA, P. Halophytes for Future Horticulture: The Case of Small-Scale Farming in the
Mediterranean Basin. In Halophytes for Future Horticulture: From Molecules to Ecosystems towards Biosaline Agriculture; Grigore,
M.-N., Ed.; Springer Nature: Cham, Switzerland, 2020; pp. 1-28. ISBN 9783030178543.

Rodriguez, E.; Santos, C.; Azevedo, R.; Moutinho-Pereira, J.; Correia, C.; Dias, M.C. Chromium (VI) induces toxicity at different
photosynthetic levels in pea. Plant Physiol. Biochem. 2012, 53, 94-100. [CrossRef] [PubMed]

Nagarajan, M.; Ganesh, K.S. Effect of Chromium on Growth, Biochemicals and Nutrient Accumulation of Paddy (Oryza sativa L.).
Int. Lett. Nat. Sci. 2014, 23, 63-71. [CrossRef]

Moral, R.; Navarro Pedreno, J.; Gomez, I.; Mataix, J. Effects of chromium on the nutrient element content and morphology of
tomato. J. Plant Nutr. 1995, 18, 815-822. [CrossRef]

Kumar, S.; Joshi, U.N. Nitrogen metabolism as affected by hexavalent chromium in sorghum (Sorghum bicolor L.). Environ. Exp.
Bot. 2008, 64, 135-144. [CrossRef]

Alyazouri, A.; Jewsbury, R.; Tayim, H.; Humphreys, P.; Al-Sayah, M.H. Applicability of Heavy-Metal Phytoextraction in United
Arab Emirates: An Investigation of Candidate Species. Soil Sediment Contam. 2014, 23, 557-570. [CrossRef]

Feller, U.; Kopriva, S.; Vassileva, V. Plant nutrient dynamics in stressful environments: Needs interfere with burdens. Agriculture
2018, 8, 97. [CrossRef]

Haneklaus, S.H.; Bloem, E.; Schnug, E. Hungry plants—A short treatise on how to feed crops under stress. Agriculture 2018, 8, 43.
[CrossRef]

Subpiramaniyam, S. Portulaca oleracea L. for phytoremediation and biomonitoring in metal-contaminated environments. Chemo-
sphere 2021, 280, 130784. [CrossRef] [PubMed]

Sdouga, D.; Ben Amor, F,; Ghribi, S.; Kabtni, S.; Tebini, M.; Branca, F.; Trifi-Farah, N.; Marghali, S. An insight from tolerance to
salinity stress in halophyte Portulaca oleracea L.: Physio-morphological, biochemical and molecular responses. Ecotoxicol. Environ.
Saf. 2019, 172, 45-52. [CrossRef]

Mittler, R. Abiotic stress, the field environment and stress combination. Trends Plant Sci. 2006, 11, 15-19. [CrossRef]

Alyazouri, A.; Jewsbury, R.; Tayim, H.; Humphreys, P.; Al-Sayah, M.H. Uptake of Chromium by Portulaca oleracea from Soil:
Effects of Organic Content, pH, and Sulphate Concentration. Appl. Environ. Soil Sci. 2020, 2020. [CrossRef]

Rahbarian, R.; Azizi, E.; Behdad, A.; Mirblook, A. Effects of Chromium on Enzymatic/Nonenzymatic Antioxidants and Oxidant
Levels of Portulaca oleracea L. . Med. Plants Prod. 2019, 1, 21-31.

Renna, M.; Cocozza, C.; Gonnella, M.; Abdelrahman, H.; Santamaria, P. Elemental characterization of wild edible plants from
countryside and urban areas. Food Chem. 2015, 177,29-36. [CrossRef] [PubMed]

Brozou, E.; Ioannou, Z.; Dimirkou, A. Removal of Cr (VI) and Cr (III) From Polluted Water and Soil Sown with Beet (Beta vulgaris)
or Celery (Apium graveolens) after the Addition of Modified Zeolites. Int. ]. Waste Resour. 2018, 8. [CrossRef]

Koutroubas, S5.D.; Antoniadis, V.; Damalas, C.A.; Fotiadis, S. Sunflower growth and yield response to sewage sludge application
under contrasting water availability conditions. Ind. Crops Prod. 2020, 154, 112670. [CrossRef]


http://doi.org/10.1016/j.chemosphere.2017.12.069
http://www.ncbi.nlm.nih.gov/pubmed/29272798
http://doi.org/10.3184/095422998782775763
http://doi.org/10.1023/A:1015975218920
http://doi.org/10.1007/BF00399719
http://doi.org/10.1016/j.jenvman.2021.112174
http://doi.org/10.15835/nbha45210903
http://doi.org/10.1016/j.tifs.2018.02.006
http://doi.org/10.3389/fpls.2018.00777
http://doi.org/10.1016/j.foodchem.2016.07.080
http://doi.org/10.1093/aob/mcu264
http://doi.org/10.1016/j.envexpbot.2008.07.005
http://doi.org/10.1016/j.plaphy.2012.01.013
http://www.ncbi.nlm.nih.gov/pubmed/22343752
http://doi.org/10.18052/www.scipress.com/ILNS.23.63
http://doi.org/10.1080/01904169509364940
http://doi.org/10.1016/j.envexpbot.2008.02.005
http://doi.org/10.1080/15320383.2014.844680
http://doi.org/10.3390/agriculture8070097
http://doi.org/10.3390/agriculture8030043
http://doi.org/10.1016/j.chemosphere.2021.130784
http://www.ncbi.nlm.nih.gov/pubmed/33971418
http://doi.org/10.1016/j.ecoenv.2018.12.082
http://doi.org/10.1016/j.tplants.2005.11.002
http://doi.org/10.1155/2020/3620726
http://doi.org/10.1016/j.foodchem.2014.12.069
http://www.ncbi.nlm.nih.gov/pubmed/25660854
http://doi.org/10.4172/2252-5211.1000359
http://doi.org/10.1016/j.indcrop.2020.112670

Horticulturae 2021, 7, 192 13 of 13

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Jones, ].B.].; Case, V.W. Chapter 15 Sampling, Handling, and Analyzing. In Soil Testing and Plant Analysis; Westerman, R.L., Ed.;
Soil Science Society of America Inc.: Madison, WI, USA, 1990; Volume 3, pp. 389—427. ISBN 0891187936.

Oliveira, H. Chromium as an Environmental Pollutant: Insights on Induced Plant Toxicity. J. Bot. 2012, 2012, 375843. [CrossRef]
Appenroth, K.J.; Keresztes, A.; Sarvari, E.; Jaglarz, A.; Fischer, W. Multiple effects of chromate on Spirodela polyrhiza: Electron
microscopy and biochemical investigations. Plant Biol. 2003, 5, 315-323. [CrossRef]

Kale, R.A.; Lokhande, V.H.; Ade, A.B. Investigation of chromium phytoremediation and tolerance capacity of a weed, Portulaca
oleracea L. in a hydroponic system. Water Environ. J. 2015, 29, 236-242. [CrossRef]

Lépez-Bucio, J.; Hernandez-Madrigal, F.; Cervantes, C.; Ortiz-Castro, R.; Carreén-Abud, Y.; Martinez-Trujillo, M. Phosphate
relieves chromium toxicity in Arabidopsis thaliana plants by interfering with chromate uptake. BioMetals 2014, 27, 363-370.
[CrossRef]

Castro, R.O.; Tryjillo, M.M.; Lopez Bucio, J.; Cervantes, C.; Dubrovsky, J. Effects of dichromate on growth and root system
architecture of Arabidopsis thaliana seedlings. Plant Sci. 2007, 172, 684—691. [CrossRef]

Levizou, E.; Zanni, A.A.; Antoniadis, V. Varying concentrations of soil chromium (VI) for the exploration of tolerance thresholds
and phytoremediation potential of the oregano (Origanum vulgare). Environ. Sci. Pollut. Res. 2019, 26, 14-23. [CrossRef]
Chatterjee, J.; Chatterjee, C. Phytotoxicity of cobalt, chromium and copper in cauliflower. Environ. Pollut. 2000, 109, 69-74.
[CrossRef]

Dwivedi, S.; Mishra, A.; Kumar, A.; Tripathi, P; Dave, R.; Dixit, G.; Tiwari, K.K.; Srivastava, S.; Shukla, M.K,; Tripathi, R.D.
Bioremediation potential of genus Portulaca L. collected from industrial areas in Vadodara, Gujarat, India. Clean Technol. Environ.
Policy 2012, 14, 223-228. [CrossRef]

Anandi, S.; Thangavel, P.; Subburam, V. Influence of aluminium on the restoration potential of a terrestrial vascular plant,
Portulaca oleracea L. as a biomonitoring tool of fresh water aquatic environments. Environ. Monit. Assess. 2002, 78, 19-29.
[CrossRef] [PubMed]

Deepa, R.; Senthilkumar, P.; Sivakumar, S.; Duraisamy, P.; Subbhuraam, C.V. Copper availability and accumulation by Portulaca
oleracea Linn. stem cutting. Environ. Monit. Assess. 2006, 116, 185-195. [CrossRef] [PubMed]

Tiwari, K.K.; Dwivedi, S.; Mishra, S.; Srivastava, S.; Tripathi, R.D.; Singh, N.K.; Chakraborty, S. Phytoremediation efficiency of
Portulaca tuberosa rox and Portulaca oleracea L. naturally growing in an industrial effluent irrigated area in Vadodra, Guijrat, India.
Environ. Monit. Assess. 2008, 147, 15-22. [CrossRef]

Yang, Y.; Zhou, Z.; Bai, Y.; Jiao, W.; Chen, W. Trace Elements in Dominant Species of the Fenghe River, China: Their Relations to
Environmental Factors. J. Environ. Qual. 2016, 45, 1252-1258. [CrossRef]

De Oliveira, L.M.; Ma, L.Q.; Santos, ].A.G.; Guilherme, L.R.G.; Lessl, ].T. Effects of arsenate, chromate, and sulfate on arsenic and
chromium uptake and translocation by arsenic hyperaccumulator Pteris vittata L. Environ. Pollut. 2014, 184, 187-192. [CrossRef]
[PubMed]

De Oliveira, L.M.; Gress, J.; De, J.; Rathinasabapathi, B.; Marchi, G.; Chen, Y.; Ma, L.Q. Sulfate and chromate increased each
other’s uptake and translocation in As-hyperaccumulator Pteris vittata. Chemosphere 2016, 147, 36-43. [CrossRef]

Ma, L.; Chen, N.; Feng, C.; Li, M.; Gao, Y.; Hu, Y. Coupling enhancement of Chromium(VI) bioreduction in groundwater by
phosphorus minerals. Chemosphere 2020, 240, 124896. [CrossRef]

Dube, B.K,; Tewari, K.; Chatterjee, J.; Chatterjee, C. Excess chromium alters uptake and translocation of certain nutrients in
citrullus. Chemosphere 2003, 53, 1147-1153. [CrossRef]

Yao, Y.; Sun, H.; Xu, F; Zhang, X.; Liu, S. Comparative proteome analysis of metabolic changes by low phosphorus stress in two
Brassica napus genotypes. Planta 2011, 233, 523-537. [CrossRef] [PubMed]


http://doi.org/10.1155/2012/375843
http://doi.org/10.1055/s-2003-40801
http://doi.org/10.1111/wej.12106
http://doi.org/10.1007/s10534-014-9718-7
http://doi.org/10.1016/j.plantsci.2006.11.004
http://doi.org/10.1007/s11356-018-2658-y
http://doi.org/10.1016/S0269-7491(99)00238-9
http://doi.org/10.1007/s10098-011-0389-6
http://doi.org/10.1023/A:1016160020858
http://www.ncbi.nlm.nih.gov/pubmed/12197638
http://doi.org/10.1007/s10661-006-7235-z
http://www.ncbi.nlm.nih.gov/pubmed/16779589
http://doi.org/10.1007/s10661-007-0093-5
http://doi.org/10.2134/jeq2015.03.0126
http://doi.org/10.1016/j.envpol.2013.08.025
http://www.ncbi.nlm.nih.gov/pubmed/24056188
http://doi.org/10.1016/j.chemosphere.2015.12.088
http://doi.org/10.1016/j.chemosphere.2019.124896
http://doi.org/10.1016/S0045-6535(03)00570-8
http://doi.org/10.1007/s00425-010-1311-x
http://www.ncbi.nlm.nih.gov/pubmed/21110039

	Introduction 
	Materials and Methods 
	Plant Establishment, Measurements and Soil and Plant Analysis 
	Quality Assurance and Statistical Analyses 

	Results 
	Cr(VI) Concentration in Plant Tissues 
	Effects of Cr(VI) on Parameters Relative to Photosynthesis and Plant Growth 
	Chlorophyll Content Index and Photosynthetic Rate 
	Plant Height and Aerial Fresh Weight 
	Aerial Dry Weight and Root Dry Weight and Leaf Area per Plant 
	Leaf Area per Plant, Leaf Weight/Total Aerial Weight Ratio and Aerial Tissue Dry Matter Content (Aerial Dry Weight/Aerial Fresh Weight Ratio) 
	Tolerance Index 

	Phosphorus in Plant Tissues 

	Discussion 
	Conclusions 
	References

