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Abstract: Cadmium (Cd) contamination poses a major threat to plants and human health, as well
as to ecosystem services. Biostimulants provide a promising eco-friendly solution to enhance the
phytoremediation of Cd-contaminated soils. We examined the influence of a humic and fulvic
acids-based biostimulant on two plant species, e.g., Plantago weldenii and Sonchus oleraceus (common
sowthistle), in a soil spiked with Cd at 45 mg kg_l. The aim of this study was to determine whether a
biostimulant can potentially affect Cd mobility in soil and absorption in plant tissues. We found that
the biostimulant significantly decreased Cd bioavailability (recorded as DTPA extractability) in the
soil where Plantago was grown from 17.57 to 13.12 mg kgfl, probably due to the Cd immobilization
effect of the added biostimulant. However, the biostimulant had the opposite effect in the soil where
S. oleraceus was grown (Cd-DTPA significantly increased from 10.13 to 13.03 mg kg~ 1). S. oleraceus
was found to have accumulated higher Cd concentrations in its aerial parts, resulting in a soil-to-plant
transfer value close to 1 and root-to-shoot translocation value well above 1. These two indices
exhibited the potential of S. oleraceus to be used as hyperaccumulator in Cd-contaminated soils, while
P. weldenii behaved rather as a Cd excluder. These findings highlight the complex dynamics of added
biostimulants and Cd behavior in soil and plants. We recognize the need for further research so that
the mechanisms dictating Cd behavior after biostimulant application can be better elucidated.

Keywords: heavy metal contamination; cadmium contamination; phytoremediation; soil pollution;
common sowthistle; wild edible species

1. Introduction

Soil deterioration due to the accumulation of potentially toxic elements (PTEs) is
a threat to both crop production and the environment [1,2], while PTEs have become a
great concern to food security and human health due to their high toxicity, stability, and
non-biodegradability [3-5]. Among these PTEs, cadmium (Cd) is one of the most important
pollutants, being a hazardous and carcinogenic element even at low concentrations [6].

Cd naturally occurs in the earth’s crust as a result of rock weathering and volcanic
eruption [7]. Cd is also capable of being bound to phosphorites and sulfides, resulting in
increased accumulation in soils, due to the use of these rocks in the fertilizer industry [8].
Moreover, apart from fertilizers, its usage in industry, mining, and pesticides can elevate
the Cd content in both soil and water [9]. Cadmium is a highly labile element in soil and can
easily be assimilated by plants. The physicochemical properties of soil may significantly
influence its fate and availability. For example, in acidic soil pH, Cd mobility is higher
and can be released into groundwater, thus increasing the risk to the whole food chain [8].
Cadmium is more available in soils with low cation-exchange capacity (CEC) [10], leading to
its leaching and /or uptake, whereas soil organic matter may increase Cd sorption, resulting
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in reduced uptake by plant roots [11]. Cd toxicity in plants impacts their physiological
functions and hormonal regulation [12,13]. Therefore, exposure to Cd leads to oxidative
stress by producing reactive oxygen species (ROS), resulting in cell membrane damage and
inhibition of plant development [14,15]. Therefore, effective alleviation strategies of Cd
toxicity, such as phytoremediation, combined with novel soil amendments are essential to
ensure sustainable agriculture practices [16,17].

Phytoremediation is an eco-friendly practice that relies on certain plant species that
have the ability to restore and reclaim contaminated sites without damaging soil struc-
ture [18]. On the other hand, biostimulants are novel substances that have recently been
used for enhancing the phytoremediation efficiency of contaminated soils [19]. It has been
recognized that utilizing biostimulants in crop production increases plant vigor, crop yield,
and resistance to biotic and abiotic stressors [16,20-22]. Recent studies have confirmed
that these products can reduce the bioavailability of PTEs in soil and their toxic effects to
plants [23-25]. However, the effect of biostimulants on Cd dynamics to soil and plants in
contaminated soils has not been sufficiently elucidated. Humic substances-based biostimu-
lants seem to assist phytoremediation by favoring plant growth and production, improving
soil properties, and enhancing the nutrient acquisition and increasing the water efficiency
of plants [26,27]. Moreover, humic acids are known as high molecular weight organic acids
(HMWOA) that can influence the fate of PTEs (including Cd) at the soil-plant interface.
These organic substances may alleviate the mobility of PTEs by forming chelating bonds
and stable organometallic complexes with metallic ions in mineral structures, thereby miti-
gating accumulation by plants and transfer in the trophic chain [19]. Usage of HMWOAs
has been reported to minimize the total concentrations of Pb and Cd [3]. However, Evan-
gelou et al. [28] indicated the use of humic acids as an alternative chelating agent, as they
can increase the solubility of cationic metals and absorption by roots. The opposite effect
may be expected with low molecular weight fulvic acids, which may be able to formulate
soluble organometallic complexes with PTEs like Cd, thus increasing their bioavailability.

Previous studies have primarily concentrated on biostimulant application in herba-
ceous plant species [29]. The phytoremediation strategies have used various hyperaccu-
mulator species with high tolerance to different PTEs and high accumulation levels of
PTEs aboveground, despite their small biomass production [19,30]. Among these species,
wild edible plants have received more attention because of their adaptability to harsh
environmental conditions, which could likely include exposure to high contents of Cd.
For the remediation of PTE-contaminated soils, wild species have great potential, as they
have resistance mechanisms to contaminants and they can uptake toxic elements [31].
Sonchus oleraceus L., commonly known as “common sowthistle”, is an annual plant grown
in various soil types and under diverse conditions [32]. It was reported that S. oleraceus
has the ability to colonize areas with high concentrations of PTEs, including titanium (Ti)
and manganese (Mn) [32]. This species has also been used for the phytoremediation of
Pb [33] and Cd [34] in contaminated soils due to its elevated uptake and translocation in its
aerial tissues [30]. On the other hand, Plantago weldenii is a wild edible perennial species
that belongs to the family Plantaginaceae [35]. This herbaceous plant can be a potential
halophyte crop since it can be grown under conditions of high salinity [35]. To the best of
our knowledge, no information exists in the literature about the potential of P. weldenii to
accumulate hazardous elements in its aerial tissues or to stabilize them via the root system.
However, other related species from the family Plantaginaceae have demonstrated the
ability to accumulate significant concentrations of metals, including aluminum (Al). Thus,
they can be utilized in remediation strategies of contaminated soils [36].

The purpose of this study was to fill the research gap regarding the effects of biostimu-
lant formulations based on humic and fulvic acids on the uptake and translocation of Cd in
S. oleraceus L. and P. weldenii grown in pots. We also aimed to study the soil mobility and
plant availability of added Cd in the two plant species and compare the metal’s behavior
with and without biostimulant application to soil. The obtained results could provide
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knowledge about the beneficial use of biostimulants in alleviating stress from PTEs and the
management of contaminated soil, which may be essential to a vast array of soil end-users.

2. Materials and Methods
2.1. Experimental Design

For the experiment, soil from the University Farm at Velestino (22.756 E, 39.395 N)
was obtained. The soil was loamy (with sand 45% and clay 16%), with pH = 7.8, and
had a Cd pseudo-total content of 0.67 mg kg~ !. Soil with pH 7.8 was selected in order to
investigate the effects of higher pH levels on the phytotoxicity of Cd. This allowed us to
examine the opposing impacts of elevated pH levels, complementing the previous report
that the phytotoxicity of Cd increases under acidic soil conditions. The soil was weighed
into 120 portions of 1 kg each and placed into 120 plastic bags. Sixty of them were spiked
with Cd(NO3); so that the total added Cd concentration equaled 45 mg Cd per kg of soil.
Into these bags, ca. 200 mL of water was added, the soil was thoroughly mixed, and the
bags were left to equilibrate for a period of 3 months. During equilibration, water was
added regularly to the bags to compensate for any moisture loss, and the bags were mixed
multiple times in order to ensure a uniform distribution of added Cd. At the beginning
of the equilibrium period, seeds of the two selected plants, S. oleraceus L. and P. weldenii,
were sown in the same unamended soil as that used in the experiment. After 3 months, the
soils were transferred into 2-L pots and before transplanting, the roots of plants (only 60
of 120 plants) were dipped in a solution of biostimulant product consisting of a balanced
solution of humic and fulvic acids. The biostimulant was obtained from a raffinated extract
of leonardite with a natural ratio of 30:70 fulvic acid:humic acid. Thus, the treatments of the
experiment were a combination of 2 levels of Cd (a negative control with no added Cd and
a positive control with 45 mg Cd kg ! soil added) and 2 levels of biostimulant (unamended
and amended), with 15 replicates per treatment, as follows: (a) Cd0BO (no added Cd, no
biostimulant); (b) CdOB1 (no added Cd, with added biostimulant); (c¢) Cd1B0 (added Cd,
no added biostimulant); and (d) Cd1B1 (both Cd and biostimulant were added). Each of
these treatments was used for the two test plants, S. oleraceus and P. weldenii, resulting in a
total of 120 pots (i.e., 2 levels of Cd x 2 levels of biostimulant x 2 plants x 15 replicates).
Upon transplanting (considered as Day 1—beginning of the experiment, 4 November 2022
for S. oleraceus and 25 November 2022 for P. weldenii), the pots were placed in an unheated
greenhouse. Plants were fertigated with nutrient solution that contained 200 mg L' of
N-P-K according to their needs (approximately 150-250 mL of nutrient solution every 5 to
7 days). In the treatments where the biostimulant was added, on Days 5, 15, and 25, we
added 100 mL of the biostimulant per pot (6 mL of biostimulant formulation in 6 L H,O)
by direct application to the roots. The experiment lasted until the flowering stage of the
two plants, i.e., 53 days for S. oleraceus (harvest day 26 December 2022) and 90 days for
P. weldenii (harvest day 23 February 2023).

2.2. Soil and Plant Analyses
2.2.1. Non-Destructive Analyses

Before harvest, measurements of certain plant growth characteristics were conducted,
i.e., plant height and diameter of the rosette, across all experimental plants. The chlorophyll
content in S. oleraceus leaves was measured using a portable chlorophyll meter (SPAD 502;
Konica Minolta Inc., Tokyo, Japan), with measurements taken from a single leaf per plant.
Also, the photosynthetic rate (in tmol CO, m~2 s~!) was evaluated as photosynthetically
active radiation (PAR), including the light intensity in the PAR range of 0, 400, 800, and
1200 w m~2 (Li-COR, Lincoln, NE, USA). Measurements were taken from a single leaf
per plant, and the study included five plants for each treatment. Leaf samples for both
analyses were obtained from the uppermost and fully developed leaves of plants. The
photosynthetic rate and chlorophyll content were not measured in P. weldenii leaves, due to
their small size.
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2.2.2. Plant Growth Measurement and Chemical Analyses

On the harvesting day, the number of leaves and total fresh weight were measured
across all plants of the experiment. The aerial biomass was cut, and after the fresh weight
was recorded, plant tissues were washed with distilled H,O and placed in paper bags.
Then, soil samples were taken from each pot by obtaining 3 cores at different spots at the
surface down to the depth of the pots, and the samples were mixed into one composite
sample per pot and placed into paper bags, which were taken to the laboratory. While still
fresh, S. oleraceus leaves were measured for total leaf area (cm?) using the LI-3100C Area
Meter (LI-COR Biosciences; Hellamco S.A, Athens, Greece). Moreover, specific leaf area
(SLA; expressed in m? kg ') was calculated using the following equation: SLA = total leaf
area/dry weight of leaves. After that, leaves were placed back into the paper bags. The
roots were then carefully extracted by delicately washing off soil particles. The roots were
then washed with distilled H,O and placed in paper bags. All plant material (aerial and
roots) was then placed into an oven at 70 °C until no further weight loss was recorded. The
dry weight was then recorded.

As for the soil samples, after being air-dried, the organic matter was measured by wet
oxidation (Walkely and Black method), and the pH was measured at 1:2.5 H,O. The bioavail-
able Cd levels were extracted with diethylenetriaminepentaacetic acid-CaCl, (DTPA) solu-
tion at a 1-to-2 ratio. All measurements followed the methodology described by Rowell [37].
Plant samples, including the aerial parts and roots, were extracted for Cd with dry ashing.
Precisely, 0.5 g of plant tissues was ashed at 500 °C for 5 h and extracted with 10 mL 20%
HCI. Soil and plant samples were analyzed for Cd using atomic absorption spectrometry
(Perkin Elmer A3300, Analytical Instruments S.A., Athens, Greece).

2.2.3. Indices for Cd Transfer and Translocation

Based on the primary data, the following indices were calculated as per Antoniadis
etal. [38]:

TC (transfer coefficient) = (concentration of Cd in plant)/(total concentration 1)
of Cd in soil)

TF (translocation factor) = (concentration of Cd in aboveground)/(concentration %)
of Cd in roots)

2.3. Data Quality Control and Statistical Analysis

In order to address data quality control, Cd recovery was measured in the Cd-added
treatments with aqua regia, recording the pseudo-total concentration (digestion at 140 °C for
5 h with 3:1 concentrated HCI:HNQO3). The recovery was 90-95%. In all extraction batches,
blanks were included in order to account for any in-house contamination. Also, reference
materials of plant and soil were tested in order to account for analytical precision; the
recovery of analyzed Cd was satisfactory and ranged from 92% to 105%. All measurements
were performed in triplicate and the acceptable coefficient of variation was less than 15%.
Statistical analysis was performed using IBM SPSS Statistics 26. One-way analysis of
variance (ANOVA) was conducted for each species, and post hoc analysis according to
Duncan’s multiple range test was also employed. The significance of differences among
treatments was decided at a level of p < 0.05.

3. Results
3.1. Soil Properties

The two measured soil properties, pH and organic matter (OM), did not show any
statistically significant changes in the studied treatments (Table 1). As for the pH in the
unamended soil (Cd0B0) with both P. weldenii and S. oleraceus test plants, there were slightly
and non-significantly lower values (8.58 and 8.46, respectively) compared to the Cd-spiked
soil (Cd1B0 and Cd1B1). The same was true for the soil pH, where no significant differences
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were observed. Regarding organic matter, no differences were observed in the soils from
both test plants. The OM percentage for P. weldenii ranged from 1.86% to 2.23%, whereas the
OM of S. oleraceus ranged from 1.99% to 2.28%. Despite the variations observed between
treatments, no significant differences were indicated for either plant.

Table 1. Soil properties (pH and organic matter—OM) as affected by Cd and biostimulant addition in
the soils where Plantago weldenii and Sonchus oleraceus were grown.

P. weldenii S. oleraceus
pH CdoBO 8.58 2 8461
CdoB1 8.657 8.541
Cd1B0 8.67 2 8.511
Cd1B1 8.69 8.53 %
Significance p=0.084 NS p=0112N5
OM (%) CdoBO 2112 1992
CdoB1 2232 2.28%
Cd1B0 2182 2123
Cd1B1 1.862 225%
Significance p=0377 NS p =0.097 NS

Values are the mean = standard error (n = 15 replicates). Different letters indicate significant differences among
means in columns according to the post hoc Duncan’s multiple range test at p < 0.05. Treatments are as follows:
CdOBO0 = no Cd, no biostimulant; Cd0B1 = no Cd, but biostimulant added; Cd1B0 = Cd added, but no biostimulant;
Cd1B1 = both Cd and biostimulant added. N® = Non-significant.

3.2. Plant Growth and Physiological Parameters

The rosette diameter in P. weldenii increased significantly as compared to the control
(CdOBO0) in the treatments with added biostimulant, from 17.9 cm at Cd0OBO to 19.7 cm at
CdOB1 and 21.3 cm at Cd1B1 (Table 2). However, no significant difference was observed
between Cd0B0 and Cd1B0. In the Cd-spiked treatments, the application of the biostimulant
favored only the fresh biomass of the aerial parts (increased from 6.87 g at Cd1B0 to 9.78 g at
Cd1B1). Also, the leaf number significantly increased from 24.6 at Cd0BO to 30.4 at CdOB1,
whereas no significant difference was recorded between the non-spiked soils, regardless
of biostimulant treatment. The application of biostimulant in the non-spiked treatment
resulted in significantly higher values of dry weight for both the aboveground parts
(1.20 g) and roots (0.49 g), while the rest of the treatments did not differ significantly from
one another. Similarly, the number of leaves was the highest for the same treatment, with
CdOB1 being significantly different only from the control treatment (Cd0BO0).

On the other hand, in S. oleraceus the rosette diameter was the lowest at Cd1B1
(28.0 cm) and it significantly increased to 32.5 only in the case of CdOB1 (Table 2). Re-
garding the aerial biomass (both fresh and dry), no significant differences were recorded,
whereas the root biomass had the highest value at Cd0B1 (0.9 g), which was significantly
different from the rest of the treatments. Also, there were significant differences in the
number of leaves, with Cd0B0 having the highest value of 15.2, which was significantly
different from that at Cd0B1 and Cd1B0.

As shown in Table 3, no significant differences were recorded in the case of the leaf
area of S. oleraceus, with values ranging from 279 to 289 across the treatments (measure-
ments were not performed in P. weldenii due to the morphology of the leaves). However,
the specific leaf area (expressed in cm? kg~! plant) had its maximum value at Cd0B0O
(30.1 cm? kg 1), a value that was significantly different only from Cd0OB1 (26.3 cm? kg~ 1).
As for the total chlorophyll content (SPAD index), the highest value was recorded at
CdOBO, a value that was significantly different from that at Cd1B0 and Cd1B1 (15.45 and
13.17, respectively).
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Table 2. Plant growth parameters of Plantago weldenii and Sonchus oleraceus as affected by Cd and
biostimulant addition in the soils: rosette diameter, fresh leaf weight (FW), dry leaf weight (DW),
root dry weight, and number of leaves per plant.

P. weldenii S. oleraceus
Rosette diameter (cm) CdoBO 1792 30.52b
CdoB1 19.7b 3250
Cd1B0 189ab 29.7ab
Cdi1B1 21.3¢ 28.02
Significance p <0.001 *** p=0.077 NS
Aboveground FW (g) CdoBO 6.28 2 9.354
CdoB1 7.362 9412
Cd1Bo0 6.874 9.634
Cdi1B1 9.78 b 10.03 2
Significance p <0.001 *** p=0744 NS
Aboveground DW (g) CdoB0O 0762 0.2
CdoB1 1200 1072
Cd1B0 0.832 1.01°
Cdi1B1 0.954 1.044
Significance p < 0.005 ** p=0487 NS
Roots (g) CdoBO 0.202 0.66 b
CdoB1 0.49° 0.91°¢
Cd1B0 0.252 0.71b
Cdi1B1 0.284 0.564
Significance p <0.001 *** p <0.001 ***
Number of leaves CdoB0O 2462 15.2b
CdoB1 30.4P 13.72
Cd1B0 27.12b 1322
Cd1B1 29.2ab 14.3 2b
Significance p=0171N5 p=0.023*

Values are the mean =+ standard error (n = 15 replicates). Different letters indicate significant differences among
means in columns according to the post hoc Duncan’s multiple range test at p < 0.05. Treatments are as follows:
CdOBO0 = no Cd, no biostimulant; Cd0B1 = no Cd, but biostimulant added; Cd1B0 = Cd added, but no biostimulant;
Cd1B1 = both Cd and biostimulant added. * Significant at p < 0.05. ** Significant at p < 0.01. *** Significant at
p < 0.001. NS, non-significant.

Table 3. Plant growth parameters (leaf area, specific leaf area, total chlorophyll concentration) as
affected by Cd and biostimulant application in Sonchus oleraceus.

S. oleraceus

Leaf area (cm?) CdoBO 2832
CdoB1 2792

Cd1B0 2792

Cd1B1 296 2

Significance p=0.797 NS

Specific leaf area (m? kg~') CdoBO 30.1°
CdoB1 2632

Cd1B0 27.8 b

Cd1B1 28.52b

Significance p=0.032%
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Table 3. Cont.

S. oleraceus

Specific leaf area (m? kg™!) CdoBO 30.1°
CdoB1 2631
Cd1B0 27.8%
Cd1B1 285
Significance p=0.032*%
Total chlorophyll concentration CdoBO 15.45°
CdoB1 13472
Cd1B0 13.17 @
Cd1B1 12152
Significance p=0.024*

Values are the mean =+ standard error (n = 15 replicates). Different letters indicate significant differences among
means in columns according to the post hoc Duncan’s multiple range test at p < 0.05. Treatments are as follows:
CdOBO0 = no Cd, no biostimulant; Cd0B1 = no Cd, but biostimulant added; Cd1B0 = Cd added, but no biostimulant;
Cd1B1 = both Cd and biostimulant added. * Significant at p < 0.05. NS = Non-significant.

The photosynthetic rates in S. oleraceus plants are presented in Table 4. Thus, it appears
that the photosynthetic rate generally increased with high light intensity. Although the
only significant difference was observed at 0 w m~2, CdOB0 had a significantly higher
photosynthetic rate (—0.41) compared to Cd0B1 (—1.14).

Table 4. Photosynthetic rate (umol CO, m~2 s71) evaluated as photosynthetically active radiation
(PAR), including the light intensity in the PAR range of 0, 400, 800, and 1200 w m~? as affected by Cd
and biostimulant application in Sonchus oleraceus.

PAR PAR PAR PAR
Owm2) (400 w m—2) (800 w m—2) (1200 w m—2)
Photosynthetic rate CdoB0 —041° 6.432 7942 8.722
(umol CO; m—2s71) CdoB1 —1.147° 8.18 b 9.44 b 10.06 2P
Cd1B0 —0.82ab 8.25ab 9.76 ab 9.45ab
Cd1B1 —0.57b 10.27b 11.96 b 13.14°
Significance p=0.027 * p =0.047 * p=0.077 NS p =0.096 NS

Values are the mean =+ standard error (n = 5 replicates). Different letters indicate significant differences among
means in columns according to the post hoc Duncan’s multiple range test at p < 0.05. Treatments are as follows:
CdOBO = no Cd, no biostimulant; Cd0B1 = no Cd, but biostimulant added; Cd1B0 = Cd added, but no biostimulant;
Cd1B1 = both Cd and biostimulant added. * Significant at p < 0.05. NS = Non-significant.

3.3. Bioavailable Concentration of Cd in Soil

The bioavailable fraction of Cd in soil, estimated with DTPA, showed that in the soils
where P. weldenii was grown, DTPA-extractable Cd was 17.6 mg kg~! at Cd1B0 and it
significantly decreased to 13.1 mg kg~ ! at Cd1B1 (Figure 1a). Conversely, in the soils with
S. oleraceus, DTPA-extractable Cd at Cd1B0 was 10.16 mg kg~ ! and it significantly increased
to 13.03 mg kg ! in the case of Cd1B1 (Figure 1b). In the treatments with no added Cd
(i.e., CdOBO and Cd0B1), no DTPA-extractable Cd was recorded, as expected (Figure 1a,b).
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Figure 1. Bioavailable concentration of Cd in (a) Plantago weldenii and (b) Sonchus oleraceus. Values
are the mean and error bars represent the standard error (n = 15 replicates). Different letters indicate
significant differences among means according to the post hoc Duncan’s multiple range test at
p < 0.05. Treatments are as follows: Cd0OB0 = no Cd, no biostimulant; Cd0B1 = no Cd, but biostimulant
added; Cd1B0 = Cd added, but no biostimulant; Cd1B1 = both Cd and biostimulant added.

3.4. Cd Concentration in Plant Tissues

The Cd concentration in P. weldenii roots was significantly higher at Cd1B0
(27.48 mg kg !) and Cd1B1 (31.11 mg kg !), with the two treatments having no sig-
nificant difference, while they both differed significantly from Cd0B0 and Cd0B1 (both
with Cd below detection). The aboveground concentration was 0.12 mg kg~! at Cd1B0 and
it was elevated to 0.54 mg kg~ ! at Cd1B1, with the two values exhibiting no significant
difference. As for S. oleraceus, the Cd concentrations in the aerial biomass were significantly
higher at Cd1B0 and Cd1B1 (8.29 mg kg~ ! and 9.16 mg kg, respectively) compared to
those in the non-spiked soil (Cd0B0 and Cd0B1), without a significant difference between
them. In the case of the roots, the Cd concentrations were 3.43 mg kg~! at Cd1B0 and
2.74 mg kg1 at Cd1B1, with no significant difference between them, while both of them
differed from plants grown in the non-spiked treatments (Table 5).

Table 5. Cd concentration in shoots (expressed both in mg kg~! dry weight and mg kg~ fresh
weight) and roots (mg kg_1 dry weight) in Plantago weldenii and Sonchus oleraceus plants as affected
by Cd and biostimulant application.

P. weldenii S. oleraceus
Shoots (dry weight) CdOBO 02 02
CdoB1 0.112p 02
Cd1B0 0.12 b 8.29P
Cd1B1 0.54P 916"
Significance p=0.046* p <0.001 ***
Shoots (fresh weight) CdoBO 0a 0.012
CdoB1 0.018ab 02
Cd1B0 0.015ab 0.87P
Cd1B1 0.052 b 0.95P

Significance p=0.046* p <0.001 ***
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P. weldenii S. oleraceus
Roots CdoBO 0@ 02
CdoB1 oa oa
Cd1B0 27.48 P 3.43P
Cdi1B1 31.11b 274"
Significance p <0.001 *** p < 0.001 ***

10.00
1.00
& 010
0.01

0.00

mP.

Values are the mean = standard error (n = 5 replicates). Different letters indicate significant differences among
means in columns according to the post hoc Duncan’s multiple range test at p < 0.05. Treatments are as follows:
CdOBO = no Cd, no biostimulant; Cd0B1 = no Cd, but biostimulant added; Cd1B0 = Cd added, but no biostimulant;
Cd1B1 = both Cd and biostimulant added. * Significant at p < 0.05. *** Significant at p < 0.001.

3.5. Indices for the Transfer and Translocation of Cd

The transfer of Cd from soil to plant (TC) was close to 1 at Cd1BO0 for S. oleraceus (0.90)
and reached 0.77 at Cd1B1, with both values exhibiting no significant difference. On the
other hand, the Cd TC of P. weldenii was much lower, with values equal to 0.0086 and 0.027
at Cd1B0 and Cd1B1, respectively (Figure 2). As for the root-to-shoot translocation (TF), it
was well above 1 for S. oleraceus, i.e., 3.53 at Cd1B0 and 5.01 at Cd1B1, while for P. weldenii,
the respective TF values were 0.005 and 0.015 for Cd1B0 and Cd1B1.

- 10.00 - b b
b ) I I
- I 1.00 -
. a E 0.10 A
a a
- 0.01 A i '
0.00
Cd1B0 Cd1B1 Cd1B0 Cd1B1
weldenii S. oleraceus B P. weldenii S. oleraceus
(a) (b)

Figure 2. (a) Transfer coefficient in Plantago weldenii and Sonchus oleraceus plants. (b) Translocation
factor in Plantago weldenii and Sonchus oleraceus. Values are the mean and error bars represent the
standard error (n = 15 replicates). Different letters indicate significant differences among means
according to the post hoc Duncan’s multiple range test at p < 0.05. Note the logarithmic scale in the
y-axes. Treatments are as follows: Cd1B0 = Cd added, but no biostimulant; Cd1B1 = both Cd and
biostimulant added.

4. Discussion

Regarding pH and OM, no statistically significant differences were observed among
any treatments in the soils where both plants were grown. Cd is known to interact with
colloidal particles and other soil components. The electrostatic forces between Cd cations
and the negatively-charged colloidal surfaces increase at higher pH [39]. Adding the bios-
timulant could have influenced the pH. However, any such effects were rather insignificant.
Our results indicate that the added biostimulant increased root growth in both plants in
the control treatment. The humic substances might be responsible for this effect because of
their ability to enhance H* ATPase activity in the plasma membranes in roots [27]. This
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activation may be related to the increase in lateral hair growth [40,41]. Certain studies
have detected in different plant species that the application of humic substances led to
an increase in the lateral root surface area and root length [25,42—45]. Regarding the Cd-
spiked treatments, in P. weldenii the application of biostimulant resulted in an increase in
aboveground biomass. Similar results were noted by Canal et al. [46] in Brassica napus L.,
which was found to thrive in a soil laden with Cd. After adding humic acids, increases
in shoots and roots were observed. No major changes were found with regards to the
leaf area in S. oleraceus—only in the specific leaf area at CdOB1, where there was a slight
decrease compared to the control. This was rather expected since there were increases in
the surface area and root weight, while at the same time, the aboveground biomass was
unchanged. It is possible that the addition of humic substances promoted the growth of
the underground biomass, leading to a change in the distribution of plant resources, an
effect that likely impacted leaf morphology [47,48]. S. oleraceus growing under Cd stress
had a lower content of chlorophyll compared to the control treatment. This finding was
consistent with reports from other studies. Zhang et al. [49] found that the chlorophyll
content of tobacco leaves was inhibited by Cd stress. Likewise, Szopinski et al. [50] reported
a significant decrease in chlorophyll concentrations in Arabidopsis arenosa and Arabidopsis
halleri when the plants were subjected to a solution containing 100 pmol L~! Cd (equal
to 11.24 mg L~!). The presence of Cd can cause oxidative stress by substituting Mg?* in
chlorophyll and redistributing its content [51]. However, in our study, the addition of
Cd did not seem to negatively impact the growth of either species, despite many studies
that indicated the opposite [52-55]. This could be due to the fact that plants have the
capacity to develop various mechanisms to limit Cd toxicity [38,56]. Indeed, many reports
have pointed out that S. oleraceus is highly tolerant to Cd as well as other toxic metals,
e.g., Pb, as exhibited by the fact that it was actually found to have increased its biomass
when exposed to these metals [30,57,58]. As for P. weldenii, there is rather limited evidence
available for its tolerance towards PTEs. However, in different species within the family
Plantaginaceae, there are related studies showing their resistance to contaminants [59,60].
It is noteworthy that Cd concentrations per fresh weight in S. oleraceus well exceeded
the regulation limit of 0.2 mg kg~! of category 3.2.15 (“leaf vegetables”) of the Directive
86/278/EC, while those in P. weldenii did not, even when grown in such soil spiked with
Cd at 45 mg kg~!. This finding, combined with P. weldenii TC and TF (discussed later),
shows that this species behaves rather as a Cd excluder. The opposite seems to be the
case for S. oleraceus, which shows the potential to have the behavior of a hyperaccumu-
lator. It is also noteworthy that biostimulant addition at Cd1B1 to the soil grown with
P. weldenii led to a lower concentration of plant Cd. Regarding the bioavailable soil Cd, it
was not detected at Cd0OBO and Cd0B1 due to the low total Cd content in the control soil.
In the soil grown with P. weldenii, we found lower DTPA-extractable Cd concentrations,
which may be attributed to the ability of humic substances to form stable complexes with
metal ions (mainly cations such as Cd), as they contain phenolic and carboxyl groups
capable of retaining Cd and removing it from the soil solution [61,62]. Similar findings
were reported in other studies indicating a decrease in bioavailability after the use of humic
substances [63,64]. On the contrary, in the soil grown with S. oleraceus, we found an increase
in the levels of Cd extracted with DTPA. It is well known that organic acids can dissolve
cationic metals and enhance their availability [28,65]. Many studies have reported that
exogenous humic substances have complicated interactions with PTEs and can enhance
their bioavailability in soil. For instance, Perez-Esteban et al. [66] reported that the addition
of these substances led to increased extractability of Zn and Cu from contaminated soils.
This suggests an interesting trend of the Cd dynamics in soil being influenced in different
ways although the same treatments have been imposed: in the soil grown with P. weldenii,
there was a decreasing trend with biostimulant addition, while in the soil with S. oleraceus,
there was an increase. Although the soil geochemical mechanisms explained earlier do
apply, the effect of the certain plant in each case can hardly be overlooked. In other words,
the two diametrically opposite trends in Cd dynamics with added biostimulant seems
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to indicate that the particular plants extended an influence to these soil mechanisms to
some degree. Such an effect must certainly be related to the excluder (i.e., P. weldenii)
vs. hyperaccumulator (i.e., seemingly in the case of S. oleraceus) dipole—with the former
assisting in Cd phytostabilization through the exudation of Cd-stabilizing siderophore
substances, while the latter facilitates Cd release via the exudation of low molecular weight
organic substances that tend to increase Cd mobility.

The Cd indices used in this work functioned as indicators to categorize the plants as
potential excluders or hyperaccumulators. The TC is an indicator of a plant’s ability to take
up and accumulate an element from the soil. There is no universally accepted threshold for
indicating a hyperaccumulator; however, any value close to, or higher than, unity provides
a strong indication. Our data showed that the TC values of both test plants were lower
than 1, although those of S. oleraceus were orders of magnitude higher than those of P.
weldenii and very close to 1. This means that S. oleraceus is potentially a more efficient
accumulator of Cd than P. weldenii. The TF is another accumulation indicator, which is
used to describe the translocation of an element from the root system to the aboveground
parts. The picture of the two plants was similar for TF (i.e., values much higher than 1 for
S. oleraceus, and values several orders of magnitude lower for P. weldenii). These findings,
coupled by the noteworthy results of the fresh weight Cd content (lower for P. weldenii
than the regulation limit of 0.2 mg kg*1 fresh weight, while much higher for S. oleraceus)
provides strong evidence for the difference in behavior between the two plants, as indicated
earlier. A greater Cd concentration in the roots than in the aerial parts (i.e., lower TF)
indicates a plant’s strategy (in our case, P. weldenii) to phytostabilize contaminants, thus
reducing potential damage due to toxicity [67]. Specifically, it has been reported that Plan-
tago spp. can accumulate significant amounts of Cd in their roots. Specifically, Nadgorska
et al. [60] exposed P. lanceolata and P. major to different Cd concentrations (0.4, 6.0, 11.7, and
20.1 mg kg~!) and reported a Cd accumulation in the dry weight of roots of 10.7, 13.1,9.7,
and 7.9 mg kg_l, respectively, for P. lanceolata, and an accumulation of 6.1, 4.0, 5.7, and
5.3 mg kg~ !, respectively, for P. major. Moreover, the TF values were 1.51, 0.88, 0.87, and
0.84, respectively, for P. lanceolata and significantly lower for P. major (0.92, 0.78, 0.54, and
0.39, respectively). Similar results were obtained by Abe et al. [68] when P. virginita and
P. major were grown in a soil contaminated with 3 mg Cd kg~!. The TF values were
shown to be as low as 0.03 and 0.07, respectively, for the two species, similar to our
findings. Likewise, Tinkov et al. [69] collected three P. weldenii species from the Ural
River and found that P. major, P. lanceolata, and P. maxima accumulated Cd mainly in the
roots. Especially, P. major accumulated an amount of 0.5 mg kg~! dry weight. These
findings indicate that P. weldenii plants have a common feature of being capable of phy-
tostabilizing soil Cd in or through their root system. Contrary to this behavior, the
S. oleraceus TF values of well over 1 were indicative of a typical hyperaccumulator [38].
Samadi et al. [70] also found that S. oleraceus had the ability to accumulate higher Cd
concentrations in shoots than in roots, and this concentration was 5.3-fold higher than the
mean concentration of Cd in soil (also indicating a TC of higher than 1). Furthermore, Abe
et al. [68] conducted work in a sandy loam containing 3 mg kg~! Cd and reported that
S. oleraceus accumulated 25.4 and 14.2 mg kg~! Cd in the shoots and roots, respectively,
resulting in a TF of 1.78.

5. Conclusions

P. weldenii and S. oleraceus displayed distinct responses to both Cd stress and soil
amendment with a biostimulant including humic and fulvic acids. P. weldenii demonstrated
typical Cd exclusion behavior, whereas S. oleraceus exhibited typical hyperaccumulator
activity. These two behaviors were judged by their soil-to-plant transfer (TC) and root-to-
shoot translocation (TF) values (TC close to, and TF much higher than, 1 for S. oleraceus
vs. these indices being orders of magnitude lower for P. weldenii). This was also indicated
by the fact that, although both plants were exposed to 45 mg kg~ spiked Cd, P. weldenii
exhibited a Cd fresh weight content lower than the regulatory limit for “leaf vegetables” of
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0.2 mg kg~ !. On the other hand, S. oleraceus displayed a much higher Cd fresh weight
content, in line with its characteristic hyperaccumulator behavior. The impact of bios-
timulant addition demonstrated divergent effects on the two test plants. Specifically, the
application of biostimulant in P. weldenii exhibited a stabilization role for Cd, with a de-
crease in DTPA-extractable Cd in soil. On the other hand, in S. oleraceus, the addition of
biostimulant led to the augmentation of Cd-DTPA levels, indicating a remarkable influence
of this plant in assisting Cd release from soil. Due to the controlled environment of a
pot experiment and the time constraints of a single growing season, the complexity and
generalizability of the results may not have been fully captured. However, our research
provides valuable insight into the existing literature. As these contrasting effects are rather
novel and noteworthy, we recognize the necessity for further future research in an effort to
elucidate the behavior of certain plants in influencing the geochemical dynamics of certain
PTEs, like Cd, especially when biostimulants are applied to soil. In addition, conducting
similar experiments in the field may provide insights into the ecological relevance of our
findings and may allow extrapolation of our findings to field conditions where Cd toxicity
naturally occurs. Finally, extending the study to multiple growing seasons and all plant
growth stages, including the flowering stage, is necessary to determine the accumulation
and translocation of contaminants in plant tissues throughout their life cycle.

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

Funding: This research was funded by the General Secretariat for Research and Technology of Greece
(project VALUEFARM PRIMA 2019-11) and the PRIMA foundation under the project VALUEFARM
(PRIMA /0009/2019).

Data Availability Statement: The data are presented in the manuscript.

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

References

1.

10.

11.

Rahman, S.U.; Han, ].C.; Ahmad, M.; Gao, S.; Khan, K.A ; Li, B.; Zhou, Y.; Zhao, X.; Huang, Y. Toxic effects of lead (Pb), cadmium
(Cd) and tetracycline (TC) on the growth and development of Triticum aestivum: A meta-analysis. Sci. Total Environ. 2023,
904, 166677. [CrossRef] [PubMed]

Rahim, H.U.; Akbar, W.A; Alatalo, ].M. A Comprehensive Literature Review on Cadmium (Cd) Status in the Soil Environment
and Its Immobilization by Biochar-Based Materials. Agronomy 2022, 12, 877. [CrossRef]

Thalassinos, G.; Petropoulos, S.A.; Grammenou, A.; Antoniadis, V. Potentially Toxic Elements: A Review on Their Soil Behavior
and Plant Attenuation Mechanisms against Their Toxicity. Agriculture 2023, 13, 1684. [CrossRef]

Yu, K; Xu, J.; Jiang, X.; Liu, C.; McCall, W.; Lu, J. Stabilization of heavy metals in soil using two organo-bentonites. Chemosphere
2017, 184, 884-891. [CrossRef] [PubMed]

Ghori, N.H.; Ghori, T.; Hayat, M.Q.; Imadi, S.R.; Gul, A.; Altay, V.; Ozturk, M. Heavy metal stress and responses in plants. Int. J.
Environ. Sci. Technol. 2019, 16, 1807-1828. [CrossRef]

Zulfiqar, U.; Jiang, W.; Xiukang, W.; Hussain, S.; Ahmad, M.; Magsood, M.E; Ali, N.; Ishfaq, M.; Kaleem, M.; Haider, EU.; et al.
Cadmium Phytotoxicity, Tolerance, and Advanced Remediation Approaches in Agricultural Soils; A Comprehensive Review.
Front. Plant Sci. 2022, 13, 773815. [CrossRef]

Subasi¢, M.; Samec, D.; Selovi¢, A.; Karalija, E. Phytoremediation of Cadmium Polluted Soils: Current Status and Approaches for
Enhancing. Soil Syst. 2022, 6, 3. [CrossRef]

Kubier, A.; Wilkin, R.T.; Pichler, T. Cadmium in soils and groundwater: A review. Appl. Geochem. 2019, 108, 104388. [CrossRef]
Han, M.; Ullah, H.; Yang, H.; Yu, G.; You, S.; Liu, J.; Chen, B.; Shahab, A.; Antoniadis, V.; Shaheen, S.M.; et al. Cadmium
uptake and membrane transport in roots of hyperaccumulator Amaranthus hypochondriacus L. Environ. Pollut. 2023, 331, 121846.
[CrossRef]

Saengwilai, P.; Meeinkuirt, W.; Phusantisampan, T.; Pichtel, J. Immobilization of Cadmium in Contaminated Soil Using Organic
Amendments and Its Effects on Rice Growth Performance. Expo. Heal. 2020, 12, 295-306. [CrossRef]

Danso, O.P.; Acheampong, A.; Zhang, Z.; Song, ].; Wang, Z.; Dai, J.; Zhi, T; Yin, X.; Zhu, R. The management of Cd in rice with
biochar and selenium: Effects, efficiency, and practices. Carbon Res. 2023, 2, 41. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2023.166677
https://www.ncbi.nlm.nih.gov/pubmed/37659524
https://doi.org/10.3390/agronomy12040877
https://doi.org/10.3390/agriculture13091684
https://doi.org/10.1016/j.chemosphere.2017.06.040
https://www.ncbi.nlm.nih.gov/pubmed/28651314
https://doi.org/10.1007/s13762-019-02215-8
https://doi.org/10.3389/fpls.2022.773815
https://doi.org/10.3390/soilsystems6010003
https://doi.org/10.1016/j.apgeochem.2019.104388
https://doi.org/10.1016/j.envpol.2023.121846
https://doi.org/10.1007/s12403-019-00312-0
https://doi.org/10.1007/s44246-023-00073-1

Horticulturae 2024, 10, 74 13 of 15

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.
38.

Pasricha, S.; Mathur, V.; Garg, A.; Lenka, S.; Verma, K.; Agarwal, S. Molecular mechanisms underlying heavy metal uptake,
translocation and tolerance in hyperaccumulators-an analysis: Heavy metal tolerance in hyperaccumulators. Environ. Challenges
2021, 4, 100197. [CrossRef]

Haider, FU.; Liqun, C.; Coulter, J.A.; Cheema, S.A.; Wu, J.; Zhang, R.; Wenjun, M.; Farooq, M. Cadmium toxicity in plants:
Impacts and remediation strategies. Ecotoxicol. Environ. Saf. 2021, 211, 111887. [CrossRef] [PubMed]

Waheed, A.; Haxim, Y.; Islam, W.; Ahmad, M.; Ali, S.; Wen, X.; Khan, K.A.; Ghramh, H.A.; Zhang, Z.; Zhang, D. Impact of
Cadmium Stress on Growth and Physio-Biochemical Attributes of Eruca sativa Mill. Plants 2022, 11, 2981. [CrossRef]

Abbas, T.; Rizwan, M.; Ali, S.; Adrees, M.; Zia-ur-Rehman, M.; Qayyum, M.F; Ok, Y.S.; Murtaza, G. Effect of biochar on alleviation
of cadmium toxicity in wheat (Triticum aestivum L.) grown on Cd-contaminated saline soil. Environ. Sci. Pollut. Res. 2018, 25,
25668-25680. [CrossRef] [PubMed]

Petropoulos, S.A. Practical applications of plant biostimulants in greenhouse vegetable crop production. Agronomy 2020, 10, 1569.
[CrossRef]

Colla, G.; Rouphael, Y. Biostimulants in horticulture. Sci. Hortic. 2015, 196, 1-34. [CrossRef]

Antoniadis, V.; Shaheen, S.M.; Stark, H.J.; Wennrich, R.; Levizou, E.; Merbach, I; Rinklebe, ]J. Phytoremediation potential of
twelve wild plant species for toxic elements in a contaminated soil. Environ. Int. 2021, 146, 106233. [CrossRef]

Grammenou, A.; Petropoulos, S.A.; Thalassinos, G.; Rinklebe, J.; Shaheen, S.M.; Antoniadis, V. Biostimulants in the Soil-Plant
Interface: Agro-environmental Implications—A Review. Earth Syst. Environ. 2023, 7, 583-600. [CrossRef]

Bartucca, M.L.; Cerri, M.; Del Buono, D.; Forni, C. Use of Biostimulants as a New Approach for the Improvement of Phytoremedi-
ation Performance—A Review. Plants 2022, 11, 1946. [CrossRef]

Petropoulos, S.A.; Fernandes, A.; Plexida, S.; Chrysargyris, A.; Tzortzakis, N.; Barreira, J.C.M.; Barros, L.; Ferreira, I.C.ER.
Biostimulants application alleviates water stress effects on yield and chemical composition of greenhouse green bean (Phaseolus
vulgaris L.). Agronomy 2020, 10, 181. [CrossRef]

Liava, V,; Chaski, C.; Aiiibarro-Ortega, M.; Pereira, A.; Pinela, J.; Barros, L.; Petropoulos, S.A. The Effect of Biostimulants on Fruit
Quality of Processing Tomato Grown under Deficit Irrigation. Horticulturae 2023, 9, 1184. [CrossRef]

Dogan, M.; Bolat, I.; Karakas, S.; Dikilitas, M.; Gutiérrez-Gamboa, G.; Kaya, O. Remediation of Cadmium Stress in Strawberry
Plants Using Humic Acid and Silicon Applications. Life 2022, 12, 1962. [CrossRef]

Khalofah, A.; Bokhari, N.A.; Migdadi, H.M.; Alwahibi, M.S. Antioxidant responses and the role of Moringa oleifera leaf extract for
mitigation of cadmium stressed Lepidium sativum L. South African ]. Bot. 2020, 129, 341-346. [CrossRef]

Dobbss, L.B.; dos Santos, T.C.; Pittarello, M.; de Souza, S.B.; Ramos, A.C.; Busato, J.G. Alleviation of iron toxicity in Schinus
terebinthifolius Raddi (Anacardiaceae) by humic substances. Environ. Sci. Pollut. Res. 2018, 25, 9416-9425. [CrossRef] [PubMed]
Dziugiet, T.; Wadas, W. Possibility of increasing early crop potato yield with foliar application of seaweed extracts and humic
acids. J. Cent. Eur. Agric. 2020, 21, 300-310. [CrossRef]

Olaetxea, M.; De Hita, D.; Garcia, C.A.; Fuentes, M.; Baigorri, R.; Mora, V.; Garnica, M.; Urrutia, O.; Erro, J.; Zamarrefio, A ; et al.
Hypothetical framework integrating the main mechanisms involved in the promoting action of rhizospheric humic substances on
plant root- and shoot- growth. Appl. Soil Ecol. 2018, 123, 521-537. [CrossRef]

Evangelou, M.\W.H.; Daghan, H.; Schaeffer, A. The influence of humic acids on the phytoextraction of cadmium from soil.
Chemosphere 2004, 57, 207-213. [CrossRef]

Calvo, P; Nelson, L.; Kloepper, ] W. Agricultural uses of plant biostimulants. Plant Soil 2014, 383, 3—41. [CrossRef]

Bandiera, M.; Dal Cortivo, C.; Barion, G.; Mosca, G.; Vamerali, T. Phytoremediation opportunities with alimurgic species in
metal-contaminated environments. Sustainability 2016, 8, 357. [CrossRef]

Ahmad, I; Gul, L; Irum, S.; Manzoor, M.; Arshad, M. Accumulation of heavy metals in wild plants collected from the industrial
sites—Potential for phytoremediation. Int. |. Environ. Sci. Technol. 2023, 20, 5441-5452. [CrossRef]

Peerzada, A.M.; O'Donnell, C.; Adkins, S. Biology, impact, and management of common sowthistle (Sonchus oleraceus L.). Acta
Physiol. Plant. 2019, 41, 136. [CrossRef]

Xiong, Z. Bioaccumulation and physiological effects of excess lead in a roadside pioneer species Sonchus oleraceus L. Environ.
Pollut. 1997, 97, 275-279. [CrossRef] [PubMed]

Fang, HW.,; Li, W.S,; Tu, S.X,; Ding, Y.Z.; Wang, R.G.; Rensing, C.; Li, Y.P; Feng, R.W. Differences in cadmium absorption by 71
leaf vegetable varieties from different families and genera and their health risk assessment. Ecotoxicol. Environ. Saf. 2019, 184,
109593. [CrossRef] [PubMed]

Koyro, H.W. Effect of salinity on growth, photosynthesis, water relations and solute composition of the potential cash crop
halophyte Plantago coronopus (L.). Environ. Exp. Bot. 2006, 56, 136-146. [CrossRef]

Serrano, H.C.; Cotrim, H.; Pinto, M.].; Martins-Loucao, M.A.; Branquinho, C. Metal hyperaccumulation patterns within Plantago
phylogeny (Plantaginaceae). Plant Soil 2017, 411, 227-241. [CrossRef]

Rowell, D. Soil Science: Methods and Applications; Longman Group UK Ltd.: Harlow, UK, 1994; ISBN 9780582087842.
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]


https://doi.org/10.1016/j.envc.2021.100197
https://doi.org/10.1016/j.ecoenv.2020.111887
https://www.ncbi.nlm.nih.gov/pubmed/33450535
https://doi.org/10.3390/plants11212981
https://doi.org/10.1007/s11356-017-8987-4
https://www.ncbi.nlm.nih.gov/pubmed/28397121
https://doi.org/10.3390/agronomy10101569
https://doi.org/10.1016/j.scienta.2015.10.044
https://doi.org/10.1016/j.envint.2020.106233
https://doi.org/10.1007/s41748-023-00349-x
https://doi.org/10.3390/plants11151946
https://doi.org/10.3390/agronomy10020181
https://doi.org/10.3390/horticulturae9111184
https://doi.org/10.3390/life12121962
https://doi.org/10.1016/j.sajb.2019.08.041
https://doi.org/10.1007/s11356-018-1193-1
https://www.ncbi.nlm.nih.gov/pubmed/29349744
https://doi.org/10.5513/JCEA01/21.2.2576
https://doi.org/10.1016/j.apsoil.2017.06.007
https://doi.org/10.1016/j.chemosphere.2004.06.017
https://doi.org/10.1007/s11104-014-2131-8
https://doi.org/10.3390/su8040357
https://doi.org/10.1007/s13762-022-04340-3
https://doi.org/10.1007/s11738-019-2920-z
https://doi.org/10.1016/S0269-7491(97)00086-9
https://www.ncbi.nlm.nih.gov/pubmed/15093365
https://doi.org/10.1016/j.ecoenv.2019.109593
https://www.ncbi.nlm.nih.gov/pubmed/31479760
https://doi.org/10.1016/j.envexpbot.2005.02.001
https://doi.org/10.1007/s11104-016-3024-9
https://doi.org/10.1016/j.earscirev.2017.06.005

Horticulturae 2024, 10, 74 14 of 15

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Wang, Y.J.; Fan, T.T.; Cui, PX,; Sun, Q.; Zhou, D.M,; Li, C.B.; Wang, G.Q.; Lin, Y.S.; Zhang, S.T; Yang, X.P; et al. Binding and
adsorption energy of Cd in soils and its environmental implication for Cd bioavailability. Soil Sci. Soc. Am. . 2020, 84, 472-482.
[CrossRef]

Canellas, L.P; Olivares, FL.; Aguiar, N.O.; Jones, D.L.; Nebbioso, A.; Mazzei, P.; Piccolo, A. Humic and fulvic acids as biostimulants
in horticulture. Sci. Hortic. 2015, 196, 15-27. [CrossRef]

Zandonadi, D.B.; Canellas, L.P.; Faganha, A.R. Indolacetic and humic acids induce lateral root development through a concerted
plasmalemma and tonoplast H+ pumps activation. Planta 2007, 225, 1583-1595. [CrossRef]

Nunes, R.O.; Domiciano, G.A.; Alves, W.S.; Melo, A.C.A.; Nogueira, F.C.S.; Canellas, L.P; Olivares, EL.; Zingali, R.B.; Soares, M.R.
Evaluation of the effects of humic acids on maize root architecture by label-free proteomics analysis. Sci. Rep. 2019, 9, 12019.
[CrossRef] [PubMed]

Trevisan, S.; Francioso, O.; Quaggiotti, S.; Nardi, S. Humic substances biological activity at the plant-soil interface: From
environmental aspects to molecular factors. Plant Signal. Behav. 2010, 5, 635-643. [CrossRef] [PubMed]

Eyheraguibel, B.; Silvestre, J.; Morard, P. Effects of humic substances derived from organic waste enhancement on the growth and
mineral nutrition of maize. Bioresour. Technol. 2008, 99, 4206-4212. [CrossRef] [PubMed]

Canellas, L.P.; Spaccini, R.; Piccolo, A.; Dobbss, L.B.; Okorokova-Facanha, A.L.; Santos, G.; Olivares, EL.; Faganha, A. Relationships
Between Chemical Characteristics and Root Growth Promotion of Humic Acids Isolated From Brazilian Oxisols. Soil Sci. 2009,
174, 611-620. [CrossRef]

Canal, S.B.; Bozkurt, M.A.; Yilmaz, H. Effects of Humic Acid and EDTA on Phytoremediation, Growth and Antioxidant Activity
in Rapeseed (Brassica napus L.) Grown under Heavy Metal Stress. Polish ]. Environ. Stud. 2022, 31, 4051-4060. [CrossRef]

Kong, D.; Wang, J.; Wu, H.; Valverde-barrantes, O.].; Wang, R.; Zeng, H.; Kardol, P.; Zhang, H.; Feng, Y. Nonlinearity of root trait
relationships and the root economics spectrum. Nat. Commun. 2019, 10, 2203. [CrossRef] [PubMed]

Weemstra, M.; Zambrano, J.; Allen, D.; Umana, M.N. Tree growth increases through opposing above-ground and below-ground
resource strategies. J. Ecol. 2021, 109, 3502-3512. [CrossRef]

Zhang, H.; Xu, Z.; Guo, K,; Huo, Y.; He, G.; Sun, H.; Guan, Y.; Xu, N.; Yang, W.; Sun, G. Toxic effects of heavy metal Cd and Zn on
chlorophyll, carotenoid metabolism and photosynthetic function in tobacco leaves revealed by physiological and proteomics
analysis. Ecotoxicol. Environ. Saf. 2020, 202, 110856. [CrossRef]

Szopinski, M.; Sitko, K.; Gieron, Z.; Rusinowski, S.; Corso, M.; Hermans, C.; Verbruggen, N.; Matkowski, E. Toxic effects of cd and
zn on the photosynthetic apparatus of the Arabidopsis halleri and Arabidopsis arenosa pseudo-metallophytes. Front. Plant Sci. 2019,
10, 748. [CrossRef]

Tang, L.; Ying, R.R; Jiang, D.; Zeng, X.W.; Morel, ].L.; Tang, Y.T.; Qiu, R.L. Impaired leaf CO, diffusion mediates Cd-induced
inhibition of photosynthesis in the Zn/Cd hyperaccumulator Picris divaricata. Plant Physiol. Biochem. 2013, 73, 70-76. [CrossRef]
Faraz, A.; Faizan, M.; Sami, F; Siddiqui, H.; Hayat, S. Supplementation of Salicylic Acid and Citric Acid for Alleviation of
Cadmium Toxicity to Brassica juncea. J. Plant Growth Regul. 2020, 39, 641-655. [CrossRef]

Huang, H.; Li, M,; Rizwan, M.; Dai, Z.; Yuan, Y.; Hossain, M.M.; Cao, M.; Xiong, S.; Tu, S. Synergistic effect of silicon and selenium
on the alleviation of cadmium toxicity in rice plants. . Hazard. Mater. 2021, 401, 123393. [CrossRef] [PubMed]

Liu, X,; Yin, L.; Deng, X.; Gong, D.; Du, S.; Wang, S.; Zhang, Z. Combined application of silicon and nitric oxide jointly alleviated
cadmium accumulation and toxicity in maize. J. Hazard. Mater. 2020, 395, 122679. [CrossRef]

Wu, C,; Dun, Y;; Zhang, Z.; Li, M.; Wu, G. Foliar application of selenium and zinc to alleviate wheat (Triticum aestivum L.)
cadmium toxicity and uptake from cadmium-contaminated soil. Ecotoxicol. Environ. Saf. 2020, 190, 110091. [CrossRef] [PubMed]
Thakur, M.; Praveen, S.; Divte, PR.; Mitra, R.; Kumar, M.; Gupta, C.K,; Kalidindi, U.; Bansal, R.; Roy, S.; Anand, A.; et al. Metal
tolerance in plants: Molecular and physicochemical interface determines the “not so heavy effect” of heavy metals. Chemosphere
2022, 287,131957. [CrossRef]

Fang, Q.; Fan, Z.; Xie, Y.; Wang, X.; Li, K.; Liu, Y. Screening and evaluation of the bioremediation potential of Cu/Zn-resistant,
autochthonous Acinetobacter sp. FQ-44 from Sonchus oleraceus L. Front. Plant Sci. 2016, 7, 1487. [CrossRef] [PubMed]

Xiao, C.; Guo, S.; Wang, Q.; Chi, R. Enhanced reduction of lead bioavailability in phosphate mining wasteland soil by a phosphate-
solubilizing strain of Pseudomonas sp., LA, coupled with ryegrass (Lolium perenne L.) and sonchus (Sonchus oleraceus L.). Environ.
Pollut. 2021, 274, 116572. [CrossRef] [PubMed]

Levei, L.; Kovacs, E.; Hoaghia, M.A.; Ozunu, A. Accumulation of heavy metals in plantago major grown in urban and post-
industrial areas. Stud. Univ. Babes-Bolyai Chem. 2018, 63, 87-98. [CrossRef]

Nadgorska-Socha, A.; Kandziora-Ciupa, M.; Ciepat, R. Element accumulation, distribution, and phytoremediation potential in
selected metallophytes growing in a contaminated area. Environ. Monit. Assess. 2015, 187, 441. [CrossRef]

Rong, Q.; Zhong, K.; Huang, H.; Li, C.; Zhang, C.; Nong, X. Humic acid reduces the available cadmium, copper, lead, and zinc in
soil and their uptake by tobacco. Appl. Sci. 2020, 10, 1077. [CrossRef]

Rashid, I.; Murtaza, G.; Dar, A.A.; Wang, Z. The influence of humic and fulvic acids on Cd bioavailability to wheat cultivars
grown on sewage irrigated Cd-contaminated soils. Ecotoxicol. Environ. Saf. 2020, 205, 111347. [CrossRef]

Bi, D.; Yuan, G.; Wei, ].; Xiao, L.; Feng, L.; Meng, F.; Wang, J. A soluble humic substance for the simultaneous removal of cadmium
and arsenic from contaminated soils. Int. . Environ. Res. Public Health 2019, 16, 4999. [CrossRef] [PubMed]

Liu, Q.; Li, X;; Tang, J.; Zhou, Y.; Lin, Q.; Xiao, R.; Zhang, M. Characterization of goethite-fulvic acid composites and their impact
on the immobility of Pb/Cd in soil. Chemosphere 2019, 222, 556-563. [CrossRef]


https://doi.org/10.1002/saj2.20034
https://doi.org/10.1016/j.scienta.2015.09.013
https://doi.org/10.1007/s00425-006-0454-2
https://doi.org/10.1038/s41598-019-48509-2
https://www.ncbi.nlm.nih.gov/pubmed/31427667
https://doi.org/10.4161/psb.5.6.11211
https://www.ncbi.nlm.nih.gov/pubmed/20495384
https://doi.org/10.1016/j.biortech.2007.08.082
https://www.ncbi.nlm.nih.gov/pubmed/17962015
https://doi.org/10.1097/SS.0b013e3181bf1e03
https://doi.org/10.15244/pjoes/148120
https://doi.org/10.1038/s41467-019-10245-6
https://www.ncbi.nlm.nih.gov/pubmed/31101818
https://doi.org/10.1111/1365-2745.13729
https://doi.org/10.1016/j.ecoenv.2020.110856
https://doi.org/10.3389/fpls.2019.00748
https://doi.org/10.1016/j.plaphy.2013.09.008
https://doi.org/10.1007/s00344-019-10007-0
https://doi.org/10.1016/j.jhazmat.2020.123393
https://www.ncbi.nlm.nih.gov/pubmed/32763692
https://doi.org/10.1016/j.jhazmat.2020.122679
https://doi.org/10.1016/j.ecoenv.2019.110091
https://www.ncbi.nlm.nih.gov/pubmed/31881404
https://doi.org/10.1016/j.chemosphere.2021.131957
https://doi.org/10.3389/fpls.2016.01487
https://www.ncbi.nlm.nih.gov/pubmed/27746807
https://doi.org/10.1016/j.envpol.2021.116572
https://www.ncbi.nlm.nih.gov/pubmed/33529904
https://doi.org/10.24193/subbchem.2018.1.07
https://doi.org/10.1007/s10661-015-4680-6
https://doi.org/10.3390/app10031077
https://doi.org/10.1016/j.ecoenv.2020.111347
https://doi.org/10.3390/ijerph16244999
https://www.ncbi.nlm.nih.gov/pubmed/31818024
https://doi.org/10.1016/j.chemosphere.2019.01.171

Horticulturae 2024, 10, 74 15 of 15

65.

66.

67.
68.

69.

70.

Ding, H.; Tang, L.; Nie, Y,; Ji, H. Characteristics and interactions of heavy metals with humic acid in gold mining area soil at a
upstream of a metropolitan drinking water source. |. Geochemical Explor. 2019, 200, 266-275. [CrossRef]

Pérez-Esteban, ].; Escolastico, C.; Sanchis, I.; Masaguer, A.; Moliner, A. Effects of pH conditions and application rates of commercial
humic substances on Cu and Zn mobility in anthropogenic mine soils. Sustainability 2019, 11, 4844. [CrossRef]

Ekta, P; Modi, N.R. A review of Phytoremediation. J. Pharmacogn. Phytochem. 2018, 7, 1485-1489.

Abe, T.; Fukami, M.; Ogasawara, M. Cadmium accumulation in the shoots and roots of 93 weed species. Soil Sci. Plant Nutr. 2008,
54,566-573. [CrossRef]

Tinkov, A.A.; Nemereshina, O.N.; Suliburska, J.; Gatiatulina, E.R.; Regula, J.; Nikonorov, A.A.; Skalny, A.V. Comparative Analysis
of the Trace Element Content of the Leaves and Roots of Three Plantago Species. Biol. Trace Elem. Res. 2016, 173, 225-230.
[CrossRef]

Samadi, M.; Torbati, S.; Alipour, S. Metal(loid) uptake of Sonchus oleraceus grown around Cheshmeh-Konan copper deposit, NW
Iran. . Min. Environ. 2019, 10, 517-528. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.gexplo.2018.09.003
https://doi.org/10.3390/su11184844
https://doi.org/10.1111/j.1747-0765.2008.00288.x
https://doi.org/10.1007/s12011-016-0626-2
https://doi.org/10.22044/jme.2019.7935.1659

	Introduction 
	Materials and Methods 
	Experimental Design 
	Soil and Plant Analyses 
	Non-Destructive Analyses 
	Plant Growth Measurement and Chemical Analyses 
	Indices for Cd Transfer and Translocation 

	Data Quality Control and Statistical Analysis 

	Results 
	Soil Properties 
	Plant Growth and Physiological Parameters 
	Bioavailable Concentration of Cd in Soil 
	Cd Concentration in Plant Tissues 
	Indices for the Transfer and Translocation of Cd 

	Discussion 
	Conclusions 
	References

