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Abstract

Phytoextraction has been considered an effective and environment-friendly method for removing heavy metals from contami-
nated soil. However, the efficiency, mechanism, and adaptability of phytoextraction by hyperaccumulators in Cd-polluted weakly
alkaline soil have not been investigated in detail. In this study, pot experiments were conducted to evaluate the enhanced effects of
S,S-ethylenediamine disuccinic acid (EDDS) on phytoextraction in alkaline soil by measuring the degradation kinetic charac-
teristics of EDDS and Cd absorption dynamics of Tagetes patula L. (T. patula) and Phytolacca americana L. (P. americana) for a
period of 55 days. Results showed that the half-life of EDDS varied from 4.20-7.07 days and 3.35-4.36 days for 7. patula and
P. americana, respectively. EDDS-activated Cd reached saturation at a low dosage (1 mM) and a single application of EDDS was
found to be better than double applications. The activation of EDDS on Cd applied before 45 days of harvest was better than that
before 15 days of harvest, and disappeared after a 35-day application. Correspondingly, the Cd concentration in P. americana and
T. patula leaves increased significantly after 3 days of the EDDS application. However, 7. patula had a biomass 2.57 times and
Cd absorption capacity 10.06 times higher than P. americana. EDDS showed almost no influence on the stem and leaf biomass of
T’ patula; however, the root weight decreased by 9.44—71.77%. The Cd concentration in 7. patula leaves of all the treatments was
1.00-1.81 times that of the control group. In comparison with other treatments, the EDDS application (3 mM) before 15 days of
harvest extracted the highest amount of Cd (601.45 pg/pot) in 7. patula shoots, reaching 1.40 times that in the control group.
Therefore, T. patula might be a more suitable phytoremediator for Cd-polluted alkaline soil than P. americana; the most effective
method was the EDDS application (3 mM) before 15 days of harvest.
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Several studies have investigated Cd pollution control tech-
nology in farmlands, especially in acidic rice fields in southern
China. The existing methods include water management (Li
and Xu 2015; Lei et al. 2018); foliar modulators (Saifullah
et al. 2013; Chen et al. 2018); the application of biochar
(Beesley et al. 2011; Ali et al. 2019), clays (Xu et al
2017; Liang et al. 2019), and nanoparticles (Rizwan et al.
2019); and phytoremediation (Ashraf et al. 2019). However,
wheat-producing areas in China are mainly distributed in the
north, and the soil in these areas is primarily weakly alkaline.
In comparison with Cd-polluted acidic soils, there are few
studies based on control technology for Cd-polluted weakly
alkaline soils. To date, to the best of our knowledge, almost no
effective technology has been proposed for controlling Cd
pollution in weakly alkaline soils. Furthermore, since wheat
is a dry land crop, it is difficult to reduce the available Cd
concentration in the soil by adjusting the pH value of the
alkaline soil through pH regulating amendments and water
management.

In comparison with other remediation technologies, such as
immobilization and agronomic measures, phytoremediation
has attracted considerable attention because it can reduce the
total amount of Cd in the soil. Currently, many studies are
being conducted on techniques for the phytoremediation of
Cd-contaminated acidic soils in southern China, including
those related to the efficiency of phytoremediation (Liu et al.
2018; Ashraf et al. 2019); enhanced phytoremediation (Luo
etal. 2005; Wang et al. 2009; Hseu et al. 2013; Li et al. 2018);
physiological and molecular biological mechanisms of up-
take, transport, and enrichment (Liu et al. 2017; Cao et al.
2019); detoxification mechanisms (Talebi et al. 2019); and
effect of fertilization on phytoremediation efficiency (Guo
etal. 2017; Yang et al. 2019). In recent years, phytoextraction
of Cd-polluted alkaline soil has been performed. For example,
Guo et al. (2017) reported that nitrogen, phosphorus, and po-
tassium fertilizers can improve the phytoextraction of Cd-
contaminated alkaline soil; the total amount of Cd removed
by Sedum spectabile Boreau was approximately 80-90 pg/
plant. Furthermore, Wang et al. (2019) reported that chelator
complexes could enhance Amaranthus hypochondriacus L.
and remove approximately 90-500 pg/pot of Cd from Cd-
contaminated alkaline soil. However, the removal efficiency
of' heavy metals in weakly alkaline soil is relatively lower than
that in acidic soil, and the remediation effect, mechanism, and
adaptability of hyperaccumulators on weakly alkaline soil in
northern China are not understood in detail. Therefore, it is
important to further strengthen the phytoremediation of Cd-
polluted weakly alkaline soil and provide control technologies
for Cd-polluted wheat fields in northern China.

Tagetes patula L. (T. patula), commonly known as French
marigold, is widely used for beautifying the environment and
purifying soil (Wei et al. 2012; Liu et al. 2018). Phytolacca
americana L. (P. americana) is an herbaceous perennial

species that has been identified as a potential
hyperaccumulator of trace metals, specifically for Mn and
Cd (Peng et al. 2008). Their remarkable capabilities of Cd
accumulation, fast growth, and high biomass make 7. patula
and P. americana potential plant species for Cd accumulation
(Liuetal. 2010; Sun et al. 2011; Sun et al. 2018). Therefore, in
the present study, 7. patula and P. americana were selected as
potential hyperaccumulators and S,S-ethylenediamine
disuccinic acid (EDDS) was selected as a potential enhancing
amendment. Pot experiments were conducted to investigate
the phytoextraction efficiency after EDDS was applied, in
relation to application dosage, period, and frequency by mon-
itoring the degradation kinetic characteristics of EDDS and
the Cd absorption dynamics of the plants. The results of this
study will provide important scientific value for the feasibility
of phytoremediation of Cd-polluted weakly alkaline soil in the
wheat fields of northern China.

Materials and methods
Experimental materials

The soil utilized in the experiment was collected from the
surface soil (0-20 cm) of Cd-contaminated agricultural farm-
lands in the Jiyuan, Henan province, China, which was pol-
luted by the pollution discharge of non-ferrous smelters over
an extended period of time. Analytical reagent grade EDDS
was purchased from Tianjin, which was dissolved in NaOH
and adjusted to 7.0 £0.1 by HCI. 7. patula and P. americana
seeds were purchased from Shenyang Agricultural University.

Pot experimental design

From March 26, 2019 to June 21, 2019, pot experiments were
conducted in a greenhouse at the Agro-Environmental
Protection Institute, Ministry of Agriculture and Rural
Affairs of China. The soil was thoroughly mixed and sieved
through a 2-mm sieve. The pot experiments were performed
using plastic pots (20 cm in diameter and 18 cm in height)
placed over plastic plates, and then 5 kg of dry soil was placed
in each plastic pot. The soil in each pot was fertilized manually
with ammonium bicarbonate, calcium superphosphate, and
potassium sulfate at the doses of 0.112 g/kg N, 0.045 g/kg
P,0s, and 0.067 g/kg K, O, respectively, and then equilibrated
for 10 days.

To determine the effects of the application dosages, pe-
riods, and frequency of EDDS on the phytoextraction efficien-
cy of plants, the treatments were divided into three groups: a
single application of EDDS 45 days before harvest (5/06/
2019, group A); a single application of EDDS 15 days before
harvest (6/06/2019, group B); and two applications of EDDS,
one 45 days and one 15 days before harvest (group C). Ten
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treatments were set as follows: (i) control (CK); (ii) 1 mmol/kg
(mM) EDDS applied 45 days before harvest (1A); (iii) 3 mM
EDDS applied 45 days before harvest (3A); (iv) S mM EDDS
applied 45 days before harvest (5A); (v) 1 mM EDDS applied
15 days before harvest (1B); (vi) 3 mM EDDS applied 15 days
before harvest (3B); (vii) 5 mM EDDS applied 15 days before
harvest (5B); (viii) 1 mM EDDS applied twice, one 45 days
and one 15 days before harvest (1C); (ix) 3 mM EDDS applied
twice, one 45 days and one 15 days before harvest (3C); and
(x) 5 mM EDDS applied twice, one 45 days and one 15 days
before harvest (5C). At the abovementioned times, 500 mL of
EDDS solution was homogeneously added to the pots at dusk.
An equal volume of distilled water instead of EDDS solution
was added to the control group. During the growth period,
distilled water was added to each pot to maintain growth.

The absorption dynamics of Cd in 7. patula and
P. americana were measured before and after the application
of EDDS at varying intervals. Each treatment was replicated
twelve times, four of which were used for the final harvest,
and the remaining were used for sampling at different growth
periods. The pots were arranged in a randomized block every
2 weeks to obtain consistent lighting.

T. patula seeds were sterilized in 2% (v/v) H,O, for 15 min,
and P. americana seeds were sterilized in H,SO,4 for 20 min.
Then, they were washed with deionized water and sowed di-
rectly into vermiculite concretes in March 2019. Six 7. patula
seedlings with a similar size and four P. americana seedlings
approximately 3 weeks old were transplanted into each pot on
April 6, 2019. After 75 days of growth (June 21, 2019),
T patula and P. americana were harvested and separated into
roots, stems, and leaves, then washed with tap water to remove
the tightly bound soils, followed by washing with deionized
water three times. Plant dry weights were recorded after oven
drying at 75 °C to constant, then the plants were ground into
powders for further analysis.

Soil solution analysis

The sampling devices (Rhizon MOM; length 20 cm, o.d.
2.5 mm, Rhizosphere Research Products, Wageningen,
Netherlands) were buried at a 45° angle in the soil when
transplanting the plants. Samples were collected from April
26 to June 19,2019, and sampling time was based on the plant
growth before and after the EDDS application with no set
interval (April 24, 26, 28, May 5, 8, 13, 16, 22, 27, and
June 5, 10, 14, and 19). The soil solutions were divided into
two parts. One part was filtered through a 0.45-pum filter mem-
brane immediately after collection, and 5% HNO; was added
to prevent iron oxide/hydroxide precipitation (Huang et al.
2018). The concentration of Cd in the soil solutions was de-
termined utilizing inductively coupled plasma mass spectrom-
etry (ICP-MS) (iCAP Q, Thermo Fisher Scientific, Waltham,
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MA, USA). The other part was used to measure the pH value
using a pH electrode (PB-10, Sartorius, Germany).

Sample analysis
Vegetal sample analysis

Sampling time is based on the growth of plants before and
after the EDDS application, including eight sampling times
(April 26, May 6, 8, 13, 17, 22, and June 4 and 13). One pot
was harvested at a time, and all the leaves were harvested,
ground, and mixed for analysis. The remaining four pots were
harvested at the final time and divided into roots, stems, and
leaves for analysis. Plant tissue powders (0.2500 g) were
digested with 8 mL HNO; through a DigiBlock ED54 diges-
tion system (ED54, LabTech, China), and then deionized wa-
ter was added up to a volume of 50 mL in a 50-mL flask. The
concentration of Cd in the digest solutions was determined
using ICP-MS.

Soil sample analysis

Soil pH was determined using a pH meter in a 1:2.5 weight to
volume (w/v) ratio of soil to deionized water. Electrical con-
ductivity (EC) of the soil was determined using a conductivity
meter (FE38, Mettler Toledo, China) in a 1:5 w/v ratio of soil
to deionized water. Cation exchange capacity (CEC) was de-
termined using a cation exchange meter (SKD-300, Peiou,
China) that utilizes the ammonium acetate method, whereas
total nitrogen was determined using an automatic zotometer
(SKD-800, Peiou, China) that utilizes the Kieldahl boiling
method. The concentrations of heavy metals in the soil sam-
ples (0.2500 g) were digested with 2 mL HF and 8 mL HNOs.
The available Cd concentration in the soil was determined via
diethylenetriaminepentaacetic acid (DTPA) extraction before
the plants were transplanted in a 1:5 w/v ratio of soil to DTPA
(0.005 M DTPA, 0.01 M CaCl,, and 0.1 M triethanolamine
adjusted to pH 7.3 with HCI) (Norvell 1984).

Calculation of potentially toxic metal distribution
and EDDS degradation kinetics

The phytoextraction efficiency was evaluated by calculating
the total Cd accumulation amount, bioaccumulation factor
(BF), translocation factor (TF), and remediation factor (RF).
BF represents the ability of a plant to uptake Cd from the soil
into the aerial parts and root systems. TF represents the ability
of a plant to transfer Cd from the roots to the aerial parts. RF
refers to the percentage of Cd accumulation in aerial parts to
that in soil (Sun et al. 2009). The calculation formulae are as
follows:

Cd accumulation amount(pg/pot) = Cigsue X Wiissue (1)
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BF = Caerial / available—Csoﬂ (2)
TF = Caerial/ Croot (3)
RF(%) = (Cacrial X Wacria])/(tOIGI_ CSOﬂ X Wsoil) X 100%(4)

where C,eria and Cpoo are the concentrations of Cd in the aerial
portion and root of the plants (ptg/g DW), respectively; Woea 1S
the plant dry biomass in the aerial portion (g/pot); available-Cy;
and total-C; are the concentrations of available and total Cd in
soil (1g/g), respectively, before the plants were transplanted; and
Weoil 1s the amount of soil in each pot (g/pot).

EDDS is the most frequently used biodegradable chelating
agent, and its half-life effect is defined as the reduction in
heavy metals activation through soil amendments over time
(Meers et al. 2005). The degradation kinetics can be calculated
as follows:

Ct = C() X e*kl (5)

where Cj is the activated Cd concentration at initial activation
(ug/L), C; is the activated Cd concentration at time # (ug/L), k is
the degradation constant of the chelating agent, and ¢ is the treat-
ment time in days. Considering the activation lag of EDDS, C,
was calculated utilizing the May 13, 2019, sampling point.

Quality control and statistical analysis

Standard spinach reference materials (SRM 1570a, National
Institute of Standards and Technology, NIST) and soil (SRM
2586, National Institute of Standards and Technology, NIST)
were used to correct the analytical values, and duplicate and
blank samples were included in each batch experiment for
quality control purposes.

Data were processed using Microsoft Excel 2010
(Microsoft Corporation, WA, USA), and all figures were made
using Origin 9.0 software (OriginLab Corporation, MA,
USA). One- and two-way variance analyses were performed
utilizing least significant difference and Tukey’s post hoc test
to statistically test the significant differences at the 95% con-
fidence interval (P <0.05) using IBM SPSS Statistics 23.0
software.

Results

The basic physical and chemical characteristics of soil are
listed in Table 1. The total Cd concentration in the soil sample

was 2.44 mg/kg, which is much higher than 0.6 mg/kg (pH >
7.5, dry land), i.e., the soil environment quality risk control
standard for soil contamination of agricultural land published
by the Ministry of Ecology and Environment of the People’s
Republic of China (GB 15618-2018). The DTPA-extractable
Cd concentration was 1.32 mg/kg, indicating that the soil was
significantly contaminated by Cd.

Changes of Cd concentration in soil solutions

EDDS was applied to the pots on May 6 and June 6, 2019. To
ensure consistency of the experiments, the same amount of
distilled water was poured into all treatments the night before
sampling. The concentration of Cd in the soil solutions of all
treatments for the 7. patula and P. americana growing periods
is presented in Fig. 1, the concentration of Cd in the control
ranged from 0.51 to 4.57 pg/L and 0.29 to 4.01 ug/L in
T patula and P. americana throughout the growth period.
Before EDDS addition on May 6, 2019, the concentration of
Cd in the soil solutions of all the treatments was below 5 ng/L;
thereafter, those with EDDS treatments increased by an order
of magnitude, which took approximately 7 days to reach the
peak value and then gradually decreased with the degradation
of EDDS. According to the results of group A, the activation
effects of EDDS on Cd largely dissipated after a 35-day
application.

For group B, before EDDS application on June 6, 2019, the
concentration of Cd in the soil solution was similar to that in
the control group, whereas it increased rapidly after the EDDS
application. At the end of the experiment, the Cd concentra-
tion in the group B soil solution was not removed completely.
In P. americana, the Cd concentration in the 5A soil solution
was higher than that in 1A and 3A soil solutions, whereas
there were no differences between 3B and 5B soil solutions,
indicating that the activation effects of EDDS on Cd concen-
tration were related to the applied time period. The different
trends on the graph among groups A, B, and C were related to
the different EDDS application periods and sampling
intervals.

For group C, the concentration of Cd after the second
EDDS application did not increase significantly compared
with the first application. The activation of Cd by EDDS
might be related to the plant species. For 7. patula, the max-
imum concentration of Cd in the soil solution was
8112.86 pg/L, which appeared in treatment 3B, while in
P. americana the maximum concentration was 4957.39 ug/L

Table 1 Basic physical and

chemical characteristics of soil pH EC Total N CEC Total Cd Total Pb Total Cu Total Zn DTPA-Cd
value  (uS/em)  (g/kg) (cmolkg)  (mg/kg) (mgkg)  (mghkg) (mgkg)  (mgke)
7.73 270.03 1.29 13.05 2.44 63.14 12.08 23.44 1.32
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Fig. 1 Cd concentration in the soil solution before and after EDDS
application in 7. patula (left) and P. americana (right). CK = no chelate-
treated control, 1A =1 mM EDDS applied 45 days before harvest; 3A =
3 mM EDDS applied 45 days before harvest; 5SA =5 mM EDDS applied
45 days before harvest; 1B=1 mM EDDS applied 15 d before harvest;
3B =3 mM EDDS applied 15 days before harvest; 5B=5 mM EDDS

and was observed in the treatment SA. The concentration of
Cd in the soil solution decreased with time, which might be
due to the strong photodegradation, chemical decomposition,
and biodegradation of EDDS in the soil.

As shown in Fig. 1, in group A, the Cd concentration in the
soil solution of the two plants gradually declined to the same
level as that in the control with the degradation of EDDS. It
takes 7 days for EDDS to activate heavy metals fully. Table 2
shows the k-values, corresponding ¢, values, and observed
correlation coefficients of equation (R). The ¢, value is the
time taken to reduce the Cd concentration by half, i.e., the
half-life, which is an important parameter when considering
the enhancement of phytoextraction. In this study, #,, of the

Table2  Relevant parameters of half-life calculation after the pots were
treated with EDDS

Treatments T. patula P. americana

k t1/2 R2 k t1/2 R2
1 mM EDDS 0.16 439 0.92 0.21 3.35 0.86
3 mM EDDS 0.17 420 0.98 0.20 3.54 0.94
5 mM EDDS 0.10 7.07 0.89 0.16 436 0.81
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applied 15 days before harvest; 1C=1 mM EDDS applied twice, one
45 days and one 15 days before harvest; 3C =3 mM EDDS applied twice,
one 45 days and one 15 days before harvest; and 5C=5 mM EDDS
applied twice, one 45 days and one 15 days before harvest. Values are
means + standard deviations (n =3)

EDDS in 7. patula and P. americana at different applied dos-
ages were 4.20-7.07 and 3.35-4.36 days, respectively. These
results are consistent with Tandy et al. (2006), who deter-
mined that EDDS degraded after a lag phase of 7-11 days
with a half-life of 4.18-5.60 days. In addition, the #,,, value
of the different treatments of 7. patula and P. americana
showed a dosage-response effect. This finding is in line with
Meers et al. (2005), who reported that the rate of EDDS deg-
radation appeared to be dependent on the applied dose; this
was attributed to potential additional metal toxicity at higher
mobilization levels, causing slightly lower microbial activity,
and therefore resulting in a lower biodegradation rate.

Absorption dynamics of Cd in T. patula
and P. americana

The Cd absorption dynamics in plants can directly reflect the
effect of EDDS application on soil and plants. Figure 2 shows
the absorption dynamics of Cd in the leaves of 7. patula and
P. Americana before and after the application of EDDS. The
sampling points were randomly selected after 20 days of
growth for both the plants. For T patula, the average Cd
concentration in the leaves of all treatments before EDDS
application on April 26 and May 6 increased from 13.44 +
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Fig. 2 Concentration of Cd in T. patula (left) and P. americana (right)
leaves before and after the EDDS application. CK =no chelate-treated
control, 1A =1 mM EDDS applied 45 days before harvest; 3A =3 mM
EDDS applied 45 days before harvest; SA = 5 mM EDDS applied 45 days
before harvest; 1B =1 mM EDDS applied 15 days before harvest; 3B =
3 mM EDDS applied 15 days before harvest; 5B =5 mM EDDS applied

0.94 to 26.71 £2.78 mg/kg, respectively, and there was no
significant difference between treatments (P > 0.05). This in-
crease before EDDS application may be attributed to a de-
crease in the pH of the soil solution (Fig. S1), which increased
the chemical activity of Cd in the soil, thereby resulting in
increased Cd uptake by the plants (Luo et al. 2019). The Cd
concentration in the leaves of groups A, B and C increased
significantly after treatment with EDDS than that in control
group (P < 0.05). However, for group C, which had two-time
EDDS applications, the Cd concentration in the leaves of
T’ patula did not significantly enhance than that in groups A
and B, which had one-time EDDS application.

With the growth of P. americana, the concentration of Cd
in the leaves of groups A and C increased significantly com-
pared with the control (P <0.05). For group B, although the
concentration of Cd in the leaves also increased after adding
EDDS, it was significantly lower than that in groups A and C.
The twice applications of EDDS (group C) did not significant-
ly enhance the Cd concentration in the P. americana leaves in
comparison with group A (one-time application), but had a
significant enhancing effect compared with group B (one-time
application). EDDS showed a significant time-induced effect
and the highest concentration of Cd in the P. americana leaves
was 13.11 mg/kg.

4/26 5/06 5/08 5/13 5/17 5/22 6/04 6/13
Growth time (P. americana)

15 days before harvest; 1C =1 mM EDDS applied twice, one 45 days and
one 15 days before harvest; 3C =3 mM EDDS applied twice, one 45 days
and one 15 days before harvest; and 5C =5 mM EDDS applied twice, one
45 days and one 15 days before harvest. Different letters in each bar are
significantly different at P <0.05

Effects of EDDS on biomass production of T. patula
and P. americana

The biomass of the roots, stems, and leaves of 7. patula and
P americana at the end of the experiment are shown in Fig. 3.
The dry weight of 7. patula was higher than that of
P americana in the control group. For T patula, the dry
weight of the roots in the treated group was significantly lower
than that in the control group (P <0.05), except for the 1A
treatment, which showed a significant application method-
and dosage-induced effects. However, the biomass of the
stems and leaves showed no significant changes after EDDS
addition, except for the 5C treatment (P> 0.05). The mean
biomass of the 7. patula stems and leaves were 15.87-20.65
and 12.04-19.61 g/pot, respectively, and the highest biomass
of the stems and leaves appeared in the 3A and 1C treatments,
which were 4.68 and 5.84 g higher than that in the control
group, respectively.

P. americana showed strong toxic symptoms for EDDS,
such as yellow leaves, dysplasia, and necrosis, especially in
the treatments with high doses of EDDS (treatments SA and
5C). However, it was shown that the biomass of the stems
could be promoted by applying EDDS in group B. For exam-
ple, the dry weight of the P americana stems in treatment 3B
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Fig. 3 Effects of EDDS application on the roots, stems, and leaves dry
weights of 7. patula (left) and P. americana (right). CK =no chelate-
treated control, 1A =1 mM EDDS applied 45 days before harvest;
3A =3 mM EDDS applied 45 days before harvest; SA=5 mM EDDS
applied 45 days before harvest; 1B =1 mM EDDS applied 15 days before
harvest; 3B=3 mM EDDS applied 15 days before harvest; 5B=5 mM

increased by 7.65 g, while the early addition of EDDS (treatment
3A) significantly inhibited plant growth, and the biomass of the
roots and stems decreased by 44.34% and 41.07%, respectively.
P americana showed significant application method- and
dosage-induced effects, while the interaction effect was weak
and only demonstrated in the stems (P < 0.001).

Effects of EDDS on Cd absorption of T. patula
and P. americana

Figure 4 shows the Cd concentration in the roots, stems, and
leaves of T_ patula and P. americana at the end of the experiment.
For T patula, in group B, the Cd concentration in the roots
decreased significantly after the EDDS application than that in
control group (P < 0.05), whereas that in group A was not sig-
nificantly different (P> 0.05). However, the Cd concentration in
the 7 patula stems decreased gradually with an increase in the
EDDS dose for all treatments. In contrast, the Cd concentration
in the 7" patula leaves harvested from the treated soil increased
significantly (P < 0.05), i.e., ranging from 20.14 to 33.74 mg/kg,
which was much higher than that in the control group
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Treatment (P. americana)

EDDS applied 15 days before harvest; 1C =1 mM EDDS applied twice,
one 45 days and one 15 days before harvest; 3C =3 mM EDDS applied
twice, one 45 days and one 15 days before harvest; and SC=5 mM
EDDS applied twice, one 45 days and one 15 days before harvest.
Different letters in each bar are significantly different at P <0.05.
Values are means + standard deviations (n =4)

(16.27 mg/kg). Meanwhile, the concentration of Cd in the
T patula leaves had method- and dosage-response effects with
EDDS application (P < 0.05). Additionally, for the cases with
two-time EDDS applications (group C), no significant increase
in the Cd concentration in leaves was observed in comparison
with the cases with one-time EDDS application (group B).

For P. americana, EDDS application period significantly
influenced the concentration of Cd in the tissues. For example,
the concentration of Cd in P. americana of group B was sig-
nificantly lower than that in group A. Application of EDDS at
earlier time points (groups A and C) significantly increased
the concentration of Cd in P americana, which showed the
same changing trend in the roots, stems, and leaves. The max-
imum concentration of Cd in the leaves reached 17.14 mg/kg
(treatment 3C), which was 12.30 times that of the control.

Effects of EDDS on Cd accumulation in T. patula
and P. americana

The amount of phytoextraction is determined by the concen-
tration of heavy metals and the biomass of the plants, which is
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Fig. 4 Effects of EDDS application on Cd concentration in the roots,
stems, and leaves of 7 patula (left) and P. americana (right). CK =no
chelate-treated control, 1A =1 mM EDDS applied 45 days before har-
vest; 3A =3 mM EDDS applied 45 days before harvest; 5A=5 mM
EDDS applied 45 days before harvest; 1B =1 mM EDDS applied 15 days
before harvest; 3B =3 mM EDDS applied 15 days before harvest; 5B =

calculated according to Formula (1). The Cd accumulation
amounts in the stems, leaves, and shoots of the two plants
are listed in Table 3. In the control group, the accumulation
of Cd in the T patula shoots (428.64 pg/pot) was much higher
than that in the shoots of P. americana (8.21 pg/pot). The
maximum accumulation of Cd in the shoots after the EDDS
application reached 601.45 pg/pot in treatment 3B (7 patula)
and 74.28 ug/pot in treatment 3C (P. americana), which were
1.40 and 9.05 times higher than the control, respectively.
EDDS mainly increased the Cd accumulation in the
T’ patula leaves, and the accumulation in the stems was lower
than in the leaves. EDDS application could not promote or
even reduce the Cd accumulation in the stems, which were
only increased in treatments 1A and 3A, while that in the
P americana stems was increased to varying degrees in all
treatments. Although the biomass of the roots, stems, and
leaves of 7. patula and P. americana were inhibited to some
extent, the addition of EDDS increased the removal of Cd in
the soil. The results showed that the total Cd accumulation in

Treatment (P. americana)

5 mM EDDS applied 15 days before harvest; 1C =1 mM EDDS applied
twice, one 45 days and one 15 days before harvest; 3C=3 mM EDDS
applied twice, one 45 days and one 15 days before harvest; and 5C =
5 mM EDDS applied twice, one 45 days and one 15 days before harvest.
Different letters in each bar are significantly different at P < 0.05. Values
are means + standard deviations (n=4)

the shoots was 3B>3C>1C>5B>3A>1A>1B>CK>5A
>5Cin T patula, and 3C > 1A> 1C>3A>5C>5A>5B>
3B >1B > CK in P. americana.

Effects of EDDS on phytoextraction efficiency
of T. patula and P. americana

In this study, BF, TF, and RF values of the plants were used to
evaluate the effects of EDDS on the accumulation, transloca-
tion, and remediation of the two plants. As shown in Table 4,
the BF, TF, and RF values of 7. patula were greater than 1.0 in
the control group and higher than that of P. americana. For
T. patula, except for treatments SA and 5C, BF, TF, and RF
values increased significantly. The highest BF and TF values
observed in treatment 5B were 12.75 and 12.56, respectively.
The highest RF value observed in treatment 3B was 4.81%,
which was 1.40 times that of the control. The RF values of
T. patula followed the order: 3B>3C>1C>5B>3A>1A>
I1B>CK > 5A > 5C.
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Table 3 Cd accumulation in the stems, leaves, and shoots in 7. patula and P. americana
T patula P. americana
Stems (pg/pot) Leaves (pg/pot) Shoots (pg/pot) Stems (pg/pot) Leaves (pg/pot) Shoots (pg/pot)
Group A CK 154.35+4.34ab 27429 +32.14ab 428.64 +34.12ab 2.86+0.32d 5.35+0.46d 8.21+0.54d
1A 165.31+7.31ab 352.95+35.74a 51826 +3391a 9.27+0.45a 33.64+0.74a 42.58+1.18a
3A 173.93+£17.67a 354.56+£52.82a 528.49+23.87a 3.93+0.30c 28.90+1.23b 32.82+1.35b
5A 131.86+12.73b 249.12+51.77b 380.98 + 64.49¢ 6.90+0.85b 17.75+£3.22¢ 24.64 +3.80c
Group B CK 154.35+4.39a 274.29+32.14b 428.64+34.12¢ 2.86+0.32¢ 5.35+0.46¢ 8.21+0.54¢
1B 139.78 £8.75ab 338.54+34.53b 478.33 £34.07bc 3.72+0.94c 15.79+£0.99ab 19.51+1.44b
3B 132.68 £8.00b 472.58£53.96a 601.45+54.28a 5.85+0.73b 18.78+£2.93a 24.63+3.33a
5B 80.43 +12.87¢ 462.57+53.82a 537.91 £46.34ab 8.35+0.14a 15.05+£1.81b 23.28+1.88a
Group C CK 154.35+4.44a 249.12+51.77b 428.64 £34.12b 2.86+0.32¢c 5.35+0.46¢ 8.21+£0.54¢
1C 87.22+19.80b 452.89+£52.00a 541.11 £49.60a 4.63+0.47b 31.50+0.37b 36.13+0.83b
3C 84.63+9.55b 459.85+44.00a 544.49+£34.77a 735+1.0la 63.12+4.50a 7428 +8.33a
5C 61.50+16.09b 248.25+22.51b 309.75+£37.71c 6.80+1.50a 25.35+£2.95b 32.15+4.20b

Different letters in each bar are significantly different at P < 0.05. Values are means + standard deviations (n =4)

CK no chelate-treated control, /A 1 mM EDDS applied 45 days before harvest, 34 3 mM EDDS applied 45 days before harvest, SA 5 mM EDDS applied
45 days before harvest, /B 1 mM EDDS applied 15 days before harvest, 38 3 mM EDDS applied 15 days before harvest, 58 5 mM EDDS applied
15 days before harvest, /C 1 mM EDDS applied twice, one 45 days and one 15 days before harvest, 3C 3 mM EDDS applied twice, one 45 days and one
15 days before harvest, 5C 5 mM EDDS applied twice, one 45 days and one 15 days before harvest

For P. americana, the RF value was much lower than
that in 7. patula; however, EDDS had a significant syner-
gistic effect on P. americana, and the BF, TF, and RF
values significantly increased after the EDDS application
(P <0.05). This enhancing effect showed a significant

Table 4 TFs, BFs, and RFs of Cd in the shoots of 7. patula and P. americana

period-induced effect, and treatments with two-time
EDDS applications resulted in higher phytoextraction ef-
fects. The maximum values of BF, TF, and RF appeared
in treatment 3C, which were 10.25, 7.76, and 8.42 times
that of the control, respectively.

T. patula P. americana
BF TF RF (%) BF TF RF (%)
Group A CK 9.80+0.64ab 3.53+0.26a 3.43+0.27b 0.56+0.04d 0.69 +0.09d 0.07 +0.00d
1A 11.22+0.94a 4.51+0.16a 4.15+£0.27a 3.36+0.26a 2.72+0.48b 0.34+0.0la
3A 11.30+1.47a 424+1.37a 423+0.19a 2.86+0.15b 3.60+0.42a 0.26+0.01b
SA 9.04+0.65b 3.36+0.66a 3.05+0.52b 1.78 £0.26¢ 1.51+£031c 0.20+0.03¢c
Group B CK 9.80+0.64b 3.53+0.26¢c 3.43+0.27c 0.56+0.04c 0.69 +0.09b 0.07£0.00c
1B 9.92+0.48b 5.514+0.95bc 3.83+£0.27bc 1.29+0.06a 2.01+0.54a 0.16+0.01b
3B 12.26 +1.48ab 6.78 +1.09b 4.81+0.43a 0.96+0.17b 2.00+0.64a 0.20+0.03a
5B 12.75+2.06a 12.56+1.58a 4.30+0.37ab 1.13+0.23b 2.02+0.47a 0.19+0.02a
Group C CK 9.80+0.64a 3.53+0.26b 3.43+0.27b 0.71+£0.04c 0.69+0.09¢ 0.07£0.00c
1C 11.01+£0.29a 7.67+1.15a 4.33+0.40a 3.31+0.24b 3.28+0.21b 0.29+0.01b
3C 11.02+1.74a 6.47+0.77a 436+0.282 6.27+0.26a 5.92+1.22a 0.59+0.07a
5C 8.98+2.01a 3.61+0.70b 2.48+0.30c 3.09+0.05b 2.08+0.32b 0.26+0.03b

Different letters in each bar are significantly different at 2 <0.05. Values are means + standard deviations (n =4)

CK no chelate-treated control, /A 1 mM EDDS applied 45 days before harvest, 3A 3 mM EDDS applied 45 days before harvest, 5A 5 mM EDDS applied
45 days before harvest, /B 1 mM EDDS applied 15 days before harvest, 38 3 mM EDDS applied 15 days before harvest, 58 5 mM EDDS applied
15 days before harvest, /C 1 mM EDDS applied twice, one 45 days and one 15 days before harvest, 3C 3 mM EDDS applied twice, one 45 days and one
15 days before harvest, 5C 5 mM EDDS applied twice, one 45 days and one 15 days before harvest
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Discussion
Degradation kinetics of EDDS in soil

Soil pore water is the critical medium for heavy metal migra-
tion and transformation in soil. Cd ion concentration and pH
of'the soil pore water directly affect the accumulation of Cd in
the plants (Qian et al. 2019). In the present study, soil Cd in a
pot experiment was activated by the addition of EDDS, and its
content was monitored in the soil solution in relation to the
growth of two plant species (7. patula and P. americana). The
activation of Cd by EDDS was not related to the application
dosage but was related to the application frequency. The acti-
vation of EDDS on Cd at the 1-mM dose was the same as that
at the 3-mM dose. The degradation of EDDS is related to
many factors, such as microbial activity, soil temperature, soil
type, and degree of pollution (Meers et al. 2005, 2008). The
different trends shown in groups A and B (Fig. 1) are attrib-
uted to the different EDDS application periods, the growth
stage of the plants, the rhizosphere microenvironment, and
the different sampling intervals.

In group C, the Cd enhancing effect of the second EDDS
application was less than the first application. This may be
caused by the ligand effect, which is defined as the amount
of metal millimolar activated by chelating agents per amount
of mmol applied to the soil (Meers et al. 2005), which was
close to saturation after the first application. Guo et al. (2019)
also found that in alkaline soil (pH = 8.39), the one-time ap-
plication of EDTA and citric acid performed more effectively
extracting metal from soil, as higher concentrations were de-
termined in almost all treatments than in treatments with two-
time applications. However, Hu et al. (2019) found that in
uranium (U)-contaminated soil, the U concentration of the soil
solution increased significantly with repeated applications of
the chelates compared with a one-time application. These dif-
ferent results may be related to soil types, heavy metal ele-
ments, and detection methods.

Compared with the control, the addition of EDDS had little
effect on the soil pH value of the two plants (Fig. S1), but in
the early growth stage, the pH value with 7. patula decreased
slightly, possibly related to hyperaccumulators, which can
acidify the rhizosphere and secrete carboxylate exudates (Li
etal. 2011; Liuetal. 2017). Sun et al. (2018) reported that soil
pH is an important chemical factor that influences Cd bio-
availability and uptake by 7. patula. These results provide a
basis for the fact that the activation effects of EDDS on Cd
reached a saturation state at a low dosage. A one-time appli-
cation is better than two-time applications, which explains the
results of the absorption and accumulation of Cd in the plants.
However, the Cd in the soil solutions at the last sampling point
in groups B and C were much higher than that in the control,
which indicated potential leaching risks. A previous study also
reported that long-term contact with EDDS might produce

better phytoextraction results (Meers et al. 2005); therefore,
application of EDDS at an earlier point before harvest may
yield better results in terms of phytoextraction and the
environment.

Absorption dynamics of Cd in T. patula
and P. Americana

The concentration of Cd in plants depends on its concentration
in the soil solutions. The concentration of Cd in the soil solu-
tion increased significantly after the EDDS application, and
there was a significant increase in Cd concentration in the
above ground parts of 7 patula (Fig. 2). However, the con-
centration of Cd in the control decreased at some sampling
points, which might be due to the dilution of the plant growth,
resulting in a slight change in Cd concentration in the leaves.

For P. americana, the concentration of Cd in plants
increased rapidly for 3 days after the EDDS application
and lasted for 30 days, which could be related to the
higher Cd concentration in the soil solution. McBride
and Zhou (2019) found that the concentration of Cd in
the P Americana shoots in the field and greenhouse
experiments was less than 10% of that in a hydroponic
experiment. The results indicated that the concentration
of Cd in P. americana is highly dependent on the con-
centration of Cd in the soil solution. Contact time be-
tween EDDS application and plant harvest also played
an important role for P. americana. The same result was
reported by Meers et al. (2005), who found that the
accumulation level of heavy metals in Helianthus
annuus L. (H. annuus) shoots increased significantly
after 3 weeks of EDDS application. In addition, transpi-
ration might be the driving force of heavy metal uptake
and transport by plants (Salt et al. 1995). The increase
in transpiration usually leads to an increase in Cd con-
centration in the shoots. In this study, the daily water
demand of P. americana was lower than that of
T patula. This indirectly indicated that the transpiration
of T. patula was higher than that of P. americana,
which further led to an increase in Cd concentration in
the T patula leaves. Liu et al. (2010) also showed that
transpiration plays an important role in Cd accumulation
in the P. americana shoots. Therefore, higher Cd con-
centrations in the soil solution, sufficient exposure time,
and higher transpiration between treatment and harvest
are necessary conditions to promote Cd absorption in
P americana.

There were significant differences in Cd uptake between
the two species; however, for both plants, the Cd-enhancing
effects of a one-time EDDS application in the plants was equal
to a two-time application. This finding is consistent with the
results of Cd activation in the soil solution that a one-time
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application was more cost-effective than a two-time
application.

Dry biomass of T. patula and P. americana

In this study, 7' patula have fast growth and high biomass
characteristics; however, EDDS decreased the root biomass
of T. patula and P. americana significantly. The activation of
EDDS on heavy metals resulted in an increase in the potential
toxic metal concentration in the soil, which exceeded the abil-
ity of plants to activate defense systems and inhibited growth
(Lietal. 2015). Xu et al. (2007) found that the phytotoxicity of
the chelator is larger than that of the chelator-metal complex,
which might be because chelators can extract the necessary
cations from the plasma membrane of root cells, leading to the
damage of root cells, and allowing free metals and chelated
metals to enter the plants. The EDDS-Cd complex or Cd ion
can enter the root and be transported rapidly to bud through
the endothelial layer. The toxic effects of Cd and EDDS lead
to the reduction in the plant’s biomass (Fu et al. 2015).

In this study, a two-time application of 5 mM EDDS (treat-
ment 5C) reduced the dry weight of the 7. patula leaves to
68.64% of the control. This finding is consistent with previous
studies (Luo et al. 2005; Wang et al. 2019), which reported
that EDDS could inhibit the growth of H. annuus and ama-
ranth plants. However, under 1- and 3-mM EDDS applica-
tions, there were no significant effects on the dry weight of
T. patula stems and leaves. The stem dry weights of
P. americana under the 3B and 5B treatments were 1.95 and
1.82 times that of the control, respectively. Li et al. (2015) also
reported the same results, with the exception of the 10 mM
EDDS application where the biomass of Macleaya cordata
did not decrease significantly compared with the control. A
previous study reported that the chelate application near the
harvest period could avoid detrimental growth depressions
(Meers et al. 2005). The results of this study showed that
proper EDDS application could promote the growth of plants.
These different results may be attributed to the use of different
chelators, application period, dosage, and plant species. In
addition, the degradation of EDDS can be used as a carbon
source by many microorganisms and enhance microbial activ-
ity, directly or indirectly, improving plant growth (Yang et al.
2013).

Uptake and accumulation of Cd in soil by T. patula
and P. Americana

The Cd uptake enhancing effects of EDDS showed a period-
induced effect in the present study; however, it was different
between T patula and P. americana. For T. patula, Cd uptake
was greater with an EDDS application 15 days before harvest
than 45 days before harvest, which is the complete opposite
for P. Americana. Therefore, it is necessary to choose suitable
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plants and enhancing methods for Cd phytoextraction in alka-
line soil.

In this study, the total Cd accumulation in both plants treat-
ed with 5 mM EDDS was lower than that for the 3 mM EDDS
treatment. Guo et al. (2019) also found the same result that
low doses of EDDS produced better phytoextraction efficien-
cy in potherb mustard, this might be related to the toxicity of
EDDS on plants. The maximum Cd accumulation in 7. patula
was 601.45 pg/pot in treatment 3A. Therefore, this study sug-
gests that 7. patula is more suitable for the remediation of Cd-
contaminated alkaline soil and the application of EDDS at a
concentration of 3 mM 15 days before harvest might produce
better phytoextraction efficiency. However, the Cd accumula-
tion in 7! patula in acidic soil (pH=5.1, Cd =20 mg/kg) was
1392 pg/plant in a previous study (Wei et al. 2012), which was
relatively higher than 71.44 pg/plant in this study.

Phytoextraction efficiency of Cd by T. patula
and P. americana

The phytoextraction efficiency is highly dependent on the soil
condition, available Cd content, and hyperaccumulator plant
species, and it is determined by BF, TF, and RF values, which
were used to assess the accumulation, translocation, and re-
mediation efficiency of plants (Sun et al. 2009; Moslehi et al.
2019). In the present study, the TF value of T patula was
significantly higher than 1.0 in all treatments and exhibited
the strong ability to transport Cd, which is consistent with
Sun et al. (2018). It should be noted that the TF, BF, and RF
values in P. americana were far lower than those of T patula.
These values for P. americana amplified significantly after the
EDDS application, however, and the maximum TF, BF, and
RF values appeared in treatment 3C, which showed that a two-
time EDDS application at a concentration of 3 mM produced
better results. However, by increasing from 3 to 5 mM EDDS
in groups A, B, and C, the RF value for both plants decreased,
indicating that a higher EDDS concentration weakens the
efficiency of phytoextraction. Wang et al. (2019) also illustrat-
ed that for two alkaline soils with different Cd pollution levels,
the biomass and Cd concentration of Aypochondriacus L.
shoots with a 5-mM EDDS treatment were decreased when
compared with a 3-mM EDDS treatment, causing the decrease
of Cd accumulation amount, BF, TF, and RF values.

For T. patula, the maximum TF, BF, and RF values were
observed in different treatments. Sun et al. (2009) demonstrat-
ed the same phenomenon for Sedum alfredii Hance
(S. alfredii) that addition of 8 mM EDTA to the soil solution
increased the BF and TF values but decreased the RF value. In
this study, the highest RF value in 7. patula (4.81%) was 8.15
times higher than that in P americana (0.59%), indicating that
T patula has promising remediation potential, and one-time
application of 3 mM EDDS to the soil 15 days before harvest
could enhance phytoextraction capabilities for Cd-
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contaminated alkaline soil. 7. patula showed a relatively
higher RF value (2.48-4.81%) in alkaline soil than previous
reports. For example, Moslehi et al. (2019) showed that the
RF value of H. annuus in alkaline soil (pH=7.6, Cd=
1.1 mg/kg) ranged from 1.20 to 1.45%, which was lower than
that of S. alfredii (8.97%) in acidic soil (pH=5.78, Cd=
3.03 mg/kg) (Sun et al. 2009).

Conclusion

The application of EDDS is an effective and environment-
friendly method to enhance phytoextraction; however, the
phytoextraction efficiency of plants in alkaline soil was rela-
tively low. The results showed that the activation effect of
EDDS on Cd in the soil solution was better for a one-time
application than a two-time application, and an earlier time
application was better than later. Cd in the soil solution signif-
icantly increased in 7 days after the EDDS application, then
decreased rapidly with EDDS degradation, and disappeared
after 35 days of application. Cd absorption dynamics in
T. patula and P. americana leaves increased significantly after
the EDDS application, which was largely dependent on the Cd
in the soil solution and the application methods. 7. patula
showed higher translocation, accumulation, and remediation
capacity for Cd than P. americana. There was no significant
inhibition of 7. patula growth, and the strengthening role of
EDDS on T. patula accumulating Cd was mainly due to the
activation of Cd in the soil solution and the increase of plant
dry weight. In this experiment, application of 3 mM EDDS
15 days before harvest showed the greatest application poten-
tial for Cd phytoextraction in alkaline soil by T patula.
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