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Root exudates are carriers for the transfer of material, energy and information
between plant roots and soils. Plants encountering environmental stresses such
as heavy metal pollution adapt to the environment by producing and secreting
root exudates. In this study, laboratory soil culture experiment and pot
experiment with Sedum plumbizincicola were used to study the effects of
single and combined application of three root exudates, citric acid, glycine, and
fructose, on the Cd-activation and phytoremediation of Cd-contaminated
paddy soil. Results from the soil culture experiment showed that for the
single application of root exudates, all three root exudates significantly
activated the Cd in soil as presented by the increased content of
diethylenetriamine pentaacetic acid extracted Cd (DTPA-Cd). In Particular,
citric acid (SC) at a relatively low concentration (2 mmol/kg) exhibited the
best Cd activation efficiency by increasing DTPA-Cd in the soil by 66.12%.
For the combined application of root exudates, citric acid in combination with
glycine (SC + G, 1:3) had the best activation effect on the Cd in the soil. In the
phytoremediation pot experiment, both the single application of citric acid at a
low concentrate (1 mmol/kg) and the combined application of citric acid and
glycine (1:1) significantly reduced the total Cd and DTPA-Cd in the soil and
increased the biomass and the content of Cd in S. plumbizincicola; thus, the
phytoremediation efficiency of Cd-contaminated soil increased by 42.33% and
35.61%. The results from this study suggest that citric acid plays a crucial role in
Cd activation and phytoremediation with single or combined applications with
glycine. However, the mechanisms under the synergetic interaction between
citric acid and glycine require further investigation.
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1 Introduction

With the development of modern industry and agriculture,
environmental pollution is becoming increasingly serious, among
which heavy metal pollution is an important aspect. Cadmium
(Cd) is a heavy metal with inherent toxicity, non-degradability,
persistence, and frequent detection in different matrices, which
directly or indirectly plays a critical role in human health due to its
bioaccumulation and biomagnification through the food chain and
its carcinogenic effects (Wu et al., 2020). According to the National
Soil Pollution Survey Bulletin of China issued in 2014, cadmium is
one of the most concerning heavy metal pollutants in farmland
soil. Thus, green and efficient remediation materials and
technologies are urgently needed for the sustainable
remediation of Cd-polluted farmland soil.

Sedum plumbizincicola has been recognized as a typical Cd-
hyperaccumulating plant since 2006 (Wu et al., 2006). Due to its high
Cd uptake ability, large biomass, and suitability for mowing, S.
plumbizincicola has been confirmed as a promising plant for the
phytoremediation of Cd-contaminated soils (Shen et al, 2011).
Plants can directly or indirectly change metal availability and
through different

mechanisms, such as changes in root exudates and rhizosphere

promote the uptake of heavy metals
pH (Hammer and Keller, 2002). Root exudates are important plant
metabolites that are released from plant roots into the rhizosphere
soil to facilitate the uptake of nutrients (Jiang et al, 2023). The
composition of root exudates is diverse; for example, Sun et al. (2020)
identified 155 compounds in the root exudates of S. plumbizincicola,
ie, 12 organic acids, 14 amino acids, 10 fatty acids, 10 amines,
17 polyols, 17 lipids, 11 carbohydrates, and 64 other substances. The
secretion of low-molecular-weight organic acids plays a crucial role
in improving plant growth and development and it also significantly
alters the speciation and mobility of heavy metals in the soil, thus
affecting the stress resistance and/or the phytoremediation efficiency
of plants (Jiang et al., 2023). Citric acid is a type of common but
important component of root exudates. It can form chelates with Cd,
thereby reducing the pH of plant rhizosphere and improving Cd
availability in soil. Activated Cd in rhizosphere soil can adsorb to the
surface of root cells and transmembranes in root cells and be
transported to the aboveground parts, thus improving the
efficiency of phytoremediation (Liu et al,, 2022). Amino acids are
another type of root exudates that are involved in various activities
during plant development, including responses to biotic and abiotic
stresses (Galili et al., 2016). Total amino acids (AAs) and free amino
acids (FAAs) secreted by plant roots are essential for mitigating the
toxicity of heavy metals in crops (Xue et al, 2022). In addition,
saccharides can improve the activities of particular soil
microorganisms, which can effectively increase the activity of
heavy metals in the soil through the secretion of protons and
organic matter (Zhu et al, 2003). However, previous studies only
focused on the effect of one particular root exudate on soil Cd
species; the effect of combined root exudates on the remediation

efficiency of S. plumbizincicola has rarely been referred.
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Therefore, in this study, citric acid, glycine (Gly), and
fructose were selected as three typical root exudates to
investigate their single and combined effects on Cd activation
and phytoremediation efficiency in Cd-contaminated soil. A soil
culture experiment, as well as a phytoremediation pot
experiment with S. plumbizincicola, was conducted to 1)
compare the effects of the three root exudates (citric acid, Gly,
fructose) on the activation of total and bioavailable Cd in the soil
under single addition treatment; 2) explore the optimal
combination of the mixed application of different root
exudates; and 3) elucidate the effects of different root exudates
on the soil Cd removal, biomass and remediation efficiency of S.
plumbizincicola. The results of this study could help enhance the
Cd phytoremediation efficiency of S. plumbizincicola, and may
provide a theoretical reference for the sustainable remediation of
heavy metal-polluted farmland soil.

2 Materials and methods

2.1 Materials

The tested soil was collected from the surface (0-20 cm) of a
heavy metal-polluted paddy soil in Xiangtan city, Hunan Province,
China. The parent material of the soil was Quaternary red clay.
After air drying, the soil was ground and passed through a 2 mm
sieve before use. The pH of the soil was 5.12, the organic matter
content was 25.2 g/kg, and the contents of total N, total P, and total
K were 1.47 g/kg, 0.77 g/kg, and 13.1 g/kg. The total Cd content in
the soil was 0.81 mg/kg, which exceeds the national standard for
Cd in paddy soil (0.3 mg/kg, GB15618-2018). The available Cd
content in the soil was 0.34 mg/kg, which was presented as
diethylenetriamine pentaacetic acid extracted Cd (DTPA-Cd).
The tested Cd hyperaccumulator was S. plumbizincicola, which
was also collected from an experimental base in Xiangtan city.
Healthy plants of uniform size were cut to about 10 cm for cutting.
The average biomass as measured by the dry mass of S.
plumbizincicola cuttings was 1.03 g/pot, and the total Cd was
41.30 mg/kg. Citric acid, glycine (Gly), and fructose were of
analytical pure grade and were purchased from the Shanghai
Sinophosphoric Medicine Group.

2.2 Soil culture experimental design

The effects of different components, contents and pairwise
combinations of S. plumbizincicola’s root exudates on soil
pH and DTPA-Cd were studied using laboratory soil culture
experiments. It was carried out in a greenhouse at Hunan Normal
University for 1month. Citric acid, Gly and fructose were
selected as the target root exudates of S. plumbizincicola
according to our previous study (Sun et al, 2020). Four
concentrations (0, 2, 4, and 8 mmol/kg) were set for each root
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TABLE 1 Experimental design of single and in combination addition of citric acid, Gly and fructose at different concentrations.

Treatment Acronym Citric acid (mmol/kg) Gly (mmol/kg) Fructose (mmol/kg)
Control SCK 0 0 0
Citric Acid SC1 2 0 0
SC2 4 0 0
SC3 8 0 0
Gly SG1 0 2 0
SG2 0 4 0
SG3 0 8 0
Fructose SF1 0 0 2
SF2 0 0 4
SF3 0 0 8
Citric Acid + Gly SC + Gl 1 3 0
SC + G2 2 2 0
SC + G3 3 1 0
Citric Acid + Fructose SC + F1 1 0 3
SC + F2 2 0 2
SC + F3 3 0 1
Gly + Fructose SG + F1 0 1 3
SG + F2 0 2 2
SG + F3 0 3 1

“S” in the acronym stands for soil culture experiment.

exudate in their single application treatment, which was based on
both our previous studies (Deng et al., 2020a; Bai et al., 2020; Sun
etal., 2020; Liu et al,, 2022) and related literature (Wu et al., 2016;
Wei, 2017; He et al., 2022). The selected concentrations include
the properties of different root exudates and the tolerance of S.
plumbizincicola. In the combination experiment, the total
concentration of different exudates was 4 mmol/kg, but the
specific ratio of the two components varied. The specific
experimental design is shown in Table 1. Each treatment was
replicated three times.

For the soil cultivation experiment, 100 g (dry weight) of
prepared soil was added to a 250 ml beaker. The soil was first
mixed with 10 ml of deionized water, followed by 10 ml of the
prepared S. plumbizincicola root exudate. The soil water content
was maintained at about 20% during the incubation period.

2.3 Experimental design for pot
phytoremediation

A pot experiment was also carried out in a greenhouse at Hunan
Normal University for 5 months. It was conducted to study the effects
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of the single application of citric acid (CA1 = 1 mmol/kg; CA2 =
2 mmol/kg; CA3 = 4 mmol/kg) or the combination with Gly (C +
G1 = 1 mmol/kg + 3 mmol/kg; C + G2 = 2 mmol/kg + 2 mmol/kg; C
+ G3 = 3 mmol/kg + 1 mmol/kg) on the phytoremediation efficiency
of S. plumbizincicola in Cd-contaminated soil. Seven treatments were
designed in this experiment with three replicates per treatment. One
kilogram of the prepared soil (dry weight) was added to each pot, and
the soil moisture was maintained at about 70% of the field water-
holding capacity. Three cuttings of S. plumbizincicola were planted in
each pot. On days 15 and 30 before the end of the experiment, 10 ml
citric acid solution and a mixed citric acid + Gly solution were added
to the soil by spraying. The same amount of deionized water was also
added by spraying in the control treatment (CK). Water and fertilizer
management was performed according to field conditions
throughout the experiment.

2.4 Sample collection and determination
2.4.1 Sample collection

For the soil culture experiment with single root exudate
treatments, soil samples were collected on the days 1, 3, 7,
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14 and 28 after the start of the experiment, and for the soil culture
experiment with combined root exudate treatments, soil samples
were collected on the days 1, 14, and 28. All soil samples were air-
dried, ground, and passed through 10, 20, and 100 mesh nylon
sieves before use.

For the pot experiment, the S. plumbizincicola samples were
harvested at the end of the experiment, washed with tap water to
remove soil and rotting leaves, and then washed with deionized
water three times. The washed plant samples were deactivated in
an oven at 105 °C for 30 min and then dried at 70 °C to constant
weight. The dry mass was weighed and recorded as the biomass
of whole S. plumbizincicola plant. The dried plant samples were
pulverized, passed through a 60-mesh sieve, and stored in a
sealed bag until analysis. After the plant samples were removed,
the soil in each pot was mixed and air dried and then ground and
passed through 10, 20, and 100 mesh nylon sieves before analysis.

2.4.2 Analysis of soil pH

Soil pH was determined by the extraction of soil to water at a
ratio of 1:2.5 (m:v) and measured by a PHS-4CT digital pH meter
(Deng et al., 2020b). Five grams of soil samples were collected to
determine the soil pH in each treatment.

2.4.3 Analysis of Cd in plants and soil

For the analysis of the total Cd in soil and plant samples,
digestion was conducted according to the US EPA3051a standard
method. The content of heavy metals in S. plumbizincicola was
digested by HNOj3 (10 ml), and the total amount of heavy metals
in the soil was digested by HNO;5: HCI (3:1, v/v) mixed acid
solution. Digestion was carried out with a microwave digestion
(CEM MARS6, Matthews, NC, USA). Cd
concentrations in plants and soils were determined using an

instrument

atomic absorption spectrometer (PinAAcle 900T, Perkin Elmer,
USA). In the process of sample testing, a blank test and national
standard substances (soil: GBW07406; plant: GBW07603) were
used for quality control (Deng et al., 2020a).

Soil available Cd was extracted with 0.05 mol/L DTPA at a
soil-to-liquid ratio of 1:5. A PinAAcle 900T atomic absorption
spectrometer was used for determination, and national reference
materials (GSS, GBE) were used for quality control (Sun, 2021).
Cd species in the soil were analyzed by the four-step BCR
sequential extraction of a European reference plant (Liu et al,
2021). The method for determination of Cd was the same as that
reported above.

2.5 Data processing and statistical analysis

The remediation efficiency was calculated as the amount of
Cd absorbed by the plant (PRE). It was estimated as follows, Eqss.
1, 2 (Cao et al., 2019):

Qp =Cp2 X sz - Cpl X Wpl (1)
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Q

PRE =
cheforeremediation X Ws

x 100%

(@)

Where Q ,, is the amount of Cd absorbed by S. plumbizincicola,
mg/pot; CP, is the Cd content in S. plumbizincicola after
mg/kg; WP, is the of S.
plumbizincicola after phytoremediation, kg/pot; CP; is the Cd

phytoremediation, biomass

content in S. plumbizincicola before phytoremediation, mg/kg;
WP, is the of &
phytoremediation, kg/pot; W is the quality of soil in each

biomass plumbizincicola  before
pot, kg TC pefore remediation 18 the total Cd content in the soil
before remediation, mg/kg.

The remediation efficiency was calculated as the amount of
reduced Cd in the soil (SRE). It was calculated by the difference in
total Cd concentration (mg/kg) before and after remediation

following Eq. 3 (Xue et al., 2022):
(TCbefore; - TCafter-

T Cbefore remediation

.....

SRE =

3

Excel 2019 and Origin 2021 were used to process data and
draw diagrams, and SPSS 20.0 software was used to check the
statistical significance of the data among different treatments.

3 Results and discussion

3.1 Effects of single root exudates on soil
pH and DTPA-Cd

All three root exudate fractions reduced the soil pH to some
extent, and the decrease was more obvious with the increase in
their dosage. Figure 1 shows the changes in soil pH under
different fractions and dosages of single citric acid, Gly, and
fructose. Compared with the control soil (SCK), single citric acid
treatment (SC) significantly reduced the soil pH within 1 week
after its application, especially on the first day when the
pH decreased markedly by 1 unit. Moreover, the decrease in
soil pH was positively dosage dependent. Similarly, the pH of soil
treated with Gly (SG) also decreased within 1week after
application, with the most significant decrease in soil pH on
the first day, and the soil pH in the SG1, SG2, and SG3 treatments
decreased by 0.14, 0.26 and 0.43 units, respectively. However, the
Gly treatment had no significant effects on soil pH on days
14 and 28. In contrast to citric acid and Gly, the addition of
fructose (SF) significantly reduced the soil pH only on dayl14, and
a dose-dependent effect was not observed.

All three root exudate fractions activated the Cd in the soil
and increased the content of available Cd (DTPA-Cd). Figure 2
shows the changes in DTPA-Cd in soil under different fractions
and dosages of single citric acid, Gly and fructose. In the citric
acid treatment, the content of DTPA-Cd peaked at 0.67 mg/kg on
the first day, and the activation efficiency reached 66.12%. Next,
DTPA-Cd content continued to decrease until the seventh day.
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FIGURE 1

Changes in soil pH under different fractions and dosages of single citric acid (SC1, SC2, SC3), Gly (SG1, SG2, SG3), and fructose (SF1, SF2, SF3)
application on days 1 (A), 3 (B), 7 (C), 14 (D), and 28 (E) (Different letters in each sampling timepoint show significant differences, p < 0.05).

On the seventh day, citric acid was even less effective in
reactivating Cd in soil than the Gly and fructose treatments.
After day 7, the activation efficiency of citric acid increased and
reached a stable state. On the 28th day, the activation efficiency of
citric acid was 22.35% higher than that of Gly, 24.16% higher
than that of fructose, and 31.27% higher than that of SCK.
Furthermore, the DTPA-Cd under a low concentration of
citric acid application (SC1 and SC2) was higher than that
(SC3).
effectively increased the DTPA-Cd content in the soil within
1 week after addition, but there were no significant differences

under a high concentration Similarly, Gly also

among different dosages. The contents of DTPA-Cd in soil
increased by 25.66%-27.87%, 12.15%-18.79% and 21.22%-
26.47% on the first, third, and seventh days, respectively,
compared with SCK. However, the increase in DTPA-Cd in
the soil gradually weakened after 1week. In addition, the
activation effect of fructose on Cd increased on days 1
(0.58 mg/kg) and 3 (0.66 mg/kg), then decreased on days 14
(0.42 mg/kg) and was generally higher than that in the SCK
group during the whole experimental period. The activation
effect of Cd by citric acid was significantly stronger than that
of Gly and fructose during the whole incubation, except for the
third and seventh days.
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Some organic acids, amino acids and other substances in the
S. plumbizincicola root exudates can change the acidity and
alkalinity of the rhizosphere soil. The concentration of H" in
an aqueous solution was positively correlated with the
concentration of organic acids and amino acids. The release of
more H" in the aqueous solution reduces the electronegativity of
the soil surface, weakens the adsorption capacity of soil for heavy
metals, and thus promotes the desorption of heavy metals (Tang
et al., 2022). In this experiment, different concentrations of citric
acid and Gly rapidly decreased the pH of the soil in a short
period, and with the increase in the applied concentration, the
soil pH decreased accordingly. However, with the extension of
the culture time, the soil pH gradually increased in all treatments,
and finally reached a new stable state. This is consistent with the
findings of Chen et al. (2003) and Jiang et al. (2023), which may
be due to the degradation of citric acid by microorganisms in the
soil and the adsorption and deposition of citric acid by soil
particles.

A lower soil pH range is more conducive to the desorption of
heavy metals. Among the three additives, citric acid is a low
molecular organic acid with stronger acidity, which can
effectively reduce the pH and electronegativity of the surface
soil and thus can active heavy metals in the soil. However, the
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FIGURE 2

Changes in DTPA-Cd in soil under different fractions and dosages of single citric acid (SC1, SC2, SC3), Gly (SG1, SG2, SG3), and fructose (SF1, SF2,
SF3) application on days 1 (A), 3 (B), 7 (C), 14 (D), and 28 (E) (Different letters in each sampling timepoint show significant differences, p < 0.05).

activation of heavy metals by citric acid mainly relies on chelation
to form relatively stable ring structures rather than a decrease in
soil pH only (Wu et al,, 2016). Wei (2017) also found that the
chelation contribution of citric acid accounted for 72.79% while
that of oxalate accounted for only 1.42% when using various
rhizosphere organic acids to activate cadmium carbonate, and
the ability of citric acid to activate cadmium carbonate was much
greater than that of oxalate. Therefore, although the content of
DTPA-Cd under citric acid treatment was slightly lower than
that under the Gly and fructose treatments on days 3 and 7, the
advantage of citric acid application was gradually increased with
the increase in the culture time (28 days), and the content of
DTPA-Cd in the soil was significantly higher than that of other
treatments.
Furthermore, our study also found that higher a
(SC3) resulted Cd

activation, than the lower concentration ones (SC1 and SC2).

concentration of citric acid in less
This is because when the concentration of organic acid is lower,
the pH and negative charges are significantly reduced, which
promotes the desorption of heavy metals. However, with the
increase of organic acid concentration, organic acids, Cd and Mn
form ternary surface complexes on the soil surface, which
promote adsorption and inhibit desorption (Xu et al., 2005).
Under the fructose treatment, different dosages of fructose did
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not significantly reduce the soil pH, but the activation of heavy
metals still had a positive effect on the first, third and seventh
days. On the one hand, fructose is a reducing sugar with reducing
groups (C = O), which mainly changes the speciation and
availability of heavy metals through the oxidation-reduction
redox rather than the soil pH (Wang et al., 2022). On the
other hand, the addition of fructose to soil may affect the
activity of soil microorganisms and the production of their
metabolites, thus effectively enhancing the activation of heavy
in the
carbohydrate metabolism (1.13-fold increase in isomaltose).

metals soil. Fructose supplementation promoted
Although fructose application decreased the alpha diversity of
bacterial species in rhizosphere soil by 12.95%, it increased the
relative abundance of actinomycetes in rhizosphere soil by
94.60%. Actinomycetes can secrete protons, organic matter
and other substances, thus effectively enhancing the activation

of heavy metals (Jiang, 2021).

3.2 Effects of combined root exudates on
soil pH and DTPA-Cd

The variation in soil pH under the three different combinations
is shown in Figure 3. The combination of citric acid + Gly and citric
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acid + fructose significantly reduced soil pH on the first day,
especially the combination of 2 mmol/kg citric acid +2 mmol/kg
Gly (SC + G2) and 2 mmol/kg citric acid +2 mmol/kg fructose (SC
+ F2). However, the combination of Gly + fructose increased the soil
pH. With the increase in the culture time, all three combinations
increased the soil pH, and there was no significant difference in the
pH value compared with SCK.

Figure 4 shows the changes in DTPA-Cd in soil under
different dosages of combinations of citric acid, Gly and
fructose. Except for SC + G3, all other combinations
effectively activated Cd in soil and increased the content of
DTPA-Cd during the first 14 days. Among all combinations,
the SC + G1 had the best Cd-activation rate, which reached
56.18%. The content of DTPA-Cd in soil under the three
combinations showed a downward trend during the experiment.

The synergistic effect of wvarious chelators effectively
increased the DTPA-Cd content in the soil in a short time.
First, the combination of two chelators increased the solubility of
metals by lowering the pH of the soil. Second, in the process of
the interaction between metals and different chelators, one metal
reacts with one chelator, and its solubility is increased by the
addition of another chelator. This is because it can reduce the
solubility of another metal in the soil and its competitiveness
effects between these matters (Zheng and Zhu, 2009). The
significant increase in the DTPA-Cd content on the first day
of the experiment was due to a large extent to the added
compound solution that effectively reduced the soil pH and
reduced the electronegativity of the soil surface, thus
promoting the desorption of heavy metals. In the combination
experiment, we also found that instead of lowering the soil pH,
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the combination of Gly + fructose slightly increased it. Non-
etheless, the combination of Gly + fructose still significantly
increased soil DTPA-Cd in the short term, and the effect was not
different from that of the other two combination modes. This
indicates that the removal effect of citric acid on heavy metals is
related to its acidity to a certain extent, but it mainly depends on
the complexation ability of the acid radical, and the activation
process can be carried out under mild acidic conditions (Chen,
2011). When SG1 was compared with SC + G2 and SF1 was
compared with SC + F2, it was found that the activation efficiency
of heavy metals by adding 2 mmol/kg citric acid based on
2 mmol/kg Gly or 2 mmol/kg fructose was further increased
by 12.34% and 27.36%, respectively. This may be because the
addition of Gly and fructose reduces the competitive cations for
citric acid to capture trace metals, such as soil-soluble Ca, thus
increasing the solubility of Cd in soil (Tandy et al., 2004; Yuan,
2021).

3.3 Sedum plumbizincicola root exudates
enhance the efficiency of
phytoremediation in Cd-contaminated
soil

3.3.1 Sedum plumbizincicola root exudates
enhance the reduction of soil Cd

In the soil culture experiment, single citric acid application and
its combination with Gly (SC + G) exhibited the best Cd activation
efficiency in the soil. To further verify their effects on
phytoremediation, a pot experiment was conducted with S.
plumbizincicola. The changes in soil Cd species under single
citric acid treatment and the combination of citric acid and Gly
are shown in Figure 5. The percentage of the acid soluble Cd
fraction in CAl, CA2, and CA3 increased by 5.63%, 8.68%, and
9.14% when compared with CK, which was positively related to the
citric acid concentration. Whilst the percentage of the residual
fraction decreased in all CA treatments (1.69%-5.71%). Similarly,
for the combined application of citric acid and Gly, with the
increasing ratio of the citric acid proportion, the percentage of the
acid soluble fraction increased, and the residual fraction decreased
accordingly when compared with CK. However, when compared
with the single application of citric acid at the same dosage (CA3,
4 mmol/kg), only the C + G2 and C + G3 treatments resulted in
increased acid soluble fraction and a decreased residual fraction.
This indicated that the higher ratio of citric acid proportion in the
combined application of citric acid and Gly was helpful in
transforming the residual fraction into the acid soluble fraction
and reducible fraction in the soil with higher bioavailability.

The contents of total Cd and DTPA-Cd in soil were
determined after 30 days of incubation in all treatments
(Figure 6). For the single citric acid addition (CA), the total
amount of Cd in CA1 treated soil was the lowest (0.44 mg/kg),
which was 46.16% lower than that in the original soil

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1086753

Xing et al.

[ Total Cd [_] DTPA-Cd —@— SRE]

/.\. T

0.8 4

r 50

074 45
I 40
0.6
I35

P

054 L 30

0.4 25

SRE(%)

0.3

Cd content (mg/kg)

0.2+

0.1

0.0

CK

CAl CA2 CA3 C+Gl C+G2 C+G3

Treatment
FIGURE 6
Changes in total Cd and DTPA-Cd in soils under different
fractions and dosages of single citric acid application and its
combination with Gly. The remediation efficiency of Cd was

evaluated by calculating the removal rate of Cd in the soil
(Different letters indicate significant differences, p < 0.05).

(0.81 mg/kg). With the increase in the citric acid concentration,
the total Cd content in the soil gradually increased. A similar
trend was observed for the content of DTPA-Cd with the
increasing concentration of citric acid, the concentration of
DTPA-Cd in the CA2 and CA3 treatments was significantly
higher than that of CK, by 53.85% and 69.23%, respectively. For
the combination of citric acid and Gly treatment (C + G), all
treatments could significantly reduce the total soil Cd content,
among which the C + G2 treatment (2 mmol/kg citric acid
+2mmol/kg Gly) showed the best effect. The total Cd
concentration was significantly reduced by 46.11% compared
with the original soil (0.81 mg/kg) (Figure 6). Similar to the
addition of single citric acid, there was also a positive correlation
between soil DTPA-Cd and the citric acid concentration in the C
+ G combination treatment. These results indicated that citric
acid played a dose-dependent facilitation effect on the activation
of Cd in the soil, and Gly played a synergistic role in the
activation.

SRE was used to evaluate the remediation efficiency of Cd by
calculating the removal rate of Cd in the soil. Except for CA3, all
treatments showed a higher SRE than CK, among which CA1 and
C + G2 showed the highest remediation efficiency (Figure 6).

Low-molecular-weight organic acids in root exudates, such as
citric acid, carboxylic acid, amino acid and phenolic acid, can
promote the activation of heavy metals in the soil by reducing
the soil pH, changing the soil redox potential and complexing with
heavy metals, thus affecting the bioavailability and uptake of heavy
metals by plants (Guo, 2017). The H" released by organic acids can
destroy the bonding forms of heavy metals in the soil and, thus
promote the conversion of the heavy metals from the reduced state
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to the acid-soluble state (Jelusic et al., 2014). In this study, a higher
concentration of citric acid in both the single and combined
treatments induced the conversion of stable Cd (residual Cd)
into exchangeable Cd (acid soluble Cd) in the soil, resulting in
an increase in the concentration of bioavailable Cd (DTPA-Cd) in
the soil. This is in consist with the results reported by Qian and Liu
(2012). Perez-Esteban et al. (2013) also found that higher
concentrations of citric acid and tartaric acid significantly
decreased soil pH, thus promoting the dissolution of iron and
manganese oxide bonded copper and zinc in the soil and increasing
the desorption of heavy metals in the soil in a mining area.

For the Cd removal efficiency among different treatments,
CA1 and C + G2 had the best effect. This likely indicated that
although a higher concentration of citric acid may increase the
availability of Cd in the soil, the activated Cd could not be taken
up and removed by the plants effectively. In addition, Gly may
also play an important role in regulating the Cd removal
efficiency, especially in an equal proportion with CA. The
potential reason for these results will be explained in detail in
the next section.

3.3.2 Sedum plumbizincicola root exudates
enhance Cd uptake by plants

The biomass and concentration of Cd in S. plumbizincicola
were determined after 30 days of incubation under the addition of
different doses of single citric acid (CA) and its combination with
Gly (C + G) (Figure 7). For the single citric acid addition (CA), the
CALl treatment resulted in the greatest biomass (Figure 7A) and the
highest Cd concentration in S. plumbizincicola (Figure 7B), so the
phytoremediation efficiency was the highest (42.33%) (Figure 7B).
But in the CA3 treatment with the highest concentration of citric
acid, the Cd concentration in S. plumbizincicola decreased
significantly, which lead to a marked decrease in the
phytoremediation efficiency (25.74%) compared with that of
CAl. For the combined treatment (C + G), C + G1 had the
highest plant biomass (Figure 7A), while C + G2 had the best
phytoremediation efficiency (35.61%) (Figure 7B), despite its
biomass was lower than that of C + GIl. Moreover, C +
G3 treatment with the highest concentration of citric acid had
the lowest phytoremediation efficiency (29.43%).

A low concentration of citric acid significantly increased the
biomass of S. plumbizincicola and thus promoted the uptake and
transport of heavy metals by the plant via the “biological dilution
effect” (Zhang et al., 2015). Hence, the lowest dosage of citric acid
used in this study (Cl and C + GI treatments) resulted in the
increased phytoremediation efficiency of Cd by S. plumbizincicola.
When the concentration of citric acid increases (CA3 and C + G3), it
may cause growth inhibition or even damaged to the plant tissues,
thus decreasing the plant biomass and the absorption of Cd by plant
roots, and finally affecting the phytoremediation efficiency (Qiao,
2010). In addition to the biological dilution effect, it is possible that
Gly also plays a synergetic role in Cd phytoremediation via two
pathways. On the one hand, under Cd stress, plants can synthesize
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and secrete a series of nitrogenous metabolites, such as amino acids,
plant chelates, and glutathione, to help plants cope with
environmental stress and alleviate the toxic effects (Ma, 2019).
On the other hand, exogenous addition of Gly may provide
beneficial nutrient elements for the rhizosphere microorganisms,
thus regulating the microbial community structure and function
and indirectly affecting the phytoremediation efficiency (Wang
et al., 2022). Therefore, in the combined application of citric acid
and Gly, when citric acid and Gly were in equal proportions (C +
G2), both SRE (46.11%) and PRE (35.61%) had the highest
efficiency, which verified the importance of glycine in promoting
the Cd phytoremediation effect of S. plumbizincicola.

4 Conclusion

In this study, the effects of S. plumbizincicola’s root exudates and
their combination patterns on the activation and remediation of Cd-
contaminated soils were evaluated. The results showed that,
compared with the single application of Gly and fructose, citric
acid had the best effect on Cd activation by increasing the DTPA
extracted Cd in the soil. Lower concentration of citric acid
application resulted in a significantly higher content of DTPA-Cd
than the higher one. Furthermore, the combined application of citric
acid and Gly, especially at the ratio of 1: 3, had the best activation
effect on the Cd in the soil. In addition, the single application of citric
acid at lower concentration could significantly reduce the total Cd
and DTPA-Cd in the soil and enhance the biomass and the content
of Cd in S. plumbizincicola, thus increase the phytoremediation
efficiency of Cd-contaminated soil. While for the combined
treatment, citric acid and Gly had the best effects of Cd removal
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and the phytoremediation efficiency. In conclusion, citric acid plays
a crucial role in the phytoremediation of Cd by the activation of Cd
in the soil, as well as the accumulation of Cd in S. plumbizincicola.
Gly was also synergistically involved in relieving the environmental
stress on S. plumbizincicola growth and enhancing the uptake of Cd.
The detailed mechanisms of the synergetic interaction between citric
acid and Gly need further investigation in the future.
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