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ABSTRACT: Phytoremediation efficiency can be enhanced by regulating rhizosphere processes, and the Cd isotope is a useful
approach for deciphering Cd transport processes in soil—plant systems. However, the effects of adsorption and complexation on Cd
isotope fractionation during the rhizosphere processes remain unclear. Here, we cultivated the Cd hyperaccumulator Sedum alfredii
and Cd-tolerance Sedum spectabile in three different soils with citric acid applied as a degradable rhizosphere biostimulant. Cellular
elemental distributions in the tissues and Cd isotope compositions were determined through NanoSIMS and MC-ICP-MS,
respectively. Cd precipitation/adsorption on cell walls and intracellular regional distribution were the main mechanisms of Cd
tolerance in S. spectabile. Plant roots became enriched with heavier Cd isotopes relative to the surrounding soils upon increasing
secretion of rhizosphere organic acids. This indicates that organic matter with O and N functional groups preferentially chelates
heavy Cd isotopes. In addition, Cd isotope fractionation between roots and shoots varies within the three soils, which could be due
to the influence of protein and metallothionein contents in roots and leaves. The finding indicates that sulfur-containing ligands
preferentially chelate light Cd isotopes. This study suggests that organic ligands play a vital role in Cd isotope fractionation and
consequent hyperaccumulation of soil—plant systems.
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1. INTRODUCTION Studying the plant rhizosphere environment could enhance
Cadmium (Cd) is a toxic heavy metal with severe effects on remediation efficiency using phytoaccumulation.'” For exam-
human health, such as renal tubular dysfunction and bone ple, applying citrate could reactivate the antioxidant enzymes
disease."” Since the outbreak of Itai—Itai disease in Japan, Cd by improving their structural stability.'' Do Nascimento et
contamination in the food chain has emerged as a significant al.'* compared the effects of natural organic acids in soils on
public health concern.”™* Consequently, remediation of Cd the phytoextraction of metals from multimetal-contaminated

pollution is indispensable. Phytoremediation is a cost-effective
and environmentally friendly approach for Cd-contaminated
soil remediation. However, the process is hampered by
inefficient in-field practices.” The extraction capacity of Cd
depends on the suitability and potential of the hyper-
accumulator plant or the efficiency of measurement methods.
Sedum alfredii, a Cd hyperaccumulator, and Sedum spectabile, a
Cd-tolerant plant, are typical hyperaccumulators due to their
strong resistance and adaptability to Cd.”~”

soils and found that citric acid could efficiently remove Cd
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from the soil without increasing the environmental risk.''* Lu
et al."® suggested that citric acid not only participated in the
absorption and transport of Cd in S. alfredii but also improved
in the detoxification of Cd in the aboveground parts.
Therefore, citric acid is a promising material for phytor-
emediation, rather than artificial chelating agents.

Understanding Cd enrichment and activation in hyper-
accumulators or Cd-tolerant plants will have a significant role
in their application in soil remediation programs. Cd
hyperaccumulation and Cd tolerance of S. alfredii are related
to absorption, transport, and detoxification mechanisms."*~"”
Hyperactive metal transporters and various cation detoxifica-
tion pathways, such as glutathione synthesis and metal
compartmentalization in vacuoles and other organelles, are
responsible for the hyperaccumulation of Cd."® However, the
Cd detoxification mechanisms of S. spectabile are not clear and
need further study. The visualization of element distribution at
different scales, from tissues to subcellular levels, is a crucial
tool in plant science studies, since it provides insights into the
detoxification mechanisms of toxic metals."” Unfortunately, Cd
has relatively low secondary ion yields bombarded by O~ or
Cs* primary beams.'”™>' Therefore, there are challenges in
obtaining clear Cd signals at trace levels in plant samples. With
technology advancement, it becomes feasible with the
nanoscale secondary ion mass spectrometry (NanoSIMS).*”
NanoSIMS can image charged secondary ions with a lateral
resolution of less than 150 nm. This enables Cd mappin§ in
plant tissues with high mass and high spatial resolution."”*>**

Stable isotope techniques have been extensively used as a
fingerprint to decipher the transport processes of heavy metals
in soil—plant systems.”*™*° Heavy metal migration and
transportation processes in the rhizosphere, including precip-
itation—dissolution, adsorption—desorption, complexation—
chelation, and oxidation—reduction, could also lead to isotope
fractionation of heavy metals® such as Zn,**** Cu,** Fe,>*°
and Mg.** Studies on Cd isotope fractionation in soils and
plants have shown great progress with the improvement in the
accuracy of Cd isotope measurement.””~*' For instance, the
heavy Cd isotopes in soil solutions are enriched, because they
are preferentially released into aqueous phases and form stiffer
bonds than those associated with the soil phase.zm0 Moreover,
iron minerals preferentially adsorb light Cd isotopes through
equilibrium fractionation.” In addition, light Cd isotopes are
also transported from solutions to accumulator plants with
complexation to organic compounds.*”*’ Therefore, precip-
itation, adsorption, and complexation can also lead to Cd
isotope fractionation among soils, solutions, and plants.
However, the relationship between Cd isotope fractionation
and Cd detoxification in hyperaccumulating plants remains
unclear.

For this study, two plant species, S. alfredii and S. spectabile,
were cultured in three distinct soils, and a degradable organic
stimulant (citric acid) was added to the treatments during
plant growth. Concentrations of Cd, Cd isotope composition,
and cellular elemental distributions in the tissues were
measured using multiple instruments such as inductively
coupled plasma mass spectrometry (ICP-MS), multicollector
inductively coupled plasma mass spectrometry (MC-ICP-MS),
and nanoscale secondary ion mass spectrometry (NanoSIMS).
Finally, Cd isotope fractionation is discussed in relation to soil
microinterfaces, root absorption, and root-to-aboveground
transport. Accordingly, this study aimed to (1) characterize
Cd enrichment and its isotope fractionation from soils to

plants under rhizosphere biostimulation; (2) analyze the effects
of adsorption—desorption and complexation—chelation on Cd
isotope fractionation in soil—plant systems under rhizosphere
biostimulation; and (3) investigate the relationship between
Cd isotope fractionation and Cd availability in the soil—plant
systems. Results from this study can provide technical support
for improving the phytoremediation efliciency of Cd in
polluted soils and enhance our understanding of the
mechanisms for Cd isotope fractionation in soil—plant systems.

2. MATERIALS AND METHODS

2.1. Plant Growth Experiment. Agricultural soils were
sampled from three sites in the different provinces of China:
Beijing (BJ) (40°8’55.43"N, 116°14'32.80"E), Henan Prov-
ince (HN) (35°8’28.58”N, 112°31'56.46"E), and Yunnan
Province (YN) (26°30'55.84"N, 103°36'10.66"E). The
accumulation of heavy metals at these sites possibly originates
from various sources, such as agricultural practice, smelting
plants, and industrial and geological contexts. The sites also
varied in how soil properties affect Cd availability, due to
differences in soil types (fluvo-aquic soils, cinnamon soils, and
red soils), total heavy metal concentrations (e.g, Cd**, Zn?",
and Pb**), pH, and major ion concentrations (e.g,, K*, Ca*,
Na*, Mg?*, Fe*, and AI**). Details on the physicochemical
properties and mineral compositions of the three soils are
provided in the Supporting Information (Tables S1 and S2 and
Figure S1).

Prior to the experimental analysis, all collected soil samples
were air-dried and sieved to <5 mm. One kilogram of dry soil
from each site was placed in a plastic box and sufficiently
watered with deionized water (>18.2 MQ-cm). Three
replicates were prepared for each soil sample. After 7 days,
200 mL of citric acid (100 or 400 mg/kg, coded as CA-1 and
CA-2, respectively) was added to the soils. Fourteen days later,
uniform plants (S. alfredii and S. spectabile) were cultivated in
pots and placed in a growth chamber.

2.2. Sample Collection and Preparation. Plants from
each experimental replicate were collected 120 days after
transplantation and then thoroughly washed with tap water,
followed by three rinses with deionized water. Each plant was
divided into root, stem, and leaf parts. The plant materials were
then freeze-dried and weighed prior to analysis. Following the
method described by Wei et al,** the plant samples were
digested on a hot plate using a mixture of HNO;, HF, and
HCIO,. The soil samples were placed in 50 mL Teflon beakers
and mixed with ''°Cd—'""Cd double-spike solution (prepared
from approximately 96.0% pure CdO) to achieve the desired
Cd sample spike ratio. The samples were digested using 10—15
mL of aqua regia at 180 °C for 24 h, followed by the addition
of 5 mL of concentrated HF, and then heated to dryness.

The supernatants were purified using anionic exchange
chromatography with AG-MP-1 M (200—400 mesh), follow-
ing the procedures described by Wei et al.** and Pallavicini et
al."* The samples were purified twice to avoid isobaric element
interference (e.g, by Sn) during Cd isotope analysis, as
recommended by Zhang et al.** The elemental concentrations
in the soils, roots, stems, and leaves were measured by using
inductively coupled plasma quadrupole mass spectrometry
(Elan DRC-e, PerkinElmer, USA) before and after purification.
Recoveries of Cd in all samples ranged from 95 to 104%. All
sample preparation was carried out in a class 100 clean room
facility. The mineral acids were purified twice using sub-boiling
distillation in Teflon stills. Water used in the process was of
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Figure 1. Cd concentration and Cd mass in different tissues of S. alfredii and S. spectabile activated by citric acid.

18.2 MQ-cm purity, obtained from a Milli-Q water purification
system (Millipore, Bedford, Massachusetts, USA).

2.3. Cd Isotope Analysis. Cd isotope ratios were
measured using a Neptune Plus MC-ICP-MS (Thermo Fisher
Scientific, USA) at the Institute of Geochemistry, Chinese
Academy of Sciences. The procedures for Cd isotope
measurements were as follows. According to the Cd
concentration, standard-sample bracketing, Ag internal normal-
ization, and double spiking were combined to correct the
instrument mass bias. The true Cd isotope ratio of the double-
spike solution was measured over 6 months using a Ag isotope
external standard (NIST SRM 978a) to correct for
instrumental mass bias.*> During the analysis, NIST SRM
3108 was used as a zero internal reference standard. Three
secondary Cd reference standards (Nancy Spex Cd, Spex-1 Cd,
and JMC Cd) and a geological reference material (Sgr-a-1,
USGS) were used to monitor the chemical separation and
mass spectrometry measurements. Secondary reference stand-
ards were measured every five samples to monitor instrumental
stability and reproducibility. Samples and standards were
diluted to approximately 70 ng/mL using 1% HNO; (v/v) and
analyzed at an uptake rate of approximately 100 pL/min,
which, generally, yielded a total Cd voltage of approximately
1.1 V for '"Cd. The Cd isotope ratios for each sample were
measured every 30 cycles with an internal precision of +0.01—
0.02%0 (relative standard deviation). The instrumental
reproducibility based on repeated 5''*/''°Cd measurements
of NIST SRM 3108 Cd standard solution was 0.07%0 (2SD, N
=214). The 6"*M°Cdygr 3105 values of Nancy Spex Cd, Spex-
1 Cd, and JMC Cd were —0.09 + 0.01, —1.25 + 0.06, and 4.45
+ 0.08%o, respectively, which are consistent with previously
reported values.””**™*® The isotope compositions are ex-
pressed in § (%o) relative to NIST SRM 3108. The isotope
compositions are expressed in § (%o) relative to NIST SRM
3108:

5114/110Cd = [2(114Cd/uocd)sample/((114Cd/110cd)3t3“dard1

+ ("Cd/"°Cd),uq2) — 11 X 1000
(1)

Standard 1 and standard 2 represent the standard solutions
measured before and after the sample.

The 6"*1°Cd values for the whole plant or shoot (stem +
leaf) were calculated following Wei et al.**:

114/110 _ 114/110
o dehole plant or shoot — Zi mici5 Cdt/ Zi m;¢;
()

where m, ¢, and i represent the mass of biomass (g), Cd
concentration (ng-g™"), and different plant parts, respectively.

The apparent isotope fractionation between the two
components A and B is calculated as

A114/1loch_B _ 5114/1mch _ 5114/11och 3)

2.4. NanoSIMS Analysis of Plant Tissues. The cellular
elemental distributions in the tissues were mapped using a
NanoSIMS SOL (Cameca, France) at the Institute of Surface-
Earth System Science, Tianjin University. Sampling and sample
preparation were performed as described previously.”>*"**
Tissues approximately 2 X 2 mm in size were transferred
rapidly into centrifuge tubes containing 2.5% glutaraldehyde
and fixed for 3 days. Subsequently, the tissues were dehydrated
using a gradient of water anhydrous ethanol and gradually
infiltrated with Spur resin. Afterward, the resin blocks were
trimmed to a thickness of 1 ym using an ultramicrotome and,
finally, coated with a 5 nm conductive layer of Pt coating
metal.

2.5. Statistical Analysis. Statistical analyses were
performed using R free software version 4.0.3. Data were
tested for normality and homoscedasticity using the Shapiro—
Wilk and Bartlett tests, respectively. Variance analysis and
subsequent Tukey’s honest significant difference tests were
performed at a statistical significance level of p < 0.05.

3. RESULTS

3.1. Enrichment Characteristics of Cd in S. alfredii
and S. spectabile. As the soil pollution level increases, the
amount of Cd and its mass in the tissues of S. alfredii and S.
spectabile rise in all three polluted soils (Figure 1). Regarding
the two plant species, a greater Cd mass was observed in the S.
alfredii than in S. spectabile, regardless of the extent of the
heavy metal pollution in the soils. The findings reveal that S.
alfredii has a stronger capacity to accumulate heavy metals than
S. spectabile. Regarding their distribution within the tissues of
the two plant species, Cd concentrations were higher in the
aboveground parts of S. spectabile than in the roots but equal in
the leaves and stems. In contrast, Cd concentrations in the
tissues of S. alfredii decreased in the following order: leaves >
stems > roots.
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Figure 2. 5'"*/1°Cd values of S. alfredii and S. spectabile in three agricultural soils biostimulated with citric acid treatment.

Table 1. Cd Isotope Discrimination between Different Tissues of S. alfredii and S. spectabile in the Three Types of Soils during

the Citric Acid Treatments

AM#10Cq treatments root—soil  stem—soil  leaf—soil  plant—soil  shoot—soil  root—plant  shoot—plant  shoot—root  leaf—stem

S. alfredii BJ-CK —0.30 0.59 —0.01 0.02 0.03 —0.32 0.01 0.33 —0.60
BJ-CA-1 —0.37 0.58 0.03 0.06 0.09 —0.43 0.03 0.46 —0.55
BJ-CA-2 —0.35 0.60 —0.09 —0.05 —0.04 —0.30 0.01 0.31 —0.69
HN-CK —0.75 0.14 —0.09 —0.10 —0.04 —0.65 0.06 0.71 —0.23
HN-CA-1 —0.85 0.16 —0.03 —0.05 0.00 —0.80 0.0S 0.85 —0.19
HN-CA-2 —0.68 0.18 —0.06 —0.07 —0.02 —0.61 0.05 0.66 —0.24
YN-CK —0.14 —0.26 —0.31 —0.30 —0.30 0.16 0.00 -0.16 —0.05
YN-CA-1 0.13 —0.20 —0.19 —0.18 —0.19 0.31 —0.01 —0.33 0.01
YN-CA-2 —0.08 —0.22 —0.28 —0.26 —0.26 0.18 —0.01 —0.19 —0.06

S. spectabile BJ-CK 0.99 0.49 0.07 0.27 0.20 0.72 —0.06 -0.79 —0.42
BJ-CA-1 0.40 0.53 0.15 0.24 0.22 0.16 —0.03 —0.18 —0.38
BJ-CA-2 0.93 0.52 0.00 0.22 0.13 0.71 —0.09 —0.80 —0.52
HN-CK —0.58 0.18 0.16 0.08 0.17 —0.66 0.09 0.75 —0.02
HN-CA-1 —0.69 0.12 —0.17 —0.08 —0.04 —0.61 0.04 0.65 —0.29
HN-CA-2 —0.78 —0.09 —0.12 —0.14 —0.11 —0.64 0.04 0.67 —0.03
YN-CK —0.35 —0.35 0.04 —0.21 —0.15 —0.14 0.06 0.20 0.39
YN-CA-1 —0.01 —0.22 —0.01 —0.09 —0.11 0.08 —0.02 —0.10 0.21
YN-CA-2 —0.66 —0.15 —0.02 —0.16 —0.07 —0.50 0.09 0.59 0.13

Regarding the role of biostimulant concentration, the Cd
accumulation potential of S. alfredii and S. spectabile was
enhanced with the addition of citric acid. In BJ and HN soils, S.
spectabile exhibited the highest Cd accumulation at low
concentrations of citric acid, whereas S. alfredii showed fairly
good accumulation at high concentrations. In contrast, in YN
soils, accumulated Cd in S. spectabile was high under a high
citric acid concentration, whereas there was an excellent
accumulation in S. alfredii at a low citric acid concentration.

3.2. Cd Isotope Composition in S. alfredii and S.
spectabile Activated by Citric Acid. Variations in Cd
isotopes were most pronounced in the roots of the two plant
species after stimulation by citric acid (Figure 2). Moreover,
the isotope compositions varied within the soil types. In BJ
soils, the roots of both plant species were enriched with light
Cd isotopes, while in YN and HN soils, the roots of S. alfredii
and S. spectabile were enriched with heavy Cd isotopes. The Cd

19411

isotope values in the roots of S. alfredii in HN soils and S.
spectabile in YN soils varied depending on the amount of citric
acid added. Thus, the addition of citric acid in BJ and YN soils
led to the largest change in the Cd isotope value in the roots of
S. spectabile in BJ and YN soils. Overall, the variation in Cd
isotope values in these plant species depends on factors such as
tissue types, concentrations of citric acid, soil properties, and
element concentrations.

3.3. Cd Isotope Fractionation between Different
Tissues of S. alfredii and S. spectabile. As shown in
Table 1, the A'*/1°Cd value differed substantially between S.
alfredii and S. spectabile in the three distinct soils. S. alfredii
exhibited an enrichment of light Cd isotopes from the soils to
the roots (A"¥/11°Cd, .1 = —0.85 to —0.08%o), except for
YN soils with a low citric acid concentration (0.13%0). In
contrast, a depletion of light Cd isotopes was observed from
roots to shoots (A" 10Cd oot = 0.01 to 0.85%0) in BJ and
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Figure 3. NanoSIMS elemental maps (10 gm X 10 um) of S. spectabile tissues, with (a—d) showing the elemental maps of roots, (e—h) showing
the elemental maps of stems, (i—1) showing the elemental maps of leaves, and (d, h, and 1) showing the composite (multi)elemental maps of S.

spectabile, indicating the relative location of Cd (red) and Ca (blue).

HN soils, while an enrichment was seen from roots to shoots
in YN soils (A"*Cdo0tr00t = —0.33 to —0.16%o). In S. alfredii,
positive or negative shifts in the isotope ratios from roots to
shoots and soils to roots were more pronounced in HN soils
(A114/110Cdmot—soil = _085 to _068%0) A114/110Cdshoot-root =
0.66 to 0.85%0) compared to YN soils.

S. spectabile exhibited an enrichment of light Cd isotope
composition from soils to roots in both HN and YN soils
(AN = —0.78 to —0.01%0) but an enrichment of
heavy Cd isotope composition in BJ soils (A"/1°Cd, i =
0.40 to 0.99%o0). On the other hand, S. spectabile exhibited an
enrichment in light Cd isotope composition from roots to
shoots in BJ soils (A"™*/1°Cdg, o0 = —0.80 to —0.18%0) and
an enrichment of heavy Cd isotope composition in HN and
YN soils (AM/110Cd oo = 0.20 to 0.75%0), except for YN
soils under a low citric acid concentration (AM™/10Cdy . oo
= —0.10%0). In S. spectabile, positive or negative shifts of the
isotope ratios were less pronounced from roots to shoots
(AM¥10cg = —0.66 to —0.10%¢) and soils to roots
(At cg, = —0.10 to 0.59%0) in YN soils.

The values of AM/1°Cd, ;.. in the two plant species
showed an order of B] < HN < YN. S. alfredii exhibited an
enrichment of light Cd isotopes from stems to leaves
(A™MCd ¢ o = —0.69 to 0.01%o0). Negative shifts in
the isotope ratios between stems and leaves were more
pronounced in BJ soils for S. alfredii. In contrast to S. alfredii, S.
spectabile exhibited an enrichment in light Cd isotopes from
stems to leaves in BJ and HN soils (A'*11°Cd,, ;.. = —0.48
to —0.02%0¢) but an enrichment of heavy Cd isotopes was
found in the YN soils (A""°Cd,..¢ iom = 0.13 to 0.39%o).

4. DISCUSSION

4.1. Subcellular Localization and Detoxification
Mechanism of S. alfredii and S. spectabile. In S. spectabile,
44.06—53.47% of the Cd in the leaves is distributed in cellular
debris, which includes the cell wall and cell membrane.*”*°

Moreover, S. spectabile exhibited a greater Cd accumulation
with a large proportion of it in the cellular debris.”® Therefore,
the cell wall could be an important barrier separating
protoplasts to alleviate Cd toxicity in plants. In this study,
the cellular elemental distributions in the roots, stems, and
leaves of S. spectabile were determined using a NanoSIMS
(Figure 3). The images of a, e, and i in Figure 3 show the
structure and integrity of the plant tissue surface. An O-ion
beam was scanned across the surface of a section and positive
ion elemental maps were obtained. Similar to the "“C'*N~
image, the **Ca’ image was typically used to illustrate
morphology in organic materials, and here it reveals the cell
wall outline and some intracellular structure.”">" The *Cd*
and composite (''*Cd* and *’Ca*) images displayed a strong
enrichment of Cd in the cell walls of the plant tissues (Figure
3). Cd in the root, stem, and leaf cells of S. spectabile was
primarily distributed in the cell wall and intercellular space,
with relatively little Cd content in the cytoplasm. Such
phenomenon was more obvious in the leaf cell wall, which
could be attributed to higher Cd concentration in the leaf than
in the root cells. This study confirmed that Cd precipitation
and adsorption processes in the cell wall, as well as Cd
distribution in the intracellular region, were the main
mechanisms contributing to the Cd tolerance of S. spectabile.
Unlike S. spectabile, Cd in S. alfredii was predominantly found
in the mesophyll and vascular cells of the leaves rather than the
epidermis, and it preferentially accumulated in the pith and
cortex of the stems.>”

To date, Cd localization in tissues has been investigated in
several plant species, including Cd hyperaccumulators, Cd-
tolerant plants, crops, and vegetables (such as Thiaspi
caerulescens, Arabidopsis thaliana, chili, and foliar).47’52’53 Cd
absorption, transport, and detoxification mechanisms include
the following processes'*™'": (1) precipitation and adsorption
at root cell walls; (2) intracellular regionalized distribution
(vacuolar sequestration) by tonoplast-located transporters; (3)
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chelation of metals in the cytosol by peptides such as
phytochelatins; and (4) effects of the enzyme system. With
regard to Cd hyperaccumulators, Cd detoxification in the roots
of Thlaspi caerulescens is localized in both the apoplast (e.g,
binding to cell-wall compounds) and inside cells, whereas
vacuoles serve as the primary compartments for Cd storage
and cation detoxification in leaves.”">> Arabidopsis thaliana
retains Cd in its roots and leaves primarily through vacuolar
sequestration and cytoplasmic precipitation.””>* Moreover, Cd
is typically localized in the cell wall fraction of lettuce, Cd-
resistant barley genotypes, water spinach (Ipomoea aquatica
Forsk, WS), and pak choi (Brassica chinensis L., PC),”>***” and
associated with pectates and proteins in the soluble and cell
wall fractions.

Lu et al.>® noted that Cd primarily enters into the stele of
S.alfredii roots through a symplastic pathway, and is
subsequently translocated to the shoots. Cd in the leaves of
S. alfredii is mainly stored in the vacuoles, which contain a large
amount of malic acid. Therefore, detoxification in S. alfredii
occurs via binding of Cd with malic acid but not with most
sulfur-containing sulfhydryl compounds. Nevertheless, some
sulthydryl compounds do participate in the Cd detoxification
mechanisms in the roots.”” However, the current study found
that more Cd accumulated in the cell debris of S. spectabile and
biologically detoxified metal fractions compared to that in S.
alfredii. This finding suggests that the Cd binding to the cell
wall, phytochelatins, and metallothioneins (MT) in S. spectabile
could indicate internal detoxification mechanisms. Accordingly,
Cd mainly binds to oxygen-containing ligands in the xylem of
S. alfredii, whereas it binds to sulfur-containing ligands in S.
spectabile.

4.2. Cd Isotope Fractionation in Soil Rhizosphere
Processes under Organic Acid Stimulation. The
S110Cd values in BJ, HN, and YN soils were —0.02 +
0.05, 0.11 + 0.03, and 0.33 + 0.05%o, respectively, and the
average A11°Cd, ., . values were 0.01, —0.07, —0.24%o and
0.24, —0.05, and —0.16%0¢ for S. alfredii and S. spectabile,
respectively (Table 1). The average A'*/11°Cdyp,  ; values for
the two plant species in the three distinct soils decreased in the
order of B] > HN > YN. An enrichment of light Cd isotopes
was found in HN and YN soils while an enrichment of heavy
Cd isotopes was found in BJ soils in both plant species. There
is a strong correlation between fractionation and soil types. In
addition, the magnitudes of isotopic shifts during solution-to-
organ transfer increased slightly when Cd concentrations in the
tissues decreased.”” In this study, the relatively less distinct
isotope fractionation between the soils and roots (as well as
roots and shoots) in the two selected plant species in YN soils

validates the aforementioned conclusion. This implies that the
alteration in the isotope ratio is minor when plants experience
poor growth in highly polluted environments.

As shown in Figure S2, the Al0cq - values did not
show a significant correlation with the BCF of roots in the two
plant species. This finding indicates that Cd isotope
fractionation is influenced not only by root uptake but also
by soil physicochemical properties and rhizosphere exudates
and possibly other factors. The availability of Cd in soil
solution is influenced mainly by factors such as levels of iron
and manganese oxide, cadmium sulfide, and organic matter. As
shown in Figure S3, Cd in HN and YN soils is primarily iron—
manganese oxide-bound Cd (34.5—57.7%) and exchangeable
Cd (30.9—53.8%). In contrast to the above two soils, most of
the Cd in BJ soils exists bound to iron—manganese oxide
(42.9—87.4%) and carbonate (3.4—36.6%), but no Cd exists in
an exchangeable phase. After harvesting the two plant species,
the concentration of the exchangeable Cd decreased, while the
concentration of the organically bound Cd increased in both
HN and YN soils. In contrast to the two soils, the
concentration of the carbonate-bound Cd and iron—
manganese oxide-bound Cd decreased, whereas the concen-
tration of organically bound Cd exhibited a slight fluctuation.
Therefore, the two plant species mainly utilized exchangeable
Cd in HN and YN soils, while they initially utilized carbonate-
bound Cd and iron—manganese oxide-bound Cd in BJ soils.
Based on this, the adsorption and precipitation of iron—
manganese binders primarily affected Cd in BJ soils, while the
dissolution of exchangeable Cd and the complexation of
organically bound substances also had a significant impact in
HN and YN soils.

The movement and availability of heavy metals in soils are
related to their speciation, which is influenced by processes of
precipitation and dissolution, adsorption and desorption, and
complexation (Figure 4).°’7%" These processes can be
influenced by the physicochemical properties of soils, such as
pH, mineral composition, organic matter, and redox
conditions.””®" Previous studies have shown that heavy Cd
isotopes are released into soil solutions from the soil solid
phase during desorption and dissolution, whereas light Cd
isotopes are produced during precipitation and adsorption
processes.” ~** Horner et al.”® and Yang et al.”® suggested that
sulfur-containing organic matter tends to bind light Cd
isotopes, while organic matter with an oxygen-containing
functional group tends to complex heavy Cd isotopes.”” All of
these processes support the results of the present study,
specifically the reason that A*'1°Cdy,_ . values in BJ soils
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for S. alfredii and S. spectabile were greater than those in YN
soils.

Furthermore, in our study, low citric acid concentrations
activated Cd in rhizosphere soils and enhanced the absorption
efficiency of S. alfredii and S. spectabile in YN soils
(unpublished data). The roots of both species became
enriched with heavy Cd isotopes in YN soils, indicating that
root absorption caused the enrichment of heavy Cd isotopes.
In addition, the roots of S. alfredii in YN soils under low citric
acid concentrations (Figure S4) and the roots of S. spectabile in
BJ soils secreted more low-molecular-weight organic acids. It
indicates that the complexation of organic acid led to the
enrichment of heavy Cd isotopes in the roots. This finding
confirms that organic matter containing functional groups of
oxyl groups preferentially chelates heavy Cd isotopes. The
effects of citric acid on the Cd isotope composition were more
pronounced in the roots than in the stems and leaves of both
plant species. The major plant-induced processes responsible
for metal mobilization include rhizosphere acidification and the
exudation of organic ligands with the first process causing the
dissolution of metal-bearing phases and the second leading to
the complexation of metals in soil solution.”® Consistent with
the current study, our earlier research showed that ethyl-
enediaminetetraacetic acid (EDTA) could bind heavy Cd
isotopes and allow light Cd isotopes to be preferentially taken
up by R. communis and S. nigrum.*”

4.3. Cd Isotope Fractionation during Root Uptake.
Plant roots absorb Cd through the following two main
processes. The first is abiotic, which involves Cd diftusion,
adsorption, and precipitation on the soil and root surface. The
second is biological, encompassing ion channels, electro-
chemical potential differences inside and outside the
cytoplasm, and transporters. Diffusion can lead to light Cd
isotope fractionation (Figure 4).”' Our previous study revealed
the effects of ion diffusion on Cd isotope fractionation in R.
communis and S. nigrum during both low- and high-Cd
treatments.”” In the second process, ion channels and
electrochemical potential differences inside and outside the
cytoplasm lead to Cd isotope fractionation. In contrast, an
enrichment of light Cd isotopes occurred during low-affinity
transport (e.g, ion channels and electrogenic pumps), while
the opposite was observed for high-affinity transport (e.g., ion
carriers) (Figure 4).”*7° When heavy metals in soil solutions
diffuse into plant roots, they first react with the root system’s
cell walls.

In this study, an enrichment of light Cd isotopes was found
from soils to roots in all S. alfredii treatments, except YN, with
a low citric acid concentration and in S. spectabile for both HN
and YN soils. However, an enrichment of heavy Cd isotopes
from soils to roots, along with high rhizosphere secretion of
organic acids, was found in the remaining treatments (Figure
S4). These findings suggest that heavier Cd isotopes are
enriched in soils, where more rhizosphere organic acids are
secreted by the root systems. Rhizosphere organic acids can
lower the pH of the surrounding environment. In addition,
organic ligands can bind to heavy metals in soil solutions.
These processes could promote the release of heavy metals
from the soil’s solid phase.”” Organic acids preferentially bind
to light Cd isotopes, and heavy Cd isotopes are absorbed by
plant roots, resulting in an enrichment of heavy isotopes in the
roots with more rhizosphere organic acid secretion. These
findings corroborate our conclusion that the oxygen-containing

ligands, such as citric and malic acids, tend to bind heavy Cd
isotopes from soils to roots.

4.4, Cd Isotope Fractionation from Root to Above-
ground Transport. As shown in Figure SS, the
AMIOCq o and AMHOCd o values in S, alfredii
exhibited significant correlations with the TF, . ., and
TFgem_ieay Dut no correlations were observed in the tissues of
S. spectabile. This finding suggests that Cd transfer processes
within the various parts of S. alfredii may significantly influence
its isotope fractionation, as S. alfredii accumulated more Cd
compared to S. spectabile. The A"#'°Cd_ . . and
A0, o values did not correlate with the BCF values
of the roots and leaves in both plant species, whereas the
AMI0Cq - value was significantly correlated with the
BCF values of the stem (Figure S2). This result indicates that
the Cd isotope fractionation from soils to roots or to leaves is
not solely affected by Cd transfer processes.

In Figure S6, the A 11OCdPlam/shoot_root values in S. alfredii
were strongly correlated with the Cd mass of plant tissues,
whereas there was no correlation between the
AM0Cg o values and the Cd mass of tissues. In
contrast, the Cd isotope fractionation between soils and S.
spectabile showed no strong correlations with the weight and
Cd mass of plant tissues while the A*/!1°Cd, . ... values for
S. spectabile showed strong correlations with the height of
plants.

Metal isotope fractionation between roots and shoots is
primarily governed by root sequestration (such as adsorption
to the apoplast and chelation with organic ligands in vacuoles)
and the root-to-shoot translocation processes (xylem load-
ing).”” Vacuolar sequestration refers to Cd transport from the
root cytoplasm to the vacuoles. During this process, Cd can be
complexed with plant-chelated peptides and sulfur-based
ligands, such as metallothionein,”> which tends to the
enrichment of light Cd isotopes.”””* During xylem loading,
Cd migrates from the transpiration stream to the leaf via the
xylem.”> Our previous study revealed that Cd isotope
fractionation differed between the roots and leaves of R.
communis and S. nigrum. This variation was attributed to the
higher proportion of oxygen-containing ligands chelated by the
cell walls in hyperaccumulator plants (S. nigrum), whereas
sulfur-containing ligands chelated by vacuoles were predom-
inant in tolerant plants (R. (:ommunis).42’76’77 Moreover,
oxygen-containing ligands tend to be enriched with heavy
isotopes, while sulfur-containing ligands are enriched with light
isotopes.”’ Therefore, the Cd isotope composition in S.
nigrum’s leaves becomes heavier relative to stems, whereas
lighter from stems to leaves for R. communis.

In this study, Cd exported to shoots was isotopically heavier
than the Cd pools in the roots of S. alfredii (B] and HN soils)
(AMMOCA o roor = 0.01 to 0.85%o0) and S. spectabile (HN
and YN soils) (AM™/M°Cd oot = 0.20 to 0.75%0). This
result is consistent with previous results for rice
(A0 Cqy o= 022 to 0.32%0),”° wheat,’%"* R.
communis, and S. nigmm.42 In contrast, the shoots of S. alfredii
(YN soil) (A™Cdyporroor = —0.33 to —0.16%0) and S.
spectabile (BJ soils) (A™°Cd oo = —0.80 to —0.18%o0)
exhibited enrichment of lighter Cd isotopes than to their
respective roots. In addition, the A"*/M1°Cd, ;¢ values in .
alfredii were lighter than those of S. spectabile. Moreover, the
leaves of the two plant species in all treatments were enriched
in light Cd isotopes relative to the stems, except the leaves of S.
spectabile, which showed heavy Cd isotope enrichment relative
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to the stems. Notably, the metallothionein (MT) concen-
trations in the leaves of S. spectabile were significantly lower
than those in the leaves of S. alfredii (Figure S7). This suggests
that Cd in the leaves of S. alfredii leaves might preferentially
bind to MTs. MTs in plants usually possess a high proportion
of cysteine, a thiol-containing amino acid, and can form
metal—thiolate clusters to eliminate toxicity of heavy
metals.”*™®" Similarly, the protein concentrations of S.
spectabile in YN soils were the lowest. The A"*M°Cd, ;¢ om
values of the two plant species were affected by the protein and
MT contents of the leaves, with the results showing that the
protein and MT preferentially chelate with light Cd isotopes.
Consistent with this, Zhong et al.® suggested that Cd
immobilization through binding to MTs may favor the
enrichment of lighter Cd isotopes in older leaves of rice.
Therefore, the results confirm that sulfur-containing ligands
preferentially chelate light Cd isotopes.

4.5. Environmental Implications. Phytoremediation
technology is an effective technique in CO, fixation. Plants
directly absorb pollutants or enhance their removal indirectly,
contributing to environmental remediation and carbon
neutrality. Based on the phytoremediation of the two typical
plant species, this study investigated how rhizosphere
biostimulation influences the relationships between Cd isotope
fractionation and Cd availability in soil—plant systems. First,
the precipitation or adsorption of Cd on cell walls and its
intracellular regional distribution were the main mechanisms of
Cd tolerance in S. spectabile. This finding showed the
effectiveness of the plants in remediating heavy-metal-
contaminated soils and enhanced their phytoremediation
efficiency. For example, increasing the contents of poly-
saccharides, proteins, lignin, and other components can
promote the aggregation of heavy metals in the cell walls,
thereby preventing their entry into the cytoplasm and causing
damage to plants. Additionally, the root system became
enriched with heavy Cd isotopes relative to the soil when more
rhizosphere organic acids were secreted. This finding confirms
that organic matter containing O and N functional groups
preferentially chelates heavy Cd isotopes. Moreover, Cd
isotope fractionation between the roots and shoots of S.
alfredii and S. spectabile differed among the soil types. This
phenomenon could be related to the protein and MT contents
of the roots/leaves, confirming that sulfur-containing ligands
preferentially chelate light Cd isotopes. Therefore, this research
suggests that organic ligands play a vital role in Cd isotope
fractionation of soil—plant systems. Overall, this study
enhances our understanding of the mechanisms involved in
Cd isotope fractionation during Cd enrichment, migration, and
translocation in soil—plant systems that are activated by
biostimulation.
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