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Abstract

Phytoextraction based on heavy metal accumulators is a promising strategy for cleaning heavy metal-contaminated arable soils for food safety. In
this study, the cadmium (Cd) tolerance and accumulation capacities of two Crassulaceae species were explored via pot experiments. The
morphological and physiological results revealed that both Phedimus aizoon and Kalanchoe blossfeldiana could cope with heavy soil Cd
contamination (50 mg-kg™") at least by triggering an antioxidant system for Cd detoxification. After 3 months of growth, the Cd concentrations in
the dry leaves, stems, and roots of P. aizoon were 212.0, 104.0, and 83.5 mg-kg“l and of K. blossfeldiana were 101.5, 53.7, and 125.0 mg-kg™,
respectively. The bioconcentration factor (BCF) and translocation factor (TF) in P. aizoon leaves and stems were greater than the threshold of Cd
hyperaccumulators, whereas the TFs in K. blossfeldiana leaves and stems was lower than this threshold. These results revealed that P. aizoon is a
potential Cd hyperaccumulator and K. blossfeldiana is a high-Cd-accumulating species. To evaluate the Cd phytoextraction potentials of P. aizoon
and K. blossfeldiana in the field, a new index, the theoretical phytoextraction rate (TPR), was introduced through the integration of the Cd
accumulation level, plant biomass, and plant shape and size. Interestingly, it was found that K. blossfeldiana rather than P. aizoon had a higher TPR
value. These findings demonstrate the decisive effect of plant shape on planting density is of importance for screening ideal phytoextraction
resources in addition to plant biomass and heavy metal accumulation levels. This study offers new resources for phytoextraction of Cd-
contaminated soils and a novel theoretical method to evaluate phytoextraction efficiency.
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techniques are commonly applied in soil remediation because
they have quick effects®. However, most physical—chemical
techniques are expensive, easily introduce secondary pollution,
or destroy soil properties; thus, they are difficult to apply widely

Introduction

Environmental pollutants such as heavy metals, microplas-
tics, and antibiotics have raised significant concerns about agri-

cultural sustainability, ecosystem stability, and human health!'!.
Cadmium (Cd) contamination has attracted the most attention
because of its high toxicity, widespread pollution area, and easy
uptake by plants?. Cd enrichment in soils can change soil
physicochemical properties, and reduce soil fertility®l. As a
nonessential element for organisms, Cd can influence the
normal physiological function of most plants at low concentra-
tions, leading to growth inhibition, metabolic dysregulation,
and even plant death®. Moreover, Cd can easily be absorbed
by crops and vegetables to enter the food chain, ultimately
endangering human health[>l,

To ensure agricultural food safety, remediation of heavy
metal-polluted soil is necessary. To date, separate or combined
biological, physical, and chemical methods have been devel-
oped to remediate contaminated soils”l. Physical-chemical

© The Author(s)

and sustainably®. In contrast, biological remediation, which
decreases heavy metal concentrations or bioavailability in soils
through the metabolic activities of organismsl'?, has the
advantages of low cost, environmental friendliness, and easy
management, thereby attracting much interest('"],
Phytoremediation, especially the phytoextraction technique,
has become one of the highly anticipated bioremediation
methods in recent years because of its simple, environmentally
friendly, and cost-effective feasibility('2. Phytoextraction is
dependent on the abilities of plants, especially those hyper-
accumulators, to absorb heavy metals and remove theml'3.14],
To date, hundreds of heavy metal hyperaccumulators have
been discovered worldwide!'>! and new hyperaccumulators are
being constantly reported!'®17]. However, because heavy metal
contents accumulated by plants are determined by both the
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heavy metal concentrations in plants and plant biomasses,
quite a few heavy metal hyperaccumulators with slow growth
rates, and low biomasses!'8! cannot be practically used for
phytoremediation. Additionally, the shape of plants can deter-
mine the optimum planting density of plants in the field, thus
affecting the removal efficiency of heavy metals, which is also
worth paying attention to when screening or breeding plant
resources for phytoextraction. To date, laboratory research has
hardly simultaneously focused on these factors. In this study,
Cd tolerance and accumulation capacities of two Crassulaceae
species, Phedimus aizoon and Kalanchoe blossfeldiana were
identified. On this basis, a new index, theoretical phytoextrac-
tion rate (TPR), integrating plant biomass, heavy metal accumu-
lation capacity, and plant shape and size are proposed to
perform a more referential evaluation of their application
potential for Cd phytoextraction. This study is expected to
provide new plant resources and theoretical methods for heavy
metal phytoextraction.

Materials and methods

Plant culture and treatment

Uniform seedlings that were approximately 10 cm high of
both P. aizoon and K. blossfeldiana were purchased from a horti-
cultural company located in Yunnan Province, China. The
seedlings were neatly transplanted into uniform flowerpots
according to the method of Yang et al.l'l, The Cd-free soils and
contaminated soils were obtained according to the methods of
Li et al.l29], with three replicates of each group. The flower pots
were placed in a greenhouse with appropriate watering (500 ml
each time, about once every 2 d, tap water without Cd) to avoid
soil surface dryness.

Measurement of plant growth

After 3 months of growth, the plant size was measured
before the plants were harvested. The diameter of the maxi-
mum amplitude and the diameter in the vertical direction were
used to represent the plant size. After the roots were washed
three times with deionized water, the root length was
measured. The samples of leaves, stems, and roots were treated
as described previously by Li et al.l2],

Chlorophyll content measurement

Fresh leaves (top first to third) were harvested to measure
the chlorophyll content. Fresh leaves (0.1 g) were soaked in
10 ml 80% acetone for 24 h under darkness. After centrifuga-
tion at 12,000 xg for 10 min, the absorbance of the resulting
supernatant was precisely measured at wavelengths of 645
and 663 nm via a spectrophotometer (Youke, Shanghai, China).
The concentrations of chlorophyll a (Chla) and chlorophyll b
(Chlb) were calculated via formulas described in a previous
report by Liao et al.[?2,

Detection of reactive oxygen species (ROS)

The concentrations of superoxide anions (O,7) and hydro-
gen peroxide (H,0,) were detected using their corresponding
kits (Solarbio, Beijing, China) according to the instructions.

Antioxidant enzyme activity assay

The activities of superoxide dismutase (SOD) and peroxidase
(CAT) were detected using their corresponding kits (Solarbio,
Beijing, China) according to the instructions.
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Cd concentration detection
The Cd concentrations in dry samples were measured via a
previously described method by Li et al.l23],

Index calculation

Sample Cd concentration
Soil Cd concentration

Bioconcentration factor (BCF) =

. Leaf or stem Cd concentration
Translocation factor (TF) =

Root Cd concentration

_ Cd content in aboveground of individual plant x Optimum planting density x 100%

TPR
Soil concentration X (Root length x Unit area X Soil density)

. . . Unit area
Optimum planting density = ——— =
Plant size
Unit area

Diameter of max. amplitute X Diameter in vertical direction

Statistical analysis

Bar charts were drawn using SigmaPlot 10.0 software (Systat,
San Jose, CA, USA). Significant difference was analysed by SPSS
18.0 software (IBM, New York, NY, USA).

Results

Plant growth under Cd treatment

After 3 months of growth, the dry biomasses of individual
plants of both P. aizoon and K. blossfeldiana were similar
between the control and Cd-treatment conditions (Fig. 1a).
Similarly, the plant sizes (Fig. 1b) and root lengths (Fig. 1c) of
both P. aizoon and K. blossfeldiana were not markedly affected
under the Cd treatment compared with those under the
control conditions. Consistent with the plant morphological
results, it was also found that the concentrations of both Chla
and Chlb were not affected by Cd treatment (Fig. 1d).

To estimate the effects of plant morphology and growth rate
on phytoextraction efficiency, the biomass, plant shape, and
size of individual plant were compared between P. gizoon and
K. blossfeldiana. Although the total biomass of individual plant
and root length were similar between P. aizoon and K. blossfel-
diana during similar growth periods (Fig. 1a, c), the proportions
of their aboveground and underground parts were different
(Fig. 1a). In addition, the plant size of P. aizoon was much larger
than that of K. blossfeldiana (Fig. 1b), since P. aizoon and K.
blossfeldiana had scattered and upright shapes, respectively.
Based of plant size, it was estimated that the optimum planting
densities of P. aizoon and K. blossfeldiana for 3-month growth
were approximately 7-8 and 16-18 plants per square meter,
respectively (Fig. 1b).

Changes in ROS and antioxidant enzyme activities

To further understand the response of P. aizoon and K. bloss-
feldiana to Cd treatment, we detected O,~ and H,0, accumula-
tion were detected and the activities of their corresponding
catabolic enzymes (SOD and CAT) in new leaves. The concen-
trations of both O,~ and H,0, in P. aizoon and K. blossfeldiana
did not increase under Cd treatment (Fig. 2a, b), indicating
that ROS do not cause oxidative damage to these two plants
under 50 mg-kg~" soil Cd. Interestingly, it was found that SOD
activity in both P. aizoon and K. blossfeldiana was significantly
induced by Cd treatment (0.01 < p < 0.05 or 0.001 < p < 0.01)
(Fig. 2c). Similarly, the CAT activity markedly increased in P.
aizoon (0.001 < p < 0.01), whereas it tended to increase in K.
blossfeldiana under the Cd treatment (Fig. 2d).
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Reactive oxygen species and antioxidant enzyme activities of P. aizoon and K. blossfeldiana under control and Cd treatment (50

mg-kg™") conditions. (a) Superoxide anion (0,7) content. (b) H,0, content. (c) SOD activity. (d) CAT activity. Data represent means * standard
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Cd uptake and transfer

Cd concentrations in the leaves, stems, and roots of P. aizoon
were 212.0, 104.0, and 83.5 mg-kg~', and of K. blossfeldiana
were 101.5, 53.7, and 125.0 mg-kg~', respectively (Fig. 3a). Cd
concentration in the leaves of P. aizoon was significantly (p <
0.05) greater than those in the stems and roots, whereas the Cd
concentration in the roots of K. blossfeldiana was markedly (p <
0.05) greater than those in the leaves and stems (Fig. 3a). In
addition, it was found that the Cd concentrations in the leaves
and stems of P. aizoon were 2.1 and 1.9 times higher than those
in K. blossfeldiana, respectively, (Fig. 3a).

The mean Cd BCF values in the leaves, stems, and roots of P.
aizoon were 4.24, 2.08, and 1.67, respectively, whereas those of
K. blossfeldiana were 2.03, 1.07, and 2.50, respectively (Fig. 3b).
The differences in Cd BCFs between the two plants were simi-
lar to those in the Cd concentrations (Fig. 3b), as the plants
were planted in the same soil. The mean Cd TFs in the leaves
and stems of P. aizoon were 2.54 and 1.25, respectively,
whereas those of K. blossfeldiana were 0.84 and 0.44, respec-
tively (Fig. 3c). For each species, the TF in the leaves was signifi-
cantly (p <0.001 or 0.01 < p < 0.05) greater than that in the stems
(Fig. 3¢). The TFs of both the leaves and stems of P. aizoon were
significantly (p < 0.001 or 0.001 < p < 0.01) greater than those of
K. blossfeldiana (Fig. 3c).

Based on plant biomasses and Cd concentrations, Cd accu-
mulation in the entire individual plant and the aboveground
parts of each species was assessed. The mean Cd contents in
individual plant of P. aizoon and K. blossfeldiana were 2.01 and
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1.31 mg, and in their aboveground parts were 1.76 and 1.15
mg, respectively (Fig. 3d). Cd accumulation in P. aizoon,
whether in the whole plant or the aboveground part, was
higher than that in K. blossfeldiana (0.01 < p < 0.05) (Fig. 3d).
The proportions of the Cd content in the aboveground parts of
P. aizoon and K. blossfeldiana were similar (87%-88%) (Fig. 3d).

TPRresults

To evaluate the phytoextraction potential of Cd-contami-
nated soils, we estimated the TPR values of P. aizoon and K.
blossfeldiana. The mean TPRs of P. aizoon and K. blossfeldiana
grown in 50 mg-kg~! Cd-contaminated soil for 3 months were
0.33% and 0.65%, respectively (Fig. 4). Notably, it was found
that the TPR of K. blossfeldiana was 1.97 times greater than that
of P. aizoon under the same soil condition and growth period
(Fig. 4).

Discussion

High Cd accumulation capacities of P. aizoon and
K. blossfeldiana

Heavy metal phytoextraction efficiency largely depends on
high tolerance and accumulation capacities of plants; thus,
numerous studies have focused on screening and identifying
high-heavy metal-accumulating species, especially hyperaccu-
mulators?4, In Crassulaceae, Sedum alfredii, and S. plumbizinci-
cola have been identified as zinc/Cd hyperaccumulators(?3], and
their physiological and molecular mechanisms underlying Cd
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Fig.3 Cd accumulation indices of P. aizoon and K. blossfeldiana under Cd treatment (50 mg-kg™"). (a) Cd concentrations in leaves, stems, and
roots. (b) Bioconcentration factor (BCF) of three plant parts. (c) Translocation factor (TF) of the leaf and stem. (d) Cd accumulation contents in
individual plants and their aboveground parts. (a) and (b) The bars distinguished by different letters (a, b, a, or f) significantly vary among the
tissues of P. aizoon or K. blossfeldiana at a significance level of 0.05. (a)—(c) The dashed lines indicate the threshold values of Cd
hyperaccumulators. Data represent means + standard deviations (n = 3). ¥, **, and *** represent significant differences between two groups at
0.01 < p <0.05,0.001 <p <0.01,and p < 0.001 levels, respectively. DW: dry weight.
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mg-kg™" Cd for three months. Data represent means *+ standard
deviations (n = 3). ** represents significant difference between two
groups at 0.001 < p < 0.01.

tolerance and uptake have attracted much interest26-291, These
findings have prompted scientists to screen novel Cd accumu-
lators or hyperacccumulators from other Crassulaceae species.
For example, Wu et al. analysed the Cd accumulation character-
istics of 11 generalized Sedum speciest9, which included
Sedum aizoon (namely, P. aizoon in this study). The results
showed that P. aizoon could tolerate 100 mg-kg~" but succumb
to 200 or 400 mg-kg~! soil Cd. Additionally, both the BCF in the
aboveground part and the TF were < 1839, which value is the
threshold for determining whether a species belongs to hyper-
accumulatorsl'7l. However, in another study, both the shoot
BCF and TF of P. aizoon were > 1 when treated by low Cd
concentrationsB'l, Interestingly, P. aizoon used in this study met
all the threshold values (i.e., aboveground part Cd concentra-
tion > 100 mg-kg~', BCF > 1, and TF > 1) for Cd hyperaccumula-
tors under 50 mg-kg~" soil Cd treatment (Fig. 3), indicating that
it may be a potential Cd hyperaccumulator. For K. blossfeldiana,
the results of Cd accumulation characteristics (Fig. 3) indicate it
can be considered a high-Cd-accumulating species, which is
superior to the Cd accumulation capacity of K. blossfeldiana
reported in a recent study32l. The distinct results from different
studies may be attributed to multiple factors, including plant
genotypel3, soil property4, and Cd treatment time. Overall,
both P. aizoon and K. blossfeldiana genotypes used in this study
are high-Cd-accumulating species, which can thus be consid-
ered for the phytoextraction of Cd-polluted soils.

Additionally, Phedimus aizoon has often been used as a
medicinal vegetable by some people in China, as it contains
many medicinal ingredients35. The present results thus
suggest that appropriate attention should be paid to the safety
of P. aizoon consumption because of the risk of Cd intake.

Cd tolerance mechanism in P. aizoon and K.
blossfeldiana

To improve phytoextraction efficiency via genetic engineer-
ing or other strengthening measures, understanding the physi-
ological and molecular mechanisms by which plants tolerate
and accumulate heavy metals is important3336l, In this study,
although P. aizoon and K. blossfeldiana accumulated a large
amount of Cd in their leaves, their physiological activities (e.g.,
chlorophyll synthesis) were not harmed. These results suggest
that these two plants provide effective protection strategies
against Cd stress.

Huang et al. Circular Agricultural Systems 2024, 4: €018
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Previous studies have demonstrated that plants usually
involve a trade-off between the accumulation and elimination
of ROS under Cd stress[37:38], The accumulation of ROS (e.g., 0,7,
H,0,, and *OH) can cause damage to DNA, proteins, and lipids
when stress occurs!39l. However, plants have evolved effective
mechanisms to regulate ROS homeostasisi?. Antioxidant
systems, including antioxidant enzymes (e.g., SOD, CAT, and
peroxidase) and nonenzymatic antioxidants are responsible for
adjusting ROS homeostasis!*'l. Specifically, SOD catalyzes the
dismutation of O, to produce O, and H,0, in cells, whereas
H,0, can be further catalyzed to decompose into O, and H,0
by CAT®, In this study, the induced activities of SOD and CAT
and the steady concentrations of O,~ and H,0, fully illustrate
that P. aizoon and K. blossfeldiana can effectively start the
antioxidant system to control ROS accumulation to avoid
oxidative damage.

Recently, S. plumbizincicola and S. alfredii have gradually
become model species for investigating the mechanisms of Cd
tolerance and accumulation in plantsl26:282942-44] " Seyeral
important genes have been found to participate in Cd detoxifi-
cation or transport in them. For example, Liu et al. reported that
the tonoplast-localized SpHMA3 protein could transport Cd
into vacuoles for compartmentalization to reduce Cd toxicity in
the shoots of S. plumbizincicola*3l. Zhao et al. reported that the
SpHMAT1 protein can export Cd from chloroplasts to protect
against photosynthesis2%l. Most of these genes have also been
reported in other species with similar functions(2945461, To date,
owing to the lack of whole-genome information, few unique
tolerance and accumulation mechanisms have been identified
in S. plumbizincicola, which has higher Cd tolerance and accu-
mulation capacities than most Cd hyperaccumulators2>., Cras-
sulaceae species have unique crassulacean acid metabolism
pathways; thus, it is of interest to explore whether these
metabolic processes contribute to Cd detoxification in high-Cd-
accumulating Crassulaceae species. For P. aizoon and K. blossfel-
diana, more work should be conducted to analyse their physio-
logical and molecular mechanisms in response to Cd.

Phytoextraction potential of P. aizoon and K.
blossfeldiana for Cd-polluted soils

Heavy metal accumulators or hyperaccumulators are the
preferred resources for phytoextraction. However, studies have
also indicated that plant biomass and growth rate are impor-
tant for phytoextraction efficiency''#7], Indeed, for many
reported heavy metal accumulators or hyperaccumulators,
their actual phytoextraction potential has not been well anal-
ysed by combining factors such as growth rate or biomass
accumulation. In this study, although P. aizoon and K. blossfel-
diana presented high Cd accumulation capacities, their growth
rates were relatively mediocre. For example, the dry weight
biomasses of 3-month-old P. aizoon and K. blossfeldiana were
approximately equal to those of 2-month-old turnip, rape, and
Phytolacca americana reported previously?3! under similar soil
conditions. However, the high biomass of individual plants of
certain species does not mean that higher total biomass yields
can be harvested in a unit area. The shape and size of different
plants determine their optimum planting densities in the field,
thus affecting the total biomass yields in a unit area. Generally,
upright-type plants (e.g., K. blossfeldiana) can have higher opti-
mum planting densities than scatted-type species (e.g. P.
aizoon). This can increase the total biomass yield of upright-type
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plants per unit area, which is confirmed by the present estima-
tion results for P. aizoon and K. blossfeldiana. On the whole, we
believe that the ultimate phytoextraction efficiency will depend
on the capacity of a plant to accumulate pollutants and
biomass yield, as well as planting density determined by plant
shape and size.

In this study, the TPR index was introduced, which integrates
all of the above mentioned factors, to evaluate the Cd phytoex-
traction potentials of P. aizoon and K. blossfeldiana. The results
revealed the Cd extraction rates by P. aizoon and K. blossfel-
diana from the soil layer at a depth of approximately 25 cm
(root length) per unit area under the appropriate planting
density for 3 months of growth. Interestingly, the TPR value of
K. blossfeldiana was markedly greater than that of P. aizoon,
although Cd accumulation in the aboveground part of individ-
ual P. aizoon plant was much greater than that of individual K.
blossfeldiana plant. This finding highlights the importance of
plant shape on phytoextraction rates when screening and
breeding hyperaccumulating plant resources. The TPR index
provides a bridge between experimental research (e.g., pot
experiments) and actual phytoextraction efficiency in the field.
However, it is necessary to verify the reliability of this theory in
combination with practical phytoextraction work in the future.

Conclusions

Both P. aizoon and K. blossfeldiana genotypes used in this
study tolerated 50 mg-kg~" soil Cd stress and the antioxidant
system might be involved in Cd detoxification. The results of
the Cd concentration, BCF, and TF analyses revealed that P.
aizoon is a potential Cd hyperaccumulator, whereas K. blossfel-
diana is a high-Cd-accumulating species. Considering that the
ultimate phytoextraction efficiency is affected by Cd accumula-
tion ability of plants, plant biomass, and plant shape and size,
the integrated index TPR was introduced to compare the
potential phytoextraction rates between P. aizoon and K. bloss-
feldiana. Interestingly, the TPR value of K. blossfeldiana was
approximately two times greater than that of P. aizoon,
although Cd accumulation in the aboveground part of individ-
ual P. aizoon plant were significantly higher than that of individ-
ual K. blossfeldiana plant. This study offers new resources for
phytoextraction of Cd-contaminated soils and a novel theoreti-
cal method to evaluate phytoextraction efficiency.
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