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Abstract: Cadmium is a hazardous heavy metal and causes contamination globally. Phytoremedia-
tion can potentially become a low-cost and eco-friendly technique for mitigating Cd contamination.
Arabidopsis halleri ssp. gemmifera hyper-accumulates Cd and Zn, and may be used to remediate
Cd-contaminated sites. However, few studies have focused on Cd accumulation by A. halleri ssp.
gemmifera. Herein, we demonstrate the accumulation of Cd by A. halleri ssp. gemmifera. The biomass,
Cd, and Zn concentration of the plant increased in the 103 days of experimentation. Cd concentration
of soil significantly decreased compared to its initial concentration (≈10%). The material balance
of Cd uptake by plant and Cd decrement from soil ranged from 63.3% to 83.7% in each growth
stage. Analysis indicated that the water-eluted and exchangeable forms of Cd were stable during the
experiment. However, Cd concentration extracted with 0.1 M HCl decreased (25% of initial), and this
fraction was not bioavailable. The study exhibits the mass balance of Cd between plant uptake and
decrement from the soil and the changes in the chemical form of Cd during stages of A. halleri ssp.
gemmifera cultivation.

Keywords: Arabidopsis halleri ssp. gemmifera; cadmium; chemical form; heavy metal accumula-
tion; phytoremediation

1. Introduction

Cadmium (Cd) is present in trace amounts in zinc (Zn), lead (Pb), and copper (Cu) ores.
During mining and beneficiation of these ores, Cd is discharged into rivers and accumulates
in downstream soil through seepage water from mine shafts, drainage, and waste rock
deposits [1]. Cd pollution has become a concern in China and other emerging countries as
Cd moves through the soil and easily enters the food chain via plant uptake (vegetables,
root crops, cereals, and grains) [2,3]. Surveying a wide area covering 70% of China from
2005 to 2013, 8 inorganic pollutants (As, Cd, Co, Cr, Cu, Hg, Mg, and Ni) and three
organic pollutants (BHC, DDT, PAH) were discovered in every square km of the surface
soil (0–20 cm thick). Soil Cd concentrations were exceeded most frequently, with 7.0% of
samples exceeding the standard established by the Chinese Ministry of Environmental
Protection [4]. In addition, Tong et al. [5] reported an increased risk of Cd exposure from
Chinese urban soils during 2003–2019. Furthermore, wheat, which is consumed by over
half of the global population, is known to absorb Cd from its roots and accumulate it in
grains. This has increased the concerns regarding potential health hazards [6].

As Cd accumulates in rice, the regions with high rice consumption, such as Japan and
other Asian countries, are concerned about the effects of Cd on human health. Although
Cd in nature does not cause acute poisoning, chronic poisoning may occur due to long-
term Cd exposure at relatively low levels. A serious example of this is Itai-Itai disease,
which occurred in the Jinzu River basin in Toyama Prefecture [7]. Itai-Itai disease occurred
downstream of Kamioka mine which was the largest Zn mine in the world in the 1960s.
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A Cd contaminated site was remediated by excavation, which took 33 years in the case
of Japan [8]. The cost was approximately 100 million USD for 7.63 km2. Generally, for
remediation of such contaminated sites, excavation is believed to be a swift and certain
remediation technique. However, it is time-consuming, and moving the contaminated
soil is expensive. Hence, a low-cost novel technology with a low environmental load
is required.

Phytoremediation is an environmental remediation technology that utilizes the bio-
logical functions of plants, and the cost and environmental impact are lower than other
remediation technologies such as excavation and soil washing [9]. Heavy metals are ac-
cumulated in the aerial part of the plant via vital activity, and the plant is then harvested
along with the accumulated heavy metals. Plants which can accumulate very high con-
centration of heavy metals are called hyperaccumulator (>100 mg/kg of Cd). Arabidopsis
halleri ssp. gemmifera is a plant native to East Asia [10] that hyper-accumulates Cd and Zn.
In hydroponic cultivation, it accumulated maximum Cd and Zn of 5641 mg/kg dry weight
(DW) and 26,400 mg/kg DW, respectively [11,12].

Heavy metals exist in various chemical forms in the soil; water-soluble form is easily
eluted by water as ions and is available for plant uptake (i.e., bioavailable). The exchange-
able form is bound to layers of clay or adsorbed on the soil surface, and this form can be
exchanged for another cation. Therefore, it is considered potentially bioavailable. Car-
bonate form is bound to carbonates, and oxide form is bound to oxide compounds of Fe
and Mn [13]. These heavy metals are eluted in natural conditions, such as weathering,
erosion of plant roots, etc. Water-soluble and exchangeable forms are easily eluted by plant
and microbial activity (organic acid from roots and microbial activity in rhizosphere) [14].
Potential bioavailability is strongly controlled by the chemical forms of the metals [15].

In the earlier studies with A. halleri ssp. gemmifera, the total Cd concentration of soil
decreased from 5.0 mg/kg to 1.0 mg/kg [16]. Additionally, Cd extracted by 0.1 M HCl
(oxide form of Cd) decreased from 3.5 mg/kg to 0.6 mg/kg in the pot experiments [16]. In
another experiment, Cd concentration (extracted by 0.1 M HCl) decreased from 3.45 mg/kg
to 0.81 mg/kg in the soil after four seasons of extraction by A. halleri ssp. gemmifera [17].
However, reports do not show a clear material balance between Cd removal from soil and
Cd uptake by the plant. Additionally, little is known about behavior of Cd uptake by A.
halleri ssp. gemmifera from soil where only a fraction of metal is bioavailable [18]. Hence, it
is necessary to evaluate Cd accumulation by A. halleri ssp. gemmifera, its material balance
between soil and plants and Cd chemical form.

Generally, plants change their nutrient requirements [19] and transcriptional regula-
tion [20] according to growth stage. Although Cd is considered to be non-essential nutrient
for A. halleri ssp. gemmifera, the chemical behavior of Cd resembles that of Zn which is essen-
tial nutrient, and it has been reported that Cd and Zn pass through a similar transportation
pathway [21]. Therefore, behavior of Cd uptake by plant might be changed according
to growth stage. Understanding of detailed behavior of hyperaccumulating plants ab-
sorbing heavy metal from early germination to maturity may contribute to improvement
of phytoextraction.

The present study investigated Cd accumulation by A. halleri ssp. gemmifera and
the consequent mass balance between soil and plants in a pot experiment. Additionally,
the relationship between the chemical form of Cd and its accumulation by plant uptake
was explored.

2. Materials and Methods
2.1. Plant and Soil Preparation and Pot Experiment

Soil containing Cd and Zn was collected from a farmland located downstream of the
Hosokura Mine, Tome city, Miyagi Prefecture. The initial concentrations of Cd and Zn
in the soil were 4.94 mg/kg and 601.3 mg/kg, respectively. A. halleri ssp. gemmifera were
grown from the seed, and plants with heights of 3 to 5 cm were used for the experiment.
The soil was filled in pots of two sizes (small: diameter 11 cm, depth 10 cm; large: diameter
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21 cm, depth 20 cm) up to 80% of the total volume and A. halleri ssp. gemmifera was planted
in the center of each pot. The dry weight of the soil in the small pots was 0.61 ± 0.03 kg, and
that in the large pots was 3.06 ± 0.19 kg. To ensure that plant growth was not limited by the
previous study [22], the amount of soil was kept below 1 g/L plant biomass weight/soil
volume. The experiment was conducted from 10 September to 22 December 2014 (103 days).
Plants were cultivated under natural conditions until 15 November (66th day), where the
maximum temperature in each day was above 15 ◦C. Thereafter, the plants were moved to
a greenhouse maintained at a temperature over 15 ◦C to ensure stable growing conditions.
Plants were harvested at early growth stage (35th and 75th day) from small pots, and
at late growth stage (94th and 103rd day) from large pots in triplicates. Sampling was
conducted when major changes in plant appearance occurred, with emergence of new
leaf after 35 days, death of leaves that were present at planting after 75 days, further leaf
emergence after 94 days, and upward leaf elongation after 103 days. During rains, pots
were covered with a clear plastic sheet to prevent Cd draining from contaminated soil.

2.2. Plants and Soil Analysis Subsection

Plant materials were harvested in a manner to avoid separation of shoots and roots,
and then washed with Milli-Q water. Thereafter, plants were divided into shoots and roots
and were measured for fresh weight before oven-drying at 60 ◦C for 48 h, following which
the dry-weight was measured. Plant samples weighing 0.01 g were placed in a glass test
tube to which 2 mL of HNO3 was added and heated at 130 ◦C by a heat block (Aluminum
Block Bath ALB-121, SCINICS) for 2 h. The samples were then digested and diluted by
Milli-Q water so that the concentration of the target element was approximately 100 µg/L.
The obtained sample was analyzed via inductively coupled plasma mass spectrometry
(ICP-MS, ELAN 9000, Perkin-Elmer), just as in Sugawara et al. [23].

After harvesting, soil samples were sieved through a pore diameter of 2 mm and
homogenized. Different fractions of the soil sample were extracted by Milli-Q water,
(NH4)2SO4, and HCl [24]. The water-soluble fraction was extracted by Milli-Q water and
considered to be bioavailable. The exchangeable fraction was extracted by (NH4)2SO4
solution and was also bioavailable because it is assumed that the exudation of the plant
dissolves this fraction. HCl-soluble fraction was extracted by HCl solution. The details of
extraction are shown in Table 1.

Table 1. Method of extraction.

Method of Extraction Solvent Soil Weight Solvent
Volume

Solvent
Concentration Shaking Speed Shaking Time

Water extraction * Milli-Q water 3 g 30 mL - 200 rpm 6 h

Exchangeable extraction (NH4)2SO4 1 g 20 mL 0.05 mol/L 200 rpm 4 h

HCl-soluble extraction * HCl 5 g 25 mL 1.0 mol/L 100 rpm 30 min

* Water extraction and HCl extraction were based on the elution test and measuring content test, respectively, established by Ministry of the
Environment in Japan.

Extracted samples were centrifuged at 3300 rpm (=1500× g) for 20 min and the su-
pernatant liquid was diluted by Milli-Q water for ICP-MS analysis. For finding total
concentration of Cd and Zn, soil samples were oven-dried at 60 ◦C until the weights
stabilized. The dried soil sample was ground (VIBRATING SAMPLE MILL Tl-100, CMT).
The powdered samples were made into pellet using a press machine (Atlas Manual Hy-
draulic Press 15T, Specac Ltd., Orpington, UK) and then analyzed via X-ray fluorescence
spectrometer (XRF, Epsilon 5, PANalytical), as also described in Sugawara et al. [23].
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3. Results
3.1. Biomass Yield and Heavy Metals Concentration of Arabidopsis halleri ssp. gemmifera

The plant biomass of A. halleri ssp. gemmifera is shown in Figure 1. The plant biomass
increased well through the experimental period. Specifically, biomass of shoots rapidly
increased after the early growth stage (from 75th day to 103rd day). On the 103rd day,
biomass of shoots and roots of A. halleri ssp. gemmifera reached 0.62 ± 0.17 g/plant
DW and 0.19 ± 0.06 g/plant DW, respectively. Although the final height of the plant is
approximately 30 cm, the stem did not grow vertically in this phase. Therefore, growing
old leaves and geminating young leaves allowed an increase in plant biomass (Figure 2).

Int. J. Environ. Res. Public Health 2021, 18, x 4 of 12 
 

 

3. Results 
3.1. Biomass Yield and Heavy Metals Concentration of Arabidopsis halleri ssp. gemmifera 

The plant biomass of A. halleri ssp. gemmifera is shown in Figure 1. The plant biomass 
increased well through the experimental period. Specifically, biomass of shoots rapidly 
increased after the early growth stage (from 75th day to 103rd day). On the 103rd day, 
biomass of shoots and roots of A. halleri ssp. gemmifera reached 0.62 ± 0.17 g/plant DW and 
0.19 ± 0.06 g/plant DW, respectively. Although the final height of the plant is approxi-
mately 30 cm, the stem did not grow vertically in this phase. Therefore, growing old leaves 
and geminating young leaves allowed an increase in plant biomass (Figure 2). 

 
Figure 1. Changes in biomass of shoots and roots of A. halleri ssp. gemmifera. Black circle: Shoot; 
white circle: Root. Error bars represent standard deviation of three independent samples. 

 
Figure 2. Photo of A. halleri ssp. gemmifera at (a) 35th day, (b) 75th day, (c) 94th day, and (d) 103rd 
day. Each scale bar is 5 cm. 

At the late growth stage, roots were spread across the entire pot area. Hence, it was 
assumed that plants could absorb heavy metals throughout the soil. The result of Cd and 
Zn concentration in shoots and roots of A. halleri ssp. gemmifera is shown in Figure 3. Total 

Figure 1. Changes in biomass of shoots and roots of A. halleri ssp. gemmifera. Black circle: Shoot;
white circle: Root. Error bars represent standard deviation of three independent samples.

Int. J. Environ. Res. Public Health 2021, 18, x 4 of 12 
 

 

3. Results 
3.1. Biomass Yield and Heavy Metals Concentration of Arabidopsis halleri ssp. gemmifera 

The plant biomass of A. halleri ssp. gemmifera is shown in Figure 1. The plant biomass 
increased well through the experimental period. Specifically, biomass of shoots rapidly 
increased after the early growth stage (from 75th day to 103rd day). On the 103rd day, 
biomass of shoots and roots of A. halleri ssp. gemmifera reached 0.62 ± 0.17 g/plant DW and 
0.19 ± 0.06 g/plant DW, respectively. Although the final height of the plant is approxi-
mately 30 cm, the stem did not grow vertically in this phase. Therefore, growing old leaves 
and geminating young leaves allowed an increase in plant biomass (Figure 2). 

 
Figure 1. Changes in biomass of shoots and roots of A. halleri ssp. gemmifera. Black circle: Shoot; 
white circle: Root. Error bars represent standard deviation of three independent samples. 

 
Figure 2. Photo of A. halleri ssp. gemmifera at (a) 35th day, (b) 75th day, (c) 94th day, and (d) 103rd 
day. Each scale bar is 5 cm. 

At the late growth stage, roots were spread across the entire pot area. Hence, it was 
assumed that plants could absorb heavy metals throughout the soil. The result of Cd and 
Zn concentration in shoots and roots of A. halleri ssp. gemmifera is shown in Figure 3. Total 

Figure 2. Photo of A. halleri ssp. gemmifera at (a) 35th day, (b) 75th day, (c) 94th day, and (d) 103rd day.
Each scale bar is 5 cm.

At the late growth stage, roots were spread across the entire pot area. Hence, it was
assumed that plants could absorb heavy metals throughout the soil. The result of Cd and
Zn concentration in shoots and roots of A. halleri ssp. gemmifera is shown in Figure 3. Total
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heavy metals concentration in shoots rapidly increased after the early growth stage and
was the same as the biomass of the shoots. Maximum heavy metal concentrations in shoots
on the 103rd day were 1.89 × 103 mg/kg and 2.64 × 104 mg/kg for Cd and Zn, respectively.
This result was comparable to that of a previous study performed for 9 months in field
conditions using the same Cd and Zn contaminated soil [25]. In this study, well-maintained
and suitable growth conditions (regular water supply and well-controlled temperature)
were provided, and hence, it was assumed that the plants constantly absorbed heavy
metals. Meanwhile, heavy metal concentrations in roots increased moderately. Maximum
heavy metal concentrations in roots were 3.00 × 102 mg/kg and 3.20 × 103 mg/kg for Cd
and Zn, respectively, on the 103rd day.
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3.2. Cd and Zn Concentration of Contaminated Soil

The results of Cd and Zn concentrations of contaminated soil are shown in Figure 4.
Total Cd concentration gradually decreased from 4.94 mg/kg to 4.45 ± 0.17 mg/kg. During
the experiment, the total Cd concentration reduced by approximately 10%. The results
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show that the total Cd concentration in soil significantly decreased in only 3 months by
A. halleri ssp. gemmifera cultivation. Contrastingly, the total Zn concentration in soil did
not decrease in the experimental period. Although A. halleri ssp. gemmifera was considered
to absorb Zn in the soil (Figure 3), the amount of Zn was large, and hence, Zn uptake by
the plant did not reflect the decrease in Zn in soil. Variation in total Zn concentration in
the soil during the experiment was observed, which could be attributed to insufficient soil
homogenization when adding soil to the pots.
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3.3. Material Balance between Soil and Plant

The above results show a significant accumulation of Cd by the plants and its conse-
quent reduction from the soil. The ratio of removal (Rp/s), which represents the mass
balance of Cd between soil and plant, was calculated from the results as shown in
Sections 3.1 and 3.2 to reveal the mass balance relationship. Additionally, the translocation
factor (TF), bioconcentration factor (BCF), and accumulation factor (AF) were calculated to
verify phytoextraction efficiency [26]. TF, BCF, and AF are the indicators of translocation
from roots to shoots, accumulation from soil to shoots, and accumulation from soil to the
entire plant, respectively. The value of Rp/s, TF, BCF, and AF are shown in Table 2.
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Table 2. Material balance between soil and plant.

Growth Time (Days) 35 Days 75 Days 94 Days 103 Days

Cd decrement in soil (mg) −0.01 ±0.08 0.18 ±0.11 1.17 ±0.33 1.47 ±0.39

Cd increment
in plant (mg) 0.03 ±0.08 0.11 ±0.06 0.93 ±0.08 1.20 ±0.27

Cd Rp/s (%) 17.6 ±58.5 63.3 ±16.7 83.7 ±24.3 83.2 ±10.1

Cd TF 2.03 ±0.75 3.04 ±0.92 7.49 ±1.56 6.32 ±0.28

Cd BCF 31.2 ±18.1 95.2 ±44.1 410 ±19.1 424 ±80.3

Cd AF 28.0 ±15.3 72.7 ±29.9 311 ±19.9 336 ±59.6

Zn TF 3.54 ±1.01 6.98 ±4.17 10.9 ±3.87 8.65 ±2.14

Zn BCF 5.65 ±2.17 14.6 ±5.84 43.1 ±10.2 43.8 ±7.36

Zn AF 4.88 ±1.78 10.5 ±3.89 32.5 ±9.77 34.3 ±4.59

Each condition has three replicates. Rp/s of Zn was not calculated because the concentration of Zn in soil barely decreased. TF = Cd or Zn
concentration in shoots/Cd or Zn concentration in roots. BCF = Cd or Zn concentration in shoots/Cd or Zn concentration in soil. AF = Cd
or Zn concentration in the entire plant/Cd or Zn concentration in soil.

After the 75th day, the mass balance (Cd Rp/s) ranged from 63.3 ± 16.7% to 83.7 ± 24.3%.
This indicated that the most of Cd in soil was absorbed by A. halleri ssp. gemmifera, rather
than drained from the pot. This study highlights the relationship between Cd in plants and
in soil, which has not been reported previously.

Cd TF values ranged from 2.03 ± 0.75 to 7.49 ± 1.56. Meanwhile, BCF and AF
values rapidly increased from the 75th to the 94th day, and ranged from 31.2 ± 18.1 to
424 ± 80.3 and 28.0 ± 15.3 to 336 ± 59.6, respectively. The earlier study of A. halleri ssp.
gemmifera where AF value of Cd was between 52 and 200 (average = 88) [16]. The AF value
in this experiment was higher than that of the earlier study. The Zn TF values ranged
from 3.54 ± 1.01 to 10.9 ± 3.87, and were higher than Cd TF values for each sampling
time. The BCF and AF values ranged from 5.65 ± 2.17 to 43.8 ± 7.36 and 4.88 ± 1.78 to
34.3 ± 4.59, respectively.

Additionally, it appeared that the translocation speed of heavy metals from roots to
shoots was different between the early growth stage and late growth stage in this study
(Figure 3). The TF results show that Cd from the root was not transported to the shoot
immediately in the early growth stage. Most recently, Qian et al. have observed that Zn
is transported from the roots to the aerial parts at a faster rate than Cd, in whole plant of
living A. halleri ssp. gemmifera using radioactive Zn and Cd (personal communication).
Therefore, the same trend was confirmed in the present study.

Extraction experiments were conducted to verify the Cd fraction absorbed mainly
by the plant. Cd concentrations of water-soluble fraction, exchangeable fraction, and
HCl-soluble fraction in the soil are shown in Figure 5. Cd concentration of water-soluble
fraction ranged from 0.020 mg/kg to 0.030 mg/kg in the experimental period, and this
fraction was presumed as a bioavailable fraction. Contrastingly, the exchangeable fraction,
which was also presumed as a bioavailable fraction, tended to decline. The final concentra-
tion was 0.20 ± 0.04 mg/kg, which was half the initial concentration (0.46 mg/kg). The
concentration of the HCl-soluble fraction is not bioavailable. However, the concentration
slightly decreased from 2.5 mg/kg to 2.0 ± 0.15 mg/kg. The concentration of Cd in the
HCl-soluble fraction increased from 94 to 103 days. However, as approximately half of the
total concentration of Cd in soil was not leached by HCl, the change to the leachable form
possibly occurred because of a change in chemical equilibrium due to absorption of soluble
Cd by plants.
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4. Discussion

Fukuda et al. [21] suggested that Cd and Zn followed a similar pathway because
the correlation of the distribution of Cd and Zn between trichomes and leaf was positive
on XRF intensities experiment. Bert et al. [27] showed evidence of a generic correlation
between Cd and Zn accumulations in the aerial parts of A. halleri. Generally, Cd contam-
inated soil contains Zn, as Cd is derived from zinc ore. A. halleri ssp. gemmifera is also a
hyperaccumulator of Zn. Therefore, phytoextraction of Cd should be performed without
interference by Zn. If the Cd pathway is the same as Zn, then Cd uptake by the plant could
be obstructed by Zn uptake. However, A. halleri ssp. gemmifera absorbed Cd adequately
(maximum concentration in shoot: 1.89 × 103 Cd mg/kg) without Zn obstruction in this
experiment. Hence, A. halleri ssp. gemmifera can be applied to Cd phytoremediation of
soil containing Zn. Furthermore, Cd uptake pathway may be different from that of the Zn
uptake. Zn concentration in soil was 100 times that of Cd, and the concentration in shoots
was approximately 10 times that of Cd. Although heavy metal concentration in soil was
drastically different, the difference in concentration in shoots was smaller than in soil. This
result indicated different pathways for Cd and Zn uptake. In cases of iron (Fe) deficiency,
the root of Arabidopsis induces the expression of the divalent cation transporter such as
IRT1, which is essential for the uptake of Fe from the soil and responsible for the uptake of
heavy metals such as Cd [28].

In a previous pot experiment conducted for 3–4 months of plant cultivation using
5.4 mg/kg Cd contaminated soil and 3000 cm3 pot, the maximum Cd concentration in the
plant was 753 mg/kg at the flowering phase [29]. The result obtained in this study was
2.5 times higher than in the previous report. It may represent the difference in chemical
and physical properties of soil, such as cation exchangeable capacity (CEC), amount of
organic matter, and content of silt influencing Cd mobility. Therefore, it is assumed that
the soil properties of this experiment may affect the suitability for Cd uptake by A. halleri
ssp. gemmifera. Contrastingly, soil properties affect plant biomass owing to the presence of
nutrients and water retention potential. As the phytoextraction potential is determined by
the production of biomass [30], soil properties should be considered in future studies.
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The concentrations of exchangeable fraction and HCl-soluble fraction decreased
through the experimental period of the study. Hence, to confirm that the exchangeable
fraction is the dominant form absorbed by plants, the difference in the decrement in con-
centrations between three fractions, namely total Cd, exchangeable, and HCl-soluble, is
shown in Figure 6.
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Although it is assumed that plants absorb the exchangeable fraction of Cd, decrement
in the exchangeable fraction was less than total Cd after 75 days. In contrast, the decrement
in the HCl-soluble fraction of Cd was the same as the total Cd on the 75th and 103rd days.
Nevertheless, the HCl fraction was not bioavailable. Kubota et al. [16] reported that HCl-
soluble fraction (extracted by 0.1 M HCl) in soil decreased for 10 months of A. halleri
ssp. gemmifera cultivation. Degryse et al. [31] suggested that insoluble Cd was slowly
released over a long time when exchangeable Cd was depleted. Results of this study
indicate that HCl-soluble fraction supplied Cd to an exchangeable fraction when plants
absorbed exchangeable Cd. Meanwhile, the chemical form of heavy metals in soil was
affected by other factors, such as weathering, activity of microbes, and effect of root
exudates. Gradd [32] reported that micro-organisms could mobilize metals through the
microbial processes, such as autotrophic and heterotrophic leaching and chelation by
microbial metabolites (organic acids) and siderophores. Furthermore, water-soluble and
exchangeable fractions of heavy metals increased by the influence of air-drying [33].

The extraction method may give useful information on heavy metals, although the
chemical form of Cd in soil is affected by several factors. Some previous reports at-
tempted to upregulate the change in heavy metal chemical forms from stable to bioavail-
able form [34]. This study clarified for the first time the dynamics of Cd form shifting
through plant accumulation. Demonstrating the form of Cd absorbed by the plant and
elucidating mechanisms of plant uptake of Cd can improve phytoremediation, and hence
investigations with other methods are necessary.

Generally, plants acquire nutrients including metal form soil by releasing root exu-
dates [35] and microorganisms in rhizosphere [36]. In the present study, plant biomass
was rapidly increased from the early growth stage to the late growth stage. Cd accumu-
lation in shoot was also increased along with increasing biomass, although A. halleri ssp.
gemmifera reached to maximum Cd concentration in shoot in a short period (3 weeks)
regardless of biomass in the previous study using hydroponic culture [11]. This result
indicates that the amount of root exudate is increased along with increasing biomass, and
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it leads to increasing Cd bioavailability in soil. It has been reported that rice root and shoot
biomass were positively correlated with root carbon exudation [37]. Additionally, plant
growth stage might affect composition of root exudates. Gransee and Wittenmayer [38]
reported that the relative amount of sugars in root exudates decreased during plant devel-
opment. Accordingly, exudates from plant roots might be a remarkable topic for future
research. Hoffland [39] reported that rapeseed released citric and malic acids from its root
in phosphorus-deficient conditions. Acidification of the rhizosphere enhances the mobi-
lization of rock of phosphate. White lupin [40], maize [41], and soybean [42] also release
organic acid to acidify the rhizosphere. Releasing exudates is a common strategy by plants
to acquire nutrients. Additionally, wheat exudates enhanced mobility of heavy metals (Zn,
Cu, and Cd) in Fe deficient condition [39]. Root exudates of Nicotiana tabacum L., which is
one of the Cd hyperaccumulators, enhances the mobility of Cd in soil [43]. As organic acid
can supply both protons and metal complexing anions, it is assumed that organic acid is
heavily involved with Cd mobilization. Contrarily, it was reported that exudates of Thlaspi
caerulescens known for Cd and Zn hyperaccumulation did not enhance Cd mobility [44].
Thus, the functions of root exudates are different for each plant species and have not been
elucidated yet. As it is not clear whether A. halleri ssp. gemmifera enhances Cd mobility
in soil, the relationship between plant uptake and form of Cd must be demonstrated to
understand rhizospheric interaction. To summarize, the study revealed Cd accumulation
by A. halleri ssp. gemmifera and its mass balance between Cd chemical form in soil and
subsequent shifting in form by plant uptake in pot experiments. This report may contribute
to the improvement in the phytoremediation technique and understanding the relationship
between heavy metals and plants in the environment. For future research, the relationship
between root exudates and Cd fraction in the soil must be investigated.

5. Conclusions

In the present study, we investigated the effect of growth stage and chemical form of
heavy metal to the accumulation of Cd and Zn by A. halleri ssp. gemmifera. The biomass,
Cd, and Zn concentration of the plant increased in the 103 days of our experiment. Cd
concentration of soil significantly decreased compared to its initial (≈10%). Mass balance
of Cd uptake by plant and Cd decrement from soil ranged from 63.3% to 83.7% in each
growth stage. Analysis indicated that the water-eluted and exchangeable forms of Cd
were stable during the experiment. However, Cd concentration extracted with 0.1 M
HCl decreased (by 25% of the initial value), and this fraction was not bioavailable. The
study showed the mass balance of Cd between plant uptake and decrement from the
soil and the changes in the chemical form of Cd during different stages of A. halleri ssp.
gemmifera cultivation. However, influence of A. halleri ssp. gemmifera on the Cd chemical
form change are not investigated adequately. Therefore, in future study, the effect of root
exudates of each growth stage on soil needs to be investigated. This study may contribute
molecular biological analysis and other methods to facilitate the understanding of the
mechanism of hyperaccumulation and tolerance to heavy metals, which is not exhibited by
ordinary plants.
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Zn from contaminated soil by high biomass producing plants. Plant Soil Environ. 2018, 52, 413–423. [CrossRef]

31. Degryse, F.; Buekers, J.; Smolders, E. Radio-labile cadmium and zinc in soils as affected by pH and source of contamination. Eur.
J. Soil Sci. 2004, 55, 113–122. [CrossRef]

32. Gradd, G.M. Microbial influence on metal mobility and application for bioremediation. Geoderma 2004, 122, 109–119.
33. Makino, T.; Hasegawa, S.; Sakurai, Y.; Ohno, S.; Utagawa, H.; Maejima, Y.; Momohara, K. Influence of soil-drying under field

conditions on exchangeable manganese, cobalt, and copper contents. Soil Sci. Plant Nutr. 2000, 46, 581–590. [CrossRef]
34. McGrath, S.P.; Zhao, F.; Lombi, E. Plant and rhizosphere processes involved in phytoremediation of metal-contaminated soils.

Plant Soil 2001, 232, 207–214. [CrossRef]
35. Chen, Y.-T.; Wang, Y.; Yeh, K.-C. Role of root exudates in metal acquisition and tolerance. Curr. Opin. Plant Biol. 2017, 39, 66–72.

[CrossRef] [PubMed]
36. Pii, Y.; Mimmo, T.; Tomasi, N.; Terzano, R.; Cesco, S.; Crecchio, C. Microbial interactions in the rhizosphere: Beneficial influences

of plant growth-promoting rhizobacteria on nutrient acquisition process. A review. Biol. Fertil. Soils 2015, 51, 403–415. [CrossRef]
37. Aulakh, M.S.; Wassmann, R.; Bueno, C.; Kreuzwieser, J.; Rennenberg, H. Characterization of root exudates at different growth

stages of ten rice (Oryza sativa L.) cultivars. Plant Biol. 2001, 3, 139–148. [CrossRef]
38. Gransee, A.; Wittenmayer, L. Qualitative and quantitative analysis of water-soluble root exudates in relation to plant species and

development. J. Plant Nutr. Soil Sci. 2000, 163, 381–385. [CrossRef]
39. Hoffland, E. Quantitative evaluation of the role of organic acid exudation in the mobilization of rock phosphate by rape. Plant

Soil 1992, 140, 279–289. [CrossRef]
40. Dinkelaker, B.; Romheld, V.; Marschner, H. Citric acid excretion and precipitation of calcium citrate in the rhizosphere of white

lupin (Lupinus albus L.). Plant Cell Environ. 1989, 12, 285–292. [CrossRef]
41. Gaume, A.; Machler, F.; De Leon, C.; Narro, L.; Frossard, E. Low-P tolerance by maize (Zea mays L.) genotypes: Significance of

root growth, and organic acids and acid phosphatase root exudation. Plant Soil 2001, 228, 253–264. [CrossRef]
42. Dong, D.; Peng, X.; Yan, X. Organic acid exudation induced by phosphorus deficiency and/or aluminium toxicity in two

contrasting soybean genotypes. Physiol. Plant. 2004, 122, 190–199. [CrossRef]
43. Mench, M.; Martin, E. Mobilization of cadmium and other metals from two soils by root exudates of Zea mays L., Nicotiana tabacum

L. and Nicotiana rustica L. Plant Soil 1991, 132, 187–196. [CrossRef]
44. Zhao, F.J.; Hamon, R.E.; McLaughlin, M.J. Root exudates of the hyperaccumulator Thlaspi caerulescens do not enhance metal

mobilization. New Phytol. 2001, 151, 613–620. [CrossRef]

http://doi.org/10.1016/j.chemosphere.2013.01.075
http://www.ncbi.nlm.nih.gov/pubmed/23466085
http://doi.org/10.1023/A:1022580325301
http://doi.org/10.1105/tpc.001388
http://www.ncbi.nlm.nih.gov/pubmed/12084823
http://doi.org/10.17221/3460-PSE
http://doi.org/10.1046/j.1351-0754.2003.0554.x
http://doi.org/10.1080/00380768.2000.10409123
http://doi.org/10.1023/A:1010358708525
http://doi.org/10.1016/j.pbi.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28654805
http://doi.org/10.1007/s00374-015-0996-1
http://doi.org/10.1055/s-2001-12905
http://doi.org/10.1002/1522-2624(200008)163:4&lt;381::AID-JPLN381&gt;3.0.CO;2-7
http://doi.org/10.1007/BF00010605
http://doi.org/10.1111/j.1365-3040.1989.tb01942.x
http://doi.org/10.1023/A:1004824019289
http://doi.org/10.1111/j.1399-3054.2004.00373.x
http://doi.org/10.1007/BF00010399
http://doi.org/10.1046/j.0028-646x.2001.00213.x

	Introduction 
	Materials and Methods 
	Plant and Soil Preparation and Pot Experiment 
	Plants and Soil Analysis Subsection 

	Results 
	Biomass Yield and Heavy Metals Concentration of Arabidopsis halleri ssp. gemmifera 
	Cd and Zn Concentration of Contaminated Soil 
	Material Balance between Soil and Plant 

	Discussion 
	Conclusions 
	References

