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For the purpose of screening a potential Cd-hyperaccumulator for Cd-contaminated soil in paddy fields,
four kinds of wetland emergent plants (Iris sibirica L., Acorus calamus L., Typha orientalis Presl and
Cyperus alternifolius L.) were investigated for their cadmium tolerance and accumulation characteristics
under hydroponic conditions. The physiological responses of plants, Cd concentration in tissues, Cd
accumulation, bioaccumulation factor (BCF) and translocation factor (TCF) were investigated to evaluate
the abilities of wetland emergent plants to absorb and accumulate Cd. In comparison with the other
selected emergent plants, Iris sibirica L. has the strongest Cd-tolerance for the absence of Cd toxic
symptoms and a Cd concentration as high as 127.3 mg kg~* in shoots. Due to its large biomass, the Cd
accumulation could reach up to 9.4 mg per plant in roots and 5.7 mg per plant in shoots, respectively.
Iris sibirica L. possesses the highest TCF, and its BCF for Cd increased with increasing concentration of
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1. Introduction

Heavy metals that exceed concentrations that the natural envi-
ronment can bear, can disrupt the balance of the ecosystem and
pose a health risk to humans.* Currently, in the world in general
and in China specifically, determining how to control and miti-
gate heavy metal pollution has become an increasingly prom-
inent issue. Once heavy metals enter into the soil environment,
the self-cleaning function of the soil alone, in the short term,
cannot effectively eliminate their impact on the ecological envi-
ronment. Cadmium (Cd) is one of the most hazardous and
ubiquitous contaminants in soil and water generated from
various sources including industrial and municipal wastes,
combustion of fossil fuels and use of agro-chemicals.>* Cd, with
strong mobility, can easily enter the surrounding environment**
and accumulate in plants and animals, and ultimately be
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enriched in human bodies, resulting in damage to human
health.*” Therefore, it is important and urgent to develop cost-
effective methods to decontaminate Cd from soils.

Phytoremediation of soil was developed in the early 1970s to
inhibit excessive accumulation of metals in soils on the basis of
the theory that use of green plants can effectively remove
contaminants from soil or to lower mobility of contaminants.®®
Because phytoremediation has the benefits of low cost, ease of
operation, beneficial landscape effects, environment-friendliness
and sustainability, increasing numbers of countries and enter-
prises are adopting this technology for soil remediation.' The
key to phytoremediation is the selection of the appropriate heavy
metal hyperaccumulators. Some terrestrial plants, such as
Thlaspi caerulescens, Sedum alfredii Hance, Elsholtzia splendens
Nakai and Commelina communis are known as hyper-
accumulators for Cd, showing favorable hypertolerant abilities
and extracting rates for the remediation of Cd-contaminated
soils.>'"* However, the slow growth rate, relatively low biomass
and regional type of plants often limited the extensive application
of these terrestrial hyperaccumulators.”® Moreover, for the large
numbers of Cd-contaminated paddy fields in the south of China,
the documented terrestrial Cd-hyperaccumulators are not
appropriate choice for in situ phytoremediation. Phytor-
emediation can absorb heavy metals in water for a long time and
concentrate heavy metals in plants. Compared with biochar
remediation and microbial remediation, phytoremediation is
more economical and energy saving, with less influence factors
and easier for centralized treatment.’"*
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Previous studies also suggested that a variety of wetland
emergent plants were particularly useful in removing organic
and inorganic pollutants from polluted waters." The wetland
emergent plants are known for their well-developed root
systems, rapid growth rate and high biomass in a reproductive
cycle, thereby have demonstrated favorable capabilities for the
removal of heavy metals in wastewater and surface water. For
example, Phragmites australis, Typha capensis and Spartina
maritime habitated in the estuaries with elevated levels of heavy
metals reportedly exhibited significantly higher concentrations
of metals in their roots for four elements (Cd, Cu, Pb, and Zn).*
Heavy metal cadmium is concentrated by rice and harmful to
human body. Cadmium is the most toxic to plants in three
heavy metals such as copper, zinc and cadmium. The results of
the study showed that plants have certain selective tolerance to
these three heavy metals. The results of the study also showed
that plant has more obvious accumulation above three heavy
metals, and the accumulation contents in sequence were Zn >
Cu > Cd. Echinochloa polystachya, as a potential hyper-
accumulator in tropical areas, was found to have the capability
of extracting Cd from the Cd-contaminated soil or wetlands.®
Solanum nigrum L. and Rorippa globosa (Turcz.) have been
recognized as Cd-hyperaccumulators because the Cd accumu-
lations in Solanum nigrum L. and Rorippa globosa were 103.8—
107.0 mg kg " in their stems and 124.6-150.1 mg kg~ * in their
leaves, respectively.” Although some wetland emergent plants
have shown the capability of uptaking heavy metals, systematic
studies regarding the cadmium hyperaccumulation in wetland
emergent plants are very lacking.

In order to clarify the tolerance and accumulation character-
istics of wetland emergent plants to toxic heavy metals, four
kinds of wetland emergent plants, which are extensively used for
ecological landscape improvement and constructed wetland
engineering, were selected and cultivated with hydroponic solu-
tion containing Cd>". The hydroponic culture rather than soil
culture was chosen for the cultivation of plants is to avoid the
interference from the soil. Cd uptake by plant and Cd adhesion in
soil are closely associated with soil texture and microbial condi-
tions, and the heterogeneity of soil often caused the difficulties in
quality control of the experimental soils. In contrast, the hydro-
ponic condition allows a precise control on the culture parame-
ters. The objectives of this study were to evaluate the Cd-tolerance
ability of the selected four wetland emergent plant species (i.e.,
Iris sibirica L., Cyperus alternifolius L., Typha orientalis Presl and
Acorus calamus L.), and to assess their capabilities for Cd uptake.
We hope that the present study not only gives an insight into the
Cd-uptake behaviors of the wetland emergent plants, but also
provide useful hyperaccumulators for the phytoremediation of
Cd-contaminated soils in paddy fields.

2. Materials and methods

2.1. Wetland emergent plants and hydroponic culture

Iris sibirica L., Acorus calamus L., Typha orientalis Presl and
Cyperus alternifolius L., four kinds of common emergent plants,
were selected for this study. The plants, six months old and with
visually similar biomass, were carefully transplanted from
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a nursery located in the Daxing district, Beijing to the green
house for hydroponic culture in September 2015. The plants
were washed thoroughly with running tap water to remove
remaining sediment and rinsed with deionized water.”> The
aforementioned wetland emergent plants were cultured in
polyvinyl-chloride buckets (20.0 cm diameter, 30.0 cm length),
and each bucket was placed with three plants and 10 L hydro-
ponic solution. Plants were exposed to five different Cd
concentrations (0, 5.0, 10.0, 15.0, 25.0 mg L™"). For each kind of
plant, experiments were conducted in triplicate for every Cd
concentration. Deionized water was added to maintain constant
volume of solution every day, and the nutrient solutions were
completely replaced every week. The experiment was carried out
in a green house located in the Shunyi district, Beijing, lasting
for 60 days before harvesting (from 1st September 2015 to 31st
October 2015). The temperature range in the green house
recorded for the culture period was from 18.0 to 22.0 °C, and the
average photoperiod was ~11/13 h (light/dark). The nutrient
solution for culturing plants included 5.0 mmol KNOs3,
5.0 mmol Ca(NO;),-4H,0, 1.0 mmol KH,PO,, 2.0 mmol
MgS0O,-7H,0, 9.0 mmol MnCl,-4H,0, 0.8 mmol ZnSO,-7H,0,
0.3 mmol CuSO,-5H,0, 4.0 mmol H3BO;, 0.01 mmol H,-
Mo0O,-H,0 and 0.8 mmol Fe,(SO,); citrate as the iron source."”

2.2. Sample collection and preparation

Plant samples after 60 days of hydroponic culture were collected
from the same cylinder, washed with deionized water and
0.01 M HCI, and then dissected into roots (including rhizomes
and roots sensu stricto), stems, and leaves in the laboratory.
Each respective organ was oven dried at 70.0 °C for 72 h to
remove the moisture, ground to fine powder using an analytical
mill and homogenized to ensure uniform element distribution.
After passing through a 160.0 pym diameter sieve, the powder
was weighed and ready for subsequent Cd analysis."®

2.3. Analytical methods

To determine the metal concentrations in plant, 0.2 g powder
sample was digested in a Teflon digestion vessel. The digestion
solution was composed of 7.0 ml 65 wt% nitric acid (HNO;) and
1.0 ml 30 wt% hydrogen peroxide (H,0,)." The vessels were
then capped and fitted into rotor segments and inserted into
the microwave digestion system. The samples were radiated for
35 min. Upon cooling, the vessels were uncapped and solutions
were transferred into 100 ml volumetric flasks. The analysis of
samples was carried out using an Inductively Coupled Plasma
Mass-Spectrophotometer (ICP-MS) instrument (Agilent 7500cx).
2 wt% nitric acid was used as a blank.

2.4. Bioaccumulation factor and translocation factor

The capacities of the four plants to accumulate Cd were evalu-
ated based on the Cd uptake per plant, the bioaccumulation
factor (BCF), and the translocation factor (TCF). BCF this study
is defined as the ratio of total metal concentration in shoots to
that in water, which is an indicator of the ability to uptake and
transport metals to the shoots;**** TCF is defined as the ratio of
heavy metal concentration in the shoot to that in the root.*

This journal is © The Royal Society of Chemistry 2018
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2.5. Statistical analysis

All values described in this study are means of three replicates.
Analysis of variance (ANOVA) was done by using a statistical
software, Statistical Product and Service Solutions (SPSS)
version 22.0, to determine the significant difference between
the mean values. A least significant difference test (LSD test)
was used for the comparison of changes at P < 0.05. Also,
hierarchical cluster analysis (HCA) was performed on Cd accu-
mulation and TCF with the Ward's method, which uses the
squared Euclidean distance as a similarity measure.

3. Results and discussion
3.1. Physiological responses of wetland emergent plants

Plants may show visible Cd toxic symptoms such as necrosis
and whitish-brown chlorosis under Cd stress.'? Therefore, the
appearance of plants can be used to assess the Cd-induced

0mg L' Cd

5mg L' Cd

Iris sibirica L.

Cyperus
alternifolius L.

Typha
orientalis Presl

Acorus calamus
L.

Fig. 1 Growth of wetland emergent plants under the stress of Cd.
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damage to the growth of wetland emergent plants. After 60
days of exposure, the appearances of the plants are shown in
Fig. 1. Iris sibirica L. did not show symptoms such as necrosis
and whitish-brown chlorosis under the stress of all Cd
concentrations, which suggested that Iris sibirica L. had a strong
tolerance to Cd stress. Cyperus alternifolius L. showed slight
chlorosis and little necrosis until the Cd concentration was up
to 15.0 mg L. Typha orientalis Presl appeared serious whitish-
brown chlorosis, showing significant Cd toxicity under all the
Cd treatments. Acorus calamus L. showed serious Cd toxic
symptoms under all Cd treatments. As a hyperaccumulator, the
requisite is that the plant has a high tolerance to heavy metal
stresses, which enables them to tolerate and evolve resistance to
adverse conditions that are toxic to the majority of plants.>
From the results, it can be deduced that Iris sibirica L. has a very
strong tolerance to Cd contamination; such hypertolerance is
a pivotal property that makes hyperaccumulation possible.

10 mg L Cd 15mg L Cd 25mg L1 Cd
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Fig. 2 Changes of total biomass under the stress of Cd. Data are
means + S.D. (n = 3).

As for the biomass changes of Iris sibirica L. (Fig. 2), the dry
weight increment under Cd treatment was about 20.0 g
compared with the control group. Larger biomass could lead to
a growth dilution effect on heavy metals and subsequently
alleviate the metal phytotoxicity,” therefore the increased
biomass in Iris sibirica L. can further mitigated the toxicity of
Cd. Meanwhile, plants with larger biomasses may provide more
active absorption sites or metal binding sites.*® The biomass
changes of both Cyperus alternifolius L. and Typha orientalis
Presl showed same trend: they both reached the largest values at
the Cd level of 5.0 mg L™, and then decreased distinctly. This
observation suggested that Cd concentrations higher than
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10.0 mg L' can inhibit the growth of Cyperus alternifolius L.
and Typha orientalis Presl greatly. Relative to the control one,
the dry weight change of Acorus calamus L. fell down to negative
values when the Cd level exceeded 5.0 mg L™ ". It suggested that
the treatment of Cd could greatly depress the growth of Acorus
calamus L. under Cd stress, and exerted a remarkably delete-
rious effect on the biomass change of Acorus calamus L.
According to the above results, the Cd-tolerance abilities of the
emergent plant species tested in this study followed the order:
Iris sibirica L. > Cyperus alternifolius L. > Typha orientalis Presl
> Acorus calamus L.

3.2. Cd concentrations in wetland emergent plant tissues

The amount and distribution of Cd accumulated in the emer-
gent plants under various Cd treatments are depicted in Table
S1,f Fig. 3 and 4. The Cd concentrations in all parts of Iris
sibirica L. increased with increasing amounts of spiked Cd in
the solution (except for the leaf at 15.0 mg L™ Cd). The highest
Cd concentrations in tissues for Iris sibirica L. were found at the
25 mg L' Cd treatment: Cd concentrations in root, stem, and
leaf were 463.8, 258.4, 56.9 mg kg ', respectively. The Cd
content in the root is much higher than that in the stem or leaf,
probably being ascribed to the limited transport of heavy metals
from roots to shoots. This phenomenon is in agreement with
the earlier reports regarding the absorption of Cd by Baumea
Juncea, Baumea articulata, Schoenoplectus validus and Juncus
subsecundus.”” The distribution of Cd in the tissues of Cyperus
alternifolius L. was similar to Iris sibirica L. The Cd concentra-
tions in roots were even higher compared with Iris sibirica L. In
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Fig. 3 Concentration of Cd in wetland emergent plants under Cd treatments: (a) Iris sibirica L., (b) Cyperus alternifolius L., (c) Typha orientalis
Presl, and (d) Acorus calamus L. Note: shoot Cd concentration is calculated as: (Csiem X Mstem + Cleat X Mieaf)/(Mstem + Miear), Where C is the

concentration of Cd and M is the biomass of plant.
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biomass of plant.

the case of Typha orientalis Presl, the Cd concentrations in root,
stem and leaf basically showed an ascending trend versus the
concentration of spiked Cd and got the peak values at
25.0 mg L™ " Cd. In regard to Acorus calamus L., the concentra-
tions of Cd in root, stem and leaf did not show significant
difference when the Cd supply was higher than 10.0 mg L™,
implying that the concentrations of Cd in Acorus calamus L. were
almost independent of the exposure levels.

The Cd concentrations in the four emergent plants were both
in the sequence: root > stem > leaf. The results suggested that
plants accumulated a great amount of Cd in their tissues, and
a large portion of Cd was stored in the roots and the rest was
translocated to the shoots. This is in agreement with previous
report that most of Cd accumulated in the roots of sugarcane.?
Similar results were also observed for the uptake of arsenic by
winter wheat.?® It appears that Cd(u) metal move predominately
into the root apoplast and accumulate near the endodermis.
The endodermis acts as a partial barrier to the movement of
heavy metals between roots and shoots.*® The barrier effect also
explained the nice tolerance of Iris sibirica L. to high concen-
tration of Cd in hydroponic solution.

Generally, the normal level of Cd in most of plants was only
0.1 mg kg™, and the threshold value that is often used to define
a Cd hyperaccumulator is 100.0 mg kg™ " dry weight of shoots.? A
larger amount of heavy metals accumulated in the aboveground
parts of a hyperaccumulator was conducive to shifting out
metals from environment by harvesting the aboveground
parts.”” As shown in Fig. 3, the total Cd concentration in shoots
ranged from 1.5 to 127.3 mg kg~ '. When the Cd concentration

This journal is © The Royal Society of Chemistry 2018

in hydroponic solution went up to 25.0 mg L', the Cd
concentrations in the shoots of Iris sibirica L., Cyperus
alternifolius L., Typha orientalis Presl and Acorus calamus L.
reached maxima of 127.3, 75.6, 92.4 and 22.9 mg kg™ ', respec-
tively. The concentration of Cd in the shoot of Iris sibirica L.
exceeded the critical level of 100.0 mg kg™, thus Iris sibirica L.
can be deemed as a Cd-hyperaccumulator. Meanwhile, Typha
orientalis Presl also accumulated a large amount of Cd in the
aboveground parts, and the concentration of Cd in shoots could
accumulate 92.4 mg kg~ ! under 25.0 mg L™ " Cd solution within
60 days. The results indicated that Typha orientalis Presl could
be considered as a candidate for remedying Cd-contaminated
sites.

The accumulation of Cd in four kinds of emergent plants
also maximized under the 25.0 mg L™ " treatment. As shown in
Fig. 4, the Cd accumulation in root and shoot of Iris sibirica L.
reached 9.4 and 5.6 mg per plant, respectively. Cd accumula-
tion in the root accounted for 62% of the total Cd accumula-
tion. This is similar to the Cd distribution in a terrestrial plant.
Tissues of Solanum photeinocarpum extracted 157.0 and 138.0
ug per plant in roots and shoots at 60.0 mg kg™' Cd in soil: the
accumulation in the root took up 53% of the total.*®

Although the concentration of Cd in root of Iris sibirica L. was
lower than that of Typha orientalis Presl, the overall uptake
amount by Iris sibirica L. was far more than other emergent
plants due to its large biomass. Correlation analysis showed
that the concentrations and the accumulations of Cd in Iris

sibirica L. were significantly positively related to the

RSC Adv., 2018, 8, 33383-33390 | 33387
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Typha orientalis Presl 3

Acorus calamus L. 4

Cyperus alternifolius L. 2

Iris sibirica L. 1

Fig. 5 Hierarchical cluster analysis of the accumulations among
emergent plants.

concentrations of Cd in the hydroponic solution. The corre-
sponding regression equations can be expressed as:

Yer = 19.311X + 25.676 (R* = 0.94%*) (1)
Yes = 5.1651X — 5.4411 (R? = 0.99%%) (2)
Yar = 393.26X + 556.34 (R> = 0.93%¥) 3)
Yas = 230.75X — 225.51 (R* = 0.99%*) (4)

where Ycr and Yg are Cd concentrations in root and shoot of
Iris sibirica L.; Y,r and Y,g are Cd accumulations in root and
shoot of Iris sibirica L., respectively. X is the concentration of Cd
in hydroponic solution. The significant correlation indicated
that the Cd accumulation in Iris sibirica L. may be further
improved under the hydroponic condition higher than
25.0 mg L™ Cd.

Hierarchical cluster analysis (HCA) is an unsupervised
pattern detection method that partitions all cases into smaller
groups or clusters of relatively similar cases that are dissimilar
to other groups. The lower the distances between the samples,
the more similar they are.” HCA was performed on data of Cd
accumulation, as shown in Fig. 5. The dendrogram shows the
similarities and dissimilarities of accumulating ability between
emergent plants. The samples of Typha orientalis Presl and
Acorus calamus L. formed the first cluster, indicating that the
two samples were similar and accumulations of Cd are small.
The more similar sample to this cluster was Cyperus
alternifolius L., and the more dissimilar sample to the first
cluster was Iris sibirica L. Overall, the Cd uptake capabilities of

[ 1ris sibirica L.

Cyperus alternifolius L.
BE8 Typha orientalis Presl
[ Acorus calamus L.

(a) e

10 15 25
Treatment (mg L'])
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the emergent plants followed the decreasing order: Iris
sibirica L. > Typha orientalis Presl > Cyperus alternifolius L. >
Acorus calamus L.

3.3.
(TCF)

Bioaccumulation factor (BCF) and translocation factor

The BCF value is an important index to reflect the capacity of
plant to extract heavy metals from the surrounding environ-
ments. The BCF can be used to estimate the potential of a plant
for phytoremediation,"” In general, plant species exhibiting BCF
greater than 1.0 is suitable for the phytoextraction of metals.”
Under the exposure of Cd contamination, most of the BCF
values for the four kinds of emergent plants were far more than
one or very close to one (Fig. 6a). This observation suggested
that the emergent plants used in this experiment all possessed
the ability to uptake Cd heavy metal from the hydroponic
solution.

In Fig. 6a, it is also observed that the BCF values of Iris
sibirica L. are positively correlated with the Cd concentration in
hydroponic solution, indicating an increased efficiency of Cd
accumulation in upground parts with increasing Cd concen-
trations in hydroponic solution. This is very different from the
reported Cd accumulators. The BCF values of Solanum photei-
nocarpum, Arthrocnemum macrostachyum and Bidens pilosa were
reportedly to decrease with increasing Cd concentrations: the
relationship between the BCF values and Cd concentrations was
negative and logarithmic linear, indicating a diminishing effi-
ciency of Cd accumulation with increasing Cd concentra-
tions.»*®**" The increased BCF in this study further confirmed
that the Iris sibirica L. has a strong ability to extract Cd from the
contaminated matrix. Unlike the Iris sibirica L., the BCF values
of Cyperus alternifolius L. decreased with the increasing Cd
concentration in hydroponic solution. This is probably due to
the lower Cd-tolerance of Cyperus alternifolius L. to increased Cd
concentrations. Concerning the BCF values of Typha orientalis
Presl, they showed a serious fluctuation with the Cd concen-
tration. A pretty high value in BCFs of Typha orientalis Presl were
found at 10.0 mg L' Cd, and the BCFs at 5.0, 10.0 mg L™ " are
lower than 2. The BCF values of Acorus calamus L. were much
lower compared to other emergent plants, and they were not
strongly dependent on the hydroponic Cd concentration.

(b)o,so-

0.25

[ Iris sibirica L. hd
Cyperus alternifolius L.
B8 Typha orientalis Presl
| [ 4corus calamus L.

10
Treatment (mg L")

25

Fig. 6 BCF (a) and TCF (b) for Iris sibirica L., Cyperus alternifolius L., Typha orientalis Presl and Acorus calamus L. under different Cd concen-
trations (5 mg L%, 10 mg L%, 15 mg L%, 25 mg L~! Cd). Results are expressed as means =+ S.D. (n = 3).
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Higher TCF values may suggest that the plant can uptake
Cd from soil and store them in the shoots with great effi-
ciency, which indicates that the species have strong ability to
transfer Cd from roots to shoots.> TCFs of all the plant
species were all less than one (Fig. 6b), indicating that these
plant species were not efficient in translocating Cd metal to
shoots. Among all the plants screened, Iris sibirica L. had the
highest TCF (0.15-0.27), but did not show any significant
changes under all Cd treatments. The higher TCF values
among all the emergent plants were Iris sibirica L., this evi-
denced Iris sibirica L. has stronger ability to translocate the
Cd heavy metal from roots to the upground shoots. Susana
et al. reported that the TCF values of Arthrocnemum macro-
stachyum were 0.97 and 1.03 for 0.05 and 0.20 mmol L™ " Cd in
hydroponic solution, respectively.’* The TCF values of B.
pilosa at the flowering and mature stages were 1.3-7.4 and
1.9-14.4 for Cd extraction from soils, respectively.> These
terrestrial plants showed higher TCF values than Iris
sibirica L. However, from a perspective of practical applica-
tion, the TCF value may not an important criterion for the
phytoremediation of wet soil by emergent plants because
their roots and shoots can be harvested easily.

4. Conclusion

The present study investigated the cadmium tolerance and
accumulation characteristics of four emergent plants. Among
all the studied emergent plants, Iris sibirica L. had the greatest
tolerance to Cd stresses and the strongest Cd uptake ability
under hydroponic culture condition. The concentration of Cd
in shoots of Iris sibirica L. was more than 100.0 mg kg~ " under
the hydroponic condition of 25.0 mg L' Cd, which reached
the standard of defining a Cd-hyperaccumulator. Meanwhile,
significant correlation was found between Cd accumulation in
Iris sibirica L. and the concentrations of Cd in the hydroponic
solution, which indicated that the Cd accumulation in Iris
sibirica L. may be further improved under the hydroponic
condition higher than 25.0 mg L™' Cd. The BCF of Iris
sibirica L. was higher than 1 and increased with increasing Cd
concentration in hydroponic solution, which further
confirmed the hyperaccumulation characteristics of Iris
sibirica L. Although field studies are needed to test the its
performance for extracting Cd from real wet soil, the findings
of this work have demonstrated the potential of Iris sibirica L.
as an engineering Cd-hyperaccumulator.
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