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Abstract Cadmium (Cd) is a detrimental metal in the envi-
ronment and it is easily taken up by plants, thus entering the
food chain and posing a severe threat to human health.
Phytoremediation being low cost, highly stable, and environ-
mentally friendly has been considered as a promising green
technology for Cd remediation. The addition of exogenous
substances to the culture media has been recognized as an
efficient strategy to improve plant phytoremediation capabili-
ty. Pot trials were conducted to investigate the combined ef-
fects of exogenous calcium (Ca) and spermidine (Spd) on Cd-
induced toxicity in Boehmeria nivea (L.) Gaudich. (ramie).
Results showed that the application of 5-mM exogenous Ca
significantly alleviated Cd toxicity in ramie by reducing Cd
accumulation, depressing H2O2 and malondialdehyde con-
tents, increasing plants dry weights and chlorophyll concen-
trations, as well as altering the activities of total superoxide
dismutase and guaiacol peroxidase. Furthermore, as a non-Cd
hyperaccumulator plant, ramie hyperaccumulated Cd and suf-
fered more severe toxic effects of Cd by the treatment of 1 mM
Ca/Cd. The aggravated Cd toxicity could be compensated by
the addition of exogenous Spd via the promotion of plant

growth and the reduction of the oxidative stress. Overall, the
combination effects of 1 mMCa and Spd appeared to be more
superior compared to other treatments in the plants under Cd
stress with a higher Cd accumulation ability and the evaluated
Cd stress tolerance.
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Introduction

Cadmium (Cd) is a highly toxic heavy metal mainly derived
from atmospheric deposition, industrial processes, and the
over use of phosphate fertilizers (Fagerberg et al. 2015; Feng
et al. 2010). It is easily taken up by plants, thus entering the
food chain and posing a potential severe threat to human
health (Ansari and Neha 2015; Hong and Yan 2015). Heavy
metals, such as Cd, usually cannot be degraded, and most
conventional chemical and physical remediation technologies
are either easy to cause secondary contamination or too costly
(Cassier-Chauvat and Chauvat 2015; Fan et al. 2008; Singh
and Prasad 2014). Phytoremediation is thought to be a cost-
effective, environmentally friendly, and aesthetically pleasing
alternative in the remediation of metal-contaminated soil
(Ghosh and Singh 2005; Koptsik 2014). However, the effi-
ciency of phytoremediation is generally limited by the poorly
metal bioavailability and the relatively lower plant growth rate
(Chaudhry et al. 2002). Significant progresses in improving
phytoremediation capability of the plants have been made in
the last few years through comparative physiological, cytolo-
gy, and genomic studies (Andreolli et al. 2013; Bhargava et al.
2012; Chen et al. 2014). The application of exogenous agents
to the plant culture media has been recognized as an effective
strategy to strengthen the phytoremediation efficiency of the
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contaminated soil (Farid et al. 2015; Zaier et al. 2014).
Hyperaccumulator plants could take up extraordinarily high
amounts of heavy metals from the environment. But, those
plants usually are rare herbs and possess small biomass
(Adki et al. 2014; Rascio and Navari-Izzo 2011). Researches
have demonstrated that non-metal hyperaccumulator plants
could increase their hyperaccumulation potential by the addi-
tion of exogenous substances such as ethylenediaminetetra-
acetic acid (EDTA) and some plant growth promoters
(López et al. 2005; López et al. 2007).

Polyamines (PAs), phytohormone-like aliphatic nitroge-
nous compounds containing two or more amino, play crucial
roles in plant growth, antisenescence, and the environmental
stress tolerance (Cai et al. 2015; Tiburcio et al. 2014). The
most common PAs found in plants are putrescine (Put),
spermine (Spm), and spermidine (Spd) (Velikova et al.
2000). Among which, Spd not only acts as a direct stress-
protecting compound in the plants but also plays as a stress-
signaling regulator in the stress tolerance phenomena
(Kasukabe et al. 2004). Some reports indicated that the appli-
cation of exogenous Spd enhanced Cd tolerance in
Hydrocharis dubia (Yang et al. 2013), winter rape seedlings
(Markowska-Kozak 2005) and Salvinia natans (Xu et al.
2008). Calcium (Ca), an essential element for plants, is recog-
nized as a central regulator for plant growth and development.
Additionally, it plays an important role in the processes of
plant intracellular signaling transduction, cell division, and
plant photosynthesis (White and Broadley 2003). It has been
reported that exogenous Ca application alleviated Cd toxicity
in Lens culinaris Medic. Seedlings (Talukdar 2012), citrus
plants (López-Climent et al. 2014), Pisum sativum L. seed-
lings (El-Beltagi and Mohamed 2013), and Matricaria
chamomilla L. plants (Farzadfar et al. 2013).

Boehmeria nivea (L.) Gaudich. (ramie) is a widely distrib-
uted textile crop in China, Vietnam, and Laos. The previous
studies proposed that ramie is a promising species for Cd
remediation on account of its large biomass and fast growth
rate (Wang et al. 2008; Xie et al. 2015). However, excess
amount of Cd in the environment can interfere with numerous
plant physiological processes such as plant growth and devel-
opment, the photosynthesis, and some other metabolic pro-
cesses. Parts of these harmful effects caused by Cd seem re-
lated to the oxidative stress and the membrane damages in the
plants (Li et al. 2016; Tran and Popova 2013). Thus, the abil-
ities to promote plant growth, enhance photosynthesis rate,
and improve antioxidant capacity are closely linked with the
increased tolerance of Cd in the plants. As mentioned above,
the phytoremediation efficiency could be enhanced by the
addition of exogenous substances. In our earlier studies, the
effects of exogenous nitric oxide, selenium and silicon, citric
and oxalic acids on Cd-induced toxicities in ramie were inves-
tigated (Li et al. 2014; Tang et al. 2015; Wang et al. 2015a).
The coworkers found that the supplementation of exogenous

substances could improve the tolerance of Cd in ramie by
enhancing the antioxidative capacity and alleviating the other
Cd-induced deleterious effects. However, little information is
available on the mechanisms of metal-induced tolerance of
ramie in the presence of Ca and Spd. Therefore, the aim of
this study was to evaluate the combination effects of ex-
ogenous Ca and Spd on Cd-induced toxicity in ramie and
to gather more information on the relevant mechanisms
involved. Cd contents in different parts of ramie, plants
dry weights (DW), chlorophylls contents and the activities
of total superoxide dismutase (SOD) and guaiacol perox-
idase (POD) in ramie leaves were determined. In addition,
the concentrations of hydrogen peroxide (H2O2),
malondialdehyde (MDA), and vitamin E were also record-
ed. Hydroponics experiments were chosen because we
were interested in the effects of Ca and Spd on the metal
accumulation and transportation, the plant growth, and the
Cd-induced adverse effects to plants, separating them
from the influences of the complex soil environments. In
addition, hydroponic solution is a useful research tool
because it can provide a more suitable condition to
achieve reliable and quick identification of the plants
concerning its potential for heavy metal tolerance (Sanita
di Toppi and Gabbrielli 1999).

Materials and methods

Plant materials and growth conditions

Boehmeria nivea (L.) Gaudich (ramie) seedlings obtained
from the Agriculture University of Hunan, China, were
acclimatized to 1/16 strength Hoagland nutrient solution
for 2 weeks. The dilution ratio (1/16) of the Hoagland
solution was based on the preexperiment, in which we
used 1/4, 1/8, 1/16, and 1/32 strength Hoagland nutrient
solution for plant cultivation. Through the determination
of biomass, chlorophylls, proline, and the total protein
contents, we found that 1/16 strength Hoagland nutrient
solution was the most suitable solution for ramie growth.
To avoid nutrition deficiency, the solution was renewed
every 3 days with aeration. Plants were grown in a growth
chamber at 25/20 °C day/night temperatures, 14 h photo-
period (from 6:00 a.m. to 8:00 p.m.) and 60 ± 5 % relative
humidity.

After 2 weeks of acclimation, ramie seedlings were sub-
jected to the following experiment nutrient solution in a
completely randomized design: (1) control (Ck), (2) 45 μM
Cd (Ck+Cd), (3) 45 μM Cd+0.1 mM Spd (Cd+Spd), (4)
45μMCd+1mMCa (Cd+Ca1), (5) 45μMCd+1mMCa+
0.1 mM Spd (Cd+Ca1 +Spd), (6) 45 μM Cd+5 mM Ca
(Cd+Ca5), (7) 45 μM Cd+5 mM Ca+0.1 mM Spd (Cd+
Ca5+Spd). Cd was supplied with CdCl2, and Ca was added
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with CaCl2 in the solution. Spd was sprayed on the leaves at
8:00 and 20:00 each day, while distilled water was used for
non-Spd treatment samples. The selected Cd and Spd concen-
trations were based on preliminary experiment results and
related literatures (Zhou et al. 2015). After 7 days of incuba-
tion, the plants were collected. The aboveground and under-
ground parts of ramie were collected separately and dried at
80 °C for 24 h to record the dry weight (DW).

Chlorophyll analysis

The chlorophyll content was measured according to the
method described by Lichtenthaler (1987). Morphologically
similar leaves were selected and the midribs were removed.
The photosynthetic pigments were extracted with ethanol of

95 % in the dark. The contents of chlorophylls were deter-
mined spectrophotometrically.

Determination of Cd content

Plant roots were soaked in 20-mM EDTA for 10 min to
get rid of the adhered ions. Plant samples were rinsed
with deionized water and dried at 70 °C for 48 h. Then,
the dried samples were ground. Cd contents of leaves,
stems, and roots in ramie were determined by an atomic
absorption spectrometer (Analyst 300, Perkin Elmer,
Germany) after digesting the grinded samples with
HNO3–HClO4 (3:1). The translocation factor (TF) is de-
fined as the ratio of Cd in the aboveground part to that in
roots. It was calculated by the method of Kováčik (2013)
with some modification:

TF ¼ Stems Cd concentration* biomass of stems þ Leaves Cd concentration* biomass of leaves

biomass of stemsþ biomass of leavesð Þ � Roots Cd concentration

Estimation of oxidative stress and antioxidant contents

H2O2 content wasmeasured according to themethod described
by Velikova et al. (2000). Leaf tissue (0.2 g) was grinded with
3-mL 0.1% (w/v) trichloroacetic acid (TCA) in an ice-bath and
then centrifuged at 12,000 rpm for 15 min. Phosphate buffer
(0.5 mL) (pH 7.0) and 1-mL KI (1 M) was added to the super-
natant. H2O2 content was calculated using 0.28 μM

−1 cm−1 as
the extinction coefficient and the amount was expressed as
μmol g−1 FW. The absorbance was read at 390 nm.

MDA content was measured according to the thiobarbituric
acid (TBA) method described by Chaoui et al. (1997). Leaf
tissue (0.2 g) was homogenized in 10-mL 10 % (w/v) TCA.
The homogenate was centrifuged at 3000 rpm for 10 min.
Then, 2-mL supernatant was mixed with 2 mL of 10 %
TCA containing 0.5 % TBA. The mixture was heated at
95 °C for 30 min and then cooled rapidly in ice-bath. The
content of MDA was determined at the wavelength of 532,
600, and 450 nm.

Vitamin E content and the activities of antioxidant enzymes
(SOD, POD) were determined using commercial reagent kits
purchased from Nanjing JianCheng Bioengineering Institute,
China.

Vitamin E is a natural fat-soluble antioxidant, which plays a
great part in scavenging the singlet oxygen and the superoxide
anion free radical and limiting the extent of lipid peroxidation
in plants. The estimation mechanism is based on the reduction
of Fe3+ to Fe2+ in the presence of tocopherols. The content of
vitamin E could be calculated via colorimetric assay for the
colored complex produced by Fe2+ and bathophenanthroline.

For the extraction of enzymes, fresh leaves (0.2 g) were cut
into pieces and then homogenized in 0.1-M phosphate buffer
(pH 7.0). The homogenates were centrifuged for 10 min at
3500 rpm, and then the supernatant obtained was used for
enzymes activities assays. All enzymatic extractions were car-
ried out at 4 °C. The measured SOD was the total superoxide
dismutase, which comprised of three isozymes, a CuZn-SOD,
a Fe-SOD, and a Mn-SOD. The commercial kit used for SOD
activity determination was based on the xanthine oxidase
method, while the estimation mechanism of POD activity
was measured according to the guaiacol oxidation in the pres-
ence of H2O2.

Statistical analysis

Data are presented as mean± standard error (S.E.) of three
replicates. Statistical analyses were performed by one-way
analysis of variance (ANOVA). Graphical works were con-
ducted by Origin 9.1. Duncan’s test was employed to deter-
mine the statistical significance at a probability level of
P<0.05.

Results and discussion

Effects of Ca and Spd on the plant growth

As seen in Fig. 1, plant growth was negatively affected by the
application of Cd. The aboveground and underground DWof
ramie in Cd treatment decreased by 24 and 28 % respectively
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as compared with the control groups. It is common that heavy
metals affected negatively on plant growth since they could
influence plant metabolism and cell divisions. The application
of Cd and 1-mM Ca produced a synergistic effect on the plant
growth inhibition. However, the aboveground and under-
ground DW of ramie treated with 5-mM Ca/Cd increased by
almost 14 and 7 % respectively, as compared to those plants
treated with Cd alone. It has been demonstrated that Cd-
induced growth inhibitions could be alleviated by the addition

of exogenous Ca through effectively enhancing the mitotic
index and reducing the rate of chromosomal aberration (Shi
et al. 2014). Besides, the foliar spray with Spd appears to have
little impact on plant growth under the treatment of Cd alone
or in combination with 5-mMCa.While, plants treated with 1-
mM Ca/Spd/Cd produced significant increments on the
aboveground DW compared to the ramie exposed to 1-mM
Ca/Cd. It has been reported that Pas are involved in various
biochemical and physiological processes related to plant

Fig. 1 Effects of Cd, Spd, and Ca
treatment on the aboveground (a)
and underground (b) dry weight
(DW) of Boehmeria nivea (L.)
Gaudich. Data are means
± standard error. Different letters
above the bars indicate significant
difference (P< 0.05). Ck, Ck+
Cd, Cd+Spd, Cd+Ca1, Cd+
Ca1 +Spd, Cd+Ca5, and Cd+
Ca5 +Spd correspond to control;
45 μM Cd, 45 μM Cd+ 0.1 mM
Spd, 45 μM Cd+1 mM Ca,
45 μM Cd+ 1 mM Ca+ 0.1 mM
Spd, 45 μM Cd+5 mM Ca, and
45 μM Cd+ 5 mM Ca+ 0.1 mM
Spd, respectively
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growth and development (Walden et al. 1997), which could
explain the prevention role of Spd in Cd-induced plant growth
inhibition.

Effects of Ca and Spd on Cd uptake and translocation

The effects of Ca and Spd on Cd uptake and translocation in
ramie were shown in Fig. 2. Cd was mainly retained in the
roots due to the protective reaction of the aerial part. Different
concentrations of Ca showed varied changes of Cd contents in
ramie. All concentrations of Ca application reduced the Cd
content in roots. The 1 mM Ca/Cd treatment was notably
effective for Cd uptake in the aboveground part, which in-
creased the Cd concentration in steams by almost 270 % and
in leaves by 314 % compared to those plants treated only with
Cd. That probably is one of the reasons why plants treated

with 1-mM Ca and Cd had much less DW than those plants
treated only with Cd. The performance of Ca displayed obvi-
ous effect on Cd translocation. Exogenous Ca application im-
proved the TF of Cd in ramie whether with 1-mM or 5-mM
Ca, which suggested that Ca is beneficial to Cd translocation
from roots to the aboveground parts. The increased TF of Cd
is beneficial to Cd phytoremediation, since Cd retained in
roots is easy to release back into the environment.

There was little reducing on root Cd concentration in 1 mM
Ca/Spd/Cd treatment as compared to 1 mM Ca/Cd treatment,
which was probably due to the protection role of Spd against
Cd toxicity. The effects of Spd on Cd uptake and translocation
of ramie in other treatments, either with Cd or in combination
with Ca, was negligible.

There is no special transport channel for non-essential ele-
ment, such as Cd, within plants. Non-essential metal elements

Fig. 2 Effects of Cd, Spd, and Ca treatment on Cd concentrations of root
(a), stem (b), leaf (c), and the translocation factor (d) in Boehmeria nivea
(L.) Gaudich. Data are means ± standard error. Different letters (a, b, c, d,
e, f) above the bars indicate significant difference (P< 0.05). Ck, Ck+Cd,

Cd + Spd, Cd + Ca1, Cd + Ca1 + Spd, Cd + Ca5, and Cd +Ca5 + Spd
correspond to control; 45 μM Cd, 45 μM Cd+ 0.1 mM Spd, 45 μM
Cd+ 1 mM Ca, 45 μM Cd+ 1 mM Ca+ 0.1 mM Spd, 45 μM Cd+
5 mM Ca, and 45 μM Cd+ 5 mM Ca+ 0.1 mM Spd, respectively
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were transported into plants via transporters and channels for
essential elements such as Ca and K (Clemens et al. 1998).
The physicochemical similarities of Cd and Ca trigger the
competition between these two ions for Ca-binding proteins
and transporters (Rodríguez-Serrano et al. 2009). In this study,
the promotion effects on Cd absorption and translocation were
the most obvious in the presence of 1 mM Ca/Cd treatment.
Low level of Ca induced hormesis in plants, which promoted
the absorption of Ca by stimulating the activities of Ca trans-
porters and channels in ramie. This, in turn, may also stimulate
the Cd uptake and translocation in the plants. Similarly, Cho
et al. (2012) demonstrated that low level of Ca treatment in-
creased Cd contents and amplified Cd toxicity in rice seed-
lings. However, 5 mM of Ca was sufficient to counterbalance
with the hormesis. Thus, the competition between these two
ions caused a decline in the uptake of Cd in ramie roots and
leaves. To better justify the relationship of these two elements,
further studies on blocking and stimulating Ca channels in
order to corroborate the way of Cd entrance into the plants
should be conducted.

Suitable plants for phytoremediation purposes are called
hyperaccumulators (López et al. 2007). So far, there are sev-
eral criteria for the classification of Cd-hyperaccumulating
species (Pollard et al. 2014). Ramie growth under natural con-
ditions cannot be considered as a Cd-hyperaccumulator spe-
cies. However, the treatment of 1-mM Ca/Cd satisfied at least
two criteria and made ramie a Cd-hyperaccumulating plant: (i)
a plant must accumulate 0.1 % of Cd in its aboveground tissue
(Liu et al. 2015), and (ii) the Cd concentrations in the stems
and leaves of plants need to be greater than the metal concen-
trations in roots (Lin et al. 2014). The results demonstrated
that non-Cd-hyperaccumulator plants could hyperaccumulate
Cd by treating with certain concentrations of Ca, which was
beneficial to the improvement of phytoremediation efficiency.

The role of Ca and Spd on plant photosynthesis

Data of the total chlorophyll contents are shown in Table 1.
Photosynthesis inhibition is a well-documented response of
plants to the toxic metal ions (Deng et al. 2014; Ouyang
et al. 2012; Zhang et al. 2015). In the present study, Cd sig-
nificantly reduced the total chlorophyll contents in ramie
leaves. The application of 5-mM Ca remitted the decline with
a 15 % increase of the chlorophyll contents compared to that
of the Cd treatment. It has been confirmed that appropriate
concentrations of Ca played a virtual role in the stabilization
of chlorophylls and in the maintenance of sufficient photo-
chemical efficiency of photosystem II (PSII) in plants
(Hochmal et al. 2015; Ramalho et al. 1995). Foliar spray with
Spd increased chlorophyll contents by 16 % as compared to
that of Cd treatment, by 27.7 % as compared to that of 1-mM
Ca/Cd treatment, and by 4.4 % as compared to that of 5-mM
Ca/Cd treatment, respectively. The results demonstrated that

Spd could alleviate Cd-induced photosynthesis inhibition by
increasing the contents of chlorophylls. Researches have
proclaimed that Spd could regulate the structures and func-
tions of the photosynthetic apparatus through its interaction
with the thylakoid membrane (Yiu et al. 2009), which might
be related to the increase of chlorophyll contents in plants.
These results also indicated that the combination effects of
Spd and 1-mM Ca was superior to other combined treatment
in restoring Cd-induced chlorophyll contents decline.

Effects of Ca and Spd on plant oxidative damages

Plant oxidative damages could be quantified by determining
the content of MDA and H2O2 (as shown in Fig. 3). MDA is a
cytotoxic decomposition product of polyunsaturated fatty
acids (PUFAs), which is typically used as a biochemical mark-
er of membrane lipid peroxidation induced by heavy metals in
plants (Chaoui et al. 1997). Cd application enhanced the
MDA content of ramie. The addition of 5 mM Ca to cultivate
solutions significantly relieved this upward trend caused by
Cd. The decreased content of MDA may be resulted from the
protecting role of Ca in the control of the stability and integrity
of the membranes (Hirschi 2004). However, the treatment of
1-mM Ca/Cd even improved MDA content by approximately
25 % compared to that of the Cd treatment alone, which is
probably owed to the increased uptake of Cd in this treatment.
In addition, foliar spraying with Spd markedly decreased
MDA content of the 1-mMCa/Cd treatment group. The lower
content of MDA in ramie with the application of Spd revealed
that Spd can alleviate the membrane lipid peroxidation caused
by Cd. It has been postulated that Spd interacted with nega-
tively charged components of the membranes, thus regulating
membrane permeability and resulting in the integrity and sta-
bilization of the membranes, which could be responsible for
the reduced MDA level caused by Spd. Besides, the effects of
Spd on MDA content were smaller or not significant in other
treatments, either with Cd or in combination with 5-mM Ca.

A growing body of researches indicated that there exists a
correlation between the increase H2O2 content and the level of
membrane lipid peroxidation in plants (Talukdar 2012). The
present studies found that these two parameters (H2O2 and
MDA) responded in a similar manner to Cd stress in ramie.
H2O2 is a kind of reactive oxygen species (ROS), which could
cause oxidative injury to proteins, DNA, and lipids (Apel and
Hirt 2004). Figure 3 shows that the concentration of H2O2 in
ramie exposed to Cd was significantly higher compared to that
of the control plants. It confirmed that 45-μM Cd treatments
induced oxidative stress to ramie. The addition of 5-mMCa to
the hydroponics medium containing Cd reduced H2O2 content
by 29 %. The lower H2O2 level is likely related to the protec-
tion role of Ca against the oxidative stress produced by Cd.
These are in consistent with some previous studies, which
have also reported that Ca could negatively influence the
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H2O2 contents of plants under heavy metal stresses (Farzadfar
et al. 2013; Talukdar 2012). However, H2O2 contents in leaves
of ramie showed a remarkable enhancement when added with
1-mM Ca to Cd-contained culture media, but decreased when
ramie was exposed to 1-mM Ca/Spd/Cd treatments. It has
been documented that Spd can protect plants against oxidative
stress through acting directly as free radical scavengers (Bors
et al. 1989), which could be responsible for the declined H2O2

contents in ramie.
In normal conditions, ROS are continuously produced

in plant as the by-products of aerobic metabolism process-
es, such as respiration and photosynthesis. The proper
level of ROS act as signaling molecules controlling vari-
ous plant physiological and biochemical processes related
to the stomata behavior and pathogen defense (Kärkönen
and Kuchitsu 2015; Lehmann et al. 2015). However, ex-
cess level of ROS react with a large variety of biomole-
cules and cause oxidative damages to proteins, DNA, and
lipids, thus leading to tissue necrosis and programmed cell
death in plants (Apel and Hirt 2004). The above results
indicated that Cd induced oxidative damages in ramie
through the upregulation of the H2O2 and MDA contents.
With the purpose of protecting plants against oxidative
damages and scavenging the overproduction of ROS,
plants have developed a series of antioxidant mechanisms,
which are involved in various enzyme and non-enzyme
antioxidants (Mittler 2002).

In the present study, three representative antioxidants (vi-
tamin E, SOD, and POD) were chosen to evaluate the function
of Ca and Spd in the regulation of plant antioxidation upon
Cd-stress (Table 1). The data showed that the vitamin E con-
tents of ramie exposed to Cd were significantly reduced com-
pared to control plants. The addition of 5-mMCa significantly
increased its contents by 16.88 %. Vitamin E is a group of
lipid soluble chain-breaking antioxidants, which protects
plants from oxidative stress by controlling peroxidation and
eliminating or deactivating the free radicals (Caretto et al.

2002). The enhanced vitamin E level implied the antioxidative
role of Ca in ramie. Whereas, when ramie seedlings were
submitted to Cd, obvious decrease in the concentrations of
vitamin E was observed with the addition of 1 mM Ca, while
this decline was restored by the spraying with Spd. It has also
been revealed that Spd played as a signaling regulator in stress
signaling pathways by upregulating the expression of various
stress-related genes in plants (Kasukabe et al. 2004), which
may be related to the Spd-triggered changes of the antioxidant
contents in ramie. Nevertheless, the addition of Spd to other
treatments did not produce significant increment of vitamin E
content compared to the plants treated with Cd alone and to
the plants exposed to 5-mM Ca/Cd. As can be seen from
Table 1, the activities of SOD and POD responded in a similar
manner in all the treatments. Cd treatment increased SOD and
POD activities by 95 and 49 %, respectively, compared to the
control group. The application of 1-mM Ca amplified this
increase. However, this increase could be counteracted by
spraying Spd with almost 18 % reduction in SOD activities
and 19 % reduction in POD activities. The addition of 5-mM
Ca alone slowed down the Cd-induced upward trend of these
two enzymes, while the combined application of Spd and 5-
mM Ca appear to have little effect on these enzyme activities.
SOD catalyzed superoxide radicals into H2O2, and subse-
quently, H2O2 can be degraded by POD (Mittler 2002).
Plants survive from oxidative damages by modulating the
activities of these enzymes. The enhanced SOD and POD
activities indicated that Cd and 1 mM Ca/Cd treatment pro-
voked the active oxygen removal system in plant. Numerous
studies have documented that a certain concentration of Cd in
plants contributed to the activation of enzyme activities of
SOD and PODwith the excessive accumulation of superoxide
radical (O2

.−) and H2O2 (Hakimi et al. 2014; Hamilton et al.
2015; Wang et al. 2015b). The results also demonstrated that
1-mMCa/Cd treatment caused more severe oxidative stress in
ramie compared to the only Cd treatment with higher activities
of SOD and POD. However, the 1-mMCa/Spd/Cd and 5-mM

Table 1 Effects of Ca and Spd on the chlorophyll and antioxidants levels in Boehmeria nivea (L.) Gaud

Treatments Chlorophyll Vitamin E SOD POD
(mg−1g FW) (ug−1g FW) (Units min−1 mg−1 protein) (Units min−1 mg−1 protein)

Control 4.14 ± 0.13aa 80.32 ± 2.08a 42.41 ± 5.11f 30.82 ± 2.29e

Cd 2.68± 0.18d 55.79 ± 2.01d 76.79 ± 3.23c 45.85 ± 3.96c

Cd+ Spd 3.11 ± 0.17bc 58.76 ± 3.76cd 76.21 ± 1.11cd 42.06 ± 2.93cd

Cd+ 1 mM Ca 2.71± 0.18d 31.86 ± 1.63e 140.97 ± 4.82a 70.25 ± 4.08a

Cd+ 1 mM Ca+Spd 3.47± 0.12b 51.37 ± 2.52d 115.81 ± 2.71b 57.01 ± 1.45b

Cd+ 5 mM Ca 3.09± 0.21c 65.21 ± 3.08bc 60.59 ± 3.42e 39.44 ± 2.33d

Cd+ 5 mM Ca+Spd 3.23± 0.16bc 69.75 ± 2.45bc 64.51 ± 2.49de 38.24 ± 3.13d

aData are means ± standard error. Different letters beside the values in the same line represent significant difference (P< 0.05). Ck, Ck +Cd, Cd+ Spd,
Cd+Ca1, Cd +Ca1 + Spd, Cd+Ca5 and Cd+Ca5 +Spd correspond to control, 45 μM Cd, 45 μM Cd+ 0.1 mM Spd, 45 μM Cd+ 1 mM Ca, 45 μM
Cd+ 1 mM Ca+ 0.1 mM Spd, 45 μM Cd+5 mM Ca, and 45 μM Cd+ 5 mM Ca+ 0.1 mM Spd, respectively
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Ca/Cd treatment resulted in a decline of SOD and POD activ-
ities in ramie when compared to the 1-mMCa/Cd and the only
Cd treatment group. This might be attributed to that the
exogenous addition of Spd or 5-mM Ca strengthened
the scavenging process of ROS and alleviated the oxi-
dative stress incurred by Cd.

The foliar spraying with Spd only significantly mitigated
Cd-induced oxidative damages under the treatment with 1-

mM Ca and Cd. The protective effects of Spd seem to be
triggered by certain concentrations of Ca, thus the only Spd
and Cd treatment did not significantly mitigate Cd-induced
oxidative stress. It was also probably due to the fact that the
oxidative damages caused by Cd were already alleviated by
the application of 5-mM Ca, and therefore the mitigation ef-
fects by exogenous Spd were not effective in the 5-mM Ca/
Spd/Cd treatment.

Fig. 3 Effects of Cd, Spd, and Ca
treatment on MDA (a) and H2O2

(b) concentrations in Boehmeria
nivea (L.) Gaudich. Data are
means ± standard error. Different
letters above the bars indicate
significant difference (P< 0.05).
Ck, Ck+Cd, Cd+ Spd, Cd +Ca1,
Cd+Ca1 +Spd, Cd+Ca5, and
Cd+Ca5 +Spd correspond to
control; 45 μM Cd, 45 μM Cd+
0.1 mM Spd, 45 μM Cd+ 1 mM
Ca, 45 μM Cd+1 mM Ca+
0.1 mM Spd, 45 μM Cd+ 5 mM
Ca, and 45 μM Cd+ 5 mM Ca+
0.1 mM Spd, respectively
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Conclusions

Ramie is a potential candidate for Cd phytoremediation be-
cause it can accumulate high levels of Cd. On the other hand,
Cd stress triggered several physiological responses, such as
the stunted plant growth, reduced chlorophyll contents, in-
crease MDA and H2O2 levels, and the modulated antioxida-
tive enzyme activities in ramie. The application of 5-mM Ca
alleviated Cd-induced toxicities by positively regulating the
above responses. However, 1-mM Ca treatment increased the
uptake and the transportation of Cd from ramie roots to the
aboveground parts. Though it aggravated Cd toxicity, this
toxicity could be mitigated by the foliar spraying with Spd.
The results indicated that the combined application of 1-mM
Ca and Spd could be considered as a feasible technique for the
improvement of Cd accumulation in the aboveground parts of
non-hyperaccumulator species. However, further studies are
still required in order to gain insights into the exact mecha-
nisms of the exogenous substance application on the enhance-
ment of phytoremediation efficiency.
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