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a b s t r a c t

Based on the identification of Mirabilis jalapa L. as a new Cd-hyperaccumulating ornamental, the growth
response of the plant to interaction between cadmium (Cd) and phosphorus (P), its effect on the Cd
accumulation in the species and relevant mechanisms were further investigated by the pot-culture exper-
iment with chemical analyses and the X-ray absorption near edge structure spectra (XANES). It showed
that the leaf, shoot and root biomass (as dry matter) increased with an increase in P supplies from 20 to
100 mg kg−1 at various tested Cd levels except 10 mg kg−1. The Cd accumulation in the leaves and shoots
significantly decreased with increasing P concentrations from 20 to 500 mg kg−1 at the Cd concentrations
from 10 to 50 mg kg−1, except the Cd level at 100 mg kg−1. It was also found that the translocation factor
of Cd in M. jalapa L. reached the maximum at different tested Cd levels when the concentration of added
P was 100 mg kg−1, but the bioaccumulation factor of Cd decreased with increasing P. This changing law
ANES may be responsible for the mechanism of P immobilizing Cd. The investigation using the P–K edge XANES
showed the spectra of adsorbed phosphate in the shoots exhibited a stronger white-line peak than that
in the leaves and roots, and the oscillation near 2165 eV was more intense. Besides, the P–K edge XANES
spectra for M. jalapa L. indicated P may exist as Cd-phosphate. Thus, it can be inferred that the addition
of P at appropriate contents may be a useful approach to enhance the plant growth and to immobilize Cd

oil. F
f the
in the Cd-contaminated s
for reducing the degree o

. Introduction

Pollution with metals and other xenobiotics is a global envi-
onmental problem that has resulted from mining, industrial,
gricultural practices and military purposes [1]. Agricultural soil
ontamination is increasingly recognized as a dramatic event in
arge parts of the developing world, primarily in China [2]. The
hemical cleanup of contaminated agricultural soils is costly and
ometimes time-consuming. For many pollutants, no feasible low
ost technologies are yet available. Plants possess highly effi-
ient systems that acquire and concentrate nutrients as well as
umerous toxic metals by metabolic activities, all of which are

ltimately powered by photosynthesis. The term phytoremedia-
ion has been coined for the concept that plants could be used for
ow-cost environmental cleanup and this has attracted consider-
ble attention in the past decades [3–5]. As a result, researchers
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ute of Applied Ecology, Chinese Academy of Sciences, Shenyang 110016, China.
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urthermore, P and Cd may form a deposit in plants to tolerate Cd toxicity
structural damage of the plant.

© 2008 Elsevier B.V. All rights reserved.

have realized that the development of phytoremediation technolo-
gies requires a thorough understanding of the underlying processes
at the genetic, molecular, biochemical, physiological and agro-
nomic levels. However, augmentation-assisted phytoextraction is
a promising method for the cleanup of contaminated soils by
metals [6]. In particular, attention has been paid to the inter-
action of heavy metals and some nutrient elements in soils or
soil–plant systems in order to improve the efficiency of phytore-
mediation.

As one of the most important nutrient elements, phosphorus
(P) can exert its important influences on heavy metal accumula-
tion and its relevant mechanisms in hyperaccumulators based on
the interaction between P and heavy metals. It was reported that P
could induce zinc requirement in tomatoes under hydroponic envi-
ronment [7]. Similar results were also reported in Sedum alfredii by
Sun et al. [8]. By examining relationships of arsenic (As) and phos-

phate, Singh and Ma [9] found that Pteris vittata mobilized As to the
aboveground biomass, and maintained greater ratio of P and As in
roots. Conversely, Huang et al. [10] showed that a higher concen-
tration of nutrient phosphate suppressed accumulation of As in the
fronds of P. vittata under the sand culture. However, the interaction

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:Zhouqx523@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.12.082
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f cadmium (Cd) and phosphate has been indicative of differences,
uch as synergistic, additive or antagonistic effects. According to
arblane [11], and He and Singh [12], it was showed that phos-
hate inhibited Cd uptake in the pot-culture studies with different
orps. On the contrary, phosphate has also been shown to increase
lant uptake [13]. Moreover, interaction of Cd and phosphate was

nvestigated under hydroponics. For example, Xiong and Lu [14]
howed phosphate enhanced the accumulation of Cd in rice plants,
ut Yang [15] did not found significant effects on Cd accumulation
t all phosphate concentration in maize. A large number of stud-
es have developed for interaction of phosphate and Cd in soils,
nd nutrient solution. It is, however, important to recognize that,
epending on the nature of P compounds and heavy metal species,
lant species can cause either increased or decreased uptake of
etals. Furthermore, it is essential to investigate Cd accumulation

haracteristics in new-found hyperaccumulators under phosphate
reatments.

Ornamental plants are an important type of higher plants apart
rom those in the food chain, and are crucial if they have hyper-
ccumulation properties and can be applied to remediation of
ontaminated soils. Mirabilis jalapa L. (four o’clock) is an annual
r perennial ornamental species, widely growing in Asia, Europe,
nd America. Zhou and Liu (Patent No. CN 200610046244.9) [16]
eported the plant species as a new Cd hyperaccumulator using
ot-culture and nutrient solution culture experiments. To better
nderstand the mechanisms of Cd and P interaction, M. jalapa L.
as chosen to investigate the Cd distribution as well as P applica-

ion. The main objectives of this work were to (1) investigate growth
esponses of M. jalapa L. under different P and Cd treatments; (2)
ompare Cd distribution in roots, shoots and leaves at all P levels; (3)
xamine the forms of P in different plant parts by the X-ray absorp-
ion near edge structure spectra (XANES). Information obtained
rom this study can enhance the understanding of the Cd detox-
fication mechanisms by the new-found Cd-hyperaccumulator M.
alapa L.

. Materials and methods

.1. Pot-culture experiment

The surface (0–20 cm) soil samples were collected from an agri-
ultural field in the Shenyang Station of Experimental Ecology,
hinese Academy of Sciences (123◦41′N and 41◦31′E). The tested
oil is meadow burozem. It was shown by chemical analyses that
rganic matter, total N, pH and Cd concentration in this soil were
.52%, 0.11%, 6.50 and 0.20 mg kg−1, respectively. After the collected
oil samples were air-dried and ground to pass through a 4.0 mm
esh, they were used in the pot-culture experiment.
Three Cd levels, namely treatments Cd1, Cd2 and Cd3 (Cd

oncentration = 10, 50, and 100 mg kg−1 DW soil), were jointly
pplied with four P levels including P0–P3 (P concentration = 0, 20,
00, and 500 mg kg−1 DW soil). The tested topsoil samples were
horoughly mixed with CdCl2·2.5H2O and Ca(H2PO4)2·H2O at the
bove-mentioned concentrations, filled into plastic pots, each for
hree replicates (20 cm in diameter, 15 cm in height, 2.5 kg air-dried
oil per pot) and equilibrated for 1 month.

Seeds of M. jalapa L. were soaked in water for 12 h. Then the seeds
ere sowed directly into the prepared soil in May 2007. The treat-
ent pots were placed in a greenhouse with natural light (about

0 h of photoperiod) and normal temperature (16–30 ◦C). The tested

oils were watered to reach 60–80% of the field water-holding
apacity. Two weeks after sowing, two seedlings were put into every
reatment pot, respectively. At the mature stage (20 weeks after
owing), the plants were sampled from pots for chemical analyses
17].
s Materials 167 (2009) 38–43 39

2.2. Determination of Cd

For Cd analysis, air-dried plant tissues were ground by a mill
and then digested with HNO3/HClO4 (3:1 [v/v]) [18]. The Cd con-
centration in digested solutions was determined by a flame atomic
absorption spectrophotometer (AAS, WFX-120, Beijing Rayleigh
Analytical Instrument Corp., China).

2.3. Soil analysis

At the stage of harvesting mature plants, soil samples were
also collected for the analysis of pH, water-soluble (solution/soil
ratio 2.5:1) and plant-available Cd in soil was extracted by 1.0 M
NH4NO3 at a soil/solution ratio of 1:8 after 2 h shaking by an end-
over-end shaker at room temperature (20 ◦C). At the end of the
shaking period, the supernatant solutions were separated from the
soil by centrifugation and filtration for measurement of Cd by AAS
[19].

2.4. P speciation analysis

XANES sample preparation and data acquisition was prior to
the lyophilization. The samples were first immersed in liquid
nitrogen for 45 min until completely frozen, then placed into the
Freeze Zone System (ALPHA 1-4/LD-2, CHRIST, made in Germany)
and lyophilized at −45 ◦C and 0.069 mbar pressure. Subsequent
to the lyophilization, the samples were ground using a Mixer
Mill (MM200, Retsch Corporation, made in Germany) to obtain a
homogenous mixture and then packed into sample holders, then
placed in a vacuum chamber at 10−9 mmHg pressure. The sam-
ples were analyzed on beamline 4W7A at the Beijing Synchrotron
Radiation Laboratory (BSRL) using a 2-element Si–Li fluorescence
detector (Princeton Gamma-Tech) for P–K edge XANES. The beam-
line setup was described as follows: a Si(1 1 1) double crystal
monochromator, a current ranging from 70 to 160 mA, beam energy
of 2.5 GeV. The obtained XANES spectra with X-rays was in the
energy range between 2100 and 2300 eV with stepwise increased
energies in 0.5 eV increments [20].

In addition, dilution of the model, Ca(H2PO4)2·H2O, white line
peak maximum 2150.5 eV, compounds were performed by mixing
the model compounds with zinc oxide using a mortar and pestle to
give a homogenous mixture with one absorption unit change across
the absorption edge.

2.5. Statistical analysis

Values are expressed as means ± standard deviation (S.D.). The
data were analyzed for significant differences using one-way
ANOVA, taking p < 0.05 as significant according to the LSD test. The
P–K edge XANES spectra was normalized with ifeffit-ATHENA [21].

3. Results

3.1. Response of plant growth to interaction between Cd and P

During the pot-culture experiment, there were no apparent toxic
symptoms occurred in M. jalapa L., such as chlorosis from Cd poison-
ing phenomenon after Cd treatments. However, chlorosis took place
in the P3 level, due to the function of P inhibition on the absorption
of nutrient elements, such as iron [22]. On the other hand, com-
pared with the control (P0), the lateral roots of the plants under

P1–P3 treatments were promoted, especially under P2 and P3 treat-
ments. In addition, the maturity of various plants in this experiment
was hastened under all P treatments.

Plant biomass to denote plant growth is an important factor
for successful application of phytoextraction since its effectiveness
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Table 1
Effects of P and Cd addition on the dry biomass of Mirabilis jalapa L. (g pot−1 D.W.)a,b.

Treatment of Cd Treatment of P Root Shoot Leaf Aboveground Total

Cd1 P0 8.41 ± 1.42a 7.19 ± 0.88a 6.05 ± 1.30a 14.28 ± 2.58a 22.69 ± 4.00a
P1 12.89 ± 0.60a 2.85 ± 0.48b 2.93 ± 0.37b 5.78 ± 0.85b 18.66 ± 1.45a
P2 14.04 ± 5.07a 3.30 ± 0.35b 2.37 ± 0.15b 6.01 ± 0.98b 20.05 ± 6.04a
P3 8.26 ± 0.99a 4.13 ± 2.44ab 2.81 ± 0.62b 7.22 ± 2.67b 15.48 ± 3.67a
p >0.05 >0.05 <0.05 <0.05 >0.05
F 2.479 4.303 10.207 8.356 1.061

Cd2 P0 6.75 ± 3.98b 3.82 ± 1.08a 3.46 ± 0.99a 7.28 ± 2.07a 14.03 ± 6.05b
P1 12.55 ± 2.27ab 4.06 ± 2.33a 3.63 ± 1.34a 7.69 ± 3.67a 20.24 ± 1.39ab
P2 17.13 ± 0.19a 3.26 ± 0.58a 2.66 ± 0.47a 5.92 ± 1.05a 23.05 ± 0.85a
P3 9.62 ± 3.44ab 4.99 ± 1.48a 2.99 ± 1.56a 8.27 ± 2.65a 17.88 ± 0.80ab
p >0.05 >0.05 >0.05 >0.05 >0.05
F 4.782 0.461 0.287 0.309 2.922

Cd3 P0 4.03 ± 2.66b 3.57 ± 1.67a 2.99 ± 1.10a 6.56 ± 2.77a 10.59 ± 5.43a
P1 10.82 ± 0.84a 3.67 ± 0.13a 2.62 ± 0.54a 6.29 ± 0.67a 17.12 ± 0.17a
P2 7.72 ± 0.44ab 3.56 ± 1.83a 2.33 ± 1.29a 5.90 ± 3.13a 13.62 ± 3.56a
P3 6.01 ± 0.52b 3.53 ± 0.59a 2.02 ± 0.43a 5.55 ± 1.02a 11.56 ± 0.51a
p <0.05 >0.05 >0.05 >0.05 >0.05

.004
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a The values in the same column followed by the same letters are not significantl
b Data are means ± S.D. (n = 3).

epends on both plant biomass and elemental concentrations in a
lant. The dry biomass of M. jalapa at the mature stage are shown

n Table 1. Noticeably, the highest dry biomass of roots was at P2
reatment with various Cd concentrations. Under treatments Cd1
nd Cd2, the aboveground biomass of the tested plants reduced first
nd then increased with increasing P contents. There were different
iological effects between P and Cd in aboveground parts and roots
f M. jalapa. Generally speaking, the normal level of P (P1 and P2)
ould promote an increase in the dry biomass of M. jalapa under
arious Cd treatments. However, the high level of P(P3)could lead
o lower biomass of the plants.

.2. Cd accumulation affected by interaction between Cd and P

To evaluate the extent of Cd-induced changes and the associ-

ted Cd detoxification systems in the plant, it is important to know
he Cd accumulation in the plant species. Effects of P and Cd addi-
ion on the accumulation of Cd in different parts (roots, stems and
eaves) of M. jalapa were shown in Table 2. According to Table 2,
he Cd concentration in the aboveground parts was higher than

able 2
ffects of P and Cd addition on the Cd accumulation in Mirabilis jalapa L. (mg kg−1)a,b.

reatment of Cd Treatment of P Root

d1 P0 14.65 ± 7.81a
P1 5.61 ± 5.65a
P2 2.03 ± 0.68a
P3 3.68 ± 2.23a
p >0.05
F 2.579

d2 P0 40.72 ± 6.53a
P1 11.56 ± 1.13b
P2 11.64 ± 0.07b
P3 12.8 ± 1.18b
p <0.05
F 36.466

d3 P0 67.93 ± 17.67a
P1 38.10 ± 7.93b
P2 51.80 ± 4.67ab
P3 60.21 ± 2.01ab
p >0.05
F 3.254

a The values in the same column followed by the same letters are not significantly diffe
b Data are means ± S.D. (n = 3).
0.408 0.082 1.568

rent, whereas by the different letters are significantly different at p < 0.05.

that in the roots under various P treatments. Compared with P0,
the Cd accumulation in different parts was inhibited. In particu-
lar, there was the most significant decreased concentration of Cd
under Cd2–P3 treatment. The Cd accumulation in the roots, shoots
and leaves decreased by 69%, 60%, and 74%, respectively. Moreover,
there was an inconsistent trend of Cd accumulation in aboveground
parts and roots of M. jalapa at various P treatments. The Cd accu-
mulation in the roots decreased with an increase in P under various
Cd treatments, while the concentration variation of Cd in the leaves
and shoots was irregular, but there was a remarkable phenomenon
that the content of Cd in plants decreased by at least 50% under
different P treatments.

According to Fig. 1, accumulation of Cd in the aboveground parts
reduced first, then increased with increasing P contents under treat-
ments Cd1 and Cd2. However, the accumulation of Cd was different

under treatment Cd3. Simultaneously, the inhibition of Cd accumu-
lation was not significant. As shown in Fig. 2, the accumulation of
Cd in the roots decreased with increasing P in soil under treatments
Cd1 and Cd2. On the contrary, the Cd accumulation in the roots was
enhanced at various P contents under treatment Cd3.

Shoot Leaf Aboveground

25.70 ± 17.50a 25.22 ± 17.98a 17.74 ± 10.26a
11.62 ± 3.35a 8.460.57a 10.07 ± 1.99a
12.54 ± 3.85a 9.33 ± 3.88a 9.23 ± 1.45a
8.67 ± 6.98a 17.11 ± 4.42a 11.4 ± 3.39a

>0.05 >0.05 >0.05
1.20 1.367 0.969

82.63 ± 20.04a 104.80 ± 45.13a 93.64 ± 32.40a
37.31 ± 14.11b 39.15 ± 3.65b 38.31 ± 8.91b
37.35 ± 7.85b 30.80 ± 0.34b 34.01 ± 3.65b
32.68 ± 2.66b 26.84 ± 2.69b 26.99 ± 1.32b
<0.05 >0.05 <0.05

6.615 5.218 6.555

146.48 ± 65.35a 135.74 ± 46.03a 141.14 ± 55.79a
150.05 ± 1.39a 104.16 ± 0.74a 127.22 ± 0.90a
167.98 ± 18.46a 124.68 ± 21.18a 146.82 ± 0.67a
155.48 ± 8.12a 121.82 ± 3.83a 138.47 ± 5.57a

>0.05 >0.05 >0.05
0.152 0.53 0.173

rent, whereas by the different letters are significantly different at p < 0.05.
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Fig. 1. Accumulation of Cd in leaves and shoots of Mirabilis jalapa L. under P and Cd
interaction.
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ig. 2. Accumulation of Cd in the roots of Mirabilis jalapa L. under P and Cd interac-
ion.

.3. Cd distribution affected by interaction between Cd and P

The translocation factor (TF), defined as the ratio of the metal
oncentration in the shoots to that in the roots [23,24], is used
o evaluate the effectiveness of a plant in translocating Cd from
oots to shoots. To illustrate the metal accumulation efficiency in
he plants, the bioaccumulation factor (BF), which is defined as the
atio of the metal concentration in a plant to the metal concentra-
ion in the soil, was also calculated [25]. TF and BF were expanded
o aboveground/root and aboveground/soil to better understand Cd
istribution in the plants.

As observed in Table 3, TF values of Cd in M. jalapa increased with
ncreasing P concentrations under various Cd treatments, except
reatment P3. The TF values of Cd in M. jalapa were greater than
.8 under treatments P1 and P2, whereas those under treatment P0
ere less than 2.3 in all Cd treatments. However, BF of Cd in M.

alapa reduced with increasing P concentrations. The BF values of
d were greater than 1.0 under treatments Cd1 and Cd3, but less
han 1.0 under treatment Cd2.

It indicated that the transferring efficiency of Cd from roots to

boveground parts of M. jalapa was enhanced under normal P treat-
ents. In other words, the results suggested that P probably played

n important role in the transport of Cd from roots to aboveground
arts of M. jalapa. High P levels in soil could reduce Cd accumu-

able 3
ioaccumulation and translocation factors of Cd in Mirabilis jalapa L. under Cd–P

nteraction.

P0 P1 P2 P3

ranslocation factor
Cd1 1.19 3.27 4.68 3.46
Cd2 2.27 3.37 2.92 2.12
Cd3 2.04 3.41 2.85 2.30

ioaccumulation factor
Cd1 1.77 1.01 0.92 1.14
Cd2 1.87 0.77 0.68 0.54
Cd3 1.41 1.27 1.47 1.38
Fig. 3. Plant-available Cd in the tested soil under Cd–P interaction.

lation from roots to aboveground parts of the plant. On the one
hand, it can be interpreted that the Cd accumulation from roots to
aboveground parts reduced due to inhibition of nutrient elements
(greensickness discussed in plant growth) [24], thus may indirectly
affect on photosynthesis and respiration, On the other hand, Cd can
be adsorbed by soil particles or form a precipitation with P [26].

3.4. Plant-available Cd affected by interaction between Cd and P

It was expected that the addition of P to metal contaminated soil
would provide four potential benefits for M. jalapa, including reduc-
ing the bioavailability of Cd, Pb and Zn, enhancing the bioavailability
of As, providing a source of Ca and P, and increasing soil pH. In
order to further prove the reliability of the interaction between Cd
and P in soil, plant-available Cd in soil was determined. As shown
in Fig. 3, plant-available Cd decreased with increasing P concen-
trations, in particular, when Cd in soil became higher. Concretely
speaking, plant-available Cd under treatments Cd1–Cd3 decreased
from 10, 50 and 100 mg kg−1 at the initial stage of the experiment
to 3, 10 and 50 mg kg−1 at the mature stage of the plants, respec-
tively. Meantime, soil pH increased from 6.82 at the initial stage of
planting the ornamental to 7.21–7.33 after 10 weeks of plant growth
[27].

3.5. P speciation in M. jalapa affected by interaction between Cd
and P

XAFS has been newly used in biological and environmental
science, it has been considered as a powerful and unique tech-
nique to explore the physiological actions of elements in living
plants [28,29]. In order to further prove the reliability of interac-
tion between Cd and P in plants, it is very imminent in application
of P–K edge XANES to investigate various speciation of P in different
parts of M. jalapa.

The P standard for XANES analysis was Ca(H2PO4)2·H2O. The P–K
edge XANES spectra either for plants or for model exhibited no char-
acteristic pre-edge feature (Fig. 4). However, the P–K edge XANES
spectra for model exhibited a unique post-edge shoulder between
2152 and 2156 eV (Fig. 4). The structure of this shoulder was dif-
ferent from aboveground parts and roots in M. jalapa, and it was
more well-defined for hydroxyapatite and octacalcium phosphate
by Hesterberg et al. [30] as a Ca-phosphate feature peak. With-
out the post-edge feature in plants, it indicated that Ca-phosphate
was not present in M. jalapa. On the other hand, there was another
weak post-edge feature between 2158 and 2162 eV in leaves and
shoots, which was different from that in roots. Noted that dis-
tinguishing of P peaks in different parts of M. jalapa, it can be

interpreted as a mechanism of physiology for P in various parts
under Cd treatments. Moreover, the spectrum for shoots exhibits a
stronger white-line peak than those of the roots and leaves, and the
oscillation near 2165 eV was more intense.
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experiment of the usefulness of expecting concentration on the basis of tissue
ig. 4. The difference of the P–K edge XANES spectra between Mirabilis jalapa L. and
he model under 100 mg kg−1 Cd.

. Discussion

The present study shows that the concentration and amount of
d accumulated in M. jalapa treated with Cd and P were inversely
orrelated with the concentration of phosphate as a nutrient sub-
tance, although there were some differences at the high P level.
oreover, the normal level of P (P2 and P3) could promote an

ncrease in the dry biomass of M. jalapa under various Cd treat-
ents. However, the concentration and amount of Cd accumulated

n M. jalapa were both decreased with the increasing dry biomass
f M. jalapa. This further validated the hypothesis proposed in the
revious study that P inhibited the absorption of Cd. In other words,

nteraction between P and Cd both in soils and plants may account
or decreased accumulation of Cd.

As shown in Fig. 3, the concentration of plant-available Cd in
oil was reduced with the increasing P concentrations under var-
ous Cd and P treatments. This phenomenon may be responsible
or the interaction between P and Cd in soil. It can be account for,
n the one hand, several mechanisms that Cd adsorption could be
nduced by H2PO4

− in soils [31–33], including (1) an increase in
egative charges; (2) co-sorption of H2PO4

− and Cd as an ion pair;
nd (3) surface complex formation of Cd on the P compound. On
he other hand, some results showed that addition of P to Cd con-
aminated soil would stimulatively form Cd3(PO4)2 as a deposit.
hus, Cd3(PO4)2 can control the solubility of Cd in P-sufficient soils
34,35]. In this work, the results also indicated that increasing the
mount of P could decrease the content of plant-available Cd, but in
act the translocation of Cd from the roots to the shoots increased,
s showed in Table 3. It meant that most of added Cd could be fixed
n soil, which played an important role in decreasing accumulation
f Cd, but the interaction between P and Cd could not inhibit the
bsorption of Cd in M. jalapa.

In order to evaluate the interaction between Cd and P in plants,
t is important to know the mechanism whether addition of P can
romote the translocation of Cd from the roots to the aboveground
arts of a plant. In this work, addition of external P could obser-
ationally mitigate the structural damage of the ornamental by
d, and at the same time some black deposits accumulated on
he chloroplast [36]. Because of the effect of PO4

3− or HPO4
2−,

he phosphate deposits with Cd may form. Thus, it decreased the

ction of Cd restraining protochlorophyll-isocyanate-reductase and
minohexang-valerianic acid, and both enzymes can become active
n the biosynthesis of chlorophyll [37]. A XANES analysis using the
–K edge XANES spectra which is sensitive to P valence in M. jalapa
s Materials 167 (2009) 38–43

showed that the spectrum of the shoots of the plant species exhib-
ited a stronger white-line peak than that of the roots and leaves.
It further indicated that P in the shoots was related with some
response of physiology under Cd treatments, such as forming a
deposit with P. Meantime, the P spectra in different parts of M.
jalapa was similar with the spectra in the model. It indicated that
P may exist in plants as inorganic phosphate. Thus, this may be an
important evidence for M. jalapa to tolerate Cd due to the deposit
formation of P and Cd in plants.

To sum up, the addition of extra P to Cd contaminated soil could
bring some significant functions. First of all, the immobility of Cd in
soil by interaction between Cd and P decreased the content of plant-
available Cd. Secondly, P promoted the translocation of Cd from the
roots to the aboveground parts of the species and the formation of
some deposits in aboveground parts, which may be the important
mechanisms to reduce the degree of the structural damage by Cd.
These gave indirect proof for the interaction between Cd and P not
only in soil but also in plants, in particular, these may be an aspect
of M. jalapa to accumulate and tolerate Cd. Thus, more mechanisms
should be further investigated.

5. Conclusions

The interaction between P and Cd was investigated either in soil
or in M. jalapa The investigation indicated that the normal level of P
(20–100 mg kg−1) could promote the dry biomass of M. jalapa under
various Cd treatments, especially when the content of added P was
100 mg kg−1. Due to the interaction between Cd and P in soil, the
content of plant-available Cd reduced, and the accumulation of Cd
in the roots and aboveground parts of the species decreased with
increasing P in soil under treatments Cd1 and Cd2. The method using
XANES further proved the reliability of the interaction between
Cd and P in plants, which indicated that the co-existence of Cd-
phosphate may be a way of M. jalapa tolerating Cd toxicity. On the
other hand, the spectrum for the shoots of M. jalapa exhibited a
stronger white-line peak than that of the roots and leaves, and the
oscillation near 2165 eV was more intense. The principle was illus-
trated in the K-XANES spectrum for a plant sample, which indicated
the difference between roots, shoots and leaves. Further studies
are required to investigate relationships between Cd and P in the
Cd-hyperaccumulator.
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