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The objective of this study was to investigate combined effects of Cd and elevated CO2 on growth, phys-
iological and physiochemical characteristics, elemental compositions in Lolium mutiforum and Lolium
perenne grown in soils amended with three Cd concentrations (0, 25, 100 mg kg−1) under two CO2 levels
(375, 810 �L L−1). Elevated CO2 increased net assimilation rate and internal CO2 concentration, and con-
sequently increased total plant biomass by 51 to 31%. At same spiked Cd level, malondialdehyde content
in leaves was lower under elevated than under ambient CO2, whereas superoxide dismutase activity was
admium
levated CO2

hotosynthesis
hytochelatin
yegrass

higher. Elevated CO2 decreased Cd, S, and phytochelatin concentrations in roots and shoots to a various
degree, depending on plant species and element, but the PC–Cd ratio was not affected. It was concluded
that elevated CO2 ameliorated Cd toxicity in both Lolium species under Cd stress, and that the increase
of plant biomass and the alleviation of Cd toxicity with elevated CO2 for the Lolium species may be more
dependent on increased photosynthesis and enhanced antioxidant capacity. Results of the study may

intera
ty to
provide insights into the
with regard to plant abili

. Introduction

The ongoing combustion of fossil fuels has increased the
tmospheric carbon dioxide concentration from 280 �L L−1 to
pproximately 380 �L L−1 since the beginning of industrialization,
nd it is expected to continue increasing in the future, resulting in
lobal warming and global climate change [1]. Elevated CO2 is a new
hallenge for crops, and its continuing increase may cause crops to
evelop specific short-term acclimation and long-term adaptation
esponses [2]. The effects of CO2 on crop growth and development
ight be more important than has been thought. Plants are sensi-

ive and respond directly to elevated CO2 through photosynthetic

ate and stomatal conductance [3]. Elevated CO2 increases net pho-
osynthetic rate, increases carbon assimilation for plant growth and
evelopment [4–5], and decreases photorespiration and oxidative
tress [6–7].

∗ Corresponding author at: Centre for Research in Ecotoxicology and Environmen-
al Remediation, Agro-Environmental Protection Institute, Ministry of Agriculture,
ianjin 300191, PR China. Tel.: +86 22 23003707; fax: +86 22 23003707.
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ction between soil Cd contamination and atmospheric CO2 concentration
grow and remove the Cd from soils.

© 2010 Elsevier B.V. All rights reserved.

Mining and smelting, disposal of sewage sludge and the use of
Cd rich phosphate fertilizers [8,9] have contaminated a large pro-
portion of the agricultural land throughout the world, causing an
increase in the soil concentration of many heavy metals. The situa-
tion is particularly concerning in China where about 2.0 × 107 hm2

of agricultural land is contaminated with heavy metals [10]. Thus,
elevated levels of heavy metals such as Cd in the environment are
a reality today.

As one of the most toxic environmental pollutants [11] cadmium
(Cd) has a strong influence on metabolic activities of crop plants
by inducing a number of physiological changes, such as growth
inhibition, changes in water and ion metabolism, photosynthe-
sis inhibition, enzyme activity changes, and free radical formation
[12]. Even at relatively low concentrations it can exert strong toxic
effects on crops [13]. Cd induces severe oxidative stress by pro-
ducing excessive ROS [14], causing severe damage to membrane
systems, cell organelles and DNA [15,16]. MDA is a major product

of membrane lipid peroxidation, and its level is an indicator of the
extent of oxidative damage [14]. Chlorophyll a and b are impor-
tant factors of photosynthesis inhibition, and their concentration
in plant tissues decreases under abiotic stress environment. It is
known that the decrease of chlorophyll content inhibits plant abil-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:tangshir@hotmail.com
mailto:tangshirong@cae.org.cn
dx.doi.org/10.1016/j.jhazmat.2010.04.043
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same CO2 concentration every seven days and placed randomly in
the OTCs. CO2 enrichment was applied to plants from 8:00 to 17:00
each day of the experiment (13th, May to 4th, July). The total time
of CO2 enrichment was 58 days.

Table 1
General physico-chemical properties of the experimental soil.

Soil properties Values

pH (soil:water: 1:2.5) 5.24
CEC C mol kg−1 7.65
Textural class Silty loam
Total N g kg−1 1.80
Total K g kg−1 2.75
Total P g kg−1 21.6
Total S g kg−1 0.58
Available N mg kg−1 152
Y. Jia et al. / Journal of Hazard

ty to absorb and utilize light energy, and consequently, leads to
educed photosynthesis [17]. There are many environmental fac-
ors that affect chlorophyll a and b contents. The effects of NaCl
alinity, ozone and CO2 levels on chlorophyll a and b contents have
eceived much attention. Geissler et al. [15] found that under ambi-
nt atmospheric CO2 concentrations, rising NaCl salinity caused a
ontinual decrease in chlorophyll a and b. In the high salt treat-
ents, elevated CO2 concentration led to higher contents of all

hree pigments (chlorophyll a and b plus carotenoids). Similar alle-
iation effects of elevated CO2 on stress were observed in plants
rown under O3 and drought stress [18,19]. It is clear that ele-
ated CO2 affects plant growth in either unstressed or stressed
nvironments, but little information is available in the literature
oncerning the combined effect of elevated CO2 and metal con-
amination on plant physiochemical processes. Previous studies
howed that elevated CO2 enhances plant growth in either uncon-
aminated [20,21] or contaminated environments [22,23]. Given
xpected global increases in CO2 concentration and the resulting
hanges in plant physiological and physiochemical processes, the
ffects of heavy metal contamination upon plant growth, devel-
pment and uptake of heavy metals may be different in the near
uture, a possibility already demonstrated for some plant species
22–24].

Since slightly elevated levels of heavy metals in the environment
re more common than severe contamination, the effect of elevated
O2 on growth and development of plants grown in slightly heavy
etal-contaminated soils should receive attention. Currently, there

re few studies reporting the effect of elevated CO2 on plant uptake
f essential micronutrients, such as Cu, Fe, Mn, Zn [22,24–30]. Little
s known about possible effects of elevated CO2 on plant uptake of
on-essential elements such as Cd, especially in terms of the rela-
ionship with phytochelatin concentration in plant tissues under
levated CO2. In spite of efforts to understand the mechanisms by
hich elevated CO2 and metals such as Cu and Cs jointly affect plant

rowth, development, and element uptake [22,23], there is still a
reat deal that remains unknown. The enhanced accumulation of
u and Cs might be related to decreased pH values [22,23] and
hanges in microorganisms [23] under elevated CO2. There is no
ood data regarding changes in photosynthesis and enzyme activ-
ty, and element (Cd and S) and phytochelatin concentrations in
lant species growing under elevated CO2, and the effects this could
ave on alleviating toxicity for metal-stressed plants.

L. multiflorum and L. perenne are frequently studied due to their
bility to survive in metal-contaminated soil and to accumulate
etals [31–35]. Previous research demonstrated their potential

or rehabilitation of degraded soils [34,36]. Understanding their
rowth, gas exchange, leaf pigment composition and metal accu-
ulation responses to elevated CO2 under heavy-metal stress will

mprove our knowledge of metal uptake by the plants and their
urvival in contaminated environments, and also allow compari-
on of the behaviors of L. multiflorum versus L. perenne with regard
o the interaction between metal contamination and elevated CO2.
his can provide important information regarding food safety and
he potential of plants as bioindicators and for phytoremediation.
herefore, in-depth research should be carried out to understand
he tolerance of L. multiflorum versus L. perenne to Cd stress, and its
nteraction with elevated CO2.

The objective of the present study is to investigate how ele-
ated CO2 ameliorates Cd toxicity in terms of changes in biomass,
as exchange and photosynthetic pigments, and through changes
n elemental composition and phytochelatin concentration in L.

erenne and L. mutiforum grown in soils artificially contaminated
ith three levels of Cd (0, 25, and 100 mg kg−1). It is hypoth-

sized that elevated CO2 may increase biomass production and
lleviate Cd stress by altering photosynthetic activities, antioxi-
ant enzymes, element composition, and PC concentrations. To our
aterials 180 (2010) 384–394 385

knowledge, this is the first study carried out to investigate the inter-
active effects of Cd stress and elevated CO2 concentration on key
responses of plants, ranging from element uptake to physiological
processes.

2. Materials and methods

2.1. Tested plant species

Lolium perenne L. and Lolium multiflorum Lam, both C3 species,
were selected for this study because of their high biomass
production, extensive root system, high adaptability, low-cost
management, and potential for use in the remediation of contami-
nated soil.

2.2. Soil preparation and plant growth

The soil used in this study was collected from a long-term exper-
imental rice field at Guangdong province (PR China). The chemical
and physical properties are shown in Table 1. Fresh soil was sieved
to pass a 3-mm sieve and kept in darkness before use. Specified
amounts of Cd (CdCl2·2H2O) in the form of dissolved solution were
added and thoroughly mixed into the soil to give three levels: 0, 25,
and 100 mg Cd kg−1. The spiked soil was then watered to field water
capacity and kept in darkness for three months. Before being trans-
ferred into the pots, the artificially contaminated soil was sampled
randomly and analyzed for Cd concentrations. The actual total con-
centration of Cd in the artificially contaminated soil was measured
to be 0.03, 24.7, 99.5 mg kg−1, respectively, which is very close to
the three targeted levels of added Cd. The balanced soil was then
fertilized with 150 mg kg−1 N, 100 mg kg−1 P and 150 mg kg−1 K,
and transferred into plastic pots (18 cm diameter and 15 cm height),
each containing 2.5 kg dry weight soil.

Seeds of ryegrass (L. perenne and L. mutiforum) were soaked in
1% NaClO for 15 min, washed several times with double-distilled
water, and sown into the moist soil in the pot. Three seeds were
sown in each pot. After germination of the seeds, the pots were
placed into six open top chambers (OTCs), as described in details in
Wu et al. [23]. Three of the chambers were maintained at ambient
CO2 (average of 375 �L L−1 during the daytime, the other three were
ventilated with double CO2 (average 810 �L L−1) air. Six replicates
were established for each treatment, with two placed in each cham-
ber. Pots were randomly switched among the chambers with the
Available P mg kg−1 35.5
Available K mg kg−1 52.1
Total Cd mg kg−1 0.03
Total Cu mg kg−1 41.8
Total Zn mg kg−1 136.9
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.3. Harvest and analysis of Cd in plants

After growth for 58 days, plants were harvested and separated
nto shoots and roots. Roots were soaked in 0.5 mmol L−1 CaCl2 for
bout ten min, and then washed several times with distilled water.
arts of the plant tissues were cut into small pieces (less than 0.5 cm
n length) with stainless steel scissors. For each plant, a subset of
he resulting pieces was randomly selected, wrapped with tin foil,
ash frozen in liquid nitrogen, and stored in darkness at −80 ◦C for
etermination of cysteine, glutathione, phytochelatins, MDA, and
OD. The residual material was dried in an oven at 75 ◦C for 72 h,
eighed and pulverized to a homogeneous powder with a stainless

teel cutter-blender (IKA T2500, Germany).
Subsamples (about 0.3000 g) of the oven-dried plant organs

ere digested in a mixture of HNO3 and H2O2 (8:1, v/v) using a
icrowave digestion method (CEM, Mars: 240/50, America). The

d content in the extractants was determined using an Atomic
bsorption Spectrometer (AAS) and a graphite tube equipped with
n automatic sampler (ZEEnit 700, Analytikjena, Germany). Cali-
ration curves were prepared with commercial standard solutions
f 1000 mg L−1 (Sigma). The reliability of the digestion and analyt-
cal procedure was assessed using blanks and standards as QA/QC
amples.

.4. Determination of chlorophyll and carotenoid content

Chlorophyll and carotenoids were extracted by homogeniz-
ng ca 0.1000 g fresh leaves in chilled ethanol solution (19:1
thanol:water (v/v)), and with the extractant vessels filled to
5 mL. Chlorophyll and carotenoid contents in supernatants were
etermined spectrophotometrically (Specord S600, Analytik Jena,
ermany) at 665, 649 and 470 nm; the calculation method followed
ichtenthaller and Wellburn [37].

.5. Gas exchange

Gas exchange by leaves was measured with a Li-6400 portable
hotosynthesis system (Li-Cor, Lincoln, NE, USA). Measurements
ere carried out at ambient relative humidity (40–60%) and

emperature (28–32 ◦C) in the open top chambers between
:00–11:00 h. Net photosynthetic rate (Pn), transpiration (E), stom-
tal conductance (Gs), and intercellular CO2 concentration (Ci) were
etermined under ambient CO2 (375 �L L−1) and elevated CO2
810 �L L−1) under a light intensities of 1200 �mol photon m−2 s−1.

.6. Determination of cysteine, glutathione and phytochelatins

Samples (approximately 0.2000 g each) of two ryegrass species,
reviously stored at −80 ◦C, were ground in liquid N2 and then
xtracted in 1.8 mL of 5 mmol L−1 DTPA containing 0.1% TFA.
he homogenate was centrifuged at 12,000 × g for 10 min at
◦C. Twenty �L supernatant were mixed with 200 mmol L−1

EPES buffer containing 5 mmol L−1 DTPA (pH 9.0, 650 �L) and
0 mmol L−1 TCEP (25 �L). This reaction mix was pre-incubated at
5 ◦C for 5 min. The derivatization was then carried out by incubat-

ng the samples in the dark for 30 min at 25 ◦C after the addition
f 20 �L of 50 mmol L−1 mBBr, then terminated by the addition
f 100 �L of 1 mol L−1 MSA. The derivatized samples were filtered
ith 0.20 �m nylon syringe filters (Millipore Corp., Bedford, MA,
SA) for HPLC analyses.

The separation of thiol-bimane derivatives was performed using

n Agilent Technologies 1200 series HPLC system (Agilent Tech-
ologies Inc., Germany). The column was an Agilent Zorbax Eclipse
DB-C18 (4.6 mm ID × 30 mm, 1.8 �m particle size, 80 Å; Agilent
echnologies Inc., Princeton, MN, USA; part No. 924975-902). The
emperature of the column oven was maintained at 25 ◦C. The
aterials 180 (2010) 384–394

excitation and emission wavelengths were set at 380 and 470 nm,
respectively. Data were integrated using ChemStation software
(Agilent Technologies Inc., Version B.03.02).

2.7. Sulfur determination

About 10.000 mg oven-dried shoot and root powder was
wrapped with tinfoil, and then analyzed for sulfur by Elemental
Analyzer (Vario EL II, Elementar, Germany).

2.8. Determination of MDA and SOD

Leaf material (0.2000 g) were taken from the −80 ◦C refrigera-
tor, immediately ground in liquid nitrogen in a mortar and pestle,
and homogenized in 3 mL 50 mM potassium phosphate buffer (pH
7.8). After centrifugation at 3500 × g for 10 min (4 ◦C), the super-
natants were assayed for SOD and MDA. The measurement method
for SOD activity follows Beyer and Fridovich [38]; a brief summary
follows. Three mL 50 mM potassium phosphate buffer (pH 7.8) con-
sisting of 13 mM l-methionine, 10 �M Na2-EDTA, 2 �M riboflavin
and 75 �M nitrotetrazolium blue chloride were mixed with 20 �L
enzyme extract in a small transparent glass beaker. The mixture
was illuminated under full sun for 5 min and then analyzed spec-
trophotometrically at 560 nm. One unit of SOD was defined as the
amount of enzyme that caused a 50% decrease of the SOD-inhibited
NBT reduction for every unit fresh weight (U g−1 FW). Lipid perox-
ides were measured by thiobarbituric acid test for MDA according
to Heath and Packer [39]. Supernatent (1.5 mL) was added to 2.5 mL
of 20% Trifuoroacetic acid containing 0.5% thiobarbituric acid. The
mixture was held at 100 ◦C in a water bath for 20 min, cooled
quickly in an ice bath, and then centrifuged at 10,000 × g for 10 min.
The absorbances of the resulting solutions were determined at 450,
532 and 600 nm.

2.9. Tolerance index (Ti)

The tolerance index (Ti) was computed as the shoot or root
biomass on contaminated soils divided by the shoot or root biomass
on uncontaminated soils under elevated CO2 and ambient CO2,
respectively. The tolerance index represents the ability of plants
to survive on Cd contaminated soils under elevated CO2 relative to
ambient CO2.

2.10. Statistical analysis

All experiments were conducted with six replicates, and results
are expressed as mean ± standard deviation (SD). Statistical anal-
ysis was carried out by one-way or two-way analysis using SPSS
(SPSS Inc., USA, version 13.0) and OriginPro (OriginLab Corp., USA,
v8.0724). Differences between treatments were resulted to be sta-
tistically significant when they occurred at P < 0.05.

3. Results

3.1. Growth response

Increasing the Cd concentration in soils decreased shoot and
root dry weight of L. multiflorum and L. perenne regardless of
CO2 concentration (Table 2). Elevated CO2 had positive effects on
biomass production. When compared with the ambient CO2 con-
trol, the increase in total biomass due to elevated CO2 was about

32 and 31% for L. multiflorum and L. perenne, respectively, grown
on the control soil; 37 and 45% on soil amended with 25 mg kg−1

Cd; 46 and 52% on soil spiked with 100 mg kg−1 Cd, respectively.
It was clear that elevated CO2 triggered a greater biomass increase
for the two Lolium species grown under Cd stress than under no Cd
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Table 2
Biomass of L. mutiforum and L. perenne grown on soils spiked with different Cd level under ambient and elevated CO2. Values represent mean ± SD, with 6 replicates per
treatment. Different letters indicate significant differences (P ≤ 0.05) between Cd levels (within one CO2 treatment level), an asterisk indicates significant difference (P ≤ 0.05)
between CO2 treatments (within one Cd level).

Species Tissue Cd Biomass (g) Ti (%) Biomass Increase rate (%)

Ambient Elevated Ambient Elevated

Mutiforum Shoot 0 7.89 ± 0.63 a 10.20 ± 1.02 a* 1.00 1.00 29.3
25 6.58 ± 0.35 b 9.10 ± 0.77 b* 0.83 0.89 38.3

100 2.65 ± 0.67 c 3.80 ± 0.55 c* 0.34 0.37 43.4

Root 0 4.23 ± 0.65 a 5.67 ± 0.81 a* 1.00 1.00 34.0
25 3.32 ± 0.47 a 4.48 ± 0.44 b* 0.78 0.79 34.9

100 1.01 ± 0.07 b 1.56 ± 0.25 c* 0.24 0.28 54.5

Perenne Shoot 0 9.08 ± 0.98 a 11.71 ± 1.58 a* 1.00 1.00 29.0
25 5.64 ± 1.07 b 8.19 ± 1.21 b* 0.62 0.70 45.2

100 1.90 ± 0.52 c 2.93 ± 0.67 c* 0.21 0.25 54.2

Root 0 3.69 ± 0.35 a 4.98 ± 0.39 a* 1.00 1.00 34.4
.83 ±
.94 ±
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100 0.65 ± 0.04 c 0

tress. It should be noted that elevated CO2 generally had a stronger
ositive influence on biomass for L. perenne than for L. multiflorum.
he tolerance index (Ti) showed a greater ability to grow in the
resence of Cd under elevated CO2 than ambient CO2 (Table 2).

.2. Photosynthetic characteristics

.2.1. Gas exchange
Cd affects gas exchange under both ambient and elevated CO2.

e observed a decrease in net assimilation rate of CO2 (Pn) and
tomatal conductance (Gs) in both species with increasing Cd con-
entration in soils (Table 3) (R2 > 0.48 for Pn and R2 > 0.52 for Gs

or regression equations of Pn-soil Cd concentration and Gs-soil Cd
oncentration, respectively, P < 0.05). There was also a numerical,
ut not statistical (P < 0.05) decrease in the transpiration (E) and
UE (Table 3). The Pn and Ci increased under elevated CO2. Under

levated CO2 Gs and E were lower than under the ambient CO2
control) level for the same Cd exposure.

.2.2. Chlorophyll and carotenoid content
Increasing Cd concentrations in soil caused a continual decrease

n the contents of chlorophyll a, chlorophyll b, and carotenoids,
rrespective of CO2 treatment (Fig. 1). With increasing Cd con-
entration in soils, the chlorophyll a/b ratio decreased (R2 > 0.58
or regression equations between the ratio and soil Cd concen-
ration, P < 0.05). There were no differences in all three pigments
or plants grown on soils amended with 0 and 25 mg Cd kg−1

nder either elevated or ambient CO2, but plants grown on soils
mended with of 100 mg Cd kg−1 had higher contents of chloro-
hyll a and b under elevated CO2 than ambient CO2 (Fig. 1A, B). The
hlorophyll a/b ratio was not influenced by elevated CO2 (Fig. 1C,
).

.3. Cadmium and sulfur concentrations

Regardless of plant species and CO2 concentration, Cd concen-
ration in shoots and roots of the two Lolium species increased with
ncreasing soil Cd concentration. Accumulation of Cd by plants was
ound to be Cd concentration and CO2 concentration dependent
Fig. 2). For both plants grown on soils spiked with Cd under either

mbient or elevated CO2, the roots had much higher concentrations
f Cd than the shoots (Fig. 2). In roots of L. perenne, the maximum
mount of accumulated metal was 763 mg kg−1 dw at 100 mg kg−1

d treatment. For L. multiflorum and L. perenne grown under ambi-
nt CO2 on soil amended with 100 mg kg−1 Cd, the Cd concentration
0.50 b* 0.56 0.57 36.0
0.18 c* 0.18 0.19 44.6

was 150 and 179 mg kg−1 in the shoots; and 672 and 763 mg kg−1

in the roots, respectively. Compared to the ambient CO2 control,
under elevated CO2 both Lolium species had decreased Cd concen-
trations in shoots and roots (Fig. 2). The decreased magnitude of Cd
concentration in L. multiflorum and L. perenne grown on soil spiked
with 25 mg kg−1 Cd was 10.3 and 3.8% for the shoots, and 18.6 and
14.7% for the roots, respectively; for those grown on soil spiked
with 100 mg kg−1 Cd, it was 8.4 and 8.9% for the shoots, and 12.5
and 13.9% for the roots, respectively. It is obvious that the magni-
tude of Cd reduction due to elevated CO2 was greater in the roots
than in the shoots.

Sulfur concentration in the roots and shoots increased with
increasing Cd concentration in soils irrespective of plant species
and CO2 concentration (R2 > 0.86 for regression equations between
S and soil Cd concentration, P < 0.05). For the shoots of L. mutiforum
and L. perenne growing on soils contaminated with 100 mg Cd kg−1,
the sulfur concentration increased by 11.6 and 11.9%, and for the
roots by 14.7 and 15.1%, respectively. For the same Cd treatments,
sulfur concentration in the plant organs was lower under elevated
CO2 than under ambient CO2 (Fig. 3).

3.4. Cys, GSH and phytochelatins

As soil Cd concentration increased Cys, GSH, and PC concen-
trations in plant tissues increased (R2 > 0.79, 0.52, and 0.89 for
regression equations of Cys-soil Cd concentration, GSH- soil Cd
concentration, and PCs-soil Cd concentration, respectively, P < 0.05)
regardless of plant species and CO2 treatment (Table 4, Fig. 4). Cys
concentration in the roots and shoots of L. perenne was higher than
that of L. mutiforum in most cases. For the same level of Cd treat-
ment, the concentration of Cys in either roots or shoots was, in
general, lower under elevated CO2 than under ambient CO2. Ele-
vated CO2 had no influence on GSH content in the shoots of L.
mutiforum, but it did affect GSH levels in the shoots of L. perenne,
with GSH being higher under elevated CO2 for each Cd treatment
level than under ambient CO2.

PCs were barely detected in the shoots of the control plants, and
minor amounts of PCs were found in the roots of these plants. With
increasing soil Cd levels, PC concentration in the plant tissues of
both Lolium species increased. For the same level of Cd treatment,

the PC concentration was lower under elevated CO2 than under
ambient CO2 (Fig. 4), but the PC–Cd ratios under Cd stress was not
affected (Table 5). It is interesting to note that PC concentration in
the shoot of L. mutiforum is much higher than that in L. perenne, but
the reverse occurred in the roots (Fig. 4).
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Fig. 1. Photosynthetic pigments in leaves of plants grown on soils spiked with different Cd levels under ambient and elevated CO2. Different letters indicate significant
differences (P ≤ 0.05) between Cd levels (within one CO2 treatment level), an asterisk indicates significant difference between CO2 treatments (within one Cd level).

Fig. 2. Cd concentrations in the shoots and roots of L. mutiforum and L. perenne grown on soils spiked with different Cd levels under ambient and elevated CO2. An asterisk
indicates significant difference between CO2 treatments (within one Cd level).
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Fig. 3. Sulfur concentrations in the shoots and roots of L. mutiforum and L. perenne. Different letters indicate significant differences (P ≤ 0.05) between Cd levels (within one
CO2 treatment level), an asterisk indicates significant difference between CO2 treatments (within one Cd level).

Fig. 4. PCs concentration in L. mutiforum and L. perenne grown under ambient and elevated CO2 . Different letters indicate significant differences (P ≤ 0.05) between Cd levels
(within one CO2 treatment level), an asterisk indicates significant difference between CO2 treatments (within one Cd level).
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Table 3
Gas exchange parameters of L. mutiforum and L. perenne grown different Cd level under ambient and elevated CO2. Pn, net assimilation rate; Gs, stomatal conduction; E,
transpiration; WUE, water use efficiency of photosynthesis; Ci , internal CO2 concentration. Values represent mean ± SD, values of 6 measurements per treatment. Different
letters indicate significant differences (P ≤ 0.05) between Cd levels (within one CO2 treatment level), an asterisk indicates significant difference between CO2 treatments
(within one Cd level).

Species Cd CO2 Pn (�mol m−2 s−1) Gs (mol m−2 s−1) E (mmol m−2 s−1) WUE (�mol mmol) Ci (ppm)

Mutiforum 0 Ambient 13.7 ± 1.2 a 0.160 ± 0.005 a 4.36 ± 0.51 a 2.55 ± 0.20 a 227.7 ± 15.4 a
25 Ambient 11.8 ± 1.1 b 0.143 ± 0.012 b 4.30 ± 0.92 a 2.68 ± 0.38 a 225.7 ± 21.8 a

100 Ambient 10.8 ± 2.1 b 0.142 ± 0.016 b 4.48 ± 0.50 a 2.41 ± 0.26 a 218.0 ± 24.3 a
0 Elevated 16.5 ± 1.2 a* 0.100 ± 0.021 a* 3.36 ± 0.32 a* 4. 58 ± 0.39 a* 481.6 ± 30.7 a*

25 Elevated 14.5 ± 1.4 b* 0.088 ± 0.017 a* 3.30 ± 0.25 a* 4.44 ± 0.38 a* 454.1 ± 51.5 a*

100 Elevated 14.7 ± 0.9 b* 0.071 ± 0.009 b* 3.31 ± 0.39 a* 4. 43 ± 0.43 a* 466.3 ± 65.2 a*

Perenne 0 Ambient 10.0 ± 1.1 a 0.103 ± 0.017 a 2.89 ± 0.24 a 3.32 ± 0.41 a 194.8 ± 39.6 a
25 Ambient 8.5 ± 0.7 ab 0.086 ± 0.022 ab 2.84 ± 0.22 a 3.25 ± 0.37 a 186.2 ± 30.7 a

100 Ambient 8.0 ± 0.6 b 0.067 ± 0.025 b 2.62 ± 0.42 a 3.32 ± 0.53 a 180.1 ± 33.2 a
0 Elevated 14.8 ± 1.0 a* 0.077 ± 0.018 a* 2.25 ± 0.34 a* 5.24 ± 0.54 a* 410.3 ± 42.0 a*

25 Elevated 12.5 ± 1.8 ab* 0.064 ± 0.013 ab* 2.24 ± 0.28 a* 5.17 ± 0.56 a* 389.6 ± 34.3 ab*

100 Elevated 11.1 ± 0.8 b* 0.057 ± 0.007 b 2.10 ± 0.32 a* 5.07 ± 0.86 a* 357.0 ± 32.1 b*

Table 4
Cys and GSH content in L. mutiforum and L. perenne grown under ambient and elevated CO2. Values represent mean ± SD, values of 6 measurements per treatment. Different
letters indicate significant differences (P ≤ 0.05) between Cd levels (within one CO2 treatment level), an asterisk indicates significant difference between CO2 treatments
(within one Cd level).

Species Cd Cys (nmol g−1 FW) GSH (nmol g−1 FW)

Ambient Elevated Ambient Elevated

Shoot Mutiforum 0 19.7 ± 2.1 c 18.0 ± 1.0 c 124.8 ± 13.8 b 118.2 ± 8.4 b
25 37.0 ± 4.0 b 31.9 ± 2.8 b* 160.1 ± 8.7 a 164.7 ± 7.2 a

100 53.0 ± 5.2 a 51.4 ± 2.1 a 162.6 ± 13.6 a 163.7 ± 12.2 a

Perenne 0 42.6 ± 3.2 c 33.0 ± 4.3 c* 52.7 ± 3.8 b 62.4 ± 5.3 c*

25 69.0 ± 2.7 b 45.6 ± 4.1 b* 166.2 ± 10.2 a 206.8 ± 12.6 b*

100 105.8 ± 8.9 a 100.0 ± 8.5 a 171.0 ± 8.1 a 228.8 ± 10.5 a*

Root Mutiforum 0 6.1 ± 0.8 c 5.4 ± 0.4 c 76.7 ± 8.2 c 79.6 ± 5.4 c
25 15.3 ± 0.9 b 12.8 ± 1.0 b* 102.1 ± 8.7 b 90.6 ± 7.2 b

100 31.6 ± 2.0 a 21.0 ± 3.4 a* 150.4 ± 13.6 a 132.1 ± 12.2 a
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Perenne 0 18.6 ± 2.0 c
25 26.2 ± 2.4 b

100 30.2 ± 3.8 a

.5. MDA and SOD

MDA levels in the shoots and roots of L. mutiforum and L. perenne
ncreased (P < 0.01) as Cd concentration increased (R2 > 0.80 for
egression equation of MDA-soil Cd concentration, P < 0.05) in soils
Fig. 5). For L. mutiforum and L. perenne grown on soil amended
ith 100 mg kg−1 Cd, MDA level in the shoots increased by 29.1

nd 37.0% under ambient CO2; and 25.2 and 26.9% under elevated
O2, respectively, compared to the control Cd treatment. There was
decrease in Cd induced MDA under elevated CO2 in comparison
ith the ambient CO2 control.
Increasing Cd concentration in soil increased SOD activity in
lant tissues (R2 > 0.87 for regression equation of SOD-soil Cd con-
entration, P < 0.05) (Fig. 6) regardless of plant variety and CO2
evel. The SOD activity for the same level of Cd was higher under
levated CO2 than ambient CO2. For L. mutiforum and L. perenne,

able 5
Cs–Cd ratio of L. mutiforum and L. perenne grown on soils spiked with different Cd level u
reatment. Different letters indicate significant differences (P ≤ 0.05) between Cd levels (w
etween CO2 treatments (within one Cd level).

Cd Shoot

Ambient

Mutiforum 25 16.50 ± 1.20 a
100 8.01 ± 0.51 b

Perenne 25 1.77 ± 0.34 a
100 1.85 ± 0.14 a
15.7 ± 1.2 c* 46.3 ± 3.8 c 48.5 ± 3.1 c
18.9 ± 1.3 b* 69.9 ± 6.2 b 69.5 ± 4.2 b
30.7 ± 2.6 a 124.2 ± 8.1 a 120.2 ± 10.5 a

the increasing magnitude of SOD activity in the shoots was 59.1
and 61.5% under ambient CO2; 89 and 104% under elevated CO2,
respectively.

4. Discussion

4.1. Plant growth, tolerance index and Cd accumulation

In this study, increasing Cd concentration in soil decreased the
biomass of the two species irrespective of CO2 concentration, espe-
cially for those grown on soil spiked with 100 mg Cd kg−1. We

observed an increase in plant biomass under elevated CO2, and the
relative increase in biomass was greater under elevated CO2 when
soils were contaminated with Cd. The tolerance index for both
Lolium species was greater at elevated than ambient CO2 (Table 2).
These lines of evidence suggested an improvement in Cd tolerance

nder ambient and elevated CO2. Values represent mean ± SD, with 6 replicates per
ithin one CO2 treatment level), an asterisk indicates significant difference (P ≤ 0.05)

Root

Elevated Ambient Elevated

16.81 ± 0.81 a 0.47 ± 0.02 b 0.50 ± 0.05 b
7.77 ± 0.63 b 2.58 ± 0.32 a 2.43 ± 0.25 a

1.76 ± 0.22 a 0.40 ± 0.04 b 0.39 ± 0.04 b
1.80 ± 0.15 a 2.06 ± 0.15 a 2.24 ± 0.20 a



Y. Jia et al. / Journal of Hazardous Materials 180 (2010) 384–394 391

F vated
( en CO

w
C

a
t
t
r
e
t
i
p
s
a
r
t
a
i
t
t
t

4

a

F
(

ig. 5. MDA contents in L. mutiforum and L. perenne grown under ambient and ele
within one CO2 treatment level), an asterisk indicates significant difference betwe

hen plants were grown on Cd contaminated soil under elevated
O2.

Contrary to the increase in biomass, Cd concentrations in roots
nd shoots of both Lolium species were smaller under elevated CO2
han ambient CO2 control (Fig. 2). The decrease in Cd concentra-
ion for both Lolium species might result from the dilution effect,
esulting from rapid plant growth, and this might be an important
xplanation of the increased tolerance index. Loladze [40] showed
hat dilution is a commonly seen phenomenon, well documented
n the literature for the pot studies on the effects of elevated CO2 on
lants where nutrient supplies are limited. Previous research has
hown that elevated CO2 resulted in decreased concentrations of
ll essential micro-elements in plants [21,24–26,28]. Our present
esults showed that for heavy metals, elevated CO2 caused a reduc-
ion in Cd concentration in the two Lolium species, which is in
greement with the report of Guo et al. [27]. Given expected global
ncreases in CO2 concentration, elevated CO2 may help plants bet-
er survive in contaminated soil and reduce the food safety risk due
o CO2-induced reduction and dilution in heavy metal concentra-
ion.
.2. Gas exchange and chlorophyll content

The stimulation of C3 plant growth by elevated CO2 was closely
ssociated with the increase in photosynthesis [3,41–42]. For plants

ig. 6. SOD activities in L. mutiforum and L. perenne grown under ambient and elevated
within one CO2 treatment level), an asterisk indicates significant difference between CO
CO2. Different letters indicate significant differences (P ≤ 0.05) between Cd levels
2 treatments (within one Cd level).

grown under unstressed environments, exposure to elevated CO2
increased Pn, WUE, and Ci, and decreased Gs [43–45]. The increase
in leaf photosynthesis due to the higher Ci under elevated CO2 was
sufficient to offset the decrease in leaf photosynthesis resulting
from the lower Gs [45]. The stimulation of Pn by elevated CO2, how-
ever, was different under stress conditions. For example, ozone and
drought tended to enhance the response whereas low N reduced
the responses [44,46]. In general, decreases in Gs under elevated
CO2 were exacerbated by low N and drought stress [44,46,47].
In our present experiment, the Pn, WUE and Ci values in leaves
of L. perenne and L. multiflorum under elevated CO2 were higher
than under ambient CO2, while the Gs and E were lower under
elevated CO2 than ambient CO2 for the same level of Cd treat-
ment (Table 3). This indicated that elevated CO2 increased Pn of the
two Lolium species irrespective of Cd treatment, although Gs and
E decreased to some degree. We showed that the stimulation of
Pn in the two Lolium species under elevated CO2 caused increased
growth (Table 2). For plants grown at the same level of CO2, Cd
stress reduced the stimulation of photosynthesis by elevated CO2
and exacerbated the decrease in Gs (Table 3). Enhanced photosyn-
thesis under elevated CO2 could be favorable for ryegrass growth

and development, and beneficial to alleviate the negative effects of
Cd stresses to a certain extent. Similar results were reported in Li
et al. [48] who found that enhanced photosynthesis under elevated
CO2 alleviate the negative effects of drought stresses in cucumber.

CO2 . Different letters indicate significant differences (P ≤ 0.05) between Cd levels
2 treatments (within one Cd level).



3 ous M

t
o
w
t
C
l
C
n
b
1
e
i
h
p
e

4

i
s
t
t
n
o

t
d
T
d
e
i
t
g
k
t
e
p
h
t
s
T
C
r
e
s
o
t

4

v
p
t
s
a
i
t
m
I
b
C
h
c

92 Y. Jia et al. / Journal of Hazard

A survey of published literature revealed that little informa-
ion is available concerning the effect of metal and elevated CO2
n chlorophyll a and b contents. Our present study showed that
ith increasing Cd concentration in soils, chlorophyll a and b con-

ents in both of the tested Lolium species decreased regardless of
O2 concentration (Fig. 1). When compared with the ambient CO2

evel, plants grown under elevated CO2 on soils not amended with
d or amended at the lowest level of Cd (i.e. 25 mg kg−1 Cd) showed
o statistically detectable variation in chlorophyll a and b contents,
ut for those grown on soils amended with a high level of Cd (i.e.
00 mg kg−1 Cd), chlorophyll a and b contents were higher under
levated than under ambient CO2. This suggested that elevated CO2
mproved plant ability to absorb and utilize more light energy at
igh levels of Cd, and as result, enhances photosynthesis, which
rovides a partial explanation for the biomass stimulation under
levated CO2 at higher Cd levels.

.3. Oxidative stress

In the present study, we showed that MDA concentration
ncreased under Cd stress regardless of CO2 concentration (Fig. 5),
howing that increasing Cd enhanced membrane lipid peroxida-
ion in the two evaluated Lolium species. For the same level of Cd
reatment, a clear decrease in MDA content under elevated CO2 was
oted, suggesting that elevated CO2 could help alleviate Cd induced
xidative damage.

ROS can be efficiently eliminated by non-enzymatic (glu-
athione, ascorbate, �-tocopherol and carotenoids) and enzymatic
efense systems, such as SOD, and peroxidase (POD) [12,49–51].
hese ROS-eliminating materials protect plants against oxidative
amage [51]. Superoxide dismutase, the first major antioxidant
nzyme in the detoxifying process [52], converts superoxide rad-
cals to H2O2 at a very fast rate [53]. Carotenoids are considered
o be antioxidants against free radicals since they can remove oxy-
en from the excited chlorophyll–oxygen complex [54]. GSH is a
ey factor in defense against hydrogen peroxide. It is an impor-
ant intermediate material during the cycle of GSH-GSSH and it can
ffectively remove H2O2 [55,56]. The increase in antioxidant com-
ounds and related enzyme activities under heavy-metal stress can
elp plants to better survive stressed environments. We showed
hat elevated CO2 increased SOD activities in leaves of two Lolium
pecies and GSH concentration in leaves of L. perenne (Fig. 6 and
able 4). This evidence suggested that elevated CO2 could alleviate
d induced oxidative damage by increasing the expression of genes
elated to production of antioxidant molecules and antioxidant
nzymes activities. Similar studies can be found in the literature,
howing the effect of elevated CO2 on oxidative damage caused by
ther environmental stressed factors such as salt, drought and high
emperature [57,58].

.4. Cd and PCs

Plants have evolved numerous defense systems that can be acti-
ated to deal with against Cd stress [59]. Of the detoxification
athways activated in plants under Cd stress, phytochelatin syn-
hesis is of prime importance for allowing plants to tolerate and
urvive in Cd-stressed environments, and cysteine and glutathione
ct as the most important precursors for PC synthesis [60,61]. It
s now known that PC synthesis is related to Cd content in plant
issues [62,63], and includes chelation of Cd by PCs and compart-

entalization of the PCs–Cd compounds into the vacuoles [64,65].

n our study, the decrease of PC under elevated CO2 was proba-
ly due to the lower Cd concentration, compared with the ambient
O2 control. Plants grown on Cd spiked soil under elevated CO2
ad lower Cd concentrations than the ambient CO2 control, and
onsequently, less PC was needed to complex Cd in plant tissues
aterials 180 (2010) 384–394

for Cd detoxification in the case of elevated CO2. This may explain
why plants exposed to the same Cd level and grown under elevated
CO2 had greater biomass increases than those under ambient CO2
(see Table 2). Since the synthesis of PCs is energy expensive and
requires consumption of significant growth limiting elements such
as sulfur and nitrogen [64], less synthesis of PCs under elevated
CO2 might save more energy to the benefit of the plant growth and,
consequently, the plants might grow much better under conditions
of elevated CO2 and Cd stress. This may provide a partial explana-
tion for the alleviation of Cd toxicity for Cd-stressed plants growing
under elevated CO2, and the plant biomass increase as well. More
work is needed to investigate this phenomenon. It should be noted
that phytochelatin concentration in the shoots of L. mutiforum is
much higher than that of L. perenne for the same Cd level, but the Cd
concentration in the shoots of both plant species is generally within
the same range. It was speculated that PC synthesis is related not
only to Cd concentration in plant tissues, but also plant genotype
(species).

As an essential macronutrient, sulfur plays an important role in
regulation of plant growth and development [65]. It is now known
that S metabolism tightly regulates the biosynthesis of PCs in plants.
Phytochelatin synthesis involves regulation of sulfate assimilation-
reduction and GSH metabolism when plants are stressed by Cd [66].
The addition of S may enhance the stability of the PC–Cd2+ complex
and the tolerance of plants to Cd [67]. Our results indicated that
sulfur concentration in the roots and shoots of both Lolium species
increased with increasing Cd concentration in soil regardless of CO2
concentration, suggesting that with increasing Cd concentration in
soil both S assimilation and PC synthesis were enhanced, as shown
by the increased PC concentration in the plant tissues. In the case
of elevated CO2, sulfur concentration in the roots and shoots of
both species was lower under elevated than under ambient CO2.
This reduction relationship correlated with PC concentration, sug-
gesting that the decrease in sulfur in the tissues of Cd-stressed
plants under elevated CO2 was closely related to reduction in PC
concentration.

Unfortunately, very limited data are available in the literature
regarding the dilution phenomenon, especially regarding possible
relationships between elemental composition and PC concentra-
tion. Our present experiment showed that elevated CO2 decreased
the concentration of two-elements (Cd and S) and phytochelatins
in plant tissues, in comparison with the CO2 control. Although
the magnitude varied substantially, the synchronous changes in
elemental concentration and phytochelatin levels in plant tissues
might partially explain the mechanism by which elevated CO2
reduced Cd toxicity in both Lolium species when grown under Cd
stress.

5. Conclusions

The results of this study showed that elevated CO2 increased
biomass production and tolerance index values of L. multiflorum and
L. perenne compared to the ambient CO2 control conditions, sug-
gesting reduced Cd toxicity for plants grown on Cd contaminated
soils under elevated CO2. The stimulation of growth under elevated
CO2 was closely associated with the increase in photosynthetic rate,
perhaps related to the increase in chlorophyll a and b contents. For
both Lolium species grown on soils contaminated with various lev-
els of Cd, MDA content and element (Cd and S) concentrations were
lower but the photosynthetic pigment levels and SOD activity in the

leaves were higher under elevated CO2 than under ambient CO2.
These findings suggested that elevated CO2 increased antioxidant
gene expression and enzyme activities and therefore, alleviated Cd
induced oxidative damage. PC synthesis was only related to Cd con-
tent in plant tissues, but elevated CO2 did not change the PC:Cd



ous M

r
a
w
a

i
b
t
f
s
m
t
f

A

B
P

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Y. Jia et al. / Journal of Hazard

atio. This leads us to speculate that plant biomass increase and the
lleviation of Cd toxicity for Cd-stressed plants under elevated CO2
as more dependent on increased photosynthesis and enhanced

ntioxidant capacity than PC synthesis.
The knowledge gained in this investigation constitutes an

mportant advancement in our understanding of the interaction
etween soil metal contamination and atmospheric CO2 concen-
ration with regard to plant ability to grow and remove the Cd
rom soils. However, similar research with a wider range of plant
pecies is required to provide an in-depth understanding of the
echanisms involved, and more work needs to be done to inves-

igate the potential applications of these findings to food safety or
or phytoremediation practices.
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