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Abstract The effects of elevated CO, on metal species and
mobility in the rhizosphere of hyperaccumulator are not well
understood. We report an experiment designed to compare the
effects of elevated CO, on Cd/Zn speciation and mobility in
the rhizosphere of hyperaccumulating ecotype (HE) and a
non-hyperaccumulating ecotype (NHE) of Sedum alfredii
grown under ambient (350 ul I'") or elevated (800 pl 1)
CO, conditions. No difference in solution pH of NHE was
observed between ambient and elevated CO, treatments. For
HE, however, elevated CO, reduced soil solution pH by 0.22
unit, as compared to ambient CO, conditions. Elevated CO,
increased dissolved organic carbon (DOC) and organic acid
levels in soil solution of both ecotypes, but the increase in HE
solution was much greater than in NHE solution. After the
growth of HE, the concentrations of Cd and Zn in soil solution
decreased significantly regardless of CO, level. The visual
MINTEQ speciation model predicted that Cd/Zn—-DOM com-
plexes were the dominant species in soil solutions, followed
by free Cd** and Zn>" species for both ecotypes. However,
Cd/Zn-DOM complexes fraction in soil solution of HE was
increased by the elevated CO, treatment (by 8.01 % for Cd
and 8.47 % for Zn, respectively). Resin equilibration experi-
ment results indicated that DOM derived from the rhizosphere
of HE under elevated CO, (HE-DOM-E) (90 % for Cd and
73 % for Zn, respectively) showed greater ability to form
complexes with Cd and Zn than those under ambient CO,
(HE-DOM-A) (82 % for Cd and 61 % for Zn, respectively) in
the undiluted sample. HE-DOM-E showed greater ability to
extract Cd and Zn from soil than HE-DOM-A. It was
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concluded that elevated CO, could increase the mobility of
Cd and Zn due to the enhanced formation of DOM-metal
complexes in the rhizosphere of HE S. alfredii.
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Introduction

Human activities, particularly burning fossil fuel, have in-
creased atmospheric carbon dioxide (CO,) and the concentra-
tion is predicted to double by 2100 (IPCC 2007). A large
number of studies have shown that plants generally respond to
elevated CO, concentration with increased biomass produc-
tion, water and nutrient use efficiency (de Graaff et al. 2007;
Hungate et al. 1999; Kimball et al. 1995; Mishra et al. 2012),
and photosynthetic rate (Cousins et al. 2003; Luttge 2004).
The effects of CO, enrichment on plant growth and physio-
logical performance are diverse and complex, depending on
the carbon fixation pathway (Kérner 2001). According to the
carbon fixation pathway, three functional groups can be dis-
tinguished, i.e., C3, C4 and CAM. For C; plants, elevated CO,
concentration will reduce photorespiration, enhance photo-
synthetic CO, exchange rate and increases carbon assimilates
for plant growth and development, and hence increase growth
and yield (Dijkstra et al. 2002). Although C, plants represent
only 1 % of the total terrestrial plant species, however, about
21 % of gross primary productivity is provided by C, plants
(Cerling et al. 1997). Thus, research on plant responses to
rising atmospheric CO, concentration and climate changes
has primarily focused on C; and C,4 species, relatively few
studies have been conducted on the effects of elevated atmo-
spheric CO, concentrations on CAM plants.

On the other hand, contamination of natural and agricul-
tural soils with heavy metals is another serious problem
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throughout the world (Peris et al. 2007). Anthropogenic ac-
tivities in modern society including mining, smelting, land
application of sewage sludge, fertilization, and reclaimed wa-
ter irrigation have accelerated soil contamination by heavy
metals (Khan et al. 2000; Terzano et al. 2007). The remedia-
tion of contaminated soil is necessary not only to preserve the
soil resource but also to safeguard human health (Kramer
2005; Vangronsveld et al. 2009). Elevated CO, concentration
has a profound impact on plant growth and development in
metal polluted soils (Noyes et al. 2009). Thus, the responses of
plants to elevated CO, under heavy metals stress have been
investigated by several researchers (Li et al. 2010; Guo et al.
2011; Rodriguez et al. 2011). In the majority of cases, elevated
CO, had a stimulatory effect on plant growth and metal
uptake. For instance, Li et al. (2010) reported that elevated
CO, levels decrease Cu concentrations in six rice varicties
grown in contaminated soils, but increase Cd levels in three
rice varieties. Rodriguez et al. (2011) found that elevated CO,
significantly increased the total biomass production in soy-
bean plants grown in fly ash amended soils and found signif-
icantly higher concentrations of Cu Ni, Pb and Zn in roots,
stems and seeds under elevated CO, condition. Guo et al.
(2011) reported that elevated CO, levels led to higher Cd
concentrations in shoots and grain of both rice and wheat
varieties grown in contaminated soil. These studies have been
conducted with respect to food safety for crops, and demon-
strate that elevated CO, will greatly influence crop quality
through altering the dynamics of the relationships between
soil components, rhizosphere microbes and crops (Guo et al.
2011; Rodriguez et al. 2011).

Recently, some studies have been conducted from the
viewpoint of phytoremediation. For instance, a variety of plant
species including Indian mustard, Petridium revolutum,
Sorghum, Trifolium, Pinus densiflora, Lolium mutiforum and
Lolium perenne were shown to produce large biomass and/or
remove significant amount of heavy metals from polluted soil
under elevated CO, level (Jia et al. 2010; Kim and Kang 2011;
Tang et al. 2003; Wu et al. 2009; Zheng et al. 2008). These
studies highlight that elevated CO, have positive implications
for improving phytoremediation efficiency. However, to our
knowledge, most of these studies were conducted with C3 or
C, species, further research with a wider range of plant spe-
cies, such as CAM plant, is required for a better understanding
of the potential applications of these findings for
phytoremediation practices. Moreover, understanding how
hyperaccumulator species respond to future rise in atmospher-
ic CO, concentration and changing climate will be a challeng-
ing opportunity for plant science research.

A better understanding of the mechanisms by which ele-
vated CO, affect metal accumulation in plants will provide an
improved knowledge on how elevated CO, influences the
plant-microbe—metal interactions in polluted soils. Recent
studies have shown that increased root exudation and/or its
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consequence on biochemical features of rhizosphere soils
caused by elevated CO, could facilitate heavy metal accumu-
lation by increasing nutrient cycling and availability, metal
mobilization, plant growth, and/or improving soil quality
(Rajkumar et al. 2013). For instance, Lieffering et al. (2004)
pointed out that increased Fe, Zn and Mn bioavailability due
to the increasing dissolved organic carbon (DOC) concentra-
tions accounted for increased Fe, Zn and Mn uptake by rice
plant under elevated CO, condition. Wu et al. (2009) ex-
plained that CO, induced Cs uptake in Sorghum and
Trifolium species can be attributed to CO, mediated decrease
in the rhizosphere soil pH as a result of greater root exudation
of carbonic acid. Recently, Guo et al. (2011) and Kim and
Kang (2011) also found a similar effect on the uptake of Pb by
Pinus densiflora and Cd by rice plants under elevated CO,.
Although researches have shown that CO, induced alteration
in the rhizosphere processes such as increasing root exudation
by the plant roots, lowering the rhizosphere soil pH play
significant role on metal mobilization and its uptake by plants,
experimental evidence supporting the above explanations is
still lacking.

Sedum alfredii, a Crassulaceae species, originally grown in
a Pb/Zn mined area of South China, is the first non-
Brassicaceae Zn/Cd hyperaccumulator identified so far
(Yang et al. 2004). It is a good candidate for phytoremediation
of metal-contaminated soil, due to its rapid growth, asexual
propagation, and high biomass yield (Li et al. 2012a).
Previous study showed that elevated CO, not only facilitate
S. alfrediiroot growth, but also enhance total uptake of Cd and
Zn (Lietal. 2012a). Moreover, bioavailability of Cd and Zn in
the rhizosphere of S. alfredii increased significantly under
elevated CO, due to increased dissolved organic matter
(DOM) (Li et al. 2013a). These results indicated that elevated
CO, induced DOM in the rhizosphere of S. alfrediiplays a key
role on metal mobilization and its uptake by plants. However,
the mechanism involved in this process has never been char-
acterized. The objectives of this study were (1) to investigate
the effects of elevated CO, on Cd and Zn speciation in
rhizosphere of S. alfredii and (2) to investigate the effects of
DOM from the rhizosphere of S. alfredii under elevated CO,
on Cd and Zn mobility. The results of this study will improve
our understanding of the mechanisms by which S. alfredii
mobilizes and uptake Cd and Zn from soil under elevated
CO..

Materials and methods
Plant material and soil characterization
The hyperaccumulating ecotype (HE) of S. alfredii was col-

lected from an old Pb/Zn mine area in the city of Quzhou
(29°17'N, 118°56'E), Zhejiang, China, and the non-
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hyperaccumulating ecotype (NHE) of S. alfredii was obtained
from a tea garden in Hangzhou (30°18'N, 120°12'E),
Zhejiang, China. Plants were grown in non-contaminated soil
for several generations to minimize internal metal concentra-
tions. The healthy and equal sized plant shoots were selected
and grown for 3 weeks in the greenhouse using a basic
nutrient solution (Li et al. 2012a). Plants were grown under
glasshouse conditions with natural light, day/night tempera-
ture of 26/20 °C and day/night humidity of 70/85 %.The
nutrient solution was aerated continuously and renewed every
3 days.

The paddy soil used in the pot experiment was collected
from an abandoned site in Fuyang county of Hangzhou,
Zhejiang, China. The site was heavily contaminated with Cd
and Zn due to mining activities and not suitable for crop
growth. The chemical and physical properties are shown in
Table 1.

Design of the pot experiment

This was a continued study from our earlier experiments (Li
etal. 2013a). The soil used in the pot experiment was collected
from the surface layer (0-20 cm), air-dried, ground and sieved
by 4-mm mesh. Soil samples (2.0 kg) were placed in each
plastic pot (15 cm in diameter and 18 cm in height). The soil
was then left to equilibrate outdoors under a waterproof tar-
paulin for about 2 weeks after being moistened to 70 % field
capacity. After pre-culturing for 2 weeks in hydroponic solu-
tion, four S. alfredii plants were transplanted in each pot.
Control pots without plants were included. All pots were
transferred into growth chambers (Conviron® E7/2) at a hu-
midity of 70 %, with day and night temperatures of 26 °C and
20 °C, respectively. The average light intensity was main-
tained at 180 umol m > s ' during a 14-h light cycle. Four
chambers were employed in this study, two of the chambers

Table 1 Physical and

chemical characteristics pH* 6.86

of the soil used in this Organic matter (g kg ') 26.2

experiment Total N (g kg ") 1.40
Total P (g kg ") 0.80
CEC® (cmol kg™ 922
Total Cd (mg kg ™) 17.6
Total Zn (mg kg ) 1860
NH4NOs-extractable 0.36

Cd (mgkg )

NH4NOs-extractable 3.40

#1:2.5 soil/water ratio Zn(mg kg ")

® Cation exchange Particle size distribution(g kg ')

capacity Sand® 288

¢Sand (2-0.02 mm), silt Silt 340

(0.02-0.002 mm), and Clay 372

clay (<0.002 mm)

were maintained at ambient CO, (350 pl 1Y), the other two
were maintained at elevated CO, (800 pl 1) Each growth
chamber has two completely independent growth sectors, thus
four replicates were established for each treatment, with one
pot placed in each growth sector. Total CO, treatment time
was 60 days.

Soil solution extraction and analysis

Prior to harvest, each pot was saturated with Milli-Q water and
allowed to equilibrate for 24 h for further extraction of field
moisture. After harvest of the plants, soil solution was collect-
ed following centrifugation. The moist soil was packed into
25-ml filtration tubes. Soils were then centrifuged at 8,000x g
for 30 min with the filtration tube inside a 50-ml centrifuge
tube that contained a small spacer in the bottom. Extracted
solutions were then centrifuged at 12,000 x g for 30 min and
filtered through a 0.45-pum membrane filter. DOC in soil
solution was determined immediately after the isolation of
soil solution using a total organic carbon analyzer (TOC-
5050A; Shimadzu, Japan). The solution pH was measured
using an Orion model 720A pH meter (Orion Research Inc.,
Boston, MA, USA). The concentrations of total Ca, Mg, K,
Na, Cd and Zn were determined by inductively coupled
plasma atomic emission spectrometry (ICP-AES, iCAP 6000
SERIES; Thermo Scientific), and the concentrations of anions
(Cl1, SO4>", and NO; ) were analyzed by Ion
Chromatography (LC-20A; Shimadzu, Japan). In order to
determine organic acid, the extracted solutions was allowed
to pass first through a cation exchange column filled with 5 g
Amerlite IR-120B resin (H" form; Muromachi Chemical,
Tokyo, Japan) and then through an anion exchange column
filled with 1.5 g Dowex 1x8 resin (100-200 mesh, formate
form). The organic acid anions retained in the anion exchange
resin were eluted with 20 ml of 1 M HCI, and the eluent was
freeze-dried (FreezZone 12; LABCONCO, USA). The resi-
due was re-dissolved in 1 ml of mobile phase and filtered
(0.2 um) before analysis. The organic acid anions were de-
tected by HPLC (Agilent 1100, USA) with mobile phase of
15 mM KH,PO, (pH2.5).

Cd and Zn speciation in soil solution

The speciation of Cd and Zn in soil solution was assessed by
calculation using Visual MINTEQ version 3.0, which is the
Windows version of the MINTEQA2 model (Gustafsson
2011). The modeling was performed using soil solution pH,
anions (Cl~, SO4%, and NO5 ) and total dissolved Ca, Mg, K,
Na, Cd and Zn as input data (Cornu et al. 2011). The NICA-
Donnan model was used to evaluate the metal binding to
DOM. The modeling was made using generic NICA-
Donnan parameters optimized for fulvic acid (FA) and humic
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acid (HA) (Milne et al. 2003). The DOM was simulated by
65 % FA and 35 % HA.

Complexation of Cd and Zn by dissolved organic matter

After harvest of the plants, DOM in the soil was extracted
according to the method of Jones and Willett (Jones and
Willett 2006). Field moist soil was extracted with deionized—
distilled water using a solid/water ratio of 1:2.5 (w/v) on a dry
weight basis and shaken at 200 rpm for 2 h at 20 °C on a
reciprocal shaker. The suspension was centrifuged at 10,000 x
g for 25 min, and the supernatant was filtered through a
0.45-um membrane filter. The samples were stored in the dark
at 1 °C. DOC, anions, heavy metals and major cations were
determined as described above. Complexation of Cd and Zn
by DOM was measured using a resin equilibrium method, and
the experimental process has been described in detail by Li
et al. (2012b). In brief, the complexation of Cd and Zn by
DOM was assessed by equilibrating 150 mg resin with 25 ml
of solution (a sample solution that containing different con-
centrations of DOC in its original matrix, or a reference
solution that is DOC-free but is otherwise identical to the
DOC-containing sample). The degree of DOC—metal com-
plexation is defined as (1- K4 poc/Kar) % 100 %, where K4 poc
is the distribution of metal between the solution and the resin
in the presence of DOC, Kyr is the distribution of metal
between the solution and the resin in the absence of DOC.
In addition, Visual MINTEQ version 3.0 was used to calculate
the degree of DOC—metal complexation in sample solution
that containing different concentrations of DOC in its original
matrix. The solution was prepared by dilute the original DOM
using deionized—distilled water. The modeling was performed
using solution pH, anions and total dissolved Ca, Mg, K, Na,
Zn, and Cd as input data (Cornu et al. 2011).

Metal mobilization tests

An extracting experiment was conducted to evaluate the effect
of DOM from the rhizosphere of S. alfredii under elevated
CO, on metal mobility. The DOM was filtered through a
0.45-um filter and subsequently through a sodium type of
cation exchanger (Chelex-100 resin, 200400 mesh; Bio-
Rad, USA) to remove cations (e.g., Cd*", Zn*", Ca*",
Mg?"). The filtrates were stored at 4 °C before use. Two grams
of paddy soil was placed into 50-ml polyethylene centrifuge
tubes and equilibrated with 20 ml of DOM. Deionized water
was added to each soil as a control. The suspensions were
shaken on a reciprocal shaker at 200 rpm and 25 °C for 2 h and
then centrifuged at 5,000xg and filtered through a 0.45-um
filter. Cd and Zn concentrations in the filtrates were deter-
mined by ICP-AES (iCAP 6000 SERIES; Thermo Scientific).
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Data analysis

All data were statistically analyzed using the SPSS package
(Version 16.0). The data were analyzed with a two-way anal-
ysis of variance (ANOVA). Differences were considered sig-
nificant at P<0.05. Means of significant difference were sep-
arated using least significant difference (LSD, P<0.05) or ¢
test.

Results and discussion

Effect of elevated CO, on physico-chemical properties of soil
solutions

Solution pH is considered to be one of the most important
chemical factors controlling metals speciation in soil solution.
At the end of the experiment, solution pH was slightly de-
creased in soil planted with NHE S. alfredii under both ambi-
ent and elevated CO,, as compared to the control, but no
difference was observed between ambient and elevated CO,
treatments (Table 2). For HE S. alfredii, however, soil solution
pH was decreased significantly for both ambient and elevated
CO, treatments, moreover, the decrease in elevated CO, treat-
ment (by 0.51 units) was greater than in ambient CO, treat-
ment (by 0.29 units). This result is in accordance with previ-
ous studies on sunflower and Indian mustard (Tang et al.
2003), Sorghum vulgare (Wu et al. 2009), pine (Kim and
Kang 2011), and rice (Li et al. 2010; Guo et al. 2011). In
general, decreased soil solution pH tends to reduce the ad-
sorption of heavy metals onto soil organic matter and clay
mineral particle, resulting in more release of heavy metals into
the soil solution. In this study, the soluble Cd and Zn in soil
solution extracted from soil planted with HE S. alfredii in-
creased significantly by elevated CO, (Table 2). This result
suggested that elevated CO, can facilitate rhizosphere acidi-
fication and increase metal bioavailability, thereby increasing
metal uptake by HE S. alfredii.

Lowering of rhizosphere pH has been attributed to the
release of H' and organic acids by plants causing acidification
of the soils (McGrath et al. 1997). In this study, the reduction
in solution pH was probably due to increased release of root
exudates, which was consistent with the increased DOC de-
rived from root exudation of HE S. alfredii (Tables 2 and 3).
For both ecotypes of S. alfredii, the DOC concentration in soil
solution was increased by elevated CO,, as compared with
ambient CO,, but the increase in the HE S. alfredii (by 30.1 %)
was much greater than in the NHE S. alfredii (by 12.2 %) This
result is consist with Kim and Kang (2011) who pointed out
that DOC concentrations in the rhizosphere of pine increased
significantly by elevated CO,. Previous studies have shown
that DOC released from plant roots can release the heavy
metals from sorbents, sediments, and soil through DOC—metal
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Table 2 Main physico-chemical parameters of the soil solutions in metal polluted soil after the growth of two ecotypes of S. alfiedii grown under
ambient (350 pl 1) or elevated (800 pl 1™") CO, conditions

Soil solution pH DOC Ca Mg K Na soluble Cd soluble Zn
(mg1™) (gl

HE S. alfredii Ambient CO, 6.55 101.6 337 272 19.3 183 47.3 136.7
Elevated CO, 6.35% 132.2% 284 23.5 17.2 16.9 54.5% 155.3%

NHE S. alfredii Ambient CO, 6.76 92.6 335 26.5 21.8 212 67.8 206.7
Elevated CO, 6.70 103.9% 31.6 244 20.2 19.9 69.0 200.8

Control soil Ambient CO, 6.84 80.5 34.5 29.5 20.8 21.8 69.3 1924
Elevated CO, 6.86 84.6 324 29.4 225 232 67.7 189.8

Data are means of four replicates

*Significant differences (P<0.05) between ambient and elevated CO, treatments

complexation reaction, and then increase the mobility of
heavy metals (Fitz et al. 2003; Li et al. 2012b). Thus, we
propose that elevated CO, can increase DOC in the rhizo-
sphere of HE S. alfiedii and thereby increase the bioavailabil-
ity of Cd and Zn.

Guo et al. (2011) proposed that elevated CO, increase
exudation of low-molecular-weight organic compounds by
the roots of rice. This result was also verified in present study
(Table 3). In general, the total organic acid in soil solution of
HE S. alfrediiwas higher than that of NHE S. alfredii. For both
ecotypes of S. alfredii, the total organic acid in soil solution
was increased by elevated CO,, as compared with ambient
CO,, but the increase in the HE S. alfredii (by 23.8 %) was
much greater than in the NHE S. alfredii (by 8.4 %). The low
molecular weight organic acid (LMWOA) detected in all soils
solution included oxalic acid, malic acid, citric acid and acetic
acid, together with tartaric acid which were only detected in
soil solution of HE S. alfredii (Table 3). LMWOA released by
plant root, have the ability to form complexes with heavy
metals, so they are likely to increase the solubility and
phytoavailability of metals in soil (Tu et al. 2004). The present
result indicated that elevated CO, could promote the secretion
of low-molecular-weight organic acids by HE S. alfredii, es-
pecially for oxalic acid, tartaric acid and citric acid, and thus
increase the solubility of Cd and Zn.

The concentration of Cd, Zn, Mg, Ca, Na and K in soil
solution was determined for both ecotypes of S. alfredii
(Table 2). Soluble Mg, Ca, Na and K in soil solution were
generally smaller after the growth of S. alfredii under both
ambient and elevated CO,, as compared to control soil, but the
difference was not significant for both ecotypes. For NHE
S. alfredii, no significant changes in soluble Cd and Zn were
observed under both ambient and elevated CO,, as compared
with the control soil solution. In contrast, the concentrations of
Cd and Zn in soil solution decreased significantly (P<0.05)
after growth of HE S. alfredii, regardless of CO, level. This
consistent with previous study that the labile Cd and Zn
fraction (1 M NH4NO;-extractable) was depleted due to ex-
cessive Cd and Zn uptake (Li et al. 2013a). It’s important to
point out that, the decreases under ambient CO, (31.7 % for
Cd and 28.9 % for Zn, respectively) was much greater than
elevated CO, (19.5 % for Cd and 18.2 % for Zn, respectively).
However, the total uptake of Cd and Zn in the shoots of HE
S. alfrediiunder elevated CO, was much greater than ambient
CO, (Li et al. 2013a). This result indicated that elevated CO,
significantly increased soluble Cd and Zn in the rhizosphere of
HE S. alfredii. Previous studies on rice (Guo et al. 2011) and
pine (Kim and Kang 2011) have shown that the increased
metal solubility and bioavailability in the rhizosphere of these
plants under elevated CO, was mainly attributed to the

Table 3 Low molecular weight organic acid (LMWOA) in soil solution after the growth of two ecotypes of S. alfredii grown under ambient (350 pl I

or elevated (800 pul I'") CO,

Soil solution Oxalic acid Malic acid Tartaric acid Citric acid Acetic acid Total organic acid
(umol I
HE S. alfredii Ambient CO, 28.5 14.6 4.1 1.9 0.5 49.6
Elevated CO, 36.0% 16.3 5.6% 2.8* 0.7 61.4
NHE S. alfredii Ambient CO, 242 14.6 nd 1.8 04 41.0
Elevated CO, 28.5% 15.9 nd 2.0 0.6 47.0

Data are means of four replicates
ndnot detected

*Significant differences (P<0.05) between ambient and elevated CO, treatments
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increases of DOC. Our results indicate that elevated CO, can
increase DOC in the rhizosphere of HE S. alfredii and thus
increase bioavailability of Cd and Zn.

Effect of elevated CO, on Cd and Zn speciation in soil
solution

The bioavailability of trace metals to the plant can be better
understood in terms of their chemical speciation. Our previous
study demonstrated that Visual MINTEQ is a useful model for
determination of metal species in soil solution of
hyperaccumulators (Li et al. 2013b). Table 4 shows the spe-
ciation of Cd and Zn in soil solution calculated by Visual
MINTEQ after the growth of S. alfredii under ambient or
elevated CO,. The data indicated that Cd/Zn—-DOM com-
plexes were the dominant (50.25-89.90 %) Cd and Zn species
in all soil solutions, followed by the free metal Cd** and Zn*"*
species (9.84-48.97 %), with low amounts of Cd/Zn—inorgan-
ic complexes (0.23—1.52 %). These results are in agreement
with previous work reported by (Krishnamurti et al. 2004;
Sauve et al. 2000; Weng et al. 2002). However, other studies
have reported speciation data showing that Cd and Zn are
dominated by free metals ions (Cornu et al. 2009; Lorenz et al.
1997).

In control soil solution, the fractions of metal-DOM com-
plex calculated by Visual MINTEQ were 75.42-75.64 % for
Cd and 50.25-51.40 % for Zn, no difference was observed
between two CO, levels. After the growth of S. alfredii under
elevated CO,, however, the increased DOC concentration
induced by root exudates (Table 3) resulted in a higher fraction
of metal-DOM complex than in control soil solutions,

furthermore, the magnitude of increase for HE S. alfredii
was much greater than for NHE S. alfredii, this result indicated
that both plant ecotype and CO, levels affect on metal speci-
ation considerably. For instance, under elevated CO,, after the
growth of HE S. alfredii, the increases in DOC concentrations
resulted in 89.90 % of Cd and 69.22 % of Zn being complexed
with DOM and only 9.84 % Cd and 30.25 % Zn remaining
free in the soil solutions. However, the fraction of metal—
DOM complex as a percentage of soluble Cd and Zn in soil
solution of NHE S. alfredii was 81.89 % and 60.75 %, respec-
tively (Table 4). Generally, soil solution pH and DOC con-
centration are considered the two main factors governing
metal speciation in soil solution (Christensen and
Christensen 2000). Previous studies have shown that metal
speciation was governed by DOC rather than soil pH when the
soil pH exceeded a certain level (Christensen and Christensen
2000; Schmitt et al. 2003; Weng et al. 2002). In this study,
although decrease of soil solution pH was observed in soil
solution of both ecotypes of S. alfredii grown under elevated
CO,, most of the water soluble metals were DOM complex
and exhibited positive correlation with DOC concentration in
the solution, this result suggested that the change in metal
speciation in soil solution is mainly governed by the enhanced
DOC in the rhizosphere S. alfredii. The present study indicated
that elevated CO, could significantly promote the secretion of
low-molecular-weight organic acids by HE S. alfredii, and
thus increase the DOC concentration in soil solution, which
resulted in a higher fraction of metal-DOM complex, and
increase the mobility of heavy metals and their
phytoavailability, resulting greater amounts of metal uptake
by HE S. alfredii (Li et al. 2013b; Rajkumar et al. 2013).

Table4 Speciation of Cd and Zn in soil solution after the growth of two ecotypes of S. alfredii grown under ambient (350 ul 1) or elevated (800 pul 1"

CO,, as determined using Visual MINTEQ computer model

Treatments HE S. alfredii NHE S. alfredii Control soil
Ambient CO, Elevated CO, Ambient CO, Elevated CO, Ambient CO, Elevated CO,
Cd species in solution(pg I ")
cd* 8.46 (17.88) 5.36 (9.84) 13.36 (19.70) 13.39 (19.40) 16.74 (24.15) 16.18 (23.90)
cdcrr 0.05 (0.11) 0.05 (0.09) 0.08 (0.12) 0.09 (0.13) 0.12 (0.18) 0.10 (0.15)
CdSO4aq) 0.06 (0.12) 0.08 (0.15) 0.14 (0.20) 0.12 (0.18) 0.13 (0.19) 0.16(0.23)
CdNO;" - - - - 0.03 (0.05) 0.04 (0.06)
Cd-DOM 38.73 (81.89) 49.00 (89.90) 54.19 (79.93) 55.40 (80.29) 52.27 (75.42) 51.21 (75.64)
Zn species in solution (g 1)
Zn % 52.86 (38.67) 46.98 (30.25) 85.99 (41.60) 79.82 (39.73) 94.22 (48.97) 90.65 (47.76)
ZnOH" 0.15 (0.11) 0.09 (0.06) 0.41 (0.20) 0.32 (0.16) 0.52 (0.27) 0.47 (0.25)
Zn(OH) (o) - - 0.02 (0.01) 0.02 (0.01) 0.04 (0.02) 0.04 (0.02)
ZnCl* - - 0.02 (0.01) 0.04 (0.02) 0.0.02 (0.01) 0.02 (0.01)
ZnSO04(ag) 0.62 (0.45) 0.68 (0.44) 1.10 (0.53) 0.90 (0.45) 0.85 (0.44) 0.97 (0.51)
ZnNO;" 0.01 (0.02) 0.03 (0.02) 0.04 (0.02) 0.04 (0.02) 0.02 (0.01) 0.02 (0.01)
Zn-DOM 83.05 (60.75) 107.5 (69.22) 119.12 (57.63) 119.68 (59.60) 96.68 (50.25) 97.65 (51.40)
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Metal complexation with DOM in the rhizosphere
of S. alfredii under elevated CO,

Previous studies have shown that the complexation of heavy
metals with dissolved organic matter in the environment in-
fluences the solubility and mobility of these metals (Baken
etal. 2011; Weng et al. 2002). In this study, the complexation
of Cd and Zn by DOM derived from the rhizosphere of
S. alfredii under ambient and/or elevated CO, were measured
using a resin equilibrium method as function of concentration
(Fig. 1). The results confirmed that the DOM derived from the
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Fig. 1 Complexation of Cd and Zn by dissolved organic matter derived
from soil planted with two ecotypes of S. alfredii grown under ambient
(350 ul 1" or elevated (800 ul I'") CO, as function of DOC concentra-
tion. HE-DOM-A DOM derived from soil planted with HE under ambient
CO,, HE-DOM-EDOM derived from soil planted with HE under elevated
CO,, NHE-DOM-A DOM derived from soil planted with NHE under
ambient CO,, NHE-DOM-E DOM derived from soil planted with NHE
under elevated CO,. Model predictions obtained by Visual MINTEQ
computer model are also shown

rhizosphere of S. alfredii has a significant ability to form
complexes with Cd and Zn (Li et al. 2012b, 2013b).
However, the degree of complexation varied with plant eco-
type and CO, level. In general, DOM derived from the rhizo-
sphere of HE S. alfredii showed greater complexation ability
than DOM derived from the rhizosphere of NHE S. alfredii.
For instance, about 81-90 % of Cd and 61-73 % of Zn were
bound in DOM complexes in the undiluted sample of HE
S. alfredii. For NHE S. alfiedii, however, the corresponding
values were 74-79 % for Cd and 54-59 % for Zn, respective-
ly. This difference may be due to the differences in ionic
strength, cation composition, as well as function group of
DOM (Baken et al. 2011; Christensen and Christensen
2000). This result also indicated that in the rhizosphere of
S. alfredii, the complexation with DOM was more significant
for Cd than for Zn. Similar results have been observed in other
studies (Christensen and Christensen 2000; Nolan et al. 2003;
Sauve et al. 2000).

Metal complexation with DOM was influenced by elevated
CO, significantly (Fig. 1). For HE S. alfredii, DOM derived
from soil under elevated CO, (HE-DOM-E) showed higher
degree of complexation than DOM derived from soil under
ambient CO, (HE-DOM-A), even at relatively low DOC
concentrations, e.g., about 90 % of Cd and 73 % of Zn were
bound in DOM complexes in the undiluted sample of HE-
DOM-E, which were 1.1 and 1.2 times of HE-DOM-A, re-
spectively. For NHE S. alfredii, however, no significant dif-
ference (P<0.05) was observed between the two CO, levels.
The complexation of heavy metals with DOM in the rhizo-
sphere influences the solubility and mobility of these metals
(Weng et al. 2002). Considering the increase of hydrophilic
fractions of the DOM (Li et al. 2013a), as well as the organic
acids (Table 3) in the rhizosphere of HE S. alfredii under
elevated CO,, it is proposed that elevated CO, can increase
mobilization of Cd and Zn due to enhanced formation of
DOM-metal complexes by changing DOM composition.

The complexation of Cd and Zn by dissolved organic
matter derived from the rhizosphere of S. alfredii under
ambient and/or elevated CO, was also simulated using
Visual MINTEQ model (Fig. 1). Generally, the Visual
MINTEQ model gave excellent predictions of Cd and
Zn complexation to DOM (R*>0.96). Visual MINTEQ
is a freeware chemical equilibrium model for the calcu-
lation of metal speciation, solubility equilibria, etc., for
natural waters (Christensen and Christensen 2000;
Cornu et al. 2011; Krishnamurti et al. 2004). In this
study, the predictions of DOM binding of Zn and Cd
showed good agreement with the data obtained by resin
equilibrium method, this result further confirmed that
Visual MINTEQ is an easy and useful approach to
study the effect of climate change (e.g., elevated atmo-
spheric CO,) on the species of heavy metal in the
rhizosphere of hyperaccumulator plants.
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Metal extractability by DOM from the rhizosphere
of S. alfredii under elevated CO,

In this study, the effect of elevated CO, on metal mobility was
investigated by extracting experiment and the results are
shown in Fig. 2. Under both ambient and elevated CO,
treatments, DOM in the rhizosphere of HE S. alfredii showed
greater extract ability than DOM in the rhizosphere of NHE
S. alfredii. For example, the metal concentrations extracted by
DOM derived from the rhizosphere of HE S. alfredii were
0.23-0.32 mg I"! for Cd and 1.78-2.20 mg 1! for Zn, which
were 1.6-2.0 and 1.6-1.9 times of NHE S. alfredii, respective-
ly. This result is in agreement with our previous reports that
DOM from the rhizosphere of HE S. alfiedii significantly
increased the solubility of Cd and Zn minerals (Li et al.
2012b, 2013b). Numerous studies have shown that the com-
plexation with DOM can increase the extraction of metal from
contaminated soil. Li and Shuman (1997) found that poultry
litter DOM removed more Cd and Zn from contaminated soil.
Antoniadis and Alloway (2002) reported that DOM signifi-
cantly increased Cd, Ni, Zn extractability from soils and their
uptake by ryegrass. Kim et al. (2010) found that increased
metal solubility in the rhizosphere of Indian mustard was
mainly attributed to the complexation of metal with DOC.
Our results indicated that DOM in the rhizosphere of HE
S. alfredii could significantly increased Cd and Zn extractabil-
ity due to formation of Cd/Zn-DOM complexes, and thus
increased Cd and Zn uptake by HE S. alfredii.

It is interesting to note that the extracting ability of DOM
from the rhizosphere of HE S. alfredii was increased by
elevated CO, (Fig. 2). For instance, the metal concentrations
extracted with HE-DOM-E were 0.32 mg 1”' for Cd and

2.5 1 HE-DOM-E

I
50 | == HE-DOM-A
L

a
b
NHE-DOM-E
1.5 4 =™ NHE-DOM-A IC c
== Water iﬁ
1.0

Metal concentration (mg L'1)

0.4 - a
b d
0.2 Cc
ﬂ d
0.0 ﬂ
Cd Zn

Fig. 2 The extracting ability of dissolved organic matter derived from
soil planted with two ecotypes of S. alfredii grown under ambient
(350 ul 1"y or elevated (800 ul 1"y CO,. HE-DOM-ADOM derived from
soil planted with HE under ambient CO,, HE-DOM-EDOM derived from
soil planted with HE under elevated CO,, NHE-DOM-4A DOM derived
from soil planted with NHE under ambient CO,, NHE-DOM-E DOM
derived from soil planted with NHE under elevated CO,. Bars sharing the
same letter code among different DOM are not significantly different at
P<0.05
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2.20 mg I"! for Zn, which were 1.4 and 1.2 times of HE-
DOM-A, respectively. For NHE S. alfiedii, although metal
extracting ability of NHE-DOM-E was higher than NHE-
DOM-A, but the difference was not significant (P<0.05).
The composition and characteristic of DOM will have pro-
found impact on the complexation of metals and DOM and
consequently metal mobility. Previous studies indicated that
organic acids released by plants under elevated CO, and/or
heavy metal stress, play a crucial role in heavy metal acquisi-
tion by plants (Guo et al. 2011; Phillips et al. 2009; Wu et al.
2009). Our previous study showed that hydrophilic fraction,
especially for hydrophilic acid fraction in DOM of HE
S. alfredii was increased under elevated CO, (Li et al.
2013a). In the present study, the total organic acid in soil
solution was increased by elevated CO, for both ecotypes of
S. alfredii; however, the increase in the HE S. alfredii was
much greater than in the NHE S. alfredii (Table 3). Thus, it is
proposed that elevated CO, can increase DOM, especially
hydrophilic acid fraction in the rhizosphere of HE S. alfredii,
and thus increase mobility of Cd and Zn in soil solutions.
Further research is needed to elucidate how elevated CO,
regulate the release of hydrophilic acid fraction in the rhizo-
sphere of HE S. alfredii, as well as to reveal the mechanisms of
interaction between metal and hydrophilic acid fraction.

Our study indicates that elevated CO, could increase
DOM, especially hydrophilic acid fraction, changes the metal
fractionation of rhizosphere soil, facilitates metal solubility
and bioavailability due to enhanced formation of DOM—metal
complexes, and thus increases uptake of metal by plants, these
results suggest that use of elevated CO, may be a useful way
to improve phytoremediation efficiency of metal contaminat-
ed soil. On the other hand, this study indicates that elevated
CO, alters the speciation and distribution of contaminant
elements in soil, thereby probably affecting food quality and
safety (Guo et al. 2011). Thus a better understanding of the
mechanisms by which CO, and heavy metals jointly affect
crop growth and uptake of metals is necessary, especially from
the viewpoint of food safety.

Conclusion

This study demonstrated that elevated CO, (800 ul 1" could
decrease soil solution pH of HE of S. alfiedii by increasing
DOC and low-molecular-weight organic acid in soil solution.
For both ecotypes of S. alfredii, Cd/Zn—-DOM complexes were
the dominant species in soil solutions, followed by free Cd*"
and Zn*" species; however, elevated CO, resulted in a higher
fraction of metal-DOM complex in soil solution of HE
S. alfredii. DOM derived from the rhizosphere of HE
S. alfrediiunder elevated CO, showed greater ability to form
complexes with Cd and Zn than DOM derived from the
rhizosphere of NHE S. alfredii at the same DOC
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concentration. All these results suggest that elevated CO,
could increase mobility of Cd and Zn due to enhanced forma-
tion of DOM-metal complexes in the rhizosphere of HE
S. alfredii and increase phytoextraction efficiency of Cd/Zn-
contaminated soil by HE S. alfredii.
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