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Abstract The objective of this study was to investigate the
effects of elevated CO2 (700±23 μmol mol−1) on photosyn-
thetic products in wheat seedlings and on organic compounds
and biological activity in rhizosphere soil under cadmium
(Cd) stress. Elevated CO2 was associated with decreased
quantities of reducing sugars, starch, and soluble amino acids,
and with increased quantities of soluble sugars, total sugars,
and soluble proteins in wheat seedlings under Cd stress. The
contents of total soluble sugars, total free amino acids, total
soluble phenolic acids, and total organic acids in the rhizo-
sphere soil under Cd stress were improved by elevated CO2.
Compared to Cd stress alone, the activity of amylase, phenol
oxidase, urease, L-asparaginase, β-glucosidase, neutral phos-
phatase, and fluorescein diacetate increased under elevated
CO2 in combination with Cd stress; only cellulase activity
decreased. Bacterial abundance in rhizosphere soil was stim-
ulated by elevated CO2 at low Cd concentrations (1.31–
5.31 mg Cd kg−1 dry soil). Actinomycetes, total microbial
abundance, and fungi decreased under the combined condi-
tions at 5.31–10.31 mg Cd kg−1 dry soil. In conclusion,

increased production of soluble sugars, total sugars, and proteins
in wheat seedlings under elevated CO2 + Cd stress led to greater
quantities of organic compounds in the rhizosphere soil relative
to seedlings grown under Cd stress only. Elevated CO2

concentrations could moderate the effects of heavy metal pollu-
tion on enzyme activity and microorganism abundance in
rhizosphere soils, thus improving soil fertility and the
microecological rhizosphere environment of wheat under Cd
stress.
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Introduction

Atmospheric carbon dioxide (CO2) concentrations have in-
creased continuously during the last two centuries, and signif-
icant effects of elevated CO2 have been demonstrated in var-
ious plants species. These effects include increased growth
rates and productivity or altered biomass allocation patterns,
mainly as a result of stimulation of photosynthesis (Bunce
2004; Marchi et al. 2004; Kim and Kang 2011). Large fluxes
of primary and secondary compounds into soil have been
observed under elevated CO2 (Johnson and Pregitzer 2007),
resulting in increased levels of dissolved organic carbon
(DOC), total soluble sugars, and soluble phenolic acids in soil
(Freeman et al. 2004), which, in turn, could affect the activity
and survival of soil microorganisms. In addition, elevated at-
mospheric CO2 has been associated with increased microbial
biomass and soil enzyme activity, such as that of urease, pro-
tease, invertase, xylanase, arylsulfatase, and alkaline phospha-
tase (Kandeler et al. 2006; Li et al. 2010).

Responsible editor: Philippe Garrigues

This manuscript has been thoroughly edited by a native English speaker.

* Xia Jia
jiaxianavy@163.com

1 School of Environmental Science and Engineering, Key Laboratory
of Subsurface Hydrology and Ecological Effect in Arid Region of
Ministry of Education, Key Laboratory of Environmental Protection
& Pollution and Remediation of Water and Soil of Shaanxi Province,
Chang’an University, No. 126, Yanta Road, Xi’an, People’s Republic
of China

2 The School of Earth Science and Resources, Chang’an University,
No. 126, Yanta Road, Xi’an 710054, People’s Republic of China

Environ Sci Pollut Res (2016) 23:514–526
DOI 10.1007/s11356-015-5288-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-015-5288-7&domain=pdf


Heavy metal contamination of soil is a serious global prob-
lem. Among the heavy metals, cadmium (Cd) is widespread
and is one of the most toxic pollutants of the surface soil layer.
Cd is principally dispersed into agricultural soil as a result of the
use of phosphate fertilizers, application of sewage and industrial
wastewater for irrigation, atmospheric deposition from metal-
lurgical industries, incineration of plastics and batteries, and
burning of fossil fuels (Tukaj et al. 2007; Li et al. 2013). The
severity of environmental Cd pollution is increasing (Guo et al.
2011), and numerous studies have focused on the effects of Cd
contamination on crop growth, development, and quality, and
on soil enzyme activity and soil microorganisms (Del et al.
1999; Hinojosa et al. 2004; Zhang et al. 2012). Soil microbial
biomass and carbon, and activity of enzymes including alkaline
phosphomonoesterase, arylsulfatase, and protease were signifi-
cantly reduced in Cd-contaminated soil (Renella et al. 2004).

As much as 40 % of the carbon fixed by plants can be lost
through root exudation (Lynch and Whipps 1991), which is a
major source of DOC and organic compounds in soil. These
compounds, released into the rhizosphere by plant roots, cre-
ate unique microenvironments for soil microorganisms and
stimulate soil biological activity (Patra et al. 2006; Xu et al.
2009), thus, playing an important role in soil fertility. Cd stress
has been reported to increase the concentration of root exu-
dates in soil (Pérez-de-Mora et al. 2006), thus increasing an
availability of substrates in the rhizosphere for soil microor-
ganisms. However, elevated atmospheric CO2 and Cd con-
tamination of soil are concurrent environmental problems,
and it is important to investigate their combined effects on
plant photosynthetic products, soil biological activity, and or-
ganic compounds in rhizosphere soils. Many studies have
reported the effects of either elevated CO2 or metal contami-
nation on these variables (Johnson and Pregitzer 2007; Kwon-
Rae et al. 2007), but little is known about their combined
effects, especially in crop plants. We examined these effects
in wheat, a crop that forms an important part of the human diet
worldwide (H gy et al. 2009).

Materials and methods

Plant species and soil preparation

Seeds of Triticum aestivum L. (spring wheat, No. 15
Yongliang) were obtained from the Institute of Wheat
Breeding in Yongning County, Ningxia Province, China.
The experimental soil was collected from the surface layer
(0–20 cm) in a wheat field in central Shaanxi Province. The
soil type and chemical characteristics are shown in Table 1.
Fresh soil was passed through a 5-mm sieve. Four concentra-
tions of Cd were selected according to environmental quality
standards (GB 15168–1995) and current levels of Cd pollu-
tion observed in farmland in China (Song et al. 2006). The soil

was artificially contaminated using CdCl2·2H2O solution to
concentrations of 0.31 (Cd0, the control, no Cd spiked to soil);
1.31 (Cd1); 5.31 (Cd5); and 10.31 (Cd10)mg Cd kg−1 dry soil
and incubated for 30 days.

Experimental site and atmospheric CO2 concentration

The study was conducted in Spring 2013 at an open-top cham-
ber facility on the Weishui Campus of Chang’an University,
Xi’an, China. The elevation of the study site is 402 m a.s.l.;
mean annual temperature and precipitation (1995–2010) are
13.6 °C and 508–720 mm, respectively.

Air temperature was the same in all chambers, thus elimi-
nating temperature as an explanatory factor for differences be-
tween treatments. Each treatment was replicated three times
using a randomized complete block design. Six hexagonal
open-top chambers (4.4 m dia×1.6 m tall) were established
at the experimental facility. Three were used as controls (am-
bient CO2 chambers, 385μmolmol−1), and three were used for
an elevated CO2 treatment (700±23 μmol mol−1). Automated
measurements of CO2 concentration, temperature, humidity,
and soil water content were taken every 60 s throughout the
experiment. An automatic control system was used to adjust
CO2 to the target concentration in the elevated CO2 chambers
by regulating the influx rate of CO2 or air. Air temperature was
recorded in each chamber at 10-min intervals. During the ex-
periment, average CO2 concentrations in the elevated and am-
bient CO2 chambers were 703 and 385 μmol mol−1, respec-
tively. Average temperature in the elevated and ambient CO2

chambers was 23.3 and 23.1 °C, respectively, and average
humidity was 69.3 and 69.0 %, respectively.

Pot experiment

The experiment was performed using plastic pots (45 cm dia×
50 cm tall) and root bags to maximize the reliability of the

Table 1 Type and chemical characteristics of the experimental soil

Soil type Leached brown soil (according to
Chinese soil classification)

pH 8.41

Organic matter content (g kg−1) 11.43±0.97

Organic carbon (g kg−1) 6.73±0.06

Total nitrogen (g kg−1) 1.13±0.12

Soluble salts (mg kg−1) 383.52±1.03

Available N (mg kg−1) 0.06±0.01

Available P (mg kg−1) 4.42±0.35

Available K (mg kg−1) 133.38±0.89

Cation exchange capacity
(meq 100 g−1)

26.40±1.11

Total Cd (mg kg−1) 0.31±0.02
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results for rhizosphere soil samples. Each nylon root bag
was filled with 800 g Cd-contaminated soil, and seven root
bags were placed in each pot and covered with 19.4 kg soil.
Three replicate pots were prepared for each Cd concentra-
tion. The pots were placed in the open-top chambers, and
T. aestivum seeds were planted in 2013 April to obtain 91
seedlings per pot after emergence. Litter and weeds were
monitored and removed from pots by hand to reduce effects of
them on variables measured in this experiment. The treat-
ments were consisted of ambient CO2 chambers + Cd-
contaminated soils and elevated CO2 chambers + Cd-
contaminated soils. Soil water content was measured at 5-cm
depth by randomly selecting three pots; water content was
15.4 % higher in elevated CO2 chambers than in ambient
CO2 chambers. Based on these measurements, the pots were
maintained at 60 % field capacity by watering during the
seedling growth.

The influence of elevated CO2 alone was examined by
comparing samples under elevated and ambient CO2. The
influence of Cd stress alone was examined by comparing
samples under Cd stress (Cd1, Cd5, and Cd10) with sam-
ples not exposed to Cd (Cd0) in the ambient CO2 cham-
bers. The combined effects of elevated CO2 and Cd-
contaminated soil were assessed by comparing samples
under elevated CO2 + Cd with samples under ambient
CO2 + Cd.

Rhizosphere soil sampling

Soil collected from the rhizosphere of 3-week-old wheat
seedlings was used for analysis of organic compounds,
enzyme activity, and microbial abundance and activity.
Soil that was strongly adhered to roots or that was within
the space penetrated by roots in the root bags was con-
sidered rhizosphere soil (Sinha et al. 2009) and was care-
fully collected, mixed, homogenized, and divided into
two subsamples. One subsample was stored at 4 °C for
analysis of organic compounds, enzyme activity, cultiva-
ble microorganism populations, and fluorescein diacetate
(FDA) hydrolysis activity. The other subsample was air
dried for analysis of soil pH, DOC, and available nitro-
gen (AN).

Analysis of photosynthetic products

Wheat seedlings (3 weeks old) were harvested, separated from
roots, and immediately immersed in liquid nitrogen, for anal-
ysis of photosynthetic products. Soluble carbohydrates were
extracted according to the method of Rogers et al. (2004).
Reducing and total sugar contents were measured with phe-
nol–sulfuric acid (Dubois et al. 1956). Starch was extracted as
described by Vu et al. (2001), and starch content was
determined by glucose oxidase–peroxidase (GOD-POD)/2-

2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)
assay (Bergmeyer 1974) using glucose as a standard.
Soluble sugar content was determined according to Dubois
et al. (1956). Soluble proteins were extracted as described by
Katny et al. (2005), and soluble protein content was deter-
mined according to Bradford (1976). Soluble amino acids
were analyzed using the ninhydrin colorimetric method
(Moore and Stein 1954).

Enzyme assays

The activity of eight enzymes was measured and reported
on a gram per dry soil equivalent basis. Amylase activity
was measured by starch hydrolysis (Cole 1977) and
expressed as micrograms maltose per day. Cellulase activ-
ity was determined by hydrolysis of carboxymethyl cellu-
lose (CMC) following the method of Pancholy and Rice
(Pancholy and Rice 1973) and was expressed as micrograms
glucose per day. Phenol oxidase activity was determined using
L-3,4-dihydroxyphenylalanine (L-DOPA) as a substrate
(Sinsabaugh et al. 1993) and was expressed as micrograms
DOPA converted per hour. Urease activity was assessed by
measuring the release of NH4

+ from urea hydrolysis
(Tabatabai and Bremmer 1972) and was expressed as milli-
grams NH4

+–N per hour. The activity of L-asparaginase was
measured according to Frankenberger and Tabatabai
(Frankenberger and Tabatabai 1991) and expressed as micro-
grams ammonia per hour. Invertase activity was measured
according to Xu and Zheng (Xu and Zheng 1986) and was
expressed as micrograms glucose per hour. Activity of β-
glucosidase was determined by spectrophotometric assay by
incubating 1 g soil (air-dry basis) for 1 h with p-
nitrophenyl-β-D-glucoside at pH 6.0 (Eivazi and Tabatabai
1988) and was expressed as micrograms p-nitrophenol per
day. Neutral phosphatase activity was determined spectropho-
tometrically following Wu’s disodium phenyl phosphate
method (Wu et al. 2004) and expressed as micrograms phenol
per day.

Culturable microorganisms and FDA hydrolysis activity

Colony-forming units of bacteria, actinomycetes, and fungi
were determined using a modified plate-dilution technique
on meat–peptone agar, Gause’s starch agar, and Thayer–
Martin agar, respectively (Yang et al. 2009). The FDA hydro-
lysis activity (U) was determined according to Mora et al.
(2005) and expressed as micrograms fluorescein released per
minute per grams dry soil equivalent.

Soil properties and organic compounds in rhizosphere soil

Soil DOC content was measured in a soil and distilled water
slurry (1:10w/v) and analyzed using an automated TOC
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Analyzer (Shimadzu TOC-500). Rhizosphere soil pH was
measured using a pH meter in a soil and distilled water slurry
(1:2.5w/v, without CO2) (Tukaj et al. 2007). Soil AN concen-
tration was determined by persulfate digestion (Sollins et al.
1999). Total soluble sugars were extracted according to
Johnson and Pregitzer (2007) and measured using phenol–
sulfuric acid colorimetry (Dubois et al. 1956). Total free ami-
no acid concentrations were measured using the ninhydrin
colorimetric method (Moore and Stein 1954), total soluble
phenolic acid content was analyzed using the Folin–
Ciocalteu method (DeForest et al. 2005), and total organic
acid content was measured by spectrophotometry with FeCl3
(Liu and Mo 1985).

Statistical analyses

Effects of elevated CO2 or Cd-contaminated soil on soil prop-
erties, photosynthetic products, organic compounds in rhizo-
sphere soil, enzyme activity, abundance of cultivable micro-
organisms, and FDA hydrolysis activity were analyzed using
one-way analysis of variance (ANOVA). Two-way ANOVA
was used to assess the effects of elevated CO2 in combination
with Cd-contaminated soil on these parameters. The distribu-
tion of the data was assessed by Kolmogorov–Smirnov (KS)
tests. All statistical tests were performed using SPSS (SPSS
Inc., version 16.0).

Results

DOC, pH, and soil AN in rhizosphere soil

The DOC content increased by 1.6 % relative to the control
(Cd0 in ambient chambers) under elevated CO2 alone
(Fig. 1a). When compared to the control, DOC content under
Cd1, Cd5, and Cd10 decreased significantly by 8.3, 16.2, and
24.1 %, respectively, and showed a decreasing trend with
increasing Cd concentration. In contrast, DOC increased un-
der elevated CO2 in combination with Cd stress but showed an
obvious decreasing trend with increasing Cd concentration.
The effect of elevated CO2 combined with Cd stress on
DOC content was significant (p<0.01, Table 2).

The pH of rhizosphere soil decreased significantly under
either elevated CO2 or Cd stress. However, the combination of
elevated CO2 and Cd stress did not affect pH significantly
(Table 2). Compared to Cd stress alone, rhizosphere soil pH
decreased under elevated CO2 + Cd stress (Fig. 1b).
Moreover, pH showed a decreasing trend with increasing Cd
concentration under the combined conditions.

Rhizosphere soil AN decreased by 26.5 % under elevated
CO2 alone and decreased significantly (p<0.05) at Cd1 and
Cd5 levels and increased significantly (p<0.05) at Cd10
(Fig. 1c). Compared to Cd stress alone, the soil AN content

was reduced by the combined conditions and decreased with
increasing Cd concentration (Fig. 1c).

Photosynthetic products in wheat seedlings

Treatment with elevated CO2 alone resulted in significantly
increased quantities of reducing sugars (9.2 %), soluble sugars
(5.8 %), and total sugars (3.2 %), and to a significant decrease
in soluble amino acids (−6.9 %) compared to the control (Cd0
in ambient chambers) (Fig. 2). Reducing sugars under Cd1,
Cd5, and Cd10 increased significantly by 8.7 % (p<0.05),
30.0 % (p<0.01), and 31.8 % (p<0.01), respectively, while
starch, total sugars, soluble sugars, soluble amino acids, and
soluble protein contents in seedlings decreased relative to their
contents in plants grown in uncontaminated soil (Fig. 2).
Starch, total and soluble sugars, and soluble amino acids also
showed a decreasing trend with increasing Cd under Cd stress
alone (Fig. 2).

The combination of elevated CO2 and Cd stress had a sig-
nificant effect on sugars, starch, and soluble amino acids and
proteins (Table 2). The combined treatment resulted in de-
creased contents of reducing sugars, starch, and soluble amino
acids (Fig. 2a, b, f); however, soluble sugars, total sugars, and
soluble proteins increased (Fig. 2c–e). Although Cd stress
lead to decreased sugar and protein contents, elevated CO2

counteracted these effects. However, quantities of reducing
sugars, starch, and soluble amino acids were lower under ele-
vated CO2 + Cd stress than those under either condition alone.
In addition, the contents of photosynthetic products in wheat
seedlings decreased with increasing soil Cd concentration un-
der the combined conditions (Fig. 2).

Organic compounds in rhizosphere soil

Elevated atmospheric CO2 significantly increased the contents
of total soluble sugars, total free amino acids, total soluble
phenolic acids, and total organic acids in rhizosphere soil, by
35.9, 2.6, 3.3, and 5.5 %, respectively, compared to the control
(Cd0 in ambient chambers) (Fig. 3a–d). Under Cd stress, sol-
uble sugar and free amino acid contents increased while total
soluble phenolic and organic acids decreased compared to the
control (Fig. 3c, d). In addition, total soluble sugars and free
amino acids increased as Cd concentration increased (Fig. 3a,
c).

The content of soluble sugars, free amino acids, soluble
phenolic acids, and organic acids in rhizosphere soil increased
under elevated CO2 combined with Cd stress relative to Cd
stress alone (Fig. 3a–d). Under the combined conditions, total
soluble sugars and free amino acids increased gradually, and
soluble phenolic acids decreased gradually with increasing Cd
concentration (Fig. 3a–c). In addition, total soluble sugars and
free amino acids in rhizosphere soil were greater under elevat-
ed CO2 + Cd stress than under either condition alone; soluble
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phenolic acid and total organic acid contents were lower
under the combined conditions than under elevated CO2

and were higher than the contents under Cd stress
(Fig. 3a–d). The combination of elevated CO2 + Cd stress
significantly affected the contents of soluble sugars, free
amino acids, soluble phenolic acids, and organic acids in
rhizosphere soil (Table 2).

Enzyme activity

Under elevated CO2 alone, the activity of amylase, cellulase,
phenol oxidase, urease, and L-asparaginase increased signifi-
cantly (Fig. 4a–e). In contrast, the activity of invertase, β-
glucosidase, and neutral phosphatase decreased significantly
(Fig. 4f–h). With Cd stress only, amylase, cellulase, urease, L-
asparaginase, β-glucosidase, and neutral phosphatase activity
decreased (Fig. 4e). Phenol oxidase activity increased at lower
concentrations of Cd (Cd1 and Cd5) and decreased at Cd10

level (Fig. 4c). Invertase activity decreased significantly at
Cd1 level but increased significantly at the higher Cd concen-
trations (Fig. 4f).

Under elevated CO2 + Cd stress, the activity of amy-
lase, phenol oxidase, urease, L-asparaginase, β-glucosi-
dase, and neutral phosphatase increased, and the activity
of cellulase and invertase decreased relative to Cd stress
alone (Fig. 4). The amylase, urease, L-asparaginase, and
β-glucosidase activity was greater under elevated CO2 +
Cd stress than under Cd stress only but lower than under
elevated CO2 only (Fig. 4a, d, e, and g). Phenol oxidase
and neutral phosphatase activity were greater, and cellu-
lase and invertase activity were lower, under the com-
bined conditions than under either condition alone
(Fig. 4). The combination of elevated CO2 + Cd stress
had a significant effect on amylase, phenol oxidase, L-
asparaginase, β-glucosidase, cellulase, and neutral phos-
phatase activities (p<0.01, Table 2).

Fig. 1 DOC (a), pH (b), and soil AN (c) in rhizosphere soil of wheat
seedlings. Data are means± SE (n=9). Cd0, Cd1, Cd5, and Cd10 in the
figure were 0.31, 1.31, 5.31, and 10.31 mg Cd kg−1 dry soil, respectively;
Different small letters in the same group indicates significant difference

between elevated CO2 and ambient CO2 for the same Cd level at p<0.05;
a–d Significant differences between different Cd levels under elevated
CO2 at p<0.05; e–h Difference between Cd levels under ambient CO2 at
p<0.01
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Abundance of culturable microorganisms and FDA
hydrolysis activity

Elevated CO2 was associated with significantly greater abun-
dance of bacteria, actinomycetes, and total microorganisms
and with decreased fungi abundance (Fig. 5). Under Cd stress
alone, bacteria, fungi, and total microbial abundance de-
creased, and the abundance of actinomycetes increased
(Fig. 5).

Elevated CO2 significantly stimulated bacteria abundance
at low Cd concentrations (Cd1 and Cd5) and significantly
decreased bacteria abundance at Cd10 level (Fig. 5). The
abundance of actinomycetes, total microorganism, and fungi
was significantly higher under elevated CO2 at Cd1 level and
was significantly lower at Cd5 and Cd10 levels. Interactive
effects of elevated CO2 and Cd on the abundance of bacteria,
actinomycetes, total microorganisms, and fungi were signifi-
cant (Table 2, p<0.01).

FDA hydrolysis activity increased under elevated CO2

alone but decreased under Cd stress alone. Under Cd stress,
FDA hydrolysis activity was higher under elevated than under
ambient CO2 (Fig. 5e); the combination of elevated CO2 + Cd
had a significant effect on FDA hydrolysis activity (Table 2,
p<0.01).

Discussion

Elevated CO2 changed concentrations of photosynthetic
products under Cd stress

Elevated CO2 alone significantly increased the levels of
reducing sugars, soluble sugars, total sugars, and soluble
proteins in wheat seedlings (Fig. 2), consistent with pre-
vious studies (Li et al. 2007; Kim and Kang 2011).
Accumulation of Cd in plants inhibits photosynthesis by

Table 2 Results of two-way ANOVA (F value) examining effects of elevated CO2 and Cd pollution on photosynthesis products levels in wheat
seedlings, organic compounds in rhizosphere soil, and rhizosphere soil biological activities of wheat seedlings

Elevated CO2 Cd Elevated CO2 × Cd

Photosynthesis products Reducing sugar (31.50)** (258.59)** (143.72)**

Starch (36.11)** (28.50)** (10.47)**

Soluble sugar (127.38)** (93.66)** (22.33)**

Total sugar (227.56)** (19.40)* (11.48)*

Soluble protein (106.40)** (103.85)** (16.16)**

Soluble amino acid (231.50)** (33.79)* (22.37)**

Soil properties and organic compounds in the rhizosphere soil DOC (147.54)** (101.55)** (6.16)**

pH (24.26)** (85.85)** (0.97) p=0.43, NS

Soil AN (68.64)** (64.40)** (14.51)**

Soluble sugars (219.30)** (275.82)** (19.34)**

Free amino acids (156.87)** (550.83)** (51.03)**

Soluble phenolic acids (212.41)** (372.59)** (3.50)*

Organic acids (155.04)** (470.84)** (89.66)**

Enzyme activities Amylase (25.29)** (227.84)** (31.29)**

Cellulase (43.57)** (21.09)** (46.58)**

Phenol oxidase (28.94)** (10.99)** (11.17)**

Urease (52.17)** (156.69)** (3.22) p=0.05, NS

L-Asparaginase (6.27)** (8.31)* (11.86)**

Invertase (13.26)** (8.73)** (1.34) p=0.29, NS

β-Glucosidase (247.19)** (15.82)* (42.16)**

Neutral phosphatase (58.91)** (90.32)** (35.82)**

Microbial abundance and FDA activity Bacteria (6.75)** (29.62)** (14.71)**

Actinomycetes (57.44)** (44.36)** (223.57)**

Total microorganism (6.61)** (29.28)** (14.43)**

Fungi (29.62)** (0.68) p=0.42, Ns (93.69)**

FDA activity (20.37)** (16.44)* (22.69)**

NS not significant

*p<0.05; **p<0.01
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affecting the contents of chlorophyll a and b (Jia et al.
2010). Thus, with the exception of reducing sugars, the

quantities of photosynthetic products decreased under Cd
stress in this study.

Fig. 2 Photosynthesis products in wheat seedlings Data are means±SE
(n=9). a–f Reducing sugars, starch, soluble sugars, total sugars, soluble
protein, and soluble amino acids, respectively; Cd0, Cd1, Cd5, and Cd10
in the figure were 0.31 1.31, 5.31, and 10.31 mg Cd kg−1 dry soil,
respectively; Different small letters in the same group indicates

significant difference between elevated CO2 and ambient CO2 for the
same Cd level at p<0.05; a–d Significant differences between different
Cd levels under elevated CO2 at p<0.05; e–h Difference between Cd
levels under ambient CO2 at p<0.05
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Higher concentrations of soluble sugars, total sugars,
and soluble proteins in wheat seedlings under the com-
bined conditions relative to Cd stress alone (Fig. 2) sug-
gested that elevated CO2 stimulated the biosynthesis of
these compounds under Cd stress. However, inhibitory ef-
fects of Cd on carbohydrate and protein biosynthesis were
observed, where the accumulation of these compounds in
wheat seedlings was lower under elevated CO2 + Cd stress
than under elevated CO2 alone. Lower concentrations of
organic compounds under the combined conditions com-
pared to either condition alone indicated that inhibition of
biosynthesis by Cd would be greater than the stimulation
by elevated CO2. Gradual decreases in organic compounds
with increasing Cd concentration indicated that photosyn-
thesis was increasingly inhibited and that the effect of the
combined treatments on photosynthesis was stronger at
higher concentrations of Cd.

Decreases in rhizosphere soil pH (Fig. 1b) under elevated
CO2 + Cd stress could be induced by increased exudation of
organic acids and other compounds by roots into rhizosphere
soil as a result of greater soluble sugar and protein contents in
wheat seedlings (Fig. 3). The accumulation of Cd in wheat
seedlings would be predicted to increase under elevated CO2

as a result of lower soil pH and increased DOC in the rhizo-
sphere, and the stimulatory effect of elevated CO2 on

Fig. 3 Organic compounds (μg g−1 dry soil) in rhizosphere soil of wheat
seedlings. Data are means±SE (n=9). a–d Total soluble sugars, total free
amino acids, total soluble phenolic acids, and organic acids in the
rhizosphere soil, respectively; Cd0, Cd1, Cd5, and Cd10 in the figure
were 0.31, 1.31, 5.31, and 10.31 mg Cd kg−1 dry soil, respectively;

Different small letters in the same group indicates significant difference
between elevated CO2 and ambient CO2 for the same Cd level at p<0.05;
a–d Significant differences between different Cd levels under elevated
CO2 at p<0.01; e–h represent the difference between Cd levels under
ambient CO2 at p<0.01

�Fig. 4 Enzymes activities in rhizosphere soil of wheat seedlings Data are
means±SE (n=9) a–h Amylase, cellulase, phenol oxidase, urease, L-
asparaginase, invertase, β-glucosidase, and neutral phosphatase,
respectively; Cd0, Cd1, Cd5, and Cd10 in the figure were 0.31, 1.31,
5.31, and 10.31 mg Cd kg−1 dry soil, respectively; Different small
letters in the same group indicates significant difference between
elevated CO2 and ambient CO2 for the same Cd level at p<0.05; a–d
Significant differences between different Cd levels under elevated CO2 at
p<0.05; e–hDifference between Cd levels under ambient CO2 at p<0.05

Environ Sci Pollut Res (2016) 23:514–526 521



522 Environ Sci Pollut Res (2016) 23:514–526



photosynthesis would be lessened by Cd accumulation, espe-
cially at higher soil Cd concentrations.

Soil available nitrogen includes soluble amino acids,
amines, and amide compounds. Although soluble amino acids

Fig. 5 Microbial number (colony-forming units per gram dry soil) and
FDA hydrolysis activity (μg min−1 g−1) in rhizosphere soil of wheat
seedlings. Data are means±SE (n=9). a–e Bacteria, actinomycetes, total
microorganisms, fungi, and FDA hydrolysis activity, respectively; Cd0,
Cd1, Cd5, and Cd10 in the figure were 0.31, 1.31, 5.31, and
10.31 mg Cd kg−1 dry soil, respectively; Different small letters in the

same group indicates significant difference between elevated CO2 and
ambient CO2 for the same Cd level at p<0.05; a–d indicate significant
differences between different Cd levels under elevated CO2 at p<0.05; e–
h represent the difference between Cd levels under ambient CO2 at
p<0.05
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increased in rhizosphere soil (Fig. 3b), Soil AN, which was
mainly related to amine and amide compounds, decreased
under elevated CO2 + Cd stress (Fig. 1c). The lower soil AN
under the combined conditions relative to Cd stress alone
suggested that elevated CO2 could not counteract the inhibi-
tion by Cd stress (Fig. 1c). In addition, the inhibitory effects of
Cd stress on soil AN were strengthened by higher Cd concen-
trations in the combined treatments. Nitrogen is an essential
nutrient and a limiting factor for plant growth in natural and
agricultural ecosystems (Ma et al. 2010). Therefore, gradual
decreases in soil AN with increasing Cd concentrations in the
rhizosphere could lead to decreased photosynthetic produc-
tion in plants, even under elevated CO2.

Changes in organic compounds in rhizosphere soil

Organic compounds in soil are derived from root exudates,
root residues, microbial metabolism, and aboveground litter
(Walker et al. 2003). Aboveground litter could not have con-
tributed organic soil compounds under the short-term growth
conditions in this experiment, so soluble sugars, organic acids,
and amino acids in rhizosphere soil were mainly derived from
root exudates of wheat seedlings. Because a significant pro-
portion of net primary production is allocated to root systems,
resulting in large fluxes of organic compounds into the soil
(King et al. 2004), the increased quantities of carbohydrates
and proteins in wheat seedlings indirectly indicated that or-
ganic compounds in rhizosphere soil could be increased by
elevated CO2.

Although soluble sugar and amino acid contents in wheat
seedlings decreased under Cd stress (Fig. 2c, f), the concen-
trations of these compounds in rhizosphere soil increased
(Fig. 3a, b), which suggested that organic compounds in root
exudates had little relationship to concentrations of photosyn-
thetic products in plants under these conditions. In addition,
root exudates can bind metal ions such as Cd2+ (Kuzyakov
and Raskatov 2008), which probably resulted in decreased
soluble phenolic and organic acids in rhizosphere soil under
Cd stress (Fig. 3c, d).

The increase in soluble sugar content in rhizosphere soil by
elevated CO2 under Cd stress was associated with increased
soluble sugars in wheat seedlings (Fig. 2c), which could result
in large fluxes of root exudates into rhizosphere soil (King
et al. 2004). In addition, it is likely that increased soluble
and total sugars in wheat seedlings under elevated CO2 + Cd
stress (Fig. 2c, d) would provide carbon needed for synthesis
of secondary metabolites (Gleadow et al. 1998), thus increas-
ing root exudates such as amino acids, phenolic acids, and
organic acids (Fig. 3b–d). The ability of phenolic and organic
acids to bind metal ions such as Cd2+ might have explained
their lower concentrations under elevated CO2 + Cd than un-
der elevated CO2 alone (Kuzyakov and Raskatov 2008);

increased root exudation under elevated CO2 could help to
counteract Cd stress.

Elevated CO2 affected biological activity of rhizosphere
soil under Cd stress

Dissolved organic carbon includes macromolecules contain-
ing acidic groups such as carboxyl and phenolic OH function-
al groups (Hofrichter and Fakoussa 2001), and these mole-
cules play important roles in the transport, bioavailability,
and solubility of heavy metals (Kim and Kang 2011).
Phenolic compounds can increase the mobility of metals in
soil (Kim and Kang 2011).Whenmetals form complexes with
DOC, their mobility and availability for uptake by plant roots
increases (Chen and Zhu 2006). Thus, increased DOC under
elevated CO2 + Cd stress might stimulate Cd bioavailability in
rhizosphere soil. Soil pH is also an important factor control-
ling the availability of heavymetals (Tukaj et al. 2007; Li et al.
2013). Thus, increases in DOC content and decreases in soil
pH under elevated CO2 + Cd stress (compared to Cd stress
alone) affected soil biological activity (e.g., enzyme activity
and microbial abundance) by changing the bioavailability of
Cd.

Increased DOC and lower pH in rhizosphere soil would
lead to increased Cd bioavailability, which could reduce Cd
levels in the rhizosphere as a result of plant uptake (Tukaj et al.
2007; Li et al. 2013). Decreased soil Cd was associated with
increased enzyme activity under elevated CO2 + Cd stress,
compared to Cd stress alone. However, the effects of heavy
metal pollution on soil enzyme activity are complex. The re-
sponse of different enzymes to a given pollutant can vary
greatly (Fig. 4), and the same enzymemay respond differently
to different pollutants (Kim and Kang 2011). The substrate
availability affects the synthesis of extracellular enzymes
(Larson et al. 2002), so enzyme activity in the wheat rhizo-
sphere should be affected by changes in DOC and soil AN
under elevated CO2 combined with heavy metal pollution.

Chen et al. (2014) found that Cd stress increased fungi
abundance in unplanted soils under elevated CO2, which
was in contrast to our results and was probably due to the
effects of plants on soil microorganisms in our study.
Because elevated CO2 can affect concentrations of starch,
sugar, and nonstructural carbohydrates in various plant spe-
cies (Katny et al. 2005), the degree to which elevated CO2

modifies primary production and the chemistry of root exu-
dates should have direct effects on soil microorganisms. The
stimulatory effect of elevated CO2 on bacteria at low soil Cd
concentrations was caused by increased availability of sub-
strates in the rhizosphere (Fig. 3). However, direct effects
(e.g., stimulation or inhibition) of Cd on microorganisms
may also occur under elevated CO2. Thus, inhibition of
rhizosphere bacteria by Cd was greater than their stimulation
by organic compounds at higher Cd concentrations (10.31 mg
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Cd kg−1 dry soil weight) under elevated CO2, which resulted
in decreased bacteria abundance. Several rhizosphere bacterial
species produce antifungal molecules (Matthias et al. 1997),
which may explain the decreased fungal abundance under
elevated CO2 + 5.31 and 10.31 mg Cd kg−1 dry soil weight
relative to either elevated CO2 or Cd stress. The response of
culturable microorganisms to elevated CO2 + Cd stress varied
with increasing Cd levels in the rhizosphere. FDA hydrolysis
activity is generally used as an indicator of total microbial
activity (Yang et al. 2009). In this study, the increase in FDA
hydrolysis activity in the combined treatments suggested that
stimulation of overall microbial activity by elevated CO2

could counteract the inhibitory effects of Cd.

Conclusions

In conclusion, the stimulatory effect of elevated CO2 on pho-
tosynthesis would be lessened by Cd accumulation, especially
at higher soil Cd concentrations. In addition, the changes in
biological activity and organic compounds in rhizosphere soil
suggest that elevated CO2 improved soil fertility and the
microecological environment under Cd stress.

Acknowledgments This work was jointly supported by National Nat-
ural Science Foundation of China (31270665), Shan’xi Postdoctoral Sci-
ence Foundation, and the Fundamental Research Funds for the Central
University (310827140060 and 310829152019).

References

Bergmeyer HU (1974) Methods of enzymatic analysis, vol 3. Academic,
New York, pp 212–1215

Bradford M (1976) A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72(248–254):40

Bunce JA (2004) Carbon dioxide effects on stomatal responses to the
environment and water use by crops under field conditions.
Oecologia 140:1–10

Chen B, Zhu YG (2006) Humic acids increase the phytoavailability of Cd
and Pb to wheat plants cultivated in freshly spiked, contaminated
soil. J Soils Sediments 6:236–242

Chen YP, Liu Q, Liu YJ, Jia FA, He XH (2014) Responses of soil micro-
bial activity to cadmium pollution and elevated CO2. Sci Report 4:
4287–4292

Cole MA (1977) Lead inhibition of enzyme synthesis in soil. Appl
Environ Microbiol 33:262–268

DeForest JL, Zak DR, Pregitzer KS, Burton AJ (2005) Atmospheric
nitrate deposition and enhanced dissolved organic carbon leaching:
test of a potential mechanism. Soil Sci Soc Am J 69:1233–1237

Del VC, Barea JM, Azcon-Aguilar C (1999) Diversity of arbuscular
mycorrhizal fungus populations in heavy-metal contaminated soils.
Appl Environ Microbiol 65:718–723

Dubois M, Gilles KA, Hamilton JK, Rebels PA, Smith F (1956)
Colorimetric methods for determination of sugars and related sub-
stances. Anal Chem 3:350–356

Eivazi F, Tabatabai MA (1988) Glucosidases and galactosidases in soils.
Soil Biol Biochem 20:601–606

Frankenberger WT Jr, Tabatabai MA (1991) L-Asparaginase activity of
soils. Biol Fertil Soils 11:6–12

Freeman C, Fenner N, Ostle NJ, Kang H, Dowrick DJ, Reynolds B
(2004) Dissolved organic carbon export from peatlands under ele-
vated carbon dioxide levels. Nature 430:195–198

Gleadow RM, Foley WJ, Woodrow IE (1998) Enhanced CO2 alters the
relationship between photosynthesis and defence in cyanogenic
Eucalyptus cladocalyx F. Muell. Plant Cell Environ 21:12–22

Guo HY, Zhu JG, Zhou H, Sun YY, Yin Y, Pei DP, Ji R, Wu JC, Wang
XR (2011) Elevated CO2 levels affects the concentrations of
copper and cadmium in crops grown in soil contaminated with
heavy metals under fully open-air field conditions. Environ Sci
Technol 45:6997–7003

Hinojosa MB, García-Ruíz R, Vinegla B, Carreira JA (2004)
Microbiological rates and enzyme activities as indicators of func-
tionality in soils affected by the Aznalcollar toxic spill. Soil Biol
Biochem 30:1637–1644

Hofrichter M, Fakoussa R (2001) Microbial degradation and modify cat-
ion of coal. In: Steinbüchel A, Hofrichter M (eds) Lignin, humic
substances and coal, vol 1. Wiley, Weinheim, pp 393–427

H gy P, Wieser H, K hler P, Schwadorf K, Breuer J, Franzaring J,
Muntifering R, Fangmeier A (2009) Effects of elevated CO2 on
grain yield and quality of wheat: results from a 3-year free-air CO2

enrichment experiment. Plant Biol 11(Supp.l):60–69
Jia Y, Tang SR, Wang RG, Ju XH, Ding YZ (2010) Effects of elevated

CO2 on growth, photosynthesis, elemental composition, antioxidant
level, and phytochelatin concentration in Lolium mutiforum and
Lolium perenne under Cd stress. J Hazard Mater 180:384–394

Johnson RM, Pregitzer KS (2007) Concentration of sugars, phenolic
acids, and amino acids in forest soils exposed to elevated atmospher-
ic CO2 and O3. Soil Biol Biochem 39:3159–3166

Kandeler E, Mosier AR, Morgan JA, Milchunas DG, King JK, Rudolph
S, Tscherko D (2006) Response of soil microbial biomass and en-
zyme activities to the transient elevation of carbon dioxide in a semi-
arid grassland. Soil Biol Biochem 38:2448–2460

Katny MAC, Hoffmann-Thoma G, Schrier AA, Fangmeier A, Jäger HJ,
van Bel AJ (2005) Increase of photosynthesis and starch in potato
under elevated CO2 is dependent on leaf age. J Plant Physiol 162:
429–438

Kim S, KangH (2011) Effects of elevated CO2 and Pb on phytoextraction
and enzyme activity. Water Air Soil Pollut 219:365–375

King JS, Hanson PJ, Bernhardt E, Deangelis P, Norby RJ, Pregitzer KS
(2004) A multiyear synthesis of soil respiration responses to elevat-
ed atmospheric CO2 from four forest FACE experiments. Global
Chang Biol 10:1027–1042

Kuzyakov Y, Raskatov A (2008) Effects of heavy metals contamination
on root-deived and organic matter-derived CO2 efflux from soil
planted. Eur J Soil Biol 44:501–508

Kwon-Rae K, Owens G, Ravi N, Soon-lk K (2007) Influence of plant
roots on rhizosphere soil composition of long-term contaminated
soils. Geoderma 155:86–92

Larson JL, Zak DR, Sinsabaugh RL (2002) Extracellular enzyme activity
beneath temperate trees growing under elevated carbon dioxide and
ozone. Soil Sci Soc Am J 66:1848–1856

Li J, Zhou JM, Duan ZQ (2007) Effects of elevated CO2 concentration on
growth and water usage of tomato seedlings under different
ammonium/nitrate ratios. J Environ Sci 19:1100–1107

Li XF, Han SJ, Guo ZL, Shao DK, Xin LH (2010) Changes in soil
microbial biomass carbon and enzyme activities under elevated
CO2 affect fine root decomposition processes in a Mongolian oak
ecosystem. Soil Biol Biochem 42:1101–1107

Li TQ, Tao Q, Han X, Yang XE (2013) Effects of elevated CO2 on
rhizosphere characteristics of Cd/Zn hyperaccumulator Sedum
alfredii. Sci Total Environ 454–455:510–516

Environ Sci Pollut Res (2016) 23:514–526 525



Liu XC, Mo SX (1985) Studies on the colorimetric determination of
organic acids in soil. Acta Pedol Sin (China) 22:290–296

Lynch JM, Whipps JM (1991) Substrate flow in the rhizosphere. Kluwer
Academic Publishers, Dordrecht, pp 15–24

Ma LX, Zhao M, Mao ZJ, Liu LX, Zhao XZ (2010) Effects of elevated
temperature and [CO2] under different nitrogen regimes on biomass
and its allocation in Quercus mongolica seedlings. Chin J Plant Ecol
34:279–288 (in Chinese)

Marchi S, Tognetti R, Vaccari FP, Lanini M, Kaligaric M, Miglietta F,
Raschi A (2004) Physiological and morphological responses of
grassland species to elevated atmospheric CO2 concentrations in
FACE-systems and natural CO2 springs. Funct Plant Biol 31:
181–194

Matthias CR, Kate MS, Jhon NK, Michael FA (1997) Microbial carbon-
substrate utilization in the rhizosphere of Gutierrezia Sarothrae
grown in elevated atmospheric carbon dioxide. Soil Biol Biochem
29:1387–1394

Moore S, Stein WH (1954) A modified ninhydrin reagent for the photo-
metric determination of amino acids and related compounds. J Biol
Chem 211:907–913

Mora P, Miambi E, Jimenez J, Decaens T, Rouland C (2005) Functional
complement of biogenic structures produced by earthworms, ter-
mites and ants in the neotropical savannas. Soil Biol Biochem 37:
1043–1048

Pancholy SK, Rice EL (1973) Soil enzymes in relation to old field suc-
cession: amylase, cellulase, invertase, dehydrogenase, and urease.
Proc Soil Sci Soc Am 37:47–50

Patra AK, Abbadie L, Clays-Josserand A, Degrange V, Grayston SJ,
Guillaumaud N, Loiseau P, Louault Mahmood FS, Nazaret S,
Philippot L, Poly F, Prosser JI, LeRoux X (2006) Effects of man-
agement regime and plant species on the enzyme activity and genet-
ic structure of N-fixing, denitrifying and nitrifying bacterial commu-
nities in grassland soils. Environ Microbiol 8:1005–1016

Pérez-de-Mora A, Burgos P, Madejón E, Cabrera F, Jaeckel P, Schloter M
(2006) Microbial community structure and function in a soil con-
taminated by heavy metals: effects of plant growth and different
amendments. Soil Biol Biochem 38:327–341

Renella G, Mench M, van der Lelie D, Pietramellara G, Ascher J,
Ceccherini MT, Landi L, Nannipieri P (2004) Hydrolase activity,
microbial biomass and community structure in long-term Cd-con-
taminated soils. Soil Biol Biochem 36:443–451

Rogers A, Allen DJ, Davey PA, Morgan PB, Ainsworth EA, Bernacchi
CJ, Cornic G, Dermody O, Dohleman FG, Heaton EA, Mahoney J,
Zhu XG, Delucia EH, Ort DR, Long SP (2004) Leaf photosynthesis
and carbohydrate dynamics of soybeans grown throughout their life-
cycle under free-air carbon dioxide enrichment. Plant Cell Environ
27:449–458

Sinha S, Masto RE, Ram LC, Selvi VA, Srivastava NK, Tripathi RC,
George J (2009) Rhizosphere soil microbial index of tree species
in a coal mining ecosystem. Soil Biol Biochem 41:1824–1832

Sinsabaugh RL, Antibus RK, Linkins AE, McClaugherty CA, Rayburn
L, Repert D, Weiland T (1993) Wood decomposition: nitrogen and
phosphorus dynamics in relation to extracellular enzyme activity.
Ecology 74:1586–1593

Sollins P, Classman C, Paul EA, Swanston C, Lajtha K, Heil JW, Elliott
ET (1999) Soil carbon and nitrogen pools and fractions. In:
Robertson GP, Coleman DC, Bledsoe CS, Sollins P (eds) Standard
soil methods for long-term ecological research. Oxford University
Press, New York, pp 94–96

Song B, Chen TB, Zheng YM, Huang ZC, Zheng GD, Luo JFA (2006)
Survey of cadimium concentrations in vegetables and soils in
Beijing and the potential risks to human health. Acta Sci Circumst
26:1343–1353

Tabatabai MA, Bremmer JM (1972) Assay of urease activity in soils. Soil
Biol Biochem 4:479–487

Tukaj Z, Baścik-Remisiewicz A, Skowroński T, Tukaj C (2007)
Cadmium effect on the growth, photosynthesis, ultrastructure and
phytochelatin content of green microalga Scenedesmus armatus: a
study at low and elevated CO2 concentration. Environ Exp Bot 60:
291–299

Vu JCV, Gesch RW, Pennanen AH, Allen LHJ, Boote KJ, Bowes G
(2001) Soybean photosysnthesis, Rubisco, and carbohydrate en-
zymes function at supraoptimal temperatures in elevated CO2. J
Plant Physiol 158:295–307

Walker TS, Bais HP, Grotewold E, Vivanco JM (2003) Root exudation
and rhizosphere biology. Plant Physiol 132:44–51

Wu WX, Ye QF, Min H, Duan XJ, Jin WM (2004) Bt-transgenic rice
straw affects the culturable microbiota and dehydrogenase and phos-
phatase activities in a flooded paddy soil. Soil Biol Biochem 36:
289–295

Xu GH, Zheng HY (1986) Handbook of analysis of soil microorganism.
Agriculture Press, Beijing, p 113–116, 249–291 (in Chinese)

Xu YX, Wang GG, Jin J, Liu JJ, Zhang QY, Liu XB (2009) Bacterial
communities in soybean rhizosphere in response to soil type,
soybean genotype, and their growth stage. Soil Biol Biochem
41:919–925

Yang QX, Zhang J, Zhu KF, Zhang H (2009) Influence of oxytetracycline
on the structure and activity of microbial community in wheat rhi-
zosphere soil. J Environ Sci 7:954–959

Zhang W, Zhang M, An S, Xiong B, Li H, Cui CZ, Lin KF (2012)
Ecotoxicological effects of decabromodiphenyl ether and cadmium
contamination on soil microbes and enzymes. Ecotoxicol Environ
Saf 82:71–79

526 Environ Sci Pollut Res (2016) 23:514–526


	Elevated...
	Abstract
	Introduction
	Materials and methods
	Plant species and soil preparation
	Experimental site and atmospheric CO2 concentration
	Pot experiment
	Rhizosphere soil sampling
	Analysis of photosynthetic products
	Enzyme assays
	Culturable microorganisms and FDA hydrolysis activity
	Soil properties and organic compounds in rhizosphere soil
	Statistical analyses

	Results
	DOC, pH, and soil AN in rhizosphere soil
	Photosynthetic products in wheat seedlings
	Organic compounds in rhizosphere soil
	Enzyme activity
	Abundance of culturable microorganisms and FDA hydrolysis activity

	Discussion
	Elevated CO2 changed concentrations of photosynthetic products under Cd stress
	Changes in organic compounds in rhizosphere soil
	Elevated CO2 affected biological activity of rhizosphere soil under Cd stress

	Conclusions
	References


