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The recovery of sites contaminated with heavy 
metals is one of the major challenges for environ-
mental institutions. Conventional cleanup tech-
nologies are generally too costly, and often harmful 
to desirable soil properties for the restoration of 
contaminated sites (Ruttens et al. 2010). Recently, 
bioremediation has been applied widely as a low 
cost and ecologically-responsible alternative to 
the expensive physical-chemical methods. Many 
reports indicated that sunflower could be used 
as a good candidate for phytoextraction of heavy 
metals due to its strong tolerance and accumula-
tion ability. Evidences show that sunflower could 
uptake Cd2+ in association with Pseudomonas 
putida, and it was suited to phytoremediation of 
moderately Pb-contaminated soil when enhanced 
by nutrients (Wu et al. 2006, Lin et al. 2009).

It was crucial to understand the response of 
organic acids from root exudates to heavy metals 
exposure for the successful implementation of 
phytoremediation technologies (Kim et al. 2010a). 
Heavy metals could interfere with the physiochemi-
cal and biochemical processes in plants, which 
varied the diversity and amount of organic acids 
secreted by roots (Rascio and Navari-Izzo 2011). 
Lopéz-Millán et al. (2009) studied the effect of cad-
mium on the growth of Lycopersicon esculentum; 
results showed that high Cd supply (100 μmol) 
impeded the citric acid synthesis in roots; however, 
some metals (Al3+, Pb2+, and Zn2+) were reported 
to stimulate secretion of malic and citric acids in 
the rhizosphere of sunflower (Saber et al. 1999). 
Inevitably, the exudation of metal-inducible organic 
acid anions would change the toxicity and bioavail-
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ability of heavy metals (Kochian et al. 2005). In 
the study of Zhang et al. (1997), citric and malic 
acids in wheat rhizosphere mobilized cadmium in 
soil and increased Cd contents in shoots; Kim et 
al. (2010b) suggested that organic acids addition 
could alleviate the inhibitory effect of Cd and Cu 
on the growth of Echinochloa crus-galli, and made 
the uptake of metals 2–4 folds higher. Until now, 
there were relatively few studies on the response 
of organic acids from sunflower root exudates to 
cadmium and lead.

Therefore, the objective of our study is to in-
vestigate changes of organic acids (glutaric acid, 
glycolic acid, and lactic acid) from sunflower root 
exudates when exposed to cadmium and lead. 
Besides, relationships among Cd and Pb uptake, 
redox potential, pH, and organic acids were dis�-
cussed in order to supply some available informa-
tion for phytoremediation of heavy metals.

MATERIAL AND METHODS

Seed preparation. Seeds of sunflower (Helianthus 
annuus L.) obtained from Shenyang Agricultural 
University were surface sterilized by immersion in 
20% v/v commercial bleach and shaken at 144 r/min 
on an orbital shaker (Beijing, China) in sterile 
distilled water for 6 h. Then they were sown onto 
stainless plate with aseptic gauze in incubator, seeds 
on plates showing microbial growth were discarded. 
When the sterile seedlings reached approximately 
10 cm, 6 seedlings were transferred to each steri-
lized apparatus with 4.5 kg heat-sterilized sand. 
And the experiment was preformed for 90 days.

Experimental design .  CdCl2·2.5 H2O and 
Pb(NO3)2·H2O (reagent grade) were separately 
diluted in deionized water, then solutions were 
added into sand culture and homogenized respec-
tively. The concentrations were designed according 
to the contaminated soil in the Zhangshi irriga-
tion area, which was polluted by heavy metals for 
over 30 years. The treatments were as follows: (i) 
control; (ii) Cd 5, 10, 40 mg/L (Cd5, Cd10, Cd40); 
(iii) Pb 50, 100, 400 mg/L (Pb50, Pb100, Pb400) 
and (iv) Cd 5 mg/L + Pb 50 mg/L, Cd 5 mg/L + Pb 
100 mg/L, Cd 5 mg/L + Pb 400 mg/L, Cd 10 mg/L 
+ Pb 50 mg/L, Cd 10 mg/L + Pb 100 mg/L, Cd 
10 mg/L + Pb 400 mg/L, Cd 40 mg/L + Pb 50 mg/L, Cd 
40 mg/L + Pb 100 mg/L, Cd 40 mg/L + Pb 400 mg/L 
(Cd5 + Pb50, Cd5 + Pb100, Cd5 + Pb400, Cd10 
+ Pb50, Cd10 + Pb100, Cd10 + Pb400, Cd40 + 
Pb50, Cd40 + Pb100, Cd40 + Pb400). Controls 
and treatments were in triplicates for analysis. 

Root exudates collection. Root exudates were 
obtained by aseptic collection apparatus (Yoshitomi 
and Shann 2001). The apparatuses were arranged 
randomly in a greenhouse under 14 h light cycles 
110 µmol/m2/s) and in a temperature range of 
18–28°C. A sterile 1/4 strength modified Hoagland 
and Arnon (1950) nutrient solution was used to 
irrigate the root zone in the first week, and then 
nutrient solution was changed to full Hoagland’s 
solution. The humidity of sand substrate was kept 
at about 30%. Systems were not used if sterility was 
compromised. The root exudates were collected 
every 30 days, and immediately filtered, lyophilized 
(FreezZone 12, Labconco, Kansas City, USA) to 
10 mL and stored at –20°C for further analysis.

Organic acids, acidity, and redox potential 
analysis. Organic acids from root exudates were 
separated using an ion exchange Supelcogel 
C-610H, (Supelco, Gland, Switzerland) column 
(30 cm by 7.8 mm). The mobile phase was 10.0 mm 
H3PO4 at a flow rate of 0.8 mL/min. Separation 
was carried out at 30°C. The wavelength of UV 
detector was 210 nm (GB/T 5009.157-2003). The 
acidity and redox potential in sand culture were 
measured by pH meter (Sigma, Wheaton, USA) and 
ORP meter (Jenco, California, USA), respectively.

Determination of biomass, cadmium and lead. 
Plant samples were harvested and washed in dilute 
detergent solution every 30 days, followed by sev-
eral rinses in distilled water. Plant parts were dried 
in an oven at 70°C for 72 h, and the dry weights 
were recorded by electronic balance (the limit 
is 0.1 mg). Roots and shoots were digested, and 
the digestion was accomplished using an electric 
hot plate (Beijing, China) at 105°C for 30 min 
with 10 mL of concentrated HNO3 (trace pure). 
Subsequently, the sample volume was adjusted to 
20 mL with double deionized water and all sam-
ple extracts were analyzed using a flame atomic 
absorption spectroscopy (Spectra AA220, Varian, 
Mulgrave, Australia) (Boonyapookana et al. 2005).

For the processing of both plant and exudation 
samples, a series of standard samples were also 
prepared for the purpose of quality control, includ-
ing: (1) analyzing 14 random samples, one blank 
sample and 1 standard sample each time; and (2) 
randomly selecting samples to ensure that the rela-
tive standard deviation were less than about 10%.

Statistical analysis. Statistical analyses were 
performed with the SPSS software package 17.0 
(SPSS Inc., Chicago, USA). All data were subjected 
to the analysis of variance (ANOVA) and linear 
correlations among contents of metals, organic 
acids, pH, and redox potential using the Pearson’s 
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correlation coefficients. Differences at the P < 0.05 
level were considered to be statistically significant. 

RESULTS AND DISCUSSIONS

Biomass and bioaccumulation of Cd and Pb. 
In single treatments of Cd or Pb, biomass of sun-
flower decreased with the increase of Cd or Pb 
concentrations at the 30th and 90th day (P < 0.05) 
(Figure 1). The biomass in Pb treatments showed 

higher than that in Cd treatments (P < 0.05). In 
comparison with the single treatments, the mixture 
of Cd and Pb significantly reduced the biomass 
of sunflower, and the highest biomass (2.8970 g) 
was found in Cd10 + Pb100 (P < 0.05).

In Cd treatments, Cd enrichment increased with 
concentrations and time (Figure 2). The highest 
Cd accumulation was 254.71 mg/kg in Cd40 at 
the 90th day (P < 0.05) (Figure 2a). In the mixed 
treatments, when Cd concentrations were 5 and 
40 mg/kg, the addition of Pb decreased the Cd ac-

Figure 1. The biomass in the single and mixed treatments of Cd and Pb during 90 days (bars: standard deviation)

Figure 2. The contents of Cd accumulated by sunflower in the single and mixed treatments of Cd and Pb during 
90 days (bars: standard deviation)
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cumulation (Figures 2b,d). But in Pb100 + Cd10, 
100 mg/kg Pb enhanced the Cd uptake (Figure 2c).

Pb contents in Pb treatments reached the highest 
at the end of the experiment (Figure 3a). When 
Pb was 100 mg/kg, the addition of Cd 40 mg/kg 
inhibited the Pb enrichment greater than treat-
ments with 5 and 10 mg/kg Cd added (Figure 3c); 
in Pb400 plus Cd treatments, Pb accumulation 
showed no difference between Pb400 + Cd5 and 
Pb400 + Cd40 (Figure 3d).

Toxic metals could alter the growth of plants 
through disturbing the respiratory carbohydrate 
metabolism in plant cells by substituting irrevers-
ibly for another micronutrient in critical enzymes, 
in addition, interactions between enzymes and 
Cd or Pb might cause metals to exhibit delete-
rious effects on much of the biochemical ma-
chinery, including the formation of chlorophyll 
and the synthesis of aminoevulinic acid in plants 
(Paczkowska et al. 2007). Unavoidably, the changes 
of physiological processes in sunflowers owing 
to toxic metals would influence the phytoextrac-
tion (Boonyapookana et al. 2005). Moreover, the 
concentration of metals is a non-negligible factor 
to the bioaccumulation. Lu and He (2005) studied 
Cd enrichment in soil by Ricinus communis L. 
at 10 mg/kg to 400 mg/kg concentrations, re-
sults showed that the maximum accumulation ap-

peared at the concentration of 360 mg/kg but not 
400 mg/kg. High concentrations could increase the 
content of heavy metals in tissue compartments of 
plants, but they weakened the accumulation ability 
conversely (Matés et al. 2010). In our study, the 
existence of one ion promoted the uptake of the 
other ion. This result was agreed with Lin et al. 
(2000), who reported that 5 mg/kg Cd improved 
the bioavailability of Pb in soil. Studies showed 
that the interaction of Cd and other metals, such 
as Zn and Pb, at equimolar concentration could 
overcome the toxicity of cadmium to plants (Chen 
et al. 2010).

Acidity and redox potential. During the 30th to 
90th day, values of pH in Pb treatments were lower 
than those in Cd treatments (Figure 4a). In the 
mixed treatments, the acidity in Cd10 + Pb100 was 
lower (6.22–6.24) (P < 0.05), and pHs (6.72–6.75) in 
Cd10 + Pb50 were higher than the other treatments 
(P < 0.05). Redox potentials in single treatments 
showed opposite tendency with concentrations 
(Figure 4b). In the mixed treatments, the highest 
redox potential was 119.17 mv in Cd10 + Pb100 
at the end of experiment (P < 0.05), and the values 
reduced when more Pb added at the same Cd con-
centrations, except for Cd10 plus Pb treatments.

Organic acids. The amount of glutaric acids 
decreased with concentrations mostly in treat-

Figure 3. The contents of Pb accumulated by sunflower in the single and mixed treatments of Cd and Pb during 
90 days (bars: standard deviation)
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ments (Figure 5a), and they were the highest in Cd5 
and Pb50 treatments at the 90th day (440.0 mg/L, 
364.00 mg/L, respectively) (P < 0.05). In the mixed 
treatments, glutaric acids in Cd5 plus Pb treat-
ments declined with the Pb concentrations, and 
the contents in Cd5 + Pb50 and Cd10 + Pb100 
(230.60 mg/L, 255.00 mg/L at the end of test) were 
more than those in other treatments (P < 0.05). 
The highest glycolic acid was 152.10 mg/L in Cd5 
at the 90th day (P < 0.05) (Figure 5b). When Cd 
was 5 mg/L in the mixed treatments, glycolic acids 
contents decreased with Pb concentration; the 
amount of glycolic acids (217.00 mg/L) in Cd10 + 
Pb100 were more than the others (P < 0.05). Similar 
to glutaric acids, lactic acids showed decrement 
with concentrations in single treatments of Cd 
and Pb (Figure 5c). In the mixed treatments, the 
lactic acids increased with Pb addition when Cd 
concentrations were the same, and the highest 
appeared in Cd10 + Pb100 (232.10 mg/L) at the 
end of the experiment (P < 0.05).

Correlations analysis. In single treatments, Cd 
accumulated was negative to lactic acids (r = –0.666; 
P < 0.01), and Pb enrichment was positive to pH 
(r = 0.397, P < 0.05). Redox potential showed posi-
tive to glycolic acid and lactic acid (r = 0.627, P < 
0.01; r = 0.682, P < 0.01), but negative to pH obvi-
ously (Table 1). In the mixed treatments, pH values 
displayed negative to Pb accumulation and redox 
potential significantly. Both Cd and Pb enrichment 
were positive to redox potential, glycolic and lactic 
acids, meanwhile, redox potential exhibited posi-
tive correlation with these three acids.

Roots of plants could secret a diverse array organic 
acids to alter redox potential condition and acid-
ity of media, as a result, toxic metals’ availability 
to plants was affected directly (Zhang et al. 2009). 
The acidification of rhizosphere enhanced the Pb 
accumulation in this experiment. Marschner et al. 
(1989) considered that dicotyledons could acidify 
the rhizosphere via organic acid extrusion from the 
roots to increase metals accumulation. On the other 

Figure 4. pH values (a) and redox potentials (b) in the single and mixed treatments of Cd and Pb during 90 days
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hand, pH values in single Cd treatments illustrated 
elevated trend in our study, which was consistent 
with the results of Zeng et al. (2011), who found that 
the pH increment made Cd more exchangeable and 
bioavailable in cultures. Furthermore, plants had 
been documented to catalyze redox reactions and 
alter the chemistry of metal ions. To avoid toxicity, 
redox potential in rhizosphere could transform or 
immobilize heavy metals (Levitt et al. 2011). Lytle 
et al. (1998) reported that Eichornia crassipes en-
riched nontoxic Cr3+ in root and shoots through 

changing redox potential of rhizosphere in a solution 
with toxic Cr6+. Andrade et al. (2004) deemed that 
the redox potential lowering would contribute to 
heavy metals found exclusively in insoluble forms. 
Exudation of organic acids by roots was one of the 
most important strategies developing by plants to 
tolerate the toxic metals, their influence on the 
phytoextraction depended on the reactions between 
metals and acids in rhizosphere (Cai et al. 2011).

Organic acids fluctuations under the stress of 
heavy metals appeared in our experiment, which 
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were addressed in many articles. In the study of 
Zhang et al. (2009), the secretion of glycolic, cit-
ric, and succinic acids in tomato rhizosphere was 
disturbed by extraneous gadolinium; Greger and 
Landberg (2008) found that Cd concentration eleva-
tion in soil decreased levels of lactic and citric acids 
in wheat root exudates. While, Chiang et al. (2006) 
pointed that acetic, lactic, and glycolic acids in the 
rhizosphere of tobacco and sunflower increased 
with increasing amendment of Cd (1, 5, 10 mg/L); 
and Cd (less than 5.0 mg/L) could enhanced the 
malate exudation of sorghum, and citrate exuda-
tion of maize (Pinto et al. 2008), which meant that 
the composition of the organic acids from roots 
and the toxicity symptoms were specific to plants 
and heavy metals (Smith et al. 2011). Heavy metals 
could lead to fluctuations of major nutrient cations 
in the root cells and exudates, either by co-release 
with organic acid anions or by displacements in the 
cell walls and on the plasma-membrane surfaces 
(Kochian et al. 2005). Besides, alteration of some 
element pool in the cells induced by metals could 
stimulate callose formation in roots (Hirano et al. 
2012), and callose is a plant polysaccharide that is 
formed in response to various stress factors such as 
heavy metals (Krzesłowska 2011). The mechanism 
on changes of root exudates attributed to heavy 
metals interference is complicated and more stud-
ies are needed.

In our study, sunflower was applied to enrich 
cadmium and lead in sand culture. The accumula-
tion ability of Cd and Pb was affected by species 
and concentrations of metals. Moreover, the pres-
ence of Cd and Pb influenced the lactic, glutaric, 
and glycolic acids in root exudation variously. 
Rhizospheric conditions, including acidity and 
redox potential, could be disturbed by changes of 
organic acids, which made the bioavailability and 
phytoextraction of toxic metals impacted.

REFERENCES

Andrade M.L., Covelo E.F., Vega F.A., Marcet P. (2004): Effect of 
the Prestige oil spill on salt marsh soils on the coast of Galicia 
(northwestern Spain). Journal of Environmental Quality, 33: 
2103–2110.

Boonyapookana B., Parkpian P., Techapinyawat S., DeLaune R.D., 
Jugsujinda A. (2005): Phytoaccumulation of lead by sunflower 
(Helianthus annuus), tobacco (Nicotiana tabacum), and vetiver 
(Vetiveria zizanioides). Journal of Environmental Science and 
Health, 40: 117–137.

Cai Z.Z., Kastell A., Knorr D., Smetanska I. (2011): Exudation: 
an expanding technique for continuous production and release 
of secondary metabolites from plant cell suspension and hairy 
root cultures. Plant Cell Reports, 31: 461–477.

Chen G.Q., Zhang X.J., Xu W.H., Liu J.Z., Wang H.X., Guo L.M., 
Chen L.H., Zhang H.B., Lan C.T., Zeng H.J., Xiong Z.T. (2010): 
Effect of different zinc levels on accumulation and chemi-
cal forms of cadmium, and physiological characterization in 
Capsicum annuum L. Environmental Science, 31: 1657–1662.

Chiang P.N., Wang M.K., Chiu C.Y., Chou S.Y. (2006): Effects 
of cadmium amendments on low-molecular-weight organic 
acid exudates in rhizosphere soils of tobacco and sunflower. 
Environmental Toxicology, 21: 479–488.

Greger M., Landberg T. (2008): Role of rhizosphere mechanisms 
in Cd uptake by various wheat cultivars. Plant and Soil, 312: 
195–205.

Hirano Y., Frey B., Brunner I. (2012): Contrasting reactions of 
roots of two coniferous tree species to aluminum stress. Envi-
ronmental and Experimental Botany, 77: 12–18.

Hoagland D.R., Arnon D.I. (1950): The water-culture method for 
growing plants without soil. California Agricultural Experiment 
Station Bulletin, 347: 36–39.

Kim K.R., Owens G., Naidu R., Kwon S.I. (2010a): Influence of 
plant roots on rhizosphere soil solution composition of long-
term contaminated soils. Geoderma, 155: 86–92.

Kim S., Lim H., Lee I. (2010b): Enhanced heavy metal phytoex-
traction by Echinochloa crus-galli using root exudates. Journal 
of Bioscience and Bioengineering, 109: 47–50.

Table 1. Correlations among metals uptake, redox potential, organic acids and pH in the single and mixed treat-
ments of Cd and Pb (n = 144) 

Redox potential Glutaric acid Glycolic acid Lactic acid pH

Single Cd, 
Pb treatments

Cd-content –0.208 –0.193 –0.356 –0.666** 0.157

Pb-content –0.260 –0.236 –0.020 0.247 0.397*

redox potential 1 0.188 0.627** 0.682** –0.925**

Mixed treatments 
of Cd and Pb

Cd-content 0.645** 0.299 0.449* 0.433* –0.160

Pb-content 0.425* 0.160 0.462* 0.680** –0.471**

redox potential 1 0.610** 0.717** 0.423* –0.344**

**P < 0.01; *P < 0.05



494	 PLANT SOIL ENVIRON., 58, 2012 (11): 487–494

Corresponding author:

Prof. Lina Sun, Shenyang University, Key Laboratory of Regional Environment and Eco-remediation, 
21 Wanghuanan Street, Shenyang 110044, P.R. China
phone: + 86 24 6226 8129, fax: + 86 24 8397 0381, e-mail: jesonniu@hotmail.com

Kochian L.V., Piňeros M.A., Hoekenga O.A. (2005): The physiol-
ogy, genetics and molecular biology of plant aluminum resist-
ance and toxicity. Plant and Soil, 274: 175–195.

Krzesłowska M. (2011): The cell wall in plant cell response to 
trace metals: Polysaccharide remodeling and its role in defense 
strategy. Acta Physiologiae Plantarum, 33: 35–51.

Levitt D.B., Slaughter W., Pope G.A., Jouenne S. (2011): The effect of 
redox potential and metal solubility on oxidative polymer degra-
dation. SPE Reservoir Evaluation and Engineering, 14: 287–298.

Lin C.C., Liu J., Liu L., Zhu T.C., Sheng L.X., Wang D.L. (2009): 
Soil amendment application frequency contributes to phyto-
extraction of lead by sunflower at different nutrient levels. 
Environmental and Experimental Botany, 65: 410–416.

Lin Q., Chen H.M., Zheng C.R., Chen Y.X. (2000): Chemical 
behavior of Cd, Pb and their interaction in rhizosphere and 
bulk. Agriculture and Life Science, 26: 527–532.

López-Millán A.F., Sagardoy R., Solanas M., Abadía A., Abadía J. 
(2009): Cadmium toxicity in tomato (Lycopersicon esculentum) 
plants grown in hydroponics. Environmental and Experimental 
Botany, 65: 376–385.

Lu X.Y., He C.Q. (2005): Tolerance, uptake and accumulation of 
cadmium by Ricinus communis L. Journal of Agro-Environ-
mental Science, 24: 674–677.

Lytle C.M., Qian J.H., Hansen D., Zayed A., Terry N., Lytle F.W., 
Yang N. (1998): Reduction of Cr(VI) to Cr(III) by wetland plants: 
Potential for in situ heavy metal detoxification. Environmental 
Science and Technology, 32: 3087–3093.

Marschner H., Treeby M., Römheld V. (1989): Role of root induced 
changes in the rhizosphere for iron acquisition in higher plants. 
Journal of Plant Nutrition and Soil Science, 152: 197–204.

Matés J.M., Segura J.A., Alonso F.J., Márquez J. (2010): Roles of 
dioxins and heavy metals in cancer and neurological diseases 
using ROS-mediated mechanisms. Free Radical Biology and 
Medicine, 49: 1328–1341.

Paczkowska M., Kozlowska M., Golinski P. (2007): Oxidative stress 
enzyme activity in Lemna minor L. exposed to cadmium and 
lead. Acta Biologica Cracoviensia Series Botanica, 49: 33–37.

Pinto A.P., Simes I., Mota A.M. (2008): Cadmium impact on root 
exudates of sorghum and maize plants: A speciation study. 
Journal of Plant Nutrient, 31: 1746–1755.

Rascio N., Navari-Izzo F. (2011): Heavy metal hyperaccumulating 
plants: How and why do they do it? And what makes them so 
interesting? Plant Science, 180: 169–181.

Ruttens A., Adriaensen K., Meers E., De Vocht A., Geebelen W., 
Carleer R., Mench M., Vangronsveld J. (2010): Long-term sustain-
ability of metal immobilization by soil amendments: cyclonic ashes 
versus lime addition. Environmental Pollution, 158: 1428–1434. 

Saber N.E., Abdel-Moneim A.M., Barakat S.Y. (1999): Role of 
organic acids in sunflower tolerance to heavy metals. Biologia 
Plantarum, 42: 65–73.

Smith E., Naik D., Cumming J.R. (2011): Genotypic variation in alu-
minum resistance, cellular aluminum fractions, callose and pectin 
formation and organic acid accumulation in roots of Populus 
hybrids. Environmental and Experimental Botany, 72: 182–193.

Wu H.C., Wood T.K., Mulchandani A., Chen W. (2006): Engineer-
ing plant-microbe symbiosis for rhizoremediation of heavy 
metals. Applied Environmental Microbiology, 72: 1129–1134.

Yoshitomi K.J., Shann J.R. (2001): Corn (Zea mays L.) root exu-
dates and their impact on 14C-pyrene mineralization. Soil 
Biology and Biochemistry, 33: 1769–1776.

Zeng F., Ali S., Zhang H., Ouyang Y., Qiu B., Wu F., Zhang G. 
(2011): The influence of pH and organic matter content in 
paddy soil on heavy metal availability and their uptake by rice 
plants. Environmental Pollution, 159: 84–91.

Zhang H.J., Wei Z.G., Zhao H.Y., Yang H.X., Li H.X., Hu F. (2009): 
Effects of low-molecular-weight organic acids on gadolinium 
accumulation and transportation in tomato plants. Biological 
Trace Element Research, 127: 81–93.

Zhang M., Alva A.K., Li Y.C., Calvert D.V. (1997): Chemical as-
sociation of Cu, Zn, Mn, and Pb in selected sandy citrus soils. 
Soil Science, 162: 181–188. 

Received on April 10, 2012


