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Abstract Through pot experiment, effects of phytoremedi-
ation on microbial communities in soils at different nickel
treatment levels were studied. Two Ni hyperaccumulating
and one Ni tolerant species were planted in paddy soils dif-
ferent in Ni concentration, ranging from 100 to 1 600 mg/kg.
After 110 days of incubation, soil microbial activities were
analyzed. Results showed that populations of bacteria, fungus,
and actinomycetes and biomass of the microorganisms were
stimulated when nickel was added at a rate of 100 mg/kg in
non-rhizospheric soil. When the rate was over 100 mg/kg in
the soil, adverse effects on the soil microbial communities
were observed. The plantation of Ni hyperaccumulating
species could increase both the population and biomass of
soil microorganisms, because, by absorbing nickel from the
soil and excreting root exudates, the plants reduced nickel
toxicity and improved the living environment of the microbes.
However, different plant species had different effects on
microorganisms in soil.

Randomly Amplified Polymorphic DNA (RAPD) with
five primers was used in this study in 25 soil samples of four
types of soils. A total of 947 amplified bands were obtained,
including 888 polymorphic bands and 59 non-polymorphic
bands. The results indicated that the composition of microbial
DNA sequences had changed because of the addition of nickel
to the treated soils. Shannon-Weaver index of soil microbial
DNA sequences reduced in the nickel contaminated soils with
increasing nickel concentration. The changes in Shannon-
Weaver index in the four types of soils ranged from 1.65 to
2.32 for Alyssum corsicum, 1.37 to 2.27 for Alyssum murale,

Translated from Acta Pedologica Sinica, 2006, 43(6): 919-925 [ H:
AR

CAI Xinde
South China Institute for Environmental Science, SEPA, Guangzhou
510655, China

QIU Rongliang (P<), CHEN Guizhu, ZENG Xiaowen, FANG
Xiaohang

School of Environmental Science & Engineering, Sun Yat-Sen
University, Guangzhou 510275, China

E-mail: eesqrl@mail.sysu.edu.cn

1.37 to 1.96 for Brassica juncea, and 1.19 to 1.85 for non-
rhizospheric soil. With the same amount of nickel added
to soils, the Shannon-Weaver index in rhizospheric soil with
plants was higher than that in non-rhizospheric soil.
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1 Introduction

Heavy metals are one of the major pollutants in soil, and
a number of biological effects on plants, microorganisms,
soil enzyme activities caused by heavy metal and bioremedia-
tion of heavy metal contamination soils have aroused ever-
increasing attention from scientists. Living in long-term
heavy metal contaminated soil, microbes need higher basal
respiration strength and metabolic quotient, but lower micro-
bial biomass (Insam et al., 1996; Yang et al., 2001). Some
reports have found that heavy metals influence the microbial
diversity and total community structure in contaminated
soils, especially those with a long pollution history. As a
result, some population sensitive to heavy metal pollution
may decrease or die out, while another population less sensi-
tive or resistant to the heavy mental pollution will increase
(Bruins et al., 2000). Phytoextraction, the use of plants to
extract metals from soil, which does no damage to soil pro-
perties and enables metal recycling, has been reported to be
very efficient for cleaning up superficially contaminated soils.
There are more than 300 kinds of Ni hyperaccumulating
species found in the world at present (Brooks et al., 1998),
including 4. corsicum and A. murale (Chaney et al., 1997;
Tang and Wilke, 2000).

Much of the previous work on 4. corsicum and A. murale
has involved the collection of field samples and measurement
of metal concentration in plants, studies of metal tolerance,
and the changes of metal forms. However, little or no infor-
mation is available on the response of microbial communities
to phytoremediation of nickel-contaminated soils.

The objectives of this study are to contribute to a better
understanding of the response of phytoextraction practices on



290

microbial community in nickel-contaminated soils; specifi-
cally, we aim to determine the changes of microorganism
population, microbial biomass carbon, basal respiration, and
DNA sequence diversity of soil microbial community affected
by phytoextraction.

2 Materials and methods

2.1 Materials

2.1.1  Soil preparation

The soils used were collected from the surface layer (0—20 cm)
of an agricultural field used for paddy rice at Guangdong
Academy of Agricultural Science. The moist soils were air-
dried and sieved by using a 3-mm bamboo sieve and stored in
closed plastic bags before use. Soils were divided into seven
lots added with different Ni concentration of 5 kg per lot.
Different masses of NiSO, - 6H,0O powdered were mixed with
soils carefully. The final Ni concentrations in soils were 0,
100, 200, 300, 400, 800, and 1 600 mg/kg, respectively. Then
1 800 mL distilled and deionized water (DDW) was added
to each soil so as to maintain soil moisture. The treated soils
were stored in closed plastic buckets with covers for 12 weeks,
and then air-dried, loaded in plastic bags. Table 1 shows the
Ni concentrations and chemical properties of the collected
soils before addition of NiSO, - 6H,0.

2.1.2 Plants

Seeds of Alyssum corsicum came from Kotodesh, Albania,
Alyssum murale from Oregon Vineyard, and Brassica juncea
from South China.

2.1.3 Plant culture

Plastic pots were filled with 500 g (dry weight) treated soils
each before seedlings were transplanted. The experiment
consisted of seven treatments in total with three duplicates
each. The different treated soils without plants were filled to
one pot each as controls. Because B. juncea planted in high Ni
concentration treated soils (400, 800 and 1 600 mg/kg soils)
could not grow, the total number of pots was just 61 for three
kinds of plants and controls.

The seeds of 4. corsicum and A. murale were planted in
plastic basins with 2 kg superior quality peatmoss. With the
appearance of the first seven leaves, the seedlings were trans-
planted into the pots with four plants each. The pots were
watered using DDW everyday as required according to the

Table 1 Selected soil properties and nickel concentration

weather condition. A compound fertilizer was added every
month in this experiment, with 0.4 g per pot. The growth
periods were 110 days for A. corsicum and A. murale, and
40 days for B. juncea.

2.2 Analysis methods

2.2.1 Sample collection

The moist soil samples were collected and analyzed for
microorganism population, microorganism carbon, basal
respiration and DNA sequence diversity. Soils where A.
corsicum, A. murale, and B. juncea were planted, were defined
as rhizosphere soils. Soil samples for DNA extraction were
placed in separate polyethylene plastic bags and immediately
stored at —20°C. Moisture content of soil samples was
analyzed by using the oven dry method. Portions of the
soil samples were air-dried prior to Ni concentration
measurement.

2.2.2  Soil properties and Ni concentration assay

Some physical and chemical properties of the soil including
pH value, total carbon concentration, total nitrogen concen-
tration and cation exchangeble capacity (CEC) were mea-
sured with the routine analytical methods (Bao, 2000). The
total Ni in the soil samples was determined by the flame
atomic absorption spectroscopy (AAS, Hitachi Z-5000) after
digestion with a mixture of HNO;-HCIO,-HF. The available
Ni concentration in soils were extracted with diethylenetri-
amine pentaacetic acid solution (DTPA-Ni) and analyzed by
AAS.

2.2.3  Soil microbial assay (Department of Microorganism,
Institute of Soil Science, Chinese Academy of Sciences,
1985; Lin et al., 1999; Yao et al., 2000; Huang et al., 2004)

The viable count method was used for the estimation of
soil-borne bacteria, fungus and actinomycetes. Microbial bio-
mass carbon was determined by the chloroform-fumigation-
extraction procedure in which C is extracted by 0.5 mol/L
K,SO, before and after fumigation. Basal respiration (CO,
evolution) was measured by incubating 50 g of fresh soil at
25°C in 500 mL air-tight jars for one day, adjusted to 60%
of water holding capacity. Respired CO, was trapped in
10 mL of 1 mol/L KOH solution. CO, was precipitated with
BaCl, and the excess KOH was titrated with HCI using a
phenolphthalein indicator.

The technique of RAPD molecular markers was used for
monitoring the DNA sequence diversity of soil microbial
community. The total microbial DNA was extracted using

pH Total N/(g-kg™') Total C/(g-kg™) Total Ni/(mg-kg™) Total Zn/(mg-kg™) Total Cu/(mg-kg™) Total Pb/(mg-kg™") CEC(cation exchangeble

capacity)/(cmol - kg™)

6.37 1.42 18.43 12.50 212.00

41.70 85.80 1.74




sodium dodecyl sulfate method (SDS), and then purified
using a Golden Beads DNA purification kit (Sangon Ltd.).
Five primers used in the PCR reactions for this study were
SBS A02, SBS A03, SBS All, SBS A19, and SBS A20 from
sequences of the DNA primers of SBS A (Sangon Ltd.). The
electrophoresis gels were analyzed using Gel analyst software
(UVP, INC.) via photograph scanning. For data analysis, all
the amplified fragments were scored as present or absent
and were assigned a value of 1 or 0, respectively, and then
the sequence diversity of soil microbial community was
calculated.

3 Results

3.1 Effects of phytoextraction on DTPA-Ni contents in
tested soil

The concentrations of total-Ni are listed in Table 2. Results
showed that the total-Ni concentration at the same Ni level
decreased slightly, but that in the 1 600 mg/kg treated soil
was significantly different (P < 0.05) among rhizosphere soils
and controls.

Table 2 Total Ni concentration in rhizospheric and non-rhizospheric
soils

Added Ni Control A. corsicum A. murale B. juncea
level /(mg-kg™) /(mg-kg™) /(mg-kg™) /(mg-kg™)
(mg-kg™)

0 1224+0.5A  11.4+0.6AB 9.5+1.0C 10.2+0.9BC
100 110.5+1.7A  112.3+2.4A 111.0+2.0A 110.8 +1.0A
200 210.94+1.9A 209.0+0.8A  208.9+3.3A 208.6+3.9A
300 311.3+1.7A 310.8+12A  308.0+3.0A 310.4+2.3A
400 411.440.6A 407.5+2.5A  407.3+3.0A

800 810.5+22A 805.0+4.1A 807.4+3.6A

1600 1,600.0+7A 1,550.0+5B 1,544.0 + 6B

Note: Figures in the table are Mean + SD. Different letters in one line indicate
statistically significant differences by one-way ANOVA and LSD method
(P <0.05) between treatments.

The concentrations of the DTPA-Ni are shown in Fig. 1.
Ni-resistant plants and hyperaccumulators can take up Ni
from the soil, and so the DTPA-Ni concentration in rhizo-
sphere soils was smaller than that in non-rhizosphere soils;
the reduction of DTPA-Ni in higher Ni-treated soils was
greater than that in low Ni-treated soils.
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Fig.1 Changes in DTPA-extractable Ni concentration in

rhizospheric soils and control
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3.2 Effects of phytoremediation on microbial population

3.2.1 Bacteria population

The total amounts of bacteria in the tested soils are shown in
Fig. 2. The highest amount of bacteria in rhizospheric soil
was recorded at both control soils where A. corsicum (50.30
x 10% cfu/g) and B. juncea (13.76 x 10° cfu/g) were planted
and at 800 mg/kg soil where 4. murale (65.34 x 10° cfu/g)
was planted, which in control was at 100 mg/kg soil (9.71
x 10% cfu/g). The total amounts of bacteria in controls tended
to reduce with increasing Ni; however, the changes of total
amounts in rhizospheric soils had some difference among the
Ni-treated soils due to the different plant species.
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Fig. 2 Populations of bacteria in rhizospheric soils and controls
3.2.2  Fungus population

The total amount of fungi in the tested soils are shown in
Fig. 3. The highest amount of fungus in rhizospheric soils
was recorded at 4. murale 100 mg/kg soil (8.30 x 10° cfu/g),
B. juncea 100 mg/kg soil (7.91 x 10° cfu/g), A. corsicum con-
trol soil (8.38 x 109 cfu/g), and at 300 mg/kg soil (4.43 x
10° cfu/g) in controls.
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Fig. 3 Populations of fungi in rhizospheric soils and controls
3.2.3 Actinomycetes population
The total amounts of actinomycetes in the tested soils

are shown in Fig. 4. The viable amounts of actinomycetes
were inhibited by heavy metals. The highest amount of
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actinomycetes in 4. corsicum rhizospheric soils was recorded
at control soil (9.70 x 10° cfu/g), and then at 100 mg/kg soil
(8.92 x 10° cfu/g). The highest amounts of other soils were
4.14 x 10° cfu/g at 200 mg/kg soil for A. murale, 3.60 x
109 cfu/g at 100 mg/kg soil for B. juncea, and 4.14 x 10° cfu/g
in control, respectively.
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Fig. 4 Populations of actinomycetes in rhizospheric soils and control

3.3 Effect of phytoremediation on soil basal respiration

The basal respirations of the tested soils are shown in Fig. 5.
The basal respiration of control soils increased with increasing
Ni concentration in soils and then decreased at 200 mg/kg and
higher, ranging from 0.01 to 0.09 mg-kg'-h’!; and in three
kinds of rhizospheric soils, it did not change obviously with
increasing addition of Ni. Results showed that the basal res-
piration of the rhizospheric soil, where hyperaccumulators
were planted, was obviously higher than that of the control
soil.
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Fig. 5 Basal respiration in rhizospheric soils and controls

3.4 Effect of phytoremediation on soil microbial biomass
carbon

Microbial biomass carbon (MBC) of the tested soil samples
are shown in Fig. 6. Results showed that microbial biomass in
controls ranged from 121.9 to 224.6 mg/kg, the biggest was
recorded at 100 mg/kg. Similarly, MBC in A4. corsicum rhizo-
spheric soils ranged from 162.6 to 513.8 mg/kg, the biggest
was at 300 mg/kg. However, as for 4. murale and B. juncea
soils, their biggest MBC was at rhizospheric control soil. In

other words, the microbial biomass carbon tended to decrease
with increasing of the Ni concentration in soils.
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Fig. 6 Microbial biomass carbon in rhizospheric soils and control

3.5 Effect of phytoremediation on the microbial DNA
sequence diversity

Results of RAPD-PCR of 25 kinds of soil samples are listed
in Table 3. The total bands obtained by amplification with
five primers were 947 including 888 polymorphic amplified
bands (about 94% of the total) and 59 non-polymorphic bands
(about 6% of the total).

Table 3 Summary of the results obtained by amplification with five
primers

Primer Amplified Polymorphic Non-polymorphic Ratio of
band amplified band polymorphic band
band to total band/%
SBS A2 230 216 14 94
SBS A3 188 149 39 79
SBS A1l 201 201 0 100
SBS A19 207 201 6 97
SBS A20 121 121 0 100
Sum 947 888 59 94

The amounts of microbial amplified bands are different
when using different primers in the same soil sample, simi-
larly, even if using the same primer in the different soil sample.
The statistic results of microbial amplified bands showed
that A. corsicum rhizospheric soils had the most amplified
bands (315 bands) against 284 bands and 216 bands for A.
murale thizospheric soils and controls (non-rhizospheric
soils), respectively, following the sequence of A. corsicum
rhizospheric soils>A. murale rhizospheric soils > controls
with respect to the amount of amplified bands. B. juncea rhizo-
spheric soils had 132 bands for four samples. Therefore, the
amplified bands of microbial DNA in rhizospheric soils were
more abundant than those in controls.

The Shannon-Weaver index (SWI) of microbial DNA
sequence diversity calculated in the tested soils are shown in
Fig. 7. The changes in Shannon-Weaver index in the four



types of soils ranged from 1.65 to 2.32 for Alyssum corsicum,
1.37 to 2.27 for Alyssum murale, 1.37 to 1.96 for Brassica

Jjuncea, and 1.19 to 1.85 for control. Results indicated that
SWI of soil microbial DNA sequence reduced with increasing
nickel concentration, and was generally higher in rhizospheric
soils than in control soils.
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Fig. 7 Shannon-Weaver index of microbial DNA sequence in
rhizospheric and non-rhizospheric soils

4 Discussion

In general, the concentration of heavy metals in soils extracted
by 0.005 mol/L DTPA can be defined as the available amounts
of heavy metals to plants (Zhu et al., 2002). Nickel sulfate
added into paddy soils can interact with soil components and
cause redistribution of Ni (Cai et al., 2005), but in this exper-
iment, the analyzed data show that the DTPA-Ni in soils
were increased with increasing amounts of Ni. The higher of
DTPA-NI in soils, the more available to plants, which would
be beneficial to hyperaccumulators (Ernst, 1996; Lombini
et al., 1998). In comparison with controls, the amounts of
reduction of DTPA-Ni in the treated soils increased with
the increase in Ni.

The soil microbial population structure is one of the impor-
tant indicators to indicate the situation of the soil microbial
community and stability of the soil biological system. Gener-
ally, heavy metal contamination might lead to two kinds of
effects on the microorganisms: on one hand, due to heavy
metal toxicities, sensitive populations would be inhibited, the
kinds and amounts of microbial populations would be reduced
gradually or become extinct; on the other hand, less sensitive
or resistant population that had adapted to the contaminated
condition would grow, increase and become the dominant
population in soil microbial community (Frostegard et al.,
1996; Wang, 2002); as a result, heavy metal contamination
would cause the changes of the soil microbial population
and community. Some results proved that different kinds of
microbes had different responses to the heavy metal contami-
nation, in which the sensitive order commonly might be
actinomycetes > bacteria > fungi (Sun et al., 2000).

Nickel is one of the essential micronutrient physiologi-
cally required by plants, animals and microorganisms, as well
as a kind of carcinogenic element (Fu et al., 1996). In this
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experiment, the highest amount of bacteria and actinomycetes
in controls was recorded at the 100 mg/kg treated soil, but
that of fungi was at 300 mg/kg treated soil, which indicated
that the low dose of nickel has beneficial effects on the growth
of soil microorganism, but higher dose may be toxic and
inhibitory on the development of microbial populations. The
lowest concentration inhibiting the growth of microbes in
nickel-contaminated soils was 100 mg Ni/kg for actinomy-
cetes, 100 mg/kg for bacteria and 300 mg/kg for fungi, which
meant that both actinomycetes and bacteria were more sensi-
tive than fungi to nickel contamination. The present results
are in full agreement with earlier results reported.

The microbial structure in rhizosphere depends on soil
type, plant species, plant growth stage, presence of con-
taminants, temperature and other environmental factors
(Kuperman and Carreiro, 1997; Kozdroj and Elsas, 2000).
Plants can secrete many kinds of organic compounds into
soil, such as organic acids, and various organic acids can
bind heavy metals, reduce the toxicity of metal ions, and thus
mitigate the negative effects of heavy metals on microor-
ganisms (Sun et al., 2000; Wang, 2002). Hence, these root
exudates may cause the changes to the structure of microbial
populations in soil. According to the changes of the viable
counts in three kinds of the rhizospheric soils, it was found
that the functions of plants on the populations of bacteria,
fungi, and actinomycetes were different. Phytoextraction
could reduce the heavy metal toxicity in the soil because
hyperaccumulators or tolerant plants can uptake heavy metals
from soils and secrete root exudates to bind heavy metals,
improving the living condition of soil microbes, which would
be beneficial to the development of the microbial populations.
The viable amounts of bacteria, fungi, and actinomycetes in
this experiment fluctuated with increasing of nickel concen-
tration in soil, which may be related to the test method. When
using a selective media, these results ought to belong to
normal data (Hemida et al., 1997; Scragg, 1999). Therefore,
phytoextraction made soil microbial species more abundant
and microbial populations much higher.

The basal respiration of soil is an important indicator for
the assessment of the microbial activities in heavy metal con-
taminated soils (Gong et al., 1997; Wang et al., 2003). Heavy
metal contamination of soil could both reduce the capacity of
the use of sole-carbon-source and affect the activity of micro-
organisms involved in organic matter decomposition and
nutrient cycling in contaminated soils (Baath et al., 1998; Sun
et al., 2000). In addition to the presence of heavy metals,
the basal respiration in long-term heavy metal contaminated
soil is closely related to the soil types, vegetations and other
environmental factors. Yang et al. (2001) reported that the
basal respiration of urban soils was higher than that in rural
soils, while the higher heavy metal levels in soils resulted
in the elevation of basal respiration. Insam et al. (1996)
reported that the results of the studies on the metabolic quo-
tient (qCO,) response upon heavy metal contamination were
contradictory. Our results that the basal respiration in control
soils increased at first and then decreased with increasing of
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nickel concentration in soil indicated that the low dose of Ni
might increase the basal respiration, while high dose might
decrease it. Phytoextraction was beneficial to relieving the
inhibition of heavy metals on the basal respiration.

The changes of soil microbial biomass carbon and the
basal respiration may be due to the physiological adaptation
or the morphological changes of soil microflora in heavy
metal contaminated soils (Wang, 2002; Renella et al., 2004).
Microbes may have formed several mechanisms including
precipitation, physical exclusion and intracellular sequestra-
tion to adapt themselves to the heavy metal stress condition.
These physiological activities may increase the consumption
of energy and reduce the maintenance energy, the conversion
of substrate into new microbial biomass, other metabolic pro-
cesses, and the result in the microbial biomass may increase
slowly or decrease (Bruins et al., 2000; Li et al., 2005). Due
to the complex soil microbial composition, the microbial
responses are different under stress condition. Some may
increase the metabolic activity to get more energy against the
stress condition, while others may slow down their activities
to reduce the consumption of energy in order to maintain the
survival of individuals and the population (this kind of adap-
tation may be disadvantageous to the development of micro-
bial population). As a result, when the activities of microflora
are strong, the basal respiration increases; contrarily, that
would be lower.

In addition, the nutrient in the heavy metal contaminated
soil can induce the change of the microbial biomass. It is
essential that phytoremediation can change the material cir-
culation and the energy flow in the plant-soil system. Soil
microorganism can use the plant root exudates including a
wide range of organic molecules as nutrients, and thus increase
the conversion of nutrients into new microbial and biological
activity (Kamnev and Lelie Daniel, 2000), which may explain
why the microbial biomass in rhizospheric soils was higher
than that in controls.

The diversity of DNA sequence of microbial community
in Ni-contaminated soils was highly affected by Ni concen-
tration, soil properties, plant species, and environmental
factors. Teng et al. (2004) tested the changes of microbial
DNA in mixed heavy metal contaminated farmland soils,
indicating that heavy metal accumulation at different levels
could markedly cause damage to microbial DNA in farmland
soils and change the structural diversity of the microbial
community. Chen et al. (2002) used the PCR-DGGE method
to investigate the microbial populations of farmland soils,
finding the significant microbial community difference
among farmland soils where different crops were planted.
Griffiths et al. (1999) found that microbial community struc-
ture changed consistently with increasing of the substrate,
and fungi would dominate over bacteria at high substrate
loading rates, suggesting that the quantity of substrate was a
governing factor for community composition. In fact, Ni con-
tamination in soils, especially at high Ni-contaminated soils,
adversely affects the survival of microorganisms, which could
lead to the loss of some sensitive species (populations) or the

increase of tolerant species, resulting in the changes of the
microbial community (Frostegard et al., 1996; Zhao et al.,
2005). In our present results, the ratio of non-polymorphic
band was about 6%, which meant that the genetic similarity
among treated samples was very low, indicating that heavy
metal contamination of soils caused the changes of microbial
DNA. The SWI of DNA sequence diversity of the microbial
community in controls reduced with increasing Ni concen-
tration in treated soils, and that in rhizospheric soils was
generally higher than that in controls, which indicated
that phytoextraction may have positive effects on the DNA
sequence diversity of the microbial community in Ni-
contaminated soils. However, these effects may depend on
the plant species, availability of root exudates and other
factors prevailing in the habitat of the plant-soil system.

5 Conclusions

When the added Ni in treated soils was lower than 100 mg/kg,
the populations of bacteria, fungi, and actinomycetes were
stimulated; but with the increasing concentration of Ni in
soils, the amount of the microorganisms would tend to decline,
which showed that Ni contamination in soils would adversely
affect soil microorganisms. By uptaking nickel from soils
and excreting root exudates, phytoremediation could increase
the amount of the microbial biomass in contaminated soils;
however, different plant species might have different effects
on microorganisms.

Soil Ni contamination has been proved to affect the micro-
bial biomass carbon, basal respiration and the DNA sequence
diversity of the microbial community. Fortunately, phytore-
mediation can reduce the toxicity of Ni on soil microbes,
and improve the habitat conditions of microorganisms, and
thus facilitate the development of microbial populations in
Ni-contaminated soils.

Acknowledgements This work was partially financed by the National
Natural Science Foundation of China (Grant No0.20177035), the Provincial
Natural Science Foundation of Guangdong (N0.051018242) and the New
Century Excellent Talents Plan Program of National Education Ministry (No.
NCET04-0790). A kind thank is also given to Dr. Li Y M for supplying the
seeds of hyperaccumulators.

References

Baath E, Diaz-Ravina M, Frostegard A, Campbell D (1998). Effect of
metal-rich sludge amendments on the soil microbial community.
Applied and Environmental Microbiology, 64(1): 238-245

Bao S D (2000). Soil and Agricultural Chemistry Analysis. 3rd ed.
Beijing: China Agricultural Press (in Chinese)

Brooks R R, Chambers M F, Nicks L J, Robinson B H (1998).
Phytomining. Trends in Plant Science, 3(9): 359-362

Bruins M R, Kapil S, Oechme F W (2000). Microbial resistance to metals
in the environment. Ecotoxicology and Environmental Safety, 45(3):
198-207

Cai X D, Qiu R L, Chen G Z (2005). Speciation and redistribution of
nickel added in soil. Ecology and Environment, 14(3): 341-344 (in
Chinese)



Chaney R L, Malik M, LiY M, Brown S L, Brewer E P, Angle J S, Baker
A J M (1997). Pyhtoremediation of soil metals. Current Opinion in
Biotechnology, 8(3): 279-284

Chen H, Tang X S, Lin J, Zhang B S, Ren D M (2002). Community
constitute and phylogenetic analysis on soil uncultured
microorganism. Acta Microbiologica Sinica, 42(4): 478-483 (in
Chinese)

Department of Microorganism, Institute of Soil Science, Chinese
Academy of Sciences (1985). Research Method of Soil Microor-
ganism. Beijing: Science Press (in Chinese)

Ernst W H O (1996). Bioavailability of heavy metals and decontamina-
tion of soils by plants. Applied Geochemistry, 11(1/2): 163167

Frostegard A, Tunlid A, Baath E (1996). Changes in microbial
community structure during long-term incubation in two soils experi-
mentally contaminated with metals. Soil Biology & Biochemistry,
28(1): 55-63

Fu H H, Wang Y, Tian Y L (1996). Functions of nickel in plants. Plant
Physiology Communications, 32(1): 4549 (in Chinese)

Gong P, Sun T H, Li PJ (1997). Ecological effect of heavy metals on soil
microbes. Chinese Journal of Applied Ecology, 8(2): 218-224 (in
Chinese)

Griffiths B S, Ritz K, Ebblewhite N, Dobson G (1999). Soil microbial
community structure: Effects of substrate loading rates. Soil Biology
& Biochemistry, 31(1): 145-153

Hemida S K, Omar S A, Abdel-mallek A Y (1997). Microbial popula-
tions and enzyme activity in soil treated with heavy metals. Water, Air
and Soil Pollution, 95(1): 13-22

Huang T T, Cao H, Wang X X, Cui Z L (2004). An efficient method for
DNA extraction from soil microorganism. Soils, 36(6): 662—666 (in
Chinese)

Insam H, Hutchinson T C, Reber H H (1996). Effects of heavy metal
stress on the metabolic quotient of the soil microflora. Soil Biology &
Biochemistry, 28(4/5): 691-694

Kamnev A A, Lelie Daniel V D (2000). Chemical and biological
parameters as tools to evaluate and improve heavy metal
phytoremediation. Bioscience Reports, 20(4): 239-258

Kozdroj J, Elsas J] D V (2000). Response of the bacterial community
to root exudates in soil polluted with heavy metals assessed by
molecular and cultural approaches. Soil Biology & Biochemistry,
32(10): 1405-1417

Kuperman R G, Carreiro M M (1997). Soil heavy metal concentrations,
microbial biomass and enzyme activities in a contaminated grassland
ecosystem. Soil Biology & Biochemistry, 29(2): 179-190

295

Li Y T, Becquer T, Quantin C, Benedetti M, Lavelle P, Jun D (2005).
Microbial activity indices: sensitive soil quality indicators for trace
metal stress. Pedosphere, 15(4): 409-416

Lin Q M, Wu'Y G, Liu H L (1999). Modification of fumigation extrac-
tion method for measuring soil microbial biomass carbon. Chinese
Journal of Ecology, 18(2): 63—66 (in Chinese)

Lombini A, Dinelli E, Ferrari C, Simoni A (1998). Plant-soil relation-
ships in the serpentinite screes of Mt. Prinzera (Northern Apennines,
Italy). Journal of Geochemical Exploration, 64(1/3): 19-33

Renella G, Mench M, Lelie D V D, Pietramellara G, Ascher J,
Ceccherini M T, Landi L, Nannipieri P (2004). Hydrolase activity,
microbial biomass and community structure in long-term Cd-
contaminated soils. Soil Biology & Biochemistry, 36(3): 443451

Scragg A (1999). Environmental Biotechnology. England: Person
Education Limited, 28-29

Sun T H, Zhou Q X, Li P J (2000). Pollution Ecology. Beijing: Science
Press, 298-308 (in Chinese)

Tang S R, Wilke B M (2000). Heavy metal uptake by Elsholtzio
haichowensis sun and Commelina communis L. grown on
contaminated soils. Plant and Soil, 184(1): 50-62

Teng Y, Luo Y M, Zhao X W, Li Z G, Song J, Wu L H (2004). Rapid
extraction and purification of DNA in farmland soils contaminated
with mixed heavy metals for PCR-DGGE analysis. Acta Pedologica
Sinica, 41(3): 343-347 (in Chinese)

Wang X H (2002). Pollution Ecology. 2nd ed. Beijing: Higher Education
Press (in Chinese)

Wang X L, XuJ M, Yao HY, Xie Z M (2003). Effects of Cu, Zn, Cd
and Pb compound contamination on soil microbial community. Acta
Scientiae Circumstantiae, 23(1): 22-27 (in Chinese)

Yang Y G, Paterson E, Campbell C (2001). Accumulation of heavy
metals in urban soils and impacts on microorganisms. Environmental
Sciences, 22(3): 44-48 (in Chinese)

Yao J, Yang Y H, Shen X R, Lu W Z (2000). A preliminary study on
DNA sequence diversity of soil microbial community affected by
agricultural chemicals. Acta Ecologica Sinica, 20(6): 1021-1027 (in
Chinese)

Zhao X W, Luo Y M, Teng Y, Li Z G, Song J, Wu L H (2005). Genetic
diversity of microbial communities in farmland soils contaminated
with mixed heavy metals. Acta Scientiae Circumstantiae, 25(2):
186—191 (in Chinese)

Zhu B, Qing C L, Mu S S (2002). Bioavailability of exotic zinc and
cadmium in purple soil. Chinese Journal of Applied Ecology, 13(5):
555-558 (in Chinese)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


