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bstract

Greenhouse gas (GHG) production and emission from paddy soils impacts global climate change. Soil particle size fractions (PSFs) of different
izes act as soil microhabitats for different kinds of microbial biota with varying conditions of redox reactions and soil organic matter (SOC)
ubstrates. It is crucial to understand the distribution of soil microbial community structure within PSFs and linkage to the GHG production from
addy soils of China. The change of bacterial and methangenic archaeal community and activity relating to CH4 and CO2 production with PSFs
nder different fertilizer applications was studied in this paper. The fertilization trial was initiated in a paddy soil from the Tai Lake region, Jiangsu,
hina with four treatments of non-fertilized (NF), fertilized with inorganic fertilizers only (CF), inorganic with pig manure (CFM) and inorganic
ith straw return (CFS), respectively since 1987, and the PSFs (<2 �m, 2–20 �m, 20–200 �m, and 200–2000 �m) were separated by a low energy

onication dispersion procedure from undisturbed samples. Analysis of bacterial community within different size particles was conducted by
CR-DGGE. The results indicated significant variation of bacterial community structure within different PSFs. The methane was predominantly
roduced in the coarser fractions, while more species and higher diversity of bacteria survived in the size of <2 �m fractions, in which the
acterial community structure was more significantly affected by fertilizer application practices than in the other coarser fractions. Higher bacterial
pecies richness and more diversities in the smallest size fractions was due to the vicinity between microbes, access to carbon resource outside
he microaggregates, and smaller pore size as protective agent suitable habitats for microbes rather than high SOC. Whereas, higher CO2, CH4

roduction and methanogenic archaeal community in coarser fractions may be contributed to storage of labile organic carbon in these fractions. It
ndicated that availability of SOC in PSFs is mainly factor affected survival of methanogenic archaeal community structure, whereas, bacterium

ommunity habitation more affected by physical protection of their location in PSFs. Their activity greatly depended on liability of SOC access to
SFs. Fertilizer application caused more change of bacteria community in clay fraction and greatly increased bacterium and methanogen activity

n coarser fractions but only a slight effect on methanogenic archaeal community in the particle size fractions.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Greenhouse gas (GHG) emissions from paddy soils and the

mpacts on global climate change have been increasingly con-
erned. However, the evolution of carbon dioxide and methane
ave been shown subject to fertilization practices [1–3], under
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hich the SOC turnover and CH4, CO2 production potential
ould be affected by the changes in influencing community
nd activity of bacteria and methanogens [4]. Organic carbon
ontent and C/N ratio under different long-term addition of fer-
ilizer amendments caused the variation of soil bacterial and

ukaryotic community structures [5]. According to Chen et al.,
cceleration of methane production related to increased amount
f methanogenic bacteria under the application of Green manure
6].
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Soil particle size fractions (PSFs) of different sizes act as
oil microhabitats for different kinds of microbial biota with
arying conditions of redox reactions and SOC substrates [7],
nd thus, have been considered as the basic unit of soil entity
n mediating mineral–organic interaction at microscale in many
oil biochemical processes. Decomposition and transformation
f SOC through blinding by various were already characterized
or these fractions of varying sizes [8–10]. Recently, variation
n microbial biomass, enzymes activity, and diversity, which

ay link to the different degree of carbon turnover in the differ-
nt particle size fractions have been reported [11,12]. Whereas,
nfluence of fertilization practices have been actively discussed
n soil microbial community structures [5,13,14] and on the
haracteristic of microbiota’s niche-aggregates [15] as well as
he functioning of the soil microbial communities [16,17]. For

icrobes’ acts in microhabitat level, how and to what extent
hese fertilization practices modify the microbial community
tructure and activity in PSFs are still in debt.

Rice paddies in China have been recognized as an anthro-
ogenic soil type formed due to long-time and hydroagric
anagements under seasonally submergence for rice growth,

nd as a major cropland soil with high C density and poten-
ial of C sequestration as well as high production capacity for
ood security of China [18–21]. These soils have been also con-
erned as playing a crucial role in the global carbon sequester
nd CH4 budget [22–25]. For meeting the food demand for the
ncreasing population, chemical fertilizers have been increas-
ngly applied to the paddies both in China and Asia since 1980s
26]. Recently, we reported that different fertilization practices
ad profound impacts on microbial biomass C and gene diver-
ity, and chemical fertilization reduced microbial biomass and
iversity giving rise to a lower and more instable productivity
n a paddy soil [14]. However, the changes of bacterial com-

unity structure as well as methanogenic archaeal community
n particle size fractions as microhabitats in the paddy soil are
till in debt. Thus, it is crucial to understand the distribution of
oil microbial community structure in particle size fractions and
ny linkage to the GHG production from paddy soils of China
or addressing determine better fertilizer application practices
n GHG emission mitigation by rice agriculture.

The present study is to, taking an example of a rice paddy
rom the Tai Lake region, China, demonstrate the microbial

ommunity structure changes with the PSFs as well as with
he different long-term fertilization practices by using 16S
NA-based DGGE technique, with special reference to the
ethanogenic archaea. The authors also aim at testing the rela-

T
a
<
f

able 1
H and basic nutrient pools of the studied soil

reatment plot pH (H2O)a SOC (g/kg)a DOC (mg/kg)a

F 6.13 16.43 c 64.3 b
F 5.93 16.75 bc 45.5 c
FM 5.74 17.22 b 79.9 a
FS 5.88 17.93 a 81.4 a

ifferent low case letters in a single column indicate significant difference at p < 0.05
a Data from Zhang et al. [14].
b Data from Qiu et al. [49].
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ionship between the methanogens and bacterial community
nd their activity by methane, carbon oxide production poten-
ial under anaerobic incubation from different PSFs under the
ertilization treatments.

. Materials and methods

.1. Site, fertilization treatments and sampling

The studied paddy (Ferric-Accumulic Stagnic Anthrosols),
typical rice paddy from the Tai Lake region with a rice pro-

uction of 9 t/ha in late 1990s, is located in Wujiang County,
iangsu Province, China (N: 31◦05′900′′; E: 120◦46′924′′). A
ubtropical monsoon climate governs the area with decadal mean
nnual precipitation of 1100 mm and mean annual temperature
f 22 ◦C [14]. The fertilizer treatments initiated in 1987 have
een consistently as follows: no fertilizer application (NF); inor-
anic fertilizer only (CF); inorganic fertilizer plus rice straw
eturn (CFS) and inorganic fertilizer plus pig manure (CFM).
he amount of inorganic fertilizer per year is nitrogen as urea
27.5 kg/ha, P2O5 as super phosphate 45 kg/ha, KCl 84 kg/ha
nd rice straw return in the amount of 4500 kg fresh weight/ha
nd manure in the amount of 16,800 kg fresh weight/ha, respec-
ively. The size of each plot was 70 m2 (10 m × 7 m). The layout
f the experimental plots was in a completely randomized block
esign at three replications. All the plots have been cultivated
nder rice-rape rotation consistently since 1987. Undisturbed
oil samples were taken after rice harvest in October 2004 from
- to 15-cm depth intervals from each of the treatment plots,
espectively using an Eijkelkamp Soil Sampler and then stored
n stainless cans at 4 ◦C. The original basic soil physical and
hemical properties are listed in Table 1.

.2. Soil particle size fractions separation procedure

The fractionation procedure was based on the method devel-
ped by Stemmer et al. with minor modifications [17,27]. Fresh
oil was dispersed in distilled water by use of a probe-type ultra-
onic disaggregator (Shanghai Zhixin, JVD-650) with output
nergy of 0.2 kJ/g for 5 min. The fraction of 200–2000 �m was
ollected in sieves with a corresponding mesh size. The fraction
f 20–200 �m was obtained by sedimentation after siphonage.

he remainder was centrifuged to collect the fraction of 2–20 �m
nd the supernatant was centrifuged to collect the fraction of
2 �m. The fraction separates were freeze-dried prior to the
ollowing analysis.

Total N (g/kg)b Total P (g/kg)b Available K (mg/kg)b

1.72 b 0.24 c 82
1.80 b 0.37 b 105
2.05 a 0.72 a 98
2.06 a 0.37 b 88

.
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.3. Chemical analysis and CH4, CO2 production test

Soil organic carbon and total nitrogen (TN) of all freeze-dried
ractions was measured using a CNS Macro Elemental Analyzer
Elementar Analysen System GmbH, Germany) after removing
he carbonates with HCl (10%, v/v). For methane production
otential test, 20 g sample of the size fraction separates was
laced in a 120 ml serum bottle and 40 ml distilled H2O was
dded enough to make the soil saturated and incubated under 25
entigrade for 21 days. To stimulate soil reduction, the bottles
ere flushed with 300 ml-N2/min current for 10 min in order

o replace the air in the headspace with N2 before incubation.
uring incubation, a 0.25-ml sample of the gas evolved was

ollected by syringe pressure every 7 days and analyzed with
gillent 4890D gas chromatograph equipped with a porapak Q

olumn (80/100 mesh) and a flame-ionization detector (Agillent
890D, USA). The detection limit of CH4 in gas evolved by GC
as 1 ppmv. The temperature of the column was set at 35 ◦C and

arrier gas flux was 30 ml/min [25]. Since a peak of methane
roduction generally appeared on the 21st day after incubation
tarted, CH4 and CO2 production rate of third week was used to
ompare the methanogenic activity among both the particle size
ractions and the different treatments.

.4. DNA extraction and PCR-DGGE analysis

DNA of particle size fractions was extracted using a fast DNA
pin kit as described in manufacturer’s instructions (Qbiogene,
nc.). The primers used for amplifying a region of 16S rDNA
f bacteria and methanogenic archaea were PRBA338F-GC and
RUN518R, and 357F-GC and 0691F (TaKaRa), respectively
28,29]. PCR products were obtained using Ready-To-GoTM

CR Beads (Amersham Biosciences, 27-9557-01). Amplifica-
ion was performed on a PTC-225 thermocycle (MJ Research
nc.), with the following program: 95 ◦C for 5 min; 30 cycles of
enaturation at 95 ◦C for 1 min, annealing at 55 ◦C for 30 s, and
xtension at 72 ◦C for 1 min; and a final extension at 72 ◦C for
min. For methanogenic archaea, a minor modified procedure
sed for bacteria was conducted: initial denaturation at 95 ◦C
or 5 min; 33 cycles of denaturation at 95 ◦C for 1 min, anneal-
ng at 50 ◦C for 1 min, and extension at 72 ◦C for 2 min; and
single final extension at 72 ◦C for 6 min. The PCR products
ere run on 2% agarose gel to test their quality, and quanti-
ed by the spectrophotometer (Beckman DU7400) and quartz
uvette. PCR products resolved on 8% (w/v) polyacrylamide
els in 0.5 TAE buffer using denaturing gradient ranging from
0 to 60% (where 100% denaturant contains 7 M urea and 40%
ormamide). Electrophoresis was carried out at 70 V (for bacte-
ia) for 12 h and 100 V (for methanogenic archaea) for 14 h at
0 ◦C. Gels were stained with ethidiumbromide, visualized on
UV transilluminator and photographed (Bio Rad).

.5. Data analysis
The profiles of DGGE were analyzed using the Quantity One
oftware (Bio Rad) to calculate bacterial community similar-
ty values (UPGMA, Dice coefficient of similarity). Microbial

u
m
a
c
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pecies richness and diversity indices were determined by band
uantity and intensity [30,31]. All data of soil organic carbon,
article size distribution, CH4 flux, and microbial community
tructures similarity coefficient were compared by a one-way
NOVA. Significance test was done using SPSS 11.0 for win-
ows (LEAD Technologies, Inc, USA).

. Results

.1. SOC content and CH4, CO2 production rate within
SFs under different fertilizer treatments

Fertilizer treatments apparently influenced PSFs distribu-
ion (Table 2). The particle fractions proportion significantly
ncreased in size of 200–2000 �m and decreased in size of
–20 �m under CFM and CFS compared to under NF. The
ost profound variation of SOC was found in 200–2000 �m

ize fraction under different fertilizer treatments. CFM and CFS
ignificantly increased SOC content of 200–2000 �m fraction
ompared to CF treatment.

Fertilizer application enhanced CO2 production rate of
ll PSFs. Contrast to CF, CO2 production rate significantly
ncreased both in the size of 200–2000 �m and <2 �m frac-
ions under CFM and CFS. CH4 production rate decreased with
article size descending and was negligible from the size of
2 �m fractions under fertilizer treatments. Fertilizer applica-

ion greatly increased CH4 production rate from 200–2000 �m
ractions. Whereas, higher CH4 production rate from fractions
f larger than 20 �m size was observed under CFM treatment.

.2. Bacterial community structures within PSFs under
ifferent fertilizer treatments

Genetic fingerprinting by DGGE of bacterial16S rDNA
mplified fragments showed a few strong dominating bands
ppearing across the different PSFs (Fig. 1). Together with
hose strong signals, a great number of fainter well resolved
ands appeared in the profiles, which were all considered when
nalyzed by the Bio-Rad Quantity One software. Change of
ominating bands in sizes fractions under fertilizer treatment
howed the variety of bacteria due to fertilizer practices. In the
ize fractions of <2 �m, Band B became dominated under all
reatments except for under NF, Band C appeared more sig-
ificantly under CFM and CFS than under NF and CF, while
and A existed only under CF. Both bacterial species richness
nd diversities retrieved from DGGE profiles were higher under
FS than those under CF, while no significant difference among
ther fertilizer treatments (Fig. 2A and C). In addition, bacte-
ial species richness and diversity increased with decreasing the
ize fractions except for the 200–2000 �m fractions. The size of
2 �m fractions survived higher bacterial species richness and
iversity than other particle size fractions (Fig. 2B and D). The
ean similarity coefficient of bacterial community was low-

st in <2 �m fractions and highest in 200–2000 �m fractions

nder different fertilizer application (Table 3). Bacterial com-
unity structures under CFS and CFM were similar in <2 �m

nd 200–2000 �m fractions, respectively, while similar bacterial
ommunity structures were shown under NF and CF (Fig. 3).
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Table 2
Particle size distribution, soil organic carbon (SOC), C/N ratio, and CH4 production rate in the long-term experimenta

Particle size (�m) Treatmentb Fraction content
(g kg of soil−1)

SOC (g of Corg kg
of bulk soil−1)

C/N ratio CH4 production ratec (�g
CH4 of g−1 soil day−1)

CO2 production rate (�g
CO2 of g−1soil day−1)

200–2000 CFM 378.3 ± 20 a 19.3 ± 0.6 ab 11.7 3.87 ± 0.39 a 58.6 ± 4.7 a
CF 369.0 ± 2 ab 17.8 ± 0.3 c 11.3 2.43 ± 0.45 c 47.0 ± 2.8 b
CFS 337.6 ± 3 c 19.1 ± 0.3 b 12.1 1.61 ± 0.02 d 36.2 ± 3.1 c
NF 297.0 ± 4 d 16.7 ± 0.2 d 11.6 1.67 ± 0.14 d 31.3 ± 0.8 d

20–200 CFM 301.4 ± 17 d 16.7 ± 0.4 d 11.6 2.36 ± 0.17 c 34.3 ± 2.6 cd
CF 283.4 ± 3 de 16.7 ± 0.3d 11.9 1.79 ± 0.14 d 29.7 ± 2.9 de
CFS 301.4 ± 4 d 17.8 ± 0.4 c 11.3 0.03 ± 0.01 g 26.6 ± 1.7 ef
NF 290.9 ± 5 de 15.1 ± 0.1 e 12.5 UT 13.9 ± 0.8 I

2–20 CFM 266.9 ± 16 e 13.5 ± 0.1 f 10.6 2.86 ± 0.16 b 44.9 ± 3.0 b
CF 288.6 ± 3 de 13.3 ± 0.2 f 10.1 0.73 ± 0.14e 32.1 ± 2.8 cd
CFS 302.3 ± 4d 13.8 ± 0.7 f 11.1 0.43 ± 0.03 ef 24.9 ± 2.7 fg
NF 350.9 ± 3 bc 13.0 ± 0.2 f 10.7 0.16 ± 0.02fg 18.1 ± 1.4 hi

<2 CFM 53.4 ± 3 f 18.6 ± 0.5 bc 9.6 UT 33.2 ± 2.3 cd
CF 59.0 ± 1 f 18.6 ± 0.4 bc 7.6 UT 17.2 ± 0.7 hi
CFS 58.6 ± 1 f 20.2 ± 0.2 a 9.4 UT 31.6 ± 1.3 d
NF 61.2 ± 3 f 16.5 ± 0.4 d 9.1 UT 21.4 ± 1.7 gh

a Values are the means (n = 3) of all different treatments with ±standard error of the mean. Values in the same column followed by different letters are significantly
d

izer p

3
d

o

w

ifferent (p < 0.05).
b No fertilizer application (NF); chemical fertilizer only (CF); chemical fertil
c UT under GC test limitation

.3. Methanogenic archaeal community within PSFs under

ifferent fertilizer treatments

There were 6–8 dominating bands in the DGGE profiles
f methanogenic archaeal community in >2 �m size fractions,

H
b
N
a

Fig. 1. DGGE profiles (negatively converted) of bacterial community s
lus rice straw return (CFS) and chemical fertilizer plus pig manure (CFM).

hile 4–5 dominating bands in <2 �m size fractions (Fig. 4).

owever, more or less similar band patterns except for extra
and A3 were detected from the larger particle fractions under
F. Four bands (in the fractions of <2 �m under CFM and CFS

nd of 200–2000 �m under CF and NF treatments) affected

tructure within different size particles under fertilizer treatments.
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Fig. 2. Box-plot representation of bacterial species richness for different treatments (A) and for different size particles (B), Shannon’s diversity index (H′) for different
t t to, a
b te the
e differ

b
c

4

4
r

d
b
t

b
s
r
h
D
a
s
l

reatments (C) and for different size particles (D). Boundaries of the boxes close
old line within box marks the medium. Bars above and below the boxes indica
ach figure indicate no significant differences between different treatments and

y marginal utility were not included when analysis were
onducted.

. Discussion

.1. Change of bacteria community and CO2 production
ate in PSFs
The results showed that bacterial community structure were
ifferent among PSFs. Both bacterial species richness and
acterial diversity were significantly affected by size of par-
icle fractions. The size of <2 �m fractions survived higher

f
s
g
b

Fig. 3. Similarity tree retrieved from DGGE profile of bacterial commu
nd further form X axes indicate the 25th and 75th percentiles, respectively. The
90th and 10th percentiles, respectively. Average values with the same letter in

ent size particles (p < 0.05, Fisher LSD).

acterial species richness and diversity. Some researches demon-
trated that the magnitude of change in the bacterial community
esponse increased with the decreasing aggregate size [13] and
igher bacteria community habitation in clay fractions [11,17].
ifferences in soil organic matter composition and substrates

vailabilities were likely to influence the microbial community
tructure [32]. In the present study, higher SOC content and
ower C/N ratio (from 7.6 to 9.6) of SOC of the size <2 �m

ractions were suitable to bacterial survival. On the other hand,
maller size particles provided a protective habitat for microor-
anisms through pore size exclusion of predators, in which
acterium bonded of humified SOM and microbial metabolites

nity within 200–2000 �m fractions (A) and <2 �m fractions (B).



P. Zhang et al. / Colloids and Surfaces B:

Table 3
Similarity retrieved from DGGE profiles (Fig. 1) after Bio-Rad Quantity One
software analysis

Particle size fractions (�m) Similarity (%) CV (%)

<2 70.05 ± 6.6 c 9.47
2–20 75.16 ± 5.9 b 7.84

20–200 72.08 ± 4.5 bc 6.19
200–2000 82.09 ± 4.1 a 4.79
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ote: Different low case letters in a single column indicate significant difference
t p < 0.05.

o clay minerals and pedogenic oxides resist predators [33,34].
herefore, <2 �m particle fractions could be considered as favor-
ble habitats for bacteria due to the vicinity between microbes,
ccess to carbon resource outside of the microaggregates, and
maller pore size as protective agent rather than to providing car-
on resources stored inside. However, bacterial associated with
2 �m fractions appeared lower activity. Many studies showed

hat C compounds associated with clay fractions were gener-
lly stable, refractory and rich in recalcitrant materials, such
s polyethylene, lipids [35–37,42–44]. Our previous researches
ound that content of humus and humic acid with lowest E4/E6
atio was highest in the size of <2 �m fraction from the same
addy soil [38]. Furthermore, SOC availability was reduced by
hysical protection of clay absorption.

The size of 200–2000 �m fractions were lower bacterial
pecies richness and diversities, but higher SOC and bacterial
ctivity compared to <2 �m fractions. This could be attributed
o the preferential colonization by fungi because these SOC
ad higher C/N ratios and abundant in decomposable SOC
avorable for fungi and micro-fauna in these fractions [11,39].
ur previous studies showed that the coarse fractions con-
ained more particulate organic matter for the same soil [40].
ome researches found that SOC quality affected the bacte-
ia/fungi ratio and the gram-positive/gram-negative ratio in soil
14]. In addition, some species of bacteria could probably be

ig. 4. DGGE profile (negatively converted) of methanogenic archaeal commu-
ity structure within different size particles under fertilizer treatments.
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ut-competed by eukaryotic organism in coarse fractions; for
xample, those coarsely sized fractions favored some predators
mainly protozoa) to prey on bacteria [33].

.2. Change of CH4 production rate and methanogenic
rchaeal within PSFs

On the contrary to the bacterial community, methanogenic
rchaeal species was less in the clay-sized fractions than in
he other PSFs, while CH4 production capacity decreased with
ecreasing size of fractions and was negligible in the size of
2 �m fractions. Some studies had similar reports that the
ates of CH4 production were higher within larger size frac-
ions [41,42]. The source of methanogenic substrates was fresh
lant materials [43]. It was demonstrated that organic matter
ssociated with macroaggregates was more labile than with
icro-aggregates [9,20,44]. Preferential allocation of increased

abile C in the coarse fractions has been already reported for
addy soils from south China [12,35,45,46]. Therefore, the
igher methanogenic archaeal species and activity in larger size
raction could be attributed to more availability of carbon sub-
trate to the methanogens in those fractions.

CH4 production detected within the <2 �m fraction was neg-
igible because of less availability of organic carbon in them
or methanogen. Thus, the survival of species and activity of
ethanogens in the clay-sized fraction of the studied paddy

oil was restricted by the relatively resistant refractory SOC
ource.

.3. Effect of fertilizer treatment on bacteria community,
ethanogenic archaeal and their activity within PSFs

Fertilizer application caused more change of bacterial com-
unity within clay fractions than that within coarser fractions.
herefore, fertilizer treatments in the present study, which dif-

erent organic matter input change the composition of organic
atter associated with clay fractions, caused variation of bac-

erial community in these fractions. Furthermore, significant
ifferent of bacterial community similarity between <2 �m and
00–2000 �m fractions appeared that bacterial community in
SFs greatly depend on particle size rather than fertilizer appli-
ation (Table 3).

Fertilizer application influenced, to a less extent,
ethanogenic archaeal community within SPSFs but caused

ignificantly change of CH4 production within the size of
00–2000 �m fractions. Methanogenic archaeal community
n paddy soil was relatively stable, but its activity was very
ensitive to the change of management and environmental
ondition [47,41]. CH4 production was stimulated by the
ncrease of rice root in soil [48]. Our previous research showed
significantly positive linear correlation between SOC of bulk

oil with SOC of coarse size fractions under different fertilizer
pplication at the same paddy soil [45]. It reflected that younger

OC of fresh root and plant residue of rice and rape increase
y fertilizer application mainly accumulated in coarse size
ractions. It was suggested that fertilizer treatments increase
ethanogenic archaeal activity within the coarse fractions
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ecause of more the storage of fresh organic matter in these
ractions rather than change of their community structure.

. Conclusion

Bacterial, methanogenic archaeal community and activity
ppeared difference within different PSFs. Methane was pre-
ominantly produced in the size of 200–2000 �m fractions,
ore species and higher diversity of bacteria survived in

he size of <2 �m fractions. Availability of SOC in PSFs
as mainly factor affected survival of methanogenic archaeal

ommunity structure, whereas, bacterium community habita-
ion more affected by physical protection of their location in
SFs. Otherwise, their activity greatly depended on lability of
OC associated with PSFs. Fertilizer application caused more
hange of bacteria community in clay fractions and significantly
ncreased bacterium and methanogen activity in 200–2000 �m
ractions but only a slight effect on methanogenic archaeal com-
unity in the PSFs.
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13] R.K. Väisänen, M.S. Roberts, J.L. Garland, S.D. Frey, L.A. Dawson, Soil
Biol. Biochem. 37 (2005) 2007.

14] P.J. Zhang, L.Q. Li, G.X. Pan, Acta Ecologica Sinica 24 (2004) 2819 (in
Chinese).

15] C.J. Bronick, R. Lal, Soil Tillage Res. 81 (2005) 239.
16] J.L. Chotte, A. Schwartzmann, R. Bally, L.J. Montozier, Soil Biol.

Biochem. 34 (2002) 1083.
17] A. Sessitsch, A. Wellharter, M. Gerzarbek, H. Kirchmann, E. Kandeler,

Appl. Environ. Microbiol. 67 (2001) 4215.
18] Z.T. Gong, Scientific Press, Beijing, 1999, p. 114 (in Chinese).
19] G.X. Pan, L.Q. Li, L.S. Wu, X.H. Zhang, Global Change Biol. 10 (2004)

79.
20] G.X. Pan, Q.G. Zhao, Adv. Earth Sci. 20 (2005) 384 (in Chinese).
21] G.X. Pan, L.Q. Li, Q. Zhang, X.K. Wang, X.B. Sun, X.B. Xu, D.A. Jiang,

J. Environ. Sci. 17 (2005) 1 (in Chinese).
22] Z.C. Cai, Soils 5 (1999) 266 (in Chinese).
23] M.K. Cao, K. Gregson, S. Marshall, J.B. Dent, O.W. Heal, Chemosphere

33 (1996) 879.
24] X. Yan, T. Ohara, H. Akimoto, Global Change Biol. 9 (2003) 237.
25] B. Wang, Y. Xu, Z. Wang, Z. Li, Y. Ding, Y. Guo, Biol. Fertil. Soils 29

(1999) 74.
26] Q. Xu, Resour. Environ. Yangtze Basin 10 (2001) 323 (in Chinese).
27] M. Stemmer, M.H. Gerzabek, E. Kandeler, Soil Biol. Biochem. 30 (1998)

9.
28] T. Watanabe, S. Asakawa, A. Nakamura, K. Nagaoka, M. Kimura, FEMS

Microbiol. Lett. 232 (2004) 153.
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