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Rice ecosystems remain flooded through a ma-
jor part of the cropping period and are distinctive 
from upland soils in several physicochemical and 
biological properties. Therefore, flooded rice fields 
became a model system to study soil microbial ecology 
(Leisack et al. 2000). In planted soil the rice aren-
chymatous tissue is also responsible for the leakage 
of oxygen creating an oxic rhizosphere within the 
anoxic bulk soil (Revsbech et al. 1999). Moreover, 
plant rhizodeposition in the rhizosphere results in 
increased microbial population size and community 
structures distinct from that in bulk soil (Bais et al. 
2006). Hence, oxygen and carbon-releasing aeren-
chymatous rice plants may affect the abundance, 
structures and function of the microbial community 
in the rhizosphere of waterlogged paddy soil. The 
changes in overall microbial community structures 
and composition can be correlated with changes in 
certain functions both under controlled laboratory 
conditions (Avrahami et al. 2003) and in the field 

(Marschner et al. 2001). But our understanding about 
the linkage between microbial community struc-
ture and function in the rhizosphere of rice crop 
is poorly understood. A significant research was 
done about the influence of plant on the dynamics 
of bacterial communities based on 16S rRNA analy-
sis (Marschner et al. 2001, Smalla et al. 2001). Few 
studies investigated the structures and ecosystem 
functioning of fungal communities in the paddy soil; 
to our knowledge, none have investigated the rela-
tive fungal and bacterial abundances in rhizosphere 
across rice growth stages under field conditions. 
The objectives of this study were therefore (i) to 
evaluate the linkage between total microbial biomass 
and function across different growing stages; (ii) 
to compare the structures of bacterial and fungal 
communities in rice planted soil and unplanted soil; 
(iii) to assess the relative abundances of fungal and 
bacterial populations in planted soil and unplanted 
soil at various growth stages. 
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ABSTRACT

A field experiment was conducted to illustrate the different degree and dynamics of microbial community struc-
ture and function in the rhizosphere across four growing stages (before plantation and three growth stages) using a 
combination of biochemical (enzyme assay and microbial biomass carbon) and molecular approaches of qPCR and 
PCR-DGGE (polymerase chain reaction-denaturing gradient gel electrophoresis). Rice plant cultivation promoted 
higher enzyme activities (invertase and urease), microbial biomass carbon (Cmic), bacterial (16S rRNA) and fungal 
(ITS rRNA) genes abundances in the rhizosphere compared to unplanted soil. Principal component analyses of 
PCR-DGGE profile also revealed that structures of bacterial and fungal communities of rice planted soil were well 
distinct from unplanted soil. Moreover, enzyme activities showed a significant positive correlation with the total 
microbial biomass in the rhizosphere throughout growth stages of rice plant. Relative fungal: bacterial ratios were 
significantly higher in rice planted soil compared to unplanted soil, suggesting rice plantation enhanced the fungal 
community in the rice rhizosphere environment. These results further suggest a significant linkage between the mi-
crobial community dynamics and function in the rhizosphere associated with rice plant over time.
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MATERIAL AND METHODS

Site description and experiment layout. The 
experiment was carried out at a rice farm located in 
Yixing City, Yifeng Village (31°24.26'N, 119°41.36'E), 
Jiangsu Province, China. Derived from lucstrine 
deposit, the soil was a typical high-yielding paddy 
soil classified as a hydroagric Stagnic Anthrosols and 
an entic Halpudept according to Soil Survey Staff, 
USA. The basic properties of the studied top soil 
(0–10 cm) are mentioned in Table 1. One month old 
seedlings of rice (Oryza sativa), Wugeng13 cultivar, 
were planted in randomly selected plots at a plant 
density of 20 plants/m2. The experiment used a 
randomized block design with three replicate plots. 
The size of each plot was 4 m × 5 m. The field was 
kept most of the time flooded with irrigation water. 
No chemicals were applied for plant protection and 
the plots were weeded by hand. Rhizosphere and 
bulk soil samples were collected on 45 days after 
planting (tillering stage-S1), 81 days after planting 
(grain filling stage-S2) and 107 days after planting 
(ripening stage-S3). Unplanted bulk soil (S0) was 
also collected before rice plantation from each plot 
to investigate the effect of the rice plant cultivation 
on the microbial communities.

Soil sampling. For sampling of rhizosphere soil, 
ten rice plants with root-soil systems were randomly 
sliced down 10 cm deep in the middle from each plot 
and shaken up in plastic bags until approximately 
four-fifths of the initial weight (100 g) was in the bag; 
this portion was considered as bulk soil. The remain-
ing fifth that was still attached to the root system 
and was considered as rhizosphere soil (Butler et al. 
2003). The rhizosphere and corresponding bulk soil 
samples of the same plot at the same plant growth 
stage were subsequently pooled to make one com-
posite sample, respectively. Soil samples were sieved 
(< 2 mm) and stored at 4°C for analysis of microbial 
biomass C, N and enzymes activity and at –20°C for 
DNA extraction, and part of sieved soil samples was 
air dried for physical and chemical analyses.

Microbial biomass C and N determination. 
Microbial biomass carbon (Cmic) was determined 
by the fumigation-extraction method as described 
by Vance et al. (1987). Cmic was calculated from (ex-
tractable carbon/0.45, where extractable carbon = 
(C extracted from fumigated soil) − (C extracted 

from non-fumigated soil). Microbial biomass N 
(Nmic) was estimated as (extractable nitrogen)/0.54, 
where extractable nitrogen = (total N extracted 
from fumigated soils) − (total N extracted from 
non-fumigated soils).

Enzyme activity assay. Enzyme activities were 
determined on fresh moist sieved (< 2 mm) soils 
within 15–20 days from the collection of the 
samples. Two enzymatic activities (invertase and 
urease) were analyzed according to the protocols 
described by Gu et al. (2009). In case of invertase, 
5 g of soil (< 2 mm) was mixed with 0.2 mL of 
toluene and 5 mL of phosphate buffer (pH 5.5) 
in 50-mL Erlenmeyer flasks, then 15 mL of the 
8% sucrose solution was added, and the flasks 
were swirled for a few seconds. The flasks were 
covered with stopper and placed in an incuba-
tor at 37°C for 24 h. After incubation, solution 
contents were passed through filter paper. The 
1 mL of filtrate was pipetted into 50 mL test tube 
and 3 mL 3, 5-dinitrosalicylic acid monohydrate 
solution was added. Then all tubes were placed 
into a boiling water bath for 5 min and allowed to 
cool at room temperature with tap water. Further, 
the final volume of the each solution was made 
up to 50 mL with ddH2O. The glucose produced 
was determined colorimetrically at 508 nm and 
expressed as mg glucose/g soil/24 h.

Urease activity was determined using 5 g of soil 
(< 2 mm) that was mixed with 1 mL of toluene in 
a 50-mL Erlenmeyer flask, and allowed to stand 
for 15 min. Then 10 mL 10% urea solution and 
20 mL citrate buffer (pH 6.7) were added and mixed 
well. The flasks were covered and placed in an 
incubator at 37°C for 24 h. After incubation, soil 
solution contents were passed through filter paper. 
Moreover, 3 mL of aliquot from filtrate was added 
into a 50-mL test tube along with 4 mL sodium 
phenol solution and 3 mL sodium hypochlorite 
solution and tubes were swirled well for mixing. 
After 20 min, the final volume of each solution 
was made to 50 mL with ddH2O. The released am-
monium was measured colorimetrically at 578 nm 
and expressed as mg NH4-N produced/g soil/24 h. 
Control tests with autoclaved soils were carried out 
to evaluate the spontaneous or abiotic transforma-
tion of substrates. All chemical determinations and 
enzymatic activities were determined in triplicate.

Table 1. Basic physico-chemical properties of soil (0–10 cm)

pH 
(H2O)

CEC 
(cmol+/kg)

Clay (< 0.002mm) 
(g/kg)

Bulk density 
(g/cm3)

Total carbon 
(g/kg)

Total nitrogen 
(g/kg)

Alkali-releasable 
nitrogen (mg/kg)

6.7 18.05 399.9 1.1 20.2 2.99 276.1



PLANT SOIL ENVIRON., 58, 2012 (2): 55–61	 57

Molecular and statistical analysis. Three DNA 
extractions of each soil sample (0.5 g) from the same 
replicate field plot were made using PowerSoilTM 
DNA Isolation Kit (Mo Bio Laboratories Inc., 
Carlsbad, USA) following the manufacturer’s in-
structions. Relative bacterial and fungal abun-
dances were estimated using real time PCR (qPCR), 
with primers and the thermal cycling conditions 
described in Table 2. The DNA concentration 
was measured at 260 nm using UV spectropho-
tometer (Bio Photometer, Eppendorf, Germany). 
Each qPCR reaction was performed in a 25 µL 
volume containing 10 ng of DNA, 0.2 mg/mL BSA, 
0.2 µmol of each primer and 12.5 µL of SYBR premix 
EX TaqTM (Takara Shuzo, Shinga, Japan). The size 
of PCR product was confirmed by melting curve 
analysis and electrophoresis in a 1.5% agarose. A 
plasmid containing target region of bacterial (16S 
rRNA) and fungal (ITS rRNA) gene was used to 
construct a standard curve. The standard curves 
were generated using triplicate 1:5 serial dilu-
tions of plasmid DNA ranged from 3.41 × 104 to 
2.13 × 107 copies for bacterial 16S rRNA gene 
and 2.21 × 103 to 1.38 × 106 copies of template 
for fungal ITS rRNA gene per assay, respectively. 
Denaturing gradient gel electrophoresis (DGGE) 
was performed to assess the bacterial and fungal 
communities structure using 338F-GC and 518R 
primers set (Muyzer et al. 1993), and the NS1 
and Fung-GC (May et al. 2001), respectively. For 
DGGE analysis, PCR products were separated 
on 8% (w/v) polyacrylamide gels (acrylamide-
bisacrylamide [37.5:1]) containing denaturing 
gradients of 35% to 70% for bacteria and 10% to 
40% for fungi using the Bio-Rad D-Code universal 
mutation detection system. A 100% denaturant 
was defined as 8% acrylamide containing 7 mol/L 
urea and 40% deionised formamide. DGGE was 
performed using 20 µL of the PCR product in 1 × 
TAE buffer at 60°C, 200 V for 5 min, then 100 V 

for 12 h (bacteria) and 140 V for 5.5 h (fungi). Gels 
were stained with silver staining and were scanned 
with gel document system (Bio-Rad, Hercules, 
USA). All statistical analyses were performed 
using Minitab v.15.1. The significance level was 
fixed at P < 0.05.

 Variation in enzyme activities and total micro-
bial biomass in rhizosphere across rice growth 
stages. Soil enzyme activities are often used as 
indices of microbial function and soil fertility 
and are greatly affected by quality and quantity 
of root exudates depending on the plant species, 
cultivar, plant growth stage and physiological 
status of the plant (Saxena et al. 1999). Enzymes 
activities (invertase and urease) increased with 
rice plant at the grain filling stage (S2) and then 
declined at the ripening stage (S3) (Figure 1). 
This phenomenon was also observed by Gu et al. 
(2009) in paddy soil under field conditions. The 
reduced enzyme activities at later growth stages of 
rice plant may appear due to the reason that roots 
release less organic compounds into soil to support 
enzyme activities in paddy soil (Lu et al. 2002). 
A significant positive correlation was observed 
between enzyme activities (urease and invertase) 
and total microbial biomass (Cmic) in rhizos-
phere across all sampling time points (Table 3). 
Several studies also reported that changes in overall 
microbial community structures and composi-
tion can be correlated with the changes in cer-
tain functions both under controlled conditions 
(Avrahami et al. 2003) and in the field (Marschner 
et al. 2001). Moreover, the temporal variability 
of microbial biomass dynamics is complex and 
poorly understood in rice soils. Previous studies 
revealed that with development of rice plant, Cmic 
was increased (Hoque et al. 2001) or decreased 
(Reichardt et al. 1997), or no difference between 
planted and unplanted soils (Witt et al. 2000) was 
observed. In accordance with the findings by Lu 

Table 2. Primer sets and thermal profiles used for the DGGE and qPCR analysis

Target 
gene

Primer 
set

Size 
(bp) Thermal cycling profile Reference

16S rRNA 
(Bacteria) 338-F-GCa518-R 250 94°C (5 min); 35 cycles of 94°C (60 s), 

55°C (60 s), and 72°C (60 s) Muyzer et al. (1993)

18S rRNA 
(Fungi) NS1aFung-GC 470 94°C (5 min); 35 cycles of 94°C (60 s), 

58°C (60 s), and 72°C (60 s) May et al. (2004)

16S rRNA 
(Bacteria) 338-Fb518-R 250 95°C (5 min); 40 cycles of 94°C (30 s), 

55°C (60 s), and 72°C (60 s) Fierer et al. (2005)

ITS rRNA 
(Fungi) ITS-Fb5.8s-R 350 95°C (5 min); 40 cycles of 94°C (30 s), 

53°C (60 s), and 72°C (60 s) Fierer et al. (2005)

aprimer set used for DGGE (denaturing gel gradient electrophoresis); bprimer set used for qPCR (quantitative 
polymerase chain reaction)
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et al. (2002) and Zeng et al. (2005), we observed 
that Cmic in rhizosphere increased during earlier 
growing periods (S1-tillering and S2-grain fill-
ing) and declined at the later stage (S3-ripening 
stage, Table 4). 

Relative bacterial and fungal abundance in 
rhizosphere during growth periods of rice plant. 
As Cmic measures the total microbial biomass in 
soil, including bacterial, archaeal, and fungal com-
ponents, A real-time PCR approach was used to 
further estimate the total bacterial population (16S 
rRNA gene), total fungal population (ITS rRNA 
gene) and relative fungal: bacterial ratio. The culti-
vation of rice crops had a strong stimulating effect 
on the numbers of total bacteria and fungi in the 
paddy soil (Figure 2). The number of 16S rRNA 
and ITS rRNA gene copies in the rhizosphere were 
significantly higher than in bulk soil across each 
growth stage. This may be due to the rhizodeposi-
tion of carbohydrates from plant roots increasing 
microbial growth in comparison with that in the 
bulk, a phenomenon well known as rhizosphere 
effect (Smalla et al. 2001, Mougel et al. 2006). It 
is also well known that rice roots release oxygen 
through aerenchymatous tissue at rates sufficient 
to support non-specific aerobic microbial processes 
(Arth et al. 1998). On the contrary, in the bulk soil 

there could only be microbial respiration but lower 
oxygen concentrations. The relative fungi: bacteria 
ratio was also used as potential tool to study the state 
of soil microbial community in response to differ-
ent environmental stresses in various ecosystems 
(Fierer et al. 2005). Lauber et al. (2008) argued that 
relative fungal: bacterial ratios (rRNA-qPCR based) 
were not significantly different across the land-use 
types (hardwood and pine forests, cultivated and 
livestock pasture lands). Our study revealed that 
the ratio of fungi to bacteria (rRNA-qPCR based) 
ranged from 0.03 to 0.06 across all growth stages, 
which indicated that bacterial population domi-
nated the rice ecosystem (Figure 2c). We observed 
non significant difference in fungi to bacteria ratio 
across the rice plant growth stages, suggested that 
the observed patterns were not driven by any par-
ticular microbial group. Although real-time PCR 
is flexible, simple and rapid promising molecular 
tool for the quantification of soil microbial com-
munities, it has some important limitations. These 
limitations include DNA extraction bias, the avail-
ability of sequence data, and adequate preparation 
of inhibitor-free target DNA. However, qPCR pro-
vides reproducible method to monitor differences 
and changes in microbial population size within 
growth stages.

 

b b 

a 
a a a a 

0

10

20

30

40

50

60

70

S0 S1 S2 S3

no plant growth stages

In
ve

rt
as

e 
(m

g 
gl

uc
os

e/
g 

D
W

/2
4 

h)
 Rhizosphere Bulk soil

b 

c 

d 

a 
a a a 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

S0 S1 S2 S3

no plant growth stages

U
re

as
e 

(m
g 

N
H

4+ -
N

/g
 D

W
/2

4 
h)

 

Table 3. Pearson correlation between enzyme activities and microbial abundances in rhizosphere across all 
sampling time points (n = 4)

Cmic (m/kg) Bacterial 16S rRNA gene copies/g dry soil Fungal ITS rRNA gene copies/g dry soil

Urease
0.956* 0.932 0.973*
(0.044) (0.068) (0.027)

Invertase
0.966* 0.825 0.887
(0.034) (0.175) (0.113)

*significant coefficients (P < 0.05) are highlighted in bold font. Values in bracket show the level of significance

Figure 1. Invertase (a) and urease (b) activities in the rhizosphere and bulk soil at the S1 (tillering), S2 (grain 
filling) and S3 (ripening) growth stages. Different letters indicate significant differences by ANOVA at P < 0.05 
(n = 3; error bars are ± SD) 
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Dynamics of bacterial and fungal community 
structure in response to rice developmental 
stages. The use of molecular approaches provides 
valuable information about the characterisation 
of naturally occurring microbial communities 
without cultivation (Štursa et al. 2009). Microbial 
communities in the rhizosphere are dynamic and 
susceptible to changes in plant conditions. In re-
sponse to changing root exudation patterns with 
the development of plant, the microbial community 
structure and composition in the rhizosphere also 
change with time and varies during the life cycle 
and with the seasonal response of plants (Germida 
and Siciliano 2001). In the current study, principal 
component analysis of DGGE profile of the 16S 
rRNA gene (bacterial) and the 18S rRNA gene 
(fungal) revealed differences in both the bacterial 

and fungal community structures across different 
growth stages (Figure 3). We found that bacterial 
and fungal communities of unplanted soil (S0) and 
planted soil were well separated, showing the well 
profound plant rhizosphere effect. In fact, the 
introduction of plants to soil affects the physical-
chemical properties and the biological parameters 
of the soil environment close to the growing roots 
by continuously producing and excreting organic 
compounds (Hinsinger et al. 2006). Houlden et al. 
(2008) performed a field study to explore microbial 
community structure and activity in the rhizos-
phere of three field crops (pea, wheat and sugar 
beet) over a period of growth. By using DGGE and 
BIOLOG techniques, they observed remarkable 
temporal shifts in diversity and relative activity in 
rhizosphere bacterial and fungal communities with 

Table 4. Cmic (mg/kg), Nmic (mg/kg) and Cmic/Nmic (n = 3; mean ± SD) in rhizosphere and bulk soil at different 
sampling points 

S0
S1 S2 S3

R B R B R B

Cmic 596.9 ± 4.0d 694.8 ± 4.0b 615.26 ± 13.7d 711.2 ± 2.2a 620.15 ± 8.5d 677.6 ± 4.1c 618.1 ± 13.2d

Nmic 62.1 ± 4.5b 70.0 ± 1.3a 65.6 ± 4.2b 71.5 ± 2.3a 65.7 ± 3.9b 68.7 ± 2.5ab 65.93 ± 2.2b

Cmic/Nmic 9.61 ± 0.27a 9.92 ± 0.17a 9.40 ± 0.71a 9.94 ± 0.33a 9.42 ± 0.44a 9.87 ± 0.36a 9.41 ± 0.4a

S0 – before plantation bulk soil; S1 – tillering stage; S2 – grain filling stage; S3 – ripening stage; R – rhizosphere; 
B – bulk soil. Different letters in the same row indicate significant differences (P < 0.05)
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Figure 2. Abundance of total bacteria (a), total fungi 
(b) and relative fungi: bacteria ratio (c) based on the 
real-time PCR in rhizosphere and bulk soil at the S0 (no 
plant), S1 (tillering), S2 (grain filling) and S3 (ripening) 
stages. Different letters indicate significant differences 
by ANOVA at P < 0.05 (n = 3; error bars are ± SD)
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developmental stage for all plant species. Further, 
pot and field experiments conducted by Xu et al. 
(2009) indicated that bacterial communities in the 
soybean rhizosphere changed with growth stages, 
and higher number of DGGE bands observed in 
early reproductive growth stages than in the other 
stages. Mougel et al. (2006) also characterized 
the bacterial and fungal community structure in 
rhizosphere of Medicago truncatula at five devel-
opmental stages in pot experiment by using the 
automated ribosomal intergenic spacer analysis 
(ARISA). Similarly, we found pronounced changes 
in the genetic diversity of bacterial and fungal 
communities during vegetative stage (tillering-
S1) and reproductive stage (ripening-S3) of plant 
growth development (Figure 3). The difference 
in microbial communities structure between the 
growth stages may be due to a weaker rhizodepo-

sition during the reproductive stages than during 
the vegetative stage (Mougel et al. 2006). 

A certain degree of succession occurs in the bacte-
rial and fungal communities structures of the rhizos-
phere between vegetative (tillering) and reproductive 
(grain filling and ripening) stages. Interestingly, rice 
plant growing stages showed no significant effect on 
relative fungal: bacterial ratio, suggested that growth 
stage did not stimulate any particular microbial 
group. However rice plant stimulated higher rela-
tive fungal: bacterial ratio compared to unplanted 
treatment. This study illustrates the significance of 
rice ecosystem in context of rhizosphere microbial 
community dynamics and function over time. A 
future research is required to explore the ecologi-
cal significance of different rice cultivars in terms 
of difference in microbial communities’ dynamics 
and possible increased respiration rates.
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Figure 3. Principal component analysis (PCA) of denaturing gel gradient electrophoresis (DGGE) profile of 
bacterial (a, b) and fungal (c, d) communities in the rhizosphere (R) and bulk (B) soil at S0 (no plant, NP), S1 
(tillering), S2 (grain filling) and S3 (ripening) stages of rice plant. Solid and hollow symbols indicate the rhizo-
sphere (R); bulk (B) soil

Se
co

nd
 c

om
po

ne
nt

 (2
1.

2%
)

First component (52.3%)

Se
co

nd
 c

om
po

ne
nt

 (2
0.

2%
)

First component (41.4%)



PLANT SOIL ENVIRON., 58, 2012 (2): 55–61	 61

Acknowledgements

We are grateful to Dr. David Crowley, University 
of California (Riverside), USA for critical evaluation 
and English improvement of this manuscript. The 
first author is thankful to the Higher Education 
Commission, Pakistan for granting a scholarship 
to pursue his PhD study in China.

REFERENCES

Arth I., Frenzel P., Conrad R. (1998): Denitrification coupled 
to nitrification in the rhizosphere of rice. Soil Biology and 
Biochemistry, 30: 509–515.

Avrahami S., Liesack W., Conrad R. (2003): Effects of tempera-
ture and fertilizer on activity and community structure of soil 
ammonia oxidizers. Environmental Microbiology, 5: 691–705.

Bais H.P, Weir T.L., Perry L.G., Gilroy S., Vivanco J.M. (2006): The 
role of root exudates in rhizosphere interactions with plants and 
other organisms. Annual Review Plant Biology, 57: 233–266.

Butler J.L., Williams M.A., Bottomley P.J., Myrold D.D. (2003): Mi-
crobial community dynamics associated with rhizosphere carbon 
flow. Applied and Environmental Microbiology, 60: 6793–6800.

Fierer N., Jackson J.A., Vilgalys R., Jackson R.B. (2005): Assessment 
of soil microbial community structure by use of taxon-specific 
quantitative PCR assays. Applied and Environmental Microbiol-
ogy, 71: 4117–4120.

Germida J., Siciliano S. (2001): Taxonomic diversity of bacteria 
associated with the roots of modern, recent and ancient wheat 
cultivars. Biology and Fertility of Soils, 33: 410–415.

Gu Y., Wang P., Kong C.H. (2009): Urease, invertase, dehydrogenase 
and polyphenoloxidase activities in paddy soil influenced by al-
lelopathic rice variety. European Journal of Soil Biology, 30: 1–6.

Hinsinger P., Plassard C., Jaillard B. (2006): Rhizosphere: A new 
frontier for soil biogeochemistry. Journal of Geochemistry Ex-
ploration, 88: 210–213.

Houlden A., Timms-Wilson T.M., Day M.J., Bailey M.J. (2008): 
Influence of plant developmental stage on microbial community 
structure and activity in the rhizosphere of three field crops. FEMS 
Microbiology Ecology, 65: 193–201.

Hoque M., Inubushi K., Miura S., Kobayashi K., Kim H.Y., Okada M., 
Yabashi S. (2001): Biological dinitrogen fixation and soil microbial 
biomass carbon as influenced by free-air carbon dioxide enrich-
ment (FACE) at three levels of nitrogen fertilization in a paddy 
field. Biology and Fertility of Soils, 34: 453–459.

Lauber C.L., Strickland M.S., Bradford M.A., Fierer N. (2008): The 
influence of soil properties on the structure of bacterial and fungal 
communities across land-use types. Soil Biology and Biochemistry, 
40: 2407–2415.

Liesack W., Schnell S., Revsbech N.P. (2000): Microbiology of flooded 
rice paddies. FEMS Microbiology Reviews, 24: 625–645.

Lu Y., Watanabe A., Kimura M. (2002): Contribution of plant-derived 
carbon to soil microbial biomass dynamics in a paddy rice micro-
cosm. Biology and Fertility of Soils, 36: 136–142.

Marschner P., Yang C.H., Lieberei R., Crowley D.E. (2001): Soil and 
plant specific effects on bacterial community composition in 
the rhizosphere. Soil Biology and Biochemistry, 33: 1437–1445.

May L.A., Smiley B., Schmidt M.G. (2001): Comparative denatur-
ing gradient gel electrophoresis analysis of fungal communities 
associated with whole plant corn silage. Canadian Journal of 
Microbiology, 47: 829–841.

Mougel C., Offre P., Ranjard L., Corberand T., Gamalero E., Robin 
C., Lemanceau P. (2006): Dynamic of the genetic structure of 
bacterial and fungal communities at different developmental 
stages of Medicago truncatula Gaertn. cv. Jemalong line J5. New 
Phytologist, 170: 165–175.

Muyzer G., de Waal E.C., Uitterlinden A.G. (1993): Profiling of 
complex microbial populations by denaturing gradient gel elec-
trophoresis analysis of polymerase chain reaction-amplified genes 
coding for 16S rRNA. Applied and Environmental Microbiology, 
59: 695–700.

Reichardt W., Mascarina G., Padre B., Doll J. (1997): Microbial com-
munities of continuously cropped, irrigated rice fields. Applied 
and Environmental Microbiology, 63: 233–238.

Revsbech N.P., Pedersen O., Reichardt W., Briones A. (1999): Mi-
crosensor analysis of oxygen and pH in the rice rhizosphere 
under field and laboratory conditions. Biology and Fertility of 
Soils, 29: 379–385.

Saxena D., Flores S., Stotzky G. (1999): Insecticidal toxin in root 
exudates from Bt corn. Nature, 402: 480.

Smalla K., Wieland G., Buchner A., Zock A., Parzy J., Kaiser S., 
Roskot N., Heuer H., Berg G. (2001): Bulk and rhizosphere soil 
bacterial communities studied by denaturing gradient gel elec-
trophoresis: plant-dependent enrichment and seasonal shifts 
revealed. Applied and Environmental Microbiology, 67: 4742–4751.

Štursa P., Uhlík O., Kurzawová V., Koubek J., Ionescu M., Strohalm 
M., Lovecká P., Macek T., Macková M. (2009): Approaches for 
diversity analysis of cultivable and non-cultivable bacteria in real 
soil. Plant, Soil and Environment, 55: 389–396.

Vance E.D., Brookes P.C., Jenkinson D.S. (1987): An extraction 
method for measuring soil microbial biomass C. Soil Biology and 
Biochemistry, 19: 703–707.

Witt C., Biker U., Galicia C.C., Ottow J.C.G. (2000): Dynamics of 
soil microbial biomass and nitrogen availability in a flooded rice 
soil amended with different C and N sources. Biology and Fertility 
of Soils, 30: 520–527.

Xu Y., Wang G., Jin J., Liu J., Zhang Q., Liu X. (2009): Bacterial com-
munities in soybean rhizosphere in response to soil type, soybean 
genotype, and their growth stage. Soil Biology and Biochemistry, 
41: 919–925.

Zeng L.S., Liao M., Chen C.L., Huang C.Y. (2005): Variation of soil 
microbial biomass and enzyme activities at different growth stages 
of rice (Oryza sativa). Rice Science, 12: 283–288.

Received on November 25, 2010

Corresponding author:
Prof. Genxing Pan, Nanjing Agricultural University, Institute of Resources, Ecosystem and Environment 
of Agriculture, Nanjing, P.R. China
e-mail: pangenxing@yahoo.com.cn


