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Abstract
Exploration of soil environmental characteristics governing soil microbial community structure and activity may improve our 
understanding of biogeochemical processes and soil quality.  The impact of soil environmental characteristics especially 
organic carbon availability after 15-yr different organic and inorganic fertilizer inputs on soil bacterial community structure 
and functional metabolic diversity of soil microbial communities were evaluated in a 15-yr fertilizer experiment in Chang-
ping County, Beijing, China.  The experiment was a wheat-maize rotation system which was established in 1991 including 
four different fertilizer treatments.  These treatments included: a non-amended control (CK), a commonly used application 
rate of inorganic fertilizer treatment (NPK); a commonly used application rate of inorganic fertilizer with swine manure in-
corporated treatment (NPKM), and a commonly used application rate of inorganic fertilizer with maize straw incorporated 
treatment (NPKS).  Denaturing gradient gel electrophoresis (DGGE) of the 16S rRNA gene was used to determine the 
bacterial community structure and single carbon source utilization profiles were determined to characterize the microbial 
community functional metabolic diversity of different fertilizer treatments using Biolog Eco plates.  The results indicated 
that long-term fertilized treatments significantly increased soil bacterial community structure compared to CK.  The use of 
inorganic fertilizer with organic amendments incorporated for long term (NPKM, NPKS) significantly promoted soil bacterial 
structure than the application of inorganic fertilizer only (NPK), and NPKM treatment was the most important driver for in-
creases in the soil microbial community richness (S) and structural diversity (H).  Overall utilization of carbon sources by soil 
microbial communities (average well color development, AWCD) and microbial substrate utilization diversity and evenness 
indices (H’ and E) indicated that long-term inorganic fertilizer with organic amendments incorporated (NPKM, NPKS) could 
significantly stimulate soil microbial metabolic activity and functional diversity relative to CK, while no differences of them 
were found between NPKS and NPK treatments.  Principal component analysis (PCA) based on carbon source utilization 
profiles also showed significant separation of soil microbial community under long-term fertilization regimes and NPKM 
treatment was significantly separated from the other three treatments primarily according to the higher microbial utilization 
of carbohydrates, carboxylic acids, polymers, phenolic compounds, and amino acid, while higher utilization of amines/am-
ides differed soil microbial community in NPKS treatment from those in the other three treatments.  Redundancy analysis 
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1. Introduction 

Organic and inorganic fertilizer amendments not only in-
crease soil nutrient availability to plant, improve soil fertility 
including soil physical, chemical and biological properties, 
thus maintain or increase crop yields (Li et al. 2008; Gong 
et al. 2009), but also influence soil microorganisms (Chu 
et al. 2007; Liu et al. 2007; Yu et al. 2015).  It has been 
reported that microbial communities were sensitive to 
changes of soil environmental conditions or soil nutrient 
status in long-term organic or inorganic fertilization trials, 
and soil organic carbon and pH were demonstrated to be 
major factors to affect soil microbial community composi-
tion and activity (Wessén et al. 2010; Shen et al. 2010; 
Geisseler et al. 2014; Li et al. 2015).  Changes in microbial 
structure and activity in turn have important implications 
for the rates of soil processes.  For example, variation in 
microbial community structure in soils have been observed 
to influence rates of denitrification, nitrification and nitrogen 
fixation (Balser and Firestone 2005; Hallin et al. 2009; 
Levy-Booth et al. 2014).  Therefore, soil microorganisms 
and the related nutrient cycling processes are essential 
for long-term sustainability of agricultural systems and 
are a major component in soil formation and productivity 
(Vineela et al. 2008; Geisseler et al. 2014), an improved 
understanding of the response of soil microbiota to agricul-
tural management practices and exploring the key factors in 
soil environmental characteristics influencing soil microbial 
communities can help to identify strategies that maintain 
and improve soil quality.

The effects of long-term fertilization regimes on soil micro-
organisms have been given particular attention (Marschner 
et al. 2003; Gu et al. 2009; Geisseler et al. 2014; Li et al. 
2014).  Application of inorganic fertilizers has been shown to 
increase the cultivable microbial counts (including bacteria, 
fungi, and actinomycetes) than no fertilizer application under 
a wheat-maize cropping system in northern China (Gong 
et al. 2009).  Zhong and Cai (2007) reported that balanced 

inorganic fertilization resulted in higher microbial metabolic 
diversity than nutrient-deficiency fertilization in soil, which 
is in agreement with the current report of increased soil 
microbial function gene structures and abundances under 
long-term balanced inorganic fertilization in a P-limited 
paddy soil (Su et al. 2015).  Meta-analysis of long-term 
inorganic fertilizer trials revealed that most of studies 
indicated significant effects on soil microbial community 
composition (Geisseler et al. 2014), and soil microbe 
was sensitive to N, P and K fertilization in 84% studies 
with an average length of 8.2 yr (Allison and Martiny 
2008).  Moreover, higher fungal population was found in 
a continuous inorganic fertilization trial in India (Vineela 
et al. 2008).  However, other studies have reported that 
long-term inorganic N application reduces or has no effect 
on soil community structure (Sarathchandra et al. 2001; 
Ogilvie et al. 2008; Wu et al. 2011) or microbial functional 
diversity (Kong et al. 2008; Li et al. 2013; Yu et al. 2015).  
For instance, Kong et al (2008) reported that long-term 
inorganic fertilization would not result in significant changes 
in the microbial biomass and microbial functional diversity 
of the black soil in northeast of China.

In general, organic fertilizers, including organic manure, 
crop residues, green manure, and sewage sludge combined 
with inorganic fertilizer application for long-term have been 
revealed to cause shifts in soil microbial community (O’Don-
nell et al. 2001; Marschner et al. 2003; Enwall et al. 2005; 
Elfstrand et al. 2007; Sradnick et al. 2013) by increasing soil 
total bacterial diversity (Gu et al. 2009; Shen et al. 2010; Wu 
et al. 2011), altering Gram-positive/Gram-negative bacteria 
ratios and bacterial/fungal ratios (Marschner et al. 2003; 
Giacometti et al. 2013) or increasing soil functional microbial 
community compositions such as ammonia-oxidizing bacte-
ria (AOB), ammonia-oxidizing archaea (AOA) and cellulolytic 
bacteria and fungi (Chu et al. 2007; He et al. 2007; Wessén 
et al. 2010; Fan et al. 2012), and improving soil microbial 
carbon source utilization profiles (Liu et al. 2007; Ge et al. 
2008; Zhong et al. 2010).  However, Yu et al. (2015) revealed 
no significant difference of microbial community structure by 
long-term field fertilization although soil microbial activities 

(RDA) indicated that soil organic carbon (SOC) availability, especially soil microbial biomass carbon (Cmic) and Cmic/SOC 
ratio are the key factors of soil environmental characteristics contributing to the increase of both soil microbial community 
structure and functional metabolic diversity in the long-term fertilization trial.  Our results showed that long-term inorganic 
fertilizer and swine manure application could significantly improve soil bacterial community structure and soil microbial 
metabolic activity through the increases in SOC availability, which could provide insights into the sustainable management 
of China’s soil resource. 

Keywords: long-term fertilization regimes, organic amendment, soil microbial community structure, microbial functional 
metabolic activity, carbon substrate utilization
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were significantly affected, which means that soil microbial 
metabolic activity was not consistent with changes of soil 
microbial community composition in long-term fertilizer trials.  
And this difference may be due to the impact of changes in 
environmental characteristics on soil microbial processes 
(Shen et al. 2010).  Soil environmental characteristics such 
as soil water content, temperature, soil organic carbon 
(SOC), and pH have been reported to affect soil microbial 
communities significantly (Degens et al. 2000; Lipso et al. 
2000; Drenovsky et al. 2004; Shen et al. 2010; Geisseler 
et al. 2014).  For instance, it is revealed that SOC and pH 
were positively correlated with soil microbial community 
composition in long-term fertilization trials (Shen et al. 2010; 
Geisseler et al. 2014); soil organic carbon availability, which 
is defined as dissolved organic carbon (DOC) or soil micro-
bial biomass carbon (Cmic) or the ratio of Cmic/SOC (Sikora 
et al. 1990; Nelson et al. 1994), was reported to be major 
determine for preservation of soil microbial diversity (Lipson 
et al. 2000; Drenovsky et al. 2004); Greater differences in 
microbial community composition and catabolic evenness 
were demonstrated to have correspondent relationships with 
greater differences in soil organic carbon fractions (DOC, 
Cmic, potentially mineralizable C and light fraction organic 
carbon (LFOC)) (Cookson et al. 2005; Cookson et al. 2008).  
In our previous research (Li et al. 2008), we investigated that 
long-term organic and inorganic fertilizer applications could 
significantly increase soil environmental characteristics such 
as SOC, total N (TN), total phosphorous (TP), DOC, DON, 
Cmic, Nmic, and Cmic/SOC, and decrease soil C/N ratio 
and pH, however, relatively little is known about the precise 
nature of these changes on soil microbes.  In conclusion, 
our objective is to determine if differences exist in microbial 
community structure and functional metabolic activities of 
soil microorganisms after 15 yr of different fertilization re-
gimes in double-cropping wheat-maize rotations, which are 
widely used in North China Plain (NCP).  Their relationships 
with changes in soil environmental characteristics are also 
explored to understand how it is regulated or driven by 
factors such as nutrient inputs in the long-term fertilizer trial. 

2. Results

2.1. Effect of long-term fertilization regimes on soil 
microbial community structure

Here the method of polymerase chain reaction-denaturing 
gradient gel electrophoresis (PCR-DGGE) based on 16S 
rRNA genes was used to investigate the effects of long-term 
fertilization regimes on soil microbial community structure 
and diversity.  Bacterial DGGE profiles generated from 
the universal bacterial primers (F357 and R517) revealed 
differences in the structural composition of the bacterial 
communities in soil samples (Table 1, Appendix A), and this 
was due to differences in band positions, band intensities 
and numbers of bands.  Each of the distinguishable bands 
in the separation pattern represents a bacterial operational 
taxonomic unit (OTU) (Cocolin et al. 2002).  Differences in 
the DGGE profiles revealed that soil bacterial community 
richness (S, the numbers of bands detected by DGGE) 
were higher in the fertilized soils than that in the CK soil.  
The NPKM treatment showed the most complex DGGE 
pattern with 19 visible bands, indicating the presence of a 
high number of different bacterial taxa, and then followed by 
NPKS treatment.  CK treatment had the lowest number of 
bands in the DGGE profiles (Table 1).  Shannon’s diversity 
index values (H) for the whole data set indicated that long-
term fertilization regimes significantly affected soil bacterial 
community diversity which showed similar trend with S 
among different long-term fertilizer treatments. 

2.2. Effect of long-term fertilization regimes on 
functional metabolic diversity of soil microbial 
community 

Average well color development (AWCD) followed a sigmoid 
curve with incubation time in keeping with the characteristics 
of microbial growth (Fig. 1).  After 24 h of incubation, the 
values of AWCD for soils with different fertilizer applica-
tions increased quickly with the incubation time, and were 

Table 1  Effect of long-term fertilizer treatments on indices of soil bacteria structure using denaturing gradient gel electrophoresis 
(DGGE) bands pattern data and soil microbial functional metabolic diversity indices using Biolog assays data 

Treatments1)

Soil bacterial structure indices Soil microbial functional metabolic diversity indices
Richness

(S, detected band)
Shannon’s diversity index 

(H)
Shannon’s diversity index 

(H’)
Substrate evenness

 (E)
CK 11 (±2) d 2.28 (±0.10) d 2.97 (±0.06) c 0.87 (±0.09) c
NPK 13 (±1) c 2.55 (±0.07) c 3.05 (±0.05) bc 0.89 (±0.09) bc
NPKM 19 (±1) a 2.77 (±0.01) a 3.20 (±0.01) a 0.93 (±0.02) a
NPKS 15 (±1) b 2.68 (±0.07) b 3.10 (±0.05) b 0.90 (±0.08) b
1) CK, non-amended control; NPK, commonly used application rate of inorganic fertilizer treatment; NPKM, commonly used application 

rate of inorganic fertilizer with swine manure incorporated treatment; NPKS, commonly used application rate of inorganic fertilizer with 
maize straw incorporated treatment.  

Long-term means (±SE) followed by the same letter in the same column are not significantly different (P<0.05, Duncan’s test).  The 
same as below.
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separated from each other among all the treatments.  The 
values of AWCD for NPKM (a commonly used application 
rate of inorganic fertilizer with swine manure incorporated 
treatment) treatment were always higher than the others, 
with values in decreasing order of NPKS (a commonly used 
application rate of inorganic fertilizer with maize straw in-
corporated treatment)>NPK (a commonly used application 
rate of inorganic fertilizer treatment)>CK (a non-amended 
control treatment).

  Shannon’s diversity index (H’) and evenness (E) calcu-
lated using the data from the 72 h incubation readings were 
listed in Table 1, which indicated that substrate utilization 
diversity (H’) and substrate utilization level (E) of soil micro-
bial community among all treatments showed significantly 
different.  The value of H’, ranged from 2.97 to 3.20, was 
significantly higher in the NPKM treated soils than those 
in other treatments, and then followed by NPKS treatment 
with higher H’ values compared to CK.  However, there was 
no difference between NPKS and NPK, and no statistical 
difference was also found between NPK and CK.  A smilar 
trend was observed for the values of E which ranged from 
0.87 (CK) to 0.93 (NPKM).

Principal component analysis (PCA) of the optical density 
values measured at 72 h incubation time was used to an-
alyze the carbon sources utilization ability of soil microbial 
community in long-term fertilizer treatments (Fig. 2).  The 
first 2 principal components (PCs) accounted for 84.77 and 
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Fig. 1  Average well color development (AWCD) of 31 carbon 
sources utilization of soil microbial community in different 
fertilizer treatments in the long-term fertilizer trial using 
Biolog assays.  CK, non-amended control; NPK, commonly 
used application rate of inorganic fertilizer treatment; NPKM, 
commonly used application rate of inorganic fertilizer with 
swine manure incorporated treatment; NPKS, commonly 
used application rate of inorganic fertilizer with maize straw 
incorporated treatment.  Mean values of four replicates for the 
different treatments.  Error bars represent standard deviation 
(P<0.05, Duncan’s test).  The same as below.
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Fig. 2  Principal component analysis (PCA) of the microbial 
carbon sources utilization profiles using Biolog assays from 
different fertilizer treatments in the long-term fertilizer trial.    

9.31% of the total variability, respectively.  The variability in 
PC1 was largely influenced by utilization of carbohydrates, 
carboxylic acids, polymers, phenolic compounds, and 
amino acid.  The PC2 was driven by utilization of amines/
amides.  Thus approximately 94% of the variability in the 
carbon source utilization profiles was explained by the utili-
zation of these six common carbon sources.  The microbial 
communities of the four different treatments had distinctive 
patterns of carbon source utilization based on PCA analy-
sis of the color response data (Fig. 2).  Soils in the NPKM 
treatment had much higher PC scores for PC1 and PC2 than 
either NPKS, NPK or CK, and this treatment was clearly 
separated from them.  Soils in the NPKS treatment had, on 
average, higher values for PC2 than in NPK and CK, and 
were completely separated from the other three treatments.  
However, there was no clear separation between the NPK 
and CK treatments.

2.3. Effect of soil environmental characteristics on 
microbial community structure and functional meta-
bolic diversity under long-term fertilization regimes

Redundancy discriminate analysis (RDA) was performed 
using soil environmental characteristics (TN, SOC, TP, DOC, 
DON, pH, C/N, Cmic, Cmic/SOC and Nmic) as explanatory 
variables and the relative abundance of two indicators (S 
and H) of soil bacterial community structure as responsible 
variables to explore the effects of soil environmental char-
acteristics on soil microbial community structure (Fig. 3).  
The explanatory variables significantly correlated with S 
and H, respectively (P<0.01) and accounted for 91.76% of 
total variation (P<0.01).  The axes 1 and 2 accounted for 
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85.42 and 6.34%, respectively.  Soil environmental charac-
teristics had positive correlations with microbial community 
structure indicators (S and H) except for soil C/N and pH 
which showed significantly negative correlations with S and 
H.  The differences of soil microbial community structure 
indicators (S and H) among long-term fertilizer treatments 
were more pronounced.  In general, ordination of treatments 
was related to the first axis (RDA1) and clearly separated 
with each other (Fig. 3).  The structure of microbial com-
munity in NPKM treated soil was significantly different from 
those in soils of other treatments and this difference was 
mainly due to the changes in soil Cmic (F=57, P<0.01) and 
SOC (F=4.4, P<0.05), which explained 80.30 and 5.00% of 
the total variability in the structure of microbial community 
respectively based on the forward selection model results 
of RDA analysis.  The structure of microbial community 
in NPKS treated soils also showed significantly positive 
correlations with Cmic and SOC along axis 1 and had no 

overlap with other treatments.  Whereas the microbial com-
munity structure in CK treated soil negatively related to soil 
Cmic and SOC along axis 1 (Fig. 3). 

RDA analysis of exploring the relationship between 
soil environmental characteristics and microbial metabolic 
diversity showed that explanatory variables (TN, SOC, 
TP, DOC, DON, pH, C/N, Cmic, Cmic/SOC and Nmic) ac-
counted for 97.38% of total variation (P<0.01) and the first 
two axes explained 97.12 and 0.25%, respectively (Fig. 4).  
All explanatory variables (TN, SOC, TP, DOC, DON, pH, 
C/N, Cmic, Cmic/SOC and Nmic) were observed to have 
significant effects on microbial metabolic activity indicators 
(E and H’) (P<0.01).  Similar with soil microbial community 
structure, soil environmental characteristics except for soil 
C/N and pH positively correlated with microbial functional 
metabolic diversity indicators (S and H) while soil C/N and 
pH showed negative trend.  The microbial communities of 
the long-term fertilizer treatments had distinctive patterns 

Fig. 3 Redundancy analysis (RDA) of soil microbial community composition (S and H) constrained by soil environmental 
characteristics under long-term fertilization regimes from different fertilizer treatments.  SOC, soil organic carbon; TN, total nitrogen; 
TP, total phosphorous; C/N, the ratio of SOC to TN; DOC, dissolved organic carbon; DON, dissolved organic nitrogen; pH, soil pH 
value; Cmic, soil microbial biomass carbon; Nmic, soil microbial biomass nitrogen; Cmic/SOC, the ratio of soil microbial biomass 
carbon to soil organic carbon.  The same as below.
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of carbon source utilization and the model of soil Cmic and 
Cmic/SOC were found to be main factors to affect microbi-
al metabolic activities by forward selection and explained 
97.30 and 0.27% of the total variation separately (P<0.01).  
NPKM treatment had much higher scores along axis 1 
than other treatments, and was completely separated from 
them.  There was no significant difference between NPKS 
and NPK treatments.  CK treatment with lower soil Cmic 
and Cmic/SOC, however, clearly separated with other three 
treatments (Fig. 4).

3. Discussion

Soil microorganisms play prominent roles in maintaining the 
long-term fertility of an agroecosystem (Watts et al. 2010) 
and could serve as indicators of evaluating soil quality (Shar-
ma et al. 2011).  Knowledge about soil microbial community 
structure and functional metabolic diversity is important for 
helping us to optimize the fertilization practices and maintain 
soil productivity and agroecosystem. 

Soil microbial community structure were significantly 
affected by long-term fertilizer application (Table 1), and 
showed higher values in treatments with inorganic fertilizers 
plus organic amendments application (NPKM, NPKS) than 
in treatment with only inorganic fertilizer application (NPK), 
which is in agreement with other studies that have shown 
effects on shifts in microbial community structure with long-
term addition of different organic and/or synthetic fertilizer 
amendments (Liu et al. 2007; Ge et al. 2008; Zhao et al. 
2014).  The increased crop residues and its corresponding 
impacts on soil environmental status could be expected 
to increase bacteria community structure in fertilized soils 
(Sun et al. 2015).  Organic amendments may provide a 
greater diversity of potential substrates for microbe growth 
and reproduction (Liu et al. 2009), further, much more crop 
residues and the improvement of soil environmental char-
acteristics in organic-inorganic fertilized soils were found 
than those in inorganic fertilized soils due to the added 
organic amendments (Li et al. 2008), which could be acting 
in concert with increased niche diversity in organic-inorganic 

Fig. 4  RDA of soil microbial community functional metabolic diversity (H’ and E) constrained by soil environmental characteristics 
under long-term fertilization regimes from different fertilizer treatments. 
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fertilized soil microbial communities to drive diversity dif-
ferences in this study.  This is in accordance with previous 
report (Sun et al. 2015).

It has been reported that long-term fertilization regimes 
significantly influences soil microbial functional diversity 
(Zhong and Cai 2007; Sradnick et al. 2013; Yu et al. 2015).  
In our report, increased functional metabolic diversity of soil 
microbial community was also investigated in fertilized soils 
with the highest value in NPKM treatment, but no statistical 
difference between NPKS and NPK treatments.  This result 
may be associated with lower inorganization effect of soil 
status on soil microbial metabolic ability to decompose maize 
straw just through colder period of the year between sowing 
and sampling time in NPKS treatment.  Furthermore, many 
previous studies showed decreased microbial functional 
diversity (Li et al. 2013) in the inorganic fertilized soils com-
pared with control, which is in contrast with our report.  An 
explanation for this result is that higher inputs of inorganic N 
in the form of fertilizer led to enrichment of microbial groups 
that were well suited to high mineral N environments at the 
expense of other groups (Li et al. 2013). 

Swine manure was found the most efficient in raising 
soil microbial community structure and functional metabolic 
diversity among all the incorporated organic amendments 
(swine manure and maize straw), which is confirmed by 
the recent report that bacterial diversity in soils subjected 
to long-term chemical fertilization can be more stably main-
tained with the addition of livestock manure (either swine 
manure or cattle manure) than wheat straw (Sun et al. 
2015).  Differences in organic matter composition and thus 
substrate availability are likely to be the main reason for the 
differences in microbial community observed in the present 
study such as the increased bacteria categories and the 
microbial metabolic functional diversities.  The temporal 
dynamics in decomposition depend on the chemical com-
position of the organic matter that is added to the soil and 
swine manure has a lower C/N ratio compared to maize 
straw, which is easily degraded by microorganisms (Lejon 
et al. 2007; Eilers et al. 2010) and there have been reported 
that the decompostion of different types of organic matter 
stimulated the activity of different special microbial groups 
(Bastian et al. 2009).  It has been reported that soil microbial 
metabolic activity and functional diversity were promoted 
in long-term inorganic fertilizer plus organic manure plots 
through the abundance of carbohydrates, carboxylic acids 
and amino acids which are tested as root exudates released 
into the soil by crop plants (Zhong et al. 2010), which is 
in consistence with our report.  Another primary reason is 
that the neutral pH and increased C induced by long-term 
organic manure input will allow more optimal conditions for 
the growth of soil bacterial community in alkaline soils (Li 
et al. 2008; Orr et al. 2011).

Repeated fertilizer applications to soil can change soil 
microbial community directly or indirectly since they change 
the soil environmental characteristics such as physical, 
chemical and biological properties (Beauregard et al. 2010; 
Yu et al. 2015).  In this study, significant effects of soil 
environmental characteristics (TN, SOC, TP, DOC, DON, 
pH, C/N, Cmic, Cmic/SOC and Nmic) induced by 15-yr 
fertilization regimes on soil microbial community structure 
(P<0.01) and functional metabolic diversity (P<0.01) were 
found by using RDA analysis (Figs. 3 and 4).  TN, SOC, TP, 
DOC, DON, Cmic, Cmic/SOC, and Nmic showed positive 
impacts on soil microbial community structure and func-
tional diversity, which is in agreement with previous report 
(Li et al. 2015), furthermore, soil C/N ratio and pH were 
found to be negatively related to soil microbial community 
structure and functional diversity, which is in contrast with 
other results (Shen et al. 2010; Geisser et al. 2014).  This 
difference may be due to the values of soil pH because it 
was demonstrated that soil pH had positive correlation with 
changes in soil microbial community diversity in acid soils 
(Shen et al. 2010), while showed negative results in alkaline 
soils (Li et al. 2015).  Moreover, soil Cmic, Cmic/SOC and 
SOC which play fundamental roles in soil organic carbon 
dynamics (Haynes 2005), were observed to be the main 
predominant factors in changing soil microbial community 
structure and functional metabolic diversity.  This result is 
confirmed by the previous studies which reported that the 
main and higher significant effect on soil microbes was 
related to organic amendments application due to the large 
amount of available C and labile C fractions suggesting 
greater efficiency in terms of mineralization per unit soil C 
(Drenovsky et al. 2004; Cookson et al. 2005; Vineela et al. 
2008; Watts et al. 2010) which is in concert with increased 
microbial niche diversity in organic-inorganic fertilized soil 
with higher to drive diversity differences in our report.  The 
soils with manure application have higher levels of labile 
organic C (Cmic), soil organic carbon availability (Cmic/
SOC) and SOC compared to the soils with maize straw ap-
plication (Li et al. 2008), therefore supporting higher levels 
of microbial activity.  Similar result has been reported that 
decrease in Cmic reserve in soils reflected the reduction 
of soil microbial metabolic diversity (Degens et al. 2000; 
Franco et al. 2006).

4. Conclusion

Contrasting fertilization management over 15 yr has had 
profound effects on soil microbial community structure 
and functional metabolic diversity.  Long-term fertilizer 
application significantly increased soil microbial community 
structure and functional metabolic diversity with the highest 
values when inorganic fertilizer and swine manure were 
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applied.  The application of inorganic fertilizer with maize 
straw incorporated significantly increased soil microbial 
community structure, however, had no statistically differenc-
es in functional metabolic diversity of microbes compared 
to the application of only inorganic fertilizers, indicating 
that the application of inorganic fertilizer combined with 
swine manure was a strategy for farmer to maintain the 
sustainability of agricultural ecosystems.  This research 
also provide the information of that soil carbon availability, 
particularly soil Cmic and Cmic/SOC, are the most profound 
factors to affect the variation of both structure and functional 
metabolic diversity of soil microbes, and it may improve the 
agricultural sustainability by better matching fertilization with 
soil ecosystem through our understanding of the microbial 
mediated mechanism of soil biochemical processes.

5. Material and methods

5.1. Site description and experimental design

The long-term fertilizer experiment was established in 1991 
and is located in Changping County, Beijing, China (40°13´N, 
116°14´E).  The average annual rainfall is 600 mm and the 
average annual temperature is 11°C.  The soil is a Drab 
Fluvo-aquic soil with 20.3% sand, 65.0% silt and 14.7% clay.  
The initial chemical properties of the soil in 1991 are given 
in Table 2.  The site is in a wheat-maize rotation which is a 
typical cropping system in North China Plain (NCP).  The 
following four fertility treatments were used: a non-amended 
control treatment (CK), a commonly used application rate 
of inorganic fertilizer treatment (NPK), a commonly used 
application rate of inorganic fertilizer with swine manure 
incorporated treatment (NPKM), and a commonly used 
application rate of inorganic fertilizer with maize straw incor-
porated treatment (NPKS).  Each treatment was replicated 
four times with plot size of 2 m×1.5 m in a randomized 
complete block design.  The commonly used application 
rates of inorganic NPK fertilizers were 160 kg N ha–1, 80 kg 
P2O5 ha–1 and 60 kg K2O ha–1 applied twice annually in spring 
after wheat harvest and fall after maize harvest.  Inorganic 
fertilizers N, P and K are urea, calcium superphosphate and 
potassium chloride, respectively.  Swine manure had 43.87% 
C, 2.09% N, 3.61% P2O5, and 2.01% K2O and maize straw 
had 128.25% C, 1.71% N, 0.39% P2O5, and 1.81% K2O in 
2005.  The organic amendments were applied once during 
fall with the application rates of 33 t ha–1 swine manure (M) 

and 2.17 t ha–1 maize straws (S) before sowing wheat.  The 
field management is according to local farmer’s practice.  
All aboveground crop biomass was removed from the field 
at harvest. 

5.2. Soil sampling and preparation

Soil samples were collected at the jointing stage in wheat 
in April 2006.  In each plot, at least five soil cores were 
collected from the top 20 cm with an auger and mixed to 
form a composite sample.  The sample was sieved (2 mm 
mesh) and separated into three parts.  The first part was 
air-dried for the determination of soil chemical properties, 
the second part was stored at 4°C for not more than 1 wk 
for microbial carbon utilization analysis and the thrid part 
was stored at –80°C for molecular analysis. 

5.3. Soil chemical and biological properties analyses
   

Soil chemical and biological properties such as soil organic 
carbon (SOC), total N (TN), total P (TP), pH, dissolved 
organic C (DOC), dissolved organic N (DON), microbial 
biomass C (Cmic), and microbial biomass N (Nmic) were 
determined by chemical analysis method and have been de-
scribed earlier (Li et al. 2008) (Table 3).  SOC were assessed 
by vitriol acid-potassium dichromate oxidation method, TN 
by the Kjeldahl method and TP by the HClO4-H2SO4 method, 
and soil pH was measured in a 1:2.5 (soil:water) mixture 
using the potentiometric method (Lu 2000).  Cmic and Nmic 
contents were assessed using the chloroform-fumigation-ex-
traction method (Vance et al. 1987) by shaking with 0.5 mol 
L–1 K2SO4 (1:4 soil:K2SO4 solution) for 30 min and filtering, 
non-fumigated soils were extracted for the measurement 
of DOC and DON. 

5.4. DNA extraction and PCR-DGGE analysis

The DNA extraction method used was based on that of Zhou 
et al. (1996) and Moffett et al. (2003) with some modifica-
tions.  5 g soil sample was added to 13.5 mL of autoclaved 
extraction buffer (pH 8.0, 100 mmol L–1 Tris-HCl, 100 mmol 
L–1 di-sodium EDTA, 100 mmol L–1 sodium phosphate,  
1.5 mol L–1 NaCl, 1% hexadecylmethylammonium bromide 
(CTAB)).  100 µL of 10 mg mL–1 proteinase K was added 
and the mixture was incubated at 37°C for 30 min by horizon 
shaking at 150 r min–1.  Sodium laurylsulfonate (SDS) was 

Table 2  Soil initial chemical properties in 1991 prior to application of fertilizers (0–20 cm)

SOC (g kg–1) TN (g kg–1) TP (g kg–1) Available N (NO3
–-N+NH4

+-N) (mg kg–1) Olsen’s P (mg kg–1) Slow-available K (mg kg–1) pH
7.48 0.48 0.58 6.49 3.77 503.67 8.12
SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorous.  The same as below.
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then added to a final concentration of 2% and each tube 
was incubated at 65°C in a water bath for 2 h with gentle 
end-over-end mixing every 15 min.  The mixture was then 
centrifuged at 6 000×g for 5 min and the supernatant was 
collected.  Two or three repeats of centrifugation were per-
formed and the supernatant was combined.  The proteins 
were denatured by the addition of chloroform-isoamyl alco-
hol and the DNA was precipitated in isopropanol overnight 
at room temperature.  It was then pelleted by centrifugation, 
washed twice with 5 mL of cold 70% ethanol, dissolved in 
100 µL sterile, deionized water and stored at –80°C.

PCR on soil DNA extracts was performed with primers of 
16S rRNA gene V3 regions for bacterial groups.  The 50 µL 
PCR mixture contained a primer set (10 pmol each); 10× PCR 
buffer (100 mmol L–1, included Mg2+), 5 µL; dNTP (10 mmol 
L–1), 1 µL; DNA template (10–50 ng), 1 µL; TaKaRa ExTaq 
polymerase, 1.5 U and ultra pure water 40.5 µL.  The primers 
used for PCR were 517R (5´-ATTACCGCGGCTGCTGG-3´) 
and F357-GC (5´-CGCCCGCCGCGCGCGGCGGGCGGG-
GCGGGGGCACGGGGGGCCTACGGGAGGCAGCAG-3´) 
(Muyzer et al. 1993).  PCR amplification was performed at 
94°C for 5 min, followed by 20 touchdown cycles of 94°C for 
1 min, annealing at 65°C (with the temperature decreasing 
0.5°C each cycle) for 1 min and extension at 72°C for 1 min.  
This was followed by 15 cycles of 94°C for 1 min, annealing 
at 55°C for 1 min and extension at 72°C for 1 min with a final 
single extension at 72°C for 7 min.  The size of the PCR 
product was visualized by electrophoresis in 0.8% agarose 
gels after ethidium bromide staining. 

DGGE analysis was conducted using a DCode system 
(Bio-Rad Laboratories, Hercules, California).  Samples of 
PCR product (20 µL) were loaded onto 6–12% (w/v) poly-
acrylamide gels in 1×TAE buffer.  The polyacrylamide gels 
were made with a linear denaturing gradient ranging from 
30% denaturant at the top of the gel to 60% denaturant at 
the bottom.  The electrophoresis was run at 220 V and 60°C 
for 300 min.  After electrophoresis, the gels were soaked 
for 20 min in SYBR Green I nucleic acid gel stain (1:8 000 
dilution, Sigma Co., Germany).  To get a clear image, the 
gel was photographed with gel photo system (GelDoc 2000, 
BioRad, Hercules, CA, USA).  Photographs were analyzed 
with BioRad Quantity One software package.

5.5. Carbon source utilization profiles

Carbon source utilization profiles were used to characterize 
the soil microbial functional metabolic activity and were de-
termined using the Biolog EcoPlate (Biolog Co., USA) which 
contains three replicate wells of 31 carbon substrates with 
the method described by Garland and Mills (1991).  Soil, 
equivalent to 10 g dry soil, was suspended in 90 mL of sterile 
0.145 mol L–1 NaCl and homogenized in a blender at high 

speed for 1 min.  The solution 
was serially diluted to 10–3, 
and 125 µL of the 10–3 dilution 
was inoculated into each well 
of the plate.  Plates were incu-
bated for 7 d at 25°C and well 
absorbance was measured at 
590 nm using a plate reader 
(Biolog Co., USA) every 24 h.  
All solutions and equipment 
were sterilized by autoclaving 
prior to use.  The absorbance 
values at the start of the incu-
bation were subtracted from 
the absorbance values of the 
subsequent readings.  In ad-
dition, the color development 
of the control well at each 
reading was subtracted from 
the other wells to correct for 
any respiratory activity due 
to carbon added with the 
inoculum.  Negative values 
were set to zero.  The aver-
age well-color development 
(AWCD) for each treatment, 
i.e., the mean absorbance 
values of all 31 substrates, and 
for different substrate catego-
ries (carbohydrates, carboxylic 
acids, amines/amides, pheno-
lic compounds, amino acids 
and polymers) were calculated 
for every reading.  The sub-
strate-utilization profile was 
analyzed on well-absorbance 
values at the 72 h reading.

5.6. Calculation and statis-
tical analysis

All statistical work was done 
using the SPSS 11.5 and Mi-
crosoft office Excel 2007 for 
Windows.  One-way ANOVA 
was used to determine treat-
ment effects and means were 
compared using Duncan’s 
multiple range Test (P<0.05).

Banding patterns of DGGE 
profiles were analyzed by 
the Bio-Rad Quantity One Ta
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software to obtain soil microbial community composition 
richness (S) of different fertility treatments which were the 
numbers of bands in the lanes by the Diversity Database 
Fingerprinting software (Bio-Rad Laboratories, Hercules, 
California) and the number of bands in each lane was limited 
to no more than 20 (Rademaker et al. 1999).  Shannon’s 
diversity index (H) was calculated by the formula H=−∑pilnpi, 
where pi is the ratio of relative intensity of band i compared 
with the relative intensity of the lane (Orr et al. 2011).

The normalization of the Biolog values was done by 
dividing the absorbance values for individual wells by the 
AWCD for the whole plate, in order to account for differenc-
es in inoculum density as suggested by Garland and Mills 
(1991), and AWCD for each plate was used as an indicator 
of general microbial activity (Larkin and Honeycutt 2006). 

31

(Ri−R0)
31

∑
i=1AWCD=

Where, Ri is color production within the ith well (optical 
density measurement), R0 is the absorbance value of the 
plates control well, and Eco plate have 31 substrates.  
Substrate utilization diversity (Shannon’s diversity index, 
H’) were calculated, where H’=−∑pilnpi, and pi means pro-
portional color development of the ith well over total color 
development of all wells of a plate, and substrate utilization 
evenness (the distribution of color development among the 
substrates, E) was calculated as E=H’/lnS, S meaning the 
number of wells with color development, the calculation of 
H’ and E were based on 72 h data according to the AWCD 
curve (Garland and Mills 1991).  Differences in the carbon 
source utilization profiles were analyzed using principal 
components analysis (PCA).  Relationships among samples 
were obtained by plotting scores of their first two principal 
components in two dimensions. 

Redundancy analysis (RDA) was carried out to elucidate 
the relationships between soil microbial community struc-
ture, functional metabolic diversity and soil environmental 
characteristics and forward selection model was performed 
to select the most prominent factor on soil microbial commu-
nity structure and microbial functional metabolic diversity, re-
spectively, as implemented in Canoco for Windows ver. 4.5. 
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