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Abstract Particle-size soils were fractionated for evaluating
changes in the composition of bacterial community and en-
zyme activity in response to 13 years of fertilization. This
study focused on Mollisol and its particle-size fractions of
200-2,000 um (coarse sand sized), 63 to 200 um (fine sand
sized), 2 to 63 um (silt sized), and 0.1 to 2 to pum (clay-sized).
Long-term chemical fertilization lowered the pH of all particle
fractions, whereas organic fertilizer application mitigated soil
acidification. Nutrient concentrations depended on both fertil-
izer treatment and particle fractions and enzymes were un-
evenly active throughout the soil. Generally, the highest en-
zyme activities were observed in the silt and clay fractions of
control soil and the soil treated with chemical fertilizer (N, P,
and K (NPK)) and in the sand-sized fraction of soil treated
with manure and chemical fertilizer (MNPK). Except for acid
phosphomonoesterase, the other tested enzyme activities in
coarse-sized fractions of MNPK soil were significantly higher
than those of the control and NPK soils. Fertilization and soil
fraction interactively (p<0.05) affected the enzyme activity.
Denaturing gradient gel electrophoresis analysis showed that
the bacterial community structure significantly differed in
different particle sizes with a higher bacterial diversity in
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small-sized than in coarse-sized fractions. Dominant bands
were excised and sequenced. We have found the following
bacterial groups: Actinobacteria, y-proteobacteria, and
Acidobacteria. In addition, enrichment of organic matter in
coarser fractions was related to greater bacterial diversity than
any other treatment. Principal component analysis showed a
smaller variability among fractions of the organic amended
treatment. Redundancy analysis showed that the tested prop-
erties significantly affected the composition of bacterial com-
munity with the exception of C/N and available P. No signif-
icant correlation between enzyme activity and bacterial com-
munity composition was detected, whereas positive correla-
tions between other soil properties and enzyme activities were
observed to various extents. Probably, enzyme activities might
be affected by specific functional bacterial communities rather
than by the overall bacterial community. We concluded that
the long-term application of organic manures contributed to
the increase of soil organic matter content of particles higher
than 200 mm, with higher bacterial diversity and increases in
most of the enzyme activities.

Keywords Mollisol - Long-term experiment - Soil particle
size - Soil enzyme - Bacterial community

Introduction

Mollisol (Black soil) are the most fertile and productive soils
in China (Wang et al. 2009) and are distributed mainly in the
Heilongjiang and Jinlin Provinces in Northeast China Plain.
These soils, often called “the king of soils” in China, are rich
in organic matter (SOC) (Ding et al. 2012). In recent decades,
a significant depletion of C stocks in the soil occurred due to
intensive tillage and cultivation, with low return of organic
matters. The serious losses in soil fertility are threatening
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sustainable production of grains in Northeast China Plain. To
maintain or restore the fertility of Mollisols, several long-term
experiments involving agronomic practices have been con-
ducted in the Northeast China Plain with changes in crop yield
and soil chemical properties by varying soil managements
(Wang et al. 2009).

Under these conditions, organic amendment can be an
important strategy, which has been widely reported to improve
soil organic content and soil fertility by improving soil struc-
ture, microbial activity, and nutrient status (Ai et al. 2013; Li
et al. 2010). Most organic residues added into soil contain
polymeric compounds, and thus the decomposition of these
residues depends on the microbial production of extracellular
enzymes and their break down should occur before taking up
of low molecular weight organic molecules by microbial cells
(Allison and Jastrow 2006; Nannipieri et al. 2012). Soil or-
ganic matter (SOM) dynamics and turnover, along with other
factors, are also affected by the types of the inputs and their
position within the soil matrix (Kandeler et al. 1999).
Therefore, the specific locations of enzyme activities within
the soil matrix have attracted attention, especially as these
enzyme activities are affected by SOM quality (Kandeler
et al. 1999) and turnover (Stemmer et al. 1998a). Different
soil particle-size fractions can show different role in SOM
dynamics and turnover (Allison and Jastrow 2006; Kandeler
et al. 1999). In addition, enzyme activities depend on the soil
microbial diversity (Nannipieri et al 2012). However, it is not
known how microbial diversity and enzyme activities of dif-
ferent soil fractions of Mollisol are affected by fertilization.

Fertilizer application can affect both diversity and activity
of microbial communities (Yevdokimov et al. 2008; Zhong
et al. 2010). Both changes in the bacterial community com-
position and enzyme synthesis has been often studied in bulk
soil (Renella et al. 2006), whereas information on the specific
locations of enzyme activities and their relationship to the
diversity of bacterial populations within the soil structure is
not known. Biochemical and microbiological characterization
of soil size fractions after soil physical fractionation can
provide an insight of changes in SOM quality and turnover
under different managements (Stemmer et al. 1998a, b;
Kandeler et al. 1999; Allison and Jastrow 2006;
Lagomarsino et al. 2011, 2012). Information on the enzyme
activity and bacterial communities and their nutrient alloca-
tion in the structure of Mollisols has not been studied so far.

Therefore, we have carried out a study on the composition
of bacteria and enzyme activities of different particle-size
fractions of a Mollisol after long-term fertilization with the
application of either inorganic fertilizers or inorganic and
organic mixed fertilizers. We employed a physical fraction-
ation procedure based on the low-energy sonication to obtain
soil particle-size fractions. Bacterial diversity was determined
by denaturing gradient gel electrophoresis (DGGE) analysis.
We determined the following enzyme activities: acid
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phosphomonoesterase, sulfatase, 3-glucosidase, f3-
cellobiosidase, N-acetyl-glucosaminidase, (3-xylosidase, and
«-glucosidase because they are linked to C, N, P, and S
transformation in soil. Dominant bands were excised from
gel before being sequenced. The aim was to study how the
relationship between the composition of bacterial communi-
ties and enzyme activities can be affected by adding inorganic
fertilizers with or without organic manure to soil.

Materials and methods
Field design and sampling

A long-term field fertilization experiment was initiated in
1990 at Gongzhuling Agro-ecological Experimental Station
(124° 48’ 33.9" E, 43° 30" 23" N) located in the Northeast
China Plain in a typical plain agricultural area of Jilin
Province, China. This region has a temperate and semi-
humid climate with an annual average temperature of 4—
5 °C and 450-600 mm of precipitation. The cropping regime
is dominated by one maize crop per year. The soil was clas-
sified as a Mollisol developed from Quaternary loess-like
sediments. At the beginning of the experiment, the soil had a
pH (H,O) of 7.6, 22.8 g/kg organic matter, 1.40 g/kg total N
(TN), 27 mg/kg available P (AP), and 190 mg/kg available K
(AK). The experiment included three treatments (with three
replicates per each treatment) by using 400 m? plots. The
treatments were: soil with no fertilizer application (control
(CK)), soil treated with chemical fertilizer application contain-
ing N, P, and K (NPK), and soil treated with organic manure
and chemical fertilizer (MNPK). Chemical fertilizers were
applied as annual rate of 165 kg N ha ', 82.5 kg P,Osha ',
and 82.5 kg KO ha™'. The N, P, and K were applied as urea,
superphosphate, and potassium chloride, respectively. In the
MNPK treatment, the same rates of chemical fertilizers as
NPK treatment were used in addition to 60,000 kg/ha of
organic manures (pig manure). Organic manure contained
10—15 % organic matter, 0.15-0.55 % TN, 0.1-0.5 % P,Os,
0.35-0.45 % K,0, and 35-40 % water content.

Soil samples from the three replicates of each treatment
were collected before planting maize in May. Ten soil cores
(5 cm diameter) were collected at a depth of 0-20 cm from
each plot. All samples were carefully mixed to form a com-
posite sample. Moist soils were gently broken apart along the
natural break points and passed through a 2-mm sieve to
remove visible organic debris. After thoroughly mixing, the
field-moist soil was used for particle-size fractionation.

Fractionation procedure

The size fractionation procedure was carried out by the meth-
od of Stemmer et al. (1998b). Briefly, the soil-water
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suspension was dispersed by low-energy sonication (output
energy of 0.2 kJ/g) and subsequently fractionated by a com-
bination of wet sieving and repeated centrifugation to avoid
disruption of micro-aggregates. Finally, four fractions were
obtained for each sample: (1) coarse sand-sized fraction (200
to 2,000 um), fine sand-sized fraction (63 to 200 pm), silt-
sized fraction (2 to 63 pum), and clay-sized fraction (0.1 to
2 um). Field-moist soils (140 g equivalent dry weight for each
sample) were suspended in 400 ml of distilled water and then
equally placed into four 150-ml glass beakers, and the
resulting same size soil fractions from the glass beakers of
the same sample were pooled together. The fractions were
freeze-dried and then analyzed for soil chemical properties,
soil enzyme activities, and bacterial diversity.

Soil analysis

Soil pH was measured in a 1:2.5 soil/water ratio solution with
a compound electrode (PE-10, Sartorious, Germany). SOM
was determined by the method of dichromate oxidation, and
TN by a vario MACRO cube element analyzer (Elementar
Analysensysteme, Germany). The AP was extracted by sodi-
um bicarbonate and then determined by the molybdenum-blue
method (Zhong et al 2010). The AK was analyzed using a
flame atomic absorption spectrophotometer (Zhong et al
2010).

Enzyme activity

Seven enzyme (acid phosphomonoesterase, sulfatase, [3-
glucosidase, {3-cellobiosidase, N-acetyl-glucosaminidase,
-xylosidase, and a-glucosidase) activities were measured
using 4-methylumbelliferyl-esters as substrates, producing
fluorescent 4-methylumbeliferone (MUF) after hydrolysis
(Deng et al. 2013). All the substrates were purchased from
Sigma Company. Briefly, each soil suspension was pre-
pared by mixing 1 g of soil with 120 ml of deionized water.
Aliquots (100 pl each) of the soil suspension were placed
into microplate wells that each contained 50 ul of modified
universal buffer at pH optimal for the assayed enzyme
activities. Subsequently, 50 pl of 5-mM MUF-labeled sub-
strate solutions were added to each microplate well. The
well contents were mixed by pipetting and discharging
several times before incubating the microplate at 37 °C
for 1 h. A 96-well microplate was used for measurements
following the detailed procedure described by Deng et al.
(2011) and Ai et al. (2012). The fluorescence intensity was
quantified using a microplate fluorometer (Scientific
Fluoroskan Ascent FL, Thermo) with 365 nm excitation
and 450 nm emission filters. Enzyme activities were
expressed by nanomoles per hour per gram.

DNA extraction, PCR amplification, and DGGE analysis

The total DNA of each fraction was extracted using an Ultra
Clean™ Soil DNA Isolation Kit (MOBIO Laboratories,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. DNA was finally eluted with 100 ml of the DNA elution
solution included in the kit. DNA size was checked by elec-
trophoresis experiments on 1 % agarose gels.

The diversity of soil bacterial community was determined
by the PCR-DGGE technique, after PCR amplification. Each
sample was replicated for three times in three independent
gels. The PCR primers nucleotide sequences were: U968-GC
(5’-GC-Clamp-[CGC CCG GGG CGC GCC CCG GGC
GGG GCG GGGGCA CGG GGG G]-AAC GCG AAG
AAC CTT AC-3’) and L1401 (5'-GCG TGT GTA CAA
GAC CC-3"). PCR mixtures consisted of 12.5 ml PCR
Premix Taq™ (Takara Bio INC., Dalian, China) containing a
0.5-mM concentration of each primer and 1 pl of DNA
template diluted to a final volume of 25 ml. The DGGE
analysis was conducted according to Muyzer et al. (1993)
using a DCode system (Bio-Rad Laboratories, Hercules,
CA, USA).

Sequencing of the dominant DGGE band

The dominant bands were excised from the gel, and the DNA
was extracted with 20 pl sterile water. The supernatant (1 pl)
was used as the template in the re-amplification PCR using the
U968 and L1401 primers without a GC clamp (Muyzer et al.
1993). The DNA was sequenced by Genescript Company
(Nanjing, China) and aligned in the NCBI GenBank by the
BLAST program. The nucleotide sequences of the bands
excised from the DGGE gel have been deposited in the
GenBank databases with accession numbers: KF789464—
KF789493. A phylogenetic tree among the homologous se-
quences was constructed using the neighbor-joining method
and the MEGA software package (version 3.1). Bootstrap
support (>50 %) from 1,000 replications was displayed at
the nodes of the trees (Yong et al. 2011).

Statistical analysis

Statistical analysis was performed using IMB SPSS statistics
version 20 (IBM Corporation, New York, USA). One-way
ANOVA using Fisher’s least significant difference (p<0.05)
was analyzed to compare the means for each variable. Two-
way ANOVA was used to compare the soil fractions and
fertilization treatments.

DGGE bands were analyzed with Quantity One software
(»<0.05; version 4.6.3, Bio-Rad). The relative intensity of a
specific band was expressed as the ratio between the intensity
of'that band and the total intensity of all bands in that lane. The
intensities were used for determining the Shannon—Wiener
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diversity index (H') and were calculated by the formula
H'==Y pilnp;==>(ny/N)In(n/N), where p; is the ratio between
the number in a specific group and the total number, #; is the
intensity of a band, and N is the sum of all band intensities in
the densitometry profile.

Principal component analysis (PCA) was carried out by
Canoco for Windows (version 4.5). Redundancy analysis
(RDA) was carried by Canoco for Windows version 4.5 with
the Monte Carlo permutations test (499 permutations) to
determine whether the bacterial community structures could
be correlated to enzyme activity and properties of soil.

Results
Properties of soil

The soil pH and nutrient concentrations determined after
fractionation of soils from different long-term fertilization
are shown in Table 1. The pH values were significantly
affected by long-term fertilizer application, and they were
lower in the NPK-treated soil than in the control soil and
MNPK-treated soil. The lowest pH value was found in clay
samples treated with NPK (pH=6.04). The total or available
nutrient concentrations were the highest in the clay fractions
regardless of the fertilization type, with the exception of AP.
Long-term organic amendment (MNPK) significantly in-
creased SOM, TN, AP, and AK contents of all soil fractions.
No similar trend was observed for the C/N of soil fractions.
Two-way ANOVA analysis (Table 2) revealed that both fer-
tilization and soil fractionation significantly affected soil pH
and nutrient concentrations with the exception of AK.

Table 2 Two-way ANOVA (P=0.05) of soil properties of soil fractions
from different long-term fertilizer treatments

pH SOM TN AP AK

Fertilization

F 264.779 310.094 914.789 60.586 64.950

P <0.001 <0.001 <0.001 <0.001 <0.001
Soil fraction

F 5.329 326.570 1,241.081 26.569 261.191

P 0.019 <0.001 <0.001 <0.001 <0.001
Fertilization x soil fraction

F 29.844 34411 129.860 20.765 3.171

P <0.001 <0.001 <0.001 <0.001 0.052

SOM soil organic matter, TN total N, AP available P, AK available K

Enzyme activity

The activities of seven soil enzymes of all soil fractions
exhibited different trends according to the fraction and fertil-
ization type. The maximum acid phosphomonoesterase activ-
ity was found in the clay-sized fractions of CK and MNPK-
treated soil and in the silt-sized fraction of the NPK-treated
soil. The «-glucosidase, (3-glucosidase, 3-D-xylosidase, N-
acetyl-glucosaminidase, and 3-cellobiosidase activities were
higher in silt-sized fractions than in other fractions of CK and
NPK soils and were higher in coarse sand-sized fractions than
in other fractions of the MNPK soil (Table 3). The sulfatase
activity increased with the decrease of soil particle size in CK
and NPK soils (other than in MNPK), but the maximum
sulfatase activity was found in the clay-sized fractions for
each treatment. In coarse sand-sized fraction of the MNPK
soil, the activities of x-glucosidase, (-glucosidase, [3-D-

Table 1 Soil pH and nutrient concentrations of different soil fractions from different long-term fertilizer treatments

Treatment Soil fraction pH SOM (mg/g) TN (mg/g) AP (mg/g) AK (mg/g) C/N
CK Coarse sand 6.97+0.17b 1.52+0.33f 0.14+0.061 0.37+0.16f 0.03+0.01f 6.11
Fine sand 7.15+0.09b 7.26+0.55¢ 0.35+0.05¢g 1.68+0.23¢ef 0.09+0.02ef 12.11
Silt 7.53+0.03a 14.94+0.69d 1.06+0.01f 5.69+0.18¢ 0.17+0.01¢e 8.14
Clay 7.60+0.03a 27.37+1.70b 1.31£0.01e 3.21+0.34de 0.52+0.01¢ 12.09
NPK Coarse sand 6.44+0.21c 1.23+0.05f 0.13+£0.07i 3.08+0.25de 0.05+0.01f 5.32
Fine sand 6.50+0.28¢ 2.41+0.36f 0.24+0.07h 4.52+0.19¢d 0.08+0.02ef 5.75
Silt 6.19+0.13d 15.64+0.84d 1.13+0.02f 11.20+2.03b 0.15+0.02¢ 8.04
Clay 6.04+0.05d 21.59+0.76¢ 1.49+0.01d 6.23+0.15¢ 0.62+0.06b 8.39
MNPK Coarse sand 7.11+£0.15b 4.65+0.64ef 0.39+0.05g 5.67+0.51¢ 0.16+0.03¢ 6.83
Fine sand 7.03+£0.05b 27.80+3.39b 1.89+0.03¢ 15.18+0.20a 0.31+£0.01d 8.52
Silt 7.14+0.09b 54.04+3.50a 1.67+0.03b 6.60+0.02¢ 0.33+0.01d 18.83
Clay 7.46+0.08a 58.42+0.93a 2.95+0.01a 6.65+0.06¢ 0.80+0.05a 11.51

Data are expressed as means+S.E. Different letters indicate significant differences among the same property at the p<0.05 level
CK soil with no fertilizer application, NPK soil treated with chemical fertilizer application containing N, P, and K (NPK), MNPK soil treated with organic
manure and chemical fertilizer, SOM soil organic matter, 7N total N, AP available P, AK available K, C/N C/N ratio
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Table 3 The activities (nmol h™' g™") of enzymes in different soil fractions from different fertilizer treatments

Treatment Soil Acid a-glucosidase (3-glucosidase  [3-D-xylosidase N-acetyl- Sulfatase [3-cellobiosidase
fractions  phosphomonoesterase glucosaminidase
CK Coarse 75.63+£1.20f 3.57+0.66g 12.00+1.80h  0.92+0.11f 3.83+0.21f 0.74+0.05f 8.83+0.93fg
sand
Fine sand 149.76+4.76d 2.99+0.25¢ 14.18+0.28h 4.50+0.16ef 7.51+0.19¢f 0.54+0.06fg 4.26+0.41g
Silt 132.07+4.57¢ 50.06+2.28b  158.56+1.39¢c  46.95+0.32a  24.73+2.90c 241+£0.07b  43.89+3.39b
Clay 368.25+10.79a 12.61+£0.17¢  22.444+0.46g 10.43+0.35de  7.23+0.43ef  3.14+0.10a 4.36+0.87g
NPK Coarse 13.14+2.56j 1.34+0.43¢g 18.06+1.42gh  1.33+0.40f  34.97+888ab  0.25+0.13h 6.59+1.00fg
sand
Fine sand  34.53+5.68i 1.41+0.26g  53.68+7.73f 2.60+£0.26f  14.52+2.11d 0.33+0.10gh 17.79+2.16¢
Silt 195.25+4.82¢ 12.61+0.25¢ 216.34+2.5a 14.86+0.90cd 33.33+1.97ab  1.52+0.23d  71.79+8.80a
Clay 257.31£16.75b 6.63+0.16f  51.15+£0.92f 6.48+0.51ef 16.24+0.82d 2.11+0.28¢ 9.00+1.20fg
MNPK Coarse 64.92+2.04fg 56.09+2.21a 176.40+3.31b 47.47+14.10a 37.92+3.59a 243+022b 37.194£2.78c
sand
Fine sand  55.41+3.98gh 22.78+1.51d 141.40+10.61d 29.25+1.08b  31.33+£3.86b 1.57+0.11d  27.81£3.81d
Silt 57.84+1.68gh 25.86+1.60c  145.19+5.65d 27.60+0.47b  12.56+1.28de  1.18+0.0le  33.60+0.90c
Clay 51.04+2.90h 2432+1.54cd  76.37+0.97e¢ 18.38+0.26c  15.92+0.77d 2.51+£0.09b  11.48+0.34f

Data are expressed as means+S.E. Different letters indicate significant differences among the same property at the p<0.05 level
CK soil with no fertilizer application, NPK soil treated with chemical fertilizer application containing N, P, and K, MNPK soil treated with organic

manure and chemical fertilizer

xylosidase, N-acetyl-glucosaminidase, sulfatase, and (3-
cellobiosidase were significantly higher than in those from
CK and NPK treatments.

Both fertilization and soil fractions had significant effects
on soil enzymes activities, and their interactions also had a
remarkable effect on the enzyme activities, as assessed by
two-way ANOVA (Table 4).

Community structure of bacteria in fractions of treated soil

DGGE analysis was performed to monitor changes in the
composition of soil bacterial communities of particle-size
fractions of the Mollisol after long-term fertilization. The
analysis of replicates showed negligible variation among rep-
licated gels (shown in Figs. S1 and S2), and thus we only
showed one replicate (Fig. 1). Differences in the DGGE

profiles were found in the different treated samples, and the
microbial composition varied among the size fractions. As
shown in the similarity dendrograms, the fine particle sizes
(silt and clay) of different treatments had similar bacterial
communities, whereas the impact of fertilization on bacterial
community composition was mainly observed in the larger
(especially in coarse sand) than smaller particle-size fractions.

The bacterial diversity of coarse sand-size fraction, as
indicated by the Shannon—Weaver index (H'), was the highest
in the MNPK soil (Fig. 2). In all treatments, the smaller
particle-size fractions generally showed the richest bacterial
diversity. The bacterial diversity of the NPK soil was the
lowest than the control soil (Fig. 2), whereas those of fractions
of MNPK soil were the highest.

The numbered bands of the DGGE lanes (Fig. 1) were
sequenced for bacterial phylogenetic analysis (Fig. 3). Thirty

Table 4 Two-way ANOVA (p=0.05) of enzyme activities in the soil fractions and for different fertilizer treatments

Acid phosphomonoesterase ~ «-glucosidase ~ 3-glucosidase  3-D-xylosidase ~ N-acetyl-glucosaminidase  Sulfatase  [3-cellobiosidase

Fertilization

F  460.535 1,051.270 1,068.963 1,223.011 59.579 72.426 26.245

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Soil fraction

F 543443 354.345 1,335.069 549.907 16.870 129.856  122.300

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Fertilization x soil fraction

F 197.724 441.828 375.437 426.110 28.680 42.368 24.677

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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Fig. 1 DGGE profiles and k-1 CK-2 CK-3 CK-4
similarity dendrogram (neighbor =
joining) from DGGE analysis of
different fractions of treated soils.
CK soil with no fertilizer
application, NPK soil treated with
chemical fertilizer application
containing N, P, and K, MNPK
soil treated with organic manure
and chemical fertilizer. Numbers
(1, 2, 3, and 4) following the
treatment indicate the particle
sizes of coarse sand, fine sand,
silt, and clay particles,
respectively. Bands with the .
number are those excised, re- =%
amplified, and sequenced

NPK-1 NPK-3 NPK-4 MNPK-1 MNPK-2 MNPK-3  MNPK-4

NPK-2

19. 89

cK-1
141
20,30 NPK-1
— MNPK-2
385
L MNPK-3
2,58
25,50 MNPK-4
383
2633 cK-a
12. 11 NPK-2
5.72
15 74 MNPK-1
440
13,08 NPK-3
B.TT
1.45 20.37 NPIK-4
10 30 K2
8 45
1377 ks

dominant clones were obtained and could be classified
into three main groups (Phylum): Actinobacteria, ~-
Proteobacteria, and Acidobacteria. However, most of
the sequenced bands were not aligned to any of known
bacterial species probably being of uncultured bacteria.
Bands 10, 11, and 19 were commonly present in all
lanes. The first two bands belong to Acidobacteria, and
the last one to ~v-proteobacteria. Interestingly, a high
intensity unclassified band (band 17) observed in the
slit- and clay-size fractions was only detected in the
NPK soil.

The PC1 and PC2 accounted for 21.9 and 19.3 %, respec-
tively, of the total variation when the PCA of all DGGE bands
was carried out. The PC scores on axes were well
decentralized on the basis of soil particle-size fractions or
fertilization treatments (Fig. 4). There were, however, smaller
changes in bacterial diversity among soil fractions of the
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organic fertilizer-amended MNPK soil than in the other two
soils (Fig. 4).

Correlations of soil properties and bacterial community
structures

Results of the RDA between soil properties with bacterial
community structure are shown in Fig. 5. The first and second
axes accounted for 21.1 and 16.8 %, respectively, of the total
variation in bacterial community structure. The bacterial com-
munity was significantly correlated with pH (F=2.207,
P=0.004) and OM (F£=1.901, P=0.0320), TN (F=1.855,
P=0.014), and AK (F=1.937, P=.0120) contents. On the
contrary, C/N (F=1.225, P=0.1860) and AP (F=1.169,
P=0.2580) content had no significant correlation with bac-
terial diversity of different particle-size fractions of the
three soils.
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Il Coarse sand
[ Fine sand
[ Silt

[ Clay

Shannon-Wiener diversity index (H')
i
H

MNPK

CK NPK

Fig. 2 The Shannon—Weaver index (H') of bacterial diversity of the soil
bacterial community in different soil fractions from different fertilizer-
treated soils. CK soil with no fertilizer application, NPK soil treated with
chemical fertilizer application containing N, P, and K, MNPK soil treated
with organic manure and chemical fertilizer. The bars indicate the stan-
dard errors of the mean

Correlations

The RDA showed the relationships of soil enzyme activities
with bacterial community structures (Fig. 6), and the first and
second axes accounted for 25.4 and 14.5 % of the total
variation. All soil enzyme activities and that is acid phospho-
monoesterase (F=1.317, P=0.1640), sulfatase (F=1.342,
P=0.1660), x-glucosidase (F=1.108, P=0.3320),
3-glucosidase (F=0.962, P=0.4860), 3-D-xylosidase
(F=1.121, P=0.3160), N-acetyl-glucosaminidase (F=0.986,
P=0.428), and (-cellobiosidase (F=0.750, P=0.7560) activ-
ities of different soil fractions, were not significantly correlat-
ed with bacterial diversity after long-term fertilization.

The RDA was carried out for enzyme activities and soil
properties of soil fractions of the three soils. Soil properties
were used as environmental variables (Fig. 7). The first and
second axes accounted for 42.8 and 16.1 % of the total
variation between enzyme activity and soil properties. The
AP contents were significantly and negatively correlated
(P<0.05) with acid phosphomonoesterase activity. The other
soil properties showed positive correlation with all enzyme
activities.

Discussion

This research revealed the effects of inorganic fertilizers with
or without organic amendment on the relationship between
composition of bacterial communities and enzyme activities
and nutrient content of different soil fractions of a Mollisol.
The results revealed that 13 years of chemical fertilizer appli-
cation to the Mollisol soil decreased significantly (P<0.05)
the pH, which confirms that the overuse of N fertilizer

contributes to soil acidification in China (Guo et al. 2010).
The acidification occurred in all soil fractions after long-term
application of chemical fertilizer with the lowest effects by the
organic manure amendment. Moreover, organic matter, TN,
AP, and AK contents of all particle-size fractions were signif-
icantly (P<0.05) increased by long-term organic amendment.
It is well established that the long-term organic fertilization
can increase the organic matter, soil nutrient (N, P, and K)
contents, and both soil microbial biomass and activity
(Bastida et al. 2008; Elfstrand et al. 2007). Therefore, organic
fertilizer plays a more crucial role than mineral fertilizers in
improving soil fertility for a sustainable field (Mader et al.
2002). In particular, our results showed that these improve-
ments were much more significant for large than smaller size
soil fractions. There were little differences in the macronutri-
ent contents between soil fractions of CK and NPK soils,
probably due to the inherently high fertility of Mollisol soils.
The organic matter content of all fractions of the NPK soil was
lower than that of the corresponding fractions of the CK soil
probably because the input of N fertilizer activated microbial
activity with the consequent accelerated degradation of organ-
ic matter (Dijkstra et al. 2008).

Physical separation procedures offer the opportunity to
study the small-scale distribution of soil microbes and enzyme
activities and to analyze which environmental factors affect
their distributions (Lagomarsino et al. 2012; Stemmer et al.
1998a). The general pattern of soil enzyme activities is often
dominated by the amount and quality of organic substances as
well as by various physical and chemical protection mecha-
nisms (Allison and Jastrow 2006; Nannipieri et al. 2012;
Lagomarsino et al. 2012). Therefore, the different distribution
of nutrients and different soil pH values may affect enzyme
activities of different soil particles. In the present study, the
highest enzyme activities were observed in silt- and clay-sized
fractions of CK and NPK soils and in the sand-sized fraction
of'the MNPK soil except for acid phosphomonoesterase. Both
silt- and clay-sized fractions of CK and NPK soils contained
higher SOM content than sand-size fraction. The long-term
application of organic manures contributed to the increase in
the SOM content of all fractions. In the MNPK soil probably,
active microbes used the C for growth and synthesized en-
zymes and the increased enzyme activities were higher in the
particles greater than 200 mm (Kandeler et al. 1999). Marx
et al. (2005) also found positive relationships between hydro-
lase activity and C concentrations of grassland soil particles
separated by size, particularly for fractions with abundant
labile C, such as those greater than 200 mm. ANOVA
displayed that soil fractions, fertilization conditions, and their
interactions significantly affected the activities of all tested
enzymes (Table 4). The results further showed that enzyme
activity of soil fractions was altered by fertilization but not in
the similar manner. Therefore, our results are in agreement
with previous conclusions that the long-term compost
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Band 24

Fig. 3 Neighbor-joining tree
representing the phylogenetic
relationship of the 30 cloned 16S
rDNA PCR-DGGE bands to the
most closely related identified 20
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amendment can increase the organic C content of soil by
increasing organic C in all aggregates, thus changing the soil
enzyme activities of different soil fractions (Yu et al. 2012). In
addition, RAD was carried out to evaluate the correlation
between soil enzyme activities and soil properties (Fig. 7).
The cosine of the angle between the soil enzyme activity and
the soil property shows the type of relationship. The negative
correlation was only observed between AP content and acid
phosphomonoesterase activities, whereas there were positive
relationships between other soil properties and enzyme activ-
ities. These results are also in agreement with previous
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Band 14
Band 15

findings that soil enzyme activities are affected by soil prop-
erties mainly organic inputs and are significantly correlated
with the SOM content of soil (Bastida et al. 2008; Nannipieri
et al. 2012; Nicolas et al. 2012). Differences in enzyme
activity can also depend on the type of humic compounds in
soil (Benitez et al. 2005; Nannipieri et al. 2002).

Bacterial community structure was significantly influenced
by particle sizes, and small soil fractions harbored higher
bacterial diversity than larger particles thus confirming what
was reported by Sessitsch et al. (2001). In addition, the mi-
crobial biomass is higher in smaller- than large-sized soil
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fractions (Jocteur Monrozier et al. 1991; Kandeler et al. 2000).
Higher nutrient availability in smaller-sized particles of soil
might lead to higher bacterial diversity. According to van
Gestel et al. (1996), the vicinity between bacteria, organic
matter, and clay is required for the survival of bacteria, as
both organic matter and clay particles offer substrates and
nutrients to bacteria. This can explain why our silt- and clay-
sized fractions showed higher bacterial diversity than other
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particle sizes of coarse sand, fine sand, silt, and clay, respectively
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soil fractions. Additionally, fine fractions (silt and clay size)
offer physical protection to the microbial communities, thus
allowing for high microbial activity in these fractions (Nicolas
et al. 2012). This was also consistent with the report that
bacterial diversity and abundance increased by decreasing
the soil particle size as shown by 16S rRNA-based analysis
(Gerzabek et al. 2002). The enrichment of organic matter in
coarser fractions by organic fertilizer amendment seems to be
the reason why MNPK maintained a relatively richer bacterial
diversity than other treatments. This result was also reflected
by the higher enzyme activities in coarser than finer fractions
of MNPK soils.

Phylogenetic assignment of sequenced 16S rRNA genes
showed a great abundance of Actinobacteria, ~-
proteobacteria, and Acidobacteria belonging to the
unculturable bacteria (Fig. 3). The function of these uncul-
tured bacteria in soil needs to be investigated. In addition,
inorganic fertilization and particle-size effects were two major
factors affecting composition of soil bacterial communities,
whereas the MNPK treatment resulted in the least variation in
the composition of bacterial communities of soil fractions.

Except for C/N and AP contents, the other tested soil
properties affected the composition of bacterial communities
in soil fractions of different treatments as shown by RDA
analysis. The organic matter of small-sized aggregates such
as silt- and clay-sized fractions is probably more recalcitrant
than that of larger fractions (Six et al. 1998). Particles with
different sizes can have different contents of available C and N
and probably for this reason the C/N was not an important
factor affecting the composition of bacterial communities. The
finer fractions (silt and clay size fractions) exhibited high C/N,
which could be caused by the high potential of these fractions
to accumulate organic C (Nicolas et al. 2012), and this result
contradicts the findings that fine fractions can accumulate
microbial compounds, which had low C/N ratios (Kiem and
Kogel-Knabner 2003; Poll et al. 2003).

Among soil properties, soil pH may have the most impact
on the composition of soil bacterial communities (Fierer and
Jackson 2006), but other evidences indicates that the P con-
tent, altitude, and the presence of cations (Ca>*, Mg*", and
AP") in the soil are the most important (Faoro et al. 2010). We
have shown that several soil properties can affect the compo-
sition of soil bacterial communities acting in a synergistic way
(Chaparro et al. 2012). It is widely accepted that the response
of microbes to their environment results in the production of
enzymes (Nannipieri et al 2002, 2012). However, no signifi-
cant relationship was observed between enzyme activities and
composition of bacterial communities. Soil enzyme activity
has been reported to provide a unique integrative biochemical
assessment of soil function and condition and may be useful as
an indicator of soil functional diversity (Epelde et al. 2008).
Perhaps the key aspect determining this relationship is not
taxonomic diversity, but rather functional diversity (Chaparro

@ Springer

et al. 2012). Therefore, relationship may be observed between
the enzyme activities and functional bacterial activities rather
than the composition of bacterial communities (Nannipieri
et al 2012).

In conclusion, soil particle size and fertilization regimes
have different effects on soil enzyme activities and bacterial
community structure in the Mollisol soils. The long-term
application of organic manures contributed to the increase in
the OM content of particles higher than 200 mm, and this
enriched bacterial diversity of these fractions. Furthermore,
the activities of «-glucosidase, [3-glucosidase, 3-D-
xylosidase, N-acetyl-glucosaminidase, sulfatase, and [3-
cellobiosidase in coarse sand-sized soil were significantly
increased by the organic amendment. We recommend soil
fractionation as a promising approach that offers potential in
analyzing the relationship between soil functional diversity
and soil fertility. Nevertheless, further information is neces-
sary about functions of the observed uncultured bacteria and
the relationship between functional microbial activity and
enzyme activities.
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