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Abstract

Purpose Soils derived from different parent materials are
known to support quite distinct indigenous community struc-
tures. Crop cultivation is also an important factor regulating
bacterial community structure in soils. However, the extent to
which the soil parent material imposes limits on the diversity
of organisms present and the extent to which cropping prac-
tices are able to supplant the effects of soil parent materials are
largely unknown.

Materials and methods Five ancient paddy soils developed
on three different parent materials were collected from the
major rice production regions in southern China. The 16S
rRNA genes were amplified from each soil DNA sample
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and then analyzed using Tag-pyrosequencing and terminal
restriction fragment length polymorphism (T-RFLP) to
characterize bacterial communities and their relative abun-
dance. Total bacterial abundance was determined by 16S
rRNA gene quantitative PCR (qPCR). Canonical corre-
spondence analysis (CCA) was used to investigate the
relationship between the bacterial distribution and soil
properties.

Results and discussion Cluster analysis of the T-RFLP
and pyrosequencing data indicated that although the
bacterial communities in the surface layers (0-20 cm)
could be distinguished from those recovered from
depths of 20-40 and 40-60 cm in all soils, the bacterial
community structures in soils with similar parent mate-
rials clustered regardless of soil depth. Bacteria of the
phylum Proteobacteria dominated in all soils with sig-
nificantly higher proportions in the top soils. The rela-
tive abundances of Chloroflexi and Acidobacteria were
closely associated with the soil parent material. This
suggested that the changes in bacterial community com-
positions induced by rice cultivation did not mask those
determined by soil parent material. CCA indicated that
soil pH, available Mn, and total K and Fe contents
explained most of the variance in bacterial distribution
due to differences in parent materials. qPCR revealed
that the bacterial abundance in top soils (0-20 cm) also
varied with parent material.

Conclusions The nature of the parent material is an
important factor in determining soil bacterial community
structure, and although long-term rice cultivation result-
ed in shifts in this structure, the community retained
characteristics of the original populations.

Keywords Bacterial communities - Parent material -
Pyrosequencing - Rice cultivation
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1 Introduction

Soil parent material is one of the major factors controlling soil
formation (Jenny, 1941), with the nature of parent materials
having a key role in regulating soil physicochemical proper-
ties such as texture, acidity, and base saturation (Anderson
1988; Imaya et al. 2005; Woodruff et al. 2009). Studies carried
out in different regions have shown that soil characteristics
vary between soils according to the type of parent materials
(Imaya et al. 2005; Gokbulak and Ozcan 2008; Appleton and
Adlam 2012). For instance, Gokbulak and Ozcan (2008)
compared five forest soils developed from different parent
materials in NE Turkey and concluded that soils formed on
granite were coarse-grained in texture with lower moisture
content at field capacity and lower pH values than other soils.
Other studies carried out on brown forest soils in Japan
showed that soils derived from volcanic ash were finely
textured and contained markedly larger amounts of carbon
and nitrogen compared to granite- and gabbro-formed soils
(Imaya et al. 2005). Similar results have also been observed in
Mediterranean woodland ecosystems in NE Spain and in
Nigeria (Kooijman et al. 2005; Olowolafe 2002). Parent ma-
terial is also known to determine the amounts and forms of soil
chemical and mineral elements such as Ca, Fe, and K content
(Appleton and Adlam 2012; Smith et al. 2011; Bini et al.
2011).

Given their influence over the physicochemical properties
of soils, it is reasonable to hypothesize that soil parent mate-
rials may also influence the structure and dynamics of soil
organisms. Although data on the effects of parent material on
soil microbial communities are limited, it has been shown that
changes in microbial community composition are highly cor-
related with variations in soil properties (Tripathi et al. 2012;
Kuramae et al. 2012). In particular, soil pH has been identified
as a key environmental factor shaping soil microbial commu-
nities across a range of ecosystems (Griffiths et al. 2011).
Lauber et al. (2009) showed that differences in soil pH could
explain a significant portion of the variability in bacterial
community structure across a range of soils in North and
South America. Similar studies in forest and non-forest soils
along the central and southern Malay Peninsula and Northern
Borneo also showed the importance of soil pH in structuring
microbial communities (Tripathi et al. 2012). Works by Faoro
etal. (2010) on bacterial diversity in the acid forest soils with a
narrow pH range suggested that differences in the Ca**/Mg*"
ratio and AI** and phosphorus levels had a significant influ-
ence on bacterial diversity. The studies on soils from six
different land use patterns in The Netherlands indicated that
besides pH, the C/N ratio and total phosphate content also had
a significant impact on microbial community structures
(Kuramae et al. 2012). These studies show the complexity of
the interaction between microbial community structure and
soil properties and suggest that there is unlikely to be one

major driver of bacterial community structure in soils, phys-
icochemical properties that act in combination to shape the
bacterial community.

Soil properties play a key role in determining soil bacterial
community structure and, meanwhile, reflect the nature of the
parent material (Woodruff et al. 2009; Bini et al. 2011; Imaya
et al. 2005). However, information on the importance of soil
parent material in determining the diversity and relative abun-
dance of bacterial communities is less well understood.

Anthropogenic activities such as soil management are also
known to have a significant influence on soil microbial com-
munities (Bissett et al. 2011; Acosta-Martinez et al. 2010).
Continuous application of organic fertilizers has been shown
to decrease markedly the proportion of 3-Proteobacteria and
Verrucomicrobia (Wu et al. 2011) and result in significant
increases in the ratio of Gram-positive to Gram-negative
bacteria and of bacteria to fungi (Marschner et al. 2003).
When rice paddy fields were converted to vegetable produc-
tion, the community structure was shown to change with a
significant decrease in the relative abundance of Chloroflexi
(Sheng et al. 2013). To date, many of these studies have been
done at experimental sites in the same region and on similar
parent materials. More information is needed on how the
parent material and soil management interact in the establish-
ment of microbial community structure and function in soils.

This paper explores the relationship between soil parent
material and bacterial diversity in ancient paddy systems in
Southern China using real-time PCR, 454 pyrosequencing,
and T-RFLP analyses.

2 Materials and methods
2.1 Sites description and soil sampling

Five ancient paddy soils were selected from sites in southern
China (Electronic supplementary material, Fig. S1). Soil LZ,
formed on latosol parent material, was collected from Leizhou
in Guangdong province (20°33' N, 110°04" E). Soils TY-B
and YT were sampled from Baodongyu in Taoyuan in Hunan
province (28°55" N, 111°26" E) and Yingtan in Jiangxi prov-
ince (28°12" N, 116°56" E), respectively. Both of them were
developed from quaternary red clays. Soils JX and TY-G were
taken from Jiaxing in Zhejiang province (30°38' N, 120°46' E)
and Gushi in Taoyuan in Hunan province (28°55' N, 111°26'
E), respectively. These two soils were from alluvium deposits.
According to local county records, all of the sampling sites
had been continuously cropped with paddy rice for over a
hundred years. Over recent decades, N, P, and K fertilizers
were generally applied annually at rates of between 105—
135 kg N ha'!, 45-52 kg P ha ', and 78-117 kg K ha ",
Agronomic managements such as fertilization and water
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management were similar between sites and consistent with
practices designed to deliver high grain yields.

Soil samples were collected between December 2010 and
January 2011 when the fields had been drained and were in
fallow. Each sampling site covered an area of about 1 ha, and
at each site, three soil profiles were prepared. Each profile was
I m in width and opened to 1 m in depth. The profile was
sampled by taking three separate sub-samples at each of 0-20,
20-40-, and 40-60-cm depths. In total, 45 soil sub-samples
were collected (five soils % three depths x three replicates).
Each of the sub-samples was then divided into two portions.
One portion was transferred to a sterile plastic bag and
transported to the laboratory on ice and stored at —80 °C prior
to molecular analyses. The other was air-dried for analysis of
soil physical and chemical properties. Sub-samples were la-
beled as soil LZI-TY-G1 (0-20 cm), LZ2-TY-G2 (20—
40 cm), and LZ3-TY-G3 (40—60 cm).

2.2 Soil physical and chemical properties

Soil texture was analyzed using a fixed pipette method (Dane
and Topp 2002). Soil organic carbon (SOC) was determined
by K,Cr,O oxidation (Kalembas and Jenkinso 1973). Total
nitrogen (TN) was measured with automatic flow injection
after digestion in H,SO,, and total phosphorus (TP) and
potassium (TK) were measured by inductively coupled plas-
ma spectrometry (ICP) after fusion in NaOH. Total Mn (TMn)
and Fe (TFe) were detected by ICP following digestion in HF-
HCI-HNOs. Atomic absorption spectroscopy was employed
to determine available K (AK) and Fe and Mn (AFe and
AMn), whilst available P (AP) was measured following ex-
traction with 0.5 M NaHCO3;. Soil pH was determined at a soil
to water ratio of 1:2.5 (Bao 2000). The physical and chemical
properties of the soils are shown in Table 1.

2.3 DNA extraction and analysis of T-RFLP
and pyrosequencing

DNA was extracted from 0.5 g (fresh weight) soil using the
Fast DNA Spin Kit (MP Biomedicals, Carlsbad, CA, USA)
following the manufacturer’s instructions. The extracted DNA
was quantified using a Nanodrop ND-1000 spectrophotome-
ter (Nanodrop Technologies, Wilmington, DE, USA). Each of
the 45 soil sub-samples was extracted separately.

PCR for T-RFLP analysis was carried out with primer F299
labeled with 6-FAM (6-carboxyfluorescein) at the 5" end and
reverse primer R1307 for T-RFLP analysis (Wu et al. 2011).
The 50-pl reaction mixture contained 1x PCR mix
(TIANGEN, China), 20 pM of each primer, and 30 ng of
DNA template. Amplification conditions were as follows:
95 °C for 2 min followed by 35 cycles of 95 °C for 30 s,
50 °C for 45 s, and 72 °C for 60 s. PCR amplification of each
sample was replicated three times and then combined to
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provide a composite sample. Mixed PCR products were run
on an agarose gel (1 %w/v), and fragments of expected length
were excised and purified with Gel DNA Purification Kit
(TIANGEN, China). Restriction digestion was conducted in
a 20-pl reaction mixture containing 10 U of endonuclease
Mspl (Fermentas, Canada), and the precise lengths of the
peaks from the amplified 16S rRNA gene products (T-
RFLP) were determined using an ABI 3100 DNA sequencer
(Applied Biosystems, USA).

For 454 pyrosequencing, barcoded (7 bp) 16S rRNA gene
universal primers 16S-5F (5'-TGGAGAGTTTGATCCTGG
CTCAG) and 16S-531R (5-TACCGCGGCTGCTGGCAC)
were used to amplify the V1-V3 region of about 500 bp. The
PCR reactions were performed in a total volume of 50 ul
containing 15 ng of template DNA, 1 U of Pyrobest DNA
polymerase (TaKaRa, Japan), 1 Pyrobest Buffer, and 0.1 uM
of each forward and reverse primer. Thermocycling was con-
ducted in a Mastercycler pro gradient PCR Cycler (Eppendorf
AG, Hamburg, German) as follows: 95 °C for 2 min followed
by 25 cycles of 94 °C for 30 s, 58 °C for 30's, 72 °C for 30 s,
and a final elongation step at 72 °C for 5 min. Since the T-
RFLP analyses showed to be reproducible (Fig. S1), the PCR
products for each of the 15 soil samples were separately
pooled and then purified using the QIA quick Gel Extraction
Kit (Qiagen, Hilden, Germany). Equal amounts of the purified
PCR products from 15 samples were sent to the Public Lab-
oratory of BioEnergy and BioProcess, Qingdao Institute of
BioEnergy and Bioprocess Technology, Chinese Academy of
Sciences for pyrosequencing analysis on a Roche GS FLX
454 sequencer (Roche, New Jersey).

2.4 Comparison of bacterial community structures based
on T-RFLP analysis

Bacterial community structures in each sub-sample (45
samples) were determined by T-RFLP. Data analysis of
T-RFLP profiles was performed using PeakScan version
1.0. software (Applied Biosystems, Inc.), and only frag-
ments with a signal above 1 % of the sum of all peak
heights were included in the statistical analyses. The
peak heights of T-RFs that differed in size by <2 bp in
an individual profile were combined and considered as
one fragment. Similarly, only T-RFs with a size of more
than 50 bp were used for analysis. Cluster analysis of
soils was done with an unweighted pair—group method
with arithmetic averages (UPGMA algorithm)-applied
Bray—Curtis distances between samples. The relationship
between the bacterial distributions and soil properties
was investigated using canonical correspondence analysis
(CCA) and the CANOCO statistical package for Win-
dows 4.5 (Biometris, Wageningen, The Netherlands). A
Mantel test based on 999 random permutations was used
to examine the significant correlations between the
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Table 1  Selected properties of the test soils
Soil  Soil layer Soil properties
Texture SOC N TP TK TFe TMn AP AK AFe AMn pH
(gkg') (gkg) (gke) (gkg') (gkg) (gke') (mgkg') (mgkg') (mgkg') (mgkg)
LZ 020cm Clay 22.1 1.1 1.0 3.0 67.8 0.9 17.9 182.3 18.6 347 6.1
20-40 cm 18.9 0.9 0.9 2.9 67.7 1.0 16.3 180.4 17.8 411 6.1
40-60 cm 10.2 0.4 0.5 2.8 55.5 1.6 7.6 79.9 10.4 50.1 59
TY-B 0-20 cm  Sandy clay loam 34.6 2.0 0.7 14.0 20.2 0.1 19.1 93.7 69.8 15.8 4.1
20-40 cm 16.6 1.0 0.5 13.9 245 0.2 10.5 40.7 20.9 20.2 4.6
40-60 cm 10.2 0.6 0.4 12.7 25.0 0.7 5.1 49.1 10.4 8.2 53
YT 0-20cm Clay loam 239 1.2 0.7 15.4 237 0.1 39.4 91.8 119.8 17.9 42
2040 cm 7.8 0.4 0.4 14.2 28.2 0.3 18.2 65.5 19.1 18.8 52
40-60 cm 8.8 0.5 0.3 14.3 272 0.2 7.6 73.0 21.6 12.0 5.5
JX 020 cm Sandy clay loam 34.2 2.0 1.3 21.1 30.1 0.6 86.9 252.4 228.0 24.6 53
20-40 cm 13.1 0.8 0.6 22.1 322 1.1 12.3 82.2 20.1 14.5 6.2
40-60 cm 4.8 0.2 0.5 229 30.2 0.6 1.6 89.5 3.8 6.5 6.3
TY-G 0-20 cm  Sandy clay loam 37.7 2.1 0.7 22.6 26.1 0.4 20.7 160.0 81.8 38.8 6.3
20-40 cm 10.5 0.6 0.4 223 25.6 0.4 7.0 42.7 5.1 10.2 7.3
40-60 cm 8.9 0.5 0.4 20.8 233 0.4 6.5 38.2 7.1 8.2 7.1

SOC total carbon, T total nitrogen, 7K total potassium, 7P total phosphorus, 7Fe total iron, TMn total manganese, 4P available phosphorus, 4K available

potassium, 4Fe available iron, AMn available manganese

differences in soil chemical properties and bacterial com-
munity structures.

2.5 Analysis of bacterial diversity using phylogenetic analysis
of pyrosequencing data

Barcodes were used to assign sequences to samples that were
then quality-trimmed using MOTHUR, version 1.9.1. Low-
quality sequences (<150 bp in length with an average quality
score of < 25) were excluded from further analyses. The
Ribosomal Database Project (RDP) pyrosequencing pipeline
and multiclassifier function were used to align and assign
taxonomic identities to the sequence data at 80 % confidence
level (Claesson et al. 2009). The remaining sequences were
assigned to operational taxonomic units (OTUs) using the
UCLUST classifier at 97 % sequence similarity level. Den-
drograms showing the similarity between the community
structures in different samples were done using the
“tree.shared” command in MOTHUR. Cluster analysis was
also performed using an UPGMA algorithm based on Bray—
Curtis distances between communities.

2.6 Quantitative PCR (qPCR)

Primers 1369 F/1492R (Suzuki et al. 2000) were used for
Quantitative PCR (qPCR) amplification of the 16S rRNA
gene. PCR assays were carried out in a volume of 10 pl
containing 1x SYBR Premix Ex Taq ™ (Takara, Japan),

150 nM forward and reverse primers, and 5 ng of template
DNA. Thermal cycling conditions were as follows: an initial
cycle of 95 °C for 30 s followed by 5 cycles of 95 °C for 5 s,
62 °C for 20 s, 72 °C for 20 s, and 30 cycles of 95 °C for 5 s,
57 °C for 20 s, 72 °C for 20 s. All qPCR amplifications were
performed using an ABI Prism 7900 sequence detection sys-
tem. A standard curve for the 16S rRNA gene was prepared
using a tenfold dilution series (10°~10° copies) of the plas-
mids containing the target gene fragment. The efficiency of
the reactions was 105 %, and the R* value for the curves was
0.99. A single, sharp peak was observed for each of the
melting curves.

3 Results
3.1 Variations in bacterial abundance

Sub-soils at 40-60-cm depth are rarely affected by rice culti-
vation or weathering and are used in this study to represent the
situation of the parent materials. The real-time PCR data
showed that the 16S rRNA gene copy numbers of the five
sub-soils (40-60 cm) were between 1.47E+8 and 5.32E+8,
with no significant differences between parent materials
(Fig. 1). Although the 16S rRNA gene copy numbers in
sub-soils (2040 cm) were significantly higher than that in
the 40-60-cm layer, the variation trends among soils were
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Fig. 1 Copy number for the 16S L2EF10) 5
rRNA gene in soils derived from a
latosol (LZ), quaternary red clays
(TY-B and YT) and alluvium LOE+10 -

deposits (JX and TY-G); 0-20,
20-40 and 40-60 cm indicate the
sampling depth down the profile.
Significant differences (p<0.05)
between the soils are shown using
letters a, b, or c. Statistical
analysis between soils for each
layer was performed separately.
Soils with the same letter at each
depth are not significantly
different at the p<0.05 level

8.0E+09 -

6.0E+09

4.0E+09

bacterial 16S rRNA gene copies g! soil

2.0E+09

0.0E+00

0-20cm

similar in these two layers. The top soils (0-20 cm), however,
harbored the highest abundance of bacteria within the soil
profile and varied according to parent materials. The alluvial
top soils (JX1 and TY-G1) contained the highest 16S rRNA
gene copy numbers (average 8.4 E+9 copies g ' soil, respec-
tively), followed by the quaternary red clays (TY-B1 and
YT1). The latosol (LZ1) had the lowest bacterial abundance.

3.2 Bacterial community composition analysis by T-RFLP

The T-RF patterns showed that the structure of bacterial

communities differed between parent materials (Fig. 2). The
Fig. 2 Relative abundance of 1005,
16S rRNA gene T-RFs following

digestion with endonuclease Msp/

in soils derived from latosol (LZ),
quaternary red clays (TY-B and 80
YT) and alluvium deposits (JX
and TY-G). Numbers 1, 2, and 3
following the capital letters (LZ—
E) represent sampling depths of
0-20, 2040, and 4060 cm,
respectively. The numbers in the
legend represent the fragment
lengths of the T-RFs

60

40

The Relative abundance of T-RFs (%)

20

LZ1 TY-B1YT1 JX1TY-G1
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JX |TY-G| LZ |TY-B| YT
20-40cm

a a
b b b
e P I
JX |TY-G| LZ ITY-B YT | JX |TY—G
40-60cm

alluvial soils (JX and TY-G) shared a similar structure that was
characterized by a major peak T-RF 189 bp that accounted for
32-39 % of the total T-RF population. Among soils, the
proportion of T-RF 189 bp was significantly lower (15—
26 %), and T-RF 163 bp was markedly higher in the quater-
nary red clays (TY-B and YT) than in the alluvial soils. T-RF
149 bp was only found in the quaternary red clays. The
bacterial composition of the latosolic soil (LZ) was character-
ized by several equally distributed T-RFs (T-RF 128 bp,
163 bp, 169 bp, and 189 bp). The distribution of T-RFs down
the profile also reflected the nature of the soil parent materials.
The alluvial top soils (JX1 and TY-G1) exhibited similar T-RF

LZ2 TY-B2 YT2 JX2TY-G2 LZ3 TY-B3YT3 JX3 TY-G3
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o
Fig. 3 Ordination plots of the results of the CCA analyses used to P> - eLZ
investigate the relationship between bacterial populations and soil ATY-B
chemical properties. Soils were sampled at 0-20, 2040, and 40-60 cm

. . : vYT

down the profile. Soil properties are represented on the plots as soil
organic carbon (SOC), total nitrogen (7N), total potassium (7K), total mJX
phosphorus (7P), total iron (7Fe), total manganese (7Mn), available —_ OTY-G
phosphorus (4P), available potassium (4K), available iron (4Fe), X
available manganese (4Mn). LZ latosol, TY-B and YT quaternary red o
clays, JX and TY-G alluvium deposits ;‘,

~ b4
patterns to those of their sub-soils (JX3 and TY-G3), except 2 ‘A
for the relative abundance of T-RF 163 bp that increased <
markedly in the top soil. Unlike alluvial soils, differences in
community structure along the profile were more apparent in
the quaternary red soils (TY-B and YT), especially in the
proportion of T-RF 163 bp that was significantly higher at ?_ 0-20 cm
the top of the profile. The relative abundance of T-RF 217 bp ' 1.0

and 275 bp in the latosol (LZ) increased significantly towards
the top of the profile and was a major bacterial component of
the top soil.
CCA analysis was used to investigate the relationships A

between soil bacterial composition (T-RFLP data) and soil Ap A-Fe
physicochemical properties. The results showed that in the
top soil, bacterial composition was significantly (p<0.05)
correlated with soil pH and available Mn (Fig. 3) with these
two variables explaining 36.8 and 29.3 % of the variation
between samples, respectively. In the sub-soils (2040 cm),
however, microbial compositions were significantly (p<0.05)
correlated with total Fe (TFe), available Mn (AMn), and
available K (AK) contents. Together these three parameters
accounted for over 80 % of the variance (36.2, 34.3, and
10.3 %, respectively). Significant environmental variables in
the sub-soils (4060 cm) included total Fe (TFe), total K (TK), < Mn

1.0

Axis 2 (35.7%)

and available Mn (AMn). Together these three variables ex- =] 20-40 cm
plained 41 % (TK) and 42 % (TFe plus AMn) of the variance = P

between the samples in the sub-soils (4060 cm). -1.0 Axis 1(37.2%) 1.0
3.3 Taxonomic and phylogenetic analysis by pyrosequencing ‘°_ @

A total of 174,087 16S rRNA gene sequences (range 6,118 to
16,042 per sample) were obtained from the soil samples
following 454 sequencing with an average read length of
442 bp (range 150 to 554 bp). Of these sequences, 113,011
(65 %) were assigned to 22 phyla using the RDP classifier
with 80 % confidence level. Proteobacteria, Chloroflexi,
Acidobacteria, Actinobacteria, and Firmicutes (relative abun-
dance > 3.5 %) were the main phyla found in all soils (Fig. 4).
Among the phyla identified, the distribution of Acidobacteria
and Chloroflexi was closely related to the soil parent materials
(Fig. 4). The relative abundance of Acidobacteria in the
quaternary red soils (TY-B and YT) and the alluvial soils

Axis 2 (24.2%)

(JX and TY-G) averaged 17 and 8 %, respectively, with these o
proportions generally maintained throughout the profile. 5 40-60 cm
However, the proportion of Acidobacteria in the latosol soil -1.0 Axis 1 (45.7%) 1.0
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(LZ) significantly decreased up the profile and was the lowest
of the five top soils. The quaternary red soils (TY-B and YT)
and alluvial soils (JX and TY-G) maintained relatively steady
proportions of Chloroflexi throughout the soil profiles. In the
quaternary red soils, the relative abundance of Chloroflexi was
lower than in the alluvial soils. Although the Chloroflexi
fraction in the latosol soil (LZ) was greater than that in the
other top soils, the proportion of Chloroflexi was the lowest in
the sub-soils (40—60 cm).

Figure 5 shows the relative abundances of different genera
in the test soils. At 40-60-cm depth, soils derived from the
same parent material show highly similar distributions (Fig. 5)
with the quaternary red soils (TY-B3 and YT3) characterized
by three major genera, GPI, Ktedonobacter, and Nitrospira.
These taxa accounted for over 50 % of the identified se-
quences. The latosol (LZ3) showed a similar structure to the
quaternary red soils, whilst those in the two alluvial soils (JX3
and TY-G3) were more evenly distributed with no dominant
taxa. Long-term rice cultivation resulted in clear differentia-
tion in the bacterial community structure of the surface soils
(020 cm) compared to their corresponding sub-soils (40—
60 cm). In general, the quaternary red clays formed top soils
with similar bacterial communities to those of the correspond-
ing sub-soils except that the relative abundance of Nitrospira
decreased with depth whilst sequences of Verrucomicrobia
subdivision 3 genera incertae sedis increased significantly
with depth. In the alluvial soils, there were no major differ-
ences in the relative abundances of genera between the upper
and lower soil layers. However, the bacterial structure of the
latosolic top soil was markedly different between the top soil
and the sub-soil (40—60-cm depth).

Cluster analysis showed that the bacterial community com-
position of the alluvial soils (JX and TY-G), the quaternary red

Fig. 4 Relative abundance of
major bacterial phyla in soils
derived from latosol (LZ),
quaternary red clays (7Y-B and
YT) and alluvium deposits (JX
and TY-G). Numbers 1, 2, and 3
following the capital letters (LZ—
TY-G) represent sampling depths
of 0-20, 2040, and 40-60 cm,
respectively. The relative
abundance is given as a
percentage of the total classified
16S rRNA gene sequences in
each of the dominant phyla.
Taxonomic assignments of
sequences are based on
classification (80 % confidence
level) to the phylum level using
the RDP classifier tool

The relative abundance of bacterial phyla(%)

LZ1 TY-B1YT1 JX1TY-G1
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clays (TY-B and YT), and the latosol (LZ) clustered, separate-
ly, and independently of soil depth (Fig. 6). Similar results
were found with the cluster analysis of the T-RFLP data
(Electronic supplementary material, Fig. S2).

4 Discussion
4.1 Parent material effects on bacterial abundance

The introduction of 16S rRNA gene analyses has significantly
advanced our understanding of microbial diversity in soils, yet
our understanding of how that diversity is formed and struc-
tured remains largely unexplored. Developments in qPCR and
more recently in high-throughput pyrosequencing have meant
that we are now better able to determine not only what
organisms are present but also how these communities are
structured both spatially and temporally. Using qPCR, the
work reported here has shown that differences in bacterial
abundance, as determined by 16S rRNA gene copy number,
in the sub-soils (40-60 cm) show no significant relationship
with the soil parent material. However, in the top soils (0—
20 cm), the bacterial abundances varied markedly with parent
material. Below 40 cm, sub-soils are largely unaffected by rice
cultivation and characterized by low nutrient conditions for
bacterial growth (Frenzel et al. 1999). Consequently, the im-
pact of soil parent materials on microbial structure may be
constrained by nutrient availability (Rumpel and Kogel-
Knabner 2011). In top soils managed under rice over hundreds
years, the weathering of soil parent materials can increase the
availability of mineral elements (Anderson 1988), coupling
with the effects of fertilizer and the crop exudates, which can
significantly increase the soil carbon content and the
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Fig.5 Relative abundance of major bacterial genera in soils derived from
latosol (LZ), quaternary red clays (7Y-B and Y7), and alluvium deposits
(/X and TY-G); 0-20, 2040, and 40-60 cm indicate the sampling depth
down the profile. The relative abundance is given as a percentage of each
genus against the total 16S rRNA gene sequences. Only the genera with
relative abundance > 0.1 % were shown. For clarity, the genus is abridged

availability of N, P, and K (Treonis et al. 2010; Manlay et al.
2002; Wu et al. 2011; Shen et al. 2010). This more favorable
nutrient environment helps sustain microbial growth and fos-
ters the development of diversity, structure, and function
(Fierer et al. 2003; Eilers et al. 2012).

It has been shown that variation in soil physicochemical
parameters such as organic matter, pH, moisture, and temper-
ature can have profound impacts on the abundance of the
microorganisms (Wu et al. 2011; Fierer et al. 2003; Herold
et al. 2014). However, differences in soil properties such as
pH, organic carbon content, texture, and nutrient availability
can also be determined by differences in parent material
(Prakongkep et al. 2008; He et al. 2004; Shi et al. 2009),
which can directly or indirectly impact on microbial form
and function in soils (Wagai et al. 2011; Ulrich and Becker
2006). In the work reported here, the alluvial top soils sup-
ported the largest bacterial population, followed by the qua-
ternary red soils and then the latosol (Fig. 1). Soils derived
from quaternary red clays and latosols are developed under
relatively intensive weathering and leaching conditions (Li
1983) and are generally characterized by high level of acidity
and calcium and potassium deficiency (Jiang et al. 2010). This

with suffix “genera incertae sedis” to the genus with suffix “*” in the
legend text. For example, “OP11 genera incertae sedis” was shortened to
“OP11*”. For easy retrieval, subdivision 3 genera incertae sedis,
Nitrospira, Ktedonobacter, and Singulisphaera are labeled in the figure
using their abbreviation Sub, Nit, Kte, and Sin, respectively

means that they are poorly fertile and usually unsuitable for
agriculture without the application of fertilizer. Alluvial soils
are near neutral (Table 1) and had higher organic matter and
nitrogen contents with less nutrient leaching due to the high
groundwater table (Xiang et al. 2005). Thus, the alluvial top
soils had higher carbon content and greater nutrient availabil-
ity for microorganisms than the other soils, which serves to
explain the higher bacterial abundance in these top soils.

4.2 Succession of bacterial community structure along the soil
profiles

Crop cultivation has been clearly linked to changes in the
composition of microbial communities in cultivated horizon
(Fierer et al. 2003; Acosta-Martinez et al. 2010). In this study,
we detected that the bacterial community structures changed
significantly with soil depth in all profiles. A number of other
studies have also found that microbial communities in sub-
surface are distinct from the surface communities (Fritze et al.
2000; Blume et al. 2002; Fierer et al. 2003). These changes in
bacterial community structure have been shown to closely
associate with reductions in the availability of oxygen and
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Fig. 6 Cluster analysis of the pyrosequencing data showing the
relationships between soils derived from latosol (LZ), quaternary red
clays (TY-B and YT), and alluvium deposits (JX and 7Y-G) at an OTU
definition level of 0.03. Numbers 1, 2, and 3 following the capital letters
(LZ-TY-G) represent 020, 20-40, and 40—60 cm layer of the soil profile,
respectively

the quality and availability of soil organic carbon with depth
(Potthoff et al. 2006; Fierer et al. 2003). The oligotrophic
environment in the sub-soils restricts bacterial activity, and
as a result, some surface-dwelling bacteria may be less likely
to thrive in the deeper soil environment (Agnelli et al. 2004;
Goberna et al. 2005; Will et al. 2010). The relative abundance
of Proteobacteria, for example, was obviously greater in the
top soils than the sub-soils (Fig. 4). Proteobacteria abundance
was positively related to SOC content (Asuming-Brempong
et al. 2008; Davinic et al. 2012). In contrast, the observed
increase in the relative abundance of Nitrospira with depth
(Fig. 4) parallels the results from other studies that have
detected relatively large Nitrospira population in oligotrophic
habitats (Keshri et al. 2013). The less extreme changes in
temperature and moisture were also expected to be an impor-
tant factor causing the differentiation of the bacterial commu-
nities within the studied profiles (Lavahum et al. 1996).

4.3 Relationship between parent material and bacterial
community structure

Although long-term rice cultivation caused some shifts in the
bacterial community structure in top soils, it was found that
each soil supports a distinct bacterial community structure that
reflects the characteristics of the soil parent material,
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independent of soil depth. Differences in community compo-
sition extended beyond the dominant Acidobacteria, which
were on average 92 % more abundant in the quaternary red
clay than in soils formed on the other two parent materials.
Meanwhile, the alluvium soils harbored a significantly larger
population of Chloroflexi (Fig. 4). Some recent studies have
also shown that there are significant parent material controls
over soil microbial community composition in forest ecosys-
tems in the early stages of soil development (Wagai et al.
2011) and during biocrust formation in dryland soils (Steven
etal. 2013). These controls are due to the impact of the parent
material on the prevailing soil physicochemical properties.
Here, the significant differences in multiple soil properties
such as pH and available Mn and total K contents could help
explain the differences in soil bacterial community structure
between parent materials. Previous studies have shown that
soil pH is a key factor in determining soil bacterial community
structures (Griffiths et al. 2011; Lauber et al. 2009), especially
the distribution of Acidobacteria (Nie et al. 2012; Tripathi
etal. 2012), which can support that low pH soil TY-B and YT
harbor higher proportions of Acidobacteria than other soils.
Besides, several Acidobacteria sub-groups were also revealed
to respond to high content of soil Mn (Navarrete et al. 2013).
However, these edaphic factors are closely related to the
chemistry and weathering extent of the parent material (Imaya
et al. 2005; Heckman and Rasmussen 2011; Woodruff et al.
2009). Li (1983) demonstrated that latosolic soils developed
under tropical conditions generally have high contents of iron
and low amounts of potassium due to the long-term accumu-
lation of iron and significant leaching of potassium during soil
development.

Given the complex interplay between soil parent material,
weathering, and soil mineral status and the importance of soil
minerals in regulating soil chemical and physical properties
such as nutrient availability, pH, and texture, it is perhaps not
too surprising that soil mineral status influences the develop-
ment of soil bacterial community structure. Much of what we
currently know about the influence of soil conditions on
bacterial community structure stems from work done on the
effects of management on microbial diversity in the upper soil
layers (0—20 cm), and more studies are needed to understand
how microbial diversity changes with depth down the profile.
The work reported in this paper suggests that parent material
and soil formation, at least in part, already determine the
diversity managed in the top soil.

5 Conclusions

The work reported here showed that the size of the bacterial
population in the soils examined differed with parent material
in the top soils but showed no clear relationship with parent
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material in the sub-soils. Although long-term rice cultivation
induced some shifts in soil bacterial community in the top
soils, soils formed on different parent materials support dis-
tinct structures regardless of soil depth. Soil properties such as
pH, available Mn, and total K contents, which are largely
determined by the nature of the soil parent material, were
shown to be major factors determining bacterial community
structure in these paddy soils.
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