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Abstract Studying shifts in microbial communities under
different land use can help in determining the impact of
land use on microbial diversity. In this study, we analyzed
four different land-use types to determine their bacterial
and archaeal diversity and abundance. Three natural eco-
systems, that is, wetland (WL), grassland (GL), and forest
(FR) soils, and one agricultural soil, that is, tea plantation
(TP) soil, were investigated to determine how land use
shapes bacterial and archaeal diversity. For this purpose,
molecular analyses, such as quantitative polymerase chain
reaction (Q-PCR), 16S rRNA gene sequencing, and termi-
nal restriction fragment length polymorphism (T-RFLP),
were used. Soil physicochemical properties were deter-
mined, and statistical analyses were performed to identify
the key factors affecting microbial diversity in these soils.
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Phylogenetic affiliations determined using the Ribosomal
Database Project (RDP) database and T-RFLP revealed that
the soils had differing bacterial diversity. WL soil was rich
in only Proteobacteria, whereas GR soil was rich in Pro-
teobacteria, followed by Actinobacteria. FR soil had higher
abundance of Chloroflexi species than these soils. TP soil
was rich in Actinobacteria, followed by Chloroflexi, Aci-
dobacteria, Proteobacteria, and Firmicutes. The archaeal
diversity of GL and FR soils was similar in that most of
their sequences were closely related to Nitrososphaerales
(Thaumarchaeota phylum). In contrast, WL soil, followed
by TP soil, had greater archaeal diversity than other soils.
Eight different archaeal classes were found in WL soil, and
Pacearchaeota class was the richest one. The abundance of
bacterial and archaeal 16S rRNA gene copies in WL and
GL soils was significantly higher than that in FR and TP
soils. Redundancy analysis showed that bacterial diversity
was influenced by abiotic factors, e.g., total organic carbon
and pH, whereas total nitrogen, pH, and cation exchange
capacity (CEC) significantly affected archaeal community
composition. Pearson correlation analysis showed that
bacterial and archaeal 16S rRNA gene abundance had the
highest correlation with clay content (r>0.905, P<0.01),
followed by total-P, CEC, pH, and silt (%). These results
will lead to more comprehensive understanding of how
land use affects microbial distribution.

Keywords Natural ecosystems - Bacterial diversity -
Archaeal diversity - Molecular analyses - Abiotic factors
Introduction

Soil is a spatially structured, heterogeneous, discontinu-
ous and dynamic biological system although generally
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poor in nutrients and energy sources (Nannipieri et al.
2003). Bacteria are the most abundant microorganisms
in soil (Roesch et al. 2007), and their activity, ecology,
and population dynamics are driven by the physical and
chemical properties of soils (Fierer and Jackson 2006)
and land-use types, e.g., wetland, forestland, and crop-
land (Nacke et al. 2011).

Most studies have focused on temperate grasslands and
forests, although tropical forest and wetland soils are some
of the most endangered ecosystems in the world. These eco-
systems are important because of their potential response to
current and future climate change, and as potential sites for
agriculture (Balser et al. 2010). Approximately half of the
world’s wetland areas are found in the tropics and wetlands
have been estimated to cover 5-7% of the world’s surface
(Scharpenseel 1993). Natural forests are recognized as sites
of high biodiversity, where complex relationships among
fauna, flora, and microflora are maintained because of the
structural richness of the habitat (Hackl et al. 2004). Tea
(Camellia sinensis) plantations dominate much of the agri-
cultural landscape in Asia. Tea is usually grown as a mono-
culture in acidic soils and requires considerable amounts of
fertilizers; tea plantations have high amounts of root exu-
dates and leaf litter (Cakmakg et al. 2010). Grassland soils
typically have greater soil organic matter (SOM) content
and labile C pools. In addition, agricultural and grassland
soils support distinct microbial communities that are cor-
related with factors that define soil quality, suggesting that
land-use history and the associated soil quality influence
microbial community composition (Steenwerth et al. 2003).

Land-use management, one of the most important
aspects of anthropogenic disturbance to terrestrial ecosys-
tems, has exerted extensive impacts on soil biogeochemical
cycling and inhabitant microorganisms (Shen et al. 2013).
Although various previous studies focused on the microbial
diversity in different soils (Cunliffe et al. 2008; Keshri et al.
2013; Suna et al. 2014), comparative studies on the distri-
bution of bacterial and archaeal populations in different
ecosystems and how land use alter the diversity of bacte-
ria and archaea in these ecosystems are largely unavailable.
Therefore, studying shifts in microbial communities under
different ecosystems can help to identify the impact of land
use.

The main objective of this study was to investigate how
land use shapes the bacterial and archaeal diversities in
soils from four different ecosystems using molecular analy-
ses, such as quantitative-PCR (Q-PCR), sequencing analy-
sis, and terminal restriction fragment length polymorphism
(T-RFLP). Comparison of bacterial communities by T-RF
analysis has been proven to provide information consistent
with that obtained from analysis of clone libraries (Hackl
et al. 2004). Soil physicochemical properties were deter-
mined, and statistical analyses were performed to identify
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the key factors affecting microbial diversities in these four
different ecosystems.

Materials and methods

Soil information

Soil samples were collected in four different ecosystems
encompassing different land-use types, i.e., wetland (WL),
grassland (GL), forest (FR), and tea plantation (TP), in
southern China. The dominant plant species in WL soils
was Spartina alterniflora, whereas the dominant plant
species in GL were Stipa baicalensis, Stipa sareptana
var. krylovii, Cleistogenes squarrosa, Agrostis gigantea,
Bromus inermi, and Deyeuxia langsdorffii. In FR soil, the
dominant plant species were trees (e.g., Castanopsis car-
lesii and Elaeocarpus decipiens), shrubs (e.g., Itea chinen-
sis and Adinandra dichotama), and grasses (Gahnia tristis,
Dicranopteris dichotama, and Iles pubescens). TP soil was
planted with tea for 5 years. Full site details and soil prop-
erties are given in Table S1.

Soil sampling and pre-preparation

Four independent samples from the surface Ah horizon
(0-20 cm) were used in the experiments. Field moist soil
from each replicate sample was hand-sorted to remove
visible plant residues, and then sieved (<5 mm mesh).
Prior to use, the wetland soils (WL) were flooded with
distilled water, whereas the other soils (GL, FR, and TP)
were adjusted to 45% of the field water holding capacity.
To accommodate subsequent changes in microbial activ-
ity (Butterly et al. 2011), one set of microcosms of the four
soils, each with four replicates, was left to equilibrate prior
to analysis for 2 weeks after flooding or rewetting.

Soil characteristics

Soil pH and electronic conductivity (EC) were determined
at a soil:water ratio of 1:2.5 using a Delta 320 pH meter
(Mettler-Toledo Instruments Co., China). Soil moisture
content was determined after oven-drying at 105 °C over-
night to constant weight. Cation exchange capacity (CEC)
was determined by titration (Rhoades 1982; Miiller and
Hoper 2004). Total nitrogen (TN) and total phosphate (TP)
were determined by Kjeldahl digestion (Page et al. 1982),
and by NaOH fusion and colorimetric analysis (Olsen and
Somers 1982), respectively. Soil texture was determined
using a laser particle analyzer (Mastersizer 2000, UK).
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Microbial DNA extraction from soil samples and PCR

DNA was extracted from 500 mg of soil, in dupli-
cates from each sample, using the FastDNA Spin Kit
(MPbio, USA) according to the manufacturer’s protocol.
The integrity and yield of extracted nucleic acids were
checked by agarose gel electrophoresis and UV quantifi-
cation (NanoDrop ND-1000, Germany).

Cloning and sequencing of bacterial, archaeal 16S
rRNA

For bacterial 16SrRNA identification, Eub-8f /926r prim-
ers were used (Lu et al. 2003), and for archaea, Arc-
109£/934r primers were used (Aschenbach et al. 2013).
PCR products from four replicates were pooled, puri-
fied, and cloned. Randomly selected clones were then
screened for positive inserts by PCR performed using
the SP6 and T7 primers (Sambrook and Russell 2001)
and were sequenced by Invitrogen, China. After chimera
removal, the similarity of sequences from desired gene
clones was checked using MOFFAT (http://www.ebi.
ac.uk/Tools/msa/mafft) and a sequence identity of >97%
was defined as an operational taxonomic unit (OTU).
Phylogenetic affiliations and taxonomical hierarchy based
on 16S rRNA were determined with 80% confidence lev-
els using the CLASSIFIER tool (http://rdp.cme.msu.edu)
of the Ribosomal Database Project (RDP)-II database
(Wang et al. 2007).

Nucleotide sequence accession numbers

The sequences were deposited in the NCBI
GenBank  database  under accession  numbers
KT460206-KT460753 for bacterial 16S rRNA gene
sequences and KT460975-KT461150 for archaeal 16S
rRNA gene sequences.

T-RFLP analysis

The community composition of the bacteria and archaea
in four different soils was estimated by T-RFLP to support
the clone library analysis. T-RFLP was performed using
the restriction enzyme Hhal (TAKARA, Japan). The
same PCR programs and primer sets were used for clone
library analysis. The other procedures were the same as
those described by Yuan et al. (2013). Only T-RFs with
an average value of Ra>1% from four replicates were
analyzed. Peaks with a Ra above 10% were regarded as
dominant T-RFs. To compare bacterial and archaeal
diversity under different land uses, Shannon—Wiener and

evenness indices were calculated as previously described
by Yuan et al. (2013).

Quantification of 16S rRNA genes

Prior to Q-PCR analyses (ABI 7900, Foster City, CA,
USA), all DNA extracts were diluted to approximately
5 ng pl~! with sterilized ddH,O to reduce inhibition by co-
extracted substances. For the bacterial and archaeal 16S
rRNA genes, Q-PCRs were performed using the two uni-
versal primer pairs Eub-8f/Eub-926r and Arc109f/Arc934r,
respectively. The amplifications were performed using
three technical replicates per sample. The thermal protocol
for both genes was an initial denaturation for 30 s at 95 °C;
followed by 40 cycles each of 15 s at 95°C and 30 s at
60°C. The standard curve preparation and other procedures
were performed as described by Yuan et al. (2012).

Statistical analysis

One way analysis of variance (ANOVA) and multiple com-
parisons of significant differences were performed using
Duncan’s test (P <0.05). Correlation analysis of soil abi-
otic properties and bacterial and archaeal abundance was
performed using SPSS 16.0 (SPSS Inc., Chicago, IL), with
significance defined as P <0.05 unless otherwise stated.
Rare-faction curves for bacterial and archaeal 16S rRNA
were generated by plotting the number of OTUs observed
against the number of clones sequenced (http://strata.uga.
edu/software/Software.html) to assess the sampling effort.
The effects of environmental variables on microbial diver-
sity were analyzed by redundancy analysis (RDA) with
CANOCO 5.0 for Windows (Monte Carlo permutation test,
P=0.001; Microcomputer Power, USA).

Results
Soil characteristics

The results for basic soil parameters significantly differed
for the four soil types (Table 1). Compared to the three nat-
ural soils, the TP soil showed the highest TN, TOC, and
clay content and the lowest pH. GL soils had the highest
pH and sand (%) and the lowest CEC. The highest total-P,
CEC, and silt (%) were found in WL soil, whereas the low-
est TOC, total-P, and clay (%) were observed in FR soil.
According to the soil particle analysis, WL soil was silt
clay loam, GL soil was sierozems, and FR and TP soil were
sandy clay loam.
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Table 1 Physicochemical properties of soils from four different land uses

Soil texture
Clay (%)

CEC

Total-P (g
kg™h

C/N

TOC (gkg™") TN (gkg™"

pH

Soils

Sand (%)

Silt (%)

(cmol kg™ 1)

0.52+0.04a 199+1.3a 15.3+0.8a 82.8+0.8a 1.9+0.03¢c
46.4+2.7a

9.4+03c¢

1.2+0.02a
13.1£0.02b 0.9+0.02b

11.2+0.02¢

8.4+0.04a

7.6+0.04b

WL

63.3+0.7b

724037b 465+23¢
6.2+0.22¢

53+0.03d
6.3+0.8¢

0.33+0.04b
0.15+0.01c

6.1+0.1d

15+0.7a

4.8+0.02d 0.8+0.0lc

4.9+0.03¢

GL

30.5+0.9b

54+03d

11+£0.1b

2.2+0.00 a

24+0.02 a

44+0.02d

FR
TP

29.7+5.4b

+ + 64.9+5.1b

9.6+0.4b

0.32+0.02b

4). The letters a, b, ¢, and d indicate a significant difference among the four different soils (Duncan’s test; P <0.05)

Data represent the mean + SE (n

CEC cation exchange capacity, C/N carbon-to-nitrogen ratio, FR forest, GL grassland, TN total nitrogen, TOC total organic carbon, Total-P total phosphate, TP tea plantation, WL wetland

Cloning library analysis of bacterial and archaeal 16S
rRNA

For bacterial clone libraries, 154 clones from WL, 140
clones from GL, 163 clones from FR, and 163 clones from
TP soils were obtained after trimming chimera. Then, 92 to
135 bacterial OTUs were observed with a sequence identity
of >97% by MOFFAT. Phylogenetic affiliations determined
using the RDP database revealed that bacterial diversity of
four different soils was different (Fig. 1a). The high bacte-
rial diversity in WL included a high relative abundance of
Proteobacteria (72.59%), followed by Chloroflexi (8.8%)
(Fig. 1a). In GR soil, Proteobacteria had the greatest abun-
dance (31.8%), followed by Actinobacteria (27.3%). In TP
soils, Actinobacteria had the greatest abundance (27.2%),
followed by Chloroflexi (23.9%) and Acidobacteria
(20.7%) (Table S2). The rare-faction curves for the bacte-
rial 16S rRNA gene clone library showed that the number
of sequenced clones from each library was insufficient to
cover the bacterial diversity of four different soils (Fig. 2a).

The phylogeny of the archaeal 16S rRNA gene library
comprised 131 clones and 90 OTUs from WL soil, 102
clones and 15 OTUs from GL soil, 103 clones and 14 OTUs
from FR soil, and 91 clones and 16 OTUs from TP soil
(Table S3). The archaeal diversity of GL and FR soils was
similar in that most of their sequences were closely related
to Nitrososphaerales under the Thaumarchaeota phylum,
except that one of the FR OTUs was closely related to
Methanomicrobia. In contrast, the archaeal diversity of WL
soil followed by TP soil was higher than that of other soils
(Fig. 1b). Eight different types of archaeal classes were
found in WL soil; Pacearchaeota was the richest, followed
by Crenarchaeota, Nitrososphaerales, and Methanomicro-
bia. In TP soil, Nitrososphaerales was the richest followed
by Nitrosopumilales and Methanomicrobia. Rare-faction
analysis showed that the number of sequenced clones from
each library was sufficient to cover the archaeal diversity of
the soils, except for WL soil (Fig. 2b).

T-RFLP analyses of the bacterial and archaeal
community compositions

Thirty-six T-RFs were identified and used to compare
bacterial communities using the restriction enzyme Hhal
(Fig. 3a). Different land use was found to affect both the
presence and relative abundance of different bacterial 16S
rRNA T-RFs. For WL soil, the dominant T-RFs had length
of 61-, 92-, and 211-bp, whereas TR-Fs with lengths of
37-, 61-, 82-, and 208-bp were the major components in
GL soil. In FR soil, 199-, 202-, 215-, and 219-bp T-RFs
predominated, whereas T-RFs with lengths of 163- and
215-bp were the dominants in TP soil. In silico, analy-
sis revealed that the predominant 37-, 61-, 82-, 92-, 163-,
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Fig. 1 Relative abundance of a
different bacterial phylogenetic
groups in a bacterial and b
archaeal 16S rRNA gene clone
libraries from four different
soils. Analysis of amplified
16S rRNA gene sequences was
performed in comparison with
the RDP database at the 80%
confidence level. The percent-
ages of the phylogenetically
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199-, 202-, 208-, 211-, 215-, and 219-bp T-RFs were most
closely related to Gaiella occulta, Dehalogenimonas alk-
enigignens, Sphingomonas sp. JS5, Nisaea nitritireducens,
Acidobacteriaceae bacterium A2-4c, Mizugakiibacter sedi-
minis, Ktedonobacter racemifer DSM 44963, Thioalkalivi-
brio sulfidiphilus, Methylomicrobium alcaliphilum 20Z,
K. racemifer DSM 44963, and Vicinamibacter silvestris
(Table S4).

Comparison of 19 archaeal 16S T-RFLP profiles
(Fig. 3b) showed that five T-RFs (240-, 242-, 247-, 263-,
and 267-bp) represented the main community sequence
types in the soils studied. The 247-bp T-RF (36-81.7% of
the total profile) dominated in the three natural soils, with

B Pacearchaeota

the highest levels detected in GL and FR soils. In compari-
son, the 263-bp fragment (30.5%) of the total profile was
dominant only in WL soil. The 240-bp TR-F was dominant
only in FR soil, whereas 242- and 267-bp T-RFs were dom-
inant in TP soil. In silico comparison of fragment lengths
showed that the 247-, 263-, and 267-bp T-RFs were most
closely related to Nitrososphaera viennensis, Thermofilum
carboxyditrophus 1505, and Candidatus Nitrososphaera
gargensis Ga9.2 (Table S5).

To extrapolate the similarities and differences
between the community compositions of bacteria and
archaea in response to different land use, biodiversity
analyses were performed on the basis of T-RFLP results.

@ Springer
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Fig. 2 Rare-faction analysis of bacterial (a) and archaeal (b) clone
libraries from four different soils based on >97% nucleotide sequence
similarities

The Shannon—Wiener and evenness values (Table 2)
indicated that the bacterial 16S rRNA diversity did not
significantly differ among soils. However, for archaeal
16S rRNA, the Shannon—Wiener and evenness values for
WL and TP soils were higher than those for GL and FR
soils.

Abundance of bacterial and archaeal 16S rRNA genes

The copy number of bacterial 16S rRNA genes ranged
from 7.2x10% to 1.61 x 10'! copies g~! dry soil for four
different soils. For the archaeal 16S rRNA gene, the copy
number ranged from 1.98x10° to 6.3 x 10° copies g~ !
dry soil. Among four different soils, the abundance of
bacterial and archaeal 16S rRNA gene copies for WL
was the highest and that of GL was the second highest.
Bacterial 16S rRNA gene abundance was the lowest in
FR soil and archaeal 16S rRNA gene abundance was the
lowest in TP soil (Table 3).

@ Springer

Correlation and RDA analyses of bacterial
and archaeal abundance and diversity

The relationship between soil physicochemical parameters
and bacterial and archaeal 16S rRNA gene abundance
and diversity in four different soils was evaluated by cor-
relation analysis (Table 4). Soil physiochemical proper-
ties were highly correlated with bacterial and archaeal 16S
rRNA gene abundance, with the highest correlation being
observed for clay (%) (r>0.905, P<0.01) followed by
total-P, CEC, pH and silt (%). Sand (%) was negatively cor-
related with gene abundance (r>0.672, P <0.01).

To determine the effect of soil abiotic properties on
bacterial and archaeal community composition, T-RFLP
profiles were subjected to multivariate analysis. The RDA
showed that the bacterial communities in the four differ-
ent soils were clearly distinct from each other (Fig. 4a).
The samples were divergent along the first ordination axis,
which explained 41.81% of the variation. It was found that
clay (%), TOC, and pH were significantly correlated with
bacterial community composition (P=0.001 by Monte
Carlo permutation test).

The two-dimensional plot of multivariate statistics
(derived from RDA), where the first two axes displayed
57.94 and 29.57% variations, respectively, showed that the
archaeal community compositions of FR and TP were simi-
lar, although they were clearly distinct from WL and GL
soils (Fig. 4b). TN, pH, and CEC were significantly corre-
lated with the archaeal community composition (P=0.001
by the Monte Carlo permutation test).

Discussion

Although a large amount of knowledge regarding the
response of soil bacterial communities to land-use types
and soil properties has been assembled (Nacke et al. 2011),
the present understanding of how the interaction among
land use and soil type affects the microbial community
from different ecosystems is still poor. Bacteria are the
most abundant and diverse group of soil microorganisms
and play multiple important key roles in soil. Any modi-
fications in the microbial community caused by land use
change might contribute to changes in ecosystem func-
tion and maintenance of soil quality (Konopka 2009). We
focused on connecting variations in community composi-
tion to differences in soil edaphic characteristics and land
use. The present analyses indicate that the microbial com-
munities in the four land uses were different, although land
use did not affect the richness and evenness of soil bacterial
diversity in these four different ecosystems.

In WL and GR soils, Proteobacteria, especially Alp-
haprotebacteria, were most abundant followed by
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Actinobacteria and Chloroflexi (Fig. 1). In TP soils, Act-
inobacteria were the most abundant, followed by Chloro-
flexi and Acidobacteria. Proteobacteria and Actinobac-
teria were dominant in these soils as they are prevalent
in the soil of various ecosystems (Zhang and Xu 2008).
A high content of Proteobacteria was detected in the
pH range of 5.6-7.8 (Long et al. 2015). Alphaprotebac-
teria prefer nutrient rich environments (Goldfarb et al.
2011), whereas Betaproteobacteria are negatively influ-
enced by clay content indicating that coarse-textured

soils are more favorable habitats for this taxon (Rousk
et al. 2010). Acosta-Marti'nez et al. (2008) reported that
non-disturbed systems under grasses (i.e., Conservation
Reserve Program and pastures) had higher Actinobacteria
counts as well as microbial biomass and nutrient cycling
enzyme activities than crop land. Acidobacteria has also
been identified as one of the most common phyla in soil
(Zhang et al. 2014); they are slow-growing bacteria that
can grow in nutrient-limited environments, such as pris-
tine forest soils (Ward et al. 2009).
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Table 2 Diversity parameters

Soils Bacteria Archaea
from the T-RFLP profile
analysis of the bacterial and S Shannon Evenness S Shannon Evenness
archaeal 16S rRNA genes
amplified from four different WL 18 2.54+0.02ab 0.88+0.01bc 11 1.61+0.04a 0.67+0.02a
soils GL 17 2.55+0.0lab 0.91+0.003b 6 0.65+0.11b 0.37+0.06b
FR 16 2.58+0.02a 0.94+0.01a 6 0.84 +0.08b 0.47+0.05b
TP 18 2.47+0.01b 0.85+0.01c 9 1.58 +0.08a 0.82+0.03a

Data represent the mean +SE (n=4). The letters a, b, ¢, and d indicate a significant difference among four
different soils (Duncan’s test; P <0.05)

FR forest, GL grassland, S species richness, TP tea plantation, WL wetland, S number of T-RFs, Shannon—

Wiener index

Table 3 Abundance of bacterial and archaeal 16S rRNA genes in
four ecosystems

Soils Bacterial 16S rRNA Archaeal 16S rRNA
(x10'° copies g1 (x10® copies g 1)

WL 16.1+0.97a 63.0+4.1a

GL 7.06+5.28b 50.0+4.05b

FR 0.72+0.12¢ 0.81+0.15b

TP 3.45+0.42¢ 0.02+0.003b

Data represent the mean +SE (n=4). The letters a, b, c, and d indi-
cate a significant difference among four different soils (Duncan’s test;
P<0.05)

FR forest, GL grassland, TP tea plantation, WL wetland

However, the bacterial abundance in FR soil was dif-
ferent from that in other soils; Chloroflexi, especially Kte-
donobacteria was most dominant, followed by Actinobac-
teria. This finding was in accordance with that reported by
Kim et al. (2014), as the pH of the FR and TP soils was
lower than that of WL and GR soil. Thus, the abundance of
Ktedonobacteria of Chloroflexi decreased with an increase
in soil pH. Chloroflexi accounts for 33—54% of the bacte-
rial sequences in low-pH soils (Long et al. 2015). Within
our literature review, not much information was found
regarding the ecological role of Ktedonobacteria; however,
a few studies noted the occurrence of Chloroflexi phyla
in systems with extreme environmental conditions, such
as extremely high temperatures (Bjo’rnssona et al. 2002).
Bach et al. (2010) also found that vegetation types play an
important role in the structure of soil bacterial communi-
ties; this was consistent with the findings for different types
of soils in our study with different types of plant species.
Although the TOC content of TP soil was the highest, the
abundance and diversity of bacteria and archaea in this soil
were lower than those of other soils. Thus, the findings
indicate that microbial diversity depends not only on soil
nutrients but also on other abiotic factors such as pH and
CEC.

The highest copy number of the 16S rRNA gene in
WL soil provides evidence that this ecological system is
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suitable for microbes, for example, moderate pH and flood-
ing can also provide advantages for anaerobic bacteria as
compared to other soil types. The data on 16S rRNA gene
copies revealed that the bacteria were much more abundant
than archaea in all four soil types. Rare-faction analysis and
diversity indices showed the presence of a greater num-
ber of species of bacteria than archaea, indicating that this
soil is capable of supporting higher density and diversity
of bacteria. Bacterial 16S rRNA gene copies were found to
be two orders of magnitude more abundant than archaeal
16S rRNA gene copies. A similar ratio of bacterial and
archaeal abundance was found in a previous study (Ye et al.
2009). The rare-faction curves indicated that the number
of sequenced clones from each library was insufficient to
cover the bacterial diversity; however, the curves were near
saturation for archaeal diversity.

The phylogenetic analysis showed that the majority
of the archaeal clones belonged to the phylum Thaumar-
chaeota. Similar archaeal diversities have been found in the
native forest soil in Amazon and different types of Brazilian
soils (Pacchioni et al. 2014; Tupinamba et al. 2016). Bates
et al. (2011) found that the Thaumarchaea group appeared
to be the most dominant and ubiquitous group in soil; these
species were more abundant in acidic soils, such as temper-
ate acidic forest soil (Kemnitz et al. 2007) and acidic red
soils (Ying et al. 2010). Members of Thaumarchaeota are
now considered to play a major role in the global nitrogen
cycle (Stieglmeier et al. 2014). In WL soils, Pacearchae-
ota were the most dominant species which was compatible
with the previous studies describing the wide distribution
of Pacearchaeota in saline aquatic environments, where
they were present in both marine and inland waters, mainly
in microbial mats and sediments (Pachiadaki et al. 2011),
followed by hot springs and fresh water. However, their
ecological and biological interactions are not known(Kan
et al. 2011).

16S rRNA analysis has shown that soil type is also
responsible for changes in archaeal communities in soils
under different types of land use (native grassland, native
forest, eucalyptus and acacia plantations, and soybean and
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Table 4 Correlation analysis of soil physicochemical parameters and
the diversity and abundance of bacterial and archaeal 16S rRNA in

four ecosystems

Abundance

Bacteria

Archaea

pH

TOC

N

C/N
Total-P
CEC
Clay (%)
Silt (%)
Sand (%)

0.677+*
-0.018
-0.077
0.224
0.875%*
0.831%*
0.905%*
0.557*
—0.672%*

0.539*
-0.178
-0.130
-0.060

0.828%**

0.913**

0.964**

0.727%*
—0.824%**

CEC cation exchange capacity, C/N carbon-to-nitrogen ratio, TN total
nitrogen, TOC total organic carbon, Total-P total phosphate

Significant correlations as *P <0.05 and **P <0.01 (2-tailed)

watermelon fields) (Lupatini et al. 2013). The wide range
of origin of phylotypes from varying environments might
explain the high diversity of bacteria and archaea, although
their eco-physiological roles are yet to be investigated.

To accurately evaluate a microbial ecosystem, it is
necessary to integrate the influences of biotic and abiotic
factors on the diversity and community composition of
microbes. Among the soil properties, pH, total-P, CEC, and
soil textures were significantly correlated with bacterial
and archaeal abundances. The Monte Carlo permutation
test showed that pH, TOC, and clay content were signifi-
cantly correlated with bacterial community composition,
and pH, TN, and CEC were significantly correlated with
archaeal community composition. All these variables are
related to nutrient availability, which has obvious impli-
cations for microbial and plant growth. pH imposes sig-
nificant and direct physiological stress on bacterial cells,
resulting in the selection of the best-adapted cells (Fierer
and Jackson 2006; Shen et al. 2013). This finding was con-
sistent with those of the previous studies on wetlands of the
Qinghai-Tibetan Plateau (Deng et al. 2014). Characteriza-
tion of abiotic properties is important for understanding
the factors that affect bacterial and archaeal diversity and
for obtaining a clearer view of how microbial communi-
ties change (Faoro et al. 2010). The study of soil bacte-
rial diversity using molecular biological techniques has
expanded the current understanding of major bacterial and
archaeal groups in soil that contribute to essential soil pro-
cesses in nutrient cycling (Lynch and Bragg 1985; Acosta-
Marti‘nez et al. 2010). Future studies such as high-through-
put sequencing and gene expression analysis might enhance
the understanding of the ecological role of bacterial and
archaeal diversity in different ecosystems.

Axis 2 (30.92%)

-1.0

1.0

FO

Clay (%)

TOC

-1.0

Axis 1 (41.81%)

1.0

b

WL

CE(
Ip

Clay (%)

pH

Axis 2 (29.57%)

-1.0

-1.0 Axis 1 (57.94%) 1.0

Fig. 4 RDA of the T-RFLP profiles for bacterial and archaeal com-
munity compositions from four different soils. FO forest (squares);
GR grassland (triangles); TP tea plantation (cross); WL wetland (cir-
cle). Arrows denote environmental variables

Conclusion

Our data highlight that land use has strong effects on soil
microbes, with consequences pertaining to microbial abun-
dance, diversity, and community composition. WL soil
showed the highest abundance of bacterial and archaeal
16S rRNA gene copies and also the greatest diversity, as
an environment in equilibrium and TP soil showed the
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lowest bacterial diversity because of the acidic conditions.
16S rRNA and T-RFLP analyses showed that land use was
responsible for changes in bacterial and archaeal communi-
ties in four different ecosystems. RDA analysis showed that
pH, TOC, TN, and CEC played a significant role in shap-
ing the microbial diversity in these ecosystems. Thus, these
results provide insights into the microbial community com-
position in these ecosystems and identify the main factors
shaping this composition, which will lead to a more com-
prehensive understanding of microbial distribution in dif-
ferent ecosystems.
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