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Abstract

Biological nitrogen fixation (BNF) is an important natural biochemical process converting the inert dinitrogen gas (N) in the
atmosphere to ammonia (NH3) in the N cycle. In this study, the nifH gene was chosen to detect the diazotrophic microorganisms
with high-throughput sequencing from five acidic forest soils, including three natural forests and two re-vegetated forests. Soil
samples were taken in two seasons (summer and winter) at two depth layers (surface and lower depths). A dataset of 179,600
reads obtained from 20 samples were analyzed to provide the microbial community structure, diversity, abundance, and rela-
tionship with physiochemical parameters. Both archaea and bacteria were detected in these samples and diazotrophic bacteria
were the dominant members contributing to the biological dinitrogen fixation in the acidic forest soils. Cyanobacteria,
Firmicutes, Proteobacteria, Spirocheates, and Verrucomicrobia were observed, especially the Proteobacteria as the most abun-
dant phylum. The core genera were Bradyrhizobium and Methylobacterium from a-Proteobacteia, and Desulfovibrio from 0-
Proteobacteia in the phylum of Proteobacteia of these samples. The diversity indices and the gene abundances of all samples
were higher in the surface layer than the lower layer. Diversity was apparently higher in re-vegetated forests than the natural
forests. Significant positive correlation to the organic matter and nitrogen-related parameters was observed, but there was no
significant seasonal variation on the community structure and diversity in these samples between the summer and winter. The
application of high-throughput sequencing method provides a better understanding and more comprehensive information of
diazotrophs in acidic forest soils than conventional and PCR-based ones.
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Introduction

Biological nitrogen fixation (BNF), the biological reduction of
dinitrogen gas (N,) to biologically available ammonium, con-
tributes to about half of annual nitrogen inputs into the bio-
sphere by natural processes (Galloway et al. 2004; Vitousek
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(Cleveland et al. 1999). BNF is catalyzed by nitrogenase, an
ATP-hydrolyzing, redox-active complex of two evolutionarily
conserved proteins, the dinitrogenase «,[3, heterotetramer
(NifD and NifK proteins) and the dinitrogenase reductase v,
homodimer (NifH protein) (Homer et al. 1995; Raymond et al.
2004). There are three known types of nitrogenase, the molyb-
denum (Mo)-nitrogenase composed of two components namely
Fe protein and MoFe protein; the vanadium (V)-nitrogenase
comprised of Fe protein and VFe protein; and the iron (Fe)-only
nitrogenase (Fe protein and Fe protein), which are sometimes
referred to as the alternative nitrogenase (Bishop et al. 1986;
Chisnell et al. 1988). The nifH gene, which encodes Fe protein,
is highly conserved across the bacterial and archaeal domains
and has been successfully used in culture-independent investi-
gations of microbial N, fixing communities in various environ-
ments including terrestrial (Chowdhury et al. 2009; Poly et al.
2001), marine (Moisander et al. 2006; Steppe and Paerl 2005),
extremely hydrothermal vent (Mehta and Baross 2006), termite
gut (Yamada et al. 2007), anthropogenic (Moseman-Valtierra
et al. 2016), and other niches (Liao and Inglett 2014; Lincoln
and Vitousek 2016). As a result, non-culturable microorgan-
isms yield a large database based on nitrogenase genes and
become one of the largest non-ribosomal gene datasets (Zehr
et al. 2003). Therefore, this makes nifH gene a reference marker
for studying diazotrophs in the different environments with
most of the members remaining to be cultured.

Up to date, four groups of diazotrophs have been described
based on the phylogeny of 16S rRNA gene and nifH gene
(Raymond et al. 2004; Zehr et al. 2003). Cluster I consists of
aerobic and facultative anaerobic nitrogen fixers including
Actinobacteria, Cyanobacteria, Protebacteria and Firmicutes.
Cluster II includes anfH, paralog of nifH gene, which is an
alternative nitrogenase. Cluster III contains predominately obli-
gate anaerobes, including sulfate-reducing bacteria of Delta-
proteobacteria, Spirochaetes, and methanogenic archaea.
Cluster IV contains of yet to be characterized nitrogenase
paralogs and pigment biosynthesis genes of all phototrophs
(Fuyjita et al. 1992; Nomata et al. 2006; Raymond et al. 2004,
Souillard et al. 1988; Staples et al. 2007).

Forest soils are a crucial factor in terrestrial ecosystems
especially in terms of energy and nutrient flow, and forest soil
microbial communities play an essential role to forest produc-
tivity and climatic changes. Both symbiotic BNF via a root-
nodule association and non-symbiotic BNF through free-
living N, fixers occur in forest ecosystem through autotrophic
and heterotrophic process. In this study, forest soil samples
from Nanling Nature Reserve located in Guangdong province
in southern China, the heart of subtropical evergreen broadleaf
forest, were taken from natural forest and re-vegetated forest.
To better understand the significance of nitrogen fixing by
microbial contributors to the global nitrogen equilibrium in
this study, high-throughput sequencing technique was applied
to reveal the distribution and abundance of nitrogen-fixing
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microbial community in the acidic forest soils of natural and
re-vegetated forests.

Materials and methods
Sample collection and soil characterization

Soil samples were collected from five representative forest
types and locations in the Nanling National Nature Reserve in
Guangdong province, China. As previously described, three
natural forests (HLS/HLD, PS/PD, EBLS/EBLD) and two re-
vegetated forests (CLYS/CLYD, CLMS/CLMD) were defined
based on the forest types (Gan et al. 2016; Meng et al. 2016;
Meng et al. 2017). Sampling was performed in January of 2015
(winter) and August of 2015 (summer) from two soil depths at
each site: the surface (0—10 cm) and the lower one (2040 cm)
of bulk soil profile. Each site was sampled randomly with three
replicates. These samples were immediately separated into two
portions for physiochemical characteristic measurement and
molecular analysis after field collection. They were kept and
then transported in ice-cold box to the laboratory immediately.

The following soil characteristics were used in the subse-
quent statistical analyses: pH values were measured in a soil
slurry with soil to water ratio of 1:1 using a pH meter (Starter
3C, OHAUS, Pine Brook, NJ, USA), soil moisture content (%)
measured through determining the constant weight of samples
after drying in oven at 105 °C for 24 h, total organic matter
measured by K,Cr,O; method (g/kg), total nitrogen obtained
by the Kjeldahl method (TN, g/kg), hydrolyzed nitrogen deter-
mined by KOH diffusion method, total phosphorous, and avail-
able phosphorous digested by HClIO4+H,SO,4 and NaHCOs3,
respectively and measured with the colorimetry method, ex-
changeable Al, and total potassium (TK, g/kg) detected by
KF and HF with HC104 methods (Lu 2000; Sparks 1996).

DNA extraction

Genomic DNA was extracted from approximately 0.25 g of
soil sample using the PowerSoil® DNA isolation kit (MO
BIO Laboratories, Inc. USA) in accordance with the manufac-
turer’s instructions. And the concentration was measured
using NanoDrop™ ND-2000 (Thermo Scientific, Inc. USA).

Construction of barcode nifH gene libraries

nifH gene as a molecular biomarker was amplified to assess
the diversity and composition of diazotrophic communities in
these soil samples. IGK-DVYV functional PCR primers were
used to amplify the target fragment of the nifH gene (Gaby and
Buckley 2012). A 12 nt unique barcode was fused to the 5’ end
of the forward primer. Amplification was performed using a
thermal cycler (Takara, Japan) with the following steps of
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95 °C for 5 min and 35 cycles consisting of 94 °C for 30 s,
58 °C for 45 s, and 72 °C for 45 s; and elongation at 72 °C for
7 min at last. The PCR reactions were conducted in triplicate
independently for each sample to minimize random PCR bias.
Amplicons were purified by using GFX™ PCR DNA and Gel
Band Purification Kit by following the manufacturer’s proto-
col (Amersham Biosciences, UK) and qualities measured by a
Nanodrop spectrophotometer. Finally, a total of 20 libraries
were labeled with a unique oligonucleotide barcode and
high-throughput sequencing of Illumia MiSeq technology
was used to obtain nucleotide sequences.

MiSeq sequencing data processing

The original data were processed by the following steps: firstly,
merged two pair ends into one read by using FLASH-1.2.8
(Mago¢ and Salzberg 2011); secondly, split assembled data into
individual samples according to the unique barcode via fastx-
toolkit software (http://hannonlab.cshl.edu/fastx_toolkit);
thirdly, filtered out low quality components of combined
reads through the command of “split libraries” under QIIME
software and assigned to each library (Caporaso et al. 2012), the
filtering criterion was setas “-s 15-k-a 6 -r-1150-b 12-M 5 -e
0”. Finally, raw reads were obtained after these steps.

Raw nucleotide sequences from each library were proc-
essed using the FrameBot function under Ribosomal
Database Project (RDP) functional gene (Fungene) (http://
fungene.cme.msu.edu) for further conduct dereplication,
chimera checking, detecting, and frameshift correcting (Fish
etal. 2013). Finally, 8980 sequences for per clone library were
obtained after a series of tests, and combined into a single file
as input to the QIIME for clustering and OTU picking based
on 90% similarity criterion. The representative OTUs were
analyzed by MG-RAST (Glass et al. 2010) and local blast
for taxonomy information.

Raw reads were deposited in the European Nucleotide
Short Read Archive (SRA) under accession PRJEB12432,
sequence accession numbers ERS1118546-ERS1118565.

Quantification real-time PCR for the nifH gene

To quantify the abundance of nifH gene in each acidic forest soil,
the qPCR assays were performed on an ABI 7000 Sequence
detection system (Applied Biosystems, CA) using SYBR green
method. The standard plasmid with a known copy number was
made by a positive sequenced clone with primer set of IGK and
DVV. Standard curves were generated by a 10 serial of dilution
of the standard plasmid. Triplicate reactions (20 pl volume per
reaction) were performed independently, including 1 pl of DNA
template (10~50 ng DNA as templates), 1 ul of each primer
(10 uM), and 10 ul of SYBR-Green PCR Master Mix
(Applied Biosystems, CA). The reaction cycling conditions
were in accordance with the PCR procedures described above.

Gene copy numbers of standard plasmid dilution were calculat-
ed by original plasmid concentration measured by Nanodrop,
and applied into the equation: quantities in gene
copies/ul = (concentration ng/ul x 6.022 x 10%) / (lengthx 1 x
10° x 660). The R? value and amplification efficiency were
0.996 and 88.59%, respectively, suggesting the results were re-
liable. The gene abundance was calculated to gene copies/g dry
soil based by taking into the water contents in these soil samples.

Statistical data analyses

Stack bar charts for delineating taxonomic profiles of nifH
community of all libraries were originated from QIIME-
based files, and visualized by Origin8 and Adobe illustrator
software. Mantel Test analysis implemented in QIIME was
conducted to analyze the correlation of physicochemical pa-
rameters with UniFrac and Bray-Curtis distance matrices from
beta diversity analysis. Principal Coordinate Analysis (PCoA)
on depicting the dissimilar relationship of samples was con-
ducted in four categories of forest type, depth, site, and season
based on both phylogenetic and non-phylogenetic distance
matrix methods. Pearson correlation analysis between physi-
cochemical parameters and diversity, abundance properties
was conducted in R software. Statistical analysis of alpha
diversity was conducted in R software by ANOVA.

In order to display the community clearly, the phylogenetic
tree of the 50 most abundant OTUs were constructed by
MEGA 6 with references from GenBank, and visualized by
iTOL online (Letunic and Bork 2007) (http://itol.embl.de/).

Results
Characteristics of the forest soils

Soil properties of 11 physicochemical characteristics includ-
ing pH, organic matter, total N, total K, ammonium-N, nitrate-
N, hydrolyzed N, exchangeable AP, SO427, moisture con-
tent, and available P were described previously (Meng et al.
2016). Briefly, the pH values of these soils were very acidic
ranging from 3.56 to 4.66 and they can be defined as strongly
acidic soils (USDA 1999). The organic matter, total nitrogen,
ammonium-N, nitrate-N, and moisture contents were signifi-
cantly higher in natural forest than re-vegetated forest at
Nanling Nature Reserve (p < 0.05). Soil properties also varied
between the two depth layers. In natural forest, lower soil
layer had significantly lower total N, hydrolyzed N, available
P, NH4"-N, NO; -N, organic matter, and soil moisture con-
tent, but relatively higher pH value (p < 0.05) comparing with
the surface soil layer. However, soil characteristics did not
show significant difference between the two layers in re-
vegetated forest. These parameters were higher in winter than
in summer. The detailed information is shown in Fig. S1.
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Sequencing statistics and alpha diversity estimates

A total of 179,600 reads remained after a series of tests and
8980 sequences on average for each sample were retrieved
and used for further statistical analysis (Table 1). A total of
2907 OTUs were obtained based on 90% similarity. The
coverage value for all samples ranged from 0.97 to 0.99
(Table 1), suggesting that a deep sequencing was achieved
in this study, and the results verified by rarefaction curves
for all samples showed saturation, indicating an adequate
assessment of the microbial community composition in
each sample (Fig. S2). The alpha diversity index of
Chaol ranged from 606.33 to 1062.75 of surface layer
was significantly higher than that of lower layer, which
ranged from 210.77 to 756.7. The observed OTU value
of 388-640 in surface layer was higher than 124-485 in
the lower layer. Also, the Shannon value in the surface
(5.54-6.52) was higher than in the lower layer (2.37—
5.59). The other diversity indexes include PD_whole tree
and Simpson values also showed a similar trend. On the
contrary, no significant difference was observed between
winter and summer.

Community composition and phylogeny
of diazotrophs

Taxonomic composition on the phylum level in each sample is
shown (Fig. 1), including Methanomicrobia (<0.14%),
Cyanobacteria (<3.16%), Proteobacteria (o, 3-, -, and 6-
Proteobacteria) (87.62%—97.96%), Firmicutes (<7.7%),
Spirochaetes (< 0.16%), Verrucomicrobia (< 3.46%), and oth-
er minor phyla (1.51-5.15%, sequences < 1%). Among the
group of Proteobacteria, the a-Proteobacteria and §-
Proteobacteria were the most predominant classes, while the
[-Proteobacteria and ~-Proteobacteria were the minor com-
ponents. Viewing the community of different forest types,
natural forest was dominated by a-Proteobacteria especially
the Bradyrhizobium, while re-vegetated forest was mainly by
d-Proteobacteria. In natural forests, the community structure
showed a slight difference specifically at the highest elevation
(HLS and HLD) with more «-Proteobacteria than the other
two sites. While in re-vegetated forests, there were apparent
differences in the ratio of each phylum between the young
(7 years) and matured forests (27 years). No significant differ-
ence could be detected in community composition between

Table 1 Alpha diversity of

communities in acidic forest soil Sequence Good’s Chaol Observed Species PD_whole Shannon  Simpson

ID* coverage tree

W_HLS 0.97 89596 612 75.02 6.00 0.94
S HLS 0.97 92937 616 77.39 6.52 0.96
W_HLD 0.98 52322 369 49.44 4.67 0.88
S HLD 0.98 756.70 485 62.66 5.59 0.94
W_PS 0.97 921.01 597 71.40 6.32 0.96
S PS 0.98 671.12 436 54.92 5.54 0.94
W_PD 0.99 276.18 193 27.86 3.94 0.78
S PD 0.99 219.05 165 27.28 2.37 0.47
W_EBLS 0.99 606.33 388 45.15 6.15 0.97
S EBLS 0.98 71830 490 58.42 6.45 0.97
W_EBLD 0.99 210.77 124 24.67 2.85 0.74
S EBLD 0.99 24043 142 22.29 2.98 0.69
W_CLYS 0.98 725.18 519 65.06 6.12 0.95
S CLYS 0.98 720.82 516 62.56 5.63 0.90
W_CLYD 0.99 24229 168 24.71 2.57 0.55
S CLYD 0.99 386.9 223 33.22 2.69 0.55
W_CLMS 0.97 94389 619 73.63 6.04 0.94
S CLMS 0.97 1062.75 640 72.45 6.35 0.95
W_CLMD 0.99 541.50 363 47.69 4.29 0.78
S CLMD 0.99 499.00 325 45.07 4.28 0.83

*8980 sequences were analyzed in each sample. Sequence ID labeled by W or S before underline meant winter or
summer. HLS/HLD: high-altitude forest surface/lower layer; PS/PD: pine forest surface/lower layer;
EBLS/EBLD: evergreen broadleaf surface/lower layer; CLYS/CLYD: re-vegetated Cunninghamia lanceolate
young forest surface/lower layer; CLMS/CLMD: re-vegetated Cunninghamia lanceolate mature forest surface/

lower layer
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Fig. 1 Community composition of diazotrophs for 20 samples from acidic forest soil

winter and summer, but significant difference was observed
between the two depth layers at any of the same site.

In order to reduce the excessive complexity in analysis at
the genus level, the first 50 most dominant core OTUs with
coverage from 57.7 to 99.1% in these samples were used for
further analysis (Fig. S3). A phylogenetic tree was constructed
based on deduced amino acid sequences of the core OTUs and
related known species sequences downloaded from GenBank

Fig. 2 Phylogenetic tree of the 50
most abundant OTUs from this
study
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Fig. 3 Core community diversity
and proportion of the all samples
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fixers from various clusters were detected and recovered in the
samples of this study. Based on the taxonomy composition on
genus level (Fig. 3), Bradyrhizobium was the most dominant
genus of the core community, accounting for 45.96% of the
community; Methylobacterium, 12.77% of the core commu-
nity; Desulfovibrio, 25.66% of dominant community; and the
other genera including Rhodopseudomonas, Acidiphilium,
Asaia, Rhodovulm, Gluconacetobacter, Thiocapsa,
Cynechococcus, Panibacillus, Bacillus, Diplosphaera and
Pelomonas for <2% of the main communities.

Beta diversity of diazotrophs in acidic forest soils

Three different methods, phylogenetic unweighted UniFrac
and weighted UniFrac and non-phylogenetic Bray-Curtis dis-
tance matrices, were used to evaluate the beta diversity, but
similar results of the Principal Coordinate Analysis (PCoA)
were obtained, yielding a confirmation on the diversity trends
in forest soils. There were four categories: forest type, soil
depth, site, and season for further analysis. In details, the first
principal (PC1) plus the second principal (PC2) accounted for
only 29.14% of the total contribution based on Unweighted
UniFrac method (Fig. 4), but PC1 added PC2 made a 77.82%
contribution in weighted UniFrac method (Fig. S4), and
46.56% contribution of PC1 and PC2 were made by Bray-
Curtis method (Fig. S5). A similar trend was obtained from
different methods. More specifically, the natural forest soil
samples and the re-vegetated forest soil samples were clus-
tered into separate groups based on forest types (Fig. 4a) and
soil depths (Fig. 4b); but no obvious differentiation among the
five sites (Fig. 4¢); and no seasonal differences were detected
in our samples based on all three methods (Figs. 4d, S4 and
S5). Correspondingly, the PCoA analysis results of total tax-
onomic community, the impacting factors on beta diversity of
four categories were similar to the distribution of total
community.
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Abundance of diazotrophs

The abundance of diazotrophs quantified with nifH gene in
these forest soils is shown (Fig. 5). In details, the gene copy
numbers were from 1.03 x 107 to 7.20 x 10" per gram of dry
soil in the surface layer and from 8.84 x 10° to 1.82 x 10 per
gram of dry soil in the lower layer with significant difference
between the two layers ( test, p < 0.05) (Table S2). For forest
type, the quantities of gene abundance ranged from 10° to 10’
in natural forest and 10° to 107 gene copies per gram of dry
soil in re-vegetated forest. There was no significant difference
observed between the two types of forests, the abundance in
the surface layer showed an increase with the elevation while
an opposite trend in the lower depth layer was detected in
natural forests. The gene copies in young forest (7 years) were
lower than those in matured forest (27 years) for re-vegetated
forests. According to seasons, the gene abundance ranged
from 8.84 x 10° to 4.75 x 10" gene copies per gram of dry soil
in winter were slightly higher than that in summer during
natural forests, while had a reverse trend in re-vegetated
forests.

Discussion

Biological dinitrogen fixation is carried out exclusively by N,-
fixing bacteria and archaea, a very important driver of primary
productivity. Tracking the biomarker of nifH gene directly
offers a better insight into N, fixation capacity in forest soils
and under different management conditions. In our study,
high-throughput sequencing techniques were applied instead
of classical cultivation approaches and clone libraries to detect
the deeper community structure and abundance of N, fixers in
subtropical forest soils at Nanling National Nature Reserve, a
subtropical forest ecosystem. The PCR primer set of IGK and
DVV was used to detect the diazotrophs community and
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diversity with good coverage (97-99%) and high diversity
obtained, indicating the effectiveness and efficiency of these
primers for the soil samples of this study. The next generation
sequencing method was used successfully to provide reliable
results in analysis of community composition and diversity of
diazotrophs compared to traditional clone library method.

Community structures of diazotrophic
microorganisms

According to the study, Proteobacteria was the most dominant
phylum in the N, fixation community of acidic forest soils, in-
cluding «a-Proteobacteria, (3-Proteobacteria, ~-Proteobacteria,
and §-Proteobacteria. This was not surprising, especially for
the class of a-Proteobacteria with occurrence from aquatic to
terrestrial ecosystems (Collavino et al. 2014; Flores-Mireles et al.

2007; Jing et al. 2015; Turk-Kubo et al. 2014; Wang et al. 2013).
The most abundant genera of diazotrophic bacteria were
Bradyrhizobium, Methylobacterium, and Desulfovibrio. In this
study, Bradyrhizobium were found to be the most dominant type
of N, fixers, contributing up to 45% of the core community.
Bradyrhizobium are very common slow-growing bacteria, and
known to have a better adaption and tolerance to acidic condi-
tions compared to the other genera of rhizobia (Graham 1992;
Koponen et al. 2003). In addition, many Bradyrhizobium are
able to tolerate alternating cycles of dry and wet as well as anoxic
conditions during the season transitions (Koponen et al. 2003),
playing an important role in tropical and subtropical forests.
Interestingly, in one of our previous studies at this site on deni-
trification, Bradyrhizobium were also found to be one of the
most abundant denitrifiers in samples based on both nirK gene
and nosZ gene (Meng et al. 2017), indicating that

@ Springer



1002

Appl Microbiol Biotechnol (2019) 103:995-1005

Fig.5 Abundance of nifH gene in
all samples, black color for soil
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Bradyrhizobium plays an essential role in the nitrogen cycle in
forest system. In other studies, the involvement of
Bradyrhizobium in both N, fixation and denitrification was also
reported (Bedmar et al. 2005; Sanchez et al. 2011). In our study,
the dominance of Bradyrhizobium in both N, fixing and denitri-
fication may imply its importance for both processes.
Methylobacterium spp. are important methylotrophs in soil and
on surface of leaves and other plant parts. This is probably a
reason for the relative higher abundance of Methylobacterium
in surface layer than lower layer of these samples.
Methylobacterium are facultative methylotrophs with ability to
grow by reducing carbon compounds containing one or more
carbon atoms (Chistoserdova et al. 2003), e.g., methylamine;
methanol; and C,, C;, and C, compounds; including the metha-
nol derived from the leaves of plants (Fedorov et al. 2011;
Mizuno et al. 2012). While Desulfovibrio, as a member of 6-
Proteobacteria, use hydrogen, organic acids or alcohols as elec-
tron donors for sulfate reduction as a typical anaerobic sulfate-
reducing bacteria (Heidelberg et al. 2004). In our study, the ge-
nus Desulfovibrio was mostly observed in re-vegetated soils and
had a relative high abundance in lower layer regardless of the
forest ages. This is in agreement with the reports that
Desulfovibrio sp. possesses unique alternative non-heme iron
proteins with superoxide reductase, playing important role in
the nitrogen cycle (Radajewski et al. 2002; Stacheter et al. 2013).

There was no sequence detected in Cluster II of the core
community. This is not surprising because diazotrophs of
Cluster II contain anfH gene and nitrogenase from some ar-
chaea, which are below detection or have a very low presence
in soils specifically nature environment (Zehr et al. 2003).
Diazotrophs from Cluster IV were recovered from our study,
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involving in bacteriachlorophy II and chlorophy II biosysthesis
genes (nifH-like) to all phototrophs, confirming the pair of PCR
primers had a good coverage (Gaby and Buckley 2012) and
previous studies showed that Cluster IV are associated with
plant roots (Flores-Mireles et al. 2007).

Diversity of diazotrophic microorganisms

A significant difference of «-diversity was observed in
diazotrophs between the surface layer and lower layer, with
higher diversity and richness in the surface layer than the
lower depth layer (Table S1). These results were positively
correlated with organic matters and nitrogen-related parame-
ters after statistical variation test (p < 0.05). On one hand, the
nutrients in surface layer accumulated by litter deposition to
provide dissolved nutrients and enough oxygen for
diazotrophic microorganism growth, on the other hand, root-
nodule symbiosis diazotrophs and non-symbiotic free-living
N, fixers require different habitats. According to the forest
types, the diversity indexes containing PD_whole_tree,
Chaol, and observed_species were slightly higher in re-
vegetated forest than the natural forest (Table S1). This obser-
vation fits with the report that the diversity of Bradyrhizobium
decreased after deforestation of the secondary forests
(Ormefio-Orrillo et al. 2012). The diversity positively related
to the parameters of organic matter, hydrolyzed N, NH,™-N,
NO; -N, and moisture content in natural forest (p <0.05) in
both summer and winter, but no significant correlation be-
tween the diversity and physiochemical parameters in re-
vegetated forest soils (Chan et al. 2008; Niisslein and Tiedje
1999; Ormeio-Orrillo et al. 2012). In light of locations, the
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genetic diversity of nifH was reduced along the elevation
(HLS/HLD > PS/PD > EBLS/EBLD) in natural forest, nutri-
ents (nitrogen-related) with vegetation type affect the diversi-
ty. Moreover, in re-vegetated forest, the diversity value was
higher in matured forest than young forest, high level of mois-
ture content decreased the diversity, probably due to anthro-
pogenic activities (Jing et al. 2015). In contrast to other stud-
ies, there was no significant correlation detected between sum-
mer and winter (Table S1), keeping consistent of community
composition.

For 3-diversity, the clear differences of distribution and prin-
cipal clustering in PCoA graph showed the variation between
different depths, forest types, and sites (Fig. 5, Fig. S4, Fig. S5).
It is also consistent with previous studies that the availability of
0O,, which changes the bacterial community of anaerobic bac-
teria and aerobic bacteria with depth (Andersen et al. 2013).
Vegetation types were also the impact factors to the soil com-
munity structure (Li et al. 2014). The pH rather than tempera-
ture, plays an important role in shaping community
structure like other studies (Fierer & Jackson 2006; Griffiths
etal. 2011).

Environmental parameters to the abundance
of diazotrophs

As mentioned above, environmental parameters were corre-
lated to community diversity, but no significant correlation
could be observed between environmental parameters and
abundance of N, fixers overall. The reasons for this situation
probably are because: (1) the low pH as described in forest soil
was strongly acidic to inhibit N, fixation and reduced the
abundance (Lauber et al. 2009; Li et al. 2014); (2) vegetation
type of plant species is important in influencing the rate of N,
fixation and abundance (Niisslein and Tiedje 1999; Ormefio-
Orrillo et al. 2012); (3) anthropogenic factor of human impact
on the abundance of N, fixers; and (4) different soil types in
natural forest (yellow soil) and re-vegetate forest (red soil)
lead to different abundances. Overall, several factors mixed
together may cause the abundance indirectly. Noticeably, the
gene copy numbers at the surface were significantly higher
than that at deep layer (p =0.007), implying that nutrients
and oxygen concentration strongly associated with depths
and are consistent with other studies (Mergel et al. 2001).
Specifically, Bradyrhizobium was dominant in most of the
samples at the surface and it was known to have close inter-
action with plant’s root through nodule formation (Gully et al.
2013; McDermoti and Graham 1990). Interestingly, the abun-
dance of diazotrophs was higher in winter than summer in
natural forest but had an opposite trend in re-vegetated forest.
Besides the different dominant types of vegetation favoring
different types of N, fixer, soil texture (yellow soil above
700 m and red soil below 700 m) probably was another one
important factor that caused different results (e Silva et al.

2011; Gan et al. 2016). Considering the community and abun-
dance together, forest type, depth, and vegetation species to-
gether may be cofactors on diazotrophs, no single factor was
found to directly correlate with the abundance.

In summary, this study investigated the community struc-
ture, diversity, and abundance on the diazotrophs of the forest
soils through the application of high-throughput sequencing
on the functional nifH gene. In the acidic forest soils, the N»-
fixation communities included Methanomicrobia,
Cyanobacteria, Firmicutes, Proteobacteria, Spirochaetes,
Verrucomicrobia, and other minor phylum. Specifically, a-
Proteobacteria was the dominant class including orders of
Rhizobiales, Rhodobacterales, and Sphingomonadales. The
genus of Desulfovibrio belonging to §-Proteobacteria was
dominant in re-vegetated forest, not natural forest. The com-
munity structure was very stable and no significant differences
between seasons. Significant variations were detected be-
tween depths, forest type, and also different locations. The
abundance was higher in surface than deep layer, positively
correlated to physical-chemical parameters of organic matter,
total N, NH4"-N, NO; -N, and moisture content. This study
provides valuable reference for future diazotrophs in subtrop-
ical forest soil through the application of high-throughput
sequencing.
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