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and nitrogen-fixing bacterial communities in a karst region
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Abstract Arbuscular mycorrhizal (AM) fungi and nitrogen-
fixing bacteria play important roles in plant growth and recov-
ery in degraded ecosystems. The desertification in karst re-
gions has become more severe in recent decades. Evaluation
of the fungal and bacterial diversity of such regions during
vegetation restoration is required for effective protection and
restoration in these regions. Therefore, we analyzed relation-
ships among AM fungi and nitrogen-fixing bacteria abun-
dances, plant species diversity, and soil properties in four typ-
ical ecosystems of vegetation restoration (tussock (TK), shrub
(SB), secondary forest (SF), and primary forest (PF)) in a karst
region of southwest China. Abundance of AM fungi and
nitrogen-fixing bacteria, plant species diversity, and soil nutri-
ent levels increased from the tussock to the primary forest. The
AM fungus, nitrogen-fixing bacterium, and plant community
composition differed significantly between vegetation types
(p < 0.05). Plant richness and pH were linked to the

community composition of fungi and nitrogen-fixing bacteria,
respectively. Available phosphorus, total nitrogen, and soil
organic carbon levels and plant richness were positively cor-
related with the abundance of AM fungi and nitrogen-fixing
bacteria (p < 0.05). The results suggested that abundance of
AM fungi and nitrogen-fixing bacteria increased from the tus-
sock to the primary forest and highlight the essentiality of
these communities for vegetation restoration.
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Introduction

Arbuscular mycorrhizal (AM) fungi form a symbiotic rela-
tionship with most terrestrial plant species (Smith and Read
2008). These fungi are obligate symbionts and are entirely
dependent on a supply of carbohydrates from their host plants.
In exchange for plant-derived carbon, AM fungi improve the
supply of soil nutrients to plants and increase the tolerance of
plants to nutrient-poor soil (Johnson et al. 2010). These fungi
can also strengthen ecosystem’s sustainability by improving
soil stability and aggregation (Wilson et al. 2009). Thus, AM
fungi comprise an important part of plant growth in and res-
toration in degraded ecosystems.

Rhizobia play an important role in biological nitrogen fix-
ation during nitrogen cycling in natural ecosystems. Most
(~80 %) of the biological nitrogen fixation is performed by
rhizobia in symbiosis with legumes (Peoples et al. 1995).
However, free-living nitrogen-fixing bacteria (e.g.,
Pseudomonas, Azospirillum, and Azotobacter) inhabiting
soils can fix significant amounts of nitrogen (Burgmann
et al. 2004; Kahindi et al. 1997). This may be particularly
crucially important within sustainable low-input natural
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systems that rely on biological processes rather than agro-
chemicals to maintain soil fertility and plant growth.

Karst landscapes are distributed worldwide, and cover
approximately 12 % of the earth’s land surface (Yuan
2002). In China, the southwest karst region covers 550,
000 km2, approximately one third of the total area of
China (Yuan 1994). The karst region is characterized by a
high ratio of bedrock outcrop to shallow soil and by low
vegetation cover. These special topographical characteris-
tics, together with anthropogenic activities (deforestation,
over-cropping, and overgrazing), pose a major threat to the
sustainability of karst ecosystems (Wang et al. 2004). Over
the past few decades, these ecosystems have come under
severe pressure because of land degradation and desertifi-
cation. Disturbance of natural plant communities is the first
visible symptom of desertification, but is often accompa-
nied or preceded by loss of key physicochemical and bio-
logical soil properties (i.e., loss of microbial activity and
communities; Fichtner et al. 2014). The loss of these prop-
erties limits the reestablishment of plants due to their large-
ly determine the soil quality and fertility (Smith and Read
2008). Therefore, desertification reduces diversity of func-
tional microbes, a key ecological factor governing the cy-
cles of major plant nutrients, and limits vegetation restora-
tion. AM fungi and nitrogen-fixing bacteria are important
functional microbes for sustaining soil quality (Smith and
Read 2008). They promote plant establishment and growth
by increasing the supply of nutrients to the plant, particu-
larly phosphorus and nitrogen. Reduction in the potential
to form these functional microbes therefore hinders vege-
tation restoration (Jasper et al. 1989). Many previous stud-
ies reported that AM fungi and nitrogen-fixing bacteria had
close relationship due to their complementary roles in
meeting plant nutritional needs based on the pot experi-
ment (Bauer et al. 2012; Mortimer et al. 2013). However,
few field studies were conducted on the relationship be-
tween these two microorganisms. Thus, more attention
should be paid to changes in AM fungi and nitrogen-
fixing bacterial communities along vegetation restoration
in natural ecosystems.

A previous study by our team indicates that soil fertility
improves from naturally revegetated land to primary forests in
the karst region of southwest China (Chen et al. 2012). Strong
interaction exist between plant diversity and bacterial and fun-
gal diversity during restoration of karst vegetation (He et al.
2008). Therefore, we hypothesized that the abundance of AM
fungi and nitrogen-fixing bacteria increased from the tussock
to the primary forest. Our objectives were as follows: (1) to
investigate the changes of the AM fungus and nitrogen-fixing
bacterial communities from the tussock to the primary forest
and (2) to investigate the relationships among abundance of
AM fungi and nitrogen-fixing bacteria, plant species commu-
nities, and soil properties.

Materials and methods

Study area

The study site is located in Huanjiang County, in the Guangxi
autonomous region of southwest China (107° 51′ to 108° 43’ E,
24° 44′ to 25° 33′N). This region is dominated by a subtropical
mountainous monsoon climate, with a mean annual rainfall of
1389mmand amean annual air temperature of 18.5 °C. Thewet
season, during which 70 % of the annual precipitation occurs,
lasts from April to August (He et al. 2008).

Three typical types of vegetation restoration, namely, tus-
sock, shrub, and secondary forest, in Tongjin Village,
Huanjiang County, Guangxi Autonomous Region,
Southwest China, were selected. The space-for-time substitu-
tion method was used for studying natural vegetation restora-
tion. In order to make the comparability between ecosystems,
ecosystems across which anthropogenic disturbance and the
background of land use history before vegetation recovery
were consistent were selected. The selected tussock, shrub,
and secondary forest were autogenically recovered from farm-
lands that were abandoned 8, 30, and 50 years, respectively.
Moreover, the selected sites had only experienced minimal
anthropogenic disturbance because they were far away from
residential areas. A neighboring primary forest in the Mulun
National Nature Reserve (25° 07′ N, 108° 00′ E), which had
grown over 200 years, was selected as a reference vegetation
type. In total, 12 plots (i.e., three plots × four vegetation
types = 12 plots) were established, and the size of each plot
was 20 × 30m2. The plots of four vegetation types were set up
as close to each other as possible to reduce the effect of geo-
graphical distance on AM fungal and nitrogen-fixing bacterial
diversity, and those microbes were well represented in the
experiment. In addition, all the plots were located in the
mid-slope position and the soil type was dolomite.

Plant survey and soil sampling

All soil samplings and plant survey were conducted in 2012 in
June when plant biomass peaks in this region. Each plot
(20 m × 30 m) was divided into six subplots (10 m × 10 m).
In the secondary forest and primary forest, each subplot was
divided into three layers (arboreal, shrubby, and herbaceous),
whereas the shrub subplots were divided into two layers
(shrubby and herbaceous). For the arboreal layers, all woody
stems with diameter at breast height (DBH) ≥ 2.5 cm were
tallied, identified, and measured to the nearest 0.1 cm. For the
shrubby (stem diameter < 2.5 cm) and herbaceous (herba-
ceous climbing plants and ferns) layers, the fascicles and
height of each plant species were tallied. All plant species
were identified, and the cover, height, and density of each
species were measured.
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From each plot, 15 soil cores (5 cm diameter, 0–15 cm
depth) were collected and then mixed to form one composite
soil sample. This sampling strategy ensured that samples were
representative of each sampling site. Twelve soil samples were
collected from the four vegetation types (i.e., three plots × four
vegetation types = 12 soil samples). Each soil sample was
divided into two subsamples. One subsample (approximately
50 g) was immediately frozen in liquid nitrogen and
transported to the laboratory for molecular analysis. Another
subsample was air-dried for analysis of soil physicochemical
properties.

DNA extraction from soil

Microbial DNA was extracted, in triplicate, from 500 mg of
freeze-dried soil using the sodium dodecyl sulfate-guanidine
isothiocyanate-polyethylene glycol (SDS-GITC-PEG) meth-
od described by Chen et al. (2012). The DNA extracted was
dissolved in 50 μL water, quantified by spectrophotometry,
and stored at −20 °C until further use.

Polymerase chain reaction amplification and terminal
restriction fragment length polymorphism analyses

The composition of the AM fungal and nitrogen-fixing bacterial
communities was estimated by terminal restriction fragment
length polymorphism (T-RFLP) analysis. The extracted DNA
was subjected to nested polymerase chain reaction (PCR) with
the primer sets Geo11F/GeoA2R (first-round primers) and
NS31/AM1 (second-round primers) (Table 1) for amplification
of an 18S ribosomal RNA (rRNA) gene fragment of AM fungi.
The forward primer of second-round primers was labeled at the
5′ end with 6-carboxy-fluorescein (FAM; Invitrogen, China).
The reaction mixture for the first round of PCR (50-μL
volume) contained 25 μL 2× PCR Premix (0.1 U Prime STAR
HS DNA polymerase, 0.5 mM dNTPs; Tiangen, China), 10 pM
each primer, 20 ng genomic DNA, and 19 μLH2O. The cycling

parameters were as follows: 95 °C for 2 min; 35 cycles each of
94 °C for 60 s, 60 °C for 60 s, and 72 °C for 60 s; and 72 °C for
10 min. The first amplification product was diluted with double-
distilled water (1:10) and a 1-μL aliquot of the diluted product
was used as a template for the second round of PCR amplifica-
tion under the same conditions, except that 30, instead of 35,
PCR cycles were performed and the annealing temperature was
64 °C, instead of 60 °C.

The PolF/PolR primer set was used to amplify the nitrogen-
fixing bacterial nifH gene (Table 1). The reaction was per-
formed in a 50-μL volume with 25 μL 2 × PCR Premix
(0.1 U Prime STAR HS DNA polymerase, 0.5 mM dNTPs),
10 pM each primer, 20 ng genomic DNA, and 19 μL H2O.
The cycling parameters were as follows: 95 °C for 2 min;
35 cycles each of 94 °C for 30 s, 55 °C for 60 s, and 72 °C
for 60 s; and a final 10-min extension at 72 °C.

The labeled PCR product was purified using the QIAquick
PCR purification kit (Tiangen Biotech Ltd., China), and quan-
tified using NanoDrop ND-1000 (Thermo Scientific, USA).
The fluorescent labeled products (approximately 200 ng) for
the fungal 18S rRNA gene and the bacterial nifH gene were
digested with HinfI and HaeIII enzymes, respectively. The
digestion products were then analyzed using an automated
sequencer (model 373A; Applied Biosystems, Weiterstadt,
Germany) by Sunny Company (Shanghai, China).

Data comprising T-RFLP profiles were processed using the
Gene Scan analysis software package (version 2.1; Applied
Biosystems). Peak areas of terminal restriction fragments (T-
RFs) that differed by ±2 bp were summed and considered as
one fragment. The relative abundance (RA) of each T-RF was
calculated as described by Lukow et al. (2000) with the fol-
lowing formula: RA = (ni/N) × 100, where ni represents the
peak area of one distinct T-RF and N is the sum of all peak
areas in one sample. Minor peaks, where the relative abun-
dance was 1 %, were regarded as background noise (Lukow
et al. 2000) and were not used in the statistical analysis. Peaks
with RA >5 % were regarded as dominant T-RFs.

Table 1 Primer sequences
Primer Primer sequence (5′–3′) References

Geo11F ACCTTGTTACGACTTTTACTTCC Schwarzott and Schüßler (2001)

GeoA2R CCAGTAGTCATATGCTTGTCTC Schwarzott and Schüßler (2001)

NS31 TTGGAGGGCAAGTCTGGTGCC Santos-González et al. (2007)

AM1 CTTTCCCGTAAGGCGCCGAA Santos-González et al. (2007)

AMV4.5NF AAGCTCGTAGTTGAATTTCG Sato et al. (2005)

AMDGR CCCAACTATCCCTATTAATCAT Sato et al. (2005)

PolF TGCGAYCCSAARGCBGACTC Poly et al. (2001)

PolR ATSGCCATCATYTCRCCGGA Poly et al. (2001)

Forward and reverse primers are indicated by the letters F and R, respectively

Y = C or T; S = C or G; R = A or G; B = C, G, or T
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As Aldrich-Wolfe (2007) and Lekberg et al. (2007) de-
scribed, using database T-RFLP identified AM fungal and
nitrogen-fixing bacterial species: (i) T-RFLP profiles of AM
fungi were determined for our 454 pyrosequencing sequences
submitted to the MG-RAST public database (http://
metagenomics.anl.gov/) under ID 4540338.3. (ii) T-RFLP
profiles of nitrogen-fixing bacteria were determined for 40
nifH sequences in the same region, which have been published
in GenBank under accession numbers KF859859 to
KF859898.

Quantitative analysis of the 18S rRNA and nifH genes

The abundance of the 18S rRNA gene of AM fungi and
the nifH gene of nitrogen-fixing bacteria was determined
by real-time quantitative PCR (qPCR; ABI 7900, Foster
City, CA) with the primer sets AMV4.5NF/AMDGR and
PolF/PolR, respectively. Although AMV4.5NF/AMDGR
can amplify non-AM fungal sequences, we had previously
found that most sequences obtained from 454 pyrose-
quencing with these primers belonged to AM fungi in
our study region.

The qPCR assay was carried out in a volume of 10 μL
containing 5 μL 1× SYBR Premix, 0.2 μM each primer
(Invitrogen, China), ExTaq, 0.2 μL Rox (Takara Bio,
Shiga, Japan), 1 μL DNA template (the DNA had been
diluted to 5 ng DNA μL−1 using sterile water), and 3.4 μL
sterilized water. The cycling conditions for the fungal
gene were as follows: 20 s at 95 °C; 30 cycles each of
95 °C for 10 s, 62 °C for 15 s, and 72 °C for 15 s. The
cycling conditions for the nifH gene was as follows: 20 s
at 95 °C; 5 cycles each of 15 s at 95 °C, 20 s at 64 °C,
and 15 s at 72 °C; and 35 cycles each of 15 s at 95 °C,
25 s at 60 °C, and 15 s at 72 °C. The qPCR was per-
formed using an ABI Prism 9700 Real-Time PCR System
(PerkinElmer, Applied Biosystems, USA). Four technical
replicates were used for each sample.

A standard curve ranging from 102 to 108 fungal or
bacterial copies per microliter was generated using 10-
fold serial dilutions of a plasmid (1010 copies μl−1). The
plasmid contained a partial fragment of fungal 18S rRNA
gene from Glomus sp. M20 (EU332717) and bacterial nifH
gene from Bradyrhizobium sp. ISA1601 (KF859886), re-
spectively. The reactions for standard curve samples, neg-
ative controls without template DNA, and soil DNA sam-
ples were performed in a single 384-well plate. The effi-
ciency of the reaction was 98 and 103 % for 18S rRNA and
the nifH gene, respectively. The R2 value for the two stan-
dard curves was 0.99. One sharp peak was observed for the
two standard curves. Data analysis was performed auto-
matically using the SDS 2.3 software included with the
real-time PCR system.

Soil physicochemical properties

Total nitrogen (TN), available phosphorus (P), soil organic
carbon (SOC), and pH were measured. Soil pH was deter-
mined with a soil/water ratio of 1:2.5 (w/v) using a pH meter
(Delta 320; Mettler-Toledo Instruments Ltd., China).
Available P was extracted with 0.5 M sodium bicarbonate
and analyzed using the Mo–Sb colorimetric method Colwell
(1963). SOC was measured using K2Cr2O7–H2SO4 oxida-
tion–reduction titration, and TN was determined by the
Kjeldahl method (Bremner, 1965).

Statistical analyses

Statistical analyses were performed using SPSS 19.0 for
Windows (SPSS Inc., Chicago, IL). Differences at
p < 0.05 were considered statistically significant based
on the least significant difference (LSD) test. Data that
were not normally distributed were log(x+1)-transformed.
Pearson correlation analysis was used to assess the rela-
tionship between microbial abundance and environmental
factors. Bray-Curtis distance matrices were used to calcu-
late the similarity in the plant communities between any
two ecosystems by using the R software (Version 2.11.1).
Redundancy analysis (RDA) was applied to visualize the
effects of soil physicochemical characteristics and plant
diversity on microbial community composition and was
conducted with CANOCO 4.5 (Microcomputer Power,
Inc., Ithaca, NY). Before the RDA, detrended correspon-
dence analysis (DCA; gradient length < 3) was performed
to confirm that the linear ordination method was appro-
priate for analyzing the T-RFLP data. Monte Carlo per-
mutation tests were also used to compute statistical
significance.

Results

Plant diversity and soil properties

Bray-Curtis cluster analysis indicated that the plant communi-
ty compositions clearly differed between the four vegetation
types (Fig. 3a). The dominant species in the tussock were
Miscanthus floridulus, Humata henryana, and Microstegium
nodosum. The dominant species in the shrubby layer of the
shrub were Loropetalum chinense, Pittosporum tonkinense,
and Vitex negundo. The dominant species in the tree layer of
the secondary forest were Cyclobalanopsis glauca,
Beilschmiedia fordii, and Litsea coreana. The dominant spe-
cies in the tree layer of the primary forest were Cleidion
bracteosum, Cryptocarya chingii, and Miliusa chunii
(Table 2). The plant richness increased from the tussock and
shrub to the forest (secondary and primary forests; Table 2).
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The soil organic carbon, available phosphorus, and total
nitrogen levels increased from the tussock to the primary for-
est (Table 2). Soil pH was highest in the shrub and lowest in
the tussock (Table 2). The clay content was lower and the silt
and sand content was higher in the primary forest than in the
other three vegetation types (Table 2).

Abundance of AM fungi and nitrogen-fixing bacteria

The abundance of AM fungi and nitrogen-fixing bacteria
(number of copies) in four vegetation types ranged from
3.33E + 6 to 6.55 E + 6 copies per gram dry soil and
6.29E + 5 to 8.00 E + 6 copies per gram dry soil, respectively
(Fig. 1). These microbial abundances were significantly dif-
ferent among vegetation types (p < 0.05) and increased from
the tussock to the primary forest.

Composition and structure of AM fungal
and nitrogen-fixing bacterial communities

A total of seven T-RFs in the T-RFLP profiles were used to
analyze the AM fungal community composition and structure
in four vegetation types (Fig. 2a); four, six, four and four T-RFs
were found for AM fungi from the tussock, shrub, secondary
forest, and primary forest, respectively. Three T-RFs (138, 189,
and 300 bp in length) were predominant in four vegetation types
and accounted for 80 % of all T-RFs. There was significant
variation among the plant species in seven AM fungal T-RFs
(Fig. 2a). Although there are limitations to extrapolating species
identities from T-RFs, the dominant 138-, 189-, and 300-bp T-
RFs were most closely related to Glomus sp. M20, Glomus sp.
MUCL, and uncultured Glomus, respectively.

We obtained 14 T-RFs for nitrogen-fixing bacteria
(Fig. 2b); of these, 9, 11, 11, and 7 were found for the tussock,

Table 2 Soil physicochemical properties, plant diversity, and dominant plant species in four vegetation types (LSD ≤ 0.05; n = 3)

Vegetation type TK SB SF PF F value P value

AP (mg kg−1) 2.61 ± 0.56d 6.36 ± 0.57c 7.84 ± 0.58b 11.51 ± 0.59a 5.412 0.025

SOC (g kg−1) 28.72 ± 1.65c 58.53 ± 2.10b 89.20 ± 0.52a 87.02 ± 16.02a 5.734 0.022

pH 6.74 ± 0.11c 7.8 ± 0.01a 7.28 ± 0.17b 7.32 ± 0.24b 7.514 0.010

TN (g kg−1) 2.37 ± 0.11b 3.51 ± 0.10b 8.19 ± 2.27a 9.37 ± 1.96a 5.262 0.027

Clay (%) 39.35 ± 2.56a 35.27 ± 3.24a 38.03 ± 1.01a 14.40 ± 3.25b 20.054 0.001

Silt (%) 52.56 ± 1.13b 56.41 ± 1.96ab 53.70 ± 1.32b 62.39 ± 3.24a 4.417 0.041

Sand (%) 8.09 ± 3.06b 8.32 ± 1.29b 8.27 ± 2.11b 23.21 ± 5.93a 4.430 0.041

Ra 22 ± 3bc 42 ± 6b 87 ± 18a 69 ± 5ab 9.211 0.006

Miscanthus floridulus Loropetalum chinense Cyclobalanopsis glauca Cleidion bracteosum – –

Dominant species Humata henryana Pittosporum tonkinense Beilschmiedia fordii Cryptocarya chingii – –

Microstegium nodosum Vitex negundo Litsea coreana Miliusa chunii – –

Values are the means of three replicates with associated standard errors; Means in a row with the same letter are not significantly different at p < 0.05
(LSD)

TK tussock, SB shrub, SF secondary forest, PF primary forest, AP available phosphorus, SOC soil organic carbon, TN total nitrogen
bR indicates plant richness

Fig. 1 Copy numbers for AM
fungi and nitrogen-fixing bacteria
among four vegetation types.
Different letters indicate
significant differences between
ecosystems by the LSD test
(P < 0.05). Bars indicate SE
(n = 3)
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shrub, secondary forest, and primary forest, respectively.
Three predominant T-RFs (66, 157, and 180 bp) accounted
for 55 % of the nitrogen-fixing bacterial T-RFs in the four
vegetation types. A total of 11 T-RFs of nitrogen-fixing bac-
teria differed among these soils. Our analyses indicated that
the dominant 75-, 157-, and 180-bp T-RFs were most closely
rela ted to Bradyrhizobium sp. CCBAU 101065,
Bradyrhizobium sp. ISA1601, and Bradyrhizobium
japonicum, respectively.

Relationships among plant diversity, soil properties,
and diversity of AM fungi and nitrogen-fixing bacteria

Bray-Curtis cluster analysis indicated that the composition of
the communities of AM fungi and the nitrogen-fixing bacteria
significantly differed between vegetation types (Fig. 3b, c).
The AM fungal community composition in the tussock, shrub,
and secondary forest differed from those in primary forest
(Fig. 3b). The nitrogen-fixing bacterial community composi-
tion in the shrub and secondary forest differed from those in
the tussock and primary (Fig. 3c).

RDA of the T-RFLP data showed that plant richness and
pH were significantly correlated with AM fungal (F = 4.901,
p = 0.004) and nitrogen-fixing bacterial (F = 2.08, p = 0.048)
community composition, respectively. The available phos-
phorus, soil organic carbon, and total nitrogen content and
plant richness were positively correlated with the abundance
of AM fungi and nitrogen-fixing bacteria (p < 0.05, Table 3).
The abundance of AM fungi correlated well with that of
nitrogen-fixing bacteria (p < 0.001, Table 3).

Discussion

Changes in the abundance of AM fungal
and nitrogen-fixing bacterial communities
along vegetation restoration

In this study, we found a concurrent increase in the abundance
of AM fungi and nitrogen-fixing bacteria (Fig. 1), supporting
the close relationship of AM fungi and nitrogen-fixing bacte-
ria (Smith et al. 2003).Their combined effects on plant growth
may explain the concurrent increase. Thus, a concurrent in-
crease in the abundance of these two microorganisms is im-
portant to vegetation restoration in karst regions. Additionally,
compared with results from other ecosystems (Reardon et al.
2014), nifH gene abundance (Fig. 1) was slightly higher in our
study site, lending credence to the suggestion that nitrogen-
fixing bacteria contribute more to nitrogen input in karst eco-
systems. Therefore, reduction in the potential to form AM
fungi and nitrogen-fixing bacteria would hinder vegetation
restoration in karst regions.

Effects of plant communities and soil properties on AM
fungal communities at different stages of vegetation
restoration

AM fungi can improve soil nutrient content, thus promoting
plant growth, and their colonization often decreases with in-
crease in plant available nutrient content (Bhadalung et al.
2005; Zangaro et al. 2013). However, a positive correlation
was observed between soil nutrient content and soil AM fun-
gal abundance from the tussock to the primary forest in our

Fig. 2 Average relative abundance of AM fungi (a) and nitrogen-fixing
bacteria (b). Terminal restriction fragments (T-RFs) among four
vegetation types, as determined by endonuclease digestion with HinfI
(fungi) and HaeIII (bacteria). The relative abundance of T-RFs is given
as a percentage of the total peak area.Fragment sizes in the graph indicate

the size of the experimental T-RFs. Bars indicate SE (n = 3). A total of six
T-RFs (94, 105, 134, 158, 189, and 300) of AM fungi varied significantly
among the plant species. A total of 10 T-RFs (54, 62, 72, 80, 93, 97, 110,
184, 312, and 315 bp) of nitrogen-fixing bacteria significantly differed
among the four vegetation types
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study (Table 3). Several explanations are possible for this pos-
itive correlation. First, the soil nutrient content in the karst
region may not have been lower than the threshold that leads
to reduced AM fungal abundance (Smith and Read 2008).
Second, other characteristics, such as soil structure, may alter
how soil nutrients affect AM fungal abundance (Caravaca
et al. 2005). Moreover, plant richness is also an important
factor influencing AM fungal abundance (Antoninka et al.
2011; Hiiesalu et al. 2014). The observed increasing plant
richness could have increased AM fungal abundance in our
case (Table 2; Fig. 1), associating with the previous report by
Landis et al. (2004). The increased plant richness increases
microclimatic variability and habitat complexity such as soil
structure and root architecture (Waldrop et al. 2006), thus
influencing fungal abundance.

Glomerales dominated in all four vegetation types. This
order is also dominant in many forest ecosystems from other
regions (Aguilar-Fernández et al. 2009; Leal et al. 2013).
Glomerales can colonize from fragments of mycelium or my-
corrhizal roots (Daniell et al. 2001) and can better adapt to a
range of environments (Avio et al., 2006; Lumini et al. 2010),
including those in karst regions. These characteristics may
partially explain the high abundance of these species relative
to that of species from other orders in the ecosystems.

The AM fungal and plant community composition signif-
icantly differed between vegetation types (Fig. 3a, b). These
differences might be related to the AM fungi with host-species
specificity (Davison et al. 2011; Pagano et al. 2013). Plant
species have selective and stable cooperative relationships
with AM fungal species (Kiers et al. 2011). Specificity of
AM fungus–plant interactions may occur more often in rela-
tion to ecological group plants than in relation to individual
plant species (Öpik et al. 2009; Scheublin et al. 2004). Old
forest plants have infrequent AM fungi, leading to different
composition with young forest plants (Davison et al. 2011).
This finding was further supported by our result, which

�Fig. 3 Bray-Curtis distance matrices comparisons of plants (a), AM
fungi (b), and nitrogen-fixing bacteria (c) among the four vegetation
types. TK, SB, SF, and PF represent tussock, shrub, secondary forest,
and primary forest, respectively

Table 3 Partial correlations between soil physicochemical properties,
plant diversity, and AM fungal and nitrogen-fixing bacterial diversity in
four vegetation types (n = 3)

AP SOC TN Plant R AMF abundance

AMF abundance 0.712a 0.671b 0.783a 0.637b –

NFB abundance 0.627b 0.834a 0.768a 0.748a 0.663b

AP available phosphorus, SOC soil organic carbon, TN total nitrogen,
Plant R plant richness index, NFB nitrogen-fixing bacteria
a Correlation is significant at the 0.01 level (two-tailed)
b Correlation is significant at the 0.05 level (two-tailed)
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showed that the community composition of AM fungi in pri-
mary forest sites was significantly different from those in other
vegetation sites (tussock, shrub, and secondary forest;
Fig. 3a). This indicated a synergy between the aboveground
plant community and the belowground AM fungal communi-
ty during vegetation restoration. In addition, significant differ-
ences of the soil clay and sand percentage between the prima-
ry forest and other three vegetation types could have an im-
portant impact on AM fungal communities (Table 2; Fig. 3b).
This result was in agreement with the previous study by Xiang
et al. (2014). Similarly, plant richness also had an excellent
effect on the AM fungal community composition. The higher
AM fungal richness observed in sites with higher plant rich-
ness suggested that decrease in plant richness could decrease
AM fungal richness (Pagano et al. 2011, 2013; Vogelsang
et al. 2006). Thus, AM fungi play a vital role in vegetation
restoration in the karst region.

Effects of plant communities and soil properties
on nitrogen-fixing bacterial communities at different
stages of vegetation restoration

The increasing abundance of nitrogen-fixing bacteria
paralleled an increase in soil nutrient content from the tussock
to the primary forest. Soil nutrients are known to be a key
parameter influencing nitrogen-fixing bacterial communities
(van der Heijden et al. 2006). As nitrogen fixation is an
energy-consuming process, it may tend to increase with in-
crease in energy inputs, supporting the trend of higher abun-
dance in the later vegetation restoration stages. Soil nutrient
status (mineral nitrogen) also changes with plant litter inputs,
with higher amounts of soil nutrients seen in later vegetation
restoration stages. This enhanced soil nutrient content also
leads to a high increase in nifH gene abundance (Mergel
et al. 2001).

Bradyrhizobium was found to be dominant across four
vegetation types in the present study, as previously reported
in terrestrial (Mirza et al. 2014), and marine environments
(Gobet et al. 2012). Bradyrhizobium is known as a symbiotic
N fixer. However, there is an increasing understanding that
this organism may also play a key metabolic role as a soil
saprophyte, which can colonize soil and the rhizosphere in
the presence or absence of plants (Chatel et al. 1968). The
fields we investigated from the tussock to the primary forest
included leguminous and non-leguminous plants (Table S1). It
is highly likely that the Bradyrhizobium types found have
wide niches and are excellent survivors across diverse
conditions.

The variation in the composition of the nitrogen-fixing
bacterial community paralleled the changes in soil properties
from the tussock to the primary forest in the present study.
Thus, our results indicated an interaction between plant spe-
cies and soil properties with respect to effects on the

community. Among the soil properties, soil pH was identified
as the main driver of the composition of this community, as
previously reported in a grassland ecosystem (Aliasgharzad
et al. 2010). Soil pH affects the microbial community mainly
by influencing soil nutrient availability (Zhalnina et al. 2015).
Some taxa were susceptible to soil pH and the composition of
the nitrogen-fixing bacterial community shifted in a narrow
range of soil pH in our present study. In addition, plant species
affect the composition of the soil microbial community mainly
through root exudation (Dilworth et al. 2008). Thus, differ-
ences among plant species, such as the physiological status,
which influences soil properties (Ehrenfeld et al. 2005; Lugo
et al. 2015), might lead to differences in nitrogen-fixing bac-
teria associated with those species.

In conclusion, we demonstrated that the AM fungal and
nitrogen-fixing bacterial communities had high resilience
when experiencing a change from the tussock to the primary
forest in the karst region. The abundance of AM fungi and
nitrogen-fixing bacteria increased from the tussock to the pri-
mary forest. The abundance of both communities was posi-
tively correlated with available phosphorus, total nitrogen,
and soil organic carbon levels and plant richness (p < 0.05).
Therefore, AM fungi and nitrogen-fixing bacteria can be an
indicator of vegetation restoration processes in the karst re-
gion. It is necessary to focus on these communities if protec-
tion and restoration of the karst region is to be effective. A
high abundance of AM fungi was found to be associated with
a high abundance of nitrogen-fixing bacteria under natural
conditions. Therefore, in the further studies, more attention
should be paid to links between AM fungi and nitrogen-
fixing bacteria under natural conditions.
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