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Abstract

Plant growth-promoting rhizobacteria (PGPR) are considered environmentally sound option to reduce chemical fertilizer inputs,
improve soil quality and increase crop yields. The objective of this study was to isolate an effective PGPR strain and investigate
its effects on soybean growth and soil bacterial community composition. A total of 163 bacterial isolates were obtained from
rhizospheres of plants in four provinces of China. According to capacities for mineral potassium and phosphate solubilization,
the best strain (designated 3016) was selected and identified as Paenibacillus mucilaginosus based on biochemical
characterization and phylogenetic analysis. Moreover, strain 3016 showed a higher capacity for nitrogen fixation and
phytohormone production than commercial strains. In a field experiment, P. mucilaginosus 3016 was used as an inoculant for
seed dressing survived in the soybean rhizosphere as revealed by a species-specific PCR method. Inoculation significantly
improved symbiotic nodulation, soybean growth parameters, nutrient contents and yields. The number of nodules was increased
by 31.8% for the inoculation treatment compared with CK. Soybean height, pods and seeds per plant and dry weight of nodules
were also significantly higher for the inoculation, as well as nutrient contents. Regarding yields, the highest of 3191.4 kg hm™
was obtained under inoculation regime. Moreover, numerous bacterial classes and genera, which were associated with
symbiotic nitrogen-fixation, plant growth promotion, biological control and soil catalase activity improvement, were also
overrepresented in the inoculation treatment. Some taxa with negative impacts on soil quality decreased. In conclusion,
inoculation with P. mucilaginosus 3016 had beneficial effects on both soybean growth and soil quality, and is a potential
candidate for developing commercial inoculants of PGPR to be used as a bio-fertilizer. © 2018 Friends Science Publishers
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Introduction

Potassium (K) and phosphorus (P) are major macronutrients
essential for plant growth and are abundant in soil (Watanabe
et al., 2015). However, the levels of available K (AK) and
available P (AP) in soil has dropped significantly and are
often present mainly as minerals, rocks and other deposits,
which are not directly available to plants (Basak and Biswas,
2012; Hamilton et al., 2017). Supplementation of AK and
AP in soil principally depends on chemical fertilizer inputs;
however, AK is easily lost by leaching, runoff and erosion
(Sheng and He, 2006), and much of the inorganic P is rapidly
converted into unavailable forms of low solubility (Singh
and Kapoor, 1998). Additionally, intensive use of chemical
fertilizers has resulted in considerable environmental
pollution and soil salinization (Liu et al., 2016).

Microbial inoculants used as bio-fertilizers have been
investigated in attempts to reduce chemical inputs, to
improve soil quality and sustainability, and to increase crop

production (Li et al., 2007; Nosratabad et al., 2017). For
many years, plant growth-promoting rhizobacteria (PGPR)
have been widely used as commercial inoculants and have
proven to be environmentally sound options for increasing
crop yields through various mechanisms, including K and P
solubilization, nitrogen (N) fixation, plant hormone
production, pathogen suppression, resistance to abiotic
stresses and reducing ethylene concentration in the
rhizosphere (Nosheen et al., 2016; Khosravi and Zarei, 2017,
Stamenov et al., 2018). However, some PGPR strains in bio-
fertilizers are senescent, degenerative and cultivar specific
(Figueiredo et al., 2010), which results in inconsistent
product quality and effects. Moreover, the search for
effective and functional strains has not kept step with their
production and application, which may restrict future
development. Therefore, it is important to search for
multifunctional PGPR strains associated with a large range
of plant species (Gao et al., 2015). In addition, after being
inoculated, the PGPR strains need to cope with the challenge
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of living environment changes and interactions with local
microbial communities (Gomez et al., 2010). The survivals
of strains in rhizosphere soil are crucial for their application
effects. In this work, we have selected and characterized a
new Paenibacillus isolate based on its potential to favor K-
and P-solubilization and N fixation in vitro. Additional traits
related to bio-stimulation were further examined in this
rhizobacterium and its survival in rhizosphere soil was
investigated. A field experiment was conducted in order to
evaluate its positive impact on soybean growth and soil
bacterial community structure under inoculation conditions.

Materials and Methods
Isolation of K- and P-solubilizing Bacteria

The K- and P-solubilizing bacterial strains were isolated
from rhizosphere soil of peanut, cotton, tobacco and lettuce,
in Shandong, Shanxi, Sichuan and Gansu Provinces, China.
Plants with roots were pulled out of soil and shaken lightly.
The soil adhering to roots was carefully collected as a
rhizosphere sample. Each sample (5 g) was added into 50
mL of sterile water and shaken at 200 rpm for 30 min. The
appropriate dilution was plated onto Aleksandrov agar
medium (Hu et al., 2010) plates with a modification of
potassium-feldspar powder (<100 mesh) and tricalcium
phosphate [Caz(PO,),] as the sole K and P sources. Plates
were incubated at 30°C for 5-7 d until a single colony
appeared. Colonies that showed large clear zones of K- and
P-solubilization were screened and this resulted in a total of
163 isolates with potential K-and P-solubilization capacity.

Quantitative estimations were performed in a flask
containing 50 mL of modified Aleksandrov medium
[potassium-feldspar powder and Cas(PO,), as sole K and P
sources, 1% wi/v], which was then inoculated with each
isolate (10%, v/v) in triplicate. Paenibacillus mucilaginosus
AS1.153 strain (formerly named Bacillus mucilaginosus),
widely used as an inoculant of K bio-fertilizer in China (Hu
et al., 2006), was the reference strain. The un-inoculated
modified Aleksandrov medium served as a control (Control-
1). After incubation in a shaker (200 rpm) at 30°C for 7 d, the
culture solution was spun down at 10,000 g for 5 min. The
soluble P in the supernatant was measured using a UV-
visible spectrophotometer 2550 (Shimadzu, Tokyo, Japan)
according to Fankem et al. (2006), and K concentration was
assayed using an atomic absorption spectrophotometer AA-
6300 (Shimadzu, Tokyo, Japan) as documented by Monib et
al. (1984). Each treatment was performed in triplicate. A
bacterial strain designated 3016, which showed the best
capacity for K-and P-solubilization, was obtained and kept
on Aleksandrov medium at 4°C for further study.

Determination of N-fixation Capability

Three methods were used to assay the N-fixation capability
of strain 3016: nitrogenase activity, *°N natural abundance
method and assessment of N concentration in liquid culture.
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The reference strain was made with Azotobacter
chroococcum ACCC11103, which is widely used in bio-
fertilizers as an N-fixing bacterium. The un-inoculated
medium served as a control (Control-2). Each treatment had
three replicates. For comparison with the reference strain,
two media were used: Aleksandrov and ACCC55 N-free
media (Gao et al., 2013).

Nitrogenase activities of strains were determined by
acetylene reduction assay according to Piromyou et al.
(2011). Strains were inoculated into 10-mL capped test tubes
containing 2 mL of liquid medium. Acetylene gas was
injected at a final concentration of 10% (v/v). After
incubation at 30 °C for 72 h, ethylene content was measured
by gas chromatograph Agilent 6850 (Wilmington, DE,
USA). The N concentration in liquid culture was also
determined. The strains were inoculated into flasks
containing 50 mL of medium (10%, v/v) and incubated in a
shaker (200 rpm) at 30°C for 7 d. The N concentration in
liquid culture was assayed using the Kjeldahl method
(Chromy et al., 2015). The N natural abundance method
was used to confirm the N-fixing capability. The strains were
inoculated into 100-mL anaerobic bottles containing 20 mL
of medium. The °N, gas was injected at a final concentration
of 10% (v/v); the bottles were then sealed and shaken at 200
rpm for 5 d at 30°C. The culture solutions were centrifuged at
10,000 g for 30 min to collect the bacteria. The °N natural
abundance was measured using a Finnigan MAT Delta S
mass spectrometer (Bremen, Germany) coupled to an
elemental analyzer (Vernaison, France), according to Galiana
etal. (2002).

Quantification of Phytohormone Production

Strain 3016 was inoculated into 20 mL of Aleksandrov
medium and incubated at 30°C for 7 d. The culture solution
was spun down at 10,000 g for 5 min. Three representative
phytohormones — indole-3-acetic acid (IAA), abscisic acid
(ABA) and gibberellic acid (GAz) — were determined by
liquid chromatography—tandem mass spectrometry (Agilent)
according to Hou et al. (2008) and Masciarelli et al. (2014).

Identification of Strain 3016

Strain 3016 was characterized based on physiological and
biochemical tests, including methyl red test, Voges—
Proskauer reactions, nitrate reduction, milk peptonization
and enzymatic activities (Claus and Berkeley, 1986). In
addition, phylogenetic analyses of 16S rRNA and gyrB
genes were performed. DNA was extracted according to
Prakamhang et al. (2009). The 16S rRNA and gyrB genes
were amplified as recommended by Ovreas et al. (1997) and
Hu et al. (2010), respectively. After purification of PCR
products, the nucleotide sequences were determined
commercially by Sangon Biotech (Shanghai, China) and
deposited in GenBank database (JF810849 and JF810824,
respectively). The acquired sequences were then compared
with the most closely related sequences in GenBank using
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BLAST. Phylogenetic trees were reconstructed using MEGA
5.1 (Saitou and Nei, 1987).

Preparation of Soybean Seed Dressing and Experimental
Design

In the field experiment, strain 3016 was used as inoculant for
seed dressing. Pure bacterial culture of strain 3016, grown in
solid ACCC55 medium in Roux flask at 30°C for 5 d, were
gently scraped from the surface of medium using sterile water
and a bamboo stick, and then immediately adf'usted to an
approximate concentration of 5 x 108 CFU mL™ of bacterial
suspension. In the process of seed dressing, each 100 g of
soybean seeds was inoculated using 10 mL of bacterial
suspension and dried in the shade for immediate use.

The field experiment with a wheat-soybean crop
rotation was established in Tai’an City, Shandong Province,
China (35°96'N, 117°02'E) in 2013. Samples were collected
from two treatments: seed without inoculant (CK) and seed
dressing with strain 3016 (inoculation). There were three
replicate plots per treatment. Each field plot was 15 m* and
surrounded by a 1-m wide unplanted buffer zone to
minimize possible influence from adjacent plots. Soybean
was planted at a rate of 250 seeds per plot with four rows
spaced 0.6 m apart. The experiment field was managed in the
manner usual for this region.

Sampling, Soybean Growth Parameters and Soil
Chemical Properties

At the flower and legume stage, taproot nodules were
collected from soybean seedlings in each plot. The quantity
and dry weight of nodules per plant were measured. At the
soybean mature stage, soybean height and numbers of
branches, pods, empty pods and seeds per plant were
recorded. After harvest, nutrient contents in soybean seeds
and stems were assessed and soybean yields were
determined. For use in determining nutrient contents, stem
and seed samples were dried at 70°C for 48 h and finely
ground. The N, P and K concentrations were determined
using Kjeldahl, sodium carbonate fusion and sodium
hydroxide molten flame photometric methods, respectively.

Rhizosphere soils were collected after harvest in 2016.
Eight soybean plants and their roots were removed from the
middle of each plot and shaken gently. The remaining
adhering soil was carefully collected and mixed thoroughly
as a single rhizosphere sample. Each soil sample was divided
into two parts: one for soil microbial community analysis
and one for soil chemical properties. Soil pH, organic matter
(OM), available N (AN), AP and AK were determined after
drying at room temperature and sieving through a 2.0 mm
sieve, according to previously documented methods
(Strickland and Sollins, 1987; Hart et al., 1994; Hadas and
Portnoy, 1997).

Survival of Strain 3016 in Soybean Rhizosphere

A species-specific PCR detection technique, previously
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developed for rapid identification of P. mucilaginosus from
either bacterial strains or complex soil samples (Wang et al.,
2011; Ma et al., 2014), was used to confirm the survival of
strain 3016 in rhizosphere soil after inoculation. The three
rhizosphere soil samples of CK and inoculation treatments
were mixed, separately. Soil DNA was extracted using a
MOBIO PowerSoil DNA Isolation Kit (Carlsbad, CA,
USA). A 10-fold dilution series was made, and used as
templates for PCR. The PCR protocol used a species-specific
primer pair, orf06701-F (5'-ATG GAG GAA ACA TGG
GGT GA-3") and orf06701-R (5-TCA GGA ATG AAG
GCC CCC TT-3'), that specifically amplified a 333-bp
amplicon from P. mucilaginosus (Wang et al., 2011).
Comparison of the same dilution level was carried out to
estimate the survival of strain 3016 in soybean rhizosphere.

Impacts on Soil Bacterial Community Composition

Soil bacterial communities for different treatments were
evaluated using a high-throughput sequencing approach.
Total soil DNA was extracted, and for each soil sample, six
replicate extractions were combined to obtain sufficient and
homogeneous DNA (Ding et al, 2016). The DNA
concentration and quality were evaluated and the V4 region
of the 16S rRNA gene sequence was amplified using the
515F/806R primer set (Peiffer et al., 2013). [llumina MiSeq
Sequencing was carried out according to Caporaso et al.
(2012). The sequences were accessed in NCBI database with
the number SRX2248212. The gPCR detection system
Applied Biosystems 7500 (Foster City, CA, USA) was used
to quantify the abundance of 16S rRNA gene with the
515F/806R primer set. The reaction mixture and
amplification conditions were performed as recommended
by Lauber et al. (2013).

Bioinformatics and Statistical Analyses

The pyrosequencing reads and chimeric sequences were
processed using Mothur v1.32 (Schloss et al., 2011) and
USEARCH software (Edgar et al., 2011), respectively.
Operational taxonomic units were identified using a cut-off
of 97% similarity. Alpha diversity analyses (including the
Shannon and Simpson indices, ACE and Chaol) were
calculated using Mothur (v1.32). Analysis of variance was
performed on all experimental data using SPSS (V.19). In all
tests, P < 0.05 was considered significant, according to
Tukey’s multiple comparison.

Results

Selection and Characterization of a Paenibacillus Isolate
by Virtue of Plant Growth-Promoting Characters

Based on in vitro tests, a strain (designated 3016) displaying
good performance for N fixation as well as for K- and P-
solubilization was selected from a collection of 163 isolates
collected from the rhizosphere of plants in four provinces in
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China. The concentrations of K and P in liquid culture
inoculated with strain 3016 were significantly higher than for
the control and commercial strain P. mucilaginosus AS1.153
used as reference (Table 1). The N-fixation activities of
strain 3016 are detailed in Table 2. The N concentrations in
the culture of strain 3016 on Aleksandrov medium and
ACCC55 medium were both significantly higher than that of
the control. Moreover, N abundances in both media
inoculated with strain 3016 were 15.45 and 36.95% higher
than the control, respectively providing strong evidence of N
fixation by strain 3016. However, no nitrogenase activity
was detected for strain 3016 under laboratory conditions, but
A. chroococcum ACCC11103 showed positive nitrogenase
activity (8.64 and 891 nmol C,H, mg™ protein h?,
respectively) in both media. In addition, strain 3016
produced 1AA, ABA and GA; contents of 25.65, 0.12 and
3.82 pg mL ™, respectively, indicating positive plant growth-
promoting characteristics.

Phenotypic and biochemical analyses, as well as the
phylogeny of 16S rRNA and gyrB genes, were applied to
preliminarily identify strain 3016. It could utilize D-glucose,
mannitol, lactose, sucrose, fucose, inositol, maltose and
ribose as sole carbon sources, but not sorbitol, galactose,
fructose, arabinose, D-raffinose, D-xylose and cellobiose.
The methyl red test, Voges—Proskauer reaction and nitrate
reduction gave negative results; and litmus fading and milk
peptonization were positive. There were positive results for
activities of amylase, alkaline phosphatase, lecithin
hydrolase, pyrazinamidase and catalase, but negative results
for lipase, urase, acetate, oxidase and phenylalanine
deaminase. In addition, phylogenetic analysis of 16S rRNA
placed strain 3016 within genus Paenibacillus, and it
clustered with P. mucilaginosus STRAIN VKPM B-7519" in
a defined group with a similarity of 98.0%. Furthermore, an
approximately 1200-bp gyrB gene was amplified and
sequenced. A phylogenetic tree (Fig. 1) indicated that strain
3016 clustered with P. mucilaginosus STRAIN VKPM B-
7519" in a defined group with over 97.9% sequence
similarity, confirming the results of phylogenetic analysis of
16S rRNA. Thus, strain 3016 was preliminarily identified as
P. mucilaginosus 3016, based on physiological and
biochemical characterizations and phylogenetic analyses.

Survival of Strain 3016 in Soybean Rhizosphere

The survival of strain 3016 in the soybean rhizosphere was
revealed by a species-specific PCR method. The PCR
products of rhizosphere soil samples for two treatments are
shown in Fig. 2. An expected 333-bp band was successfully
amplified from 10°, 10%, 10% and 10° dilutions of DNA
extracted from the inoculation treatment, with negative
results for 10* and 10° dilutions. The expected band was also
observed in 10° dilution of DNA extracted under CK
treatment, but not in 10" dilution. These results indicated that
P. mucilaginosus strains were overrepresented for
inoculation treatment compared with CK, due to the survival
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Fig. 1: Phylogenetic tree based on comparative analysis of
the gyrB gene sequence. Escherichia coli ATCC 117757
was used as the outgroup. Bootstrap values (%) are
indicated at the nodes. The scale bars represent 0.2
substitutions per site
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Fig. 2: Amplification products of serial dilutions of
rhizosphere soil samples for two treatments. Lanes T1-T6:
10°,10", 10 10°% 10*and 10°dilution of DNA extracted under
inoculation treatment, respectively; lanes CK1 and CK2: 10°
and 10" dilution of DNA extracted under CK treatment,
respectively. Lane M: 2-Log ladder marker, 0.1-10 kb

of P. mucilaginosus 3016 in the soybean rhizosphere.

Positive Effects of Strain 3016 on Soybean Growth and
Yield in the Field Experiment

The plant growth-promoting potential of strain 3016 was
further tested under field conditions. The field experiment
has been in operation for 4 years and strain 3016 was used as
an inoculant for seed dressing. Soybean growth parameters at
different growth stages as well as yields are shown in Table
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Table 1: Quantitative estimations of soluble K and P in liquid culture for strain 3016 and the reference strain

Strain K concentration in culture (mg L™) P concentration in culture (mg L™)
Control-1 1.71+0.11a 2.50+0.16 a

AS1.153 4.15+0.10b 6.36x0.22 b

3016 6.01+0.12 ¢ 10.17+0.17 ¢

Values are means + standard deviations (n = 3). Values within the same column followed by different letters indicate significant differences (P < 0.05)

according to Tukey’s multiple comparison

Strain: Control-1, the un-inoculated Aleksandrov medium; AS1.153, Aleksandrov medium inoculated with P. mucilaginosus AS1.153; 3016, Aleksandrov

medium inoculated with strain 3016

Table 2: N-fixation capacities of strain 3016 and the reference strain

Strain N concentration in culture (%) N® natural abundance (%) Nitrogenase activity/nmol(C,H,) (mg™ h?)
Medium 1 Medium 2 Medium 1 Medium 2 Medium 1 Medium 2

Control-2 0.44+0.01a 0.46+0.02 a 0.3676+0.0021 a 0.3691+0.0018 a Null Null

ACCC11103 0.62+0.03 ¢ 0.63+0.02 ¢ 0.4418+0.0086 ¢ 0.5724+0.0099 ¢ 8.64+0.55 8.91+0.41

3016 0.49+0.01 b 0.51+0.01 b 0.4244+0.0066 b 0.5055+0.017 b Null Null

Values are means + standard deviations (n = 3). Values within the same column followed by different letters indicate significant differences (P < 0.05)

according to Tukey’s multiple comparison

Strain: Control-2, the un-inoculated medium; ACCC11103, medium inoculated with A. chroococcum ACCC11103; 3016, medium inoculated with strain

3016
Medium 1: Aleksandrov medium; Medium 2: ACCC55 medium

Table 3: Soybean growth characteristics and yields for different treatments

Treatment Height Branches/plant Pods/plant  Empty pods/ Seeds/plant Weight of 1000-  Nodules/plant Dry weight of Yields (kg hm™)
(cm) plant seed (9) nodules/plant (g)

CK 69.9t14a 4.1+0.6a 433+3.1a 34+09a 100.5+3.6a 238.4+18a 164.8+9.5a 0.57+0.03 a 2846.3+114.5a

Inoculation 72.5+1.0a 4.7+0.6a 59.7+15b 2.8+0.3a 113.7+4.5b 239.5+2.6 a 217.2+15.0b 0.77+0.06 b 3191.4+90.0 b

Values are means * standard deviations (n = 3). Values within the same column followed by different letters indicate significant differences (P < 0.05)

according to Tukey’s multiple comparison

Treatment: CK, seed without inoculant; Inoculation, seed dressing with P. mucilaginosus 3016

3. Compared with CK, the inoculation treatment significantly
increased the quantity of pods, seeds and nodules per plant,
nodule dry weight and soybean yields. The K and N contents
in soybean seeds, as well as K and P contents in soybean
stem, were significantly higher for the inoculation treatment
than for CK (Table 4).

Inoculation Correlated with Enhanced K, and P
Availability and with Shifts in the Rhizosphere Bacterial
Community

Inoculation with P. mucilaginosus 3016 increased
rhizosphere soil nutrients (Table 5). Compared with CK, the
concentrations of AK, AP and OM for the inoculation
treatment were significantly increased by 12.89, 8.60 and
9.38%, respectively. Furthermore, the inoculation treatment
increased the numbers of 16S rRNA gene copies in 1 g of
soil from 5.16 x 10° to 3.53 x 10", with a decline in bacterial
richness and diversity (P > 0.05). Bacterial community
compositions, as relative abundances of dominant phyla and
classes, are shown in Fig. 3. Protecbacteria was the dominant
phylum in all soil samples, followed by Acidobacteria,
Bacteroidetes,  Actinobacteria,  Verrucomicrobia  and
Firmicutes. The inoculation treatment significantly increased
the relative abundance of Actinobacteria. Furthermore, the
dominant classes present were Alphaproteobacteria,
Acidobacteria, Gammaproteobacteria, Betaproteobacteria
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and Deltaproteobacteria. The inoculation treatment had
positive effects on the relative abundances of Actinobacteria,
Thermoleophilia and Bacilli, which were significantly higher
than these in CK. At the genus level, Bradyrhizobium,
Haliangium, Cupriavidus, Methylibium, Steroidobacter,
Ochrobactrum, Streptomyces, Paenibacillus and Bacillus
were overrepresented for the inoculation treatment, with a
significantly decreased abundance of Mycobacterium and
Rhodanobacter (Table 6).

Discussion

Due to the plant growth-promoting characters, P.
mucilaginosus has attracted considerable attention and is
consequently widely used as a bio-fertilizer in China (Wu et
al., 2010). In this study, strain 3016 of P. mucilaginosus was
obtained, with notably superior K- and P-solubilizing
capability compared to commercial strain P. mucilaginosus
AS1.153. This makes P. mucilaginosus 3016 a candidate as a
microbial inoculant by suppling nutrient elements and
enhancing chemical fertilizer use efficiency. Although there
is general agreement on K- and P-solubilizing capability of
P. mucilaginosus (Basak and Biswas, 2009; Liu et al., 2011),
its capacity for N fixation is less well understood and even
inconsistent (Ma et al., 2014). In this study, the °N natural
abundance results were the strongest confirmation for N
fixation of P. mucilaginosus 3016, consistent with the
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Table 4: Soybean nutrient contents for different treatments

Treatment Soybean seed Stem (leave)

N (%) P (%) K (%) N (%) P (%) K (%)
CK 6.30+0.08 a 0.74+0.01 a 1.55+0.05 a 0.85+0.01 b 0.34+0.05 a 0.94+0.02 a
Inoculation 6.56+0.03 b 0.74+0.02 a 1.70+0.04 b 0.83+0.05 b 0.46+0.03 b 1.05+0.02 b

Values are means + standard deviations (n = 3). Values within the same column followed by different letters indicate significant differences (P < 0.05)

according to Tukey’s multiple comparison

Treatment: CK, seed without inoculant; Inoculation, seed dressing with P. mucilaginosus 3016

Table 5: Soil chemical properties for different treatments

Treatment pH AP (mg kg™ AK (mg kg?) AN (mg kg™?) OM (g kgh
CK 5.7£0.29 a 21.29+051a 76.31+3.26 a 111.29+2.39 a 20.05+0.49a
Inoculation 5.9+0.18 a 23.12+0.75b 86.14+3.14 b 114.12+3.88 a 21.93+0.64 b

Values are means + standard deviations (n = 3). Values within the same column followed by different letters indicate significant differences (P < 0.05)

according to Tukey’s multiple comparison

Treatment: CK: seed without inoculant; Inoculation: seed dressing with P. mucilaginosus 3016

Table 6: Relative abundances of phylogenetic genera with significant differences between two treatments

Phylum Class Order Family Genus CK (%) Inoculation (%)
Proteobacteria  Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bradyrhizobium; 165+040a 2.71+0.22b
Brucellaceae Ochrobactrum 0.07£0.01a 0.12+0.01b
Deltaproteobacteria Myxococcales Haliangiaceae Haliangium; 0.88+0.06a 1.22+0.12b
Betaproteobacteria Burkholderiales Oxalobacteraceae Cupriavidus 0.36£0.08a  0.57+0.05b
Comamonadaceae Methylibium 0.26£0.03a  0.35+0.01b
Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 0.31+0.03a  0.46+0.02b
Xanthomonadales Sinobacteraceae Steroidobacter 0.27£0.02a  0.42+0.01b
Xanthomonadaceae Rhodanobacter 0.21+0.02b  0.12+0.01a
Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae Candidatus 1.31+0.14b  0.93+0.06 a
Actinobacteria  Actinobacteria Actinomycetales Mycobacteriaceae Mycobacterium 0.27+0.03b  0.13+0.01a
Streptomycetaceae Streptomyces 0.16+0.01a 0.31+0.01b
Pseudonocardiaceae Pseudonocardia 0.05+0.01a 0.10+0.02b
Firmicutes Bacilli Bacillales Paenibacillaceae Paenibacillus 0.08+0.01a 0.17+0.04b
Bacillaceae Bacillus 0.08+0.02a  0.16+0.01b

Values within the same row followed by different letters indicate significant differences (P < 0.05) according to Tukey’s multiple comparison. At least one

group’s relative abundance is more than0.1% of the total sequences

Treatment: CK: seed without inoculant; Inoculation: seed dressing with P. mucilaginosus 3016

assessment of N concentration in liquid culture; however,
neither nitrogenase activity under laboratory conditions in
this study nor the nifH gene in chromosomes in our previous
study (Ma et al., 2012) were detected in P. mucilaginosus
3016, which agreed well with results for the N-fixing P.
mucilaginosus KNP414 (Lu et al., 2013). Further research
will focus on the “unknown” genes to demonstrate the
mechanisms involved in N fixation in P. mucilaginosus 3016
(Ma et al., 2014). In addition, strain 3016 possesses
capacities to produce plant growth-promoting substances:
IAA, ABA and GA;. These phytohormones are positively
correlated with various physiological processes in
germination, seedling growth, root growth, plant
colonization and bacterial establishment, probably due to
their effects on plant metabolism and morphology and so
improving mineral and water absorption in rhizosphere soil
(Perrig et al., 2007).

With regards to phylogenetic analyses of P.
mucilaginosus, it was validly published as the name B.
mucilaginosus in 1998, and reclassified as P. mucilaginosus
in 2010 (Hu et al., 2010). The classical method to identify P.
mucilaginosus was according to phenotypic, physiological
and biochemical characteristics, phylogenetic analysis of 16S
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rRNA, or DNA-DNA hybridization (Wu et al., 2010).
However, multiple strains in Bacillus circulans and P.
mucilaginosus have similar morphological characteristics
and functions, making it impossible to distinguish them from
closely related species or strains (He et al., 2003;
Nastasijevic, 2006). Moreover, the 16S rRNA gene is used
for standard determination of bacteria at genus level with a
97% threshold value for a species (Wayne et al., 1987), but it
is difficult to differentiate Bacillus pumilus, Bacillus
megaterium, P. mucilaginosus and Paenibacillus edaphicus
(Cao et al., 2008). The gyrB gene can be used to identify
bacteria at the species or subspecies level (Srinivasan et al.,
2013), due to its faster evolution. In this study, multiphase
approaches such as phenotypic and biochemical analyses,
and phylogeny of 16S rRNA and gyrB genes, were applied
to preliminarily identify the multifunctional strain 3016 as P.
mucilaginosus.

Inoculation with P. mucilaginosus 3016 benefited
soybean growth and vyield, probably due to improved
symbiotic N fixation by Bradyrhizobium. The quantity and
dry weight of nodules were significantly higher for
inoculation, indicating a beneficial effect of P. mucilaginosus
3016 on symbiotic nodulation. Studies by Linu et al. (2009)
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Fig. 3: Relative abundances of dominant phyla (A) and
classes (B) for two treatments. Different letters above
columns indicate significant differences (P < 0.05) according
to Tukey’s multiple comparison. At least one group’s
relative abundance is more than 1% of the total sequences

showed that inoculation with P-solubilizing bacteria
promoted nodulation, increased biomass and yield, and
improved nutrient element uptake by cowpea. Co-
inoculation with Bradyrhizobium and PGPR microorganisms
significantly altered plant growth parameters and
significantly improved nodulation (Masciarelli et al., 2014).
Moreover, exopolysaccharides and 1AA also play important
roles in symbiotic nodulation (Janczarek et al., 2009), and
were found to be positively correlated with crop yield
(Dhami and Prasad, 2010). In addition, the inoculation
significantly increased the nutrient content in soybean seeds
and stems, probably due to increased AK and AP in soil and
enhanced symbiotic N-fixation of Bradyrhizobium, thus
supplying an abundant N source.

Inoculation with P. mucilaginosus was beneficial to
soil nutrient levels, in agreement with previous results (Liu et
al., 2011). The AK and AP concentrations in rhizosphere soil
significantly increased for inoculation, probably resulting
from K- and P-solubilizing by P. mucilaginosus 3016.
Moreover, inoculation also resulted in accumulated soil OM.
As mentioned above, inoculation stimulated the soybean
growth and yield, in turn, the amount of soybean residues
and decaying roots would also increase, leading to increased
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OM as residue decomposed over time (Geisseler and Scow,
2014). In addition, inoculation increased 16S rRNA gene
copy numbers but decreased bacterial richness and diversity
to a certain extent, which may be explained by the selectivity
and enrichment of root exudates favoring specific
microorganisms.

The phyla Proteobacteria, Acidobacteria,
Bacteroidetes,  Actinobacteria,  Verrucomicrobia and
Firmicutes were dominant in the bacterial community and
accounted for more than 85% of the total bacteria, which
were in agreement with the law of “species abundance
distributions” indicating a few very abundant species and
many rare species in an ecological community (McGill et al.,
2007). The inoculation treatment showed higher abundance
of Proteobacteria, which may indicate better disease-
suppressive activity as discussed by Mendes et al. (2011).
Actinobacteria abundance significantly increased for the
inoculation, probably due to higher soil nutrient levels — this
is a copiotrophic group with fast growth rates, relies on more
labile C sources and is more likely to increase in abundance
with increased nutrient input (Zeng et al., 2016). Moreover,
classes Actinobacteria, Thermoleophilia and Bacilli had
significantly higher abundances for the inoculation than for
CK. Actinobacteria and Thermoleophilia are known to
function in OM degradation in soil (Zhou et al., 2015). In
addition, inoculation showed positive effects on many
beneficial genera, including Bradyrhizobium, Haliangium,
Cupriavidus, Pseudomonas, Methylibium, Steroidobacter,
Ochrobactrum, Streptomyces, Paenibacillus and Bacillus.
The benefits of Bradyrhizobium for soybean growth cannot
be overemphasized. As a common soil-dwelling
microorganism, Bradyrhizobium can develop a symbiotic
relationship with soybean plants (which are leguminous) in
which they fix N into forms readily available for soybean to
use (Saharan and Nehra, 2011). Multiple species in the
genera Pseudomonas, Streptomyces and Bacillus are
considered as biological control agents (Figueiredo et al.,
2010); especially Streptomyces, which is the largest
antibiotic-producing genus in the microbial world discovered
so far (Watve et al., 2001). Haliangium can also produce
antifungal substances that act against phytopathogens
(Kundim et al., 2003). Moreover, genera Bacillus and
Paenibacillus within class Bacilli are used as PGPR in
sustainable agriculture due to three ecological functions:
improving available nutrients in soil, antagonism against
pathogens and stimulation of host defense and hormones
Govindasamy et al., 2010). Abundance of Steroidobacter,
members of which play important roles in the improvement
of soil catalase activity (Sakai et al., 2014), also increased in
response to the inoculation. However, genera with negative
impacts on soil quality, such as Rhodanobacter and
Mycobacterium, decreased significantly for the inoculation.
Rhodanobacter is likely involved in the denitrifying process
that leads to N losses (Green et al., 2012) and some
Mycobacterium species are opportunistic pathogens (Collins
and Franzblau, 1997).



Ma et al. / Int. J. Agric. Biol., Vol. 20, No. 6, 2018

Conclusion

A multifunctional plant growth-promoting bacterial strain
3016 was isolated and identified as P. mucilaginosus. It
showed a higher capacity for K-and P-solubilizing than the
most common strain used as a commercial inoculant in
China, as well as N fixation and phytohormone production.
Inoculation with P. mucilaginosus 3016 had beneficial
effects on soybean growth, symbiotic nodulation and
soybean vyields, and shifted the soil bacterial community
composition toward a better status. P. mucilaginosus 3016 is
a potential candidate for commercial inoculant to be used as
bio-fertilizer.
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