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Abstract The rhizospheric bacterium JW-SD2 was identified
as Pseudomonas frederiksbergensis based on phenotypic fea-
tures, the Biolog Identification System and 16S rRNA se-
quence analysis. The phosphate-solubilizing activity, acidifi-
cation in culture media, growth rate and organic acid secretion
of JW-SD2 were investigated during 192 h of cultivation. The
phosphate solubilized by JW-SD2 reached 7.75 mM. The de-
crease in pH and increase of titratable acidity were closely
correlated (Pearson’s »=—0.953 and 0.969, respectively) with
the phosphate-solubilizing activity. High concentrations of
gluconic, 2-ketogluconic, pyruvic, maleic and malic acids
were detected before 96 h of culture when the strain displayed
a high level of phosphate-solubilizing activity, indicating that
these organic acids were efficient components in phosphate
solubilization. However, acetic acid did not affect phosphate
solubilization as shown by a remarkable increase at 144 h of
culture when the phosphate-solubilizing activity decreased.
The phosphate-solubilizing ability of JW-SD2 was signifi-
cantly (P<0.01) affected by environmental factors. Over a
broad ranges of temperature (20-35 °C), pH (4-9), salinity
(0-3.0 %), and volume of medium (1/5 — 3/5 of flask volume),
the phosphate solubilized by JW-SD2 remained above
4.00 mM, demonstrating good potential in adapting to a
changing environment. The inoculation experiments indicated
that JW-SD2 could significantly (P < 0.05) promote growth of
poplar (Populus euramericana cv NL-895) in both sterilized
and non-sterilized soils. The effects of plant growth promotion
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were greater in non-sterilized than in sterilized soil. During the
150 days of the trial, the effects of plant growth promotion by
JW-SD2 first increased then decreased over time, suggesting
that, in field applications, periodic supplementation of the
strain into the rhizosphere should be considered.

Keywords Pseudomonas frederiksbergensis - Plant growth
promotion - Phosphate solubilization - Organic acids - Poplar

Introduction

Phosphorus (P) is an essential nutrient required for the growth
and development of plants. However, most P in soil exists as
insoluble compounds that cannot be absorbed and utilized by
plants (Illmer and Schinner 1995). Phosphate deficiency in soil
is a worldwide problem and 5.7 billion ha of land is deficient in
soluble phosphate (H,PO,4 ) and cannot achieve optimal crop
production (Batjes 1997; Raghothama and Karthikeyan 2005).
To circumvent the limitation of plant growth caused by phos-
phate deficiency, huge amounts of chemical phosphate fertil-
izers are used in agriculture. Nevertheless, the soluble phos-
phate applied to soil is quickly transformed into insoluble
forms by combining with metal ions, such as, aluminum
(A", ferric (Fe**) and calcium (Ca>"), which are then not
available to plants (Goldstein 1986). Repeated and inappropri-
ate application of phosphate fertilizers leads not only to the
degradation of soil fertility, but also the loss of biodiversity
and bioactivity of soil microorganisms, eventually resulting
in the reduction of plant yields (Khan et al. 2007).

Soil and rhizospheric microorganisms, known as
phosphate-solubilizing microorganisms, can release soluble
phosphate from insoluble phosphate compounds, and promote
plant growth (Vassilev et al. 2012). As an important part of
phosphate-solubilizing microorganisms, phosphate-
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solubilizing bacteria (PSB) have attracted much attention
(Rodriguez and Fraga 1999). Numerous PSB have been re-
ported, including important genera of Aerococcus,
Alteromonas, Arthrobacter, Bacillus, Bradyrhizobium,
Burkholderia, Chryseobacterium, Chryseomonas, Delftia,
Enterobacter, Erwinia, Gordonia, Klebsiella, Kluyvera,
Paenibacillus, Pantoea, Phyllobacterium, Pseudomonas,
Rhodococcus, Serratia, Xanthobacter and Xanthomonas
(Illmer and Schinner 1992; De Freitas et al. 1997; Vazquez
etal. 2000; Chung et al. 2005; Chen et al. 2006; Ferandez et al.
2007; Liu et al. 2014). PSB strains have been considered as a
novel alternative to phosphate fertilizers, and can promote
plant growth while maintaining the long-term balance of the
soil ecosystem (Richardson 2001). However, species of PSB
strains isolated from different soils are quite different and
show functional differences in their phosphate-solubilizing
activity (Kucey 1983; Rodriguez and Fraga 1999).
Therefore, identification of PSB strains and evaluation of their
phosphate-solubilizing activity are important for further study.
Moreover, the phosphate-solubilizing activities of PSB strains
are affected by many environmental factors, such as tempera-
ture, pH, salinity and dissolved oxygen (Vassileva et al. 2010).
Studies on how environmental factors affect the activity of
phosphate solubilization would provide useful information
on application of PSB strains in practice.

At present, most PSB have been isolated from the rhizo-
sphere of field crops (Kim et al. 1997; Kuklinsky-Sobral et al.
2004; Srinivasan et al. 2012), but there are few reports of
isolation from tree rhizospheres (Yao et al. 2013). PSB strains
can facilitate the growth and development of many crops in-
cluding maize (Hameeda et al. 2008), mustard (Ahemad and
Khan 2012), sorghum (Srinivasan et al. 2012), soybean
(Kuklinsky-Sobral et al. 2004) and wheat (Shaharoona et al.
2008). However, research on growth promotion of PSB strains
on trees is still lacking.

Poplars (Populus spp.) are major trees used in afforestation
in China. To date, the planting areas of poplar have exceeded
7 million ha in China (Fang 2008). Frequent harvests of poplar
exhaust soil nutrients, leading to a subsequent reduction in soil
fertility. Soil degradation has become a major problem in pop-
lar plantations in China, and is greatly affecting the growth of
poplar (Liu et al. 2007a), with phosphate deficiency an impor-
tant factor for fertility reduction in the soils (Sun et al. 1995).

The PSB strain JW-SD2 was isolated and screened from
the rhizosphere of Populus euramericana cv. Robust in our
previous study (Liu et al. 2011). JW-SD2 showed potential to
solubilize insoluble mineral phosphate. In this study, JW-SD2
was identified and its phosphate-solubilizing activity, organic
acid secretion and acidification of media were investigated. In
addition, the effects of environmental factors on phosphate
solubilization and plant growth promotion of poplar were
evaluated. The results will help in further understanding the
mechanisms of phosphate solubilization and provide useful
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information on application of JW-SD2 as a biofertilizer in
the forest industry.

Materials and methods
Characterization and identification of the bacterial strain

The strain JW-SD2 was isolated from the rhizosphere of
P. euramericana cv. Robust in Yishui, Shandong, China (Liu
et al. 2011). JW-SD2 was preserved in the China Center for
Type Culture Collection (CCTCC) (accession no. CCTCC M
2015350). The culture was routinely grown and maintained
on Luria—Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast
extract and 10 g/L NaCl at pH 7.0), either as broth or solid
medium (solidified with 1.5 % agar).

The biological characteristics of JW-SD2 were determined
using the methods described in Shen and Chen (2007) includ-
ing morphology of colony, cell, flagella, spore, capsule, Gram
staining, KOH test and respiration type test. Silver nitrate and
negative staining methods were used for flagella and capsule
observation, respectively. A Zeiss Axiolmager M2
epifluorescence microscope (Zeiss, Oberkochen, Germany)
was used in observation of staining results under a 100x oil
objective lens. Respiration type was defined based on the
growth condition of JW-SD2 on an LB plate covered by a
sterilized coverslip to cover the cross of inoculation streak
immediately after inoculation. Carbon-source utilization pat-
terns were determined using the Biolog Identification System
(Biolog, Hayward, CA) as described by Li et al. (2013a).

Genomic DNA of JW-SD2 was extracted using the CTAB
method (Wang and Qiao 2010). The 16S rRNA gene fragment
was amplified by polymerase chain reaction (PCR)
using bacterial universal primers 27 f (5'-
GAGTTTGATCACTGGCTCAG-3") and 1492 r (5'-
TACGGCTACCTTGTTACGACTT-3") (Byers et al.
1998). PCR was performed in a 25-pL reaction system
containing: 1 uL template (50 ng), 2.5 pL 10x Tagq
DNA polymerase buffer, 2 pL MgCl, (25 mM), 2 uL
dNTP mixture (2.5 mM each), 0.2 uL ExTaq DNA
polymerase (5 U/uL) and 0.5 pL (10 uM) of each
primer. Conditions of PCR were as follows: 94 °C for
3 min, followed by 30 cycles of 94 °C for 45 s, 54 °C
for 45 s, and 72 °C for 1.5 min with a final extension
at 72 °C for 4 min. The PCR products were purified
using a DNA purification kit (Axygen Biosciences,
Union City, CA) and sequenced at Majorbio Company,
Limited (Shanghai, China). The sequence was BLAST
searched against GenBank database using both NCBI
Blastn program (http://www.ncbi.nlm.nih.gov) and
Eztaxon Identify System (http://www.ezbiocloud.net/
eztaxon/identify). The sequence was submitted to
GenBank nucleotide sequence database with accession
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Table 1  Basic characteristics of the soil for plant cultivation
Collecting site Soil type* Soil bulk density  Soil nutrient content (mg/kg) pH
(kg/L)
Organic Total N P K Ca Fe Mg
matter
Purple Mountain, Nanjing, ~ Yellow brown soil/ 1.2 53.0 32 759 163.0 4253 6247 1206 64

Jiangsu, China Cambisols

#The soil type is defined based on the China Soil Classification System and the World Reference Base for Soil Resources (Zhang et al. 2014)

no. KJ451557. Multiple sequence alignment was
performed using ClustalW. A phylogenetic dendrogram
was constructed by the neighbor-joining (NJ) algorithm,
and tree topology was evaluated by performing boot-
strap analysis with 1000 replicates using Molecular
Evolutionary Genetics Analysis (MEGA 5.0) software
(Tamura et al. 2011).

Evaluation of phosphate-solubilizing ability

In the phosphate solubilization experiments, the National
Botanical Research Institute’s Phosphate (NBRIP) growth
medium [10 g/L glucose, 5 g/ Ca3(POy),, 5 g/L MgCl, -

6H,0, 0.25 g/L MgSO, - 7H,0, 0.2 g/L KCl, and 0.1 g/L
(NHy4),S04 at pH 7] (Nautiyal 1999) was used and tricalcium
phosphate (TCP) was the sole phosphate source. The strain
JW-SD2 was incubated in LB broth (180 rpm, 30 °C) for 18—
20 h. Bacterial culture (1 mL of 10% CFU/mL) was aseptically
harvested by centrifugation (2500 g, 20 °C for 3 min) and
washed three times with 1 mL sterile saline solution. The
bacterial cells were resuspended with 1 mL sterile saline.
NBRIP liquid medium (50 mL) in a 100-mL Erlenmeyer flask
was inoculated with 1 mL bacterial suspension. The flasks
were incubated on a rotary shaker (180 rpm) at 30 °C.
Bacterial growth, phosphate-solubilizing activity and pH in
the media were assessed every 24 h with three replicates.
Culture medium without bacterial inoculation served as a con-
trol. Bacterial growth was estimated by optical density mea-
surements at 600 nm. The ODggg,m of the culture was mea-
sured using a Helios alpha spectrophotometer (Thermo
Electron Corporation, Madison, WI). The culture supernatants
were collected via centrifugation (10,000 g, 4 °C for 15 min)
and filtered through 0.22-um medical Millex-GP filters
(Millipore, Bedford, MA). Soluble phosphate of the filtrates
was measured using the ascorbate method (Ames 1966). The
soluble phosphate released by JW-SD2 was calculated by
subtracting the concentration of soluble phosphate of the rel-
evant control from the concentration of soluble phosphate of
the treatment. The pH value and titratable acidity were mea-
sured by basic pH meter (Sartorius, Germany) and acid—base
titration, respectively.

Analysis of organic acids

The presence of acetic, citric, crylic, gluconic, lactic, maleic,
malic, malonic, methanoic, oxalic, pyruvic, tartaric and 2-
ketogluconic acids in the filtrates were analyzed by High
Performance Liquid Chromatography (Agilent 1200 Liquid
Chromatograph, Santa Clara, CA). The parameters used in
analysis for gluconic acid were: chromatographic column:
Agilent Zorbax SB-Phenyl, 4.6 x 250 mm, 5 pum; mobile
phase: A: 0.1 % H;PO4; B: CH3CN; flow rate: 1 mL/min;
gradient: 0—4 min; B phase: 40 %; 5—7 min; B: 90 %; deter-
mination of wavelength: 203 nm; injection volume: 2 pL. The
parameters used for other organic acids were:
Chromatographic column: Thermo Hypersil Gold, 250 x
4.6 mm, 5 pm; Mobile phase: 50 mM KH,PO,, pH 2.5;
Flow rate: 1 mL/min; Gradient: 0—8 min; B phase: 0 %; 8—
13 min; B: 40 %; Determination of wavelength: 203 nm;
Injection volume: 2 pL.

Effects of environmental factors on phosphate-solubilizing
activity

The phosphate solubilization by JW-SD2 with respect to tem-
perature, initial pH, salinity and volume of medium were test-
ed with experiments of a single factor using a completely
randomized design. The experiments were conducted in
100-mL Erlenmeyer flasks containing 50 mL sterilized
NBRIP broth medium, respectively. Five temperatures
(20 °C, 25 °C, 30 °C, 35 °C and 40 °C) were controlled using
an Innova 40R benchtop incubator shaker (Eppendorf,
Germany). Seven initial pH values (4, 5, 6, 7, 8, 9, and 10)
were adjusted using 1 mM HCI or NaOH solution. Nine sa-
linities (0 %, 1.0 %, 2.0 %, 3.0 %, 4.0 %, 5.0 %, 6.0 %, 7.0 %
and 8.0 %, m/v) were conducted by adding pure NaCl. Five
volumes of medium (1/5, 2/5, 1/2, 3/5 and 4/5 of the flask
volume) were established in 100-mL Erlenmeyer flasks. The
flasks were inoculated with the bacterial suspension (as
discussed earlier) at inoculation proportion of 2 % and incu-
bated at 30 °C with rotary shaking (180 rpm). Each treatment
was inoculated with bacteria in triplicate. Culture media with-
out bacterial inoculation served as control. After 72 h of incu-
bating, the supernatants were collected by centrifugation and
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Fig. 1 Biological characteristics
of strain JW-SD2. a Colony
characteristics on Luria-Bertani
(LB) plate. b Flagella staining
results, white arrows flagella. ¢
Respiration type test, white arrow
coverslip

the soluble phosphate measured as described in the section
‘Evaluation of phosphate-solubilizing ability’.

Inoculation on poplar seedlings

Soil for plant cultivation was collected from Purple Mountain
in Nanjing, China (32°07'N, 118°83'E). The physical and
chemical characteristics of the soil were analyzed in the Soil
Testing Laboratory at Nanjing Forestry University (Table 1).
The soil was heat-digested by H,SO,—HCIO, (9:1, v/v) ex-
tract and the quantities of soil total nitrogen (N), P, potassium
(K), Ca, Fe and magnesium (Mg) were determined by induc-
tively coupled argon plasma spectrophotometry (ICP-AES
Optima 2100DV, Perkin Elmer). Organic matter was mea-
sured using a Total Organic Carbon Analyzer (GE, http:/
www.geinstruments.com). Soil pH was determined
potentiometrically in a 1:2.5 solution (m/v, soil:water).
Ethanol disinfected 2.5-L plastic pots filled with 2.2 L
sterilized soil (autoclaved at 121 °C for 60 min) or non-

Fig. 2 Phylogenic tree showing
the phylogenic relationship
between JW-SD2 and other
representative bacterial strains
based on 16S rRNA sequence
using the neighbor-joining (NJ)
algorithm. Bootstrap values

sterilized soil were prepared for cultivation. Cuttings of P
euramericana cv NL-895 (8-10 mm in diameter, 11-12 cm
in length) taken from un-sprouted cauline branch (Yan et al.
2009) were inserted in soil to 5 cm depth for cultivation. The
cuttings were incubated at 25 °C in a plant growth chamber
under 16-h light and 8-h dark. The soil moisture was main-
tained within 40—60 % of maximum water holding capacity.
After 40 days incubation, the poplar cuttings were trans-
ferred to a greenhouse, and those of similar shoot height and
ground diameter and with no sign of disease were selected for
inoculation. The shoot height (HO) and ground diameter (D0)
of the seedlings were measured. The height of sprouts was
defined as the shoot height (H) and the diameter of the base
of the sprouts was measured as the ground diameter (D). The
seedling roots were inoculated with 10 mL of bacterial sus-
pension (preparation methods identical to the section
‘Evaluation of phosphate-solubilizing ability’ above) using
the root-drenching method (Ge et al. 2004), and the control
seedlings were processed with 10 mL sterile saline (CK). The

65 Pseudomonas simiae (AJ936933.1)
ﬁ[ll Pseudomonas antarctica (AJ537601.1)
Pseudomonas extremaustralis (AJ583501.3)

— Pseudomonas brennerii (AF268968.1)

92

(50 %) were calculated based on
1000 replications shown at nodes
of the tree (values < 50 not
included). Bar is 0.005
substitutions per nucleotide
position
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99 98 _|_— Pseudomonas azotoformans (D84009.1)
89 Pseudomonas gessardii (AF074384.1)

Pseudomonas frederiksbergensi (AJ249382.1)

99 F JW-SD2
70 L Pseudomonas fiederiksbergensi (KC934887.1)
Pseudomonas fluorescens (AY512614.1)

—f Pseudomonas parafulva (AB060132.1)
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Fig. 3 Phosphate-solubilizing activity, growth of Pseudomonas
frederiksbergensis JW-SD2 and acidification of medium during the
phosphate solubilization. a The phosphate-solubilizing activity and

seedling shoot heights (H50, H100 and H150), ground diam-
eters (D50, D100 and D150) were measured at 50, 100 and
150 days after inoculation, respectively. The increase rates of
shoot heights of each inoculation treatment and control were
calculated following the formula: increase rate (%)= (Hn —
HO0) / HO x 100 %, n=150, 100 and 150. The increase rates
of the ground diameters of each inoculation treatment and
control were calculated following the formula: increase rate
(%)= (Dn — D0) / DO x 100 %, n=50, 100 and 150. The
increase rate of 50, 100 and 150 days after inoculation were
defined as ‘increase rate I’, ‘increase rate II’ and ‘increase rate
1II°, respectively. The plant growth-promoting effect of JW-
SD2 was indicated by subtracting the increase rate of the

1347
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growth of JW-SD2. b The pH value and titratable acidity in the culture
medium. Lowercase letters indicate significant differences at P <0.05.
Error bars Standard deviation (SD)

relevant control from the increase rate of the treatment. Five
replicates for each inoculation treatment and control were
grown at 25+5 °C in a greenhouse with 16-h light and 8-h
dark cycles, and watered appropriately.

Data analysis and processing

Microsoft Excel 2007 (Microsoft, Redmond, CA) and SPSS
(version 19.0, IBM, New York, NY) were used to collate and
analyze the data of phosphate solubilization and poplar
growth experiments. Fisher’s least significant difference
(LSD) method was used to perform significant difference
and multiple comparison analyses of phosphate-solubilizing

Table 2 Organic acid secretion

by Pseudomonas Organic acid

Concentration of organic acids (pg/mL)

frederiksbergensis JW-SD2

during phosphate solubilization. 24h 72h 144 h

Values are given as mean + SD of

three replicates Gluconic acid 2155.25+50.05 2102.54+15.87 259.73 £48.89
2-Ketogluconic acid 171.14+£52.17 363.37+93.55 1.67+2.02
Pyruvic acid 329.29+18.29 10.51+£7.44 5.15+£4.07
Maleic acid 224.81+25.79 158.19+637 1.36+£2.36
Malic acid 219.99 +82.73 1377.85+£235.21 39.65+51.67
Lactic acid 103.75+15.97 8.69+10.32 ND*?
Malonic acid 79.96 £16.47 9.03+£15.65 11.43+£19.80
Acetic acid ND 16.70 +£28.92 4638.55+574.67
Methanoic acid ND ND 86.76 £ 15.11
Tartaric acid ND ND 18.53+9.14
Oxalic acid ND ND 11.47+10.13
Crylic acid ND ND ND
Citric acid ND ND ND
Total organic acids 3284.19 4046.88 5074.31

#Not detected
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Fig. 4 Effects of different factors on phosphate solubilization by P. frederiksbergensis JW-SD2. a Temperature, b initial pH, ¢ concentration of NaCl,

and d volume of medium. Error bars SD

activity as well as the H and D of poplar seedlings.
Statistically significant differences were determined as
P < 0.05. Repeated measures and multivariate ANOVA were
used to analyze the data of plant growth over time.
Relationships between acidification in culture media and en-
vironmental factors with phosphate-solubilizing activity were
analyzed with correlation and regression.

Results
Biological characterization

The colonies and biological characteristics of JW-SD2 were
photographed and recorded 3 days after inoculation (Fig. 1a).
The strain formed yellow, convex and opaque colonies with
circular shape and neat edges. The surface of colonies was
smooth, wet and glossy. The Gram reaction and the KOH test
demonstrated that the strain was a Gram-negative bacterium.

The cells were rod or short-rod shaped with terminal fla-
gella on one end. All cells had single or double long polar
flagella showing a motile characteristic (Fig. 1b). The strain
did not form spores or capsules. No growth of the strain was
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observed under the coverslip during the respiration type test
(Fig. 1c), indicating that it was aerobic.

Identification by 16S rRNA sequence analysis

A 1460-bp 16S rRNA gene fragment was obtained from JW-
SD2. A phylogenetic tree was constructed based on the align-
ment results compared with available data in GenBank
(Fig. 2), and showed that the sequence had a high similarity
0of 99 % with P, frederiksbergensis (KC934887.1). The align-
ment analysis of the Eztaxon Identify System confirmed the
sequence similarity with P. frederiksbergensis strain
(AJ249382.1). The Biolog Identification System results
showed that the strain belonged to the genus Pseudomonas.
Therefore, PSB strain JW-SD2 was identified as
P, frederiksbergensis.

Dynamics of phosphate solubilization

During the 192 h of cultivation, the phosphate-solubilizing
activity of JW-SD2 showed dynamic changes (Fig. 3a). The
phosphate solubilization increased quickly and the concentra-
tion of released soluble phosphate in the media reached a
maximum of 7.75 mM at 24 h and remained stable until
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JW-8D2 6K JWISD2 CK

d

JW-SD2 CK JWSD2 K

Fig. 5 Effects of P. fiederiksbergensis JW-SD2 on the growth of poplar
seedlings during 150-day trial. Sterilized soil for a 50 days, b 100 days
and ¢ 150 days. Non-sterilized soil for d 50 days, e 100 days and f 150
days. Inoculation treatments (JW-SD2) are on the left, and control
treatments (CK) on the right

120 h. The concentration of released soluble phosphate re-
duced gradually over time. In controls, the concentrations of
soluble phosphate remained at a low level (0.18 +0.09 mM)
over time. The bacterial growth results showed that JW-SD2
had the highest growth rate from inoculation to 24 h, and the
stationary phase lasted from 48 h to 96 h. During the solubi-
lization, the pH of the culture medium was negatively corre-
lated (Pearson’s »=-0.953) with the phosphate-solubilizing
activity, while the titratable acidity was positively correlated
(Pearson’s = 0.969) with the phosphate-solubilizing activity.
The pH of the culture medium decreased during the first 24 h
from the initial value of 7.38 to 4.23, and the titratable acidity
increased to the maximum quantity of 41.03 mM (Fig. 3b).
After this, pH showed an upward trend and titratable acidity
displayed a slow downward trend.

Organic acid secretion during phosphate solubilization

Gluconic, 2-ketogluconic, pyruvic, maleic, malic, lactic and
malonic acids were detected at 24 h (Table 2). The production
of gluconic acid showed the highest level of 2155.25 ug/mL
(65.6 % of total organic acids). When the culture time reached
72 h, 52.0 % of organic acid secretion corresponded to
gluconic acid (2102.54 pg/mL) and 34.0 % to malic acid for
a secondary high concentration of 1377.85 pg/mL. The

remaining 14.0 % corresponded to 2-ketogluconic, pyruvic,
maleic, lactic, malonic and acetic acids. When the culture time
reached 144 h, the quantity of acetic acid quickly increased to
4638.55 pg/mL, accounting for 91.4 % of total organic acids,
while only 5.1 % corresponded to gluconic acid.

The productions of gluconic, 2-ketogluconic, pyruvic, ma-
leic and malic acids presented high concentrations at 24 h and
72 h of growth when JW-SD2 showed a high phosphate-
solubilizing activity, and the secretion of these organic acids
was restricted by 144 h. Nevertheless, the quantity of total
organic acids increased from 3284.19 pg/mL to 5074.31 pg/
mL over time.

Effects of environmental factors on phosphate-solubilizing
activity

Temperature had significant effects on the phosphate-
solubilizing activity of P. frederiksbergensis JW-SD2.
Regression analysis showed a quadratic relationship between
temperature and the concentration of the released soluble
phosphate (R*=0.910, P<0.01) (Fig. 4a). The phosphate-
solubilizing activity increased to a maximum at 28.2 °C and
then decreased with further temperature rise. The concentra-
tion of released soluble phosphate remained above 5.93 mM
between 20 and 35 °C. Along with the increase of pH, the
concentration of released soluble phosphate reached a maxi-
mum at pH 6.1 and declined thereafter, and fit a quadratic
model (R2 =0.707, P<0.01) (Fig. 4b). The concentration of
released soluble phosphate was more than 4.02 mM for pH 4—
9. The relationship between the NaCl concentration and the
concentration of released soluble phosphate fit a linear model
(R*=0.842, P<0.01) (Fig. 4c). For the NaCl concentration of
1.0 —3.0 % (w/v), the concentration of released soluble phos-
phate exceeded 4.21 mM. The volume of medium and the
concentration of soluble phosphate were linearly related
(R*=0.766, P<0.01) (Fig. 4d). As the volume of medium
increased from one-fifth to one-third of the flask volume, the
concentration of released soluble phosphate remained above
4.17 mM. In controls, the concentrations of soluble phosphate
remained at low levels for different temperatures (0.10 +
0.02 mM), pHs (0.33+£0.11 mM), NaCl concentrations
(0.18 £ 0.03 mM), and volumes of medium (0.10 +0.07 mM).

Effects of JW-SD2 on growth of poplar

Repeated measures ANOVA revealed significant within-
subjects effects (P < 0.05) of time and significant interactions
(P <0.05) between treatment and time in both shoot height
and ground diameter. The subsequent simple-effect analysis
suggested that, during the 150-day incubation, the seedlings
inoculated with JW-SD2 showed significantly better growth
(P<0.05) of H and D than CK in both sterilized and non-
sterilized soil (Fig. 5, Table 3). The seedlings also showed
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significantly better growth in sterilized than in non-sterilized
soil (P <0.05). Seedlings inoculated with JW-SD2 had signif-
icantly higher increase rates than CK over time (P <0.05).
The H and D of seedlings increased 2237.82 and 322.52 %
at 150 day after inoculation in sterilized soil, respectively, and
correspondingly 1968.37 and 299.44 % in non-sterilized soil.
However, the growth-promoting effects of JW-SD2 were
higher for seedlings in non-sterilized than in sterilized soil.
In sterilized soil, increase rates of the inoculation treatments
at 50 days, 100 days and 150 days were 114.33, 332.63 and
285.80 % higher, respectively, than CK for H and correspond-
ingly 17.92 %, 41.40 % and 39.79 % higher for D. In non-
sterilized soil, corresponding values were 129.78 %, 354.12 %
and 345.67 % for H, and 20.15 %, 44.63 % and 40.46 % for D.
During the 150-day trial, the growth-promoting effects initial-
ly increased after inoculation and then decreased in both soils.

Discussion

Phosphate solubilization is an important phenotype of plant
growth-promoting rhizobacteria (PGPR) (Rodriguez et al.
2006). Much research has focused on the potential of PSB to
enhance soil fertility. Species of the genus Pseudomonas have
been shown to possess the ability to solubilize insoluble phos-
phate (Illmer et al. 1995; Vazquez et al. 2000; Pandey et al.
2006; Valverde et al. 2006; Ferandez et al. 2007; Rane et al.
2008). In the current study, the PSB strain JW-SD2 was iden-
tified as P. frederiksbergensis and its phosphate-solubilizing
ability and mechanism were investigated.

PSB strains are always screened using NBRIP plates with
halo/clear zone around the colonies. However, this method
cannot accurately detect phosphate-solubilizing activity, and
the NBRIP broth assay is more efficient in determining this
activity (Nautiyal 1999). The strain JW-SD2 had a high level
of activity in TCP solubilization (solubilized phosphate
7.75 mM) in NBRIP broth (Fig. 3) compared with other
PSB strains (Gulati et al. 2008; Song et al. 2008; Collavino
et al. 2010). In our study, P, frederiksbergensis JIW-SD2 was
isolated and screened from the north of China, where TCP is
the main insoluble mineral phosphate (Shen and Jiang 1992),
and hence the high activity of solubilizing TCP might have
evolved to make use of P. China has the largest area of poplar
plantations in the world (Fang 2008) and so JW-SD2 has high
potential to increase the levels of available phosphate, and
promote poplar growth in China. It also has been reported that
the phosphate solubilization of mineral phosphate by PSB
strain varies with the structural complexity of mineral phos-
phate (Bardiya and Gaur 1974). The activities of TCP and
hydroxyapatite solubilization by PSB strains are different
(Yadav et al. 2013), and are always higher than that of rock
phosphate solubilization (Bardiya and Gaur 1974; Gulati et al.
2008). Hydroxyapatite and rock phosphate are also important

components of calcium phospahtes; hence, solubilization of
hydroxyapatite and rock phosphate by the JW-SD2 should be
considered in further research.

During phosphate solubilization, 11 kinds of organic acids
with more than 5000 pg/mL in total quantity were secreted by
JW-SD2 (Table 2). Different PSB strains have different quan-
tities and qualities in their production of organic acids during
mineral phosphate solubilization (Vyas and Gulati 2009).
Acetic, citric, gluconic, 2-ketogluconic, lactic, malonic, oxalic
and pyruvic acids were detected in Arthrobacter sp. and
Bacillus firmus ACB5 (Banik and Dey 1982), and
B. megaterium CC-BC10 and Serratia marcescens CC-
BC141 (Chen et al. 2006). The production of organic acids
by PSB strains is their main mechanism of solubilizing min-
eral phosphate (Chen et al. 2006). In the present study,
gluconic, 2-ketogluconic, pyruvic, maleic and malic acids
were detected at high concentrations before 96 h of growth,
and JW-SD2 displayed a high level of phosphate-solubilizing
activity. With prolonged culture time, production of gluconic,
pyruvic and maleic acids was reduced, showing the same
trend as the phosphate-solubilizing activity. Therefore, pro-
duction of these organic acids might be responsible for the
phosphate solubilization. Among these five organic acids,
gluconic acid was predominant, which is consistent with pre-
vious studies (Rodriguez et al. 2004; Patel et al. 2008; Vyas
and Gulati 2009). Gluconic acid is generated from the direct
oxidation pathway that occurs on the external surface of cy-
toplasmic membranes (Oubrie et al. 1999). Its role in phos-
phate solubilization was demonstrated in Enterobacter
intermedium (Kim et al. 2003) and P. fluorescens (Vyas and
Gulati 2009) by means of molecular biology. Thus, gluconic
acid is likely to be the most effective organic acid in phosphate
solubilization by P. frederiksbergensis JW-SD2. In contrast to
some previous studies that showed no correlation between
change of pH and phosphate solubilization (Illmer and
Schinner 1995), we found that the drop of pH and increase
of titratable acidity were closely correlated (Pearson’s r=
—0.953 and 0.969, respectively) with phosphate solubilization,
consistent with Chen et al. (2006). Our results indicated that
the production and secretion of organic acids leading to acid-
ification of surroundings might be the mechanism of mineral
phosphate solubilization by JW-SD2.

It is notable that the increase of total organic acids was not
proportional to the phosphate-solubilizing activity (Table 2).
Especially, methanoic, tartaric and oxalic acids were detected
only in the later period of culture (144 h), and acetic acid
accounted for 81.4 % of organic acid secretion. However,
the activity of solubilizing phosphate in the medium declined
to a low level by 144 h of culture. The phosphate-solubilizing
ability has been shown to be linked with the nature of organic
acids (Bolan et al. 1994). Therefore, our results suggest that
the quantity of total organic acids was not correlated with the
phosphate-solubilizing activity, and that some organic acids,
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especially acetic acid, played no role in phosphate
solubilization.

Both nutritional and environmental factors can affect
the phosphate solubilization by PSB strains (Illmer and
Schinner 1992). In the present study, the phosphate-
solubilizing activity of P. frederiksbergensis JW-SD2
was significantly (P<0.01) affected by temperature, ini-
tial pH, salinity and volume of medium (Fig. 4). At a
constant shaking rate, dissolved oxygen (DO) in the
medium is negatively related to volume of medium
(Sen et al. 2008). In shaking flasks, the DO values in
medium with lower volumes are significantly higher
than for those with higher volume (Tsai et al. 1997).
The temperature, pH, salinity and DO are the most im-
portant indexes of soil (Wu et al. 2001). Most land in
China is located in temperate and subtropical areas,
where soil temperature is 20-35 °C for nearly 6 months of the
year (Zhang et al. 2009). The pH of soil ranges from weakly
acidic in the south of China to weakly basic in the north (Yu et
al. 2003). There are also large areas of saline-alkali soil in China
(Liu et al. 2007b). These complicated soil environments re-
quire that plant growth-promoting microbes be broadly toler-
ant of a wide range of environmental variables for widespread
application as biofertilizer. The strain JW-SD2 showed rela-
tively high phosphate-solubilizing activity in different envi-
ronmental conditions, suggesting it has high potential to cope
with a changing soil environment. This provides useful infor-
mation for future application of this strain in practice.

Evaluating the phosphate-solubilizing activity and how it
was affected by environmental factors showed the plant
growth-promoting potential of P. frederiksbergensis JW-
SD2. The strain significantly (P < 0.05) promoted the growth
of poplar seedlings (Fig. 5, Table 3). PSB strains can promote
plant growth by increasing available phosphate in soil and
phosphate uptake by plants (Gupta et al. 2012). The effective
solubilization of mineral phosphate by JW-SD2 might contrib-
ute to the promotion of plant growth. The effects of plant
growth promotion on poplar seedlings by JW-SD2 first in-
creased and then decreased during the trial. Plant growth pro-
motion by PGPR is based on the survival and rhizosphere
colonization of the bacteria (Compant et al. 2010).
Colonization of PGPR strains in the rhizosphere changes
along with time after inoculation (Benizri et al. 2001). The
population of PSB strain Burkholderia multivorans showed
a down—up—down fluctuation after inoculation in the plant
rhizosphere (Li et al. 2013b). Changes in the effects of JW-
SD2 on plant growth promotion might be caused by changes
in rhizosphere colonization. Therefore, supplements of the
strain into the rhizosphere of plants at regular times should
be adopted in future applications. PSB strains can also colo-
nize tissues of plants (Montanez et al. 2012) and further study
is necessary to investigate colonization of
P, frederiksbergensis JW-SD2 in the rhizosphere.

@ Springer

The P. frederiksbergensis strain JW-SD2 showed better
effects on the growth of poplar seedlings in non-sterilized
soil. PSB strains can alter the composition of root secre-
tions and phenotype, and this could have feedback that
influences the colonization by rhizospheric microorgan-
isms and plant development (Yu et al. 2011). PSB strains
also have the ability to regulate interactions between mi-
croorganisms and plants to reduce the damage to plants
from soil-borne plant pathogens (Kloepper et al. 1989). It
would be of interest to test whether JW-SD2 also pos-
sesses any regulating ability to protect plants.

Conclusion

PSB strain P. frederiksbergensis JW-SD2 was identified
through phenotypic features, the Biolog Identification
System and 16S rRNA sequence analysis. The strain exhibited
a high mineral phosphate solubilization activity. During the
solubilization, large amounts of organic acids were produced
and secreted, accompanied by a drop in pH and acidification
of the surroundings. Gluconic, 2-ketogluconic, pyruvic, ma-
leic and malic acids were the most effective components in
phosphate solubilization. Although acetic acid had high levels
of production, it did not play a role in phosphate solubiliza-
tion. Environmental factors had significant effects on phos-
phate solubilization and JW-SD2 showed high potential in
adapting to a changing environment. The high activity of
phosphate solubilization would give a high plant growth-
promoting ability to this strain, and the inoculation on poplar
seedlings demonstrated its plant growth promotion potential.
The effects of plant growth promotion by JW-SD2 first in-
creased then decreased over time after inoculation, suggesting
that, for better plant growth-promoting effects, the strain
should be supplemented to the rhizosphere of plants at regular
time intervals. These results will help a better understanding
of the mechanisms of phosphate solubilization by PSB, and
provide useful information for future application of this strain
as a biofertilizer. Further research is needed to investigate the
colonization and regulating ability of JW-SD2 in the rhizo-
sphere. It is also necessary to measure the plant growth-
promoting effects of JW-SD2 in field tests.
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