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The highly effective phosphate-solubilizing microorganisms are significant for making full
use of the potential phosphorus resources in the soil and alleviating the shortage of
phosphorus resources. In this study, a phosphate-solubilizing fungus was isolated from
wheat and cotton rhizosphere soils in the lower reaches of the Yellow River in China and
was identified as Penicillium oxalicum by morphological and ITS sequencing analysis. In
order to obtain a fungus with more efficient phosphorus solubilization ability, we tested
three positive mutant strains (P1, P2, and P3) and three negative mutant strains (N1, N2,
and N3) through low-energy nitrogen ion implantation mutagenesis. Compared with the
parental strain, the phosphate-solubilizing capacity of P1, P2, and P3 was enhanced by
56.88%, 42.26%, and 32.15%, respectively, and that of N1, N2, and N3 was weakened
by 47.53%, 35.27%, and 30.86%, respectively. Compared with the parental strain, the
total amount of organic acids secreted significantly increased in the three positive mutant
strains and decreased in the negative mutant strains; the pH of culture medium was
significantly lower in the positive mutant strains and higher in the negative mutant strains.
The capacity of phosphate-solubilizing fungus to secrete organic acids and reduce the
growth-medium pH was closely related to its phosphate-solubilizing ability. The changes
in the amount of organic acids secreted by mutants can alter their acidification and
phosphate-solubilizing capacity. In conclusion, this study offers a theoretical basis and
strain materials for the exploration and application of phosphate-solubilizing fungi.

Keywords: phosphate-solubilizing fungi, low-energy ion implantation mutagenesis, mutants, organic acids,
sustainable agriculture

INTRODUCTION

Phosphorus is an essential nutrient element for crop growth and development (Yongbin et al.,
2020). There is little available inorganic phosphorus to be absorbed and utilized by crops in
the soil, whereas the majority of phosphorus is in insoluble forms that crops cannot utilize
(Busato et al,, 2017). Given low phosphorus availability but abundant potential phosphorus
sources in the soil, finding and characterizing phosphate-solubilizing microorganisms to make
full use of potential phosphorus resources in the soil has profound strategic significance for
alleviating the shortage of phosphorus resources and developing sustainable and efficient
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agriculture (Sharma et al, 2013). At present, the research on
phosphate-solubilizing microorganisms mostly focuses on
isolation (Shi et al., 2014; Tomer et al., 2017), screening, and
identification (Chakdar et al., 2018). There is a lack of highly
efficient phosphate-solubilizing microorganisms, and the
underlying phosphate-solubilizing mechanisms are poorly
understood, thus restricting the utilization of phosphate-
solubilizing microorganisms (Antoun, 2012). Using mutation
to produce highly efficient phosphate-solubilizing microorganisms
and characterization of phosphate-solubilizing mechanisms have
always been important research topics in the field of soil
microorganisms and biofertilizers (Gong et al., 2014). Both
acid production and phosphate solubilization by phosphate-
solubilizing microorganisms can be enhanced by radiation
mutagenesis (Busato et al., 2017). Silva et al. (2014) induced
mutation of Aspergillus niger by UV and found that the
phosphate-solubilizing ability of mutant FS1-331 increased by
up to 2.50 times compared with that of the original strain,
with an increase in organic acid production being an important
reason for improved phosphate-solubilizing ability. Moreover,
Li et al. (2011b) studied the effect of microwave radiation on
Klebsiella pneumonia RSN19 and showed that it could greatly
enhance the nitrogen-fixing and phosphate-solubilizing capacities
of the strain.

Since its application in biological mutation and genetic
breeding in the 1980s, low-energy ion beam mutagenesis,
characterized by a unique radiation effect, has been widely
applied in microbial breeding (Li et al., 2013). In recent years,
low-energy ion beam mutagenesis for phosphate-solubilizing
microorganisms has been studied extensively. For example, You
et al. (2009) mutated Bacillus subtilis P-1 using nitrogen ion
beam implantation, and one phosphate-solubilizing mutant
strain was obtained, with phosphate-solubilizing ability enhanced
by 48%. Peng et al. (2020) adopted ion beam implantation
technique in the breeding of phosphate-solubilizing mutant
strain of Bacillus subtilis LA, resulting in the improved phosphate-
solubilizing ability. Low-energy ion beam is a new type of
mutation source (Semsang et al, 2018) with four mutagenic
effects (energy exchange, energy deposition, mass deposition,
and charge exchange), little induced damage, a wide spectrum
of mutations, and a high mutation rate (Maekawa et al., 2003;
Okamura et al., 2003; Yamaguchi et al.,, 2003; Li et al., 2007).
Currently, the mutagenic materials in jon beam mutagenesis
are mostly phosphate-solubilizing bacteria, and there are few
studies on the ion beam mutagenesis in fungi (Nguyen and
Bruns, 2015). Ion beam mutagenesis for phosphate-solubilizing
fungi is expected to result in the formation of highly efficient
phosphate-solubilizing fungal mutants (Semsang et al., 2018),
which is of great significance for the breeding of phosphate-
solubilizing strains and the characterization of the underlying
phosphate-solubilizing mechanisms.

There are four main mechanisms involved in inorganic
phosphate solubilization by microorganisms, including secretion
of organic acids, hydrogen protons, proteins, and chelation
(Khan et al, 2014). Gong et al. (2014) isolated one strain of
Penicillium sp. PSM11-5 from an alum mine and its phosphate-
solubilizing effect was closely related to the secretion of gluconic

acid and citric acid. Ahuja et al. (2007) argued that the citric
acid and oxalic acid produced by Paecilomyces marquandii
AA1 were important in phosphate solubilization. Mendes et al.
(2013) found that citric acid, gluconic acid, and oxalic acid
secreted by Penicillium canescens were the main mechanisms
for solubilizing calcium phosphate. In general, the organic acids
found to be involved in phosphate solubilization include oxalic
(Mendes et al., 2020), citric, lactic, acetic, oxaloacetic, etc.
(Parsons and Fry, 2012; Della Monica et al., 2018).

In this study, phosphate-solubilizing fungi in the rhizospheric
soil of crops were screened to obtain highly efficient phosphate-
solubilizing mutants using ion beams, and the underlying
phosphate-solubilizing mechanisms were explored from the
perspective of secretion of organic acid, for example, lowering
pH and chelating calcium ions to release phosphate. This study
is aimed to provide biological materials and a theoretical basis
for the development of highly efficient phosphate-solubilizing
fungi and the characterization of phosphate-solubilizing
mechanisms.

MATERIALS AND METHODS

Isolation and Screening of
Phosphate-Solubilizing Fungi

The rhizospheric soil samples of wheat and cotton were collected
from the Henan Institute of Science and Technology experimental
field (longitude: 113.77° latitude: 35.46°) located at downstream
region of the Yellow River of China. Five grams of rhizospheric
soil was mixed evenly in 50ml of sterile water using a shaker
and then left to stand. The supernatant was collected and
serially diluted (107, 107 and 107). 0.20ml of each fungi
dilution was spread onto the solid PSFM and cultured at 28°C
for 5days, with five replicates in each treatment. Then, fungal
colonies with obvious phosphate-solubilizing (clear) zones around
them were selected, transferred to PDA slants, and stored at
4°C. The isolated phosphate-solubilizing fungi were cultured
in the PSFM for 120h, and the diameter of colonies (D gonics)
and the diameter of surrounding phosphate-solubilized zones
(Dsolvent zones) Were measured. The fungal colonies with Dggyent
sones! Deotonies > 1.1 were transferred to PDA slants and stored at
4°C. Then, spores from slants of phosphate-solubilizing fungi
that had the above ratio>2 were taken into 100ml of PSFM
and cultured on a shaker at 70 r-min™' and 28°C for 5days,
with three olybdenum-stibium colorimetry method (Zhang
et al, 2018), and the most efficient strains of phosphate-
solubilizing fungi were selected as the test strains.

Identification of Phosphate-Solubilizing
Fungi

The test strains were inoculated onto the PDA medium and
cultured at 28°C for 2days, and the colony morphology was
observed. Potato dextrose agar (PDA) medium was composed
of 200g of potato, 20g of sucrose, 20g of agar, and 1,000ml
of distilled water (pH 7.00). The spores of P. oxalicum F9
were picked with a sterile toothpick and inoculated onto a
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PDA plate. A 1 cm® metal sheet was inserted near the inoculation
point, followed by culturing at 28°C. After the mycelia climbed
on the metal sheet, they were observed under a Quanta 200
environmental scanning electron microscope (FEI Company,
United States).

In the ITS sequence analysis, the P. oxalicum F9 was cultured
on the PDA medium, and the mycelia on the surface of the
dish were scraped off and ground in a mortar with liquid
nitrogen. The genomic DNA was extracted from the ground
mycelia using a Fungal DNA Extraction Kit (Sangon Biotech,
Shanghai). The universal primers for the fungal ITS are:
forward: ITS1 5-TCCGTAGGTGAACCTGCGG-3’ and reverse:
ITS4 5-TCCTCCGCTTATTGATATGC-3'. The universal
primers for fungal internal transcript space (ITS) sequence
amplification were synthesized by TaKaRa Bioengineering
(Dalian) Co., Ltd. The PCR products were sent to TaKaRa
Bioengineering (Dalian) Co., Ltd., for sequencing, and the
DNA sequences were obtained. Finally, the sequences were
compared and analyzed through BLAST in GenBank, and
the phylogenetic tree of P. oxalicum F9 was constructed using
MEGA?7.0 software.

Determination of pH of
Phosphate-Solubilizing Fungal Culture
Medium

PSFM liquid (1ml) of phosphate-solubilizing fungi was taken
and centrifuged at 8,000 r-min~' for 5min. The pH of supernatant
was measured by pH meter. Phosphate-solubilizing fundamental
medium (PSFM) was composed of 10g of glucose, 0.30g of
NaCl, 0.30g of KCI, 0.30 g of MgSO,-7H,0, 0.03 g of FeSO,-7H,0,
0.03g of MnSO,-4H,0, 0.50g of (NH,),SO,, 5g of Ca;(PO,),,
and 1,000ml of distilled water (pH 7.00-7.50). Ca;(PO,), was
added after being fully ground and sterilized. Solid PSFM was
supplemented with 15g:L™" agar.

lon Beam Mutagenesis for
Phosphate-Solubilizing Fungus Penicillium
oxalicum F9

Evenly mixed P oxalicum F9 spore suspension (0.20ml,
10°CFU-ml™") was spread in a clean and sterile Petri dish,
placed on a super clean bench and blown dry with sterile air
to prepare the P. oxalicum F9 spore membrane. The Petri dish
was placed in a microbial target chamber of a Titan ion
implanter, followed by radiation mutagenesis with low-energy
nitrogen ions (20, 25, and 30keV) at a radiation dose of 5x 10",
1x10"%, 5x10%, and 1x10' ions-cm™, including the vacuum
controls. After implantation, the bacterial membrane was rinsed
with 1ml of sterile water in a test tube, thoroughly dispersed
and mixed, diluted to 1073, 10™* and 107°, and then spread
onto a PSFM plate. The survival rate of P oxalicum F9 was
calculated as:

Penicillium oxalicum F9 was screened primarily based on
Diqivent zones! Deolonics and rescreened via PSFM culturing on a shaker
at 28°C for 5days. The phosphate-solubilizing ability of
fungus strains was detected via molybdenum-antimony
anti-colorimetry.

Determination of Organic Acids in
Phosphate-Solubilizing Fungal Culture
Medium

Penicillium oxalicum F9 culture medium (1ml) was placed into
a centrifuge tube and centrifuged at 8,000 r-min~' for 5min.
The supernatant was filtered through a 0.22-pm filter membrane
and injected by a 1ml syringe into an ICS-2000 ion
chromatograph (DIONEX, United States) for detection using
a DIONEX IonPac®AS11-HC anion-exchange column (aqueous;
sample flow rate: 1.20ml-min™', column temperature: 30°C,
injection volume: 0.50ml). The chromatographic data were
analyzed according to the instructions using a Chromeleon
chromatographic working station.

Data Analysis

All tests and treatments were performed with three repetitions,
and the values were expressed as the mean of them. Pearson
correlation analysis was used to evaluate whether there was
a significant relationship in phosphate-solubilizing ability of
fungus and the culture medium pH. The significant data
were compared using the LSD test of one-way ANOVA
(p<0.05).

RESULTS

Screening of Phosphate-Solubilizing
Fungus

Nine strains (F1, F2, F3, F4, F5, F6, F7, F8, and F9) of
phosphate-solubilizing fungi were isolated via the primary
screening and rescreening based on the Dyyent sones/ Deolonics
(Figure 1). All of them could grow on the PSFM plate with
tricalcium phosphate as the only phosphorus source and could
produce obvious halo zones. The Dqyent zones/ Deolonies Of F1 was
the lowest (1.18), and that of F9 was the highest (1.42). The
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FIGURE 1 | Screening of phosphate solubilizing fungi from rhizospheric of

crops. The red represents Deoent zones/Deoionies Value, and the blue represents
P-solubilizing capacity.
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results of molybdenum-stibium colorimetry confirmed that
eight strains could solubilize Ca;(PO,),. F9 had the strongest
phosphate-solubilizing ability (186.41 mg-L™"). Therefore, F9 was
selected as a test strain for further research.

Identification of Phosphate-Solubilizing
Fungus

Phosphate-solubilizing fungus F9 was inoculated onto the PDA
medium and cultured at 28°C for 120h, and the colony
morphological characteristics are shown in Figure 2A. The
F9 colonies on the PDA plate were white at first, gradually
turned dark green and finally became grayish green, with
white edges, were flat and floss-shaped, and conidia shed off
easily. Obvious solubilized (halo) zones emerged on the PSFM
plate (Figure 2B). The structure of phosphate-solubilizing
fungus F9 observed under the electron microscope is shown
in Figure 2C. The conidiophores of F9 were found in the

substrate, and the penicillus was composed of verticillated
sterigma of conidiophores, showing single verticillation.
According to the contrast analysis in line with Fungal
Identification Manual, fungus F9 conformed to the growth
characteristics of Penicillium.

The molecular identification of F9 was performed using the
ITS technique. The ITS sequence of F9 was obtained by PCR
amplification, and the GenBank ID was KT351451. The results
of BLAST analysis revealed that this sequence was 99%
homologous to the ITS sequence of related Penicillium strains
published. The phylogenetic tree based on the Penicillium
rDNA-ITS sequence was constructed using MEGA?7.0 software
(Figure 2D). It was found that the evolutionary distance between
phosphate-solubilizing fungus F9 and P oxalicum SD123
KP639194.1 was the shortest. Combined with the morphological
characteristics and the structural characteristics of conidia, the
phosphate-solubilizing fungus F9 was preliminarily determined
as P oxalicum.

Penicillium virgatum

Penicillium raistrickii FRR 1044
Penicillium commune HDN11-131
Penicillium jensenii NRRL
Penicillium spinulosum FU33

48 Penicillium glabrum

77 | Penicillium thomii FRR 2077
Penicillium citreonigrum Gr155

Penicillium menonorum KNU3

Penicillium janthinellum ESF26P

87 I
100 | Penicillium oxalicum SD123

| s |
0.020

tree of F9.

pressure
Penicillium pinophilum F9

Penicillium oxalicum

FIGURE 2 | Identification of phosphate-solubilizing fungus F9. (A) Colony of F9. (B) Solubilized (halo) zone of F9. (C) Electron micrograph of F9. (D) Phylogenetic
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Analysis of Organic Acids in the Culture
Medium of Penicillium oxalicum F9 During
Growth

Ion chromatograms for the culture medium of phosphate-
solubilizing P oxalicum F9 cultured in the PSFM for 24, 72,
96, and 120h are shown in Figure 3E. Obviously, it shows
solubilization of calcium phosphate in the culture medium of
P oxalicum F9 at various time points during growth. There
were four obvious absorption peaks (6.60, 7.30, 15.60, and
19.10min of elution time) in the culture medium during
solubilization of calcium phosphate by P oxalicum F9.
Furthermore, it was found that the retention times of the four
peaks a, b, ¢, and d (Figure 3E) were the same as those of

the single standard samples of lactic acid, acetic acid, oxalic
acid, and phosphoric acid, respectively (Figures 3A-D). The
absorption peaks of lactic acid, acetic acid, and oxalic acid were
low after 24h of growth and were gradually increased during
additional growth. The absorption peaks of lactic acid and acetic
acid were the highest after 96h, whereas oxalic acid had the
highest absorption peak after 120h of growth. Lactic acid and
acetic acid had higher absorption peaks than oxalic acid after
24, 72, and 96h of growth, whereas oxalic acid had a remarkably
higher absorption peak than lactic acid and acetic acid after
120h of growth. The absorption peak (corresponding to phosphoric
acid) was not detected on prophase, but the absorption peak
increased gradually with the increase in fermentation time. The
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reason may be that the total amount of organic acids is low
in the early stage and the ability of organic acids to dissolve
insoluble calcium phosphate to release soluble phosphorus is
limited. With the extension of culture time, the total amount
of organic acids secreted by P. oxalicum F9 gradually increased,
resulting in the increase in phosphate release. The content of
organic acids in different stages is shown in Table 1.

During solubilization of calcium phosphate by P. oxalicum
F9, the concentration of lactic, acetic, and oxalic acids, as well
as total acids showed an increasing trend when incubation
time was prolonged. After 24h, the concentrations of lactic
acid and acetic acid were 0.023mmol-L™" and 0.015mmol-L™,
respectively, whereas the concentration of oxalic acid
(0.010 mmol-L™") was significantly lower than that of lactic acid
and acetic acid (p<0.05). With the increased culturing time,
the concentration of lactic, acetic, and oxalic acids, as well as
total acids displayed an upward trend. The concentration of
lactic acid (0.054 mmol-L™") and acetic acid (0.054mmol-L™")
was highest after 96h of culturing, and that of oxalic acid
(0.064 mmol-L™") peaked after 120h of culturing. Furthermore,
the concentration of oxalic acid was higher than that of lactic
acid (by 0.024mmol-L™") and acetic acid (by 0.026 mmol-L™").

Meanwhile, the pH of the culture medium gradually declined
with an increase in culturing time during solubilization of
calcium phosphate by P. oxalicum F9 (Figure 3F). At 108 and
120h, the pH tended to be stable and dropped to 2.40. The
phosphate-solubilizing effect was enhanced with the prolonged
culturing time. The phosphate-solubilizing ability of P. oxalicum
F9 on calcium phosphate reached 180-190mg-L™" after 108h.
During solubilization of calcium phosphate by P. oxalicum F9,
there was a correlation between the culture medium pH and
phosphate-solubilizing ability. The lower the pH of the culture

medium was, the stronger the phosphate-solubilizing effect
would be, showing a negative correlation (r=-0.938).

Phosphate-Solubilizing Effect of
Penicillium oxalicum F9 on the

Different Phosphorus Sources

To evaluate the phosphate-solubilizing effect of P oxalicum
F9 on the different insoluble phosphorus sources, except for,
the other insoluble phosphorus sources AIPO, and FePO, were
utilized in our research (Table 2). The total acid concentration
in medium was 0.143 mmol-L™" for insoluble phosphorus sources
Ca;(PO,), however, the total acid concentrations for AIPO,
and FePO, were 0.073 and 0.089mmol-L™}, lower than the
insoluble phosphorus sources Ca;(PO,),. And the solubilizing
ability of P. oxalicum F9 on Ca;(PO,), was 189.10mg-L™" and
significantly higher than the other two insoluble phosphorus
sources AIPO,, 40.83mg-L™", and FePO,, 72.11 mg-L™! (p<0.05).
This result indicated that the phosphate-solubilizing ability of
P oxalicum F9 on Cas(PO,), as a phosphorus source, was
greater than on AIPO, and FePO,. Consequently, to better
investigate the phosphorus solubilization ability of P. oxalicum
F9 and its mutant strains, the following study used Ca;(PO,),,
as a source of insoluble phosphorus.

lon-Beam Mutagenesis of Penicillium
oxalicum F9

The P. oxalicum F9 spores were subjected to the first round
of mutagenesis via low-energy nitrogen ion radiation at the
doses of 30keV, 1x 10" ions-cm™ and 25keV, 1x10' ions-cm™.
The fungal strains were initially screened by assessing the
solubilized (halo) zones (Figure 4) on the solid PSFM plates

TABLE 1 | Organic acids in the Penicillium oxalicum F9 culture medium.

Organic acids (mmol-L-")

Duration of growth

Lactic acid Acetic acid Oxalic acid Total acids
24h 0.023 + 0.003d 0.015 + 0.003c 0.010 £ 0.001¢c 0.047 +0.008c
72h 0.033 + 0.001¢c 0.051 + 0.004a 0.033 + 0.005b 0.139 + 0.013b
96h 0.054 + 0.002a 0.053 + 0.003a 0.047 + 0.009b 0.153 £ 0.014a
120h 0.040 + 0.001b 0.038 + 0.003b 0.064 + 0.004a 0.163 + 0.003a
The significance letters in each column indicate significant differences in various stages of growth.

TABLE 2 | The phosphate-solubilizing ability of Penicillium oxalicum F9 in different phosphorus sources.
. . e
Organic acid (mmol-L™") P-solubilizing
Phosphorus source i 4
. . . . . . . abilities (mg-L™")
Lactic acid Acetic acid Oxalic acid Total acid
Cay(PO,), 0.040 + 0.001a 0.038 + 0.003a 0.064 + 0.004a 0.143 £ 0.010a 189.10 + 6.21a
AIPO, 0.021 + 0.002b 0.020 + 0.004c 0.052 + 0.005b 0.073 + 0.010c 40.83 + 4.30c
FePO, 0.010 + 0.010¢c 0.037 + 0.008b 0.042 + 0.002¢ 0.089 + 0.008b 72.11 £ 3.92b

The significance letters in each column indicate significant differences in different phosphorus sources.
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FIGURE 4 | Soluble (halo) zones of mutants after the second round of mutagenesis.

TABLE 3 | Positive and negative mutants of Penicillium oxalicum F9 obtained by
low-energy ion beam mutagenesis.

D P-solubilizing Change in
Mutagenesis Mutants ji_’,"’e"‘ capacity P-solubilizing
zones/ M colonies (mg-L) capacity (%)
F9 1.24 £ 0.05 186.41 + 3.20 0
p-1 1.66 + 0.06 235.70 £3.59  +26.41 +1.93
p-2 1.49 + 0.06 228.20 + 2.61 +22.41 +1.41
p-3 1.45 £ 0.02 22592 +4.88 +21.23+2.62
p-4 1.49 £ 0.04 225.01 £4.27  +20.71 +2.29
p-5 1.48 = 0.05 22413 +4.43  +20.20 + 2.38
p-6 1.47 £ 0.08 22391 £6.25 +20.12+3.35
First round n-1 1.04 £ 0.04 133.80 +3.13 -28.21 +1.68
n-2 1.08 = 0.03 14192 +2.66 —-23.92+1.43
n-3 1.12 £ 0.07 14551 +4.60 —-22.083 +2.47
n-4 1.14 £ 0.05 147.31 £ 4.41 -21.01 £2.37
n-5 1.12 £ 0.06 147.72 +2.88 -20.80 + 1.54
n-6 1.10 £ 0.02 148.40 + 3.54 -20.41 +1.90
n-7 1.12 £ 0.06 148.92 +3.15 -20.11 +1.69
n-8 1.11 £ 0.07 149.21 +3.19  -20.08 + 1.71
n-9 1.10 £ 0.01 14911 +£1.39 -20.02 +0.75
P1 2.02 £ 0.06 291.81£5.50 +56.88 +2.96
P2 1.92+0.06 264.62+10.21 +42.26 +5.48
Second round P3 212+ 0.04 24580 +8.72 +32.15+4.67
N1 1.00 = 0.04 97.61 +4.41 —47.53 £ 2.36
N2 1.08 £ 0.02 120.40 = 7.21 -356.27 £ 3.87
N3 1.02 + 0.03 128.60 +8.30 —30.86 + 4.46

and rescreened via culturing in the liquid medium on a
shaker for 120h; as a result, we identified six phosphate-
solubilizing Penicillium strains with more than 20% increased

phosphate-solubilizing ability and nine strains with 20% decreased
phosphate-solubilizing ability (Table 3). The phosphate-
solubilizing ability of positive mutant strain p-1 was enhanced
most significantly (235.70mg-L™"), up by 26.40% compared with
the control strain. The phosphate-solubilizing ability of negative
mutant strain n-1 declined most significantly (133.80mg-L™"),
down by 28.20% compared with the control strain. The p-1
and n-1 strains were subjected to the second round of mutagenesis
under the same radiation conditions. Six mutant strains varying
in phosphate-solubilizing ability by more than 30% were obtained,
including three positive (P1, P2, and P3) and three negative
(N1, N2, and N3) mutant strains. The soluble (halo) zones of
the six mutant strains are shown in Figure 4 and Table 3
displays the quantification of the phosphate-solubilizing ability.
The soluble (halo) zones of positive mutant strains (P1, P2,
and P3) of Penicillium strains were greater compared with those
of the control strains, whereas the negative mutant strains (N1,
N2, and N3) had substantially smaller soluble (halo) zones
compared with the control strains (Figure 4). Compared with
that of control strains, the phosphate-solubilizing ability of P1,
P2, and P3 was enhanced by 56.88%, 42.26%, and 32.15%, and
that of N1, N2, and N3 was weakened by 47.53%, 35.27%,
and 30.86%, respectively.

Analysis of organic acids and pH of culture medium of
mutant strains of phosphate-solubilizing P. oxalicum F9.

After the P. oxalicum F9 strain and the mutant strains (P1,
P2, and P3 as well as N1, N2, and N3) were cultured in the
PSFM for 120h, the organic acid concentrations and pH of
the culture medium were analyzed (Figures 5, 6).
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FIGURE 6 | The pH of the PSFM culture medium of Penicillium oxalicum F9
and mutants. a, b, ¢, d, and e indicate significant differences in various
strains.

The total amounts of organic acids secreted by the three
positive mutant strains P1, P2, and P3 were 0.207, 0.218, and
0.160 mmol-L™', respectively, representing increases of 68.73%,
77.85%, and 30.13%, respectively, compared with the original
strain P. oxalicum F9 (p<0.05). The total amounts of organic
acids secreted by the three negative mutant strains N1, N2,
and N3 were 0.098, 0.108, and 0.114mmol-L™, respectively,

representing decreases of 20.36%, 11.89%, and 7.41%, respectively,
compared with the original P oxalicum F9 strain (p<0.05;
Figure 5). The phosphate-solubilizing ability of positive mutant
strains P1, P2, and P3 was enhanced by 56.88%, 42.26%, and
32.15%, whereas that of negative mutant strains N1, N2, and
N3 was weakened by 47.53%, 35.27%, and 30.86%, respectively,
compared with P. oxalicum F9 (Table 2). The larger the total
amount of organic acids secreted by the strains, the stronger
their phosphate-solubilizing ability would be.

The pH of the culture medium of the positive mutant
strains P1, P2, and P3 was 2.10, 1.91, and 2.02, respectively,
and there was no significant difference among the three
(p>0.05). However, the pH of the culture medium of the
three mutant strains was significantly lower than that of
the P oxalicum F9 (p<0.05). The capacity of the three
mutant strains to acidify the growth medium was stronger
than that of the P oxalicum F9. The pH of the culture
medium of inoculation strains N1, N2, and N3 was 3.42,
2.71, and 2.44, respectively. The pH of the culture medium
of the three mutant strains was significantly higher than
that of the original P. oxalicum F9 strain (p<0.05). The
capacity of the three mutant strains to acidify the growth
medium was weaker than that of the P oxalicum F9. The
three positive mutant strains had lower pH, and the three
negative mutant strains had higher pH than P oxalicum
F9. Based on the phosphate-solubilizing ability of P. oxalicum
F9 and the mutant strains (Table 2), it can be inferred that
the phosphate-solubilizing ability of phosphate-solubilizing
P. oxalicum F9 had a negative correlation with the pH of
the culture medium.
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DISCUSSION

Currently, there have been about 60 types of phosphate-
solubilizing fungi identified (Busato et al, 2017), and they
mainly belong to Alternaria, Aspergillus, Fusarium, Penicillium,
Talaromyces, and Trichoderma (Doilom et al., 2020). Aspergillus
and Penicillium have widely reported fungi with a strong
phosphate-solubilizing ability (Kucey, 1983; Hao et al., 2021).
Lin et al. (2001) conducted a comparative study on the phosphate-
solubilizing ability of some bacteria and fungi and found that
the capacity of bacteria to dissolve phosphate rock powder
ranged from 26.92 to 43.34mgL™", whereas the capacity of
most fungi was 59.64-145.36 mg-L™'; hence, fungi have a stronger
capacity to dissolve phosphate rock powder than bacteria. Nath
et al. (2012) found two strains of Penicillium with a strong
phosphate-solubilizing ability (39.22 and 86.10mg-L™"). In the
current study, nine strains of phosphate-solubilizing fungi were
isolated from the rhizospheric soil of major crops wheat and
cotton in the downstream region of the Yellow River. Among
them, P. oxalicum F9 had the strongest phosphate-solubilizing
ability, and it was identified by morphological and molecular
characterization that the strain was Penicillium oxalicum with
the high phosphate-solubilizing activity (186.41 mg-L™"), higher
than that of bacteria and fungi of the same type reported
previously. The P. oxalicum F9 isolated in this study provides
important material for the research on the phosphate-solubilizing
mechanism and application of phosphate-solubilizing fungi.
Low-energy ion beam mutagenesis leads to single base
substitution and DNA double-strand breakage (Thopan et al.,
2017), and a large number of free radicals will be produced.
Mutation breeding of highly efficient phosphate-solubilizing
fungi microorganisms and characterization of the underlying
phosphate-solubilizing mechanism has always been hot research
topics in the field of soil microorganisms and biofertilizers
(Guo et al, 2019). The phosphate-solubilizing effect of
microorganisms can be enhanced by radiation mutagenesis.
Silva et al. (2014) induced mutation of Aspergillus niger via
UV and confirmed that the phosphate-solubilizing ability of
mutant FS1-331 was increased by 1.70 times compared with
that of wild strains. In recent years, low-energy ion beam
mutagenesis for microorganisms has been extensively researched
(You et al, 2009; Li et al., 2011a; Zhang et al,, 2016; Semsang
et al, 2018). Semsang et al. (2018) used low-energy N ion
beam mutagenesis to acquire a mutant which had improved
yields and seed quality. In this study, P oxalicum F9 was
subjected to two rounds of low-energy nitrogen ion mutagenesis.
The three positive mutants (P1, P2, and P3) obtained by ion
beam mutagenesis had significantly higher phosphorus
solubilization abilities than the control strain (56.88%, 42.26%,
and 32.15%); in contrast, the three negative mutants exhibited
significantly lower phosphorus solubilization abilities than
the control strain. In addition, the acidification and organic
acid secretion by the positive mutant strains obtained by ion
beam mutagenesis were markedly stronger than those of
P oxalicum F9, but they were weaker in the negative mutant
strains than those of P. oxalicum F9 (Figures 5, 6). Ion beam
mutagenesis can alter the acidification, organic acid-secreting,

and phosphate-solubilizing capacities of P oxalicum F9. In
summary, numerous phosphate-solubilizing mutants were induced
via low-energy ion implantation, which provided valuable test
materials for breeding of highly efficient phosphate-solubilizing
microorganisms and exploration of the underlying phosphate-
solubilizing mechanism in P. oxalicum F9.

Secreting organic acids is a common phenomenon and also
the main reason for the phosphate-solubilizing effect by
phosphate-solubilizing microorganisms that can secrete organic
acids to lower the growth medium pH, thereby solubilizing
insoluble inorganic phosphorus (Alori et al., 2017; Tomer et al.,
2017; Zhang et al, 2018). Most studies showed a significant
correlation between the phosphate-solubilizing ability of
phosphate-solubilizing bacteria and the pH of fermentation
liquid. In this study, the capacity of P. oxalicum F9 to solubilize
calcium phosphate in the PSFM was significantly and negatively
correlated with the pH of the culture medium (r=-0.938).
There was also a similar relation between the phosphate-
solubilizing ability of mutant strains obtained by ion beam
mutagenesis and the pH. The pH of the culture medium of
the positive mutant strains (P1, P2, and P3) at 120h (pH
2.40) was significantly lower than that of P oxalicum F9
(p<0.05), whereas the pH of the culture medium of the negative
mutant strains (N1, N2, and N3) at 120h was evidently higher
than that of P. oxalicum F9. The phosphate-solubilizing ability
of the mutant strains of phosphate-solubilizing P. oxalicum
F9 was negatively correlated with the pH of their culture medium.

The organic acids secreted by phosphate-solubilizing
P. oxalicum F9 form complexes or chelates with calcium ions
of water-insoluble calcium phosphate so that the phosphate
ions are released. During solubilization of calcium phosphate
in the PSFM by P oxalicum F9 and its mutants, the three
types of organic acids (lactic acid, acetic acid, and oxalic acid)
were secreted. It is speculated that these three types are the
main organic acids involved in phosphate solubilization by
P oxalicum F9. During the growth of P oxalicum F9 and
solubilization of calcium phosphate, the total amount of organic
acids secreted increased, and the phosphate-solubilizing effect
also became more obvious with the increased duration of
growth. In this study, the concentration of lactic acid and
acetic acid in the culture medium was significantly higher
than that of oxalic acid after 24h of growth (p<0.05), whereas
the concentration of oxalic acid was significantly higher than
that of lactic acid and acetic acid after 120h of growth (p<0.05).
It is speculated that the phosphate-solubilizing effect of
P oxalicum F9 was dominated by lactic acid and acetic acid
after 24h of growth, but it is dominated by oxalic acid after
120h of growth. The close relation between the total amount
of organic acids secreted by P. oxalicum F9 and its phosphate-
solubilizing effect was also confirmed in the mutant strains.
The total amount of organic acids of the three positive mutant
strains (P1, P2, and P3) was significantly larger than that of
the P oxalicum F9, whereas the three negative mutant strains
(N1, N2, and N3) secreted significantly less organic acids than
P, oxalicum F9. Consequently, a stronger capacity of P. oxalicum
F9 to secrete organic acids will result in a greater capacity of
it to solubilize phosphate.
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CONCLUSION

In this study, a phosphorus-solubilizing fungus P. oxalicum F9
was isolated from the rhizospheric soil under wheat and cotton
fields in the lower reaches of the Yellow River. P. oxalicum
F9 dissolved water-insoluble calcium phosphate by secreting
lactic acid, acetic acid, and oxalic acid. And the secretion of
the above three organic acids gradually increased with the
extension of the culture time with pH values of the medium
decreased correspondingly. In addition, the organic acids formed
complexes or chelates with calcium ions, so that the phosphate
was released. Furthermore, compared with the original strain,
the high-efficiency phosphorus-solubilizing mutant obtained by
ion beam mutagenesis secreted more organic acids and had
a stronger phosphorus-solubilizing effect. Overall, this study
provides a theoretical basis and a new direction for the study
and development of the phosphorus-solubilizing mechanism
of phosphorus-solubilizing fungi.

REFERENCES

Ahuja, A, Ghosh, S. B., and D’souza, S. E. (2007). Isolation of a starch utilizing,
phosphate solubilizing fungus on buffered medium and its characterization.
Bioresour. Technol. 98, 3408-3411. doi: 10.1016/j.biortech.2006.10.041

Alori, E. T, Glick, B. R., and Babalola, O. O. (2017). Microbial phosphorus
solubilization and its potential for use in sustainable agriculture. Front.
Microbiol. 8, 971. doi: 10.3389/fmicb.2017.00971

Antoun, H. (2012). Beneficial microorganisms for the sustainable use of phosphates
in agriculture. Procedia Eng 46, 62-67. doi: 10.1016/j.proeng.2012.09.446

Busato, J. G., Zandonadi, D. B., Mol, A. R, Souza, R. S., Aguiar, K. P,
Junior, E B., et al. (2017). Compost biofortification with diazotrophic and
P-solubilizing bacteria improves maturation process and P availability. J.
Sci. Food Agric. 97, 949-955. doi: 10.1002/jsfa.7819

Chakdar, H., Dastager, S. G., Khire, J. M., Rane, D., and Dharne, M. S. (2018).
Characterization of mineral phosphate solubilizing and plant growth promoting
bacteria from termite soil of arid region. 3. Biotech 8:463. doi: 10.1007/
513205-018-1488-4

Della Monica, I. E, Godoy, M. S., Godeas, A. M., and Scervino, J. M. (2018).
Fungal extracellular phosphatases: their role in P cycling under different
pH and P sources availability. J. Appl. Microbiol. 124, 155-165. doi: 10.1111/
jam.13620

Doilom, M., Guo, J. W,, Phookamsak, R., Mortimer, P. E., Karunarathna, S. C.,
Dong, W, et al. (2020). Screening of phosphate-solubilizing fungi from air
and soil in Yunnan, China: four novel species in Aspergillus, Gongronella,
Penicillium, and Talaromyces. Front. Microbiol. 11:585215. doi: 10.3389/
fmicb.2020.585215

Gong, M., Tang, C., and Zhu, C. (2014). Cloning and expression of delta-1-
pyrroline-5-carboxylate dehydrogenase in Escherichia coli DH5a improves
phosphate solubilization. Can. J. Microbiol. 60, 761-765. doi: 10.1139/
¢jm-2014-0412

Guo, X., Zhang, M., Gao, Y., Cao, G., Yang, Y., Lu, D,, et al. (2019). A genome-
wide view of mutations in respiration-deficient mutants of Saccharomyces
cerevisiae selected following carbon ion beam irradiation. Appl. Microbiol.
Biotechnol. 103, 1851-1864. doi: 10.1007/500253-019-09626-0

Hao, S., Tian, J.,, Liu, X.,, Wang, P, Liu, Y., Deng, S., et al. (2021). Combined
effects of Penicillium oxalicum and tricalcium phosphate on lead
immobilization: performance, mechanisms and stabilities. Ecotox Environ
Safe 227:112880. doi: 10.1016/j.ecoenv.2021.112880

Khan, M. S., Zaidi, A., and Ahmad, E. (2014). “Mechanism of phosphate
solubilization and physiological functions of phosphate-solubilizing
microorganisms,” in Phosphate Solubilizing Microorganisms. eds. M. Khan, A.
Zaidi and J. Musarrat (Cham: Springer), 34-35. doi: 10.1007/978-3-
319-08216-5_2

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

TY, LL, BW, JT, SZ, and ZW designed and performed research
study. TY, LL, SZ, and FS wrote the paper. All authors contributed
to the article and approved the submitted version.

FUNDING

This research was supported by National Natural Science
Foundation of China (11305047) and Science and Technology
Program of Henan Province (222102110122).

Kucey, R. M. N. (1983). Phosphate-solubilizing bacteria and fungi in various
cultivated and virgin Alberta soils. Can. J. Soil Sci. 63, 671-678. doi: 10.4141/
Cjss83-068

Li, F, Wang, T, Xu, S., Yuan, H., Bian, P, Wu, Y,, et al. (2011a). Abscopal
mutagenic effect of low-energy-ions in Arabidopsis thaliana seeds. Int. J.
Radiat. Biol. 87, 984-992. doi: 10.3109/09553002.2011.574780

Li, S. C, Zhang, P. P, Gu, S. B, Liu, H. X,, Liu, Y,, and Liu, S. N. (2013).
Screening of lipid high producing mutant from rhodotorula glutinis by low
ion implantation and study on optimization of fermentation medium. Indian
J. Microbiol. 53, 343-351. doi: 10.1007/s12088-013-0361-8

Li, ], Zhang, S., Shi, S., and Huo, P. (2011b). Mutational approach for N2-
fixing and P-solubilizing mutant strains of Klebsiella pneumoniae RSN19
by microwave mutagenesis. World J. Microbiol. Biotechnol. 27, 1481-1489.
doi: 10.1007/s11274-010-0600-7

Li, ], Zhang, Y., Yu, Z, Wang, Y., Yang, Y., Liu, Z., et al. (2007). Superior
storage stability in low lipoxygenase maize varieties. J. Stored Prod. Res. 43,
530-534. doi: 10.1016/j.jspr.2006.09.005

Lin, Q., Wang, H., Zhao, X., and Zhao, Z. (2001). Capacity of some bacteria
and fungi in dissolving phosphate rock. Microbiology 28, 26-30. doi: 10.13344/j.
microbiol.china.2001.02.008

Maekawa, M., Hase, Y., Shikazono, N., and Tanaka, A. (2003). Induction of
somatic instability in stable yellow leaf mutant of rice by ion beam irradiation.
Nucl Instrum Meth B 206, 579-585. doi: 10.1016/s0168-583x(03)00839-5

Mendes, G. O., Dias, C. S, Silva, I. R., Junior, J. I, Pereira, O. L., and
Costa, M. D. (2013). Fungal rock phosphate solubilization using sugarcane
bagasse. World J. Microbiol. Biotechnol. 29, 43-50. doi: 10.1007/
s11274-012-1156-5

Mendes, G. D., Murta, H. M., Valadares, R. V,, Da Silveira, W. B., Da Silva, L. R,,
and Costa, M. D. (2020). Oxalic acid is more efficient than sulfuric acid
for rock phosphate solubilization. Miner. Eng. 155:106458. doi: 10.1016/j.
mineng.2020.106458

Nath, R., Sharma, G. D., and Barooah, M. (2012). Efficiency of tricalcium
phosphate solubilization by two different endophytic Penicillium sp. isolated
from tea (Camellia sinensis L.). Euro J of Exper Biol 2, 1354-1358.

Nguyen, N. H., and Bruns, T. D. (2015). The microbiome of Pinus muricata
ectomycorrhizae: community assemblages, fungal species effects, and
Burkholderia as important bacteria in multipartnered symbioses. Microb.
Ecol. 69, 914-921. doi: 10.1007/s00248-015-0574-y

Okamura, M., Yasuno, N., Ohtsuka, M., Tanaka, A., Shikazono, N., and Hase, Y.
(2003). Wide variety of flower-color and -shape mutants regenerated from
leaf cultures irradiated with ion beams. Nucl Instrum Meth B 206, 574-578.
doi: 10.1016/s0168-583x(03)00835-8

Parsons, H. T, and Fry, S. C. (2012). Oxidation of dehydroascorbic acid and
2, 3-diketogulonate under plant apoplastic conditions. Phytochemistry 75,
41-49. doi: 10.1016/j.phytochem.2011.12.005

Frontiers in Microbiology | www.frontiersin.org

10

April 2022 | Volume 13 | Article 793122


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.biortech.2006.10.041
https://doi.org/10.3389/fmicb.2017.00971
https://doi.org/10.1016/j.proeng.2012.09.446
https://doi.org/10.1002/jsfa.7819
https://doi.org/10.1007/s13205-018-1488-4
https://doi.org/10.1007/s13205-018-1488-4
https://doi.org/10.1111/jam.13620
https://doi.org/10.1111/jam.13620
https://doi.org/10.3389/fmicb.2020.585215
https://doi.org/10.3389/fmicb.2020.585215
https://doi.org/10.1139/cjm-2014-0412
https://doi.org/10.1139/cjm-2014-0412
https://doi.org/10.1007/s00253-019-09626-0
https://doi.org/10.1016/j.ecoenv.2021.112880
https://doi.org/10.1007/978-3-319-08216-5_2
https://doi.org/10.1007/978-3-319-08216-5_2
https://doi.org/10.4141/cjss83-068
https://doi.org/10.4141/cjss83-068
https://doi.org/10.3109/09553002.2011.574780
https://doi.org/10.1007/s12088-013-0361-8
https://doi.org/10.1007/s11274-010-0600-7
https://doi.org/10.1016/j.jspr.2006.09.005
https://doi.org/10.13344/j.microbiol.china.2001.02.008
https://doi.org/10.13344/j.microbiol.china.2001.02.008
https://doi.org/10.1016/s0168-583x(03)00839-5
https://doi.org/10.1007/s11274-012-1156-5
https://doi.org/10.1007/s11274-012-1156-5
https://doi.org/10.1016/j.mineng.2020.106458
https://doi.org/10.1016/j.mineng.2020.106458
https://doi.org/10.1007/s00248-015-0574-y
https://doi.org/10.1016/s0168-583x(03)00835-8
https://doi.org/10.1016/j.phytochem.2011.12.005

Yang et al.

Isolation, Mutagenesis, Phosphate-Solubilizing Fungus

Peng, Y., Gong, X., Zhu, Y, Li, B,, Lu, D., Yang, H., et al. (2020). Breeding
of a highly effective organophosphorus-degrading mutant bacteria obtained
by ion beam irradiation. J. Radiat. Res. Radiat Process 38, 59-68. doi:
10.11889/j.1000-3436.2020.r1j.38.040401

Semsang, N., Techarang, J., Yu, L. D., and Phanchaisri, B. (2018). Low-energy
N-ion beam biotechnology application in the induction of Thai jasmine
rice mutant with improved seed storability. Nucl. Instrum. Meth. B 425,
32-37. doi: 10.1016/j.nimb.2018.04.007

Sharma, S. B., Sayyed, R. Z., Trivedi, M. H., and Gobi, T. A. (2013). Phosphate
solubilizing microbes: sustainable approach for managing phosphorus
deficiency in agricultural soils. Springerplus 2:587. doi: 10.1186/2193-
1801-2-587

Shi, E, Yin, Z, Jiang, H., and Fan, B. (2014). Screening, identification of
P-dissolving fungus P 83 strain and its effects on phosphate solubilization
and plant growth promotion. Acta Microbiol Sin. 54, 1333-1343. doi: 10.13343/j.
cnki.wsxb.2014.11.011

Silva, U. D., Mendes, G. D., Silva, N. M. R. M., Duarte, J. L., Silva, I. R.,
Totola, M. R., et al. (2014). Fluoride-tolerant mutants of Aspergillus Niger
show enhanced phosphate solubilization capacity. PLoS One 9:e110246. doi:
10.1371/journal.pone.0110246

Thopan, P, Yu, L., Brown, I. G., and Tippawan, U. (2017). Low-energy ion-
species-dependent induction of DNA double-strand breaks: ion energy and
fluence thresholds. Radiat. Res. 188, 426-432. doi: 10.1667/RR14721.1

Tomer, S., Suyal, D. C., Shukla, A., Rajwar, J., Yadav, A., Shouche, Y, et al.
(2017). Isolation and characterization of phosphate solubilizing bacteria
from Western Indian Himalayan soils. 3. Biotech 7:95. doi: 10.1007/
s13205-017-0738-1

Yamaguchi, H., Nagatomi, S., Morishita, T., Degi, K., Tanaka, A., Shikazono, N.,
et al. (2003). Mutation induced with ion beam irradiation in rose. Nucl
Instrum. Meth. B 206, 561-564. doi: 10.1016/S0168-583X(03)00825-5

Yongbin, L., Qin, L., Guohua, G., and Sanfeng, C. (2020). Phosphate solubilizing
bacteria stimulate wheat rhizosphere and endosphere biological nitrogen

fixation by improving phosphorus content. Peer J. 8:€9062. doi: 10.7717/
peerj.9062

You, Y. W,, Wang, M., Jiang, L. H., Yue, S. S., and Liu, Z. H. (2009). Mutant
breeding of high effective phosphate-solubilizing bacteria Bacillus subtilis
P-1 by nitrogen ionic beam. Southwest China ]. Agric. Sci. 22, 1020-1022.
doi: 10.16213/j.cnki.scjas.2009.04.008

Zhang, Y., Chen, E S, Wu, X. Q, Luan, E G., Zhang, L. P, Fang, X. M,
et al. (2018). Isolation and characterization of two phosphate-solubilizing
fungi from rhizosphere soil of moso bamboo and their functional capacities
when exposed to different phosphorus sources and pH environments. PLoS
One 13:€0199625. doi: 10.1371/journal.pone.0199625

Zhang, L., Qi, W,, Xu, H., Wang, L., and Jiao, Z. (2016). Effects of low-energy
N(+)-beam implantation on root growth in Arabidopsis seedlings. Ecotoxicol.
Environ. Saf. 124, 111-119. doi: 10.1016/j.ecoenv.2015.10.003

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Yang, Li, Wang, Tian, Shi, Zhang and Wu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

11

April 2022 | Volume 13 | Article 793122


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.11889/j.1000-3436.2020.rrj.38.040401
https://doi.org/10.1016/j.nimb.2018.04.007
https://doi.org/10.1186/2193-1801-2-587
https://doi.org/10.1186/2193-1801-2-587
https://doi.org/10.13343/j. cnki.wsxb.2014.11.011
https://doi.org/10.13343/j. cnki.wsxb.2014.11.011
https://doi.org/10.1371/journal.pone.0110246
https://doi.org/10.1667/RR14721.1
https://doi.org/10.1007/s13205-017-0738-1
https://doi.org/10.1007/s13205-017-0738-1
https://doi.org/10.1016/S0168-583X(03)00825-5
https://doi.org/10.7717/peerj.9062
https://doi.org/10.7717/peerj.9062
https://doi.org/10.16213/j.cnki.scjas.2009.04.008
https://doi.org/10.1371/journal.pone.0199625
https://doi.org/10.1016/j.ecoenv.2015.10.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Isolation, Mutagenesis, and Organic Acid Secretion of a Highly Efficient Phosphate-Solubilizing Fungus
	Introduction
	Materials and Methods
	Isolation and Screening of Phosphate-Solubilizing Fungi
	Identification of Phosphate-Solubilizing Fungi
	Determination of pH of Phosphate-Solubilizing Fungal Culture Medium
	Ion Beam Mutagenesis for Phosphate-Solubilizing Fungus Penicillium oxalicum F9
	Determination of Organic Acids in Phosphate-Solubilizing Fungal Culture Medium
	Data Analysis

	Results
	Screening of Phosphate-Solubilizing Fungus
	Identification of Phosphate-Solubilizing Fungus
	Analysis of Organic Acids in the Culture Medium of Penicillium oxalicum F9 During Growth
	Phosphate-Solubilizing Effect of Penicillium oxalicum F9 on the Different Phosphorus Sources
	Ion-Beam Mutagenesis of Penicillium oxalicum F9

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding

	References

