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Abstract

Large-scale screening of 848 culturable soil and endophytic filamentous fungi and yeasts for the ability to mobilize inorganic
and organic P compounds was performed. Five strains of filamentous fungi having the highest level of phosphate-mobilizing
ability were selected: Penicillium bilaiae Pbl4, P. bilaiae C11, P. rubens EF5, Talaromyces pinophilus T14, and Aspergil-
lus sp. D1. These strains in vitro actively solubilized Ca, Al, and Fe phosphates and Ca phytate. The amount of mobilized
P negatively correlated with pH of the medium and positively correlated with fungal biomass. The proposed mechanisms
for P mobilization were acidification of the medium, organic acid release, and phosphatase activity. The fungi decreased
pH of the medium from 7.0 to 2.3-5.0. Ten different organic acids were produced by fungi with pyruvic acid being a major
component. Acid phosphatase activity varied from 0.12 EU to 0.84 EU, and alkaline phosphatase activity varied from 0.08
EU to 0.61 EU depending on the strain. Available P concentration in soil was increased by 13-28% after introduction of the
fungi. The fungi also produced phytohormones auxins, salicylic acid, and abscisic acid. All the strains, except Aspergillus
sp. D1, promoted elongation and increased biomass of barley seedlings grown in soil. Shoot P concentration increased by
17-26% after inoculation with P. bilaiae Pb14, T. pinophilus T14, and Aspergillus sp. D1. It was concluded that the selected
fungal strains promoted plant growth due to P mobilization and phytohormone production.

Introduction

Phosphorus (P) is the essential macronutrient required for
synthesis of vital cell compounds and energy exchange in
plants. Despite the high total P content in soil, its bioavail-
ability is a limiting factor for plant growth because approxi-
mately 95-99% of P is in insoluble forms and unavailable
for plants [1, 2].

The problem of soil P deficiency is partially solved by
applying mineral fertilizers. However, only about 20% of P
fertilizers is assimilated by plants, whereas the remainder is
rapidly converted into insoluble complexes with aluminum
(Al) and iron (Fe) in acidic soils (especially those with pH
lower than 5.0) and with calcium (Ca) in alkaline soils (pH
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above 7.0) [2, 3]. An alternative approach is the mobili-
zation of phosphates from insoluble compounds using the
phosphate-mobilizing microorganisms. Many soil microor-
ganisms including bacteria, fungi, and algae are able to min-
eralize insoluble mineral and organic P compounds, making
them available for plants [3—5]. The microbial solubilization
of inorganic P compounds is due to various mechanisms
which is associated mainly with the acidification of the
medium that happens through the release of organic acids
[1, 2]. Di-and tricarboxylic acids were found to be more
effective in phosphate solubilization compared to monoba-
sic and aromatic acids [2, 3]. Another principal mechanism
of microbial P mineralization is the production of acid and
alkaline phosphatases that hydrolyze organic phosphates.
Acid phosphatases can be released also by plants, whereas
alkaline phosphatases are mostly of microbial origin [6].
Microbial phosphate mobilization is considered as one
of the main mechanisms related to plant growth promotion
[1, 4]. In recent years, numerous reports presented a consid-
erable information on phosphate-mobilizing fungi (PMF).
However, most of them are focused primarily on phosphate
mobilization in vitro [6—16], and information on their effects
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on soil and plants is insufficient [17-21]. Furthermore, there
are only few reports mentioning not only plant growth char-
acteristics in general (plant biomass, height, etc.), but also
parameters related to P uptake by plants [18, 19]. Many of
studies investigated P mobilization from inorganic P sources
[7-9, 18, 22], predominantly tricalcium phosphate [10-13,
17, 23]. Other P compounds are also examined, but on a very
small scale. Despite numerous reports on filamentous PMF
isolated from a wide range of soils [8—17, 19-21], informa-
tion on their presence in plant tissues (endophytic traits) is
very limited [7, 22]. Little attention also received phosphate-
mobilizing yeasts [22, 24]. Thus, a more detailed study on
the characteristics and mechanisms of phosphate mobiliza-
tion from different P sources by both groups of PMF, as well
as their application for increasing soil and plant P avail-
ability is needed to expand and deepen existing knowledge.

Different approaches, such as cultivation-dependent tech-
niques and cultivation-independent high-throughput DNA
sequencing technologies, are used to investigate composition
and diversity of fungal communities [25]. Although culture-
based techniques reveal a portion of the actual diversity,
they are significant for isolation and characterization of pure
fungal cultures, including those with the potential for appli-
cation as inoculants.

The present study focuses on the large-scale screening
of culturable soil and endophytic filamentous fungi and
yeasts for phosphate mobilization and characterization of
the mechanisms underlying both inorganic P solubilization
(Ca phosphate, Al phosphate, Fe phosphate) and organic P
mineralization (Ca phytate). Subsequent evaluation of fungi
for phytohormone production and plant growth promotion
in combination with P uptake in vivo allowed selecting the
most efficient strains with potential for biotechnological
application.

Materials and Methods
Plant and Soil Sampling

Seven plant species were sampled in May—June 2019 during
vegetative growth phase from agricultural fields located in
Turgen, Almaty region, Kazakhstan (43° 27' N 77° 34' E,
817 m a.s.l.): soybean (Glycine max (L.) Merr.), barley (Hor-
deum vulgare L.), alfalfa (Medicago sativa L.), rapeseed
(Brassica napus L.), safflower (Carthamus tinctorius L.),
sweet clover (Melilotus officinalis (L.) Pall.), and sainfoin
(Onobrychis viciifolia Scop.). Five plants located at 10-m
intervals from each other were collected per each plant spe-
cies. The root—soil system of each plant was gently shaken
by hands to remove and collect the bulk soil free of roots.
Each sample was put separately in sterile plastic bag and
brought to the laboratory on the same day to be processed
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immediately. Plant and soil characteristics are summarized
in Table S1 (Supplementary material Table S1).

Soil characteristics were determined according to ana-
lytical procedures, described in [26]. Soil texture was deter-
mined by the hydrometer method. Soil pH was measured in
the soil/water suspensions at a ratio of 1:5 (w/v) using an
ionomer I-160 M (“Antech,” Belarus). Soil total C and total
N were determined by dry combustion procedure using a
Multi N/C 3100 TOC analyzer (Analytik Jena, Germany).
Total P was extracted by digestion with 60% HClO, after
pretreatment with HNO; followed by estimation of extracted
P using ascorbic acid molybdenum blue method [27]. Avail-
able P was determined by extraction with 0.5 M sodium
bicarbonate solution followed by colorimetric measurement
using ascorbic acid molybdenum blue method [28]. Soil type
was classified according to the World Reference Base for
Soil Resources [29].

Fungal Isolation

Soil fungi were isolated from the bulk soil samples by serial
dilution technique [30] using Sabouraud dextrose agar and
Czapek Dox agar. The media with different compositions
and pH values were used to reveal more fungal diversity.
Sabouraud dextrose agar is commonly used for isolation of
fungi and, especially, yeasts. Czapek Dox agar is predomi-
nantly used for isolation of filamentous fungi. Briefly, bulk
soil samples were air-dried and passed through 2-mm sieve.
Then 10 g of each soil sample was suspended in 90 mL
sterile water, shaken at 120 rpm for 60 min, and settled for
10 min. Subsequently suspensions were serially diluted, 200
pL of each dilutions (10 =3, 10 =%, 10 =, and 10 ~°) were
plated on Petri dishes and incubated at 25 °C for 7 days. The
individual fungal colonies were selected and transferred into
fresh dishes for purification.

Endophytes were isolated from roots, stems, and leaves
by modified fragment plating technique [7] using potato dex-
trose agar (PDA), which is the most suitable and therefore
frequently used medium for isolation of endophytic fungi.
Twenty mature leaves, five mature stems, and ten coarse
roots were obtained from each plant species with the excep-
tion of barley, from which ten leaves were collected. The
samples of healthy plant parts were washed under running
tap water and then cut into 0.5-cm pieces (50 pieces for
each plant organ of each plant species). These segments
were surface sterilized by dipping in 70% ethanol for 1 min
and 3% sodium hypochlorite for 2 min followed by finally
rinsing in sterile distilled water for 2 min to remove any
epiphytic microbes. The sterilized segments were placed
in Petri plates containing PDA medium supplemented with
50 mg L~! streptomycin and 50 mg L~! tetracycline to avoid
contamination by endophytic bacteria. Cultures were incu-
bated at 25 °C for 14 days and checked daily. To verify the
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surface sterilization, 100 puL of water used for final rinse was
plated on PDA as well.

All the isolated fungal strains were stored in the local
Collection of Effective Agricultural Fungal Strains (CEAFS,
Department of Biology and Biotechnology, al-Farabi
Kazakh National University, Almaty, Kazakhstan). The most
effective strains were deposited to the Republican Collection
of Microorganisms (RCM, Nur-Sultan, Kazakhstan, http://
www.rcm.kz/) and/or Russian Collection of Agricultural
Microorganisms (RCAM, St.-Petersburg, Russian Federa-
tion, http://www.arriam.ru/kollekciya-kul-turl/). Accession
numbers of these strains are shown in Table S2 (Supplemen-
tary material Table S2).

Fungal Identification

The standard biochemical and morphological tests were used
for preliminary identification of yeasts under study [31]. Pre-
liminary identification of filamentous fungi was based on
the morphological characteristics and growth rate [32-34].
The distribution of taxa was expressed using the relative
frequency (RF), which is calculated as the number of iso-
lates of one genus divided by the total number of isolates
and expressed as percentage [35]. All fungal strains isolated
from 35 soil samples and 35 plants were taken into account
when calculating RF.

Five strains of filamentous fungi having the highest
level of phosphate-mobilizing ability were selected as the
most promising for the study and identified by sequencing
the nuclear ribosomal internal transcribed region (ITS).
Fungal cultures were grown in Sabouraud dextrose liquid
medium at 25 °C. Fungal mycelium (approximately 10 mm
diameter) of three-day-old culture was used for DNA
extraction. DNA was extracted and purified as described
by Wilson [36]. The following PCR primers were used:
ITS1-5-TCCGTAGGTGAACCTGCGG-3" and ITS4-5'-
TCCTCCGCTTATTGATATGC-3' [37]. The amplification
was carried out in a final volume of 50 pl reaction mix-
tures containing PCR buffer (Fermentas, USA), 25 mM
of MgCl,, 0.8 mM of dNTPs mix, 1.0 U of Tag DNA
polymerase (Fermentas, USA), 10.0 pmol of each forward
and reverse primers, and 2 pL. of DNA template. PCR was
carried out using the following conditions: after an initial
denaturation step for 4 min at 95 °C, 30 cycles followed
by 25 s at 95 °C, 30 s at 54 °C, and 40 s at 72 °C, and a
final extension at 72 °C for 7 min. Electrophoresis was
carried out with 1% agarose gel in TAE under 100 V for
60 min. The DNA fragments were stained with Blue Green
Loading Dye and visualized using UV transilluminator.
The enzymatic technique with Exonuclease I (Fermentas,
USA) and Alkaline Phosphatase (Fermentas, USA) was
used to purify obtained PCR products. Sequencing was
performed in 3730x] DNA Analyzer (Applied Biosystems.

USA) using BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, USA) following the manufac-
turer’s protocol. The length of the sequences was as fol-
lows: P. bilaiae Pb14 -573 bp, P. bilaiae C11—542 bp,
P. rubens EF5—584 bp, T. pinophilus T14—544 bp, and
Aspergillus sp. D1—585 bp.

All sequences were aligned using pair-wise Clustal W
alignment and compared with the related sequences of the
type strains available in the GenBank database using BLAST
analysis. Phylogenetic trees were constructed using the Max-
imum likelihood method in Mega-X software package [38].
Bootstrap analysis with 1000 replicates was carried out to
estimate the support of clusters.

The obtained sequences were deposited to the NCBI Gen-
Bank database under accession numbers MT364469 (Peni-
cillium bilaiae Pb14), MT364470 (Penicillium bilaiae C11),
MT364482 (Penicillium rubens EF5), MT364484 (Talaro-
myces pinophilus T14), and MT364485 (Aspergillus sp. D1).

Phosphorus Mobilization In Vitro

The fungal strains were qualitatively screened for P-mobiliz-
ing ability by culturing on plates with Pikovskaya’s (PKV)
agar medium containing (g L™") glucose, 10; yeast extract,
0.5; (NH,),SO,, 0.5; MgSO,-7H,0, 0.1; KCl, 0.2; NaCl, 0.2;
MnSO,-4H,0, 0.02; FeSO,-7H,0, 0.02; P source (Ca phos-
phate or Ca phytate), 5.0; agar, 15; and pH 7.0. The plates
were spot inoculated and incubated at 25 °C for 7 days.
PMF were recognized by the formation of visible halo zones
around colonies. The phosphate solubilization index (PSI)
was calculated as a ratio of the total diameter (colony + halo
zone) to the colony diameter [19].

To determine soluble P content quantitatively in growth
cultures, Erlenmeyer flasks (250 mL) were filled with 50 mL
of liquid PKV medium, inoculated with fungal mycelium,
and incubated at 180 rpm at 25 °C for 14 days. The unin-
oculated medium was used as the control. Fungal biomass
was obtained by filtering cultures on a Whatman No.1 paper,
dried for 48 h at 80 °C, and weighted. To remove insolu-
ble P compounds, the filtrates were centrifuged at 9000xg
for 20 min. The supernatants were assayed for P content by
spectrophotometric measurement at 405 nm using the ascor-
bic acid molybdenum blue method [27]. The pH of super-
natants was measured using an ionometer I-160 M (Antech,
Belarus). The solubilization efficiency (SE) was calculated
as a percentage of solubilized P from the amount of sup-
plied insoluble P [6]. Quantitative estimations on P solubi-
lization/mineralization by five selected fungal strains were
carried out for 14 days at two-day interval. Five of the most
promising strains were additionally tested for solubilization
of hard-to-solubilize P sources AIPO, and FePO,-4H,0 as
described above.
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Extracellular Phosphatase Activity

Fungal strains were grown in liquid PKV medium for
7 days and supernatants were obtained as described above.
Phosphatase activities were measured in the supernatants
spectrophotometrically at 405 nm using 23 mM p-nitrophe-
nylphosphate (pNPP) as the substrate. Sodium acetate buffer
(0.1 M, pH=35.5) was used for acid phosphatase assay. Uni-
versal buffer (0.1 M, pH=9.0) was used to detect alkaline
phosphatase activity. The reaction mixture was incubated
at 37 °C for 1 h. The reaction was terminated by adding
0.5 M NaOH. An enzymatic unit (EU) was defined as the
amount of enzyme produced per gram of dry mycelium that
hydrolyzed 1 pmol pNPP per min in 1 mL of supernatant [6].

Organic Acid Production

PKV liquid medium supplemented with 0.5% Ca phos-
phate (Cas(PO,),) was used for organic acids detection.
Cultures were incubated at 180 rpm at 25 °C for 7 days.
Then the culture media were centrifuged at 11,000xg for
15 min. Eleven low-molecular weight organic acids mainly
involved in the microbiological mobilization of P [2, 3, 7]
were determined. For this purpose, the supernatants and
uninoculated media (as control) were concentrated at 45 °C
on rotary vacuum evaporator Heidolph Hei-VAP Precision
(Heidolph Instruments GMBH & CO KG, Germany) to dry-
ness at suspended in 1 mL of Milli-Q water. The quanti-
tative composition of organic acids was evaluated using a
Waters ACQUITY UPLC H-Class ultra-performance liquid
chromatography (UPLC) system (Waters, USA). Organic
acids were separated in 10 mM orthophosphoric acid on a
Waters ACQUITY CSH C18 (1.7 um, 2.1 X 75 mm) column
(Waters, USA) at flow rate 0.1 mL min~", column tempera-
ture 24 °C, and detected with Waters eAPDA detector at a
wavelength of 220 nm.

Phytohormone Production

The fungal strains were grown in Sabouraud dextrose liquid
medium amended with 1% L-tryptophan. To determine phy-
tohormones (auxins, abscisic acid, salicylic acid, gibberellic
acid GA), fungal cultures were prepared as described above
and the supernatants were acidified to pH 3.0 with 0.4 N
hydrochloric acid and extracted with equal volumes of ethyl
acetate. The organic phase containing phytohormones were
evaporated to dryness under vacuum at 35 °C and suspended
in 0.5 mL of 18% acetonitrile. The all obtained samples were
filtered through 0.22-pm Costar® Spin-X® microtubes with
nylon membrane filters (Sigma-Aldrich Int. GMBH) prior
to chromatographic analysis. Uninoculated medium was
used as a control. Phytohormones were separated on Waters
ACQUITY UPLC BEH RP18 Shield (1.7 um, 2.1 X 50 mm)
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column (Waters, USA) in a mixture of 0.1% formic acid (A)
and acetonitrile supplied with 0.1% formic acid (B) at flow
rate 0.3 mL min~" with isocratic elution in 18% B for 5 min,
followed by washing with 80% B for 2 min and condition-
ing the column for 3 min at 18% B. Auxins and salicylic
acid were detected with fluorescence detector (Aex =280 nm,
Aem =350 nm for auxins; Aex =300 nm, Aem =405 nm for
salicylic acid). Gibberellic acid GA; and abscisic acid were
detected with Waters eAPDA detector at wavelength of 208
and 265 nm, respectively.

Preparation of Inoculum

To prepare inoculum, PMF were cultivated on PKV agar
medium for 7 days at 25 °C (each strain separately). Spores
were collected by scraping the surface of a sporulating cul-
ture into sterile water supplemented with Triton X-100,
centrifuged at 9000xg for 1 min, and resuspended in sterile
distilled water. The concentration of spores was adjusted
to 107 spore mL~! by microscopic enumeration using
hemocytometer.

In Vitro Assay of Fungal P Mobilization in Soil

Surface soil (0-15 cm) was collected from uncultivated
area in Turgen, Almaty region, Kazakhstan (43° 27" N 77°
34" E, 817 m a.s.l.). The soil was classified as Kastanozem
(dark chestnut) [29] with light loam texture and had the fol-
lowing characteristics: bulk density 1.23 g cm™>, total C
2.65%, total N 1.8 g kg™!, total P 1.7 g kg™, available P
12.2 mg kg™!, available K 535.3 mg kg™!, CaCO; 7.7%,
and pH (H,0)=28.4. Soil characteristics were determined
according to analytical procedures [26] as described above.
The soil was air-dried, passed through 2-mm sieve, and then
stored at 4 C.

The unsterile soil was placed in plastic pots (300 g per
pot, 5 pots per treatment) of 65 X 65 X 100-mm size. There
were six treatments: control, P. bilaiae Pbl4, P. bilaiae C11,
P. rubens EFS, T. pinophilus T14, and Aspergillus sp. D1.
Twenty milliliters of fungal spore suspension prepared as
above mentioned were added into each pot and thoroughly
mixed with soil. Sterile distilled water was used as a control.
Pots were arranged according to a completely randomized
design (CRD). Soil moisture was maintained at 60% of the
whole water holding capacity (WHC) by weighing the pots
and replacing the lost moisture with sterile distilled water.

Soil samples (10 g) were taken from the top layer with
a sterile spatula and analyzed for available P and pH every
10 day for 20 days. Sodium bicarbonate solution (0.5 M,
pH=28.5) was used for extraction soluble P [28]. The
extracted P was measured by colorimetric ascorbic acid
molybdenum blue method [27]. The soil pH was measured
using an ionometer I-160 M (Antech, Belarus).
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Pot Experiment

Barley (cv. Baysheshek) seeds were kindly provided by
agro-industrial firm “Turgen,” Almaty region. Seeds were
surface sterilized by soaking in 75% ethanol for 5 min, in
1% sodium hypochlorite for 10 min, followed by thoroughly
rinsing in sterile distilled water. Unsterile Kastanozem soil
(same as used in study on P mobilization in soil) was used
for the experiment. Pots of 65 X 65 x 100-mm size were filled
with dry soil (300 g per pot) and then the soil was mois-
tened up to 60% of WHC with distilled water. Seeds were
placed in pots (15 seeds per pot, 5 pots per treatment) and
each seed was immediately inoculated with 1 mL of spore
suspension containing 107 spore mL~!. Inoculum was pre-
pared as above mentioned. Control seeds were treated with
sterile water. There were six treatments: control, P. bilaiae
Pbl4, P. bilaiae C11, P. rubens EF5, T. pinophilus T14, and
Aspergillus sp. D1. Pots were randomly arranged according
to a CRD of one factor (type of treatment listed above) with
five replicates per each treatment. The pots were incubated
in a growth chamber at 22 °C under a 16-h/8-h light/dark
cycle at a 100 umol m~2 s~! photon flux density. All pots
were equally irrigated every three days. After incubation
for 14 days the plants were harvested and the length and dry
weight of roots and shoots were determined. The shoot P
concentration was determined as described above.

Statistical Analysis

A CRD was used for the experiments. All the data are pre-
sented as mean values and standard deviation (SD) of three
or five replicates (depending on the experiment). The data
were processed by the standard methods of one-way and
two-way analysis of variance (ANOVA) and Pearson sim-
ple linear correlation using the software Statistica version
10.0 (TIBCO Software Inc., CA, USA). Tukey’s honestly
significant difference (HSD) test (P <0.05) was performed
to estimate significant differences between means. Prior

Rhodotorula
Aureobasidium
1" Metschnikow ia
Saccharomyces
Cryptococcus
Candida
Lipomyces

to analysis, the equality of the sample variances and data
normality were verified using the Levene’s test and Shap-
iro-Wilk test, respectively. When normality of variances was
not confirmed, data were log transformed.

Results

In Vitro Screening of Fungi for Phosphate-Mobilizing
Ability

A total of 848 fungal strains (653 strains of filamentous
fungi and 195 of yeasts) were isolated. Among them, 528
strains were isolated from soil samples and 320 from plants
(Supplementary material Table S3).

Results of preliminary identification of the studied fungi
showed that yeasts were represented by the genera Aureoba-
sidium, Candida, Cryptococcus, Lipomyces, Metschnikowia,
Rhodotorula, and Saccharomyces. Representatives of genera
Rhodotorula, Aureobasidium, and Metschnikowia were the
most frequently isolated yeasts with RF of 34%, 20%, and
17%, respectively (Fig. 1a).

The filamentous fungi belonged to the genera Aspergil-
lus, Beauveria, Cladosporium, Fusarium, Metarhizium,
Mucor, Penicillium, Talaromyces, and Trichoderma. Among
them Penicillium, Aspergillus, and Fusarium were the most
frequently isolated genera with RF of 27%, 24% and 20%,
respectively (Fig. 1b).

The formation of halo zones was observed around colo-
nies of various fungal strains grown on PKV solid medium
supplemented with Ca phosphate or/and Ca phytate. The
percent of Ca phytate-mineralizing strains was higher than
Ca phosphate-solubilizing ones for all types of fungi and
origin of isolation (Supplementary material Table S4). Both
phytate-mineralizing and phosphate-solubilizing ability
were more often found in filamentous fungi than in yeasts.
The percent of phosphate-mobilizing filamentous fungi was
higher among strains originated from soil than those isolated

b gy 3

27 S

Penicillium

6 Aspergillus
Fusarium
Mucor

7 Cladosporium
Trichoderma
Beauveria
Metarhizium
Talaromyces
24 20

Fig. 1 The relative frequency (%) of strains representing different genera of yeasts (a) and filamentous fungi (b)
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from plants, although such effect was not observed for yeasts
(Supplementary material Table S4).

A total of 115 fungal strains, mostly filamentous fungi,
mobilized both inorganic and organic P (Supplementary
material Table S4). Among them 12 strains had PSI above
1.2 for both P sources, therefore they were further tested
quantitatively for P mobilization capacity using a liquid
medium (Supplementary material Table S5). In most cases,
the solubilization efficiency of organic P was higher than
inorganic P. Only Aspergillus sp. DS demonstrated the
same activity for both P sources and vice versa Aspergil-
lus sp. D1 was more efficient in solubilizing Ca phosphate
than Ca phytate. A decrease in pH of the culture medium
was observed in all treatments (Supplementary material
Table S5). The P solubilization efficiency negatively cor-
related with the final pH of the medium (for Ca phosphate
r=-0.81, P=0.01, n=108 and for Ca phytate r=—0.38,
P=0.02, n=108).

Except studies with Ca phosphate and Ca phytate, the
experiments with other hard-to-dissolve P sources like Al
phosphate and Fe phosphate were carried out to confirm that
five selected strains are true P mobilizers. Four selected fun-
gal strains originated from soil (P. bilaiae Pbl4, P. bilaiae
C11, T. pinophilus T14, Aspergillus sp. D1) and one strain
P. rubens EF5 was isolated from barley roots (Supplemen-
tary material Table S5). The solubilization efficiency of Ca
phosphate was higher than Al and Fe phosphates. However,
there was one exception with the strain P. rubens EF5, which
showed the same efficiency for all inorganic P compounds,
whereas the mobilization efficiency of organic source of
P (Ca phytate) was significantly higher than inorganic P
sources (Table 1). Both factors “fungal strain” (F'=33.3;
P=0.0001) and especially “P source” (F'=55.4; P=0.0001)
had the significant effect on the values of P solubilization
efficiency. In addition, available P solubilization efficiency
was influenced by the interaction between these factors
(F=56.3; P=0.0001).

Colony morphology of five filamentous fungi contribut-
ing to the maximum increase in the amount of P solubilized

in the medium is shown in Fig. 2. These strains were selected
for further study and identified by the ITS-region sequences.

Identification of the Selected Fungi

Strains Pb14 and C11 had 99.82% ITS-region similarity with
the type strain Penicillium bilaiae NRRL 339 (Supplemen-
tary material Table S6), while the sequence of isolate EF5
had 100% similarity with the type strain Penicillium rubens
CBS 129667 (Supplementary material Table S7). The ITS-
region of the isolate T'14 was most similar (100%) to the Tal-
aromyces pinophilus CBS 631.66 (Supplementary material
Table S8). Comparison of the ITS-region sequences of the
isolate D1 showed 100% identity with Aspergillus foetidus
CBS 121.28, Aspergillus niger ATCC 16888, and Asper-
gillus welwitschiae CBS 139.54 (Supplementary material
Table S9).

Phylogenetic analysis based on ITS-region sequences
showed that fungal isolates Pb14 and C11 and type strain
Penicillium bilaiae NRRL 339 are forming the cluster with
support 44% (Fig. 3a). The isolate EF5 is clustering with
Penicillium rubens CBS 129667 with support 81% (Fig. 3b).
Strains T14 and Talaromyces pinophilus CBS 631.66 are
clustering together with support 57% (Fig. 3c). The fungal
isolate D1 and Aspergillus foetidus CBS 121.28, Aspergillus
niger ATCC 16888, Aspergillus welwitschiae CBS 139.54,
and Aspergillus awamori CBS 557.65 combined into cluster
with support 92% (Fig. 3d).

Analysis of the ITS-region sequencing confirmed mor-
phological identification of all isolated fungi and allowed
to specify the taxonomic position of these strains as fol-
lows: strains Pb14 and C11 were assigned to P. bilaiae, the
strain EF5 to P. rubens, and the strain T14 to T. pinophilus,
respectively. The strain D1 was assigned as Aspergillus sp.

Characterization of P Mobilization Processes

The amount of solubilized P gradually increased till the
maximum values reached on the 8—10 days. The maximum

Table 1 Solubilization efficiency (%) in media with various insoluble phosphorus sources

Phosphorus sources Strains

Penicillium bilaiae Penicillium

Penicillium rubens EF5

Talaromyces pino-  Aspergillus sp. D1

Pbl4 bilaiae C11 philus T14
Ca phosphate 51+2cAB 47+2cA 46+2aA 56+3cB 86+4cC
Fe phosphate 21+laA 20x1laA 50+2abC 33+2aB 51+2aC
Al phosphate 33+£2bA 29+1bA 47+1aB 48+1bB 67+3bC
Ca phytate 66+2dBC 64+2dB 53+2bA 68+3dBC 72+£3bC

Data are presented as means + SD. Different lowercase letters in the same column indicate statistically significant differences between P sources
and different capital letters in the same line indicate statistically significant differences between strains according to Tukey HSD test (P <0.05;

n=3)
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Penicillium
bilaiae C11

Penicillium
bilaiae Pb14

Penicillium
rubens EF5

Talaromyces
pinophilus T14

Aspergillus sp. D1

—

Fig.2 Colonies of fungal strains on Pikovskaya’s plates. Upper row represents plates with calcium phosphate; lower row represents plates with

calcium phytate. Red arrows show halo zones (Color figure online)

solubilized P concentration in the medium amended with
Ca phosphate was recorded for Aspergillus sp. D1 fol-
lowed by T. pinophilus T14 and P. bilaiae Pbl4. Strains
P. bilaiae C11 and P. rubens EF5 in a less degree demon-
strated the ability to solubilize Ca phosphate (Fig. 4a). In
the medium with Ca phytate all investigated strains, except
P. rubens EFS5, were very efficient in P mineralization.
The amount of P solubilized by P. rubens EF5 was less
compared to other strains (Fig. 4b).

Phosphate mobilization was accompanied by a decrease
in pH of the medium for both P forms (Figs. 4c,d). The pH
decreased during 4—6 days and remained stable until the
end of incubation period. Strain Aspergillus sp. D1 demon-
strated significantly greater drop in the pH compared to the
other strains. The uninoculated media had 997 ug P m1~!
and 1046 ug P ml~! in the presence of Ca phosphate and
Ca phytate, respectively, and no changes were observed
in soluble P and pH during experiments (data not shown).

The change of the pH of the medium was closely related
to the phosphate-mobilizing ability of the fungi. Signifi-
cant negative correlations were found between the pH and
the amount of soluble P in the medium at the eighth day,
when soluble P content reached maximum, for Ca phos-
phate (r= — 0.85, n=45, P=0.043) and for Ca phytate
(r=-0.56, n=45, P=0.02).

The fungal biomass increased up to 6 days of incuba-
tion (Figs. 4e,f). A positive correlation between phos-
phate mobilization and fungal biomass was found for Ca
phosphate (r=+40.73, n=45, P=0.03) and for Ca phytate
(r=+0.83, n=45, P=0.02) treatments.

Activity of Extracellular Phosphatases

The studied fungi produced acid and alkaline phosphatases
growing with both Ca phosphate (Fig. 5a) and Ca phytate
(Fig. 5b). All the strains showed 1.3-3.1 times higher phos-
phatase activity grown on the medium with Ca phytate
in comparison with Ca phosphate. A maximal activity of
both phosphatases in experiments with Ca phosphate and
Ca phytate was recorded for 7. pinophilus T14. Acid phos-
phatase activity in most cases was higher (1.2-1.9 times)
than alkaline phosphatase in all treatments (Fig. 5). No
detectable enzyme activity was found in uninoculated con-
trols (data not shown).

Production of Organic Acids and Phytohormones

Ten of eleven measured organic acids were produced by
the fungi during their growth in the PKV medium with Ca
phosphate, but propionic acid was not produced (Table 2).
Fumaric, malic, pyruvic, and oxalic acids were detected in
all supernatants, whereas other acids were produced only
by some strains. Pyruvic acid was the most quantitatively
produced organic acid by all strains.

All the studied strains produced indole-3-acetic acid
(Table 3). Indole-3-lactic acid was the most quantita-
tively produced phytohormone with the maximum amount
recorded for P. bilaiae C11. Abscisic acid was produced by
P. bilaiae C11 and T. pinophilus T14 only. Some strains also
produced indole-3-carboxylic and salicylic acids. Gibberel-
lic acid GA; was not detected in any supernatant.
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Talaromyces aculeatus CBS 289.48 (NR 103679.2)
Talaromyces muroii CBS 756.96 (MK450747.1)
Talaromyces louisianensis NRRL 35823 (NR 165526.1)
Talaromyces liani strain CBS 225.66 (MH858781.1)
Talaromyces californicus NRRL 58168 (NR 165527.1)
Talaromyces veerkampii CBS 500.78 (NR 153228.1)
Talaromyces tumuli NRRL 62151 (NR 165528.1)
Talaromyces malicola NRRL 3724 (NR 165531.1)
Talaromyces pratensis NRRL 62170 (NR 165529.1)
Talaromyces domesticus NRRL 58121 (MH793055.1)
Talaromyces cellulolyticus CF-2612 (AB474749.2)
Talaromyces pinophilus T14

Talaromyces pinophilus CBS 631.66 (NR 111691.1)

57%
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0.0050

Fig.3 Phylogenetic trees of the studied fungal strains and the type
strains of closely related species. a The strains related to Penicillium
bilaiae Pb14 and Penicillium bilaiae C11. b the strains related to Pen-

Phosphorus mobilization In Soil and Soil pH

Significant increase in the mobilized soil P was observed
for all strains already from 10th day (Table 4). Strains T.
pinophilus T14 and Aspergillus sp. D1 contributed to the
further P mobilization up to 20th day, whereas other strains
maintained the same values until the end of the experi-
ment. Available P content was affected by two main fac-
tors: “treatment” (F=19.7; P=0.002) and “days after treat-
ment” (F=28.4; P=0.0001). The interaction between these
factors was also important (F'=5.8; P=0.0001). Soil pH
was influenced by the “treatment” (F=10.7; P=0.0001),
“days after treatment” (F'=9.4; P=0.0005), and interaction
between these main factors (F=4.9; P=0.0002). The influ-
ence of each of the main factors taken separately was greater
than the interaction between them. The greatest increases
in P availability and decreases in soil pH were obtained
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Aspergillus piperis CBS 112811 (NR 077191.1)
Aspergillus costaricensis CBS 115574 (NR 103604.1)
Aspergillus tubingensis NRRL 4875 (NR 131293.1)
Aspergillus luchuensis KACC 46772 (NR 135449.1)
Aspergillus neoniger CBS 115656 (NR 137505.1)
Aspergillus sp. D1
Aspergillus niger ATCC 16888 (NR 111348.1)
Aspergillus welwitschiae CBS 139.54 (NR 137513.1)
Aspergillus avamori CBS 557.65 (NR 077143.1)
Aspergillus foetidus CBS 121.28 (NR 163668.1)
Aspergillus brasiliensis ATCC MYA-4553 (NR 111414.1)
g% | Aspergillus sclerotioniger CBS 115572 (NR 077192.1)
Aspergillus carbonarius CBS 111.26 (NR 111094.1)
91% Aspergillus ibericus IMI 391429 (NR 119514.1)
s0% — Aspergillus sclerotiicarbonarius CBS 121057 (NR 166016.1)
Aspergillus heteromorphus CBS 117.55 (NR 103606.1)
ssos L Aspergillus ellipticus CBS 707.79 (NR 103605.1)
77% — Aspergillus helicothrix CBS 677.79 (NR 138281.1)

69%

85%

H d

0.0050

icillium rubens EFS5. c¢ the strains related to Talaromyces pinophilus
T14. d the strains related to Aspergillus sp. D1

by application of P. bilaiae Pb14 and Aspergillus sp. D1
(Table 4).

Effects of Phosphate-Mobilizing Fungi on Barley
Growth

The maximum percentage of seed germination was found
after inoculation with P. bilaiae Pb14 (Table 5). Treatments
with all strains, except Aspergillus sp. D1, promoted shoot
and root elongation. Strain P. bilaiae Pb14 enhanced shoot
dry weight by 23% and root weight by 32%. Treatment with
P. rubens EF5 also increased root weight by 27%.

Strain Aspergillus sp. D1 significantly increased shoot P
concentration and P content by 26% and 35%, respectively.
Treatments with P. bilaiae Pb14 and T. pinophilus T14 also
contributed to the increase in shoot P concentration by 22%
and 17%, respectively (Table 5).
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Fig.4 Phosphorus mobilization by fungal strains during different
incubation periods. Phosphorus concentration (a), pH values (c), and
fungal biomass (e) in PKV medium supplemented with Ca phosphate.
Phosphorus concentration (b), pH values (d), and fungal biomass (f)

Discussion

The results showed that the phosphate-mobilizing trait is
more common in filamentous fungi than in yeasts. Infor-
mation on phosphate mobilization by yeast is very limited
compared to fungi, but there are examples of using yeasts
as bio-inoculants to improve the P nutrition of plants [22,
241]. Here, we compared fungi and yeasts on this basis
using a wide range of species. In addition, percent of fila-
mentous PMF isolated from soil was significantly higher

~-Penicillium rubens EF5

P mobilized, pg mL-1
B
o
o
t

da
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Incubation period, days
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~-Talaromyces pinophilus T14 ~Aspergillus sp. D1

in PKV medium supplemented with Ca phytate. Data are presented
as means + SD. Different letters at the same incubation day indicate
statistically significant differences between strains according to Tukey
HSD test (P <0.05; n=3)

as compared to those isolated from plants (endophytes). It
might be speculated that endophytes utilize easily accessible
P from plants and therefore the P mobilization trait is of less
importance for them. Little is known about comparison of
the soil and endophytic PMF and the role of P mobilization
interaction between partners inside plants. Such studies were
conducted for bacteria only [39]. Here, for the first time we
demonstrated such possibility comparing PMF isolated from
soil and plants. The ability of endophytes to mobilize phos-
phates may be due to their need for P during the saprophytic
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Table 2 Production of organic acids (ug mL.™") by fungal strains
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statistically significant differences among values according to Tukey
HSD test (P<0.05; n=3)

Organic acid

Strains

Penicillium. bilaiae

Penicillium bilaiae

Penicillium rubens

Talaromyces pinophilus

Aspergillus sp. D1

Pbl4 Cl1 EF5 T14
Pyroglutamic Not detected Not detected 844+1.04bcB 049+045a A Not detected
Fumaric 0.18+0.03aB 0.04+0.01 a A 0.16+0.04a B 0.03+0.01 a A 0.18+0.02aB
Acetic 5.09+2.39a Not detected Not detected Not detected Not detected
Lactic Not detected 38+1.65aA 4.04+323ab A 3.01+1.78a A Not detected
Succinic 2.82+1.17aB Not detected Not detected 0.55+0.09a A 0.34+0.17a A
t-Aconitic 0.06+0.01 aB Not detected 0.02+0.0a A 0.02+0.0a A 0.24+0.07a A
Malic 0.82+0.06aC 0.76 +£0.04 a BC 0.94+0.18aC 0.41+0.08 a AB 0.1+0.01aA
Pyruvic 19.71+451b A 29.84+3.44b AB 13.52+32cA 2244+235b A 4444 +6.14b
Citric 3.59+0.55aB 1.57+036a A Not detected Not detected Not detected
Oxalic 0.23+0.02a AB 0.33+0.06a B 0.69+0.08aC 0.65+0.06aC 0.05+0.0la A
Propionic Not detected Not detected Not detected Not detected Not detected
Total organic acids 32.5+6.5AB 36.3+5.6 AB 27.8+5.6 A 27.6+0.07 A 453+6B

Data are presented as means + SD. Different lowercase letters in the same column indicate statistically significant differences between organic
acids and different capital letters in the same line indicate statistically significant differences between strains according to Tukey HSD test

(P<0.05; n=3)

Table 3 Production of phytohormones (ng mL™") by fungal strains

Phytohormone Strains
Penicillium bilaiae Penicillium bilaiae Penicillium rubens Talaromyces pinophi-  Aspergillus sp. D1
Pbl4 Cl1 EF5 lus T14
Indole-3-acetic acid 43.1+64aB 32.5+88bB 22+1.1aA 1.2+0.1aA 62+04aA
Indole-3-carboxylic Not detected 0.07+0.0la A Not detected 47+1bB Not detected
acid
Indole-3-lactic acid 4254+44.1b C 653.9+99¢cD 7.8+22bA Not detected 2773+383bB
Salicylic acid Not detected Not detected 109+19bC 0.5+0.1aA 55+2.1aB
Abscisic acid Not detected 35+1.1aA Not detected 397.1+69.1 c B Not detected
Gibberellic acid Not detected Not detected Not detected Not detected Not detected

Data are presented as means+ SD. Different lowercase letters in the same column indicate statistically significant differences between phyto-
hormones and different capital letters in the same line indicate statistically significant differences between strains according to Tukey HSD test

(P<0.05;n=3)
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Table 4 Effect of fungal strains

o . Treatment Days after treatment
on soil bioavailable phosphorus
content and pH 0 10 20
Available P content (mg kg™")
Control 122+05aA 125+04a A 122+03aA
Penicillium bilaiae Pb14 122+05aA 148+0.6cB 154+0.6cB
Penicillium bilaiae C11 122+05aA 13.9+0.4bc B 141+04bB
Penicillium rubens EF5 122+05a A 13.4+0.6 ab AB 13.84+0.6bB
Talaromyces pinophilus T14 122+05a A 13.8+0.2bc B 147+0.2bc C
Aspergillus sp. D1 122+05aA 145+0.5bc B 15.6+02cC
Soil pH
Control 84+02aA 84+02bA 8.4+0.2bc A
Penicillium bilaiae Pb14 84+02aB 79+0.1aA 7.7+0.1aA
Penicillium bilaiae C11 84+02aA 82+0.1abA 89+0.2¢cB
Penicillium rubens EF5 84+02aA 8.1+£0.2ab A 8.0+03ab A
Talaromyces pinophilus T14 84+02aA 84+02b A 83+02b A
Aspergillus sp. D1 84+02aB 79+0.2a AB 77+03aA

Data are presented as means + SD. Different lowercase letters in the same sub-column indicate statistically
significant differences between treatments and different capital letters in the same line indicate statistically
significant differences between days after treatments according to Tukey HSD test (p <0.05; n=5)

Table 5 Effects of fungal strains on the plant phosphorus content and the growth parameters of barley seedlings

Treatment Seed ger-  Shoot length (cm) Primary Shoot dry weight ~ Root dry weight (g Shoot P con- Shoot P content
mination root length (g plant™) plant™) centration (mg  (mg plant™")
(%) (cm) g
Control 91+6a20.1+05a 6.8+0.2a 0.047+0.002 a 0.022+0.001 a 23+02a 0.17+£0.01 a
Penicillium bilaiae 99+3b239+05b 9.5+03c¢  0.058+0.002d 0.029+0.001 ¢ 2.8+0.1 bc 0.22+0.02b
Pbl4
Penicillium bilaiae 95+32ab22.9+0.7b 8.1+04b  0.053+0.001 bc 0.026 +0.001 b 2.6+04 ab 0.20+0.02 ab
Cl1
Penicillium rubens 98+3ab25.7+0.5¢ 94+04c 0.056+0.001 cd 0.028 +0.001 be 2.6+03 ab 0.21+0.03 ab
EF5
Talaromyces pino- 96+4ab23.2+0.5b 8.1+0.6b  0.054+0.001c 0.026+0.001 b 2.7+0.2 bc 0.21+0.01 ab
philus T14
Aspergillus sp. D1 92+6a2l.1+04a 7.0+£04a  0.049+0.002 ab 0.023+0.001 a 29+02¢ 0.23+0.01b

Data are presented as means =+ SD. Different letters in the same column indicate statistically significant differences among values according to

Tukey HSD test (P <0.05; n=5)

existence. On the other hand, given high integration of endo-
phytes with the host plant, the latter can attract such micro-
organisms and use P mobilized in the rhizosphere.

There were no strains having high level of P-mobiliz-
ing ability isolated from tissues of Brassica napus (Bras-
sicaceae) and Carthamus tinctorius (Asteraceae), as well
as from soils where these crops were cultivated (data not
shown). This finding allows presuming that plant species
affect the abundance of PMF. It is known that the host
plant plays a major role in structuring the composition of
its microbial communities and their functional properties
[40]. For example, Spohn et al. [41] showed that glucose
and alanine, the most common components of root exudates,

increased both microbial biomass and organic P mineraliza-
tion rates. But further studies are needed to understand the
observed phenomenon.

The number of strains mobilizing organic P was higher
than those mobilizing inorganic P. Organic P, containing
both carbon and P sources, might be a more efficient nutrient
explaining this phenomenon. Information about such specu-
lation is limited, although it was shown that fungi are very
efficient particularly in Ca phytate mineralization [15, 16]. It
is also known that the P solubilization occurs more actively
in the presence of available carbon [12]. In most cases, the
strains forming large halo zones on agar plates also had high
ability to mobilize P compounds in liquid medium. However,
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some strains had relatively low PSI values but actively mobi-
lized P in liquid medium. This observation might be due to
different diffusion rates of organic acids secreted by fungi
cultivated in agar plates. Similar to our results, no or small
halo zones were observed in the solid media for yeasts [22]
and bacteria [42] that actively solubilized P in liquid media.
However, this phenomenon was not previously described for
filamentous fungi. The obtained results allow presuming that
the size of visible halo zones on agar plates is not sufficient
criterion for selection of active P-mobilizing fungi and it
should be accompanied with experiments on liquid cultures.
Taking into account the amount of solubilized P, five most
active strains were selected and arranged by this criterion
in order: Aspergillus sp. D1 > T. pinophilus T14 > P. bilaiae
Pb14 > P. bilaiae C11> P. rubens EF5. The amounts of mobi-
lized P were similar or much higher than those described
previously for A. niger [14, 23], some species of Talaromyces
[6, 15], and Penicillium [11, 19], including P. bilaiae [43].

Agricultural soils in Almaty region, where the phosphate
solubilizers will be used, have alkaline conditions with aver-
age pH value of 8.3. These soils are calcareous (CaCOj;
content is about 7.7%) and rich in humus with soil organic
matter content values ranging from 4.2 to 4.7% [44, 45]. In
such soils, most P is immobilized in forms of sparingly solu-
ble complexes of Ca phosphates and phytate. Taking into
account the characteristics of the target soil, Ca phosphate
and Ca phytate were used in the screening experiment. How-
ever, to identify true P solubilizers among bacteria it was
important to use hard-to-dissolve P sources, like Al phos-
phate or Fe phosphate [5]. Here we applied this approach
for search and characterization of P-solubilizing fungi. The
selected five strains demonstrated ability to solubilize all
examined P sources that confirmed them as true P-mobiliz-
ing fungi. Therefore these strains can be used for phosphate
mobilization in both alkaline and acidic soils. The fungal
capacity of phosphate mobilization from different P com-
pounds in most cases can be presented in order: Ca phytate
” Ca phosphate ~ Al phosphate ~ Fe phosphate.

Unlike most previous studies, our work was focused on
characterization of fungal P mobilization processes in dynam-
ics. We showed that this approach is useful for assessing the
interrelations between the measured parameters, understand-
ing the mechanisms of P mobilization. Fungal growth was
accompanied with a decrease in pH of the medium that sig-
nificantly dropped from 7.0 to 2.3-5.0 depending on the strain
and P source already from the 4th day of incubation (Figs. 4c,
d). This result is in line with other findings with yeasts [22]
and fungi [11, 19]. During the incubation period the growth of
fungi significantly increased, the pH of the medium decreased,
and the soluble P also increased. Here, for the first time we
described significant correlation between the amount of solu-
ble P and fungal biomass, suggesting that the mobilized P was
important P source for fungi.
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The lowering in pH is usually related to production of
organic acids by the PMF, which could either dissolve
phosphate as a result of anion exchange or can chelate Ca,
Fe, or Al ions associated with the insoluble phosphates [2,
3, 7]. Some recent studies have shown that the types and
amounts of organic acids varied with incubation tempera-
ture and time and greatly affected by P sources [7, 9, 21].
In our experiments the most quantitatively secreted organic
acid was pyruvic acid produced particularly by Aspergil-
lus sp. D1. There are only few reports mentioning pyruvic
acid production by PMF [46]. Oxalic, malic, and succinic
acids were reported as the major organic acids produced by
PMF in the presence of Ca phosphate, while citric acid is
predominantly produced in the presence of Fe phosphate
[7, 9]. In accordance with these reports, the studied strains
also secreted these organic acids during the solubiliza-
tion of Ca phosphate. However, here no correlations were
found between the amount of mobilized P and production
of organic acids. Our results showed that Aspergillus sp. D1
and T. pinophilus T14 were more efficient in solubilizing
Ca phosphate compared to other strains. Strain Aspergil-
lus sp. D1 was the most active organic acid producer and
significantly decreased pH of the media, whereas T. pino-
philus T14 showed a maximal activity of phosphatases in
the presence of Ca phosphate and Ca phytate. The obtained
results suggest that the resulting P mobilization depends on a
combination of factors, namely composition and the amount
of organic acids produced, changing pH of the medium (due
to the release of the organic acids themselves, proton accom-
panying respiration or ammonium assimilation), and produc-
tion of phosphatases [3].

The production and release of phosphatases is the impor-
tant mechanism involved in organic P mineralization by
microorganisms [1-3]. These enzymes degrade soil organic P
compounds resulting in enhancement of the P bioavailability
for plants [2]. In the present study, fungal phosphatase activ-
ity significantly varied depending on the P source and fun-
gal strain (Fig. 5). The activity values were similar or much
higher (up to 3.1 times) than the values described in previous
studies with other fungal strains [6, 15]. However, there are
no data available in the previous reports about phosphatase
activity of species P. rubens, P. bilaiae and T. pinophilus.
Notably, production of phosphatases was revealed both in
the presence and absence of enzyme substrate (organic P).
This observation allows presuming the simultaneous occur-
rence of constitutive and P-induced mechanisms related to
production of phosphatases that could be attributed to adap-
tation to the environment. Our results also showed that acid
phosphatase activity was 1.2—1.9 times higher than alkaline
ones (Fig. 5). This was probably due to the decreased pH of
the medium. It is known that an optimum pH for acid phos-
phatase activity is around 4-6, while for alkaline it is 8—10
and pH controls the phosphatase activity [6].
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Little is known about mobilization of insoluble P from
soils by fungal species P. rubens, P. bilaiae, T. pinophilus,
and Aspergillus genus. Here we showed that inoculation with
these fungi markedly improved availability of P in soil by
13-28% compared to the untreated control.

Previous studies showed that application of phosphate-
mobilizing microorganisms enhanced germination and seed-
ling vigor, improved growth, nutrient content, and yield of
different crops [17-22, 47]. As for barley, such effects were
described for bacteria only [48, 49], whereas our study
expands this information to five fungal species. Significant
promotion of seed germination, stimulation of plant growth,
and increase in shoot P concentrations and contents were
observed in inoculated plants compared to the uninoculated
control. This finding suggests that the inoculated plants
can consume P mobilized by the studied fungi. However,
there was one exception with the strain Aspergillus sp. D1.
Although this strain increased significantly the amount of
available P in the soil by 28% and shoot P concentration
in plants by 26%, it did not stimulate seed germination and
plant growth. It is possible that Aspergillus sp. D1 produces
some compounds alleviating its beneficial effects on plants
due to P solubilization and phytohormone production. But
further studies are needed to understand this phenomenon
better. These observations suggest that the higher phosphate-
mobilizing ability of microorganisms alone is not always
sufficient for plant growth promotion.

Information about phytohormones produced by P-mobi-
lizing fungi is very limited and only few studies have exam-
ined this trait [50, 51]. Our study indicated the presence of
auxins, salicylic acid, and abscisic acid in fungal culture
media (Table 3). Auxins stimulate root growth, branch-
ing, and root hair development and thus indirectly enhance
plant P acquisition in soil [52]. The strain 7. pinophilus T14
actively produced abscisic acid, which plays significant role
in many cellular processes and adaptation of plants to envi-
ronmental stresses [53, 54], including P deficiency [55]. We
propose that plant growth promotion by the studied fungal
strains attributed not only to the P mobilization but also to
other beneficial traits, such as production of phytohormones.

Conclusion

A large-scale screening of culturable fungi for the ability to
mobilize phosphates revealed important patterns, namely:
(1) the phosphate-mobilizing property is more inherent in
filamentous fungi than in yeasts; (2) soil filamentous mobi-
lizers are more common than endophytes; and (3) the ability
to mobilize organic P (Ca phytate) is more abundant as com-
pared to inorganic P (Ca phosphate). The strains of filamen-
tous fungi P. bilaiae Pbl4, P. bilaiae C11, P. rubens EF5, T.

pinophilus T14, and Aspergillus sp. D1 showing high abil-
ity to mobilize both inorganic and organic phosphates were
selected. The P solubilization and mineralization processes
carried out by the selected fungi were related to decrease in
pH of the medium, organic acid production, and activity of
phosphatases. The pot experiment revealed the potential of
these fungal strains to increase soil P availability and uptake
by barley. However, improvement of plant growth was evi-
dent only for four of five strains, suggesting that the ability
to mobilize phosphates is not sufficient for the selection of
plant growth-promoting phosphate mobilizers. Further pot
and field trials be conducted to test efficiency of application
of these strains (except Aspergillus sp. D1) in natural envi-
ronment as bio-inoculants.
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