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ABSTRACT

Phosphate (P) bioavailability is severely constrained in volcanic ash soils due to its high fixation rate. To overcome this problem the use of
P-solubilizing fungi (PSF) has been proposed gaining recently great attention. To provide a better understanding of the dynamics of PSF
in soils and to establish criteria for screening effective PSF a series of studies were conducted. PSF were isolated from coffee plantations
grown in a Typic Udivitrand (QU), a Pachic Fulvundand (CH), and a Typic Melanudand (Ti). Fifty-five isolates (28 from CH, 19 from Ti, and
8 from QU) produced index of P solubilization among 16 and 106 10 kg dm using as P source phosphate rock. The results suggest that
the microbial P solubilization was not only associated to the decrease in the culture medium pH, but also the production of organic acids is
associated with the most effective PSF. The higher production of organic acids seems to be associated with a lower fungal colony growth
rate likely due to a carbon/energy drainage. The soil P-fixation capacity, soil organic content and degree of humification seems to control the
relative abundance of PSF in the soils tested. In soils cultivated with coffee Phlebia gender is reported, for the first time, as a PSF.

Key words: Colombian coffee zone; soil fertility; phosphorus fixation; organic acids; humificaction degree; Phlebia.

1 INTRODUCTION

Phosphorus (P) is the least available of all the essential
nutrients required by plants in the different agricultural areas
of the world, particularly in volcanic ash soils, where their
chemical properties cause a strong P fixation (Velasquez
et al., 2016; Shoji; Takahashi, 2002). Thus, although the
organic and inorganic P fractions are abundant in these
soils (Miller; Arai, 2017), they are not bioavailable for crop
plants (Biinemann, 2015). To alleviate this the application of
soluble phosphate fertilizers has been commonly used (Roy
et al., 2017); however, this practice is ineffective, expensive,
and carries the risk of water pollution (Tian et al., 2017).
The increasing demand for P fertilizers and the projected
decrease in their mineral P reserves (International Fertilizer
Association — IFA, 2013; Wendling et al., 2013) indicate
that the continuous use of high rates of them may not be
sustainable over time. In addition, the use of strong acids to
industrially produce soluble P fertilizers increases production
costs and generates environmental risks (Matta et al., 2017;
Belboom; Szdcs; Léonard, 2015; Al-Thyabat; Zhang, 2015;
Cordell; Drangert; White, 2009).

Some soil microorganisms are well known to solubilize
P- compounds and improve their P bioavailability for plants
(Estrada et al., 2017; Adeleke; Nwangburuka; Oboirien, 2017,
Jain; Singh, 2016, Khan et al., 2010). Soil P solubilizing fungi
(PSF) are considered more effective than bacteria in this
regard (Whitelaw, 1999). The solubilization of the soil organic
P fraction is conducted through phosphatase enzymes (Lazo;
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Dyer; Alorro, 2017; Jain; Singh, 2016), whereas the dissolution
of mineral phosphates is carried out via the secretion of
organic acids from the oxidative respiration of carbonaceous
compounds (Wyciszkiewicz et al., 2016; Acevedo et al., 2014;
Osorio; Habte, 2014a; Osorno; Osorio, 2014b; Oliveira et al.,
2014; Hagq; Ali; Igbal, 2003). The PSF have been reported
to significantly promote plant growth and P uptake in plants
grown in man-made substrates (soil:sand:organic materials) as
well as in soils with low to high P sorption capacity (Entisols,
Alfisols, Oxisols, and Ultisols), but they have been ineffective
to do so in soils with very high P sorption capacity (Andisols)
(Osorio, 2011).

In despite promissory effects reported by using
P solubilizing microorganisms on plant performance
(Saravanakumar; Arasu; Kathiresan, 2013; Xiao et al.,
2008; Stamford et al., 2007; Dwivedi; Singh; Dwivedi,
2004), the use of this biotechnological application in crop
field is still limited (Khan et al., 2010). This is partially
due to the uncertainty of extrapolate results obtained in
different soil and crop conditions (Owen et al., 2015). At
the end, this is associated to the lack of understanding
on the soil variables involved in the screening of these
microorganisms and the
variables from the sites in which they are isolated (Zhao;
Zhang, 2015). In addition, simple and low-complexity
procedures (Rolewicz; Rusek; Borowik, 2017) must be
developed to produce adequate microbial formulations
for use in soil-plant systems. It is believed that it is more
convenient to use native microorganisms to the study area
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because they are already associated with the cultivated
plants of interest and are well adapted to the soil conditions
(Mora et al., 2017, Mahecha; Sierra; Posada, 2017). Thus,
the soil properties that control the presence and activity of
PSF should be determined.

The hypothesis of this study was that the relative
abundance of effective PSF in dissolving phosphate rock is
greater in soils with higher P fixing capacity. This should
be considered as a tool to understand the solubilization
dynamics of PSF in soils and establishing the criteria for an
effective bioprospection of these microorganisms. Thus, the
aim of this study was to isolate, identify and evaluate PSF
from the rhizosphere of coffee plantations in Andisols with
different P-fixing capacities and to establish the relationship
between this characteristic and the relative abundance of these
microorganisms.

2 MATERIAL AND METHODS

2.1 Classification and soil properties of the sites
under study

The study was conducted in the soil microbiology
laboratory of the National Coffee Research Center
(CENICAFE), located in the Plan Alto district of Chinchina,
Colombia (5°15’34” N, 75°15°34” W, altitude of 1430 m).

Three farms cultivated with coffee for at least 20
years were selected, their soils (Quindio, Chinchind and
Timbio) were classified as Andisols (Table 1), which
exhibited different P fixation capacities. Some soil properties,
including organic matter (OM) content and melanic index
(MI) were determined. The soil samples (0.5 kg) were
collected from 20 plant at the soil rhizosphere in the first 0.3
m of soil after four months since last fertilization. During the
cultivation of coffee these farms had followed CENICAFE
recommendations for crop management such as no use of
herbicides for weed control, fertilization based on soil tests,
and soil conservation practices (Federacion Nacional de
Cafeteros de Colombia — FNC, 2013).

For each soil, isotherms of soil P fixation were performed
following the procedure proposed by Fox and Kamprath
(1970). To this purpose, 3 g of soil (dry base) were transferred
into centrifuge plastic tube (50 cm®) and received increasing

Table 1: Classification and selected soil of the sites under study.

amounts of KH PO, dissolved in 0.01 M CaCl,.2H,O at a P
rate of 0, 500, 1000, 2000, 3000 x 10 kg dm=. Two drops of
toluene were added to each tube to inhibit microbial activity.
The tubes were shaken (100 rpm) in a reciprocal shaker for 6
d, twice a day, 30 min each time. After that, the tubes were
centrifuged (4500 rpm, 15 min) and the supernatant liquid
was filtered (Whatman No. 42 filter paper). In 10 cm?® of the
filtrate the soil solution P concentration was measured using
the phosphomolybdate method. The P, value (amount of P in
106 kg dm™ required to achieve a soil solution P concentration
of 0.2 x 10 kg dm™) was calculated and with this the soil P
fixation category was obtained based on the proposal of Juo
and Fox (1977).

2.2 Isolation of microorganisms

From each of selected soils samples, 10 g (dry basis)
were transferred into a flask containing 90 cm® of a sterile
NaCl solution (0.85 %) and mixed for 3 h at 120 rpm. This
initial dilution (10"') was serially diluted until to obtain a 10
dilution using in each turn 1 cm*and 9 cm? of the NaCl solution.
Next, an aliquot of 0.1 cm?® of each dilution was transferred
aseptically into Petri dishes containing potato dextrose agar
(PDA) plus chloramphenicol (0.15 %) as an antibacterial
agent. The dishes were incubated for seven days at 28°C, after
which the fungal colonies were aseptically transferred into
modified Pikovskaya medium (Pikovskaya, 1948) containing
chloramphenicol (1.5 g dm™), bromocresol purple (0.05 %),
glucose (1.0 %) as a carbon source, and Huila phosphate rock
(3.5 g dm?) as the only source of P. The chemical composition
of the phosphate rock (in %) according to the manufacturer’s
label was: 33.7 P,O,, 45.5 CaO, 10.96 SiO,, 2.11 F, 0.54
ALQ,, 0.45 Fe,0,, 0.11 MgO, and 0.3 SO,. The Petri dishes
containing the strains were incubated at 28 °C for 10 d.

2.3 Identification of fungal colonies with P
solubilization capacity

The fungi obtained from the previous procedure that
exhibited a violet halo around their colonies were chosen
and aseptically transferred into 250 cm® Erlenmeyer flask
(experimental unit) containing 50 cm?® of Pikovskaya’s
modified broth (Pikovskaya, 1948). For this, 1.0 cm® of a
solution containing fungal spores (107 spores per cm®) of each
isolate was separately inoculated into the flasks.

Location
Soil USDA soil taxonomy
Department Town
Quindio (QU) Typic Udivitrand Quindio Buenavista / Rio Verde
Chinchina (CH) Pachic Fulvudand Caldas Chinchind/ La Quiebra
Timbio (Ti) Typic Melanudand Cauca Timbio/ San Joaquin
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An uninoculated culture was used as an absolute
control (control). Another positive control-reference strain was
established with the fungus Paecilomyces lilacinus, which has
been reported as a PSF (Arrieta et al., 2015). This fungus was
provided by the company Soluciones Microbianas del Tropico
(www.smdeltropico.com).

After incubation for seven days at 28 °C and 80
rpm, the experimental units were centrifuged at 4000 rpm
for 15 min and the supernatant liquid was filtered through
a Whatman No. 42 filter paper. The final pH of the medium
was determined through a potentiometer (Mettler Toledo).
Aliquots of the filtrate (10 cm?®) were withdrawn into test tubs
to determine the concentration of P in solution (mg dm) using
the phosphomolybdate method with a wavelength of 420 nm.

The data were subjected to descriptive analysis (average
and standard error) and then to analysis of variance using a
completely randomized model and to the Dunnett’s mean
separation test. The relationship between solution P and pH
was evaluated using a Pearson correlation analysis (P < 0.05).
In all tests a level of significance (P-value < 0.05) was used.

The isolates were classified in four P-solubilization-
categories according to the final solution P concentration (in
10 kg dm™): < 40: low; 40-60: medium; 60-90: high; and >
90 very high (Gonzalez, 2018).

2.4 Determination of organic acids

Nine fungal isolates from different P-solubilization-
categories were selected to detect the organic acid production,
as follow: two isolates belong to low P-solubilization, three
correspond to intermediate P-solubilization, two to high and
two correspond to very high P-solubilization category.

To this purpose, 1.0 cm?’ of a solution that contained
a concentration of 107 spores cm™ was inoculated into a 250
cm’Erlenmeyer flask containing 50 cm® of Pikovskaya’s
modified medium; the flasks were incubated at environmental
temperature (from 20 to 22 °C) for 7 days at 80 rpm. The
samples were analyzed in the Instrumental Analysis laboratory
of the Universidad Nacional de Colombia at Medellin. The
concentration of the most common acids that HSP produced:
malic, oxalic, tartaric, citric, succinic, and lactic organic acids
was determined on these samples using the method of Aung and
Ting (2005). Thus, the liquid medium was centrifuged at 4500
rpm for 15 min, then filtered through a 0.22-um membrane
and injected into an Agilent 1100 series HPLC coupled to a
UV/Vis detector. The mobile phase consisted of a solution
of 0.05% ortho-phosphoric acid using a SUPELCOGEL H
column (78%300 mm). In all cases, calibration curves were
obtained yielding coefficients of determination (12) > 0.99.

2.5 Phosphate solubilizing fungi growth rate

The growth rate of four PSF colonies which were
effective in solubilizing P (> 40 x 10° kg dm?) and that

exhibited differences in the concentration and type of organic
acids produced (according to the test described) was monitored.
In this way, a 0.01 cm?®aliquot of each PSF was transferred
(concentration 1x107 spores cm?) into the center of a Petri
dish containing PDA plus lactic acid (0.1%) as a bactericidal
agent. The diameter of the colonies was measured after 2, 4,
6, 8,10, 12, 14, and 15 days. There were 12 replicates (dishes)
for each PSF. Through descriptive data analysis, the daily
average growth was estimated for each selected fungus. The
5% confidence intervals were calculated.

2.6 Determination of phosphate-solubilizing
fungi species

The genus and species of the four PSF assayed for growth
rate were determined by sequencing the internal transcribed
spacer (ITS) regions 1 and 2 of the ribosomal DNA. For the
PSF being assayed, a single colony was inoculated into 5 cm®
of potato dextrose broth (PDB) and incubated at 28-30 °C with
agitation at 150 rpm until reaching the logarithmic growth
phase. Subsequently, to recover the biomass, the culture was
centrifuged in liquid medium for 10 min at 2500 rpm, and the
resulting pellet was washed twice with sterile 0.85 % saline,
centrifuging it each time to clean the mycelia. Subsequently,
100 mg of tissue was used for DNA extraction using a DNeasy
Plant Mini Kit® Genomic DNA (Qiagen®, USA) following the
recommended protocol for fungi.

The efficiency of the DNA extraction process was
verified by electrophoresis in a 1 % agarose gel with ethidium
bromide stain, A/HindlIl phage used as the molecular weight
marker. For DNA quantification and quality estimation, a
Nanodrop 2000c was used to verify that the 260/280 nm
ratio was between 1.8 and 2.0 and the 260/230 nm ratio was
between 1.8 and 2.2.

The ITS1 and ITS2 intergenic regions and the
5.8S ribosomal subunit of the isolates were amplified
from the genomic DNA using universal primers ITS 5,
(5-GGAAGTAAAAGTCCTAACAAG-3’) and ITS4
(5’-TCCTCCGCTTATTGATATGC-3’) to amplify a fragment of
approximately 600 bp. The reactions had a final volume of 0.025
cm’(1x PCR buffer, 0.2 mM dNTPs, 1 mM MgCL, 0.0005 mM
primers, 1U recombinant 7ag DNA polymerase (Invitrogen®)
and 100 ng of bacterial DNA). The reactions were incubated in
a PTC-100 thermocycler (Bio Rad®, USA) using the following
PCR amplification program: an initial denaturation at 95°C for 10
min, followed by 35 cycles of 1 min of denaturation at 92°C and
an incubation at 72 °C for 2 min The PCR products were analyzed
by electrophoresis in a 1% agarose gel with ethidium bromide
stain. Then the PCR products were cleaned using PureLink™PCR
purification kit (Thermo Fisher SCIENTIFIC). The sequencing of
the PCR products was performed by Macrogen® (South Korea), to
which vials containing approximately 0.1 mg cm™ of the products
of each PCR were sent.
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Quality analysis was performed on the obtained
sequences using CLC® Main Workbench (Qiagen Company,
USA), with a Phred value of greater than 30 per base used as
the acceptance criterion and a window with 50 bases lower
than the Phred value and a size less than 500 bases used as
rejection criteria.

Finally, the sequences were compared to the NCBI
nucleotide database using BLASTn version 2.2.27+ (Altschul
etal., 1990). The sequence similarity was obtained with e-value
of 1x107. These results were filtered based on 80% similarity
and 80% coverage of the region that was being amplified with
the primers described in the previous section.

2.7 Association between the proportion of PSF
and P fixation capacity in soil

From each soil, an aliquot of 0.1 cm? of the 10 dilution
was aseptically transferred into Petri dish.

The dishes contained the modified Pikovskaya
medium described above. After incubation for five days,
the total number of fungal strains that grew was quantified,
distinguishing those that exhibited color changes in the
medium surrounding the colony (considered PSF) from

those that did not exhibit this characteristic (other fungi); the
proportion of PSF were determined. The procedure had 12
replicates. Subsequently, data were subjected to an analysis
of variance and to the multiple range test of Duncan for mean
separation (P < 0.05).

All of the analyses and statistical tests described in
this study were performed using the statistical package SAS
version 9.4° (2016 by SAS Institute Inc. Cary NC, USA).

3 RESULTS AND DISCUSSION

3.1 Identification of fungal colonies with P
solubilization capacity

Fifty-five fungal isolates capable of solubilizing
phosphate rock were detected (Figure 1): 28 from Chinchina
(CH), 19 from Timbio (Ti), and 8 from Quindio (QU). The
uninoculated control had a mean solution P concentration of
3.9 x 10° kg dm?, whereas the reference fungus P. lilacinus
the mean value was 38.2 x 10 kg dm™. A total of 24 isolates
had P solubilization levels significantly higher than P
lilacinus.

Figure 1: Final solution P concentration (10 kg dm) as a function of the inoculation with fungal strains isolated from three soils
of the central coffee-growing zone of Colombia (CH: Chinchina; QU: Quindio; and Ti: Timbio). An uninoculated control and the
inoculation with the fungus P, lilacinus were included as references. The bars indicate the standard error. The asterisk indicates
highly significant differences of the respective treatment compared to P. lilacinus inoculation, according to the Dunnett’s test

(P<0.0001).
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Studies of microbial-mediated P solubilization in the
laboratory have produced different results depending on the
PSF used or the mineral P source. For instance, Aspergillus
niger solubilized P to a value of 2 540 x 10 kg dm? from Ca-
phosphates (Acevedo et al., 2014). Similarly, Zhao and Zhang
(2015) observed that Trichoderma asperellum solubilized P to
reach 160 x 10 kg dm? from tricalcium phosphate and dibasic
calcium phosphate. Mittal et al. (2008) reported P solubilization
values of 760 and 148 x 10 kg dm™ when inoculated tricalcium
phosphate and phosphate rock with A. awamori and Penicillium
citrinum, respectively. Finally, Osomo and Osorio (2014)
documented P solubilization levels of 80 and 120 x 10 kg dm™
from phosphate rock inoculated with 4. niger and Mortierella sp.

The differences in the results obtained in this study
respect to those reported in the literature, apart from being
associated with the source of P, can be primarily explained
according to the type of microorganism being studied,
components of the culture medium used, and the incubation
time used for the solubilization process. For instance,
Wyciszkiewicz et al. (2016) described that the P solubilization
depended on the P-containing source. This issue should be
considered during the selection of potential PSF to solubilize
P from a particular low soluble P mineral.

In the uninoculated control the solution pH was 6.4,
while with the fungal inoculations this ranged between 3.0 and

pH
[}

4.2, including P. lilacinus (Figure 2). Only four strains showed
statistically higher pH values than P. lilacinus (CH21, CH3,
CH7, and TI43), and at the same time higher P solubilization.

One of the primary mechanisms involved in the
microbial-mediated P solubilization of poorly soluble minerals
is related to the decrease in pH (Saravanakumar; Arasu;
Kathiresan, 2013). This reaction (Equation 1) is chemically
viable and involves the contribution of H* secreted by the PSF
due to its metabolic processes associated to their growth and
development (Khan et al., 2010).

Ca,(PO,),OH + 7H" 5 5Ca* + 3HPO, +HOK=10" (1)
Free energy yield: -82 kJ mol!

Since the results showed that the uninoculated control
had a pH 0f 6.2, while the PSF inoculation decreased it down
below 4.2 (Figure 2), this seems to validate the theory that
a reduction in pH is a determining factor in the microbial
solubilization of P from phosphate rock. However, the
relationship between solution P and solution pH was not
entirely consistent (Figure 3). For instance, the cluster of
strains most effective were Ti38, Q57, and QUS8 with pH
values between 3.0 and 3.8. However, some PSF such as CH28
had lower values of solution pH (3.2) and had a P solubilization
value of only 45 x 10 kg dm™.

Control
P lladnus [ s e e e e e aa s e e e a e aas

CH

e T T - T T T O O I I I B A T I R - O R R I N - A - = LTI I} = ) [
!-ll-(l-ll-!!-ll-!l-lH!-IHNNNNNNNNNQIntnlﬂ\.r!Iﬂmmﬂmmmgmmmmmsﬂ‘#ﬁggsﬁ‘s

Isolates

Figure 2: Final solution pH values as a function of the inoculation with fungal strains isolated from three soils of the central
coffee-growing zone of Colombia (CH: Chinchina; QU: Quindio; and Ti: Timbio). An uninoculated control and the inoculation with
the fungus P. lilacinus were included as references. The bars indicate the standard error. The asterisk indicates highly significant
differences of the respective treatment compared to P. lilacinus inoculation, according to the Dunnett’s test (P<0.0001).
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Figure 3: Concentration of P in solution in relation to the final
solution pH obtained 10 d after the inoculation with the soil
fungi. The fungi were isolated from three soils of the central
coffee-growing region of Colombia (CH: Chinching, Ti: Timbio,
and QU: Quindio).

It is clear that the decrease of pH contributes to the
dissolution of phosphate rock, but it is not the only factor that
influences the P solubilization process. For this reason, the

production and release of organic acids by the selected fungal
strains was evaluated as indicated below.

3.2 Determination of organic acids

The nine selected strains were classified in four
categories according to the P solubilization values (Gonzélez,
2018): Low (< 40 x 10 kg dm3): CH23, CH24; Intermediate
(40-60 x 10 kg dm?): CH4, CH15, CH20; High (60-90 x
10 kg dm™): Ti32, Tid3; Very high (> 90 x 10 kg dm):
Q57, Ti38. The organic acids analysis for the nine selected
PSF strains allowed to find that: malic and oxalic acids were
not detected, tartaric and citric acids were produced by four
of the nine strains, succinic acid was generated by two of
them. Lactic acid was the most commonly detected acid, being
produced by 77.7 % of the strains (Figure 4).

The PSF strains with low P solubilization activity
produced monocarboxylic lactic acid. The strains categorized
as intermediate in P solubilization, had different types
and concentrations of organic acids with respect to those
of the first category such as: tartaric and succinic acids
(dicarboxylic acids) and citric acid (tricarboxylic acid). The
PSF classified in the high solubilization category produced
citric and tartaric acids. As well as a greater diversity and
concentration of organic acids, predominantly tartaric acid,
followed by citric acid.

In this way, the effectiveness of PSF’s in dissolving
P from phosphate rock depends on, besides the solution pH
decrease, both the diversity and concentration of organic acids
that they may be produced during its growth.

Figure 4: HPLC detection of types and concentrations of organic acids produced by nine contrasting PSF isolates selected from
three soils of the central coffee-growing region of Colombia (CH: Chinchina; QU: Quindio and Ti: Timbio).
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According to several authors, organic acids
production depends on the microorganism. For example,
bacteria of the genus Bacillus have been highlighted
for producing lactic, and propionic acids
(Wyciszkiewicz et al., 2016) and isovaleric, isobutyric,
and lactic acids (Calvaruso; Turpault; Frey-Klett, 2006).
In contrast, bacteria of the genus Brevibacillus produce
gluconic and citric acids (Yadav et al. al., 2013) as well
as formic acid, among other acids already mentioned. On
the other hand, all of these acids were detected during
the dissolution process of phosphate rock inoculated with
Serratia sp. (Behera et al., 2017).

Similarly, citric acid has been widely reported to
be produced by A. niger (Haq; Ali; Igbal, 2003; Bojinova;
Velkova; Ivanova, 2008), oxalic acid has been produced by
Mortierella sp. (Osorio; Habte, 2014a), and gluconic acid by
Eupenicillium ludwigii (Oliveira et al., 2014). In addition, this
is highly dependent on the characteristics of the P-containing
mineral in which the PSF develop. For example, fungi of the
genus Aspergillus secrete high concentrations of citric acid
when they grow in a medium with Fe and Al phosphates,
but this production was suppressed in the presence of rock
phosphate. Similarly, species of Penicillium produce high
concentrations of gluconic acid in P-compounds rich in Ca,
while they produce low levels of citric acid (Oliveira et al.,
2014). In a study performed with PSF isolated from palm
plantations in Colombia, the production of gluconic acid
and citric acid was predominant by 4. niger when grew in a
medium supplemented with Ca phosphates (Acevedo et al.,
2014).

From the above results, the analysis of the organic
acids secreted by the PSF indicates an additional means of
explaining the solubilization mechanisms of P. These acids
not only decrease pH, but also have the capacity to complex
the accompanying P cation present in the mineral (e.g., Ca*,
Al**, Fe***") (Lazo; Dyer; Alorro, 2017; Lin et al., 2017).
The chemical composition of phosphate rock consists of Ca
phosphates, which tend to release phosphate ions for further
biological use (plants and microbes) (Equations 2 and 3)
according to Osorio (2011).

gluconic,

Ca,(PO,),OH + 7H' + 5 citrate' 5 5Ca-citrate + 3H,PO, +H,O K=10""(2)
Free energy yield: -216 kJ mol!
Ca/(PO,),OH+7H" +5 oxalate S 5Ca-oxalate + 3H,PO, +H,0 K=10°"7(3)
Free energy yield: -181 kJ mol!

Based on the free energy yields and the K values
of the equations, the presence of protons combined with
the organic acids/anions contributes to the phosphate rock
dissolution.

3.3 Phosphate-Solubilizing Fungi growth rate
evaluation

At the end of the evaluation period (15 d), the strain
CH4 showed the largest colony growth (diameter of 7.7 cm)
(Figure 5), this only produced lactic acid (monocarboxylic).
In contrast, the strain Ti38, which was characterized as the
most effective in solubilizing P and produced the highest
concentration and diversity of acids (citric, tartaric, lactic,
and succinic acids) exhibited 2.2-fold less growth compared
to CH4. Finally, the strains PSF, Q57, and CH20O exhibited
intermediate colony growth and produced between two and
three types of organic acids.

9

—x— CH20 —e— CH4 -® -Ti38

—e— QU57

colony diameter (cm)

16

Incubation period (d)
Figure 5: Diameter of fungal colonies as a function of the
incubation time after inoculating the medium with five PSF
isolates obtained from three soils of the central coffee-growing
region of Colombia. Vertical bars indicate 5% confidence
intervals.

These findings indicate that the effective P solubilization
can have a significant energy cost. This production and release
of acid may occur during the Krebs cycle (Sylvia et al., 1998),
generating a “carbon drainage” that may be limiting fungal
growth (Deng; Wang; Yan, 2016).

3.4 Identification of phosphate-solubilizing
fungal species

Three isolates (CH20, Q57, Ti38) showed identity
100% and the expected value (e-value) equal 0 with the genus
Penicillium, while CH4 was identified as Phlebia (Table 2).
Fungi of the genus Penicillium, which is one of the most
abundant genera in diverse habitats of the planet (Visagie
et al., 2014; Coutinho; Felix; Yano-Melo, 2012), have been
noted for their ability to solubilize P-containing minerals
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Table 2: The likely identities of the four PSF selected for this study.

Sequence Identifier Alignment Identity )
PSF e -value Gender Species
(bp) GenBank (bp) %
CH4 651 KJ831936.1 612 0 100 Phlebia subserialis
CH20 552 GU934553.1 556 0 100 Penicillium Jjantinelum
QuUs57 536 KX953360.1 535 0 100 Penicillium sp.
Ti38 538 NR121514.1 541 0 100 Penicillium ubiquetum

considered soluble as well as those having poor solubility,
such as Ca phosphates, Fe phosphates and Al phosphates,
under laboratory conditions (Jain; Saxena; Sharma, 2014).
For phosphates with low solubility, this effect is attributed
to the production of citric and gluconic acids (Efthymiou et
al., 2018). Oliveira et al. (2014) isolated Penicillium strains
from eucalyptus plantations and demonstrated their ability to
solubilize P from Ca, Fe, and Al phosphates as well as from
phosphate rock of different origins, showing that this effect
was governed by the secretion of citric, gluconic, and oxalic
acids. These effects have translated from the laboratory to the
field, facilitating the absorption of P in maize and wheat plants,
as described by Singh and Reddy (2011).

Specifically, members of the genus Phlebia are
recognized for their ability to degrade recalcitrant organic
compounds (Xiao et al., 2011), produce ethanol (Tsuyama;
Yamaguchi; Kamei, 2017), and transform materials with
potential use in agriculture, such as chicken manure (Zhao et
al., 2017), but their effectiveness to dissolve RP has not been
reported.

3.5 Association between the proportion of PSF
and P fixation capacity in soil

The results showed that the number of CFU varied from
soil to soil, for instance the soil collected in Quindio presented
the highest number of total CFU, that is, with and without P
solubilization capacity, with an average of 50 CFU g of soil,
followed by the soil from Chinchina and Timbio, with average
values of 18 and 3 CFU g7, respectively (Figure 6). From
those isolates detected respectively in Chinchina, Timbio and
Quindio 100, 35 and 5% corresponded to PSF (Figure 7).

These results suggest that the soil P fixation capacity
is a factor that determines the abundance of PSF, this was
measured as the amount of P (10 kg dm?) required to reach
P,,was Chinchina > Timbio > Quindio (Table 3). However, the
similarity between the fixation of P in the soil from Chinchina and
Timbio showed that soil organic matter could constitute another
important variable. Thus, the presence of labile carbonaceous
substances that constitute a raw material to efficiently guarantee
metabolic processes that favor the P dissolution by PSF (Gaind,
2016) may be responsible for this phenomenon, given that PSF
are heterotrophic organisms (Sylvia et al., 1999).
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Figure 6: Number of colonies forming units (CFU) and PSF in
the studied soils.
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Figure 7: Relative proportion of PSF in the studied soils.
Different letters indicate a significant difference according to
Duncan’s test (P < 0.0001).

Under this scenario, organic compounds that serve as
a source of C and energy for PSF may be limited in Timbio
where the organic matter content (18%) is markedly higher than
that in Chinchina with a value of 12 %. That is, high levels of
organic matter may correspond to a low mineralization rate as a
consequence of the humus-type substances that form the stable
fraction. Consequently, there will be fewer sources of C readily
available for microorganisms (Berg, 2018; Kumar; Rai, 2017).

Evidence for this phenomenon was included in the
taxonomy of the Andisols. Thus, soils classified within the
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grand group Fulvudands (e.g., Chinchind) have organic
matter less humic than those classified as Melanudand (e.g.,
Timbio) (Shoji; Nanzyo; Dahlgren, 1994). This difference
can also be observed in the melanic index (Table 3), which
exhibited a decreasing order: Chinchina (1.9)> Quindio (1.8) >
Timbio (1.6). As the MI decreases, there is a higher level of
humification, which means less bioavailability of the organic
C in the soil.

Table 3: Values of IM, pH, OM, and P fixation found in the soil
studied.

Soil MI' pH OM P, value Soil P fixation
% (10 kg dm?)"t  Category'™
Quindio (QU) 1.8 52 6 374 Moderate
Chinchind (CH) 1.9 4.6 12 619 High
Timbio (Ti) 1.6 52 18 615 High

1 Melanic index: determined through the 450/520 nm absorbance ratio.
ttP,, value = amount of P (10¢ kg dm?) required to achieve a soil
solution P concentration of 0.2 x 106 kg dm™ (Fox; Kamprath, 1970).
111 Soil P fixation category according to the Juo and Fox proposal.

On the other hand, the Quindio soil was characterized
by a low P fixation, intermediate MI, a low level of organic
matter resulting from a likely higher rate of mineralization
that may explain the abundance of fungi. This also would also
generate in a high competition among soil microorganisms
for resources (C, other nutrients, water, space). Thus, the PSF
must develop strategies to acquire the phosphate necessary for
cellular synthesis and metabolism, including the secretion of
organic acids (Chiou; Lin, 2011; Li et al., 2009) or phytases
(Jain; Pandey, 2016). Phytases are a specific group of
phosphatases that act upon phytates hydrolyzing the ester bond
between phosphate and C in the organic matter, allowing the
release of phosphate to be further used for microorganisms and
plants. This mechanism may be observed in the high P-fixation
environments previously discussed.

In summary, the soil P fixation and the contents and
types of organic matter (labile or stable) can explain the greater
abundance of PSF in soils derived from volcanic ash. Respect
to the variability of P fixation, the results are consistent with
those described by Osorio and Habte (2014b), who identified
microorganisms in an Andisol with a high capacity to fix P (P ,:
1100 x 10 kg dm™) and a greater ability to dissolve phosphatic
rock than those present in an Oxisol (P ,: 350 x 10 kg dm) and
particularly greater than those present in a Mollisol (P ,: 120 x
10 kg dm™*) with moderate and low P fixation.

4 CONCLUSIONS

The decrease of the medium pH during the screening
for effective PSF did not satisfactorily explain the potential

for phosphate rock solubilization. Thus, it is necessary other
factors such as the concentration and diversity of the organic
acids produced by the PSF.

The fungal growth rate under laboratory conditions
should not be considered as the only selection criterion for
effective PSF. In fact, given the production of organic acids
constitutes a significant C drainage for PSF, limiting the fungal
growth.

In soils cultivated with coffee in Colombia Phlebia
genus is reported, for the first time, as a PSF. Penicillium spp.
were also detected as PSF in this agroecosystem, this genus
has been amply reported for doing so.

In Andisols, the relative abundance of PSF seems to be
associated to the very high levels of P fixation capacity, the soil
organic matter content and its humification degree.
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