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Abstract The aim of this work was to study phosphate
(P) solubilization (and the processes involved in this event)
by Talaromyces flavus (BAFC 3125) as a function of car-
bon and/or nitrogen sources. P solubilization was evaluated
in NBRIP media supplemented with different carbon
(glucose, sorbitol, sucrose, and fructose) and nitrogen
(L-asparagine, urea, ammonium sulfate (AS), and ammo-
nium nitrate (AN) combinations. The highest P solubi-
lization was related to the highest organic acid production
(especially gluconic acid) and pH drop for those treatments
where glucose was present. Also P solubilization was
higher when an inorganic nitrogen source was supple-
mented to the media when compared to an organic one.
Although not being present an organic P source, phos-
phatase activity was observed. This shows that P mineral-
ization and P solubilization can occur simultaneously, and
that P mineralization is not induced by the enzyme
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substrate. The combination that showed highest P solubi-
lization was for AN-glucose. The highest acid phosphatase
activity was for AS-fructose, while for alkaline phos-
phatase were for AS-fructose and AN-fructose. Acid
phosphatase activity was higher than alkaline. P solubi-
lization and phosphatase activity (acid and alkaline) were
influenced by the different carbon—nitrogen combinations.
A better understanding of phosphate-solubilizing fungi
could bring a better use of soil P.

Introduction

Phosphorus (P) is a key nutrient for sustained agriculture
productivity. Although total P is present in high concen-
tration in most soils, a vast majority remains unavailable
and only less than 10 % enters the biogeochemical cycle
[15]. Apart from being an essential nutrient for plant
development, there are other reasons which make P a major
agricultural research topic: (1) the price of fertilizers sky-
rocketed in recent times, making P fertilizers unaffordable
for farmers in developing countries, (2) sources of high
quality P are rapidly depleted and expected to be exhausted
in less than 100 years [16].

Microorganisms have a fundamental role in P biogeo-
chemical cycle and bioavailability [14]. Some fungi and
bacteria can solubilize P from unavailable forms in the
rhizosphere. These P solubilizers can be used directly as
biofertilizers in the soil or in bioreactors for the processing
of rock P [1].

Gerretsen [7] demonstrated for the first time that
microbiological activity in the rhizosphere can dissolve
insoluble P through organic acid release and pH drop.
Proton extrusion through ammonium uptake is also a
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mechanism involved in inorganic P solubilization [12].
Wenzel et al. [29] reported that the secretion of protons
could solubilize tricalcium P by calcium exchange.

Sugars available in the medium are used by microor-
ganisms in different metabolic pathways, generating
organic acids [28]. Some of these acids are found in living
cells as intermediates of tricarboxylic acid cycle. On the
other hand, when carbohydrates are available in the med-
ium, they are taken up into the cell, and their utilization is
dependent on an enzymatic system that is constitutive in
some organisms and inducible in others [4]. In addition,
many fungal and bacterial species appear to have the
capacity to use glucose by direct oxidation, producing
gluconic acid [2, 18].

Fungi produce a vast quantity of enzymes involved in P
mineralization. This event is carried out by a group of
enzymes known as phosphatases or phosphohydrolases that
catalyze the hydrolysis of esters and phosphoric acid
anhydrides [17]. Beever and Burns [3] suggested the
existence of three types of phosphatases: acid, alkaline, and
phosphatases with a high specificity for substrate. Acid
phosphatases are more abundant in fungi than the alkaline
ones [20]. They play an important role in the mineraliza-
tion of organic C, organic P, and low levels of free inor-
ganic ions [27]. Extracellular acid phosphatases hydrolyze
external phosphate esters [22]. Inorganic phosphate is
reported in other fungal species to be an inhibitor of
extracellular phosphatase activity [8, 10].

In the particular case of Talaromyces flavus, it has been
reported that this fungus is a biocontroler of the phy-
topathogenic fungus Verticillium dahliae [26] and Sclerotinia
sclerotiorum [23], an efficient P solubilizer [24] and to improve
the efficiency of the symbiosis between the arbuscular mycor-
rhizal fungus Gigaspora rosea and wheat plants [6].

Although many mechanisms underlying the P solubi-
lization and mineralization process were proposed, the
combined effect of carbon (C) and/or N on organic acid
production and extracellular phosphatase activity, and the
influence of inorganic/organic N sources on P solubiliza-
tion have not been analyzed yet. Therefore, the aim of this
work was to evaluate how different combinations of C and
N sources influence 7. flavus growth, P solubilization,
organic acids, and phosphatases production.

Materials and Methods

Fungal Strain

Talaromyces flavus strain S73 BAFC 3125 (BAFC:
Mycological Culture Collection of the Department of

Biodiversity and Experimental Biology, Faculty of Exact
and Natural Sciences, University of Buenos Aires) was
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used in this study. It was isolated from soils of the Buenos
Aires Province (Argentina) [23]. Stock cultures were
maintained on malt agar (12.7 g 17]), agar (2 % wlv)
(MEA) slants at 4 °C with periodic transfer.

Fungal Growth and Culture Conditions

P solubilization was evaluated in 100 ml Erlenmeyer flasks
containing 20 ml National Botanical Research Institute
(NBRIP) broth [21], containing MgSQO, (0.12 g 1_1), KCl
(020 g 171, MgCl, 6H,0 (5.00 g17"), and Cas(POy),
(5.00 g 171, the latter insoluble at neutral and alkaline pH.
The medium was also amended with different combina-
tions of C and N sources. For the C sources, p-glucose, p-
fructose, sucrose, and sorbitol were tested, and for the N
sources two organic (L-asparagine and urea) and two
inorganic sources ((NH4),SO4 (AS) and NH4NO; (AN))
were tested. The N concentration in the medium was
7.54 x IO_ZM, according to the original concentration of
AS in the NBRIP broth. The C concentration was 10 g 17
for every C source. All C-N combinations (16 treatments)
were tested. Before sterilization, the medium pH was
adjusted to 7.00 with HCI (1.00 M). Each flask was inoc-
ulated with a block of agar malt medium (4 mm side)
containing the fungus 7. flavus (BAFC 3125) and incubated
for 85 h under agitation. Uninoculated flasks were used as
controls. After incubation, the final pH was measured. The
pH drop was calculated as the difference on the final pH
between treatments and controls. Also after incubation the
medium was filtered. The mycelia were oven-dried (80 °C)
for 48 h for fungal dry weight (FDW) measurement (data
not shown). The supernatant was separated for further
analyses. In order to avoid FDW overestimation, HCI
(0.10 M) was used to wash the mycelia and solubilize the
remaining insoluble tricalcium P adhered to the fungus.
Each treatment had three replicates.

P Solubilization

Soluble P concentration (mg 17') was achieved by spec-
trophotometric measurement using a Merck Phosphate Test
VM Spectroquant® for both treatments and controls. The
fungal P solubilization efficiency (mg P 17" mg™' myce-
lia) was calculated as the difference for soluble P between
each treatment and control over FDW.

Organic Acid Analysis

The supernatant was filtered through a 0.22-um pore-size
syringe filter (Chrom Tech Inc., Apple Valley, MN) and
stored at 4 °C for high-pressure liquid chromatography
analysis (LC-20AT Prominence, Shimadzu, Kyoto, Japan),
equipped with an Aminex column HPX-87-H (Cat no.
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125-0140; Bio Rad Laboratories Inc., Hercules, CA)
at 50 °C. An UV detector (SPD-20AV Shimadzu, Kyoto,
Japan, set to 215 nm) was used for the quantification of
organic acids (injection volume 20 pl). The mobile phase
consisted of 5 mM H,SO,, run at a flow rate of
0.6 ml min~"'. Peaks were identified by their characteristic
retention times against a set of standards of known organic
acids (Sigma-Aldrich Co., St. Louis, MO).

Phosphatase Activity Assays

Acid phosphatase activity was measured at 25.5 °C using
acetate buffer (pH 4.50), according to Pawar and Thaker
[22]. The reaction was stopped after 30 min with 2.00 ml
NaOH (1.00 M). Alkaline phosphatase activity was mea-
sured using universal buffer (pH 9.00) [13]. The reaction
was stopped after 60 min with 2.00 ml NaOH (1.00 M).
Para-nitrophenolphosphate (PNPP) suspended in acetate
buffer was used as enzyme substrate for both acid and
alkaline phosphatases. Heat denaturation was used as
control for both enzymes. An enzymatic unity (EU) was
defined as the amount of enzyme that hydrolyzes 1 pmol
PNPP in 1 1 of supernatant per minute produced per gram
of FDW under the experimental conditions described.

Statistical Analysis

The results were analyzed by one- and two-way ANOVA,
analyzing C x N factors. Normality and homogeneity of
variances were checked. Organic acids and pH were ana-
lyzed by rank transformation, due to the lack of
homoscedastic. The contrasts among treatments were
analyzed by Fisher LSD test. All the statistical tests were
done using the software STATISTICA 7. Data are pre-
sented as mean =+ standard deviation.

Results
pH of T. flavus in Different C and N Sources

The variation in pH was analyzed to know if this event had
a relationship with P solubilization. The statistical analysis
showed that there were C—N combinations that led to the
highest pH drop (interaction P < 0.05) (Table 1). Although
a decrease in pH was observed in all treatments, the lowest
pH was found in urea-glucose treatment (3.32 4 0.01),
followed by L-asparagine-glucose, AS-glucose, and AN-
glucose (2.37 £ 0.14, 238 £0.02 and 2.27 & 0.06,
respectively) (Table 1). The highest decrease of pH was
present when glucose was the C source. In contrast, the
lowest pH drop was for the treatment AS-fructose
(0.33 £+ 0.17).

P Solubilization

P solubilization over FDW was measured to analyze the
influence of C and/or N sources in this phenomenon. A statis-
tical analysis revealed those C—N combinations that enabled the
highest P solubilization (interaction P < 0.05). The highest
soluble P concentration was for both AS-glucose and AN-
glucose (569.45 + 1.14 and 561.93 + 4.56 mg P 1™ mg™!
FDW, respectively), followed by L-asparagine-glucose and
urea-glucose (7.22 + 049 and 5.53 + 0.50 mg 1”' mg™'
FDW, respectively) (Fig. 1). These soluble P levels were
achieved by AN-sucrose, AS-sucrose, asparagine-sucrose, AS-
fructose, AN-sorbitol, and AN-fructose (3.18 % 0.50,
3.00 £ 0.93, 1.74 £ 0.39, 1.82 £ 0.69, 1.56 £ 0.50, and
1.70 & 0.31 mg 1™" mg~' FDW, respectively). The lowest P
efficiency values were for asparagine-sorbitol, asparagine-
fructose, urea-sorbitol, urea-sucrose, urea-fructose, and AS-
sorbitol, (0.06 £ 0.01, 0.22 £ 0.14, 0.09 £ 0.01, 0.09
4+ 0.03, 0.18 #+ 0.02, and 0.39 # 0.17 mg 1"' mg~" FDW,
respectively).

Organic Acids Analysis

The organic acids found in the culture media were gluconic
and oxalic acid, the former in a higher concentration than
the latter. Neither citric nor fumaric acid were detected.
The only factor that influenced fungal production of glu-
conic acid was the C source (Fig. 2), especially when it
was glucose (793.5 £ 194.5 mM g~' FDW). The lowest
concentration was found when sucrose and fructose were
used (27.96 & 8.13 and 25.70 £+ 14.32 mM g*1 FDW).
Gluconic acid was not detected when sorbitol was the C
source.

Interaction was found between C and N factors
(P < 0.05) for oxalic acid production. The highest con-
centrations were found in AN-glucose, urea-fructose, urea-
sucrose, and AS-glucose treatments (33.10 £ 13.30,
19.36 4+ 4.83, 12.04 £ 0.89, and 11.59 + 1.32 mM g*1
FDW, respectively) (Table 2). On the other hand, this acid
was not detected in AN-fructose and the lowest concen-
trations were found in L-asparagine-sorbitol and AS-sor-
bitol (3.02 £0.23 and 3.26 &+ 1.03 mM g_l FDW,
respectively).

Acid and Alkaline Phosphatase Activity Assays

Acid Phosphatase Activity

Interaction between C and N sources was statistically sig-
nificant (P < 0.05). The highest acid phosphatase activity
was found in asparagine-fructose and AS-fructose

(6.39 £ 0.60 and 7.00 & 0.76 EU). The lowest activity
was found in asparagine-glucose, asparagine-sorbitol, urea-
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Table 1 pH drop for all the

L-Asparagine Urea AS AN

treatments
Glucose 237 £ 0.14f 3.32 £ 0.018 2.38 + 0.02f 2.27 + 0.06%f
Sorbitol 0.67 % 0.09%% 0.99 =+ 0.042%<4 1.43 £ 0.06°¢ 0.44 £ 0.06%
Sucrose 1.59 + 0.40% 1.58 + 0.11°% 1.60 + 0.14% 1.08 £ 0.40>¢
Fructose 1.09 + 0.28>¢ 1.02 £ 0.04%><4 1.01 £+ 0.17°¢ 0.33 £+ 0.17°
Those treatments that share a letter have no significant differences, according to the Fisher LSD test
(P < 0.05). Values are given as mean = SD
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Fig. 1 Soluble P concentration (mg 17" mg™' FDW). Treatments
with the same letter have no significant differences, according to
Fisher LSD test (P < 0.05). C sources are glucose (white bars),

sorbitol, and AS-glucose (3.80 £ 0.28, 2.28 £ 0.30,
3.14 £ 0.17, and 3.41 £ 0.60 EU, respectively) (Fig. 3a).

Alkaline Phosphatase Activity

Interaction between C and N sources was statistically sig-
nificant (P < 0.05). The highest alkaline phosphatase
activity was observed in asparagine-fructose, AS-fructose,
and AN-fructose (2.10 & 0.41, 224 £0.24 and
2.03 £ 0.07 EU, respectively) (Fig. 3b). The lowest values
were found in asparagine-sorbitol, asparagine-sucrose, and
urea-sorbitol (0.41 £ 0.05, 0.79 + 0.04, and 0.63 & 0.09
EU, respectively) (Fig. 3b).

Discussion
Growth and/or development of T. flavus are a response to
the interaction of multiple variables analyzed in this study.

Although an interaction between C and N sources was
found for P solubilization, glucose is the outstanding factor

@ Springer

sorbitol (black bars), sucrose (light gray bars), and fructose (dark
gray bars). Vertical bars are = SD of the mean

for this event as previously reported [5, 30]. However,
these differences were lower than the ones seen in this
work. On the other hand, it was found that when other C
sources, as sorbitol, were present, 7. flavus solubilized less
P than other fungal strains [25] showing that the results of
this work cannot be extended to other fungal strains. In
general, P solubilization was lower when organic N sources
(urea and asparagine) were present. These results suggest
that the nature and availability of N could modify the P
solubilization mechanism.

P solubilization was accompanied by an acidification of
the culture media as previously reported [12, 30]. The
results obtained in this work showed that the pH drop and
gluconic acid production were related to the presence of
glucose rather than a particular C-N combination, since
glucose is the substrate for the production of this acid.

On the other hand, the maximum drop of pH did not
coincide with the highest production of oxalic acid, sug-
gesting that this acid did not have a high contribution to the
decrease of pH. Interestingly, the highest P solubilization
and oxalic acid production were found in the same
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Table 2 Oxalic acid .
concentration per gram of FDW L-Asparagine Urea AS AN
—1
(mM g™ Glucose 3.83 + 1.00™ 4.62 + 1.59 11.59 + 1.32¢h 33.1 + 13.3"
Sorbitol 3.02 £ 0.23% 3.83 + 0.56 3.26 + 1.03% 5.18 & 0.91°%
Sucrose 6.80 £ 0.95%® 12.04 + 0.89%" 6.10 £ 0.419f 7.41 £ 3.40°"
Fructose 3.91 + 0.78% 19.36 + 4.83" 9.35 + 0.55™ ND*

Those treatments that share a letter have no significant differences according to the Fisher LSD test. Values

are given as mean + SD
ND not detected

treatment (AN-glucose), suggesting that this acid is an
important factor in tricalcium P solubilization, probably as
a chelating element. Previous studies showed that the
oxalate presence promoted calcium phosphate salts solu-
bilization, coinciding with our results [9, 24]. The pro-
duction of oxalic acid was increased in AN-glucose and
urea-fructose treatments, while in AN-fructose this acid
was not detected. It is clear that oxalate production by T.
flavus was influenced by specific C—-N combinations rather
than a specific C or N source effect.

To our knowledge, the studies where the effect of C and/
or N sources was analyzed on phosphatases activity are
scarce [20]. The treatments where phosphatase activity
reached its highest activity (L-asparagine-fructose and AS-
fructose for acid phosphatase, and L-asparagine-fructose,
AS-fructose, and AN-fructose for alkaline phosphatase)
were those where P solubilization was low. This might be

due to a higher phosphatase activity when available P is
limited, as it was reported in Aspergillus niger [11]. Also
the presence of fructose (or its concentration) could
increase phosphatase activity or its production by 7. flavus.
Similar results were observed by Pawar and Thaker [22]
where sucrose concentration increased the acid phos-
phatase activity in A. niger. All together, these results
suggest that different C sources could benefit phosphatases
production or activity of different species. On the other
hand, acid phosphatase activity was higher than alkaline,
maybe because of the low pH found in the culture media.
Previous studies showed that acid phosphatase activity was
higher than alkaline in soil fungi, coinciding with our
results [17, 19].

Although an organic P source was not used in this work,
phosphatase activity was found in all the C-N combina-
tions. Having found soluble P and phosphatase activity

@ Springer
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Fig. 3 Phosphatase activity (EU). a Acid. b Alkaline. Each bar
represents a C—N combination. C sources are glucose (white bars),
sorbitol (black bars), sucrose (light gray bars), and fructose (dark

(both acid and alkaline) in all the treatments lets us assume
that both P solubilization and P mineralization can occur
simultaneously. Also, the optimal C-N combinations were
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AS AN

gray bars). Treatments with the same letter have no significant
differences, according to the Fisher LSD test (P < 0.05). Vertical
bars are + SD of the mean

different for P solubilization and phosphatase activity,
giving to this fungus a wide range of conditions to make P
available.
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In conclusion, the presence of glucose as a C source was
the main factor that influenced P solubilization, pH drop,
and gluconic acid production by T. flavus. Also a higher
efficiency was obtained when an inorganic N source was
amended to the culture medium. The oxalic acid and bio-
mass production were influenced by specific C—N combi-
nations. The highest phosphatase activity occurred when P
solubilization was low, suggesting that P mineralization
could be the main mechanism of making P available when
inorganic P solubilization is not enough for fungal devel-
opment. This finding shows a wide range of conditions
where T. flavus can make P available, either by solubi-
lization or mineralization. Therefore, this fungus could be
used as an efficient bioinoculant in soils with high insol-
uble P concentration (either organic or inorganic forms)
and low bioavailable P condition.
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