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ABSTRACT: Phosphorus is one of the most abundant chemical elements but has a low bioavailability
index. Therefore, microrganisms play a fundamental role in providing insoluble phosphorus to plants. The
objective of this study was to evaluate the capacity of bacteria to solubilize inorganic phosphates in soils with
different fertilization histories. Soil and rhizosphere samples were collected from a Red Distroferric Latosol,
including a control without mineral or organic fertilizer (C), treatment with mineral fertilizer (MF) according to
the needs of each crop, and treatment with organic fertilizer [300 m® ha™ of swine wastewater (SW)]. The
medium containing calcium phytate presented more colony-forming units (CFU) for all fertilization histories,
and growth in treatments C and MF was 50% higher than treatment with SW. CFU values in soils treated with
SW were lower than those in the other treatments, and the diversity of insoluble phosphate-solubilizing bacteria
(PSB) was higher in treatment C. These results indicate a negative relationship between phosphorus

concentrations and the number of PSB.
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INTRODUCTION

The presence of nutrients in the soil is
essential for agricultural productivity. Among the
nutrients required by plants, phosphorus constitutes
a paradox because it is one of the most abundant
chemical elements in the earth’s crust but has the
lowest bioavailability index, i.e., low solubility and
high fixation in soil. The limited bioavailability of
phosphorus in the soil limits agricultural
productivity requiring replacing this element to meet
the needs of the crops. However, in contact with
soil, a percentage of the bioavailable phosphorus is
immobilized by sorption and precipitation (AWAIS
etal., 2017; ZHU; LL.; WHELAN, 2018).

The adequate amount of nutrients in the soil
depends on each crop. However, phosphorus
deserves special attention because, in contact with
the soil, reacts rapidly with the medium and is
converted into forms that plants cannot uptake.
Phosphorus unavailability is accentuated in soils of
tropical regions because the bioavailable
phosphorus reacts with A" and Fe’” in acidic soils
and with Ca*" in alkaline or calcareous soils, and
these elements remain immobilized to the soil in the

form of aluminum phosphates, iron phosphates, and
calcium phosphates (ZHU; LI; WHELAN, 2018). A
strategy to increase phosphorus availability in
agricultural systems is using microorganisms.

This  strategy  involves  identifying,
characterizing, and quantifying the ability of
phosphate-solubilizing bacteria (PSB) to solubilize
insoluble phosphates, and produce viable cultures to
increase the efficiency of inoculation of these
bacteria into crops. The strong potential of PSB to
solubilize inorganic phosphates and the high
environmental sustainability of this process (similar
to that of nitrogen fixation in the soil) may help
increase phosphate solubility in the soil. Thus, to
relate microorganisms with high capacity of
solubilization of nutrients in their inorganic form to
the plants, it becomes a valuable tool. In this
perspective, Lira-Cadete et al. (2012) evidenced the
genetic variability of diazotrophic bacteria in the
solubilization of inorganic phosphates in the
sugarcane crop, which demonstrated satisfactory
results both in the solubility capacity and in the
genetic variability presented. In this respect,
research aimed at obtaining PSB has been
conducted in Brazil (ESTRADA-BONILLA et al.,
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2017), Amazon region (OLIVEIRA-LONGATTI et
al., 2014), semi-arid region of Brazil (LIMA et al.,
2014), subtropical soils in China (ZHU et al., 2011),
subtropical soils in Pakistan (AWALIS et al., 2017),
volcanic soils in Chile (MILKO et al., 2008),
grassland soils in Uruguay (AZZIZA et al., 2012),
and mangrove soils in India (BEHERA et al., 2014).

Some genera of PSB were found in these
regions, including  Pseudomonas,  Bacillus,
Rhizobium, Enterobacter, Achrobacter (NISHA et
al.,, 2014), Arthrobacter, Serratia (CHEN et al.,
2006), Pantoea (PARK et al., 2011), Kushneria,
Halomonas (ZHU et al., 2011), Azospirillum,
Azotobacter (KHAN et al.,, 2009), Aeromonas,
Alcaligenes, Pasteurella (CORDERO; SIERRA;
JIMENEZ, 2014), Acinetobacter, and
Bradyrhizobium (OLIVEIRA-LONGATTI et al,
2014). It is important to note that phosphates
solubilized by bacteria may be inorganic (CHEN et
al., 2006; PARK et al., 2011) or organic (phytates)
(NISHA et al., 2014).

There is little information on PSB in the
western region of the state of Parana, Brazil,
characterized by soils with high agricultural
production capacity, livestock production, and
extensive environmental and water reserves. The
objective of this study was to evaluate the
phosphate-solubilizing ability of bacteria in soils
with different fertilization histories.

MATERIAL AND METHODS

Soil and rhizosphere samples were collected
from an experimental area established in 2006,
cultivated in succession with soybean, corn, and
oats, totaling 18 crop cycles by 2014. According to
the treatments applied in each crop cycle
(KESSLER et al., 2014), three distinct soil types
were selected for sample collection: control without
fertilization (C), soil treated with mineral fertilizer
(MF) according to the needs of each crop, and soil
treated with organic fertilizer [300 m® ha™ of swine
wastewater (SW)]. Maize (variety CD 316, extra-
early hybrid, for off-season production) was used as
the bait plant, and the soil of the study arca was
classified  as Red  Dystroferric Latosol
(CEMBRANEL et al., 2017).

Bacterial cultures

One gram of root fragments with soil
aggregate was transferred to 25 mL of sterile saline
solution (8.5 g L™ NaCl) (MILKO et al., 2008) and
shaken for 10 min. After that, the samples were
diluted successively to 10'°. Each dilution was
performed in triplicate, and 100-uL aliquots were
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transferred to sterile Petri dishes with rich media
(PDA Acumedia®) and to minimum media
containing calcium phosphate, aluminum phosphate,
and calcium phytate, all in insoluble forms. The
plates were kept in an oven for 4 days at 30 °C. The
screening media were prepared according to the
minimum requirements for microbial development
adapted from Milko et al. (2008).

The isolates grown in the minimum medium
were transferred to the screening media for two
continuous subcultures to confirm colony growth
and solubilization ability. This subculturing
technique (replica-picking) was performed by
transferring cells from the inoculum to a series of
replicate plates. Therefore, each replicate plate was
inoculated with cells in the same arrangement
(LEDERBERG; LEDERBERG, 1951).

The percentage of microbial growth was
determined by counting colony-forming units
(CFU). The results were related with those obtained
from microbial growth in the culture media
containing one type of insoluble phosphate in each
soil to compare the number of PSB and their
solubilization capacity after subculturing.

Soil analysis

The soil samples were collected after maize
crop management in the 0.00-0.20 m layer for
measuring pH, MO, P, S, H'AI’" (exchangeable
acidity), Ca”', Mg%, K, Na’, Mn, Cu'?, Fe, Znﬂ,
total N, inorganic N, organic N, NO;” + NO, ", and
NH,", as proposed by EMBRAPA (2009).

Statistical analysis

The difference between the number of CFU
as a function of the type of fertilization and the
culture medium used for microbial growth was
obtained by analysis of variance and Duncan’s mean
test at a level of significance of 5%. The analysis of
variance and the mean test were performed using a
randomized factorial design (3%) including the
history of soil fertilization (C, MF, and SW), three
levels (calcium phosphate, aluminum phosphate,
and calcium phytate, all in insoluble form), and
three replicates, totaling 27 sampling units.

Data on the number of CFU were subjected
to the Shapiro-Wilk normality test and Bartlett’s
variance homogeneity test, both at a level of
significance of 5%. The tests indicated that the data
were normal (p = 0.282) and variance was
homogeneous (p = 0.758).

The soil variables that interfered with the
number of CFU were identified using Pearson’s
linear correlation at a level of significance of 5%.
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RESULTS AND DISCUSSION

The dilution chosen for comparing soil
samples was 107 because it presented higher CFU
in all soils. There was a statistical difference
between the numbers of CFU between the different

culture media (Figure 1). The number of CFU was
higher in the medium containing insoluble calcium
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phytate for all fertilization histories and increased
by 50% in treatments C and MF. In general, the
mechanism of phosphate mineralization by bacteria
is associated with the release of low molecular
weight organic acids (BEHERA et al., 2014)
whereas the release of phosphate ions from phytates
depends on phytase enzymes.

| Fi
mCa
Al

SW

Figure 1. Effect of fertilization history and culture medium on the number of colony-forming units.
The means were compared using Duncan’s test at a level of significance of 5%. Uppercase letters indicate comparisons of
fertilization between culture media at each soil layer, and lowercase letters indicate comparisons of fertilization in each
culture medium. C, control soil without fertilization; MF, soil treated with mineral fertilizer; SW, soil treated with swine
wastewater. CP, calcium phytate; Caz(PO,),, calcium phosphate; AIPO,4, aluminum phosphate.

Phytase production by PSB in this soil was
higher than their capacity to solubilize insoluble
phosphates, although this production was affected
by the fertilization history. The soil treated with SW
presented lower CFU, especially for AIPO,4, which
may be related to the higher availability of
phosphorus from fertilization. For this reason,
bacteria do not need to use energy to perform
solubilization.

The stability of the isolated PSB to
solubilize inorganic phosphates was higher when the
medium contained calcium phytate and was of the
same type, and this capacity varied between 55%
and 70% (Table 1). The stability varied from 54% to
66% for calcium phosphate and from 48% to 63%
for aluminum phosphate. In contrast, bacteria grown
in a growth medium and subcultured in another
screening medium had a higher ability to solubilize
insoluble calcium phosphate and aluminum
phosphate compared to calcium phytate (60—88% of
bacteria that solubilized calcium phosphate also
solubilized calcium phytate, and 59-92% of bacteria
that solubilized aluminum phosphate also
solubilized calcium phytate).

Bashan, Kamnev and Bashan (2014) have
shown that the primary mechanisms of phosphate
solubilization in plants and microorganisms are H"
excretion, production of organic acids, and
biosynthesis of acid phosphatase. Therefore, the
metabolic pathways involved in the mineralization
of organic phosphates appear to be more prevalent
in bacteria from the analyzed soil than pathways
involved in the solubilization of inorganic
phosphates such as calcium phosphate and
aluminum phosphate.

The soil treated with MF showed higher
stability of solubilization of phosphates after
receiving bacteria from the media containing
inorganic phosphate. The evaluated soil was treated
with phosphate fertilizer and consequently may
contain  higher concentrations of insoluble
phosphates because of the chemical reaction with
soil ions. Therefore, the bacteria in this soil can
solubilize both inorganic phosphates. Moreover,
some bacterial species can mineralize organic
phosphates and solubilize inorganic phosphates
(BEHERA et al., 2014).
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Table 1. Percentage stability of the capacity to solubilize inorganic phosphates after subculturing of each

screening medium.

Stability of the capacity to solubilize inorganic phosphates

Swine wastewater (300 m’

Control Mineral fertilizer h'l)
Subculture CP % CP % CP %
medium CP 70 CP 58 CP 55
% orowth Cag(PO4)2 42 Cag(PO4)2 49 Ca3(PO4)2 36
g AlIPO, 41 AlIPO, 41 AlIPO, 29
Ca3(PO4)2 % Ca3(PO4)2 % Ca3(PO4)2 %
rsn“:(’fh‘igq“re CP 60 CP 88 CP 70
% orowth Cag(PO4)2 54 Ca3(PO4)2 66 Ca3(PO4)2 58
g AlIPO, 48 AlIPO, 72 AlIPO, 70
AlIPO, % AlIPO, % AlIPO, %
rsn“:(’fh‘igq“re CP 92 CP 74 CP 59
% orowth Ca3(PO4)2 50 Ca3(PO4)2 64 Ca3(PO4)2 57
g AlIPO, 56 AlIPO, 63 AlIPO, 48

CP, calcium phytate; Ca3(POy),, calcium phosphate; AIPO,, aluminum phosphate.

Pearson’s linear correlation  analysis
indicated that the only soil attribute with a
significant positive effect on the total number of
CFU was pH (Table 2), but the correlation
coefficient was low (0.39), suggesting that the
identified PSB belong to groups that can tolerate
and/or adapt to the pH range of screening media
(phytate, 6.13; Caz (PO,)’, 6.32; and AIPO,, 4.4. The

soil pH is determinant for microbial activity and
distribution. In addition, higher pH values promote
the increase in bacterial populations because
bacteria usually have a low tolerance to more acidic
soils, except for some bacterial groups. Moreover,
there is evidence that the activity of PSB is higher in
soils treated with organic fertilizers such as SW
(ZHU; LI; WHELAN, 2018).

Table 2. Pearson correlation between the number of colony-forming units and the physical-chemical

characteristics of the soil.

Soil variables Total CFU
Pearson
pH 0.39%*
oM -0.26
P -0.51%*
S -0.37
H+Al -0.31
Ca 0.24
Mg 0.35
K -0.46*
Na -0.23
Mn -0.24
Cu -0.37
Fe 0.12
Zn —0.42%*
NH,4 -0.10
NOs;+NO, -0.36
Inorganic N -0.35
Organic N -0.25

*Significant at a level of significance of 5%

The negative correlation between phosphate
levels and the number of CFU indicates that the
higher the availability of phosphorus, the lower is

the tendency of bacteria to use metabolic pathways
to solubilize this element. Mikanova and Novakova
(2002) found that the effect of the exogenous level
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of phosphorus in the bacterial microenvironment
affected the solubilization of phosphates by PSB. In
the presence of soluble phosphorus, solubilization
was repressed in some bacterial species but not
affected in other species. However, further studies
on the total number of PSB and their solubilization
capacity are necessary.

The correlation between the chemical
elements and CFU can be a result of chance because
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these elements were present in higher amounts in
soils treated with SW and mineral fertilizer (Table
3). Silva Filho and Vidor (2001) have shown that
the capacity and potential of phosphate
solubilization by microorganisms vary according to
the nutritional factors in the medium. For instance,
high levels of K increase the size of the bacterial
colonies. However, some K levels tend to decrease
the solubilization capacity of PSB.

Table 3. Mean concentration of phosphorus, potassium, and zinc in the soil of each treatment.

Mean concentration in the soil

Treatments P (mg.dm ) K (mmol.dm™) Zn (mg.dm™)
Control 3.33 1.10 4.50

Mineral fertilizer 9.67 1.63 3.10

Swine wastewater 20.00 3.30 43.47

Zn is used in large-scale in pig rations to
prevent disease, improve digestion, and promote
animal growth. Therefore, a higher amount of this
element was expected in SW. The negative
correlation between Zn and the number of CFU may
be related to Zn concentration in the soil because
insoluble Zn is not very attractive to
microorganisms, and few strains adapt to
environments with high Zn concentrations
(DINESH et al., 2018).

CONCLUSION

The diversity of PSB is higher in soils with
low availability of phosphorus. Given that these
microorganisms use mineralization pathways
involved in phosphorus metabolism, especially the
insoluble organic form. The stability of the capacity

to solubilize phosphates needs to be determined to
ensure that the selected bacteria can maintain this
capacity during several cycles of subculturing, in
media with a calcium phytate concentration higher
than those others medium used. The higher is the
phosphorus concentration in the medium, the lower
is the number of PSB, as observed in soils treated
with SW.

ACKNOWLEDGMENTS

To the Higher Institute of Agronomy of the
University of Lisbon for research funding, to the
Coordination for the Improvement of Higher
Education Personnel (CAPES) for providing a
doctoral scholarship, and to CNPq (Processo
numero: 30484/2013-0) for project funding.

RESUMO: O fosforo ¢ um dos elementos quimicos mais abundantes, mas tem um baixo indice de

biodisponibilidade. Portanto, micro-organismos desempenham um papel fundamental no fornecimento de
fosforo insolivel para as plantas. O objetivo deste trabalho ¢ avaliar a capacidade das bactérias em solubilizar
fosfatos inorganicos em solos com diferentes historicos de fertilizagdo. Amostras de solo e rizosfera foram
coletadas de um Latossolo Vermelho Distroférrico, incluindo controle sem adubagdo mineral ou organica (C),
tratamento com adubagdo mineral (MF) de acordo com as necessidades de cada cultura e tratamento com
adubacio organica [300 m® ha” de 4guas residuarias da suinocultura (SW)]. O meio contendo fitato de célcio
apresentou mais unidades formadoras de colonias (UFC) para todas as historias de fertilizacdo, e o crescimento
nos tratamentos C e MF foi 50% maior que o tratamento com SW. Os valores de CFU nos solos tratados com
SW foram menores que nos demais tratamentos, e a diversidade de bactérias insoliveis solubilizadoras de
fosfato (PSB) foi maior no tratamento C. Esses resultados indicam uma relacdo negativa entre as concentragdes
de fosforo e o nimero de PSB.

PALAVRAS-CHAVE: Fitato de calcio. Fosfato de aluminio. Fosfato de calcio.
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