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Abstract: Due to its adsorption with aluminum and iron hydroxides, phosphorus viability is low
in acidic soils; thus, the aim of this study was to isolate and identify bacteria from the rhizosphere
of four legumes growing in acidic soils of the Cumbaza Sub-basin, San Martin, Peru, as well as
to characterize their ability to solubilize aluminum phosphate and iron phosphate. The isolation
process was conducted on TSA medium and the isolates were classified based on their origin and
morphocolonial characteristics, with the bacillary shape being the most frequent, followed by cocci. To
assess the solubilization of aluminum and iron phosphates, the liquid medium GELP was employed.
Sixteen strains were selected, among which three stood out for their effectiveness in solubilizing
AIPOy (Sfcv-098-02, 22.65 mg L~ 1; Sfc-093-04, 26.50 mg L~1; and Sfcv-041-01-2, 55.98 mg L~ 1) and
one for its ability to solubilize FePOy (Sfcr-043-02, 32.61 mg L~1). These four strains were molecularly
characterized, being identified as Enterobacter sp., Pseudomonas sp., and Staphylococcus sp. Additionally,
a decrease in pH was observed in the reactions, with values ranging from 5.23 to 3.29, which enhanced
the phosphate of solubilization. This suggests that the selected bacteria could be used to improve
phosphorus availability in agricultural soils.

Keywords: acidic soils; phosphate-solubilizing bacteria; cover crop legumes; rhizosphere;

plant-microorganism interactions; sustainability

1. Introduction

Rhizospheric bacteria play a fundamental role in plant health and productivity through
establishing close symbiotic relationships with plant roots, specifically in the zone known
as the rhizosphere. This beneficial relationship influences multiple aspects of plant growth,
such as nitrogen fixation, nutrient solubilization, the production of indole acetic acid and
siderophores, and protection against pathogens [1,2]. Additionally, cover crop legumes rep-
resent a valuable tool for promoting sustainable agricultural practices, providing multiple
benefits for soil health, biodiversity, and agricultural productivity [3]. Their capacity to
conserve nutrients, improve soil quality, and enhance the efficiency of agricultural systems
makes them a key component in transitioning towards more sustainable and resilient
agriculture [4].

Plants face several challenges in acidic soils, primarily related to the availability of
essential nutrients. One of the main issues is the soil’s reduced capacity to retain and
supply important nutrients for plant growth, such as phosphorus [5]. This element is one
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of the most-required nutrients by plants (second only to nitrogen), being a fundamental
component of nucleic acids (RNA and DNA), phospholipids (forming cell membranes),
and adenosine triphosphate (ATP), as well as playing a key role in processes such as
respiration and photosynthesis [6]. An effective strategy for improving soil fertility involves
the utilization of microorganisms, including bacteria, which are capable of decomposing
insoluble forms of phosphorus (e.g., the phosphates present in the soil), thus converting
them into soluble forms that plants can easily absorb [7].

In acidic conditions, phosphorus tends to precipitate and become fixed in insoluble
forms, such as aluminum (AIPOy) and iron (FePO4) phosphates, which are not usable by
plants [8]. As a result, plants may experience phosphorus deficiencies, which negatively
impact their growth, development, and yield. Furthermore, soil acidity can influence the
activity of the rhizosphere bacterial community and the availability of other nutrients,
further exacerbating nutritional problems in plants [9]. Improving the availability of phos-
phorus and other nutrients in acidic soils is important to ensure healthy plant growth and
maximize agricultural productivity under these adverse conditions [10]. Given the impor-
tance of phosphorus in agriculture and soil recovery processes, the search for sustainable
alternatives to phosphate fertilizers is essential to ensure adequate crop productivity [11].

Rhizospheric bacteria play a crucial role in the solubilization of inorganic phosphates,
thus enhancing the availability of phosphorus for host plants (especially in acidic soils),
as they possess enzymes (e.g., phosphatases) which catalyze the release of phosphate
from insoluble forms present in the soil [12,13]. Furthermore, some rhizospheric bacteria,
including those from the genera Pseudomonas sp., Bacillus sp., Brevibacillus sp., Paenibacillus
sp., and Brevibacterium sp. [14], have the ability to secrete organic acids such as lactic
acid, acetic acid, succinic acid, and palmitic acid, which can acidify the surrounding
environment, thus solubilizing aluminum and iron phosphates which are typically more
insoluble in acidic soils [15]. Likewise, through increasing the accessibility of phosphorus
for plants, these bacteria can reduce the need for phosphate fertilizers. This approach not
only generates economic benefits for farmers but also has a positive environmental impact
through reducing the pollution associated with chemical fertilizers [16]. The San Martin
region in Peru encompasses 534,383 hectares dedicated to agricultural crops [17], and
many of these areas have acidic soils, such as those in the Cumbaza sub-basin [18] (from
which the strains of phosphate-solubilizing bacteria evaluated in this study originated).
Therefore, there is a need to conduct studies to understand the presence of plant growth-
promoting microorganisms that enable the implementation of strategies contributing to
sustainable agriculture.

The aim of the present study was to isolate, characterize, and evaluate the phosphate
solubilization capacity of rhizospheric bacteria from four cover crop legumes—Cajanus
cajan, Canavalia ensiformis, Crotalaria juncea, and Vigna unguiculata—growing in six degraded
soils from the Cumbaza sub-basin, San Martin. The test was carried out using two insoluble
phosphate sources (aluminum phosphate and iron phosphate). The hypothesis of this
investigation was that phosphate-solubilizing bacteria exist in the soils of the Cumbaza
sub-basin, which are capable of associating with the rhizosphere of cover crop legumes and
could potentially allow for the future production of bioinoculants using these bacteria.

2. Materials and Methods
2.1. Study Area and Soil Sampling

Soil samples were collected from six zones in the Cumbaza sub-basin: Aucaloma,
Chirikyacu, Chontal, San Antonio de Cumbaza, Shapumba, and Vista Alegre (Figure 1).
According to [18], these soils are acidic and of low fertility. One kilogram of soil was
extracted from 10 equidistant points in each zone, totaling 30 sub-samples per zone, at a
depth of 0-20 cm. A composite sample was formed from these sub-samples, which was
subsequently homogenized. Two 1 kg sample fractions were taken for microbiological and
physicochemical analyses. Additionally, 20 kg of soil was collected at each sampling point
for the cultivation of cover crop legumes under greenhouse conditions.
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Figure 1. Map of the Cumbaza River sub-basin in San Martin, Peru, showing the location of the 6 soil
sampling zones (Extracted and adapted from [18,19]). The circle in the smaller box represents the
area of San Martin where the Cumbaza sub-basin is located.

2.2. Greenhouse Trial

The soils collected from the six study zones were air-dried at ambient temperature
(between 20 and 25 °C) in the shade, then they were crushed and sieved through a fine
mesh with 2 mm openings. To prevent compaction in the pots, they were mixed with
sterilized vermiculite in a 1:1 v/v ratio and placed in 3.5 kg capacity pots. Four cover
crop legumes adapted to tropical climates—namely, C. Cajan, C. ensiformis, C. juncea, and
V. unguiculatai—were sown after disinfection according to [20]. The plants were kept in
a greenhouse for 45 days for V. unguiculata and 60 days for C. Cajan, C. ensiformis, and
C. juncea, being watered with distilled water until field capacity was reached. After this
period, rhizospheric and root soil samples were collected, which were placed in single-use
bags to isolate rhizospheric bacteria.

2.3. Isolation of Bacteria from Rhizospheric Soils

For the isolation of rhizospheric bacteria, rhizospheric soil samples obtained from
V. unguiculata, C. Cajan, C. ensiformis, and C. juncea were processed, according to [21], by
means of surface plating on Tryptone Soy Agar (TSA) medium. This medium consisted
of pancreatic digest of casein (15 g), papaic digest of soy bean (5 g), sodium chloride
(5 g), Agar-agar (15 g), and distilled water (1000 mL). Then, 10 g of rhizospheric soil was
mixed with 90 mL of sterile physiological saline solution (SSFe). Subsequently, a series
of dilutions were made, starting with a 1:100 dilution and continuing until a 1:1,000,000
dilution was reached. From the last three dilutions (10~%, 1072, and 1079), 0.1 mL was
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plated onto Petri dishes containing TSA medium. The Petri dishes were then incubated at
room temperature for approximately 1 week. Subsequently, plates showing between 30
and 300 colony-forming units (CFUs) were considered for the selection of isolated colonies
with different morphocolonial characteristics. These colonies were sub-cultured on TSA
medium as needed, until pure colonies with similar morphologies were obtained. The
isolated colonies underwent microscopic evaluations (Gram staining and bacterial shape)
and macroscopic evaluations (colony diameter, color, surface, elevation, shape, margin, and
consistency), following the protocol described by [22]. The strains were then preserved at
—20 °C until later re-activation for future studies.

2.4. Evaluation of Phosphate Solubilization by Rhizospheric Bacteria

For the assessment of phosphate solubilization ability, re-activated strains were in-
oculated into TSB liquid medium (tryptone, 15 g; peptone, 5 g; NaCl, 5 g; distilled H,O,
1000 mL; pH, 7.0) and incubated at 30 °C for 24 h. Cellular suspensions were adjusted
with the same sterile TSB liquid medium to reach an ODgyynm of 0.5, thus constituting
the inoculum. The Rhizobium tropici CIAT 899 strain was used as a positive control for
solubilization, following the protocol reported by [23]. The liquid medium used to assess
the solubilization of aluminum phosphate and iron phosphate was the GELP medium [21]
(glucose, 10 g; peptone, 5 g; yeast extract, 0.05 g), soil extract (100 mL; filtered supernatant
of 1 kg soil in 1 L distilled water, autoclaved and allowed to stand 48 h), MgSO4 10%
(2 mL), CaCl; 10% (2 mL), NaCl 10% (1 mL), micronutrient solution (2 mL) constituted
by (NazMoOy4-2H,0, 0.200 g; MnSO4-H,0, 0.235 g; H3BO3, 0.280 g; CuSO4-5H,0, 0.008 g;
ZnSO4-7H,0, 0.024 g dissolved in 200 mL distilled water), Fe-EDTA 1.64% (4 mL), yeast
extract (0.05 g), and agar (15 g as solid medium), to which FePOy (0.89 g) was added for
iron phosphate solubilization and AIPOy (0.89 g) for aluminum phosphate solubilization
testing. The solutions without the strains were considered as the blank treatments. A total
of 0.5 mL of the inoculum was inoculated into 50 mL of GELP medium per strain, with
three repetitions, containing the corresponding insoluble phosphate source. The culture
was incubated at 28 °C for 5 days with agitation at 130 rpm. At the end of the evaluation
period (120 h), each sample was centrifuged at 13,000 rpm for 5 min, and the supernatants
were stored for phosphate solubilization studies and pH measurements.

The determination of phosphate solubilization was carried out following the phospho-
molybdate method described by [24]. Aliquots of 1200 uL were taken in triplicate from the
growing culture medium, which were subsequently centrifuged at 13,000 rpm for 5 min in
a centrifuge (Mikro200 Hettich, Tuttlingen, Germany), in order to obtain the supernatant
containing soluble phosphate. In a cuvette, 120 uL of a reactive solution composed of
10 mL of 3% ammonium heptamolybdate, 25 mL of 13.5% concentrated sulfuric acid, 10 mL
of 5% ascorbic acid, and 5 mL of 0.14% potassium antimony tartrate was mixed with
1000 pL of the centrifuged supernatant. This mixture was incubated at room temperature
for 10 min. The formation of a blue color indicated the presence of phosphates, and this
color remained stable for up to two hours. Absorbance was measured at 655 nm using a
spectrophotometer (Thermofisher, Spectronic 200, Suwa, Japan). Absorbance values were
correlated with a standard phosphate curve to determine the concentration (in pug mL~! or
mg L~1) of phosphates in the sample. After each sampling, the pH was measured in 2 mL
of supernatant using a pH meter (WITW XYLEM, inoLab 7110, Oberbayern, Germany).

2.5. Molecular Characterization of Phosphate-Solubilizing Bacteria

The phosphate-solubilizing bacteria strains that excelled in phosphate solubilization—in-
cluding Sfcv-041-01-2, sfcv-098-02, and sfcv-041-01-2 for AIPO, solubilization and Sfcr-
043-02 for FePOy, solubilization—underwent characterization through amplification and
sequencing of the 16S rRNA gene. For this purpose, the isolated bacteria, preserved in
glycerol at —20 °C, were re-activated in TSA medium and then cultivated in TSB medium
at 30 °C and 120 rpm until reaching the logarithmic growth phase (ODggonm~0.6). Next, the
cells were collected through centrifugation at 12,000 rpm for 3 min at room temperature. Ge-
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nomic DNA extraction was performed using the GenElute Bacterial Genomic DNA kit from
Sigma-Aldrich (St. Louis, MO, USA), following the manufacturer’s instructions, and quan-
tification was carried out with a NanoDrop ND1000 spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). Amplification of the 16S rRNA gene was carried out through
PCR with the primers D1 (CCGAATTCGTCGACAACAGAGTTTGATCCTGGCTCAG)
and rD1 (CCCGGGATCCAAGCTTAAGGAGGTGATCCAGCC), under the conditions de-
scribed by [25]. PCR products were visualized on 0.7% agarose gels prepared in TBE buffer
solution and photographed under UV light after electrophoresis. The sequencing of the
amplicons was carried out by Macrogen (Seoul, Republic of Korea). The obtained sequences
were edited and compared with those deposited in GenBank using the National Center
for Biotechnology Information (NCBI) BLAST (http://www.ncbi.nlm.nih.gov/genbank/,
accessed on 10 February 2024). For taxonomic identification of 165 rRNA gene sequences
of type species, EZ-Taxon [26] was used. Phylogenetic analysis was carried out with
MEGAG6 [27], using Clustal W for alignments, the [28] 2-parameter model for distance
calculation, and the neighbor-joining algorithm for phylogenetic tree construction, with
bootstrapping based on 1000 repetitions to estimate confidence. Similarity tables were
constructed using Phydit version 3.1 [29], employing Clustal X to align the sequences.

2.6. Research Design and Statistical Analysis

To evaluate the solubilization efficiency, a completely randomized design was em-
ployed. The number of treatments was determined based on the number of isolated and
purified bacteria, resulting in 18 treatments, including a positive control (Rhizobium tropici
CIAT 899) and a negative or blank control (culture medium plus phosphate without strain).
All bacterial strains were evaluated on two insoluble phosphate sources (AIPO4 and FePOy).
All experiments were conducted in triplicate to assess reproducibility, and the results are
expressed as mean values from the difference between the value of available phosphate
in the inoculated treatment minus the concentration of available phosphate in the control
treatment. The treatments that showed absorbance levels equal to or lower than the blank
were considered as treatments without phosphate solubilization. The normality of the
data was checked using the Shapiro—-Wilks test, and standard deviations and experimental
standard errors were calculated. The results underwent statistical analysis using analysis
of variance, correlation coefficients (r), and tests were conducted using the Duncan test
(p < 0.05) to determine significance.

3. Results
3.1. Isolation and Morphocolonial Characterization of Rhizospheric Bacteria

Four strains of V. unguiculata, eight strains of C. ensiformis, and four strains of C. juncea
were selected and isolated (Table 1). These selected strains were deposited in the culture
collection of the Agricultural Microbiology Laboratory “Raul Rios Reategui” at the Faculty
of Agricultural Sciences of the Universidad Nacional de San Martin, along with their
respective accession numbers, making them available for future research.

Table 1. Origins of rhizospheric bacteria strains isolated from cover legumes growing in acidic soils
of the Cumbaza sub-basin.

Areas Vigna unguiculata Canavalia ensiformis Crotalaria juncea
- Sfev-001-01 Sfer-003-02
Chirikyacu
- Sfcv-017-03 -
Sfc-054-02 - -
Vista Alegre

Sfc-070-04 - -
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Table 1. Cont.
Areas Vigna unguiculata Canavalia ensiformis Crotalaria juncea
Sfc-159-01 Sfcv-041-01-2 Sfcr-043-02
Chontal
- Sfcv-041-9 -
San Antonio de - Sfev-129-01 Sfer-123-01
Cumbaza
Shapumba - Sfcv-098-02 Sfer-116-01
Sfc-093-04 Sfcv-082-11 -
Aucaloma
- Sfcv-089-01 -

Diverse colonial morphologies were observed among the 16 isolates, with the bacillary
shape being the most frequent, followed by cocci. According to the results of the Gram
staining, it was determined that bacteria with a bacillary shape were Gram-negative in
81.25%, while those with a coccus shape were Gram-positive in 18.75% (Table 2, Figure 2).

Table 2. Morphocolonial characteristics of bacteria isolates obtained from the rhizosphere of cover
legumes growing in acidic soils of the Cumbaza sub-basin.

Microscopic Features Macroscopic Features
Strains St(;ir;g:g Bsa;:?ia DCigllm(::t);r Color Surface Elevation CS(I)::;EI Margin Consistency
(mm)
Sfc-054-02 - bacillus 217 cream smooth P Ci En creamy
Sfc-070-04 — bacillus 1.04 cream smooth P Ci En creamy
Sfc-159-01 - bacillus 2.15 cream smooth P Ci En creamy
Sfc-093-04 + coccus 0.99 orange smooth P Ci En creamy
Sfcv-001-01 — bacillus 0.82 cream smooth C Ci En creamy
Sfcv-017-03 - bacillus 0.9 cream smooth P Ci En creamy
Sfcv-041-01-2 - bacillus 3.86 brown smooth P Fu L creamy
Sfcv-041-9 — bacillus 1.39 cream smooth P Ci En creamy
Sfcv-129-01 - bacillus 0.87 cream smooth P Ci En creamy
Sfcv-098-02 + coccus 1.08 orange-yellow  smooth P Ci En creamy
Sfcv-082-11 - bacillus 1.48 cream smooth P Ci En creamy
Sfcv-089-01 - bacillus 1.67 cream smooth P Ci En creamy
Sfcr-003-02 + coccus 0.38 cream smooth P Ci En creamy
Sfcr-043-02 — bacillus 1.05 cream smooth P Ci En creamy
Sfcr-123-01 - bacillus 0.82 cream smooth P Ci En creamy
Sfer-116-01 — bacillus 1.26 cream smooth P Ci En creamy
Gram Staining: + = Gram-positive, — = Gram-negative; Colony Diameter: Diameter reached at 7 days of

incubation; Elevation: P = Flat, C = Convex; Shape: Ci = Circular, Fu = Fusiform; Edge: En = Entire, L = Lobulated.

3.2. Solubilization of AIPO4 and FePOy by Rhizospheric Bacteria
3.2.1. Solubilization of AIPO, by Rhizospheric Bacteria

Duncan’s mean comparison analysis for AIPOy solubilization (in mg L~!) revealed
significant differences among treatments. Strain Sfcv-041-01-2 stood out with a superior
solubilization ability of 55.98 mg L~!, compared to the other strains (Table 3). This strain
was followed by strains Sfc-093-04 and Sfcv-098-02, with 26.50 mg L~! and 22.65 mg L1,
respectively, being statistically equivalent to each other. On the other hand, strains Sfcv-41-9
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and Sfcv-129-01 exhibited the lowest AIPOy solubilization ability, with 6.41 mg L~! and
5.98 mg L1, respectively. Table 3 indicates that the pH of the cultured supernatants ranged
from 5.23 to 4.03 at the end of the experiment.

Figure 2. Representative samples of morphocolonial characterization of rhizospheric bacteria.
(a) Gram-negative bacilli, 1000x, and (b) colony of strain Sfcv-041-01-2; (¢) Gram-positive cocci,
1000, and (d) colony of strain Sfc-093-04; (e) Gram-negative bacilli, 1000 x, and (f) colony of strain
Sfer-043-02; (g) Gram-positive cocci, 1000, and (h) colony of strain Sfcv-098-02.

Table 3. Evaluation of AIPO, and FePO; solubilization by rhizospheric bacteria.

AIPO, FePO,
Strains Solubilized P Solubilized P
pH (mg L-1) pH (mgL-1)
CIAT 899 4.86 (+0.02) b NPS 4.26 (+£0.01) ¢ NPS
Sfc-054-02 418 (£0.08) efg 1581 (£0.77) cde 4.08 (£0.05)cd  28.97 (+1.80) cd
Sfc-070-04 4.41(40.02) d NPS 3.29 (£0.04) e 1722 (£1.18) e
Sfc-093-04 5.23 (+0.14) a 26.50 (+£1.58) b 4.02 (+£0.01) cd NPS
5fc-159-01 434 (40.02)de  17.09 (+2.37)cd  3.73 (£0.01)cde  37.31 (+£0.90) a
Sfcv-001-01 4.81 (£0.02) bc NPS 3.85(£0.01) cde  25.98 (+0.33) d
Sfcv-017-03 4.08 (+0.07) fg 9.40 (+1.76) ef 3.86 (+0.00) cde 32.18 (+£1.07) be
Sfev-041-01-2 521 (+0.00) a 5598 (£6.27)a 537 (+£0.02) b 15.36 (+1.86)
Sfev-041-9 403 (£0.06)g 641 (£0.61)fg  3.83(+001)cde  34.96 (+1.32) ab
Sfcv-082-11 4.88 (+£0.05) b NPS 3.86 (+0.03) cde 29.19 (£1.47) cd
Sfcv-089-01 480 (£0.03)bc  NPS 395 (£0.04) cd  30.68 (+2.08) ¢
Sfcv-098-02 4.63 (£0.03) ¢ 22.65 (+£0.55)bc  3.89 (£0.02) cd NPS
Sfcv-129-01 414 (£0.03)fg 598 (+147)fg  4.08(+£001)cd  NPS
Sfcr-003-02 437 (40.11)d  12.61 (+0.92) def 4.24 (+0.67) c 26.50 (£1.52) d
Sfcr-043-02 425 (+0.08) def ~ NPS 3.54 (£0.01) de 32.61 (+0.51) be
Sfer-123-01 4.34 (+£0.02) de NPS 3.51 (+0.01) de 30.47 (£1.09) ¢
Sfer-116-01 441(4003)d  NPS 356 (40.00)de  30.90 (+0.39) ¢
CV (%) 2.8 3.42 6.25 237

CIAT 899 = Positive control Rhizobium tropici CIAT 899. NPS = No phosphate solubilization. Duncan’s test

(p < 0.01), means with different letters differ statistically from each other. CV = Coefficient of Variation.
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3.2.2. Solubilization of FePO, by Rhizospheric Bacteria

In the Duncan’s mean comparison analysis for FePO, solubilization, significant dif-
ferences were observed among treatments. Strain Sfc-159-01 stood out with a superior
solubilization ability of 37.31 mg L1, followed by strain Sfcv-041-9 with 34.96 mg L1
(Table 3). On the other hand, strains Sfc-070-04 and Sfcv-041-01-2 showed the lowest values,
with 17.22 mg L~! and 15.36 mg L~!, respectively. Table 3 indicates that the pH ranged
between 5.37 and 3.29 at the end of the experiment. All strains reduced the medium pH
compared to that of the strain-free control (blank), which was 7.0.

3.3. Molecular Characterization of Phosphate-Solubilizing Bacteria

Figures 3-5 show the phylogenetic trees based on the partial sequence of the 16S ribo-
somal gene of the four bacterial strains highlighted for their phosphate solubilization ability,
both with respect to aluminum (Pseudomonas sp. Stcv-041-01-2, PP319610; Staphylococcus
saprophyticus Sfc-093-04, PP319607; and Staphylococcus saprophyticus Sfcv-098-02, PP319608)
and iron (Enterobacter sp. Sfcr-043-02, PP319606) phosphates.

Pseudomonas sp. Sfev-041-01-2 (PP319610)

60 Pseudomonas aeruginosa ATCC 101457 (X06684)
Pseudomonas paraeruginosa NCTC 13628 (ON359917)
Pseudomonas guezennei RA26T (AJ876736)

Pseudomonas tohonis TUM 189997 (LC645211)

‘ Pseudomonas solani SM 0067 (LC744517)

Pseudomonas paralcaligenes MRCP 1333T (MT604974)

‘|-|,: Pseudomonas alcaligenes ATCC 149097 (D84006)
Pseudomonas subflava YIM B01952T (ON778731)

_,— Pseudomonas oryzae WM-3T (KF317694)

Pseudomonas aromaticivorans LMG 324667 (OK324373)

Pseudomonas liyingensis LYG-BRDT (HM246142)
Pseudomonas guangdongensis LYG-BRDT (HM?246142)

88 Pseudomonas nitroreducens IAM 14397 (JX274436)
Pseudomonas tricosanedes ZM23T (ONS32724)
Pseudomonas jinjuensis NBRC 103047 T (AB681927)

Pseudomonas delhiensis RLD-1T (AB681927)
Pseudomonas panipatensis Esp-1T (EF424401)

Bradyrhizobium japonicum LMG 6138T (546916)
p—

0.02

Figure 3. Maximum-likelihood phylogenetic tree based on 165 rDNA gene sequences (1556 positions)
showing the relationships among Pseudomonas strain isolated from the San Martin region and closely
related species of the genus Pseudomonas. The significance of each branch is indicated by a bootstrap
value (as percentage) calculated for 1000 subsets (only values greater than 50% are indicated). The
position of strain Sfcv-041-01-2 is highlighted in bold in the phylogenetic tree. Bar, 2 substitutions per
100 nucleotide positions. The 16S rDNA sequence of Bradyrhizobium japonicum LMG 6138 was used
as the outgroup.
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Enterobacter quasihormaechei WCHEs120003T (MK567958)
72| Enterobacter hormaechei CIP103441T (AJ508302)
Enterobacter xiangfangensis 10-17F (KX213836)
Enterobacter hoffimannii CIP1034417T (AJ508302)
| Enterobacter nematophilus E-TCIP103441T (OP818089)
Enterobacter chuandaensis 90028T (MK049966)
Enterobacter bugandensis 247BMCT(HQ122932)
Enterobacter soli LF7T(GU814270)

Enterobacter kobei JCM 8580T(AB616140)
- Enterobacter huaxiensis 90008T (MK049964)

Enterobacter mori LMG 257067 (MG846019)
Enterobacter Iudwigii EN-119T (AJ853891)
Enterobacter cancerogenus LMG 26937 (Z96078)
Enterobacter sp. Sfem-054-06 (PP319604)

L Enterobacter woulonensis WCHES 120002T (MK567957)
Enterobacter vonholyi E13T(VIUC010000)

Enterobacter sichuanensis E13T (MG832788)

Enterobacter roggenkampii DSM 166907 (CP017184)
Enterobacter quasiroggenkampit WCHECL 1060T (LFDQ02000002)
70| | Enterobacter chengduensis WCHECT-C4T (KY979142)

|, Enterobacter asburiaeJC M 6051T (AB004704)

Enterobacter sp. Sfcr-043-02T (PP319606)
Enterobacter sp. Sfem-014-02T (PP319605)

0! Enterobacter cloacae ATCC 130477 (AJ251469)

[ { Enterobacter dissolvens LMG 2683T(Z96079)
7
Enterobacter oligotrophicus CCA6T(LC368255)

0.02

Bradyrhizobium japonicion LMG 61387 (546916)

Figure 4. Maximum-likelihood phylogenetic tree based on 165 rDNA gene sequences (1556 positions)
showing the relationships among Enterobacter strains isolated from the San Martin region and closely
related species of the genus Enterobacter. The significance of each branch is indicated by a bootstrap
value (as percentage) calculated for 1000 subsets (only values greater than 50% are indicated). The
position of strain Sfcr-043-02T is highlighted in bold in the phylogenetic tree. Bar, 2 substitutions per
100 nucleotide positions. The 16S rDNA sequence of Bradyrhizobium japonicum LMG 6138 was used

as the outgroup.

The BLAST analysis revealed that the isolates belong to the genera Enterobacter, Pseu-
domonas, and Staphylococcus (Table 4). The isolate Sfcr-043-02 from the Chontal area showed
a close relationship with Enterobacter sichuanensis WCHECL1597", Enterobacter roggenkampii
DSM 166907, Enterobacter quasiroggenkampii WCHECL 1060", and Enterobacter vonholyi E13T,
with 99.86% identity. Similarly, isolate Sfcv-041-01-2, also from the Chontal area, exhibited
high similarity with Pseudomonas aeruginosa JCM 5962 and Pseudonomas paraeruginosa PA7T,
with 99.93% identity. On the other hand, isolate Sfc-093-04 from the Aucaloma area showed
a close relationship with Staphylococcus saprophyticus ATCC 153057, with 100% identity,
while isolate Sfcv-098-02 from the Shapumba area was also closely related to Staphylococcus
saprophyticus ATCC 153057, with 100% identity. The generated molecular datasets have
been deposited in NCBI GenBank (http://www.ncbi.nlm.nih.gov/genbank/, accessed on
10 February 2024) with their corresponding accession numbers (Table 4).
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95 Staphylococcus equorum ATCC 439587 (AB009939)
Staphylococcus equorum subsp. linens RP 29T (AB527483)

Staphylococcus cohnii ATCC 299747 (D83361)

Staphylococcus nepalensis DSM 151507 (MF678894)
Staphylococcus ureilyticus ATCC 493307 (AB009936)

Staphylococcus casei SB727T (A]320272)

Staphylococcus succinus AMG-D1T (AF004220)

Staphylococcus simiae DSM 176367 (MF678909)
«{ Staphylococcus argenteus DSM 282997 (MF678863)
70Staphylococcus schiweitzeri DSM 283007 (MF678907)
Staphylococcus aureus ATCC 126007 (X68417)
L—  Staphylococcus haemolyticus CCM 27377 (X66100)
Staphylococcus borealis 51-48T (MT586030)
Staphylococcus croceilyticus MCC 100467 (AY953148)
Staphylococcus pragensis DSM 1028537 (MF678897)
Staphylococcus taiwanensis NTUH-5172T (MZ890228)
—  Staphylococcus simulans ATCC 27848 (D83373)
1 Staphylococcus brunensis NRL/St 16/872T (0Q401401)
Staphylococcus petrasii CCM 84187 (JX139845)
81, Staphylococcus durrellii 27 46 LYT (MW186934)
Staphylococcus lloydii 232 7 LYT (MW186933)
Staphylococcus kloosit ATCC 439597 (AB009940)

Staphylococcus pettenkoferi B 3117 (AF322002)

Staphylococcus pseudol ugdunensis BOO6T (EF053370)

Staphylococcus argensis DSM 29875" (EF053370)

Staphylococcus marylandisciuri SQ8-PEAT (ON920654)

Staphylococcus arlettae ATCC 439577 (AB009933)
Staphylococcus gallinarum DSM 206107 (MF678881)

Staphylococcus caeli 82BT (MH431939)

Staphylococcus saprophyticus ATCC 153057 (MG988385)
Staphylococcus saprophyticus Sfc-093-04 (PP319607)
Staphylococcus saprophyticus Stcv-098-02 (PP319608)
Staphylococcus edaphicus CCM 87307 (KY315825)
Staphylococcus pseudoxilosus S040097 (MH643903)
Staphylococcus xylosus ATCC 299717 (D83374)

Staphylococcus homi novobiosepticus GTC 1228 (KT889858)

—[ Staphylococcus hominis DSM 203287 (X66101)
| Staphylococcus saccharolyticus DSMZ 20359 (MF678903)
Staphylococcus caprae DSM 20608T (MF678869)
o4 Staphylococcus epidermidis NBRC 1009117 (AB681292)
Staphylococcus capi urealyticus DSM 67177 (AB681292)
Staphylococcus capitis DSM 203267 (MF678867)

I Staphylococcus caledonicus H8/1T (MT671558)
o L Staphylococcus devriesei KS SP 60T (F]389206)
g Staphylococcus pasteuri ATCC511297 (MG757632)

-|~ Staphylococcus warneri DSM 203167 (MF678915)
Staphylococcus lugdunensis ATCC 43809 (AB009941)
Staphylococcus auricularis ATCC 337537 (D83358)

Staphylococcus carnosus DSM 205017 (MF678870)
Staphylococcus condimenti F-27 (Y15750)
78| Staphylococcus debuckii SDB 29757 (MK121623)

Staphylococcus piscifermentans SKO3T (Y15754)

92

S 3

L—  Staphylococcus massiliensis CCUG 55927 (EU707796)

Staphylococcus americanisciuri GRT3T (ON920656)
Staphylococcus microti DSM 22147 (MF678892)

95 Staphylococcus muscae CCM 41757 (S83566)

Staphylococcus rostri DSM 21968T (MF678902)

Staphylococcus cornubiensis NW1T (FXUZ01000029)
Staphylococcus ursi MI 10-15537 (KY019172)

b Staphylococcus schleiferi DSM 4807" (S83568)
Staphylococcus coagulans ATCC 49545 (AB009945)

Staphylococcus canis H16/1AT (MT442037)

Staphylococcus felis DSM 73777 (MF678879)
Staphylococcus chromogenes ATCC 437647 (D83360)
Staphylococcus ratti CCM 90257 (OL352091)
Staphylococcus agnetis DSM 236567 (MF678861)
734 Staphylococcus hyicus ATCC 112497 (D83368)
Staphylococcus lutrae DSM 102447 (MF678890)
Staphylococcus pseudintermedius LMG 222197 (AJ80976)
Staphylococcus intermedius DSM 203737 (MF678886)
L Staphylococcus delphini ATCC 491717 (AB009938)

P

0.02

Bradyrhizobium japonicum LMG 61387 (546916)

Figure 5. Maximum-likelihood phylogenetic tree based on 165 rDNA gene sequences (1556 positions)
showing the relationships among Staphylococcus strains isolated from the San Martin region and
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closely related species of the genus Staphylococcus. The significance of each branch is indicated
by a bootstrap value (as percentage) calculated for 1000 subsets (only values greater than 50% are
indicated). The positions of the Sfc-093-04 and Sfcv-098-02 strains are highlighted in bold in the
phylogenetic tree. Bar, 2 substitutions per 100 nucleotide positions. The 16S rDNA sequence of
Bradyrhizobium japonicum LMG 6138T was used as the outgroup.

Table 4. Percentage of similarity of the 165 rDNA gene of rhizospheric bacteria strains isolated from
the rhizosphere of cover legumes.

Identified
. Place of Solubilizing . Similarity  Strain/Accession
Strains Origin Host Legume Phosphate Most Related Species %) Number in
GenBank
Pseudomonas aeruginosa JCM
Canavalia 59621/ Pseudomonas sp.
Sfcv-041-01-2  Chontal . . AlPOy4 . 99.93 Sfcv-041-01-
ensiformis Pseudonomas paraeruginosa
T 2/PP319610
PA7
. . Staphylococcus
Sfc-093-04 Aucaloma Z;lgizcula ta AIPO4 i{?fjhcylf ;ggc;trs saprophyticis 100 saprophyticus Sfc-
g 093-04/PP319607
Canavalia Staphylococcus saprophyticus Staphylococcus
Sfcv-098-02 Shapumba ensiformis AIPO4 ATZ Cy 153057 propiy 100 saprophyticus Sfcv-
098-02/PP319608
Enterobacter Sichuanensis
WCHECL1597" / Enterobacter
Crotalaria roggenkampii DSM 166907 / Enterobacter sp.
Sfcr-043-02 Chontal ncen FePOy Enterobacter 99.86 Sfcr-043-
/ quasiroggenkampii WCHECL 02T /PP319606
1060 / Enterobacter vonholyi
E13T

4. Discussion
4.1. Isolation and Morphocolonial Characterization of Rhizospheric Bacteria

Variations in the frequency of isolates of rhizospheric bacteria observed among differ-
ent legumes are likely due to the unique root exudate profile of each plant. These profiles
attract distinct microbial communities, turning the rhizosphere into an “exclusive” zone of
feeding and interaction that influences plant growth [30]. This work constitutes the first
report on the isolation of rhizospheric bacteria capable of solubilizing insoluble phosphates
from the rhizosphere of cover legumes in degraded acidic soils of the tropical region of Peru.
It is worth noting that the isolation of rhizospheric bacteria was also studied by the authors
of [31], who found rhizospheric bacteria in solid phosphate sludges from the Khuribga
phosphate mining center, Morocco, determining that all were Gram-negative. Similarly, the
authors of [8] investigated the solubilization of calcium, aluminum, and iron phosphates
by native bacteria of the genera Bacillus and Burkholderia in acidic soils of Odisha, India.
These authors highlighted the importance of selecting beneficial microbes native to the
area, which are adapted to the local climatic environment.

4.2. Solubilization of AIPO4 by Rhizospheric Bacteria

Previous studies on aluminum phosphate solubilization have reported values lower
than those obtained in our research. For instance, the authors of [8] recorded a maxi-
mum solubilization of 58.49 mg L~!, while the authors of [31] achieved a maximum of
20.60 mg L. However, in our study, the strain Pseudomonas sp. Sfcv-041-01-2 (PP319610)
demonstrated a solubilization capacity of 55.98 mg L}, and the strains Staphylococcus
saprophyticus Sfc-093-04 (PP319607) and Sfcv-098-02 (PP319608) registered solubilization
levels of 26.50 mg L~! and 2.65 mg L™}, respectively. These variations could be attributed
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to the specific soil and climatic conditions of the locations from which the native bacteria
were isolated.

A positive correlation was observed between soluble phosphorus and the pH of the
cultured supernatant. An example of this phenomenon is represented by the strains
Pseudomonas sp. Sfcv-041-01-2 (PP319610) and Staphylococcus saprophyticus Sfc-093-04
(PP319607), which exhibited maximum solubilization and also presented the highest pH
values, surpassing the uninoculated control (blank; pH 4.67). On the other hand, the
solubilization of AIPOy4 occurred without altering the pH, possibly as the initial pH of
the culture was already low (4.6); this is a similar observation to that made in a previous
evaluation of this phosphate [23].

4.3. Solubilization of FePOy by Rhizospheric Bacteria

Iron phosphate (FePOy) is known to be one of the most challenging compounds to
solubilize by rhizospheric bacteria. In our research, three strains stood out in terms of
iron phosphate solubilization ability: Sfc-159-01, Sfcv-041-9, and Enterobacter sp. Sfcr-043-
02 (PP319606), which achieved solubilization levels of 37.31 mg L1 34.96 mg L1, and
32.61 mg L1, respectively. Similar results were reported by [8] and [31], with maximum
solubilization levels of 199.00 mg L' and 84.15 mg L™}, respectively. It is worth noting
that our study constitutes a novel report on iron phosphate solubilization by native strains
originating from extremely acidic soils, with a pH ranging between 3.99 and 4.62 [18].

Regarding the pH of the cultured supernatant, a negative correlation was observed
between the soluble phosphorus and its pH (Table 3). Similar results were reported by [8]
and [31], noting a decrease in the medium pH for all isolates evaluated compared to the
uninoculated control.

The high solubilization potential of the bacteria identified in this study is attributed to
their ability to produce and release substances that facilitate the conversion of insoluble
phosphates into soluble forms. According to [14], this process can be carried out through
various mechanisms such as the production of organic acids (citric acid, acetic acid, lactic
acid, and gluconic acid) that lower the pH of the immediate environment, causing the
dissolution of insoluble phosphate compounds such as iron and aluminum phosphates,
converting them into soluble phosphate forms. Another process involves the release of
enzymes such as phosphatases and phytases, which catalyze the release of phosphorus
from organic and inorganic compounds, making it available for plant uptake [12,13].
These bacteria can also produce chelating compounds (siderophores) that bind to cations
such as iron and aluminum. This reduces the formation of insoluble phosphates and
releases phosphorus in soluble forms [14]. Additionally, phosphate-solubilizing bacteria
can participate in other biochemical processes, such as the reduction of Fe(Ill) to Fe(Il),
which can also contribute to phosphorus solubilization [6].

Acidic soils are characterized by nutrient deficiencies, especially with respect to phos-
phorus [32]. Our results highlight the presence of rhizospheric bacteria with a high solubi-
lization potential, which is attributed to the unique ability of legumes to establish two types
of symbiosis: mycorrhizal and rhizobial. Rhizospheric bacteria associated with these plants
could meet the demand for phosphorus, as this nutrient plays a crucial role in the symbiotic
nitrogen fixation process, thus being essential for their growth and development [33,34].
Furthermore, legumes deploy different morphological and biochemical mechanisms to
enhance phosphorus acquisition under acidic soil conditions, thereby increasing their
capacity to fix atmospheric nitrogen [35].

4.4. Molecular Characterization of Rhizospheric Bacteria

The molecular analysis of the 165 ribosomal gene of the four isolates revealed that
two of the strains belong to the two generic groups of Enterobacter sp. and Pseudomonas
sp., while the other two correspond to Staphylococcus saprophyticus. It has been reported
that Enterobacter sp. exhibit high potential for phosphate solubilization in other plant
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rhizospheres [13,36,37], although there is limited information about their solubilizing
activity in association with cover legumes.

On the other hand, Pseudomonas sp. have been isolated and identified as some of
the most efficient phosphate-solubilizing bacteria [13,38], as well as those from the gen-
era Staphylococcus, Micrococcus, Streptomyces, and Bacillus [39]. Furthermore, of the four
identified strains, three of them—Pseudomonas sp. Sfcv-041-01-2 (PP319610), Staphylo-
coccus saprophyticus Sfc-093-04 (PP319607), and Staphylococcus saprophyticus Sfcv-098-02
(PP319608)—exhibited a high capacity for aluminum phosphate solubilization, while Enter-
obacter sp. Stcr-043-02 (PP319606) demonstrated high iron phosphate solubilization ability.

5. Conclusions

The findings of this study have significant implications in the field of sustainable
agriculture and soil fertility improvement in areas affected by acidic soils. The ability of
rhizospheric bacteria isolated from cover legumes to solubilize inorganic phosphates such
as aluminum phosphate and iron phosphate holds promise for addressing phosphorus
deficiencies in acidic soils. The identification of specific bacterial strains, such as Enterobacter
sp., Pseudomonas sp., and Staphylococcus sp., which demonstrated high efficacy in phosphate
solubilization, provides valuable information for the development of microbial products
and specific agricultural practices. Additionally, the observation of a decrease in pH
during solubilization reactions suggests the release of organic acids by bacteria, further
contributing to phosphate solubilization. This finding provides additional insights into the
underlying mechanisms involved in phosphate solubilization by these bacteria and could
lead to future research on optimizing conditions to enhance their efficacy.

Given their effectiveness, these strains could be utilized to address soil phosphorus
deficiencies, thus promoting sustainable agricultural production in the Cumbaza River
Sub-basin, San Martin region, Peru. Despite the promising findings of the study, there are
some limitations that could influence the interpretation of the results and their applicability.
Some of these potential limitations include the following. Sample size: the study may
have been limited by the sample size or the selection of study areas. Bacterial diversity:
although several phosphate-solubilizing bacterial strains were identified and characterized,
there may be greater bacterial diversity in the rhizosphere that was not explored in this
study. Effects of the culture medium: the study results may have been influenced by
the type of culture medium used for isolating phosphate-solubilizing bacteria. Lack of
long-term analysis: the study focused on the bacteria’s ability to solubilize phosphates
over a specific period of time. Addressing these potential limitations in future research
could provide a more comprehensive understanding of the efficacy and applicability of
phosphate-solubilizing bacteria in improving phosphorus availability in acidic soils and
thus promoting sustainable agricultural production.
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