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Abstract: This study focused on revealing the correlations between rock phosphate-solubilizing
bacteria (PSB) counts and differing properties of the rhizosphere soil. One hundred and thirty-two
samples of rhizosphere soil of faba bean (Vicia faba L.) were collected and analyzed from 14 agricultural
areas in Meknes, Morocco. The results revealed that all the samples were inhabited with indigenous
PSB ranging from 3.55 to 0.002 (×105 CFU/g soil). The correlations between PSB counts and cation
exchange capacity, available phosphorus (P), and pH were insignificant; on the contrary, a highly
significant correlation (p ≤ 0.01) was found between the numbers of PSB and total soil bacteria
(TB) (r = 0.80), total nitrogen (N) (r = 0.86), and organic matter (r = 0.90). This research enhances
our knowledge on PSB population and their interaction with physical, chemical, and biological
properties of the rhizosphere soil of faba bean to provide a new index for better use in organic
agricultural practices.
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1. Introduction

In agricultural soils, the solubilization of inorganic phosphate is closely related to soil
microorganisms activity [1], such as bacteria [2], fungi [3], and actinomycetes [4]. The rhizosphere
of plants is the best ecological niche to isolate plant-growth-promoting rhizobacteria (PGPR), such
as rock phosphate-solubilizing bacteria (PSB), which have the ability to promote plant growth and
increase plant production. Thus, to provide benefits to plants, PSB thus must be rhizosphere competent
through a successful root colonization and persistence against various biotic and abiotic factors.
Moreover, rhizosphere was first defined by Hiltner (1904) [5] as the volume of soil influenced by
plant roots and their exudates. It is classically distinguished from bulk soil, which corresponds to
the area located outside of the rhizosphere, and is therefore non-adhering to roots and not under its
influence. The rhizospheric area forms a hot-spot of microbial abundance and activity due to the
presence of plant exudates and rhizodeposits [6,7]. Rhizosphere microenvironments are frequently
separated into rhizosphere soil (soil–root interface), rhizoplane (root surface), and endosphere (inner
root), each possessing distinct features to which microorganisms have to adapt [8]. The rhizosphere
has appeared as a versatile and dynamic ecological environment of intense plant–microbe interactions.
Otherwise, the composition and structure of phosphate-solubilizing microorganisms (PSM) within
rhizospheric soil vary greatly and are influenced largely by the physicochemical characteristics of
soil [9]. Furthermore, these microorganisms are generally related to the surface of the soil particles,
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especially at the level of the rhizosphere where their metabolic activity is higher [10]. Effectively, in the
rhizosphere, root exudates, such as organic acids, are excellent sources of nutrients that can support
the growth of microorganisms, which explains their high density at the level of the rhizospheric soil
compared to the non-rhizospheric soil [11]. PSM do play a significant role in the biogeochemical cycling
of phosphorus (P), increasing the availability of P in the rhizosphere and promoting plant growth. Thus,
P is an essential macronutrient for plants and is required for vital functions, such as photosynthesis,
energy transfer, signal transduction, macromolecular biosynthesis, cell division, nucleic acid synthesis,
and respiration [9]. Also, soils with a calcareous bedrock are especially characterized by their low P
content [12]. In the calcareous soils, 88–99% of total inorganic P is bound to calcium, which is primarily
responsible for the low P content in the soil solution [13]. Additionally, the addition of soluble P
(phosphate fertilizer) to calcareous and alkaline soils may be subject to fixation/precipitation [14].
The P use efficiency (PUE) after application of phosphate fertilizer is low due to the formation of
insoluble phosphate complexes through contact with soil colloids [15]. Similarly, only 15–25% synthetic
phosphate fertilizers applied to overcome the deficiency of P element remain available to plants, and
the rest becomes unavailable [16]. The abundance of PSB at the soil level depends on plant species, soil
microbial composition, and soil conditions [17]. However, note that the soil phosphate-solubilizing
microorganisms abundance compared with different groups of the microflora vary from soil to soil [18].
In addition, the number of PSB in 13 different sites distributed in some parts of Kenya ranged from 0.38
to 9.1 × 105 CFU g−1 of soil [19]. Similarly, Azziz et al. (2012) [20] reported that PSB present in the soils
under crop–pasture rotations in a no-tillage regime in Uruguay varied from 0.65 to 62 × 105 CFU g−1

of soil. In contrast, Fernández et al. (2015) [21] recorded a low abundance of PSB, located between
0.03 and 0.08 × 105 CFU g−1 of soil, in the most productive region of the Argentinean Pampas
near Bengolea. The aim of the present research is to study the relationship between density of rock
phosphate-solubilizing bacteria population with physical, chemical, and biological properties of the
rhizosphere soil of faba bean (Vicia faba L.) grown in different regions of Meknes, Morocco.

2. Materials and Methods

2.1. Study Site and Soil Sampling

In the most productive soil in Meknes (Morocco), 14 areas were prospected between April and
May 2014 for collecting the samples of rhizospheric soil from V. faba (Table 1). Root system samples
(5 to 10 cm around the plant and 15 to 20 cm in-depth in the soil) were taken from six randomly
chosen plants in the same field. The extracted root system was carefully shaken by hand until the
total removal of bulk soil. The remaining roots with rhizospheric soil were separated by brushing
and all six subsamples were thoroughly mixed together to obtain a homogeneous composite sample
for each study field. The composite soil samples were transferred to polyethylene bags and stored at
4 ◦C. Afterward, 1 g from each composite soil sample was used for counting the total bacteria (TB) and
PSB, while the rest of the soil was air-dried, sieved through a 2-mm sieve, then used for chemical and
physical soil properties determination.

2.2. Physicochemical Soil Characteristics

Available P was extracted after the Olsen method [22] and the concentration was determined
colorimetrically after [23]. Total nitrogen (N) was estimated by the Kjeldahl digestion method [24].
The organic matter was determined by dosage of organic carbon using the potassium dichromate
oxidation method [25]. The cation exchange capacity (CEC) was determined by the Metson method [26]
and the pH was measured by a pH meter equipped with a glass electrode with a soil/distilled water
ratio of (1/2.5).
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2.3. Bacterial Counting

To enumerate TB and PSB in the rhizosphere soil, about 1 g of soil was weighed and transferred
into a 250 mL Erlenmeyer flask with 10 mL of a phosphate buffer solution [27]. Subsequently, the
solution obtained was stirred at 150 rpm for one hour. After incubation, a series of dilutions of 10−2,
10−3, 10−4, and 10−5 was prepared; thereafter, 100 µL aliquots of each dilution were plated on a suitable
culture medium. For the enumeration of total bacteria (TB), the Plate Count Agar (PCA) medium
was used [28]. The most suitable medium for the enumeration of PSB is NBRIP [29] supplemented
with 5 g L−1 rock-phosphate powder from the phosphate mine of Khouribga (RPK). The elemental
analysis (%) of RPK was described earlier [30] and showed: O, 56.53%; F, 2.42%; Na, 1.81%; Mg, 1.94%;
Al, 2.03%; P, 9.37%; S, 0.77%; Sn, 0.12%; Ca, 16.35%; Fe, 0.60%. Before use, the RPK was carefully
washed with the extraction solution Mehlich 3 [31] and several times with hot distilled water to remove
all traces of available P; then, it was autoclaved and added to the medium of sterile culture as the
only source of P. The number of bacteria per gram of soil was determined by the standard method of
colony forming unit (CFU) [19] after 3 days of incubation at 28 ± 2 ◦C. Both media were supplemented
with 100 µg·mL−1 of cycloheximide to inhibit fungal growth. Cycloheximide was prepared as a stock
solution sterilized by membrane filtration, added to the autoclaved medium, and cooled to 50–55 ◦C.

2.4. Statistical Analysis

All statistical analyses were performed using the software IBM SPSS Statistics 20.0.
The homogeneity of variances was tested for all variables by using the statistic of Levene. To find out
if there is a significant correlation between the number of PSB and physical, chemical, and biological
properties of our soil samples (TB, pH, organic matter, available P, total N, and CEC), a multiple
correlation test was performed. Additionally, the results of all experiments were submitted to analysis
of variance (ANOVA). Also, whenever the calculated F Fisher was significant (p < 0.05), a test of
significant difference with the honesty of Tukey (HSD) was used to compare means.

3. Results

3.1. Physicochemical Soil Properties

The samples of rhizospheric soil from V. faba grown in the 14 most productive areas of Meknes
were compared for five physical and chemical variables (Table 1).

The pH of rhizosphere soils varied between 6.03 and 8.12 (Table 1). Available P in the studied
soils showed that 35.71% had a high concentration, 57.14% an average concentration, and 7.14% of
the soils had a low concentration according to the chemical standards of arable soils in the European
Union [32]. The highest available P content (41.58 mg·kg−1) was found at the Seba Ayoun station,
while the lowest available P content (14.05 mg·kg−1) was recorded in the M’haya station (Table 1).
The results of the organic matter content in the studied soils showed that 71.43% of the analyzed soils
had a high concentration of organic matter, 7.14% had an average concentration, and 21.43% had a
low concentration according to the standards of the LUCAS spatial database [33]. Organic matter
content varied and ranged between 9.73 and 45.49 g·kg−1 (Table 1). The cation exchange capacity
(CEC) varied between 8.87 and 18.26 cmol (+)/kg. The analysis of the results of the CEC showed that
35.71% of prospected soils revealed a great capacity for retention of the nutrient cations and 50% of
soils showed a very low capacity for nutrient retention (Table 1). On the other hand, the results for the
total N content, according to the standards of the LUCAS spatial database [33], showed that 85.71% of
the analyzed soils were poor. The highest levels of total N were found at the El-Hajeb station with
0.11 g·kg−1 of soil, while the lowest total N content was recorded in the EL-Haj Kaddour station with
1.71 g·kg−1 of soil (Table 1).
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Table 1. The physical and chemical characteristics of rhizosphere soil samples of Vicia faba collected from 14 sites in the region of Meknes and used for the enumeration
of phosphate-solubilizing bacteria (PSB).

No. Sampling Site Location Soil pH Organic Matter
(g·kg−1)

Available P
(mg·kg−1)

Total N
(g·kg−1)

CEC
(cmol (+)/kg)

1 EL-Haj Kaddour (9) 33◦49′18 N; 005◦25′31 W 6.15 ± 0.08 de 45.49 ± 0.91 a 40.59 ± 0.62 a 1.71 ± 0.05 a 18.26 ± 1.21 def

2 El-Hajeb (12) 33◦39′45 N; 005◦21′21 W 7.22 ± 0.03 abc 11.70 ± 1.06 ef 32.84 ± 1.18 c 0.11 ± 0.01 f 29.33 ± 0.91 cde

3 Kantina (12) 33◦41′23 N; 005◦31′37 W 7.94 ± 0.05 b 16.48 ± 0.94 de 40.47 ± 0.65 a 0.12 ± 0.01 f 29.45 ± 0.62 cde

4 Bouderbala (12) 33◦49′55 N; 005◦16′09 W 8.07 ± 0.24 b 31.67 ± 0.88 b 40.37 ± 0.65 a 0.93 ± 0.05 cd 11.57 ± 0.94 f

5 M’haya (9) 33◦57′44 N; 005◦13′42 W 8.12 ± 0.04 a 9.73 ± 0.37 f 14.05 ± 0.11 f 0.93 ± 0.04 cd 13.72 ± 0.93 ef

6 Seba Ayoun (6) 33◦54′27 N; 005◦26′35 W 7.11 ± 0.09 abcd 25.43 ± 1.18 c 41.58 ± 0.47 a 0.78 ± 0.03 de 8.87 ± 0.11 f

7 Ait Hammad (9) 33◦52′46 N; 005◦09′14 W 6.03 ± 0.18 e 22.43 ± 0.91 c 27.40 ± 0.58 de 0.72 ± 0.04 e 10.31 ± 0.78 f

8 Rass Jerry (12) 33◦46′06 N; 005◦45′17 W 7.45 ± 0.02 abc 35.85 ± 1.25 b 30.48 ± 0.57 cd 1.18 ± 0.02 b 12.71 ± 0.16 f

9 Oued Beht (6) 33◦52′15 N; 005◦53′46 W 7.62 ± 0.02 b 24.52 ± 0.77 c 39.96 ± 1.01 a 0.78 ± 0.03 de 42.58 ± 0.95 abc

10 Agourai (6) 33◦37′32 N; 005◦38′41 W 7.58 ± 0.04 abc 13.88 ± 1.29 ef 29.64 ± 0.93 d 0.16 ± 0.03 f 44.51 ± 0.50 abc

11 Ain El Orma (9) 33◦54′02 N; 005◦46′11 W 7.06 ± 0.06 bcde 20.58 ± 0.49 cd 36.62 ± 0.51 b 1.17 ± 0.04 b 52.62 ± 0.65 a

12 Moulay Idriss
Zerhoun (12) 34◦01′48 N; 005◦34′33 W 7.97 ± 0.06 b 43.39 ± 0.54 a 25.69 ± 0.36 e 1.68 ± 0.02 a 30.52 ± 0.66 bcd

13 Ain Jemaa (6) 33◦59′03 N; 005◦41′39 W 7.53 ± 0.06 abc 31.06 ± 0.15 b 29.90 ± 0.25 cd 1.09 ± 0.01 bc 46.50 ± 1.01 ab

14 Dar Oum Soltane (12) 33◦53′56 N; 005◦38′50 W 6.03 ± 0.18 cde 22.43 ± 0.84 c 27.06 ± 1.04 de 0.76 ± 0.01 de 11. 31 ± 0.74 def

The results represent the mean of (n) repetitions, indicated in brackets behind each sampling site name, and represent the number of fields prospected at the same site ± standard deviation
(SD). The different letters in the same column indicate significant differences (p < 0.05, Tukey’s HSD test). P: Phosphorus; N: Nitrogen; CEC: cation exchange capacity.
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3.2. Total Soil Bacteria (TB) and PSB Counting

The number of TB and PSB in the studied soils are presented in Figure 1, and the percentage of
the PSB relative to TB is presented in Figure 2.
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Figure 1. Number of total soil bacteria (TB) and PSB in soil samples. Values are the means of (n)
repetitions, indicated in brackets behind each sampling site name, and represent the number of fields
prospected at the same site and error bars indicate standard deviation. The different letters in the
bars indicate significant differences (p < 0.05, Tukey’s HSD test). TB: total bacteria; PSB: phosphate
solubilizing bacteria.
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Figure 2. Percentage of PSB (%PSB) compared to TB in soil samples. Values are the means of (n)
repetitions, indicated in brackets behind each sampling site name, and represent the number of fields
prospected at the same site and error bars indicate standard deviation. The different letters in the bars
indicate significant differences (p < 0.05, Tukey’s HSD test).

The results showed that PSB are present in all prospected soils in this study.
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The results indicate that there is an overall difference in the content TB, PSB, and %PSB in different
rhizospheric soils of V. faba (Table 2). Also, the results of the enumeration of TB ranging between 0.98
(Ain El Orma) and 93.28 (EL-Haj Kaddour) × 105 CFU g−1 soil. Furthermore, the number of PSB
varied between 0.0021 and 7.24 × 105 CFU g−1 soil, respectively, in Rass Jerry and EL-Haj Kaddour.
The %PSB varied between 0.18% and 7.74%, recorded successively, in El-Hajeb and EL-Haj Kaddour.

Table 2. Analysis of variance for the number of TB, PSB, and for the %PSB in the rhizosphere soil of V. faba.

Sum of Squares ddl Average Square F Signification

TB
Intergroup 11.348 13 0.873 380.847 0.000
Intragroup 0.064 28 0.002

Total 11.412 41

PSB
Intergroup 28.570 13 2.198 617.152 0.000
Intragroup 0.100 28 0.004

Total 28.669 41

%PSB
Intergroup 234.418 13 18.032 93.522 0.000
Intragroup 5.399 28 0.193

Total 239.817 41

TB: total bacteria; PSB: phosphate-solubilizing bacteria; %PSB: percentage of PSB compared to TB.

3.3. The Relationship between Soil Properties and PSB Population

The results of the Pearson correlation coefficient (Table 3) between the soil properties (TB, pH,
organic matter, total N, available P, and CEC) and PSB population showed a positive and significant
(p < 0.01) correlation between number of TB (r = 0.80), organic matter (r = 0.90), total N (r = 0.86), and PSB
population. Inversely, pH, available P, and the CEC are not correlated (p < 0.01) with PSB population.

Table 3. Multiple correlations between the number of PSB and the physical and chemical characteristics
of rhizosphere soil samples of V. faba.

PSB TB pH OM P N CEC

PSB 1
TB 0.800 ** 1
pH −0.346 −0.170 1
OM 0.902 ** 0.777 ** −0.148 1

P 0.031 0.200 −0.080 0.268 1
N 0.866 ** 0.551 ** −0.119 0.822 ** −0.068 1

CEC −0.283 −0.195 0.274 −0.149 0.129 −0.101 1

** Indicates a significant correlation at (p < 0.01). PSB: phosphate-solubilizing bacteria; TB: total bacteria; pH: pH of
soil; OM: organic matter; P: available P; N: total N; CEC: cation exchange capacity.

4. Discussion

The pH of rhizosphere soils in 78.57% of the explored stations revealed the alkalinity of most
of the soils studied. This result could be explained by the calcareous rock substrate constituting the
plateau of Meknes-Sais. In contrast, 3 stations among the 14 stations surveyed showed an acidic
pH. This could be explained by the addition of organic matter (mulch, animal manure) to the soil
by some farmers to improve the fertility of their soils, causing a slight soil acidification. However, P
is one of the less-mobile nutrients and is less available to plants because of its high reactivity with
many soil constituents [34]. In our study, available P was average or low in the case of 64.28% of the
studied soils. Similarly, several studies showed that soils with a calcareous bedrock are especially
characterized by their low P content due to insoluble phosphate complexes formed through contact
with soil colloids (mainly calcium) [12–15]. Moreover, in agricultural soils, the dissolution of inorganic
phosphate immobilized by the exchange complexes is closely related to soil microorganisms activity [1].
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Maintaining a high level of P has been a major challenge to agricultural scientists, ecologists, and farm
managers due to complex bonds formation between available phosphorus and soil cations (Ca2+, Al3+,
Fe2+, or Mn2+) depending on soil pH and organic matter [35]. Thus, in contemporary agricultural
practices, synthetic phosphatic fertilizer is applied to overcome the P deficiency to plants, which
indeed is expensive and poses some serious threats to sustaining the environment. The use of PSM
is a sustainable approach for managing P deficiency in agricultural soils [36]. Also, PSB have a great
ability to transform insoluble P in the soil into an available form and have great application prospects
for eco-agriculture [37].

Heterotrophic bacteria depend on external carbon (C) sources to synthesize energy-rich
compounds, such as adenosine triphosphate (ATP). Soil organic matter is a rich source of energy
and essential nutrients for microorganisms’ growth that needs to be degraded to provide the C sources
in the soil. The organic matter content in the studied soils showed that 71.43% of the analyzed soils
have a high concentration. This can be explained by plant residues left on the soil surface after each
harvest. Also, among the most influential factors on soil quality with respect to soil structure we find
especially the aggregate stability and accumulation of organic matter [38]. Moreover, in the present
study, we observed that the soils with higher organic matter content showed a higher number of PSB.
It may be possible that PSB present in those soils are heterotrophic bacteria. Additionally, we observed
that soils with high numbers of TB had more PSB, and it is possible that the organic carbon in the soil
supported the growth of both TB as well as PSB as observed in the present study. The P-solubilization
performance of PSB depends on the soil organic matter degradation, which gives a rich source of
energy and nutrients for P-solubilizers’ growth [39]. Otherwise, the CEC, which expresses negative
charges per unit mass of soil, is one of the most important characteristics of the soil. Also, only
clays and organic matter, by their colloidal properties, can develop significant negative charges on
their surface [40]. Furthermore, clays and humic substances most commonly exist in natural soils as
clay–humic complexes. Polyvalent cations commonly bridge between the negative charge sites of clay
surfaces and negatively charged organic functional groups on humic substances. The main polyvalent
cations responsible for the binding of humic and fulvic acids to soil clays are Ca2+, Mg2+, Al3+, Fe3+,
K+, H+, and Na+, which will later define the value of the CEC [41]. Our results of the CEC showed
that 35.71% of prospected soils revealed a great capacity for retention of cations. This could be mainly
attributed to the high content of organic matter in most of the studied soils. For a given agricultural
soil, increases in the organic matter content cause an increase of the CEC [42]. In contrast, 50% of soils
showed a very low capacity for nutrient cations retention, which is contradictory to the results of the
organic matter content. This can be explained by a slow degradation of the organic matter and thus the
production of an unstable and unsaturated clay–humic complex, thus causing a decrease of the CEC.
Likewise, the total N showed that 85.71% of the analyzed soils were poor, which requires reasonable
nitrogen fertilization in this study area to overcome the deficiency. However, these soils generate low
crop yields due to a combination of factors that includes their extreme N and P deficiency [43,44].

The number of TB found in all samples analyzed (ranging between 0.98 and 93.28 × 105 CFU g−1

soil) is within the theoretical and practical limits indicated in the agricultural soils, which are situated
between 104–109 CFU g−1 of soil [45]. Moreover, similar results were recently reported—a number
of TB between 6–14 × 105 CFU g−1 soil—from agricultural fields under no-till management in
Argentina [21]. Also, a number between 22 and 660× 105 CFU g−1 soil was reported from experimental
fields in Uruguay [20]. Furthermore, we observed that the number of PSB in all our samples was
still well above 2 × 102 CFU g−1 of soil (it varied between 0.0021 and 7.24 × 105 CFU g−1 soil). Also,
similar results have been reported in Kenyan soils with a number between 0.38 and 9.1 × 105 CFU g−1

of soil [19] and in Chinese soils from 6 to 22 × 105 CFU g−1 of soil [46]. However, other studies have
reported higher values than ours, such as soils under crop–pasture rotations in a no-tillage regime
in Uruguay with 0.65–62 × 105 CFU g−1 soil [20] and 3–67 × 105 CFU g−1 soil in the rhizosphere of
chickpea, mustard, and wheat grown in different regions of Haryana in India [47]. On the contrary, very
low numbers have been reported in northern Spain with an abundance of PSB lower than 102 CFU g−1
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soil [48], in Argentina between 0.03 and 0.08 × 105 CFU g−1 of soil [21], and in northern Karnataka
in India from 0.01 to 0.18 × 105 CFU g−1 of soil [49]. Moreover, these results can be explained by a
preferential selection of the microorganisms in rhizospheric soil under the effect of the different root
exudates according to the species and the variety of plants [50]. Likewise, it was reported recently
that microbial biodiversity in the rhizosphere of different plant species is primarily related to soil
conditions and plant genotype [51,52].

Pearson correlation showed a positive and significant (p < 0.01) correlation between number of
TB (r = 0.80), organic matter (r = 0.90), total N (r = 0.86), and PSB population. Inversely, pH, available P,
and the CEC were not correlated (p < 0.01) with PSB population. Similarly, Vikram et al. (2007) [49]
reported a strong positive correlation between organic carbon content (r = 0.40, p < 0.01), available N
(r = 0.4, p < 0.05), and PSB population, whereas pH and available P showed no significant correlation
with PSB population. Also, Ndung’u-Magiroi et al. (2012) [19] showed a positive and highly significant
(p < 0.001) correlation between PSB and phosphate-solubilizing microorganisms (PSM) populations
(r = 0.98), organic C (r = 0.76), exchangeable Ca (r = 0.93), and exchangeable Mg (r = 0.92), while
pH and extractable P did not correlate with the PSB population. Thus, no significant correlation
between available P and PSB population was recorded in our case, which is consistent with several
studies [19,39,49,53,54]. In contrast, other researchers have found that soil P intake increases the size
of the PSB population [21,46]. Furthermore, we found that soils rich in organic matter and N contain
more PSB, which could be explained by the heterotrophy of PSB requiring exogenous carbon and N
sources to ensure vital physiological functions [55–57].

5. Conclusions

The results obtained showed a positive and significant (p < 0.01) correlation between PSB
population and TB, organic matter, and total N. Contrariwise, pH, CEC, and available P were not
correlated with the population of PSB. However, improving the sustainability of agriculture requires
the optimal use and management of soil fertility and their physicochemical properties, which are based
on the biological processes of soils and their biodiversity.
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