UNIVERSITY OF NAPLES FEDERICO 11
DEPARTMENT OF AGRICULTURAL SCIENCES

n

Sustainable Agricultural and Forestry System and Food Security
XXXVIII Cycle

USE OF PHOSPHATE-SOLUBILIZING
MICROORGANISMS (PSMs) AS
BIOFERTILIZERS IN CROP PRODUCTION

Tutor: Candidate:
Prof Roberta Marra Sonia Marcone
Co-tutor:

Dr Stefania Lanzuise

PhD Coordinator:
Prof Albino Maggio



A Vincenzo,

che tu possa volare in alto,

non cosi vicino al sole da sciogliere le tue ali,
ma abbastanza in alto

da capire che nel mondo non esistono i giganti



INDEX

1. INTRODUCTION .......coiiiiiiiiiiiitieet ettt e st sae e sae e e saeesaeesaeens 6
1.1 Beneficial microorganisms in agriculture: functions and mechanisms of action.............. 7
1.1.1. Plant Growth Promotion (PGP) activity ..............cccccociiiiiiiiiiiiieee e 8
1.1.2. Microbial Biological Control Agents (BCAS) ..........cccovvvieeririiiiiiieiiieee e 9
1.1.3. Mitigation of environmental Stresses ..................ccccoiiiiiiniiiririiiieee e 12
1.2 Plant biostimulants...................cciiiii e 14
1.3 Phosphate-Solubilizing Microorganisms (PSMS) .............cccoviiiiiiiriniiiin e 16
1.4 Biochemical and molecular mechanisms of phosphorus solubilization by PSMs........... 17
1.4.1 Rhizo-acidification and organic acid biosynthesis....................cccoccceniniiiiniinn. 17
1.4.2 Chelation and surface coordination mechanisms .............c...cccooiiiiiniiiiiiiinnn. 18
1.4.3 Mineralization of organic phosphorus.....................cccccoiiiiiii i, 19
1.5 Soil phosphorus availability .................cccociiiiiiiii i e 19
1.6 Importance of Phosphorus in biological processes ...............ccccccceveviiiiieiiiiieeiee e, 20
1.7 Phosphorus uptake and use efficiency in plants.................c.cccocoooiiiiiiiniiiiii e, 23
2.AIM OF THE WORK ...ttt st et e eean e 25
3. MATERIALS AND METHODS ........cociiiiiiiiiiiit ettt e e e e 27
3.1. Bacteria and Culture Media.................coooiiiiiiiii e 27
3.2 Phenotypic characterization of bacterial isolates ......................ccc...ccciin, 27
321 8alttolerance.....................c..ccooceiiiiiiiiiiiiiiiiie e 27
3.2.2 In vitro dual culture assay against phytopathogenic fungi .....................ccccc.ccvvee...... 28
3.2.3 Phenotypic characterization and metabolic profiling........................cccevvvncvivnenennnnne. 28
3.2.4 Siderophore pro@uction .........................cccoooeuuiiimiiiiiieiee et e 30
3.2.5 Phosphate SOIUDILIZATON .......................oooeeieeeiiiiieiiiieee et et ee e ee e e 30
3.3 Quantitative estimation of phosphate solubilization ....................................coi. 32
3.4 Metabolite analySis............ccccoooiiiiiiiiiiee e e 32
3.4.1 Metabolites eXtrQCtion.........................cccceeevvuuiiiieeiniieiiiieeieeee et e 33
3.4.2 GO-MS QRALYSIS .........ooooeeeeeeee ettt e e e e e e e e sae e e e e s ssrreaeeeeeeeeeeeens 33
3.5 Effects of PSMs on plant growth and productivity ...................occooiiinie, 33
3.5.1 In vitro phytotoxicity of rock phosphate .......................ccccoeveeeioiieieeeieiiiiieeieeeeeeenn 33
3.5.2 In vivo assay on wheat (Triticum aestivum L.) plants ..................c..cocevcvvevevneennnnnn. 34
3.5.3 In vivo assay on tomato (Solanum lycopersicum L.) plants — Experiment|I .............. 35
3.5.3.1.  Plant material and bacterial inoculations..........................coveiean. 35

3.5.3.2. Experimental deSi@R.............c.uuuuuueieiiaiae e eeieeeeeeaeeeaaans 35

3.5.3.3. Sample Collection and Analysis................cccuveieiiiiiiiiiiiiiiiiannnn, 39

3.5.4 In vivo assay on tomato (Solanum lycopersicum L.) plants — ExperimentII............. 39



3.5.4.1. Plant material and experimental conditions........................c.ceeeen.n. 39

3.5.4.2. Sample collection and analysiS...............ccouiiuiiiiiiiiiiiiiiiiiiininnin 40

3.5.5 In vivo assay on tomato (Solanum lycopersicum L.) plants — Experiment III ........... 40
3.5.5.1.  Plant material and experimental conditions........................c.cceeeeen.n. 40

3.5.5.2. Sample collection and analysis...............cccocuiiiiiiiiiiiiiiiinineannnn, 42

3.6 Statistical analysis............oooooiiiiiiiiiiii e 42

4. RESULTS ..ottt e ettt et et ettt e st e saee 43
4.1 Phenotyping of bacterial SPecies ...............ccccoviiiiiiiiii i e 43
411 SAltLOIEFANCE ...................oooiiiiiiiiiiiiiie et 43
4.1.2 In vitro antimicrobial activity against phytopathogenic fungi .................................... 45
4.1.3 Functional characterization of bacterial Species.....................cc.cccoeeeeeeeeeeccueeeeaaanannns 47
4.1.4 Production of iron-chelating compounds........................cccccceeeeeveveieeeeeeieieieeeeeeeeeeenn 55
4.1.5 In vitro phosphate-solubilizing ability ..................c.cc.cccooooiiiiiniiiiiiiiiiiincne e, 57
4.1.6 Bacterial growth in presence of Rock Phosphate (RP) .....................cccecevvevnnuvneenannnne. 59

4.2 Determination of bacterial P-solubilizing ability..........................coooiiiii 61
4.3. Metabolite profiling of phosphorus-solubilizing bacteria by GC-MS analysis............. 63
4.4 Effects of PSBs on wheat plants (Zriticum aestivum L.).................ccccccceovvveeiiviiiniiinnnnenn. 70
4.5 Effects of PSMs on tomato plants (Solanum lycopersicum L.) .....................cccocvveeennnn... 74
4.5.1 Growth promotion activity Of PSMS ............ccoooueoueeiiieieeieeeeeieee e e e eeeeiee e saeeaee e 74
4.5.2 Effects of PSMs on yield and qualitative parameters of tomato fruits......................... 78
4.5.3 Effects of PSMs on yield and qualitative parameters of tomato fruits in P-deficient soil
............................................................................................................................................ 79

5. DISCUSSION ...ttt et ettt et et e ere et eae ettt sa e sae e et e sn e e nenenanes 82
6. CONCLUSIONS ...ttt e ettt ettt ettt st sa e eabeesae e saeenee 93
T.REFERENCES ...ttt ettt ettt ettt et 94



LIST OF ABBREVIATIONS

AMF: Arbuscular Mycorrhizal Fungi

AMY: Bacillus amyloliquefaciens

BCAs: Biological Control Agents

ISR: Induced Systemic Resistance

MEGA: Bacillus megaterium FBM09

NA: Nutrient Agar

NB:  Nutrient Broth

PGPB: Plant Growth-Promoting Bacteria
PGPR: Plant Growth—Promoting Rhizobacteria
PO: Pseudomonas salmasensis POE54

PSE: Pseudomonas putida RPT12

PSMs: Phosphate Solubilizing Microorganisms
PUMLI: Bacillus pumilus FBPO1

RP: Phosphorite (Rock phosphate)

SUB: Bacillus subtilis FBS07

TCP: Tricalcium Phosphate

VOC:s: Volatile Organic Compounds



1. INTRODUCTION

Since the second half of the twentieth century, agriculture has undergone profound
transformations driven by intensification, which has increased productivity but also led to
significant environmental impacts, including biodiversity loss and ecosystem degradation.
This has highlighted the need for more sustainable models based on an integrated approach
that considers soil health, habitat conservation, and reduced reliance on chemical inputs.

From the 1990s onward, the European Union has promoted agri-environmental policies
aimed at sustainability, encouraging practices such as organic farming and biodiversity
conservation. This pathway was further strengthened with the European Green Deal (2019),
which recognizes agriculture as a key sector for environmental protection and climate
change mitigation.

In this context, strategies such as the Biodiversity Strategy, the Soil Strategy, and the Farm
to Fork Strategy aim to reduce the use of fertilizers and pesticides, promote resilient
agricultural systems, and enhance ecosystem services (Fig. 1.1). Overall, a new agricultural
paradigm is emerging, focused on low-impact models capable of combining productivity,
sustainability, and adaptation to climate change.

e 2030 Targets for sustainable food production
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Figure 1.1. Overview of the Farm-to-Fork Strategy and the goals to be achieved by 2030 to
ensure sustainable food production (https://ec.europa.eu/food/farm2fork en).

Therefore, in a rapidly changing landscape characterized by emerging challenges, the
agricultural sector, supported by scientific research and guided by policy frameworks, is
increasingly focusing on alternative solutions that reduce reliance on synthetic fertilizers.
Among these, biofertilizers, including plant growth—promoting rhizobacteria (PGPR) and
arbuscular mycorrhizal fungi (AMF), play a pivotal role in enhancing soil fertility and crop
productivity. Likewise, in the context of plant protection, biocontrol microorganisms
represent a promising alternative to synthetic pesticides, as they can suppress plant



pathogens through effective and selective mechanisms while exerting minimal
environmental impact.

In recent decades, the use of microorganisms or their derivatives to improve the
sustainability of agricultural production has attracted growing attention not only within the
scientific community but also among industry stakeholders and policymakers (Batista and
Singh, 2021). The investigation and application of beneficial plant—microbe interactions
constitute innovative and environmentally sustainable strategies with significant potential
for both conventional and organic agricultural systems worldwide (Berg, 2009).

1.1 Beneficial microorganisms in agriculture: functions and mechanisms
of action

Microorganisms are ubiquitous in natural environments, particularly in soils, where they
establish complex interactions both among themselves and with plants. The soil region
surrounding plant roots, known as the rhizosphere, is especially rich in microbial diversity
and activity, representing a hotspot for metabolic exchanges and mutualistic interactions.
Root exudates, composed of a wide range of organic compounds released by plants, serve as
a key nutrient source for many beneficial microorganisms, which in turn produce metabolites
that support plant growth and health (Sellitto, 2002).

Among the key functions performed by beneficial microorganisms are plant growth
promotion and biocontrol. Plant development is enhanced by microorganisms such as plant
growth—promoting rhizobacteria (PGPR), arbuscular mycorrhizal fungi (AMF), and
endophytes, which facilitate nutrient acquisition from the soil. Notable mechanisms include
biological nitrogen fixation, phosphate solubilization, thereby increasing its bioavailability,
siderophore production for iron acquisition, and the synthesis of phytohormones (Fig. 1.2).

In terms of biocontrol, certain microorganisms act as antagonists of plant pathogens through
both direct and indirect mechanisms. Direct interactions involve processes such as
parasitism, competition, and antibiosis. Indirect mechanisms, by contrast, operate through
the activation of plant defence responses, whereby the biocontrol agent induces systemic
resistance. This leads to the accumulation of structural barriers and the activation of a wide
range of biochemical and molecular defence pathways in the host plant (Lahlali et al., 2022).
In addition, beneficial microorganisms contribute to the mitigation of abiotic stresses and
play a crucial role in improving soil quality and structure.
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Figure 1.2. Main functions performed by beneficial microorganisms (PGPR, Rhizobium,
AM fungi, endophytes) and soil-borne pathogens (fungi, bacteria, viruses, nematodes)
present in the rhizosphere (from Argentel-Martinez et al., 2025).

1.1.1. Plant Growth Promotion (PGP) activity

Plant growth and development are influenced by multiple factors, including the availability
of essential nutrients such as nitrogen (N), phosphorus (P), potassium (K), and iron (Fe).
However, these elements are often present in soils in organic or insoluble forms that are not
readily accessible to plant roots. To overcome nutrient deficiencies and sustain crop
productivity, chemical fertilizers are widely applied; nevertheless, their use entails
environmental drawbacks and represents a substantial economic burden for farmers.

Microorganisms offer a sustainable alternative, as they can enhance the availability and
uptake of essential nutrients in plants. Attracted by root exudates, these microorganisms
colonize the rhizosphere, the rhizoplane (root surface), or even internal root tissues,
sometimes establishing specific symbiotic associations with their hosts (Compant et al.,
2024). The success of plant—microbe interactions depends on multiple mechanisms, often
acting simultaneously, but is largely determined by the ability of microorganisms to
efficiently colonize plant niches and establish stable associations (Whipps, 2001; Lugtenberg
et al., 2002; Kamilova et al., 2005; Compant et al., 2005).

A well-documented function of both symbiotic and free-living microorganisms is their
capacity to increase nitrogen availability. Although atmospheric nitrogen constitutes
approximately 78% of the atmosphere, it is not directly accessible to plants (Ahemad et al.,

8



2024). Certain nitrogen-fixing microorganisms convert atmospheric nitrogen into
ammoniacal nitrogen (NHs) through the nitrogenase enzyme complex, making it available
for plant uptake (Das et al., 2022). This process is particularly associated with bacteria such
as Azotobacter and Rhizobium spp., which can form symbiotic relationships with plants and
significantly improve nitrogen supply (Halbleib et al., 2000).

Another key mechanism of plant growth promotion is phosphorus solubilization; however,
this topic will be discussed in greater detail in the following sections.

Beneficial microorganisms can increase potassium (K) availability through mechanisms
analogous to those involved in phosphorus solubilization, primarily via the production of
organic acids. Potassium plays a crucial role in enzyme activation, photosynthesis, and
overall plant metabolism (Das et al., 2022).

The activity of plant-beneficial microorganisms also extends to improving iron availability.
Iron is essential for chlorophyll synthesis and cellular respiration but is predominantly
present in soils as ferric iron (Fe*"), which is poorly available to plants. Some
microorganisms produce siderophores, high-affinity iron-chelating compounds, that
facilitate the reduction of Fe*" to the more bioavailable ferrous form (Fe?'), thereby
enhancing plant iron uptake (Glick, 2012).

Beyond nutrient mobilization, growth-promoting microorganisms contribute to improved
seed germination and reduced dormancy. For instance, certain beneficial fungi colonizing
seeds can stimulate germination through the production of volatile organic compounds
(VOCs) and the degradation of germination inhibitors (Hossain et al., 2017). Moreover, plant
growth promotion is often associated with enhanced photosynthetic performance, resulting
from increases in leaf area, leaf number, and chlorophyll content (Hossain and Sultana,
2020).

Finally, close associations between plants and beneficial microorganisms can significantly
improve root system architecture, including increased root biomass, diameter, and root hair
development. For example, the application of Trichoderma spp. in maize has been shown to
enhance root growth and nutrient and water uptake efficiency (Hossain and Sultana, 2020).

1.1.2. Microbial Biological Control Agents (BCAs)

Biological control (or biocontrol) encompasses a range of strategies that exploit direct and
indirect interactions among living organisms to suppress populations of harmful species,
maintaining them below economic damage thresholds (Viggiani et al., 1994). This approach
represents a sustainable alternative to conventional plant protection methods, supporting
crop growth while reducing reliance on synthetic agrochemicals. In this context,
microorganisms used to decrease the inoculum density or virulence of plant pathogens,
whether in active or dormant stages, are defined as biological control agents (BCAs).



Numerous soil-borne fungi and bacteria exhibit biocontrol potential against a wide range of
pathogens, limiting their proliferation and pathogenicity and thereby contributing to
improved plant health and productivity (El-Saadony et al., 2022). These antagonistic
microorganisms act through multiple mechanisms, broadly classified as direct and indirect.
Direct mechanisms include competition, antibiosis, and parasitism, whereas indirect
mechanisms involve the activation of plant defense responses, enhancing the plant’s capacity
to resist infections.

o Competition

Competition refers to the ability of BCAs to exploit environmental resources more efficiently
than competing microorganisms. This includes competition for space (e.g., colonization of
roots and soil), nutrients (such as nitrogen, iron, and carbohydrates), and oxygen. By
effectively colonizing shared ecological niches and occupying infection sites, BCAs can
limit pathogen access to essential resources and entry points into plant tissues (O’Brien,
2017). A notable example is the production of siderophores—iron-chelating compounds that
sequester iron in the soil, making it unavailable to pathogens and thereby inhibiting their
growth and metabolic activity (Lahlali et al., 2022).

The effectiveness of competition largely depends on the ecological fitness of the antagonist,
including its ability to adapt to the host plant and environmental conditions. Rapid and
efficient colonization, coupled with the establishment of high population densities, confers
a competitive advantage over pathogens, restricting their ability to establish and proliferate
(Ghorbanpour et al., 2018).

o Antibiosis

Antibiosis involves the production of antibiotic compounds or toxic metabolites by BCAs
that inhibit pathogen growth or cause cell death. These substances may include polar or non-
polar compounds, low-molecular-weight antibiotics, and both volatile and non-volatile
metabolites (Vinale et al., 2008).

Many antagonistic fungi and bacteria can produce bioactive compounds. For instance,
Trichoderma spp. synthesize metabolites such as harzianopyridone, viridin, and gliotoxin,
which are active against fungal pathogens like Pythium ultimum and Rhizoctonia solani.
Additionally, 6-pentyl-a-pyrone (6PP), produced by species such as 7. atroviride and T.
viride, exhibits antagonistic activity against Fusarium moniliforme and P. ultimum (El-Hasan
et al., 2007; Vinale et al., 2008).

e Parasitism

Parasitism refers to the ability of a microorganism to establish a close association with a
pathogen and derive nutrients from it (Bardin and Pugliese, 2020). This interaction typically
involves several stages: recognition and localization, direct contact, formation of specialized
infection structures, penetration, and colonization of the host, followed by nutrient
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acquisition. While rarely observed in bacteria, parasitism is common among antagonistic
fungi and is referred to as mycoparasitism when it involves fungal pathogens.

Mycoparasitic interactions may be biotrophic or necrotrophic. In biotrophic parasitism, the
antagonist derives nutrients while keeping the host alive; in necrotrophic parasitism, the
pathogen is killed through the action of secondary metabolites and lytic enzymes—such as
chitinases, glucanases, and proteases—that degrade cell walls (Harman et al., 2021). This
mechanism is characteristic of several BCAs, including species of Trichoderma, which are
effective against pathogens such as Botrytis cinerea, R. solani, Pythium spp., Sclerotium
rolfsii, Sclerotinia sclerotiorum, and Fusarium spp. Other mycoparasitic genera include
Cladosporium and Gliocladium (Verma et al., 2019).

e Induced Systemic Resistance (ISR)

Some BCAs enhance plant defense by activating induced systemic resistance (ISR), a
mechanism that indirectly suppresses pathogens by strengthening the plant’s immune system
(Choudhary et al., 2017). Unlike direct antagonism, ISR does not involve direct interaction
with the pathogen but instead primes the plant for a faster and more effective defensive
response (Fig. 1.3).

Plant defense activation typically involves the recognition of pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs) by plant receptors
encoded by resistance (R) genes. This recognition triggers local defense responses, including
the hypersensitive response (HR), characterized by the accumulation of reactive oxygen
species (ROS), antimicrobial compounds, and cell wall-reinforcing structures that limit
pathogen spread (Conrath, 2000; Vlot et al., 2008; Gozzo, 2003).

These local responses can lead to systemic signaling throughout the plant, resulting in
systemic acquired resistance (SAR), a long-lasting and broad-spectrum defense mechanism
mediated by signaling molecules such as salicylic acid, phytoalexins, and pathogenesis-
related proteins (Gao et al., 2015).

Similarly, ISR is triggered by beneficial microorganisms through the recognition of microbe-
associated molecular patterns (MAMPs). During colonization, BCAs release metabolites
that act as elicitors, inducing a primed physiological state in the plant. This priming enables
a more rapid and robust activation of defense mechanisms upon pathogen attack (Romera et
al., 2019; Vinale et al., 2008).

ISR is primarily regulated by signaling pathways involving jasmonic acid and ethylene,
distinguishing it from SAR, which is typically associated with salicylic acid accumulation.
Moreover, ISR is induced by beneficial root-colonizing microorganisms rather than
pathogens and does not generally involve the accumulation of pathogenesis-related proteins
(Harman et al., 2004). This mechanism plays a key role in sustainable plant protection
strategies, enhancing plant resilience against a wide range of pathogens (Fig. 1.3).
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A variety of microorganisms, particularly species belonging to the genera Bacillus,
Pseudomonas, and Trichoderma, are known to effectively induce ISR (Yu et al., 2022; Van
Wees et al., 2008).

— 1 N\
’ ,_1 Systemic acquired resistance I o . | Induced systemic resistance (ISR} -
(— (SAR) I riming ) ‘\\n
~— ) SA dependent/PRs 4 ET and JA dependent 3
Induced by: -
-pathogens
4 A -MAMPs/DAMPs
-chemicals A
{phytohormones)
Rgene avr gene ISR is activated by
\ Leaf pathogen colonization of non-
pathogenic, plant
- X_) growth-promoting
g bacteria
@ Biotrophic
E: pathogens
"
Oxidative
burst Necrotrophic
H,0,,0,, 0H pathogens
Rapid, localized cell
death
Induce necrosis in
infected tissue v

b Rhizosphere
%
%

2

Beneficial microbes
\nfection /J.Q
A
Produce phytotoxic

compounds
Root pathogens

Beneficial microbes L Antagonism
ﬁ’\, %) Allelochemicals: iron-chelating siderophores,
L .. antibiotics, biocidal volatiles, lytic enzymes, and

detoxification enzymes

Figure 1.3. A schematic diagram illustrating the activation mechanisms of the two different
types of plant resistance: SAR (systemic acquired resistance) and ISR (induced systemic
resistance). SAR, which depends on salicylic acid (SA), is triggered by plant-pathogen
interactions through the recognition of MAMPs/DAMPs, as well as by foliar treatments with
chemicals and phytohormones. ISR is primarily regulated by jasmonic acid (JA) and
ethylene (ET) and is triggered by beneficial agent-plant interactions (Ab Rahman et al.,
2018).

1.1.3. Mitigation of environmental stresses

Plants are frequently exposed to environmental stresses such as drought, salinity, and
extreme temperatures, which can severely constrain their growth and development. To
mitigate these adverse effects, plants modulate phytohormone levels, thereby adjusting their
physiological responses to cope with unfavorable conditions (Glick, 2012).

Phytohormones, or plant growth regulators, are endogenous signaling molecules that play a
central role in regulating plant physiology and enabling adaptation to environmental stresses
(Fahad et al., 2015). A substantial body of research has demonstrated that beneficial
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rhizosphere microorganisms can synthesize or modulate phytohormone levels, contributing
to the maintenance of hormonal homeostasis and enhancing plant tolerance to abiotic stress
(Glick, 2012; Fig. 1.4).

The principal classes of phytohormones influenced by microbial activity include auxins,
gibberellins, cytokinins, abscisic acid, and ethylene, all of which are involved in key
processes of plant growth and development.

Auxins are among the most important phytohormones, as they regulate cell division and
differentiation. They play a crucial role in root system architecture by stimulating lateral root
formation, thereby enhancing water and nutrient uptake and improving plant tolerance to
drought stress (Saeed et al., 2021). The most common naturally occurring auxin is indole-3-
acetic acid (IAA), which can be synthesized through multiple biosynthetic pathways. Several
microorganisms, including species of Aspergillus, Trichoderma, and Talaromyces, can
produce IAA via diverse metabolic routes (Olanrewaju et al., 2017; Adedayo et al., 2023).

Gibberellins constitute a group of phytohormones involved in numerous physiological and
developmental processes, including seed germination, stem elongation, and leaf expansion
(Goswami and Suresh, 2020). They also enhance photosynthetic efficiency, leaf area
development, and light interception (Fahad et al., 2015). Gibberellins produced by certain
bacteria, such as Pseudomonas and Azospirillum, have been shown to improve plant
tolerance to salinity and drought by modulating antioxidant systems (Goswami and Suresh,
2020).

Cytokinins are essential for maintaining meristematic activity and promoting shoot
development. They facilitate nutrient mobilization, delay leaf senescence, and contribute to
vascular tissue differentiation (Choi et al., 2011). Moreover, cytokinins are involved in plant
responses to environmental stress. For example, inoculation with Bacillus subtilis has been
reported to significantly increase cytokinin levels in shoots under drought conditions (Liu et
al., 2013).

Abscisic acid (ABA) plays a pivotal role in stress responses, as well as in seed dormancy
and germination inhibition. It also regulates processes such as senescence and organ
abscission (Tsukanova et al., 2017). Widely recognized as a “stress hormone,” ABA
functions as a key signaling molecule under adverse conditions, including water deficit,
salinity, and high temperatures. It contributes to the maintenance of plant water status by
inducing stomatal closure and limiting leaf expansion (Cohen et al., 2015).

Ethylene is a gaseous phytohormone produced by most plants and is involved in a wide range
of physiological processes (Shaharoona et al., 2011). Like ABA, ethylene is associated with
stress responses, and its production increases under conditions such as salinity, drought, and
waterlogging, often inhibiting root growth (Saleem et al., 2007). Ethylene biosynthesis
involves the precursor 1-aminocyclopropane-1-carboxylate (ACC). Certain beneficial
microorganisms produce the enzyme ACC deaminase (ACCD), which degrades ACC into
a-ketobutyrate and ammonium, thereby lowering ethylene levels. This regulation is crucial
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for maintaining normal plant growth and development under stress conditions (Backer et al.,
2018).

Abiotic Stresses
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Figure 1.4. Production of phytohormones such as cytokinins (CK), gibberellins (GB), auxins
(IAA), abscisic acid (ABA), and ethylene (ET) by beneficial microorganisms.
Phytohormones enable plants to tolerate abiotic stress by enhancing antioxidant potential
and photosynthetic capacity, and by stimulating root growth and development (from
Egamberdieva et al., 2017).

1.2 Plant biostimulants

Plant biostimulants have emerged as a fundamental component of modern plant physiology,
acting as complex regulators of metabolic processes rather than mere nutrient sources.
Biostimulants exert both direct effects on plant metabolism and indirect effects through
improvements in soil fertility and stimulation of beneficial microbial communities, including
bacteria, yeasts, and fungi capable of producing growth-promoting metabolites. Their
activity involves the soil-plant-microbiome continuum, leading to physiological, hormonal,
and metabolic adjustments, as well as modifications in gene expression (Brown et Sa, 2015).
In addition, organic fractions provide sources of carbon, nitrogen, and energy that support
microbial proliferation in the rhizosphere, promoting organic matter turnover and the
production of bioactive compounds. Consequently, modifications in soil microbiome
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composition and functionality represent a key mechanism underlying the enhancement of
crop productivity (Tejada et al., 2011; Colla et al., 2017).

Within the broader framework of sustainable agriculture, biostimulants are increasingly
regarded as strategic tools for reconciling high crop productivity with reduced environmental
impact. They are generally defined as substances or microorganisms capable of stimulating
natural plant processes when applied to seeds, plants, or the rhizosphere, thereby improving
nutrient use efficiency, tolerance to abiotic stresses, and crop quality independently of their
nutrient content (Traon et al., 2014; Yakhin et al., 2017). Their strategic relevance has also
been recognized internationally, with the FAO highlighting the agronomic potential of algal
biomass as both plant growth promoters and organic soil amendments (FAO, 2006).

From a biochemical perspective, plant biostimulants exhibit remarkable compositional
complexity, encompassing mineral elements, humic substances, vitamins, amino acids,
chitin, chitosan, and diverse polysaccharide fractions (Berlyn and Russo, 1990; Hamza and
Suggars, 2001; Kauffman et al., 2007). Unlike conventional fertilizers, their efficacy arises
from emergent properties generated by the interaction of multiple constituents, often active
at very low concentrations but capable of inducing systemic and synergistic responses
(Sharif et al., 2002; Ertani et al., 2011). Among the most extensively studied classes are
brown seaweed extracts (e.g., Ascophyllum nodosum, Ecklonia maxima, and Laminaria
spp.), which have been shown to improve vegetative vigor, photosynthetic efficiency, and
stress tolerance (Norrie and Keathley, 2006; Carvalho et al., 2013). Likewise, humic
substances can exert auxin-like effects through modulation of plasma membrane H*-ATPase
activity, thereby stimulating root development and nutrient uptake (Zandonadi et al., 2016;
Baldotto and Baldotto, 2013). The effectiveness of products is strongly influenced by plant
species, cuticular properties, dosage, timing, and application method (Kunicki et al., 2010;
Kolomaznik et al., 2012; Vargas-Hernandez et al., 2017).

To address the intrinsic complexity of these systems, advanced omics approaches such as
transcriptomics and microarray analyses are increasingly employed to elucidate the
molecular pathways activated by biostimulant application. These methodologies are
essential for identifying molecular markers, optimizing raw material selection, and
validating novel formulations (Povero et al., 2016). In this perspective, biostimulants are
fully integrated into circular bioeconomy strategies and the current European regulatory
framework (Regulation EU 2019/1009), representing a critical resource for the development
of resilient agricultural systems characterized by improved resource-use efficiency (Nardi et
al., 2016; De Pascale et al., 2017; EBIC, 2018).

In the current agro-industrial landscape, the transition from fundamental research to the
development of commercial biostimulant formulations has required a deeper understanding
of plant growth-promoting (PGP) mechanisms. Commercial products are increasingly
designed to target specific physiological processes involved in biomass accumulation and
root system architecture (Rouphael and Colla, 2020). For instance, widely used commercial
biostimulants include products such as Kelpak®, derived from Ascophyllum nodosum, which
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has been shown to enhance root growth and improve plant vigor through hormone-like
activity (auxins and cytokinins) (Hidangmayum et al., 2017). Similarly, Trainer®, a protein
hydrolysate-based biostimulant, promotes nitrogen metabolism and biomass accumulation
by stimulating enzymatic activity and gene expression related to nutrient assimilation (Colla
et al., 2017). Another example is Humic-based products derived from leonhardite, which are
known to enhance root architecture and nutrient uptake through modulation of plasma
membrane H™-ATPase activity (Nardi et al., 2016).

Within this context, microbial biostimulants represent a particularly promising category, as
they integrate nutrient mobilization with the regulation of plant physiological processes.
Among them, phosphorus-solubilizing microorganisms (PSMs) play a crucial role by
addressing one of the main limitations in agricultural systems, namely the low bioavailability
of phosphorus in soils. Beyond their capacity to mobilize nutrients, PSMs can produce
bioactive compounds such as indole-3-acetic acid (IAA) and siderophores, contributing to
root development and improved nutrient acquisition (Vargas-Hernandez et al., 2017; Yakhin
et al., 2017).

1.3 Phosphate-Solubilizing Microorganisms (PSMs)

The promotion of plant growth and development by soil microorganisms is closely
associated with enhanced nutrient acquisition, particularly of phosphorus (P), which plays a
critical role in plant metabolism. Microorganisms are key drivers of the biogeochemical
cycling of phosphorus, as they facilitate its transformation from insoluble inorganic and
organic forms into plant-available fractions through solubilization and mineralization
processes (Rodriguez and Fraga, 1999). In the context of modern agriculture—where the
aim is to optimize productivity while minimizing environmental impacts—PSMs have
attracted considerable attention as bioinoculants. Their ability to improve nutrient uptake
and increase crop yields makes them a promising and sustainable alternative to conventional
fertilization strategies (Young, 1994; Goldstein et al., 1999; Fasim et al., 2002).

PSMs represent a diverse group of beneficial organisms, including bacterial genera such as
Bacillus, Pseudomonas, and Rhizobium; fungal taxa such as Penicillium and Aspergillus; as
well as actinomycetes and arbuscular mycorrhizal fungi (AMF; Kalayu, 2019). Although
soil constitutes the primary habitat for microbial growth —harboring between 10! and 10
bacteria per gram of fertile soil (Khan et al., 2009a)— phosphate-solubilizing bacteria (PSB)
typically account for 1-50% of the total microbial population, whereas phosphate-
solubilizing fungi (PSF) represent approximately 0.1-0.5% (Walpola and Yoon, 2012; Chen
et al., 2006). These microorganisms are particularly active in the rhizosphere, where they are
most frequently isolated (Selvi et al., 2017). In addition to the commonly reported genera,
symbiotic nitrogen-fixing rhizobia and saprophytic fungi, such as Arthrobotrys oligospora,
have also demonstrated notable phosphate-solubilizing capabilities (Thakur et al., 2014;
Duponnois et al., 2006).
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In recent decades, numerous PSB strains have been isolated from diverse environments,
including metal-contaminated soils, phosphate mines, composts, and soil macrofauna
(Mendoza-Arroyo et al., 2020; Teng et al., 2019; Hamdali et al., 2012). These indigenous
microorganisms enhance nutrient mobilization by accelerating biological processes that
convert unavailable phosphorus into plant-accessible forms (Alfa et al., 2014). Empirical
studies highlight their effectiveness; for example, Rawat et al. (2021) reported that the
combined application of PSM and phosphatic fertilizers increased wheat yield by 22% and
phosphorus uptake by 26%, while reducing chemical fertilizer inputs by 30%. Similarly, co-
inoculation with fungal strains has been shown to mobilize phosphorus bound to soil
particles, thereby further improving its availability (Mittal et al., 2008; Jain et al., 2010).

From an applied perspective, particular attention has been given to spore-forming Bacillus
species, such as Bacillus amyloliquefaciens, due to their high formulation stability, extended
shelf life, and effective rhizosphere colonization (Qiao et al., 2014). Moreover,
Actinobacteria—especially members of the genus Streptomyces—are recognized for their
strong biocontrol potential against fungal pathogens such as Fusarium and Phytophthora,
primarily through the production of secondary metabolites and hydrolytic enzymes
(Sabaratnam and Traquair, 2015).

1.4 Biochemical and molecular mechanisms of phosphorus solubilization
by PSMs

Phosphorus solubilization by rhizospheric microorganisms is a complex and multifactorial
process governed by the interplay among soil nutrient status, microbial physiology, and the
developmental stage of the host plant (Reyes et al., 1999). PSMs employ three main, often
synergistic, strategies: microenvironmental acidification, cation chelation, and enzymatic
mineralization of organic phosphorus fractions. These mechanisms operate in an integrated
manner, representing a coordinated physiological response shaped by phosphorus limitation
and selective pressures within the rhizosphere.

At the regulatory level, phosphorus deficiency induces global adaptive responses in
microorganisms, activating phosphate acquisition systems and promoting metabolic
reprogramming toward the production of organic acids and extracellular enzymes, thereby
enhancing phosphorus mobilization under limiting conditions.

1.4.1 Rhizo-acidification and organic acid biosynthesis

The primary mechanism for inorganic phosphorus mobilization involves the reduction of
rhizospheric pH through the secretion of low-molecular-weight organic acids or the release
of protons (H') during ammonium assimilation (Kumar et al., 2018; Satyaprakash et al.,
2017; Rodriguez & Fraga, 1999). A strong correlation has been observed between the

17



solubilization index and the concentration of organic acids produced, which are mainly
derived from oxidative or fermentative glucose metabolism (Alam et al., 2002).

Importantly, organic acid production represents not merely a metabolic by-product but an
adaptive overflow mechanism that links central carbon metabolism with nutrient acquisition
under conditions of imbalance. This metabolic shift enhances carbon flux toward
extracellular acidification, thereby increasing the efficiency of mineral phosphate
dissolution.

In many Gram-negative bacteria, glucose oxidation occurs via a direct periplasmic pathway
mediated by the membrane-bound enzyme glucose dehydrogenase (GDH) and its cofactor
pyrroloquinoline quinone (PQQ). This pathway leads to the accumulation of gluconic acid
and 2-ketogluconic acid, which are among the most effective agents for solubilizing
tricalcium phosphate due to their strong acidifying capacity (Goldstein, 1995; Selvi et al.,
2017).

In addition to gluconic acid, PSMs produce a variety of carboxylic acids—such as citric,
oxalic, malic, and succinic acids—whose effectiveness depends on their molecular structure,
dissociation constants (pKa), and the number of carboxyl functional groups (Ahmed &
Shahab, 2019).

1.4.2 Chelation and surface coordination mechanisms

Alongside acidification, organic acids contribute to phosphorus mobilization through
chelation and ligand exchange reactions. Their hydroxyl and carboxyl groups form stable
coordination complexes with metal cations—primarily Ca** in alkaline soils and AI** or Fe**
in acidic soils—that are associated with phosphate compounds (Kpomblekou & Tabatabai,
1994; Kim et al.,, 1997). This mechanism alters chemical equilibrium, promoting the
dissolution of mineral phosphates and preventing phosphorus re-precipitation into insoluble
forms.

The chelation-mediated destabilization of mineral surfaces enhances the release of
orthophosphate into the soil solution, thereby sustaining phosphorus availability in the
rhizosphere. In certain soil conditions, PSMs may also produce inorganic acids that
contribute to mineral dissolution, although this pathway is generally less significant than
organic acid-mediated processes (Walpola & Yoon, 2012; Khan et al., 2009a).

Additionally, siderophore production—primarily associated with iron acquisition—can
indirectly facilitate phosphorus solubilization by chelating Fe*" bound to ferric phosphates,
thereby destabilizing these complexes and releasing phosphate ions.
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1.4.3 Mineralization of organic phosphorus

While solubilization primarily targets inorganic phosphorus, mineralization is the key
biological process responsible for mobilizing phosphorus from organic compounds such as
nucleic acids, phospholipids, and phytates (Khan et al., 2009a). This process is mediated by
a suite of extracellular enzymes produced by PSMs.

Non-specific acid and alkaline phosphatases catalyze the hydrolysis of phosphomonoesters,
releasing inorganic phosphate (Pi) that can be readily absorbed by plants (Tarafdar et al.,
2003; Kalayu, 2019). Phytases specifically degrade phytic acid (inositol hexakisphosphate),
a major storage form of phosphorus in plant tissues and a recalcitrant compound in soils
(Santana et al.,, 2016; Aseri et al, 2009). Furthermore, phosphodiesterases and
phosphonatases catalyze the breakdown of more complex phosphorus-containing
compounds, including nucleic acids and C—P bond-containing molecules.

The coordinated activity of these enzymes ensures the continuous regeneration of inorganic
phosphate in the soil solution, maintaining nutrient availability even under low-input
conditions (Dodor & Tabatabai, 2003; Selvi et al., 2017). From an ecological perspective,
this enzymatic network contributes to a dynamic soil-microbe—plant phosphorus cycle, in
which microbial metabolism, root exudation, and organic matter turnover are tightly
interconnected, ultimately enhancing phosphorus bioavailability and supporting plant
growth.

1.5 Soil phosphorus availability

In soil, phosphorus occurs in two main pools: organic phosphorus (P_org) and inorganic
phosphorus (P_i). The organic fraction may account for 20—80% of total soil phosphorus and
is mainly composed of compounds such as inositol hexakisphosphate (phytic acid), whereas
the inorganic fraction is generally associated with calcium, iron, and aluminum minerals
(Sanyal and De Datta, 1991; Hinsinger, 2001). In the soil solution, inorganic phosphorus is
primarily present as orthophosphate species, mainly H.PO+~ and HPO+*", whose relative
abundance is strongly influenced by soil pH (Furihata et al., 1992; Shen et al., 2011).

Despite its essential role in plant growth, it is often poorly available in soils, as it is rapidly
immobilized into insoluble forms, leading to the accumulation of “legacy phosphorus.” As
a result, plants rely on complex mechanisms to acquire and utilize P efficiently.

In agriculture, highly soluble fertilizers such as triple superphosphate (TSP) and
diammonium phosphate (DAP) are widely used to maintain crop yields; however, their
efficiency is low because most of the applied phosphorus becomes unavailable, increasing
costs and environmental risks. Rock phosphate (RP) represents a more sustainable
alternative, although its effectiveness depends on soil conditions and biological activity.
Since phosphorus is a non-renewable resource derived from finite geological reserves, its
global supply is limited and unevenly distributed, with a strong geopolitical concentration.
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This raises concerns about long-term availability, price volatility, and food security,
especially as demand continues to grow. Consequently, improving phosphorus use efficiency
and adopting circular management strategies, such as recycling and biological mobilization,
are essential for sustainable agriculture.

In Italy, phosphorus is officially recognized as a critical resource. National legislation (Law
No. 205/2017) established the Italian Phosphorus Platform to promote sustainable
management, recovery, and recycling of phosphorus in alignment with European circular
economy policies. At the global level, phosphorus supply represents a strategic concern.
Approximately 90% of the phosphate used for fertilizer production in the European Union
is imported (European Commission, 2016). Over recent decades, the EU has promoted
policies aimed at limiting excessive phosphorus fertilizer use and reducing environmental
impacts, particularly regarding water quality and eutrophication (Nesme et al., 2016;
Montanarella and Panagos, 2021; Sporchia and Caro, 2023; de Ridder et al., 2012; van Dijk
et al., 2016). These policies are designed to enhance nutrient circularity and improve
phosphorus use efficiency in agricultural systems (Magaya et al., 2024).

Phosphorus deficiency in soils is mainly due to low bioavailability rather than total content.
It is influenced by long-term soil formation processes, chemical fixation with iron,
aluminium, or calcium, adsorption to soil particles, low organic matter, and unfavourable
physical conditions such as compaction or waterlogging. Additionally, the inefficiency of
fertilizers contributes to the buildup of unavailable phosphorus and environmental issues
like eutrophication.

1.6 Importance of Phosphorus in biological processes

Phosphorus (P) constitutes approximately 0.2—0.8% of plant dry weight (Sharma et al., 2013)
and plays a fundamental role in numerous biological processes essential for plant growth
and development. However, as outlined in the previous section, its availability in soils is
often severely constrained by geological, chemical, and physical factors, making phosphorus
one of the most limiting nutrients in both natural and agricultural systems (Schachtman et
al., 1998; Hinsinger, 2001).

At the molecular level, phosphorus is an essential component of nucleic acids, forming part
of the sugar—phosphate backbone of DNA and RNA (Marschner, 2012), thereby ensuring the
structural stability and transmission of genetic information. It is also central to cellular
energy metabolism, as a key constituent of adenosine triphosphate (ATP) and other
phosphorylated intermediates, including ADP, AMP, and sugar phosphates (Abel et al.,
2002). The hydrolysis of high-energy phosphate bonds in ATP provides the energy required
for biosynthesis, active transport, and a wide range of physiological processes.

Phosphorus is deeply integrated into major metabolic pathways, such as glycolysis, the
tricarboxylic acid (TCA) cycle, and oxidative phosphorylation. It also plays a regulatory role
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through phosphorylation and dephosphorylation reactions, which modulate enzyme activity,
substrate affinity, and signal transduction pathways (Marschner, 2012). Furthermore,
phosphorus is a structural component of phospholipids, contributing to membrane integrity,
fluidity, and functionality, and enabling the selective transport of ions and metabolites across
biological membranes (Vance et al., 2003). It is also involved in intracellular signaling,
where phosphorylated compounds and protein phosphorylation act as key regulators of gene
expression, enzymatic activity, and stress responses (Hinsinger, 2001).

At the whole-plant level, phosphorus is indispensable for growth and development. It plays
a central role in root system architecture by promoting root elongation and branching,
thereby enhancing the plant’s capacity to explore the soil and acquire water and nutrients
(Lopez-Bucio et al., 2003; Lynch, 2011). This function is particularly critical under
phosphorus-deficient conditions, where efficient root development represents a key adaptive
strategy (Marschner, 2012).

Phosphorus is also essential for reproductive development and is therefore a major
determinant of crop productivity. Adequate phosphorus availability supports the transition
from vegetative to reproductive stages, including flowering, pollination, and fruit set,
processes that are highly energy-demanding and dependent on ATP availability.
Consequently, phosphorus deficiency often leads to delayed flowering, reduced fruit set, and
overall yield decline (Holford, 1997; Grant et al., 2001; Marschner, 2012). In addition,
phosphorus contributes to tissue differentiation and structural integrity, indirectly enhancing
plant resistance to biotic stresses such as pathogens and pests.

Phosphate uptake by plants is an active, carrier-mediated process that occurs against a
concentration gradient, as phosphate levels within root cells and xylem sap are typically
100-1,000 times higher than those in the surrounding soil solution (Violante, 1996). Once
absorbed, phosphorus is highly mobile and can be efficiently remobilized from older,
senescing tissues to actively growing organs. This internal redistribution is regulated by
source—sink relationships, in which mature leaves act as sources and developing tissues
function as sinks (Sakano, 1990; Poirier & Bucher, 2002; Versaw and Harrison, 2002; Huang
et al., 2011). Such remobilization processes are particularly important under phosphorus-
limited conditions, allowing plants to partially compensate for reduced external supply.

From both ecological and agronomic perspectives, the central role of phosphorus in plant
metabolism explains why its limited availability directly results in reduced growth, lower
biomass accumulation, and decreased crop yields (Schachtman et al., 1998; Elser et al.,
2007; Hinsinger, 2001). Consequently, phosphorus availability is a key factor governing
ecosystem productivity and agricultural sustainability, underscoring the need for improved
strategies to enhance phosphorus use efficiency.

In tomato (Solanum lycopersicum L.) plants, phosphorus deficiency induces a range of
physiological and morphological alterations. Initial symptoms are generally observed in
older leaves, which develop characteristic reddish or purplish coloration due to anthocyanin
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accumulation as phosphorus is remobilized toward younger tissues (Fig. 1.5). Under severe
deficiency, leaves may become dark, curled, and necrotic, eventually leading to tissue
senescence and abscission. Plant growth is typically reduced, with limited root development,
delayed shoot formation, and impaired flowering. Seed production and quality may also be
negatively affected, representing a critical limitation for seed production systems.

Figure 1.5. Symptoms of phosphorus deficiency on tomato leaves.

At the physiological level, phosphorus deficiency severely impacts central metabolic
processes. Plants perceive P limitation when vacuolar phosphorus reserves decline, resulting
in reduced phosphorus supply to actively growing tissues. This leads to a decrease in
photosynthetic activity, glycolysis, and respiration (Sanchez-Calderén et al., 2010). At the
biochemical level, low cytoplasmic phosphorus concentrations inhibit ATP synthesis,
thereby limiting energy availability for cellular processes. In addition, phosphorus
deficiency  reduces the activity of RuBisCO  (ribulose-1,5-bisphosphate
carboxylase/oxygenase) and causes the accumulation of its substrate, ribulose-1,5-
bisphosphate (RuBP), ultimately impairing carbon fixation (De Groot et al., 2003).

The availability of phosphorus in soil is strongly influenced by edaphic factors. In acidic
soils (pH < 5.8) or in the presence of high concentrations of iron and zinc, phosphate ions
become poorly available due to precipitation and fixation processes. Similarly, clay-rich
soils often exhibit reduced phosphorus bioavailability. These conditions highlight the
importance of strategies aimed at improving phosphorus use efficiency in agricultural
systems.

Overall, phosphorus plays a fundamental role in multiple aspects of plant development,
influencing both vegetative growth and reproductive success. Understanding the
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mechanisms underlying phosphorus uptake and utilization is therefore essential for
optimizing tomato productivity and developing sustainable fertilization strate gies.

1.7 Phosphorus uptake and use efficiency in plants

Phosphorus is the third most important nutrient for plants after nitrogen and potassium, and
it represents one of the main limiting factors for plant growth and crop productivity. Due to
its low mobility and availability in soils, P deficiency constitutes a major constraint for
agricultural production, particularly in acidic and alkaline soils, which together account for
more than 70% of the world’s cultivated land (Schachtman et al., 1998). It has been estimated
that limited phosphorus availability can reduce crop yields by up to 30—40% of global arable
land (Von Uexkull and Mutert, 1995).

Phosphorus uptake by plants represents the first step in its transfer from soil to plant tissues.
This process occurs through specific transporters located in the plasma membrane of root
cells and is energy-dependent, as it takes place against a concentration gradient. Once
absorbed, phosphate is translocated through root tissues and loaded into the xylem, from
where it is transported to the aerial parts of the plant, particularly to actively growing tissues
such as young leaves and meristems (Jeschke et al., 1997).

Under conditions of low phosphorus availability, plants have evolved several adaptive
strategies to enhance P acquisition. These include the secretion of organic acids and
phosphatases by roots and rhizosphere microorganisms, which promote the solubilization of
phosphorus bound to soil particles and increase its availability (Comerford, 1998; Hinsinger,
2001; Malhotra et al., 2016). These processes facilitate phosphate diffusion toward the root
surface and improve its uptake efficiency.

Despite its importance, the efficiency of phosphorus fertilizers is generally low. It is
estimated that only 10-20% of the applied phosphorus is taken up by crops, while the
remaining fraction is rapidly immobilized in the soil through fixation and retrogradation
processes (Von Uexkull and Mutert, 1995). For this reason, phosphorus fertilization
management plays a crucial role in agricultural systems. To ensure adequate phosphorus
nutrition and reduce P fixation, it is necessary to adopt appropriate agronomic practices,
including maintaining optimal soil structure, regulating soil pH within the range of 5 to 7,
applying fertilizers in localized and split applications, preserving high levels of soil organic
matter, and promoting soil microbial activity.

An additional concern relates to the quality of phosphate fertilizers, which may contain
contaminants such as heavy metals (e.g., cadmium and arsenic) and radionuclides from the
uranium and thorium decay series (Anonymous, 1991; Rutherford et al., 1995). In this
context, a significant reduction in mineral fertilizer use could be achieved by improving the
mobilization of insoluble phosphorus already present in soils. Biological approaches based
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on phosphorus-solubilizing microorganisms represent a promising strategy to increase the
availability of otherwise inaccessible phosphorus and enhance overall system efficiency
(Rodriguez and Fraga, 1999; Vessey, 2003; Thauriae et al., 2004; Islam et al., 2007; Islam
and Hossain, 2012; Sarker et al., 2012).
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2. AIM OF THE WORK

This work addresses the current challenges associated with the sustainability of agricultural
systems, with particular emphasis on reducing reliance on mineral fertilizers and improving
nutrient use efficiency under conditions of increasing environmental pressure and ongoing
soil fertility decline. Phosphorus (P) represents one of the main limiting factors for
agricultural productivity, due to its low bioavailability in soils and the environmental and
economic concerns associated with synthetic phosphate fertilizers.

Plant Growth-Promoting Bacteria (PGPB) have emerged as a key resource for the
development of innovative agro-biotechnological strategies. However, significant gaps
remain in the integrated understanding of the functional mechanisms governing the
interaction between PGPB, phosphorus availability, and plant response, as well as in the
translation of these findings into real cropping systems.

This study aimed to investigate, through a systemic and multi-level approach, the potential
of bacterial strains belonging to the genera Bacillus and Pseudomonas as bioinoculants
specifically capable of improving phosphorus nutrition and plant growth.

Specifically, this research is aimed at:

D Comprehensively characterize the bacterial strains through an integrated
approach combining phenotypic and physiological analyses, defining their
functional profile under abiotic stress conditions and their ability to produce key
metabolites such as siderophores.

(I)  Evaluate the antagonistic potential against agriculturally relevant
phytopathogens through in vitro dual-culture assays, as a complementary
screening to verify the multifunctional versatility of the strains.

(IIT)  Investigate the mechanisms of phosphorus solubilization from insoluble sources
(e.g., tricalcium phosphate and rock phosphate), employing quantitative
analytical approaches to correlate microbial activity with the production of
organic acids and other specific metabolites identified by advanced GC-MS
techniques.

An additional objective is to assess, through in vivo experiments on model crops such as
wheat (Triticum aestivum 1.) and tomato (Solanum lycopersicum L.), the effectiveness of
these strains in modulating phosphorus uptake, physiological plant responses, and crop
productivity under different nutrient availability conditions.

The working hypothesis is that specific bacterial strains characterized by high phosphorus-
solubilizing capacity and the production of bioactive metabolites can significantly enhance
P availability in soil, representing a sustainable alternative to conventional fertilization.
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Overall, this thesis aims to bridge the gap between functional characterization and agronomic
application, providing new insights into the mechanisms governing phosphorus mobilization
under realistic conditions. The expected results are intended to support the development of
sustainable fertilization strategies based on microbial inoculants.
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3. MATERIALS AND METHODS

3.1. Bacteria and Culture Media

In this study, four bacterial strains belonging to the genus Bacillus (B. megaterium FBMO09,
B. pumilus FBPO1, B. amyloliquefaciens, B. subtilis FBS07) and two bacterial strains
belonging to the genus Pseudomonas (P. putida RPT12, P. salmasensis POE54) were used.
Bacillus strains and P. putida RPT12 were obtained from Fertilidea Srl (Pompei, NA, Italy;
www.fertilidea.it), while P. salmasensis POES4 was obtained from the collection available
at the Plant Pathology Laboratories of the Department of Agriculture, Food, and
Environment at the University of Catania (Italy) and has been previously characterized for
its genomic and biocontrol traits (Nicotra et al., 2024) . Molecular identification of the
bacterial strains was carried out through partial 16S rRNA gene amplification, using the
universal primer pairs V3-16S and 341F-805R (Klindworth et al., 2013; Herlemann et al.,
2011). All bacterial strains were stored in 30% (v/v) glycerol at —20 °C. For routine use,
strains were cultured on Nutrient Agar (NA; HiMedia Laboratories GmbH, Modautal,
Germany) and incubated at 30 + 2 °C for 24 h. Working stocks were maintained at 4 °C and
subcultured weekly to ensure viability and purity.

3.2 Phenotypic characterization of bacterial isolates

3.2.1 Salt tolerance

Salt tolerance of the selected bacteria was evaluated in vitro by inoculating the isolates into
250 mL Erlenmeyer flasks containing 100 mL of nutrient broth (NB) supplemented with
NaCl at final concentrations of 0.5, 1.0, and 1.5 M. NB without NaCl supplementation was
used as control (Singh, 2021). All strains were tested in three independent replicates. Pre-
inoculum was prepared by transferring a single colony from a nutrient agar (NA) plate into
NB medium and incubating at 30 + 2 °C under agitation (180 rpm) until reaching an optical
density of 0.7 at 600 nm (ODsoo), corresponding to approximately 1 x 107 CFU mL™.
Subsequently, 1 mL of the pre-inoculum was used to inoculate each experimental flask.
Cultures were incubated at 30 + 2 °C under agitation (180 rpm), and bacterial growth was
monitored over time by measuring ODsoo and by determining colony-forming units (CFU
mL™"). Measurements were performed at four time points: immediately after inoculation (0
h), and after 24, 48, and 60 h of incubation.
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3.2.2 In vitro dual culture assay against phytopathogenic fungi

The antimicrobial activity of the selected bacterial strains was evaluated against three
phytopathogenic fungi, Alternaria alternata, Fusarium oxysporum and Botrytis cinerea,
using an in vitro dual-culture assay. Fungal isolates were routinely maintained on Potato
Dextrose Agar (PDA, Hi-Media) and subcultured prior to the experiments to ensure active
and uniform growth. All assays were conducted on diluted PDA (1:5), to slow down the
fungal growth and enhance the detection of antagonistic interactions. Fungal pathogens were
inoculated at the center of each plate using a 5 mm diameter mycelial plug excised from the
actively growing margin of a fresh culture. To account for differences in intrinsic growth
rates among fungal species, inoculation timing was adjusted to ensure comparable colony
development prior to bacterial application. Plates were incubated at 22-25 °C for 4 - 7 days,
depending on the fungal species, before bacterial inoculation.

Bacterial strains were grown overnight (approximately 16 hours) in NB under agitation at
their optimal growth temperature. Subsequently, 20 puL of each bacterial culture (ODsoo =
0.7) were spotted onto the agar surface at approximately about 2 cm from the edge of the
plate of the fungal colony.

Each fungal-bacterial interaction was tested in triplicate. Control treatments included plates
inoculated with the fungal pathogen alone (fungal control) and plates inoculated with
bacterial strain alone (bacterial control). After bacterial inoculation, plates were further
incubated at 25 + 2 °C and monitored daily. Antagonistic activity was assessed both
qualitatively, by observing inhibition zones or morphological alterations of the fungal
mycelium, and quantitatively by measuring radial fungal growth. The percentage of radial
growth inhibition (PRGI) was calculated according to the following formula (Khamsuk et
al., 2024):

PRGI (%) = % x 100

‘.

Where R¢ represents the mean radial growth of the fungal colony in the control plates and
R represents the mean radial growth in the presence of the bacterial strain.

3.2.3 Phenotypic characterization and metabolic profiling

The metabolic profiling and phenotypic characterization of the selected bacterial strains were
performed using the Biolog GEN III MicroPlate system (Biolog Inc., Hayward, CA, USA).
This system allows simultaneous evaluation of carbon source utilization and sensitivity to a
range of chemical and environmental stressors, providing a comprehensive phenotypic
fingerprint for microbial identification and functional characterization. Approximately 24
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hours prior to the assay, each bacterial strain was streaked onto Nutrient Agar (NA) plates
and incubated for 24 h at 28 °C to obtain fresh and actively growing colonies. A single well-
isolated colony was then suspended in Biolog inoculating fluid (IF-A) and adjusted to the
recommended cell density according to the manufacturer’s instructions. An aliquot of 110
uL of the standardized cell suspension was inoculated into each well of the GEN III
MicroPlate. The plate contains 94 phenotypic tests, including 71 carbon source utilization
assays and 23 chemical sensitivity assays, designed to assess tolerance to factors such as pH,
salt, and inhibitory compounds.

The system is based on a redox reaction in which cellular respiration leads to the reduction
of tetrazolium dye, resulting in a color change from colorless to purple in metabolically
active wells. Well Al, containing no carbon source, served as a negative control, while
specific wells included internal controls for chemical sensitivity. Following inoculation,
plates were incubated at 28 °C for 24-48 h. The results were recorded using the Biolog
MicroStation™ system (Biolog Inc.), which analyzes the pattern of color development to
generate a metabolic profile for each strain. The obtained profiles were used for both strain
identification and comparative assessment of metabolic capabilities.
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Figure 3.1. Layout of assays in the Biolog GEN III MicroPlate.
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3.2.4 Siderophore production

The production of iron-chelating compounds produced by bacteria under iron-limiting
conditions was assessed both qualitatively and quantitatively using the Chrome Azurol S
(CAS) assay. The CAS assay is based on a competitive reaction for iron between
siderophores and a ferric—dye complex. Specifically, siderophores remove iron from the blue
CAS-Fe* complex due to their higher affinity, resulting in a color change from blue to
orange, which indicates siderophore production (Schwyn and Neilands, 1987). CAS solution
was prepared according to the protocol described by Louden et al. (2011). Bacterial
inoculum was prepared by growing cultures in NB to an optical density of approximately
0.7 at 600 nm (ODsoo). Aliquots of 20 pL of each bacterial culture were spotted onto NA
plates. After inoculation, the CAS solution was overlaid onto the plates. Plates were then
incubated at 28-30 °C and monitored for the development of orange halos surrounding the
colonies, indicating siderophore production due to the removal of iron from the CAS
complex.

For quantitative evaluation of siderophore production, bacterial strains were cultured in
liquid medium for 48 h at 30 = 2 °C under agitation (180 rpm). Cultures were then
centrifuged at 10,000 x g for 10 min, and the cell-free supernatants were collected. For the
quantitative assay, aliquots of bacterial supernatant were mixed with an equal volume of
CAS reagent in a microplate format. After 20 min of incubation at room temperature,
absorbance was measured at 630 nm using a microplate reader. Siderophore production was
expressed as percent siderophore units (PSU) according to the following formula (Schwyn
and Neilands, 1987):

T AS

Siderophore production (PSU) = x 100

T

where A,.is the absorbance of the reference (CAS solution mixed with uninoculated medium)
and A,is the absorbance of the sample (CAS solution mixed with bacterial supernatant).

3.2.5 Phosphate solubilization

The phosphate-solubilizing ability of the bacterial cultures was evaluated on solid media
according to the methods described by Pikovskaya (1948) and Nautiyal (1999), using
Pikovskaya’s (PVK) and National Botanical Research Institute’s phosphate (NBRIP) agar
media, respectively. In both media, tricalcium phosphate (TCP, Cas(POs)2), was used as
insoluble inorganic phosphorus source. PVK medium was prepared according to Pikovskaya
(1948; pH 7.0) and contained per liter: glucose (10 g), Cas(PO4)2 (5 g), (NH4)2SO4 (0.5 g),
NaCl (0.2 g), MgSO4+-7H20 (0.1 g), KCl (0.2 g), yeast extract (0.5 g), MnSOa4-H20 (0.002
g), and FeSO4-7H20 (0.002 g). NBRIP medium (Nautiyal, 1999) contained, per liter: glucose
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(10 g), Cas(PO4): (5 g), MgCL-6H-0 (5 g), MgS0+-7H-0 (0.25 g), KCI (0.2 g), and
(NHa4)2S04 (0.1 g). Both media were supplemented with 1.5% (w/v) agar.

Starter cultures were prepared by inoculating single colonies into 20 mL of NB broth and
incubating at 28 °C and 180 rpm until reaching an ODesowo of approximately 0.7
(corresponding to ~1 x 108 CFU/mL). A 10 pL aliquot of each culture was spot inoculated
onto PVK and NBRIP agar plates. For each strain, three biological replicates were prepared
per medium. Plates were incubated at 28 °C for 7 days and examined daily. Phosphate
solubilization was considered positive upon the formation of a clear halo surrounding the
bacterial colony, indicating the solubilization of tricalcium phosphate (Cas(POa4)2).

The solubilization index (SI) was calculated according to Edi-Premono et al. (1996) as the
ratio between the total diameter (colony + halo zone) and the colony diameter, using the
following formula:

Colony diameter + Halo zone diameter

SI =

Colony diameter

In addition, solubilization efficiency (SE) was calculated as described by Nautiyal (1999)
and expressed as a percentage by dividing the halo zone diameter (total diameter minus
colony diameter) by the colony diameter, according to the following equation:

SE(%) = Halo zone diameter « 100

Colony diameter

Measurements were performed daily up to the seventh day, until no further expansion of the
halo was observed. This assay allowed a comparative and semi-quantitative evaluation of
the phosphate-solubilizing efficiency of the bacterial strains under different nutrient
conditions.

Bacterial growth was also evaluated in liquid Pikovskaya medium (PVK) to assess
adaptation to rock phosphate as an insoluble phosphorus source. Two variants of PVK
medium were used: a standard formulation containing Cas(POa). and a modified formulation
in which Cas(PO4) 2 was replaced with rock phosphate (RP) as the sole insoluble phosphorus
source.

For each strain, bacterial suspensions were obtained from overnight cultures in nutrient
broth. Subsequently, 1 mL of each starter culture was used to inoculate 250 mL Erlenmeyer
flasks containing 100 mL PVK. Each bacterial strain was inoculated in triplicate in both
PVK (standard and modified formulation). Cultures were adjusted to an initial inoculum
concentration of approximately 1 x 107 CFU mL™".The flasks were incubated at 30 + 2 °C
and 180 rpm. Bacterial growth was monitored for 48 h by measuring the ODsoo at 4 h intervals
using a Jasco V-730 UV-Vis Spectrophotometer (JASCO Corp., Japan). Viable cell counts
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were determined using the plate count method. Aliquots from each culture were serially
diluted and plated on NA. Plates were incubated at 30 £2 °C for 24 h, and the bacterial
population was expressed as colony-forming units per milliliter (CFUmL™). The final
CFU mL™" was calculated as the mean of three replicate plates using the following formula:

n (Number of colonies in the plates considered)

N (.\' umber of colouies) p (Number of plates considered)
’ mL V (

Volume of inoculum in mL) x d (Dilution factor considered)

3.3 Quantitative estimation of phosphate solubilization

The phosphate-solubilizing capacity of the bacterial strains was quantitatively evaluated in
liquid culture using modified NBRIP medium in which the standard tricalcium phosphate
(Cas(POa4)2) was replaced with rock phosphate (1 g L™) as the insoluble phosphorus source.
Sterile 250 mL Erlenmeyer flasks containing 100 mL of medium were inoculated with 1%
(v/v) of standardized bacterial starter cultures (ODsoo = 0.7, corresponding to approximately
107 CFU mL™"). Cultures were incubated at 30 + 2 °C on a rotary shaker at 180 rpm for 7
days. Non-inoculated flasks were included as negative controls (Maharana and Dhal, 2022).
All experiments were performed in biological triplicates.

At the end of the incubation period, cultures were centrifuged at 10,000 rpm for 10 min to
obtain cell-free supernatants The resulting supernatants were collected and used for the
determination of soluble phosphorus. The concentration of soluble phosphorus released into
the culture medium was quantified using the vanadate—molybdate colorimetric method, in
which orthophosphate reacts with ammonium molybdate and ammonium vanadate to form
a yellow phospho-vanado-molybdate complex (Sarikhani et al., 2016; Nobahar et al., 2017).
Absorbance was measured spectrophotometrically at 720 nm (Perkin-Elmer Instrument,
Lambda 25, UV-VIS Spectrometer), and soluble phosphorus concentration was calculated
using a calibration curve prepared with known phosphate standards. Finally, the pH of each
culture was recorded using a digital pH meter (Hanna Instruments, HI5222, USA).

3.4 Metabolite analysis

Bacterial strains showing phosphorus-solubilizing activity were cultured in liquid NBRIP
containing tricalcium phosphate or rock phosphate as P source. For each strain and condition,
three independent biological replicates were used. Cultures were inoculated as described
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above and incubated at 30 °C under agitation (180 rpm) for 7 days. Then, culture filtrates
were collected and subjected to metabolite extraction and GC-MS analysis.

3.4.1 Metabolites extraction

Culture filtrates (50 mL) were extensively extracted with ethyl acetate (EtOAc; Carlo Erba,
Cornaredo, Milan, Italy) three times, and the combined organic fractions were dried with
anhydrous sodium sulfate (Na>2SO4, Carlo Erba) and evaporated under vacuum at 40 °C in a
rotary evaporator (RV 10, IKA®-Werke GmbH &amp; Co. KG, Staufen, Germany). The
crude extracts were resuspended in ethyl acetate at a concentration of 1 mg/mL.

3.4.2 GC-MS analysis

Aliquots of EtOAc extracts were subjected to a derivatization procedure prior to GC-MS
analysis. Briefly, fractions resuspended in EtOAc were derivatized with N,O-
bis(trimethylsilyl)-trifluoroacetamide (BSTFA) (Fluka, Buchs, Switzerland) for 30 min in
an ultrasonic bath (Sonorex, Bandelin electronic GmbH & Co., Berlin, Germany). The
derivatized samples were analyzed using an Agilent 5977B MSD mass spectrometer coupled
to an Agilent 8890 GC (Agilent Technologies, Santa Clara, USA). Chromatographic and
spectrometric parameters were set using MassHunter Workstation software version 10.1.49
(Agilent Technologies), according to the method described by Vinale et al. (2020). The
identification of metabolites was achieved by comparing the deconvoluted mass spectra with
known compounds, whose spectra are collected in the NIST (National Institute of Standards
and Technology) library 20 (NIST 20).

3.5 Effects of PSMs on plant growth and productivity

3.5.1 In vitro phytotoxicity of rock phosphate

Preliminary evaluation of potential phytotoxic effects of rock phosphate (RP) was performed
according to the protocol described by Daohui (2007). The assay was carried out in sterile
Petri dishes (@ 20 cm) containing nutrient broth supplemented with 0.7% (w/v) agar and
finely ground rock phosphate at 1, 2, 4, or 6 % (w/v). Medium prepared without rock
phosphate were used as control. Wheat (Triticum aestivum L.) seeds were surface sterilized
by immersion in 10% (v/v) sodium hypochlorite for 10 min, thoroughly rinsed with sterile
distilled water, and air-dried under sterile conditions for 24 h. Ten seeds were evenly
distributed in each Petri dish and incubated at 25 °C under controlled light and humidity
conditions. Seed germination was recorded daily and expressed as a percentage of
germinated seeds, considering radicle emergence as the criterion for germination After 7
days of incubation, radicle length was measured to assess potential phytotoxic effects of rock
phosphate on early root development. Each treatment was prepared in three independent
biological replicates.
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3.5.2 In vivo assay on wheat (Triticum aestivam L.) plants

A pot experiment was conducted to evaluate the effects of three phosphate-solubilizing
bacterial strains (Pseudomonas putida RPT12 - PSE; Bacillus megaterium FBM09- MEGA;
Bacillus pumilus FBPO1 - PUMI) on the growth of wheat (Triticum aestivum L.) and their
ability to enhance phosphorus availability from different phosphorus sources.

Each bacterial strain was left to grow in flasks for 72 hours at 30 °C and 150 rpm (ODseoo =
0.7, corresponding to approximately 10’ CFU mL™). Culture broths were centrifuged at
10.000 g for 10 min and the pellets were resuspended in sterile saline solution (0.9% NaCl).
Wheat seeds, surface-sterilized with 1% sodium hypochlorite, were submerged in 20 mL of
the cell suspension. The seeds were incubated for 2 h on a rotary shaker (80 rpm, 25 °C) to
allow bacterial adhesion to the seed surface. Following incubation, the excessive bacterial
inoculum was removed using sterile filter paper, and the seeds were immediately sown in @&
16 cm pots containing sterile vermiculite that were arranged in a completely randomized
block design (Correa et al., 2009). Insoluble rock phosphate (RP) or soluble KH2PO. were
supplemented to the substrate at commonly recommended agronomic rates (Table 3.1).
Plants were irrigated every ten days with 20 mL of a modified Hoagland nutrient solution
(Hoagland and Arnon, 1950), where RP (1% w/V) or KH2PO. (1M) were added as the only
phosphorus source. Bacterial suspensions (20 mL plant™') were applied every 15 days.
Control treatments received the same nutrient solution without bacterial inoculation.

Plants were grown in a controlled growth chamber with a photoperiod of 16 h light and 8 h
dark and a temperature regime ranging from 15 °C (night) to 25 °C (day). The experiment
consisted of a total of eight treatments Uninoculated plants irrigated with either RP or
KH2POs served as controls (Table 3.1). Each treatment consisted of nine independent
biological replicates.
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plants grown in vermiculite.

Table 3.1. List of the experimental conditions applied to the wheat (Triticum aestivum L.)

N. Condition Bacterial strain Phosphorus P form P Dose
source
1 RP - Rock phosphate Insoluble 1%
(W/v)
2 K - KH:PO4 Soluble 1M
3 PSE+RP P. putida RPT12  Rock phosphate Insoluble 1%
(W/v)
4 PSE+K P. putida RPT12  KH2POx Soluble 1M
5 MEGA+RP B. megaterium Rock phosphate Insoluble 1%
FBMO09 (W/v)
6 MEGA+K B. megaterium KH:PO4 Soluble 1M
FBMO09
7 | PUMI+RP B. pumilus FBPO1  Rock phosphate Insoluble 1%
(W/v)
8  PUMI+K B. pumilus FBPO1 | KH2POs Soluble 1M

Germination was evaluated five days after sowing, and plants were harvested 30 days after
emergence. The following growth parameters were recorded: shoot length, root length, shoot
and root fresh weights. For dry weight determination, the samples were dried in an oven at
50 °C for 72 hours.

The chlorophyll content of wheat leaves was estimated by the average of nine readings per
plant using a chlorophyll meter (SPAD-502Plus, Konica Minolta Sensing Europe B.V.,
Nieuwegein, The Netherlands). The results were expressed as absolute values in a range
from 0 to 99.

3.5.3 In vivo assay on tomato (Solanum lycopersicum L.) plants — Experiment I

3.5.3.1 Plant material and bacterial inoculations

In this experiment, tomato seeds (Solanum lycopersicum cv. Tydona) were treated with cell
suspensions of B. megaterium FBMO09, B. pumilus FBPO1, P. putida RPT12 or P.
salmasensis POES54, prepared as described above. Specifically, seeds were submerged in 20
mL of each cell suspension (approximately 107 CFU mL"). Water-treated seeds were used
as controls. The seeds were incubated for 2 h on a rotary shaker (80 rpm, 25 °C) to allow
bacterial adhesion to the seed surface. Following incubation, the excessive bacterial
inoculum was removed using sterile filter paper, and the seeds were immediately sown in
plastic pots (@ 16 cm), each containing a 1:1 (v/v) mixture of soil and sand to reduce the
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naturally occurring phosphorus content. The final concentration of available phosphorus in
the soil was 50 ppm as determined using the Olsen method (Olsen et al, 1954).

3.5.3.2 Experimental design

The experiment was conducted under greenhouse conditions from June to July 2024 and
included a total of 15 conditions, as shown in Table 3.2. Inoculated seeds were grown: 1)
without any P supplementation; ii) with P supplementation as insoluble rock phosphate (RP);
iii) with P supplementation as soluble KH.PO. (K). Uninoculated controls were also
included (CTRL; Table 3.2). Each treatment included 8 independent biological replicates.
Bacterial suspensions were applied to the soil every 10-14 days at 10° CFU/mL for a total of
4 applications (Table 3.3). Hoagland solution was applied to the soil every 7-10 days (Table
3.3). Foliar applications of Ca and Mg were carried out twice (July 4 and 12) during the
experiment.

The pots were setup in a completely randomized design, and the plants were grown under
greenhouse conditions (day/night temperature 28 °C/18 °C; humidity 50—60%; day length
14 h) for 60 days and watered when necessary.
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Table 3.2. List of experimental conditions applied to tomato plants grown in pots under

greenhouse conditions (Experiment I).

Condition Bacterial strain

CTRL None

RP None

K None

PSE P. putida RPT12

PSE+RP P. putida RPT12

PSE+K P. putida RPT12

MEGA B. megaterium
FBMO09

MEGA+RP B. megaterium
FBMO09

MEGA+K B. megaterium
FBMO09

PUMI B. pumilus
FBPO1

PUMI+RP B. pumilus
FBPO1

PUMI+K B. pumilus
FBPO1

PO P. salmasensis
POE54

PO+RP P. salmasensis
POES54

PO+K P. salmasensis
POE54

Table 3.3. List
conditions (Exp

Inoculation

Phosphorus source

None
Rock phosphate

KH2POa4
None

Rock phosphate

KH2POa4
None

Rock phosphate

KH:PO4

None

Rock phosphate

KH2POs

None

Rock phosphate

KH:PO4

P form

Insoluble

Soluble

Insoluble

Soluble

Insoluble

Soluble

Insoluble

Soluble

Insoluble

Soluble

P Dose
34-68
mg /pot
1M
34-68
mg /pot
1M

34-68
mg /pot
1M

34-68
mg /pot
1M

34-68
mg /pot
1M

of treatments applied to tomato plants grown in pots under greenhouse

eriment I).

Date Hoagland solution
June 4 20 ml/plant
June 12 50 ml/plant
June 24 50 ml/plant
July 2 100 ml/plant
July 8 100 ml/plant
July 16 100 ml/plant

20 ml/plant

50 ml/plant
100 ml/plant

100 ml/plant

The Hoagland solution was prepared as follows (Hoagland and Arnon, 1938):

Bacterial suspension (10° CFU/mL)
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e 1 M KH2POa4: 1.0 mL/L; when rock phosphate was used as P source (Conditions N.
2,5,8, 11, 14; Table 3.2) or P was not supplemented to the soil (conditions N. 1, 4,
7, 10, 13; Table 3.2), KH2PO4 was not included in the solution.

e 1 MKNOs:5.0 mL/L.

e 1 M Ca(NOs)2'4H20: 5.0 mL/L.

e 1 MMgSO+7H20: 2.0 mL/L.

In the treatments with insoluble P, granular rock phosphate was applied to the soil together
with the Hoagland solution. During the first month, 34 mg of rock phosphate per pot were
applied; thereafter, the dose increased to 68 mg per pot. The amount of rock phosphate was
calculated to provide the same total phosphorus input as KH2PO4. KH2PO4 contains 22.76%
P, whereas rock phosphate contains 22% P20s, corresponding to an effective phosphorus
content of 9.6%. Accordingly, 34 mg of rock phosphate supplied an amount of phosphorus
equivalent to that provided by 50 mL of Hoagland solution containing 1 mL/L KH2POa. Each
pot contained approximately 5 kg of soil, allowing the estimation of phosphorus input on a
soil weight basis.

3.5.3.3 Sample Collection and Analysis

After two months, plants were harvested. Roots were carefully washed to remove soil
particles, and air dried. The following biometric parameters were measured: plant height,
fresh weight of the root system and shoot, number of leaves, and stem diameter. Plant
material was then oven-dried at 50 °C until constant weight was reached.

Then, samples were finely ground using a laboratory mixer and passed through a sieve. Total
phosphorus content was determined on three plants per condition. For each sample, 300 mg
of dry material were weighed and transferred into Teflon digestion vessels. Subsequently, 3
mL of 67% nitric acid were added. The vessels were hermetically sealed and placed in a
microwave digestion system (TANK eco Microwave Digestion/Extraction System, Sineo
Microwave Chemistry Technology Co., Ltd.), using the following program: (I) initial ramp
to 120 °C for 5 min; (II) ramp from 120 to 200 °C for 10 min; (IIT) hold at 200 °C for 15
min. After digestion, samples were allowed to cool for approximately 1 hour, then
transferred under a fume hood to evaporate excess acid. Finally, the solutions were brought
to a final volume of 25 mL, transferred into appropriate containers, and stored at 4 °C.

An aliquot (1.0 mL) of the mineralized sample was transferred into a 50 mL volumetric flask
containing 10 mL of deionized water. Two drops of phenolphthalein indicator were added
(colorless under acidic conditions). The solution was neutralized by adding sodium
hydroxide (NaOH) dropwise until the appearance of a faint, persistent pink coloration. In
cases of over-neutralization, the pH was carefully adjusted by dropwise addition of sulfuric
acid (H2S0Oa). Subsequently, 10 mL of the colorimetric reagent were added, and ultrapure
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water was used to bring the volume to approximately 45 mL. After allowing the reaction to
proceed for 2 h at room temperature, the solution was diluted to the final volume (50 mL)
with ultrapure water and thoroughly mixed. Phosphate concentration was determined
spectrophotometrically using a modified molybdenum blue method based on Murphy and
Riley (1962) and adapted from Hurtado et al. (2008). Absorbance was measured at 720 nm
using a UV-Vis spectrophotometer.

3.5.4 In vivo assay on tomato (Solanum lycopersicum L.) plants — Experiment I1

3.5.4.1 Plant material and experimental conditions

A second experiment was conducted on tomato plants (Solanum lycopersicum L., hybrid cv.
Tydona) that were grown in a tunnel greenhouse for 90 days from May to August 2024.
Seedlings were treated with the same bacterial cell suspensions as described in Experiment
I. Three-week-old seedlings were transplanted into plastic pots (@ 28 cm), each containing
the same soil-sand mixture described in Experiment 1. The experimental design included 15
conditions, as reported previously in Table 3.2. For each condition, eight biological
replicates were included. The pots were arranged randomly in a tunnel greenhouse and
watered when necessary.

Prior to transplant, seedlings were inoculated with bacterial cell suspensions (10° CFU mL™)
by root dipping. Water-treated seedlings served as controls. After approximately 30 minutes,
seedlings were transplanted into pots. Subsequently, plants were subjected to the treatments,
as described in Table 3.4. Foliar applications of Ca and Mg were carried out twice (July 4
and 12) during the experiment.

Table 3.4. List of treatments applied to tomato plants grown in a tunnel greenhouse for 90
days (Experiment II).

Date Hoagland solution  Bacterial suspension (10 CFU/mL)

June 4 50 ml/plant 50 ml/plant
June 12 50 ml/plant

June 24 100 ml/plant 50 ml/plant
July 2 100 ml/plant 2X* 100 ml/plant
July 8 100 ml/plant 2X*

July 16 100 ml/plant 2X* 200 ml/plant
July 25 100 ml/plant 2X*

August 1 100 ml/plant 2X* 200 ml/plant

*A double-strength formulation was used, corresponding to a two-fold increase
in nutrient concentration compared to the initial solution.
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The Hoagland nutrient solution was prepared as described in the previous section. As in the
greenhouse trial, in treatments receiving insoluble phosphorus, 33 mg of granular rock
phosphate per pot were applied to the soil together with the Hoagland solution during the
first 30 days; thereafter, the dose was increased to 68 mg per pot. Each pot contained
approximately 12 kg of soil, allowing the estimation of phosphorus input on a soil weight
basis.

3.5.4.2 Sample collection and analysis

Approximately three months after transplantation, tomato fruits were harvested in stages
starting from July 19 to August 27, for a total of 4 harvests. At each harvest, the entire fruit
cluster of each plant was collected. For each cluster, the following parameters were recorded:
number of fruits (green and red fruits), total fresh weight, and vertical and horizontal
diameters of two representative fruits per plant. In addition, further qualitative parameters
were determined on fruits collected from the second cluster only. For each plant, three
representative fruits were selected to determine pH using a pH meter (Hanna Instruments
HI5222, USA), fresh and dry weight, and soluble solids content (°Brix), measured using a
portable refractometer.

3.5.5 In vivo assay on tomato (Solanum lycopersicum L.) plants — Experiment 111

3.5.5.1 Plant material and experimental conditions

In this experiment, tomato plants (Solanum lycopersicum cv. ciliegino) were inoculated with
the bacterial strains B. megaterium FBMO9, B. pumilus FBPO1, P. putida RPT12 and P.
salmasensis POE54 to evaluate their efficacy in promoting plant growth and phosphate
solubilization in P-deficient conditions. Bacterial cell suspensions (approximately 10® CFU
mL™") were prepared as described above. Three weeks old seedlings were transplanted into
28 cm diameter pots, each containing 12 kg of a 1:1 (v/v) mixture of soil and sand to reduce
the naturally occurring phosphorus content. Specifically, the final concentration of available
phosphorus in the soil was 10 ppm as determined using the Olsen method (Olsen et al, 1954).

The experiment was conducted in a tunnel greenhouse during the period May—July 2025 and
included a total of 10 conditions, as shown in Table 3.5. Plants were grown: i) without any
P supplementation, or ii) with P supplementation as insoluble rock phosphate (RP).
Uninoculated controls included plants supplemented with KH.PO4 (CTRL; Table 3.5) and
those supplemented with rock phosphate (RP; Table 3.5). Each treatment included 15
independent biological replicates. Pots were arranged according to a randomized complete
block design with three blocks days and watered when necessary.
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Table 3.5. List of experimental conditions applied to tomato plants grown in pots under
greenhouse conditions (Experiment III).

N. Treatment Bacterial strain Inoculation Phosphorus source P form P Dose

1 | CTRL None — KH2PO4 — =

2 RP None — Rock phosphate Insoluble 1% (w/v)

3 PSE P. putida RPT12 i None = =

4 PSE+RP P. putida RPT12 + Rock phosphate Insoluble 1% (w/v)

5 | MEGA B.  megaterium + None = =
FBMO09

6 MEGA+RP B. megaterium + Rock phosphate Insoluble 1% (w/v)
FBMO09

7 | PUMI B. pumilus 4 None - —
FBPO1

8 PUMI+RP B pumilus + Rock phosphate Insoluble 1% (w/v)
FBPO1

9 PO P.  salmasensis 4 None — —
POE54

10  PO+RP P.  salmasensis + Rock phosphate Insoluble 1% (w/v)
POES54

Prior to transplant, seedlings were inoculated with bacterial cell suspensions (106 CFU mL™")
by root dipping. Water-treated seedlings served as controls.

Three applications of macronutrients (nitrogen, potassium, and two different forms of
phosphorus) were carried out. The first application was performed two days after
transplantation, while the remaining two were applied during fruit development,
approximately 30 and 60 days after transplantation.

The nitrogen supply was calculated based on the amount of soil per plant. In summary,
nutrients (NPK) were applied at rates of:

e 120 mg N kg™ soil,

e 160 mgK kg™ soil,

e 100 mgP kg™ soil.
Phosphorus was applied in two different forms: rock phosphate or a soluble phosphorus
source, with each treatment receiving only one phosphorus source, according to the
experimental design.

After transplant, plants were subjected to the treatments, as described in Table 3.6. Foliar
applications of Ca and Mg were carried out twice (July 2 and 22) during the experiment.
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Table 3.6. List of treatments applied to tomato plants grown in a tunnel greenhouse in P-
deficient soil (Experiment III).

Date NPK Bacterial suspension (10° CFU/mL)

May 9 X

May 12 50 ml/plant
May 26 50 ml/plant
June S X

June 9 50 ml/plant
June 23 100 ml/plant
July 7 100 ml/plant
July 10 X

July 15 200 ml/plant
July 30 200 ml/plant

3.5.5.2 Sample collection and analysis

Approximately three months after transplantation, tomato fruits were harvested in stages
starting from July 07 to August 7, for a total of 4 harvests. At each harvest, the entire fruit
cluster of each plant was collected. Sample collection and analyses were carried out as
described for Experiment I1.

In addition, after the third harvest, four fully expanded true leaves were selected and
collected from three plants per condition. Leaf samples were placed in a drying oven until a
constant weight was reached. The dried samples were then finely ground and sieved to obtain
a homogeneous powder suitable for subsequent analyses. P content was determined
spectrophotometrically as described previously (Par. 3.5.3.3).

3.6 Statistical analysis

Data were presented as mean + standard deviation (SD) of three replicates. Results were
analyzed by one-way analysis of variance (ANOVA) using SigmaPlot software (Systat
Software Inc., San Jose, CA, USA). Mean comparisons were performed using Bonferroni’s
post-hoc test. Differences were considered statistically significant at p < 0.05.
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4. RESULTS

4.1 Phenotyping of bacterial species

The selected bacterial isolates were subjected to a comprehensive phenotypic
characterization to evaluate their physiological traits and functional potential related to plant
growth promotion and phosphorus solubilization. /n vitro assays were performed to assess
their tolerance to abiotic stress, antimicrobial activity against phytopathogens, metabolic
versatility, and the production of key functional metabolites such as siderophores.

Salt tolerance was investigated to determine the adaptability of the strains to osmotic stress
conditions, while dual culture assays were conducted to evaluate their potential biocontrol
activity against major phytopathogenic fungi. Furthermore, metabolic profiling using the
BIOLOG™ GEN III system provided insights into substrate utilization patterns and
physiological robustness. Functional traits directly associated with plant growth promotion,
including siderophore production and phosphate solubilization capacity, were also assessed.

All Bacillus strains were Gram-positive rods, while Pseudomonas strains were Gram-
negative rods, consistent with their taxonomic classification. Colonies showed typical
morphology for each genus when grown on nutrient agar.

4.1.1. Salt tolerance

The halotolerance of the bacterial species was evaluated in Nutrient Broth supplemented
with increasing NaCl concentrations (0.5, 1, and 1.5 M), using salt-free medium as control.
Growth responses at 24 h revealed strain-specific tolerance patterns under osmotic stress.
Bacterial growth was assessed by colony-forming unit (CFU) counts, and the results were
expressed using a semi-quantitative scale: (+++) indicating growth comparable to the
control, (++) indicating moderate growth reduction, and (+) indicating limited bacterial
growth (Table 4.1).

At 24 h, P. putida RPT12 showed a slight but significant reduction in cell density with
increasing salt concentration, although the growth remained high across all treatments,
indicating good tolerance up to 1.5 M NaCl. B. megaterium FBMO09 exhibited a clear salt-
dependent inhibition, with reduced growth starting from 0.5 M NaCl.

In contrast, B. pumilus FBPO1, B. subtilis FBSO07, and B. amyloliquefaciens FBA21
maintained growth levels comparable to the control even at the highest NaCl concentration
tested, confirming strong halotolerance (Table 4.1). Conversely, P. salmasensis POES4 was
the most sensitive strain, showing a marked and dose-dependent reduction in growth under
saline conditions.
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Overall, the results indicate a high level of salt tolerance in most of the Bacillus species used
in this work.

Table 4.1. Evaluation of salt tolerance of B. amyloliquefaciens FBA21(AMY), B. subtilis
FBS07 (SUB), B. megaterium FBM09 (MEGA), B. pumilus FBPO1 (PUMI), P. putida
RPT12 (PSE), P. salmasensis POE54 (PO), grown in nutrient broth (NB) supplemented with
0.5M, 1 M or 1.5 M NaCl. CTRL= salt-free NB. +++ = high; ++ = moderate; + = limited
salt tolerance compared to CTRL.

AMY SUB MEGA PUMI PSE PO
CTRL +++ +++ +++ +++ +++ +++
NaClO.5M +++ +++ ++ +++ ++ ++
NaCl1 M +++ +++ + +++ + +
NaCl1.5M +++ +++ + +++ + +
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4.1.2 In vitro antimicrobial activity against phytopathogenic fungi

The biocontrol potential of the selected bacterial strains was evaluated in vitro by dual
culture assays against three major phytopathogenic fungi: Fusarium oxysporum, Alternaria
alternata and Botrytis cinerea. The antimicrobial activity was expressed as percentage of
radial growth inhibition (PRGI) in presence of the bacterial strain, compared to the mean
radial growth of the fungal colony in the control plates (Khamsuk et al., 2024).

The inhibition of B. cinerea varied significantly among treatments (Fig. 4.1). The highest
PRGI was observed in the B. amyloliquefaciens FBA21 treatment (approximately 58%),
which was statistically different from all other treatments. B. subtilis FBS07 also showed a
relatively high inhibition (around 55%), although significantly lower than B.
amyloliquefaciens.

Intermediate inhibition levels were recorded for B. pumilus FBPO1, P. salmasensis POES4
and P. putida RPT12 treatments, with values ranging between approximately 44% and 46%.
These treatments were not significantly different from each other and were grouped in the
same statistical category. The lowest inhibition was observed in the B. megaterium FBM09
treatment (approximately 33%), which was significantly lower than all other treatments.
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Figure 4.1. Percentage of B. cinerea radial growth inhibition (PRGI) observed in vitro in
presence of different bacterial strains: B. amyloliquefaciens FBA21 (amy), B. subtilis FBS07
(sub), B. pumilus FBPO1 (pumi), B. megaterium FBMO09 (mega), P. salmasensis POE54 (po),
P. putida RPT12 (pse). Different letters indicate statistically significant differences (one-
way ANOVA at the 0.05 level of significance).

The growth of F. oxysporum was also differently affected by the presence of the bacterial
species (Fig. 4.2). The highest inhibition percentages were observed for Bacillus
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amyloliquefaciens FBA21 and B. pumilus FBPO1 both showing values of approximately 34—
35% and belonging to the same statistical group.

B. subtilis FBSO7 exhibited a moderate inhibition effect (around 23%), which was
significantly lower than B. amyloliquefaciens FBA21 and B. pumilus FBPO1. In contrast,
Bacillus megaterium FBMO09, P. salmasensis POE54, and P. putida RPT12 showed very low
inhibition percentages (< 5%; fig. 4.2) and were not significantly different from each other.

Overall, the results indicate that B. amyloliquefaciens FBA21 and B. pumilus FBPO1 were
the most effective in inhibiting F. oxysporum, whereas the other strains exhibited limited or
negligible antifungal activity.
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Figure 4.2. Percentage of F. oxysporum radial growth inhibition (PRGI) observed in vitro
in presence of different bacterial strains: B. amyloliquefaciens FBA21(amy), B. subtilis
FBSO07 (sub), B. pumilus FBPO1 (pumi), B. megaterium FBMO09 (mega), P. salmasensis
POES4 (po), P. putida RPT12 (pse). Different letters indicate statistically significant
differences (one-way ANOVA at the 0.05 level of significance).

Similarly, in the case of A. alternata the pathogen growth was significantly reduced by the
Bacillus species (Fig. 4.3). The highest PRGI was observed for Bacillus amyloliquefaciens,
reaching approximately 54%, and forming a distinct statistical group. Bacillus subtilis
FBS07 showed a lower but still substantial inhibition (around 45%), significantly different
from B. amyloliquefaciens. B. pumilus FBPO1 exhibited intermediate inhibition levels
(approximately 40%), forming a separate statistical group. The other bacterial species (B.
megaterium FBMO09, P. salmasensis POES4 and P. putida RPT12) showed limited or no
antifungal effect.
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Figure 4.3. Percentage of A. alternata radial growth inhibition (PRGI) observed in vitro in
presence of different bacterial strains: B. amyloliquefaciens FBA21(amy), B. subtilis FBS07
(sub), B. pumilus FBPO1 (pumi), B. megaterium FBMO09 (mega), P. salmasensis POE54 (po),
P. putida RPT12 (pse). Different letters indicate statistically significant differences (one-
way ANOVA at the 0.05 level of significance).

4.1.3 Functional characterization of bacterial species

The application of a semi-automated phenotypic/physiological BIOLOG™ system allows
the metabolic and physiological characterization of bacterial isolates, ensuring preliminary
classification of bacteria into the genus and even to the species level (Wozniak et al., 2019).
After incubation of the GEN III MicroPlates at 33°C, readings were performed at 24 hours.
Results were interpreted based on the development of purple coloration in the wells,
indicating reduction of tetrazolium dye and therefore metabolic activity of the tested strains.

At 24 hours, purple coloration was already visible in several carbon source wells for all
tested isolates. The negative control well (A1) remained colorless, confirming the absence
of false-positive reactions.

The results allowed the phenotypic characterization and metabolic profiling of the following
bacterial species.
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- B. amyloliquefaciens

The isolate exhibited a broad metabolic spectrum, showing positive oxidation (indicated by
the development of a purple formazan dye) for a wide range of substrates after 24/48 hours
of incubation (Fig. 4.4).

Carbohydrates: The strain showed a high preference for hexoses, pentoses, and
disaccharides (Rows A-C), including key sugars such as glucose, fructose, and maltose. This
intense metabolic activity suggests efficient enzymatic machinery for complex carbohydrate
degradation.

Organic Acids: Positive reactions were recorded for various carboxylic acids and amino
acids (Rows E-H). The utilization of substrates like L-alanine (E-3), L-glutamic acid (E-6),
and Citric Acid (G-5) highlights the strain's ability to thrive on common root exudates.

Chemical Sensitivity and Stress Tolerance: The profiling confirmed the strain's
robustness, showing active growth under acidic conditions pH 6.0 (A-11) and tolerance to
salinity (NaCl 1% to 8%, B10-B12).
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Figure 4.4. Phenotypic metabolic fingerprint of B. amyloliquefaciens FBA21 using the
Biolog GEN III MicroPlate system. Legend: + : positive result; - : negative result; NB: weak
reaction.

- B. pumilus FBP01

The metabolic fingerprinting shows a distinct pattern of substrate utilization compared to
other isolates (Fig. 4.5).

Metabolic Breadth and Activity: The isolate demonstrated a strong and rapid oxidative
response towards a wide array of carbon sources. A dense cluster of positive reactions was
observed in columns 2 through 5, indicating an exceptional ability to metabolize various
carbohydrates (such as D-Melibiose B-3 and D- Salicin B-5) and amino acids (L-aspartic
acid E-5, D-Glucuronic Acid F-5 and Citric Acid G-5).

Chemical Sensitivity: The physiological profile confirmed the strain's resilience to
environmental stressors. B. pumilus FBPO1 exhibited robust growth at acidic pH (6.0) and
maintained metabolic activity across a gradient of salinity, 1% NaCl (B-10), 4% NaCl(B-
11) and 8% Nacl (B-12). Regarding chemical sensitivity (columns 11-12), the isolate
remained sensitive to several inhibitory agents, including Sodium Bromate (H-12), as
evidenced by the lack of color development in the respective wells.
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Figure 4.5. Phenotypic metabolic fingerprint of B. pumilus FBPO1 using the Biolog GEN
II MicroPlate system. Legend: +: positive result; -: negative result; NB: weak reaction.

- B. subtilis FBS07

The metabolic fingerprinting of B. subtilis FBS07 (Figure 4.6) reveals a highly dynamic and
selective substrate utilization pattern, clearly distinguishing it from other isolates:

Metabolic Breadth and Activity: The isolate demonstrates a strong oxidative response
toward complex sugars and polymers, with robust positive reactions for Dextrin (A-2), D-
Maltose (A-3), and Gentiobiose (A-6). However, compared to other strains, it exhibits more
pronounced selectivity regarding hexoses: while it readily metabolizes D-Glucose (C-1) and
D-Fructose (C-3), it shows negative or negligible responses toward D-Galactose (C-4) and
L-Fucose (C-7). Its metabolic efficiency is further highlighted by the strong utilization of
amino acids, particularly L-Alanine (E-3), L-Arginine (E-4), and L-Glutamic Acid (E-6).

50



Chemical Sensitivity and Stress Tolerance: The physiological profile underlines
significant environmental robustness. B. subtilis FBS07 exhibits exceptional salinity
tolerance, maintaining vigorous growth not only at 1% (B-10) and 4% (B-11) but also at 8%
NaCl (B-12), suggesting superior osmotic adaptation.

Regarding chemical sensitivity (columns 10-12), the isolate shows marked resistance to
Lithium Chloride (G-11) and Sodium Butyrate (H-11), while remaining sensitive to
inhibitory agents such as Fusidic Acid (C-11) and Minocycline (D-12), as evidenced by the
lack of color development.
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Figure 4.6. Phenotypic metabolic fingerprint of B. subtilis FBSO7 using the Biolog GEN III
MicroPlate system. Legend: + : positive result; - : negative result; NB: weak reaction.

- B. megaterium FBMO09

The phenotypic profile of B. megaterium FBMO09 reflects its reputation as a "giant" of the
Bacillus genus, not just in size but in its versatile metabolic capabilities, particularly
regarding sugar alcohols and organic acids (Fig. 4.7).

51



Metabolic Breadth and Activity: B. megaterium FBMO09 shows a very broad carbohydrate
utilization range. Strong positive reactions are seen for Dextrin (A-2), D-Maltose (A-3), and
Sucrose (A-7). A defining characteristic in this specific profile is its ability to utilize Myo-
Inositol (D-4).

This isolate shows a preference for certain sugar alcohols and exhibits metabolic activity in
the amino acid sector, specifically L-Alanine (E-3).

Chemical Sensitivity and Resilience: Regarding environmental stress, the strain
demonstrated an adaptive capacity to moderately acidic conditions at pH 6 (A-11) and pH 5
(A-12). A similar pattern was observed in response to osmotic stress, where the isolate
showed significant resistance to high salt concentrations, managing to proliferate in the
presence of 8% NaCl (B-12). These findings delineate a physiological profile characterized
by a specific window of environmental tolerance of acidity and salinity.
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Figure 4.7. Phenotypic metabolic fingerprint of B. megaterium FBMO09 using the Biolog

GEN III MicroPlate system. Legend: + : positive result; -

reaction.

: negative result; NB: weak
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-  Pseudomonas salmasensis POE5S4

The Biolog GEN III microplate analysis for the isolate showed a different metabolic
spectrum, compared to the Bacillus species analysed in the present work (Fig. 4.8).

Metabolic Breadth and Substrate Preference: Unlike the Bacillus isolates, P. salmasensis
POES4 exhibited a more selective carbon source utilization. A significant number of
negative reactions (colorless wells) were observed in the carbohydrate and hexose sectors
(Rows A-B). In contrast, the strain showed strong metabolic activity (intense purple
coloration) for organic acids and amino acids (Rows C-H). Specifically, the rapid oxidation
of substrates such as Citric Acid (G-5), L-Lactic Acid (G-4) and D-Glucuronic Acid (F-5)
suggests a metabolism highly optimized for the Krebs cycle intermediates typically found in
plant root environments.

Chemical Sensitivity: Despite a broad metabolic potential, the isolate exhibited low
tolerance to salinity. This was evidenced by absent coloration in wells C-10 (4% NacCl), and
D-10 (8% NaCl). Based on the Biolog GEN III map, the strain remained active in the
presence of Rifamycin SV (D-11), Lincomycin (E-10) and Vancomycin (F-10). The
isolation also showed resistance to selective agents such as Potassium Tellurite (G-12).
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Figure 4.8. Phenotypic metabolic fingerprint of P. salmasensis POE54 using the Biolog
GEN III MicroPlate system. Legend: +: positive result; -: negative result; NB: weak reaction

- Pseudomonas putida RPT12

Finally, Fig. 4.9 shows the phenotypic metabolic fingerprint of P. putida RPT12.

Metabolic Breadth and Activity: The metabolic fingerprint of P. putida RPT12 reveals a
highly specialized substrate utilization pattern, primarily oriented toward organic acids and

amino acids rather than complex carbohydrates. The isolate exhibited an oxidative
preference for various carboxylic acids, such as D-Gluconic Acid (C-1), Citric Acid (G-5),
and L-Malic Acid (G-7), as well as a broad spectrum of amino acids including L-Alanine
(E-3), L-Arginine (E-4), and L-Histidine (E-7). Conversely, carbohydrate metabolism was
notably restricted; while the isolate successfully metabolized D-Glucose, it showed no
metabolic activity toward most sugars, including D-Maltose (A-3), and Sucrose (A-7), which

is consistent with the non-fermentative nature of the genus Pseudomonas.
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Chemical Sensitivity and Physiological Resilience: The isolate demonstrated a unique
chemical sensitivity profile characterized by resilience to several inhibitory agents. P. putida
RPT12 showed metabolic activity in the presence of Vancomycin (F-10), Troleandomycin
(D-10), and Guanidine HCI (E-11), indicating intrinsic resistance to these compounds.
Regarding environmental stress, the strain exhibited significant resilience to acidic
conditions, maintaining growth at both pH 6 (A-11) and pH 5 (A-12).
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Figure 4.9. Phenotypic metabolic fingerprint of P. putida RPT12 using the Biolog GEN III
MicroPlate system. Legend: +: positive result; -: negative result; NB: weak reaction.

4.1.4 Production of iron-chelating compounds

The screening for siderophore production revealed a high frequency of producers among the
tested isolates, with varying degrees of efficiency. The qualitative CAS-agar assay (Tab. 4.2)
provided an initial assessment of the iron-chelating capacity based on the formation of
orange-yellow halos.
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P. putida RPTI2 and P. salmasensis POE54 showed the highest qualitative activity,
producing wide and bright halos. Conversely, the Bacillus species (B. subtilis FBS07, B.
amyloliquefaciens, B. pumilus FBPO1) yielded only weak reactions (Score 1), and no halo
was detected for B. megaterium FBM09.

Table 4.2. Qualitative assessment of siderophore production on CAS-agar plates. The iron-
chelating activity was evaluated based on the diameter and intensity of the color change
(from blue to orange/yellow) around the bacterial colonies. The scoring system is defined as
follows: (0) Negative, no halo; (1) Weak; (2) Moderate; (3) Strong. Results represent the
average of three independent replicates.

Bacterial species Siderophore production
(Score)
B. amyloliquefaciens 1
B. subtilis FBS07 1
B. pumilus FBP01 1
B. megaterium FBM09 0
P. putida RPT12 3
P. salmasensis POE54 3

The quantitative analysis through the CAS-shuttle assay provided a precise measurement
of the iron-sequestering efficiency in liquid culture supernatants. The results, expressed as
a percentage of Siderophore Units (SU%), are detailed in Table 4.3.

While P. putida RPT12 showed the highest production (32.7%), B. subtilis FBS07 and B.
pumilus FBPO1 showed surprisingly high quantitative values (>30%), in contrast with their
weak performance on solid agar. Conversely, P. salmasensis POES4, despite its strong
qualitative halo, yielded the lowest quantitative percentage (11.6%).
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Table 4.3. Quantitative estimation of siderophores in cell-free supernatants using the CAS-
shuttle assay. Data represents the mean standard deviation of three independent biological
replicates (n=3). Different lowercase letters indicate statistically significant differences
between the isolates according to Bonferroni test (p < 0.05).

Bacterial species Siderophore Units (%)
P. putida RPT12 327+x12a
B. subtilis FBS07 31.7+15a
B. pumilus FBP01 305«1.1a
B. amyloliquefaciens FBA21 21.1+1.20b
B. megaterium FBMO09 196+13Db
P. salmasensis POE54 11.6+0.6 ¢

4.1.5 In vitro phosphate-solubilizing ability

Phosphate solubilization was evaluated on two solid media, PVK and NBRIP, both
containing with Cas(PO4): as the sole inorganic phosphorus source. From 3 to 9 days of
incubation, halo formation was observed exclusively in Pseudomonas salmasensis POE54,
Bacillus pumilus FBPOl and Pseudomonas putida RPT12, indicating their ability to
solubilize tricalcium phosphate (Fig. 4.10). No detectable halo was observed for Bacillus
megaterium FBMO09, Bacillus subtilis FBSO7, or Bacillus amyloliquefaciens FBA21 on
either medium.
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Figure 4.10. Phosphate solubilization on solid media inoculated with B. megaterium
FBMO09, B. pumilus FBPOl and P. putida RPT12, after 7 days of incubation. Left:
Pikovskaya’s (PVK) agar medium. Right: National Botanical Research Institute's phosphate
growth medium (NBRIP).

For the strains exhibiting phosphate solubilization, the Solubilization Index (SI) and
Solubilization Efficiency (SE) were calculated for both growth media. The Solubilization
Index (SI) considers both the colony diameter and the diameter of the surrounding halo,
thereby reflecting the overall phosphate-solubilizing capacity. In contrast, the Solubilization
Efficiency (SE) represents the ratio between the halo diameter and the colony diameter,
providing a measure of the relative effectiveness of phosphate solubilization in relation to
bacterial growth.

Among the tested strains, Pseudomonas salmasensis POES54, Bacillus pumilus FBPO1, and
Pseudomonas putida RPT12 produced visible halo zones surrounding the colonies,
indicating their ability to solubilize tricalcium phosphate. Both parameters increased
progressively over the incubation period for the three solubilizing strains. Across all time
points, SI values were significantly higher in NBRIP medium compared to PVK (Fig. 4.11
A). At the end of incubation, the highest SI values were recorded in NBRIP for all three
strains, with Pseudomonas salmasensis POES54 (1.95) showing the greatest solubilization
index, followed by Bacillus pumilus FBPO1 (1.9) and Pseudomonas putida RPT12 (1.4).

A similar trend was observed for SE (Fig. 4.11 B). Solubilization efficiency was consistently
higher in NBRIP than in PVK, with statistically significant differences detected up to day 3-
9. The greatest SE values were observed in Pseudomonas salmasensis POES54, whereas
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Bacillus pumilus FBPO1 and Pseudomonas putida RPT12 exhibited comparatively lower,
yet measurable, efficiencies.

Overall, NBRIP medium promoted greater halo formation and higher SI and SE values
compared to PVK.
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Figure 4.11. (A) Solubilization Efficient (SI) and (B) Solubilization Index (SE) of Bacillus
pumilus FBPO1 (PUMI), Pseudomonas putida RPT12 (PSE), and P. salmasensis POE54
(PO) grown on Pikovskaya’s (PVK) agar medium and National Botanical Research
Institute's phosphate growth medium (NBRIP), containing calcium phosphate (Cas(POa)2)
as insoluble inorganic phosphorus source.

4.1.6 Bacterial growth in presence of Rock Phosphate (RP)

The growth of bacterial species was monitored for 48h in both standard PVK (containing
KH:PO+ as P source) and a modified PVK medium (containing phosphorite or rock
phosphate as P source). Bacterial growth was quantified as log CFU mL* (Fig. 4.12).

In both conditions, strains P. salmasensis POE54 and P. putida RPT12 exhibited the highest
growth rates, reaching the stationary phase between 16 and 19 hours and achieving
maximum cell densities of approximately 9.5 log CFU/mL. B. pumilus FBPO1 showed a
strong performance in standard PVK, reaching its peak growth after 24 hours before
experiencing a slight decline after 48 hours of incubation; however, in PVK+RP medium, it
demonstrated a more stable and sustained growth profile.
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A notable divergence was observed in the performance of B. megaterium FBMO09: in
standard PVK, it showed a steady and gradual increase, whereas in PVK+RP, it underwent
a significant lag or deceleration between 12 and 19 hours before exhibiting a sharp
exponential surge to surpass 8.5 log CFU/mL by the 24-hour mark, suggesting a specific
metabolic adaptation to the added phosphorus. B. amyloliquefaciens FBA21 and B. subtilis
FBSO07 displayed the most stable and reproducible kinetics, maintaining a consistent plateau
near 8 log CFU/mL regardless of the medium composition.

Overall, these results indicate that while P. salmasensis POE54 and P. putida RPT12 are the
most robust candidates for biomass production, the phosphorus-enriched medium
significantly improves the stability of strains like B. pumilus FBPO1 and modulates the
adaptive responses of others like B. megaterium FBMO09 (Fig. 4.12). Statistical analysis
revealed no significant differences in growth between PVK complete medium (with soluble
phosphorus) and PVK substituted with phosphorite for any of the tested strains. The only
exception was Bacillus pumilus FBPO1, which exhibited a significantly higher cell density
in PVK+RP after 19 h of incubation (Fig. 4.12).
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Growth curves of bacteria in PVK
Growth curves of bacteria in PVK+RP
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Figure 4.12. Growth curves of bacteria B. megaterium FBM09 (MEGA). B. subtilis FBS07
(SUB), B. amyloliquefaciens FBA21(AMY), B. pumilus FBPO1 (PUMI), P. putida RPT12
(PSE), P. salmasensis POE54 (PO) in PVK medium (A) and PVK modified by the addiction
of rock phosphate, RP (B), from 0 to 48 hours.

4.2 Determination of bacterial P-solubilizing ability

In presence of rock phosphate as insoluble inorganic phosphorus (P) source, the highest
soluble P concentrations were obtained with the same three strains that had previously
induced a marked decrease in pH, namely P. putida RPT12, B, pumilus FBPO1, and B.
megaterium FBMO09. The P concentrations (mg L") measured in the culture supernatants
were 11.56, 10.02, and 8.12, respectively (Table 4.4).

In contrast, the uninoculated control containing phosphorite alone showed only 0.02 mg L™
of soluble phosphorus, indicating minimal abiotic solubilization. Compared with this
control, the presence of P. putida RPT12, B. pumilus FBPO1, and B. megaterium FBM09
resulted in an approximately 578-fold, 501-fold, and 406-fold increase in soluble phosphorus
concentration, respectively, clearly demonstrating their strong phosphorite-solubilizing
capacity.

All the other tested strains also showed phosphorus concentrations higher than the abiotic

control, indicating some degree of phosphorite solubilization; however, the increases were
minimal compared to those observed for the three most effective strains.
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Table 4.4. Evaluation of rock phosphate (RP) solubilization after 7 days of incubation of
bacterial strains in NBRIP medium containing 1% RP (w/v) as the sole phosphorus source.
The control represents the uninoculated medium. Different letters indicate values that are
significantly different according to one-way ANOVA followed by Bonferroni multiple
comparison test (p < 0.05).

Conditions Phosphorus Concentration
(mg/L)

P. putida RPT12 1156 +0.35a

B. pumilus FBP01 10.02+0.27b

B. megaterium FBM(09 8.12+0.29b

B. subtilis FBS07 0.39+0.08 ¢

B. amyloliquefaciens FBA21 0.39+0.09 ¢

Uninoculated control 0.029 + 0.0005 ¢

Figure 4.13. Visual assessment of bacterial P-solubilizing ability in presence of rock
phosphate (RP) as insoluble inorganic P source. The blue color observed in the flasks is
indicative of soluble phosphorus released from RP and corresponds to the chromogenic
reaction quantified by UV—visible spectrophotometry. Flask 1: Pseudomonas putida RPT12;
Flask 3: Bacillus subtilis FBS07; Flask 14: uninoculated control.

To investigate whether organic acid production contributed to the solubilization of inorganic
phosphate, the pH of the growth medium was measured seven days after inoculation and
compared with uninoculated controls containing only phosphorite. In addition, a control
medium supplemented with soluble phosphorus in the form of KH.PO4 was included, which
showed a final pH of approximately 4.
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Among the six strains tested, Pseudomonas putida RPT12, Bacillus megaterium FBMO09,
and Bacillus pumilus FBPO1 exhibited the most pronounced reductions in pH, indicating
strong acidifying activity likely associated with the production of organic acids. Specifically,
P. putida RPT12 caused a pH decrease of 3.3 units compared to the control, B. megaterium
FBMO09 decreased the pH by 3.2 units, and B. pumilus FBPO1 by 2.7 units (Tab. 4.5). These
results suggest that these three strains are highly effective in solubilizing insoluble inorganic
phosphate under experimental conditions.

In contrast, the remaining three strains showed significantly smaller decreases in pH, with
values ranging from approximately 1.2 to 1.5 units. This lower acidification suggests a
correspondingly lower capacity for phosphate solubilization, likely reflecting reduced
organic acid production. The observed differences in pH reduction among all six strains
indicate that the efficiency of phosphate solubilization is closely linked to the quantity and
possibly the type of organic acids produced by each bacterium.

Table 4.5. pH values measured in the culture medium after 7 days of incubation of bacterial
strains in NBRIP medium containing 1% (w/v) rock phosphate (RP) as the only phosphorus
source. Ctrl: uninoculated control; Amy: Bacillus amyloliquefaciens; Sub: B. subtilis FBS07;
Mega: B. megaterium FBMO09; Pumi: B. pumilus FBPO1; Po: Pseudomonas salmasensis
POES54; Pse: P. putida RPT12. Different letters indicate values that are significantly different
according to one-way ANOVA followed by Bonferroni multiple comparison test (p < 0.05).

Ctrl Amy Sub Mega Pumi Po Pse

NBRIP + RP 8.0a 6.8+0.2b 6.5x0.15  4.8£0.2d 53+0.15¢ 6.2+0,15 4.7+0.1d

4.3. Metabolite profiling of phosphorus-solubilizing bacteria by GC-MS
analysis

Among the species used in the present work, four bacterial strains showing the highest
phosphorus solubilization activity (Bacillus megaterium FBMO09, Bacillus pumilus FBPO1,
Pseudomonas putida RPT12 and Pseudomonas salmasensis POES54), were selected for
further analysis. The aim of this experiment was to investigate their metabolic activity under
different insoluble phosphorus sources and to characterize the metabolites potentially
involved in phosphorus solubilization.

A Principal Component Analysis (PCA) was performed on the metabolites identified via
GC-MS across the eight experimental groups. This unsupervised multivariate approach was
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employed to simplify the complexity of the metabolomic dataset, allowing for the
identification of major patterns, clusters, and outliers. By simplifying the dataset, we aimed
to determine the relative influence of two main factors: the innate biological identity of the
bacterial strains and the physiological impact of phosphorus (P) supplementation.

PCA revealed distinct clustering patterns based on both strain identity and phosphorus
availability (Fig. 4.14). PC1 and PC2 explained 30.9% and 10.1% of the total variance,
respectively. PC1 emerged as the primary source of variance, discriminating against the
samples mainly by bacterial strain and, to a lesser extent, by the phosphorus source. The
metabolic response to phosphorus was most evident in the B. megaterium FBM09 (MEGA)
strain, where the presence of rock phosphate (MEGA P) shifted significantly toward the
positive axis of PC1, while in presence of tricalcium phosphate samples grouped on the
negative side. Similarly, P. putida RPT12 (PSE) and B. pumilus FBPO1 (PUMI) exhibited
clear distributional shifts: the P. putida RPT12 profile moved from the center-left region to
the lower-right quadrant for P. putida RPT12 with rock phosphate, whereas the metabolic
profile of B. pumilus FBPO1 grown in presence of rock phosphate moved toward the upper-
left quadrant. In contrast, the P. salmasensis POE54 (PO) and P. salmasensis POE54 with
rock phosphate (PO_P) samples showed partial overlaps near the center of the plot,
indicating a narrower gap between their metabolic states (Fig. 4.14).

64



Scores Plot

o MEGA
o MEGA P
o PO

PO_P
@) o PSE
CLh PSE P
@)
@

o PUMI
o PUMI_P

PC 1 (30.9 %)

Figure 4.14. Principal Component Analysis (PCA) score plot of GC—MS—identified
metabolites produced in liquid culture by B. megaterium FBMO9, P. salmasensis POE54, P.
putida RPT12, B. pumilus FBPOl. Bacteria were grown for 7 days in liquid NBRIP
containing tricalcium phosphate (MEGA, PO, PSE, PUMI) or rock phosphate as P source
(MEGA_P, PO_P, PSE P, PUMI P), respectively. Samples cluster according to bacterial
strain and phosphorus supplementation (P).

Hierarchical clustering analysis (HCA) combined with heat map visualization was used to
compare the relative abundance of GC-MS identified metabolites among bacterial strains
grown in presence of different P sources (Fig. 4.15). Results illustrate the similarities and
differences in the metabolic profiles across the sample groups, based on the normalized
abundance of each identified compound. The heatmap revealed a clear separation of groups;
notably, B. megaterium FBMO09 grown in presence of rock phosphate (MEGA _P) diverged
from all other treatments, forming a distinct cluster. This separation is characterized by a
high abundance of numerous metabolites (dark red regions) that are present at low levels or
entirely absent in the corresponding B. megaterium FBMO9 control samples (MEGA).

In contrast, the other samples (PO, PO-P, PUMI, PUMI-P, PSE_P) clustered more closely
together, indicating a higher degree of similarity in their extracellular metabolite
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composition. Distinct strain-specific patterns are also observed: in presence of rock
phosphate both P. putida RPT12 and P. salmasensis POE54 (PSE_P and PO-P, respectively)
were primarily defined by lower metabolite abundances (predominantly blue areas), whereas
B. megaterium FBMO09 and B. pumilus FBPOl (MEGA P and PUMI-P, respectively)

displayed specific clusters of upregulated molecules.
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Figure 4.15. Hierarchical clustering heatmap of extracellular metabolic profiles. The
heatmap illustrates the differential accumulation of metabolites in culture filtrates of bacteria
grown for 7 days in liquid NBRIP containing tricalcium phosphate (MEGA, PO, PSE,
PUMI) or rock phosphate as P source (MEGA P, PO P, PSE P, PUMI_P), respectively.
Rows represent individual metabolites, while columns represent sample groups. The
dendrogram at the top indicates the metabolic similarity between groups based on Euclidean
distance. Color intensity reflects the Z-score scaled relative abundance (red: higher
abundance; blue: lower abundance).
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The GC-MS characterization identified several classes of metabolites, including phenolic
derivatives, fatty acids, and nitrogenous compounds (Table 4.6). The quantitative analysis
revealed distinct accumulation patterns depending on the strain and phosphorus (P) source.

B. megaterium FBMO09: in presence of rock phosphate (MEGA P), a significant
upregulation was observed for phenolic compounds (e.g., 4-hydroxybenzoic acid),
nitrogenous compounds such as urea, and the diketopiperazine Cyclo(glycylprolyl).

P. putida RPT12: In contrast, the presence of rock phosphate instead of tricalcium posphate
led to a generalized downregulation of almost all identified metabolites, with a marked
decrease in long-chain fatty acids (e.g. palmitic and stearic acids) and the depletion of 4-
hydroxybenzaldehyde.

P. salmasensis POE54: The metabolic profile of PO P was characterized by the specific
upregulation of 3-hydroxybutyric acid, while other markers remained relatively stable
compared to the control.

B. pumilus FBPO1: like B. megaterium FBMO9, in presence of rock phosphate a significant
upregulation was observed for phenolic compounds (e.g., 4-hydroxybenzoic acid),
nitrogenous compounds such as urea, and the diketopiperazine Cyclo(glycylprolyl).
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Table 4.6. Occurrence and relative regulation of metabolites identified by GC—MS in bacterial cultures grown for 7 days in NBRIP medium
containing tricalcium phosphate (MEGA, PO, PSE, PUMI) or rock phosphate (MEGA P, PO P, PSE P, PUMI P) as phosphorus source.

Regulation
Compound MEGA MEGA P PO PO P PSE PSE P PUMI PUMILP Mf/[(ééﬁvs POI;(I; s PSE vs PSE_P PUMI_P vs PUMI

3-Methylpiperidin-2-one, TMS derivative A A A A P P A A / / down /

4-Hydroxybenzaldehyde, TMS derivative P P A P P P P P up / down down
4-Hydroxybenzoic acid, 2TMS derivative P P A P P P P P up / down up
3-hydroxybutyric acid, 2TMS derivative P P P P P P A P down up down /
Cyclo(glycylprolyl), TMS derivative P P A A P P A P up / down /

Glycerol, 3TMS derivative P P A P P P P P down / down down

Palmitic Acid, TMS derivative P P P P P P P P up up down down
Phenylacetic acid, TMS derivative P P P P P P P P up down down up
Thymine, 2TMS derivative P P P A P P P P down / down up

Stearic acid, TMS derivative P P P P P P P P up down down down
Uracil, 2TMS derivative A P P P P P P P / down up up

Urea, 2TMS derivative P P P P P P P P up down up down

Vanillic Acid, 2TMS derivative P P P P P P P P down down down down

Abbreviations: P: Present; A: Absent; Up/Down: statistical regulation based on Fold Change; (/): calculation not applicable due to metabolite absence in one condition.

69



4.4 Effects of PSBs on wheat plants (Triticum aestivum L.)

Preliminary experiments provide insight into the effects of rock phosphate (RP)
concentrations (1-6%) on wheat (Triticum aestivum L.) seed germination and early seedling
development, evaluated through determination of radicle length and number of germinated
seeds in RP-supplemented nutrient agar. Interestingly, the presence of high RP
concentrations did not affect seed germination; even when 6% RP was added to the medium,
wheat seed germination was not statistically different from the control (Fig. 4.16 A). Lower
RP doses did not affect seed germination either.

Radicle elongation was significantly influenced by phosphorite concentration (p <0.05). The
presence of 1% phosphorite resulted in a moderate but significant increase in radicle length
compared to CTRL (Fig. 4.16 B). However, at higher doses no statistically significant
differences were observed.

These results confirm that RP at concentrations ranging from 1-6 % did not alter early-stage
development in wheat plants, while at low doses (1% w/v) a growth promotion effect could
be expected.
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Figure 4.16. Effects of rock phosphate (RP) on wheat (Triticum aestivum L.) seed
germination (A) and radicle length (B) in vitro. Nutrient agar (NA) plates were supplemented
with RP at different concentrations (1, 2, 4 or -6 %, w/v). Control samples (CTRL) consisted
of NA without RP. Different letters indicate values that are significantly different according
to one-way ANOVA followed by Bonferroni multiple comparison test (p < 0.05).
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Further experiments were carried out to evaluate the effect of selected bacterial strains on
wheat (Triticum aestivum L.) growth in a controlled growth chamber in presence of rock
phosphate (RP) as P source. Plants were grown in vermiculite, here used as an inert growth
substrate to minimize background nutrient availability, thus allowing a more accurate
assessment of the phosphorus-solubilizing activity of the bacterial strains. Thirty days after
sowing, biometric parameters, including culm and root lengths, fresh and dry weights, and
chlorophyll content, were measured (Fig. 4.17 — 4.18).

Figure 4.17. Effects of bacterial strain on wheat (7riticum aestivum L.) plants grown in a
controlled growth chamber for 30 days. Seeds were treated with each bacterial cell
suspension (107 CFU mL™) and transferred in pots containing vermiculite. Plants were
irrigated every ten days with 20 mL of a modified Hoagland nutrient solution (Hoagland and
Arnon, 1950), where RP (1% w/v) was added as P source. 1: uninoculated control; 2: B.
megaterium FBMO09-inoculated plant; 3: P. putida RPT12-inoculated plant; 4: B. pumilus
FBPO1-inoculated plant.

Significant differences among treatments were observed among treated plants in terms of
culm growth, biomass accumulation, root development, and chlorophyll content compared
to controls. However, no differences were observed between uninoculated control that were
irrigated either with RP or KH2PO. (Fig. 4.18).

Culm length varied among treatments combining bacterial inoculation with RP. The
treatment with B. megaterium FBMO09 increased culm length by 40% relative to the
uninoculated RP-control (Fig. 4.18 A). Similarly, B. pumilus FBPO1 or P. putida RPT12 in
presence of RP increased culm length by 32% and 22%, respectively, compared to the RP-
control. Overall, no statistical differences were observed among inoculated plants depending
by the P source (soluble or insoluble) utilized.
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Culm fresh weight was also significantly influenced by the treatments. P. putida RPT12 and
B. megaterium FBMO09 increased up to 135% and 112%, respectively, culm fresh weight in
presence of RP compared to the uninoculated control (Fig. 4.18 B). B. pumilus FBPO1 also
determined +95% increase in culm fresh weight compared to control. Notably, these effects
were not related to the P source supplemented to the plants.

The only treatment statistically affecting root fresh weight compared to control was B.
megaterium FBMO09 (Fig. 4.18 C), where in presence of RP the bacterial inoculation
determined a +105% increase of this parameter.
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Figure 4.18. Effects of bacterial strain on the growth of wheat (Triticum aestivum L.) plants grown in presence of KH>POj4 or rock phosphate (RP)
as P source. A: Culm length (cm); B: culm fresh weight (g); C. root fresh weight (g). P. putida RPT12: PSE. B. pumilus FBPO1: PUMI. B.
megaterium FBM09: MEGA. Different letters indicate values that are significantly different according to one-way ANOVA followed by Bonferroni
multiple comparison test (p < 0.05).
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Chlorophyll content was also evaluated and in plants treated with B. megaterium FBM09
combined with phosphorite chlorophyll content increased up to 50% compared to the RP-
control (data not shown). Root length, as well as culm and root dry weights, were also
measured; however, no statistically significant differences were observed among treatments
for these parameters.

Overall, the results demonstrate that bacterial inoculation in presence of RP as insoluble P
source significantly enhanced plant growth under controlled conditions. The synergistic
effect between bacterial strains and insoluble phosphorus suggests improved phosphorus
mobilization and availability for the plants.

4.5 Effects of PSMs on tomato plants (Solanum lycopersicum L.)

Different experiments were carried out to investigate the efficacy of selected bacteria in
promoting growth and productivity, and in enhancing P solubilization and assimilation in
tomato plants (Solanum Ilycopersicum L.). Overall, bacterial cell suspensions were
inoculated to tomato seeds/plants and rock phosphate (RP) was used as insoluble P source
in comparison with KH2POa.

The effects of PSMs were evaluated in terms of plant growth promotion (Experiment #I) or
in terms of yield and qualitative parameters of tomato fruits in standard soil condition
(Experiment #II) or in P-deficient soil (Experiment III). Overall, no significant differences
were observed in Exp. #1 and #2 among the tested conditions with respect to the phosphorus
source, including both soluble and insoluble forms applied with each treatment. This result
was likely due to the relatively high phosphorus availability in soil (50 ppm), which may
have masked any potential effects of the different phosphorus sources on plant response.
Therefore, in the presentation of the results in Exp. #1 and #2, only inoculated and control
condition were considered. Subsequently, in Exp. #3, plants were grown in P-deficient soil
(10 ppm) to better highlight the effects of PSMs inoculations.

4.5.1 Growth promotion activity of PSMs

Tomato plants (Solanum Ilycopersicum L. cv. Tydona) were used to evaluate the plant
growth—promoting potential of selected phosphate-solubilizing bacterial strains (Bacillus
megaterium FBMO09, Bacillus pumilus FBPO1, Pseudomonas putida RPT12, and
Pseudomonas salmasensis POES54). After 60 days significant differences among treated
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plants were observed compared to uninoculated controls in terms of stem fresh weight and
stem dry weight (Fig. 4.19).

The application of the different PSMs significantly promoted plant growth across all
measured parameters compared to the control. Regarding stem biomass, all treatments
induced a significant increase in fresh weight compared to uninoculated control (Fig. 4.19
A). Similarly, stem dry weight significantly increased following inoculation with B. pumilus
FBPO1, B. megaterium FBMO09 and P. salmasensis POE54 (Fig. 4.19 B). The most striking
differences were observed in root development: B. megaterium FBMO09 and P. putida RPT12
treatments nearly doubled the root dry weight compared to the control, whereas P.
salmasensis POES4 was the least effective in this regard, showing no statistical difference
from the control (Fig. 4.19 C).

Other biometric parameters, including root length, fresh root weight, collar diameter, and
number of leaves, showed no statistically significant differences compared to control
according to one-way ANOVA (p <0.05; Table 4.7).

Overall, all the selected PSMs showed good growth promotion activity in our experimental
conditions.
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Figure 4.19. Growth promotion activity of B. pumilus FBPO1 (PUMI), B. megaterium FBM09 (MEGA), P. putida RPT12 (PSE) and P. salmasensis
POES54 (PO) on tomato plants (Solanum lycopersicum L. cv. Tydona) grown for 60 days in pots under greenhouse conditions (Experiment I).
CTRL: uninoculated control. A: Fresh stem weight (g/plant). B: Stem dry weight (g/plant). C: Root dry weight (g/plant). Different letters indicate

values that are significantly different according to one-way ANOVA followed by Bonferroni multiple comparison test (p < 0.05). Data are the
averages of 8 biological replicates.
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Table 4.7. Effects of B. pumilus FBPO1 (PUMI), B. megaterium FBM09 (MEGA), P. putida
RPT12 (PSE) and P. salmasensis POE54 (PO) on the growth of tomato plants grown in pots
for 60 days under greenhouse conditions (Experiment #I). CTRL: uninoculated control.
Different letters indicate values that are significantly different according to one-way
ANOVA followed by Bonferroni multiple comparison test (p < 0.05). Data are the averages
of 8 biological replicates.

Stem length  Root length  Fresh root Collar O Number of

Condition (cm) (cm) weight (g) (cm) leaves
CTRL 942 a 29,5a 73 a 53a 142 a
MEGA 99,2 a 330a 88 a 5,la 15,6 a
PUMI 98,0 a 30,8 a 89a 54a 15,5a

PSE 94,1a 31,5a 93 a 53a 15,2 a
PO 98,3 a 329a 83a 5,la 15,5a

Regarding phosphorus accumulation, all treatments significantly enhanced P content in both
plant compartments compared to the control, though significant differences were observed
(Fig. 4.20). In the shoots (green bars), B. megaterium FBMO09 and P. salmasensis POE54
yielded the highest phosphorus uptake in tomato plants (about 17.4 and 18.7 mg P/plant
respectively), significantly outperforming the control.

A similar positive trend was observed in the root system (brownish bars), where B.
megaterium FBMO9 and P. putida RPT12 accumulated up to 6.1 and 5.7 mg P/plant,
respectively, whereas the roots of uninoculated tomato plants yielded 3.8 mg P/plant.
Conversely, B. pumilus FBPO1 exhibited a more moderate P solubilization effect, and P.
salmasensis POE54 remaining statistically comparable to the control in the roots, despite the
high P accumulation observed in plant shoots (Fig. 4.20). Collectively, these results indicate
that while all treatments improve phosphorus solubilization and uptake, B. megaterium
FBMO9 provides the most balanced and effective enhancement of phosphorus nutritional
status across the entire plant.
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Figure 4.20. Phosphorus (P) content (mg P/plant) accumulated in the shoots (green bars)
and in the roots (brownish bars) of tomato plants grown in pots for 60 days in pots under
greenhouse conditions and inoculated as reported above (Experiment # I). PUMI: B. pumilus
FBPO1, MEGA: B. megaterium FBMO09,; PSE: P. putida RPT12. PO: P. salmasensis POE54.
Different letters indicate values that are significantly different according to one-way
ANOVA followed by Bonferroni multiple comparison test (p < 0.05).

4.5.2 Effects of PSMs on yield and qualitative parameters of tomato fruits

The effects of PSMs on yield and qualitative parameters of tomato fruits are reported in
Table 4.8. The application of the different PSMs did not result in significant differences in
fruit number and total weight per plant, as all treatments were statistically comparable.
However, a moderate increase was observed in the inoculated conditions although it was not
significantly different from the control (Table 4.8).

Fruit pH remained relatively stable across treatments, with values ranging between 4.21 and
4.29; however, the P. salmasensis POE54 treatment showed a significantly lower pH
compared to the other treatments (Table 4.8). Total soluble solids (TSS) varied slightly
among treatments, with B. megaterium FBMO09 showing the highest values, while B. pumilus
FBPO1 exhibited a significantly lower TSS compared to the other treatments. Dry matter
content did not show significant differences among treatments, as all values were statistically
comparable. However, a slight numerical increase was observed in plants treated with B.
megaterium FBMO09, suggesting a potential, although not statistically supported,
improvement in fruit solids accumulation.
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Table 4.8. Effects of B. pumilus FBPO1 (PUMI), B. megaterium FBM09 (MEGA), P. putida
RPT12 (PSE) and P. salmasensis POE54 (PO) on the yield and quality of tomato fruits whose
plants were grown in a tunnel greenhouse for 90 days (Experiment II). CTRL: uninoculated
control. TTS: total soluble solids content (°Brix). Different letters indicate values that are
significantly different according to one-way ANOVA followed by Bonferroni multiple
comparison test (p <0.05).

Condition N.p ?:::ttS/ Fruit ;g:zilzvelght pH TTS (°Brix) Dry(;::;tter
CTRL 283+54a 261.7+579a 43+0.02a 69+0.1ab 11.1+03a
MEGA 328+42a 243.5+513a 43+0.02a 7.0+0.1a 125+1.3a
PUMI 324+2.6a 251.1+£399a 43+0.05a 6.5+0.2b 11.9+03a

PSE 308+3.1a 248.6 =544 a 43+0.03a 6.6+0.1ab 11.8+04a
PO 324+ 5.0a 261.6+42.6a 42+0.05b 6.7£02ab 11.6+02a

4.5.3 Effects of PSMs on yield and qualitative parameters of tomato fruits in P-deficient
soil

The experimental design utilized low-phosphorus soil supplemented with either a highly
available soluble source (KH2POs) or an insoluble source (rock phosphate, RP). This setup
allows for a direct comparison of how bacterial strains might assist the plant in phosphorus
uptake and subsequent fruit development. Details about experimental conditions are reported
in Table 3.5.

In terms of effects on fruit yield, the highest total weight values were recorded for the plants
inoculated with B. pumilus FBPO1 or B. megaterium FBMO09, both supplemented with RP
(222.4 g and 212.5 g, respectively; Table 4.9). These results were comparable to the
uninoculated control fertilizer supplemented with soluble P form (188.1 g). Conversely, in
presence of the insoluble RP, fruit total weight per plant reached 115.1 g (Table 4.9).

The addition of RP to B. pumilus FBPO1 led to a significant increase in fruit weight, rising
from 147.9 gto 222.4 g. A similar positive trend was noted for P. putida RPT12 treatment
(180.2 g) compared to P. putida RPT12 alone (147.7 g).

The qualitative analysis, including pH, soluble solids content (°Brix), and dry matter,
revealed statistically significant differences among the experimental conditions (Table 4.9).
P. putida RPT12, B. megaterium FBMO09 and B. pumilus FBPO1 determined a significant
increase in fruit pH when RP was supplemented to the soil, compared to the inoculated plants
supplemented with KH2POs or to the uninoculated control supplemented with RP.
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Similarly, a significant increase was also observed in total soluble solids (TSS) when bacteria
were inoculated in RP supplemented soil (Table 4.9). B. pumilus FBPO1, B. megaterium
FBMO9 and P. putida RPT12 yielded the highest TSS contents (10.9, 10.9 and 10.8 °Brix,
respectively), while the RP-control showed 10.1 °Brix. Conversely, applications of bacteria
in presence of KH2POa generally resulted in lower sugar concentrations.

Dry matter also accumulated in higher proportion in fruits from plants inoculated with B.
pumilus FBPO1 or B. megaterium FBMO09 and supplemented with RP (12.2 % and 12.2 %,
respectively), whereas other bacteria or uninoculated control determined lower values (Table
4.9).

Finally, phosphorus accumulation (mg P plant™) significantly increased in B. megaterium
FBMO09 + RP (6.2 mg plant™), followed by B. pumilus FBPO1 +RP (5.4 mg plant™) and
CTRL (5.7 mg plant™). In contrast, the lowest P uptakes were recorded in inoculated plants

supplemented with KH>POa or in uninoculated control supplemented with rock phosphate
(RP; Table 4.9).

Overall, the results highlight a consistent trend: the combination of RP with PSMs markedly

improved yield, fruit quality, and phosphorus uptake, with B. pumilus FBPO1 and B.
megaterium FBMO09 being the most effective strains.
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Table 4.9. Effects of B. pumilus FBPO1 (PUMI), B. megaterium FBM09 (MEGA), P. putida RPT12 (PSE) and P, salmasensis POE54 (PO) on the
yield and quality of tomato fruits whose plants were grown in pots under greenhouse conditions in P-deficient soil conditions (Experiment III).
CTRL: uninoculated control supplemented with KH2POa. RP: uninoculated control supplemented with rock phosphate. TTS: total soluble solids
content (°Brix). Different letters indicate values that are significantly different according to one-way ANOVA followed by Bonferroni multiple
comparison test (p < 0.05).

Condition Fruit f;ﬁ:l:veight Ph (o?gsrisx) Dry Matter (%) (11;;";:2‘3)
CTRL 188.1+51.5a 432+0.01 a 10.4+ 0.1 be 12.1£0.06a 5.7+ 0.69 ab
RP 115.1+38.5¢ 422+0.03b 10.1+0.1¢ 10.2+0.4b 4.5+ 0.57 be
PSE 14774346 427+0.01 b 10.2£0.1c 9.9+ 0.68 b 49+0.71 abe
PSE+RP 180.2+51.9b 433+0.02a 10.8+0.05a 10.240.65 b 44503 ¢
MEGA 182.8 = 67.4 ab 426+0.01 b 10.1£0.1c 9.9+0.2b 4.4+0.12 be
MEGA+RP 2125+36.5a 434+0.02a 10.9+0.06 a 122+0.14a 62+037a
PUMI 1479+ 642 b 425+0.01 b 10.4=0.1b 9.8+0.18 b 42+0.17 be
PUMI+RP 2224+18a 433+0.03a 10.9+0.06 a 12240482 5.4+ 033 ab
PO 140.3 £36.8 b 421+0.01 b 102402 ¢ 9.8+ 0.1b 4.5+ 0.36 be
PO+RP 1487469 b 427+0.01 b 10.8 % 0.15 ab 9.9+0.17b 4.7+ 0.34 abe
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S. DISCUSSION

The solubilization of phosphorus from natural rock phosphate (RP) using phosphate-
solubilizing microorganisms (PSMs) as bioinoculants is an important area of research in the
agricultural sector. This approach helps reduce the use of chemical phosphate fertilizers,
which are often subject to retrogradation, fixation, and immobilization within the soil matrix,
which significantly limits their long-term efficiency (Kang et al., 2021). Moreover, the
ability of soil microbes to convert insoluble forms of phosphates into plants-accessible forms
is an important trait in plant growth-promoting (PGP) bacteria for increasing crop yields,
decreasing environmental pollution, and improving the agronomic effectiveness of RP
(Maharana e al., 2022).In addition to their ability to solubilize inorganic phosphates, these
microorganisms may exhibit a wide range of PGP traits, including phytohormone
production, siderophore-mediated iron acquisition, and, in some cases, antagonistic activity
against phytopathogens. This functional diversity highlights their potential as
multifunctional bio-inoculants for sustainable crop production (Glick, 1995).

The selection of effective microbial candidates for field application requires a
comprehensive and multifactorial characterization. The success of a microbial inoculant
depends not only on its functional traits, such as nutrient solubilization, but also on its
ecological fitness, stress tolerance, and ability to compete within complex and dynamic
microbial communities. In this thesis, different isolates of Bacillus and Pseudomonas species
were tested for their PGP traits, biocontrol activity and ability to solubilize inorganic
phosphate.

Among the various abiotic stress factors affecting microbial survival in soil, salinity
represents a major constraint that can significantly limit microbial persistence and activity
in the rhizosphere (Nicotra et al., 2025). In this study, a clear pattern of salt tolerance was
observed among the tested isolates, with strains belonging to the Bacillus genus exhibiting
markedly higher resilience compared to Pseudomonas spp., in agreement with previous
reports (Ayaz et al, 2022). At 24 h, B. subtilis FBS07, B. pumilus FBPO1, and B.
amyloliquefaciens FBA21 maintained growth levels comparable to the control even at the
highest NaCl concentration tested (1.5 M), indicating a strong intrinsic tolerance to osmotic
stress. In contrast, B. megaterium FBMO09 showed a clear salt-dependent reduction in
growth, suggesting a lower capacity to cope with increasing osmotic pressure. Salinity
imposes severe physiological constraints on microbial cells, primarily through osmotic
imbalance, which can lead to cellular dehydration, plasmolysis, and impairment of
enzymatic activity (O'Byrne and Booth, 2002). The ability of several Bacillus strains to
sustain growth under high salinity conditions may be related to their well-documented
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capacity to accumulate compatible solutes and activate osmoadaptive responses (Hoffmann
and Bremer, 2017). In addition, the ability of Bacillus spp. to form endospores under
unfavorable environmental conditions represents a key survival strategy, allowing
persistence during stress and rapid recovery when conditions improve.

A markedly different behavior was observed among the species of Pseudomonas used in the
present study. P. salmasensis POE54 emerged as the most sensitive strain, exhibiting a clear
and dose-dependent reduction in growth with increasing NaCl concentrations. This suggests
a limited capacity to maintain osmotic homeostasis under saline stress. Conversely, P. putida
RPT12 showed only a slight reduction in growth even at higher salinity levels, indicating a
relatively higher tolerance compared to P. sa/masensis POE54. This behavior may reflect
the known metabolic versatility and adaptive capacity of Pseudomonas spp. under osmotic
stress conditions (Samaddar et al., 2019; Yasmin et al., 2020). Overall, the results highlight
a generally higher salinity tolerance among Bacillus strains compared to Pseudomonas,
although species-specific differences were observed within both genera.

The phenotypic profiling obtained through the Biolog GEN III system revealed marked
differences in metabolic versatility and stress tolerance among the tested isolates,
highlighting distinct ecological strategies between Bacillus and Pseudomonas genera.

Overall, Bacillus strains exhibited a broader metabolic spectrum, particularly toward
carbohydrates, including mono-, di-, and polysaccharides. B. amyloliquefaciens FBA21 and
B. pumilus FBPO1 showed extensive substrate utilization, such as D-salicin and D-melibiose,
reflecting a highly adaptable metabolism capable of efficiently degrading complex carbon
sources commonly found in the rhizosphere (Compant et al., 2005; Adesemoye et al., 2009).
This metabolic plasticity likely enhances their competitiveness in soil environments, where
nutrient availability is heterogeneous and dynamic. Similarly, B. subtilis FBS07
demonstrated a strong but more selective metabolic profile, combining efficient utilization
of specific carbohydrates amino acids (such as L-aspartic acid), and organic acids (such as
citric acid) with a degree of substrate specificity. This efficient metabolism of organic acids
is particularly relevant for phosphate solubilization and responding to root exudates
(Rodriguez and Fraga, 1999; Bais et al., 2006), which may indicate a more specialized
ecological niche and a strong potential to establish stable associations with plant roots
(Kumar et al., 2018; Ahmad et al., 2022). Furthermore, the high metabolic activity in B.
amyloliquefaciens FBA21 supports the energy-intensive biosynthesis of antifungal
lipopeptides (surfactins, iturins, and fengycins) required for biocontrol activity against
pathogens like Fusarium oxysporum (Ongena and Jacques, 2008; Chen et al., 2015).

In contrast, Pseudomonas isolates displayed a more specialized metabolic strategy,
characterized by a limited ability to utilize carbohydrates and a pronounced preference for
organic acids (including citric acid, L-lactic acid, and D-glucuronic acid) as well as amino
acids. Both P. putida RPT12 and P. salmasensis POE54 showed strong oxidative activity
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toward Krebs cycle intermediates, consistent with the well-known non-fermentative
metabolism of the intermediates, consistent with the well-known non-fermentative
metabolism of the genus. This metabolic orientation suggests an adaptation to root exudates
and supports the establishment of high population densities in the rhizoplane (Compant et
al., 2005). While their direct antagonism might be limited, their biocontrol potential relies
on indirect mechanisms such as nutrient competition and niche occupation (Raaijmakers et
al., 2010).

Siderophore production represents an additional key mechanism contributing to plant growth
promotion and microbial competitiveness. In this study, a notable discrepancy was observed
between qualitative agar-based assays and quantitative liquid assays, a phenomenon widely
reported in the literature. Bacillus strains produced relatively small halos on solid media but
exhibited high siderophore production in liquid cultures, a difference that can be attributed
to the limited diffusion of catecholate-type siderophores, such as bacillibactin, within the
agar matrix (Hoffmann and Bremer, 2017; Wilson et al., 2006). High siderophore production
was observed in P putida RPT12 (32.7% SU) and B. subtilis FBS07 (31.7% SU),
highlighting their potential to effectively sequester Fe** and limit its availability to
competing microorganisms, thereby inhibiting the growth of iron-dependent pathogens
through nutrient deprivation (Sleator and Hill, 2002). Conversely, P. salmasensis POE54
exhibited a large halo but relatively low quantitative siderophore production (11.6%),
suggesting the secretion of highly diffusible but less efficient chelators or the activation of
surface-specific metabolic pathways (Schwyn and Neilands, 1987).

The differential antagonistic activity observed among the tested bacterial strains highlights
the strong strain-dependent nature of biocontrol potential and suggests that distinct
mechanisms underlie fungal inhibition. The consistently high efficacy displayed by B.
amyloliquefaciens FBA21 across all tested pathogens (Fusarium oxysporum, Alternaria
alternata, and Botrytis cinerea) strongly supports its role as a highly effective biocontrol
agent, likely due to its well-documented capacity to produce a broad spectrum of antifungal
secondary metabolites. This evidence indicates that this strain possesses a broad-spectrum
antifungal activity, a highly desirable trait for field applications where multiple pathogens
often coexist (Kazerooni et al., 2021; Soliman et al., 2023)

B. subtilis FBS07 and B. pumilus FBPOl showed a more moderate but still relevant
antagonistic potential, which may reflect differences in the quantity or composition of the
antimicrobial compounds produced. In these cases, fungal inhibition is likely the result of a
combination of mechanisms, including antibiosis, competition for nutrients, and possibly the
production of volatile organic compounds, rather than the dominance of a single highly
potent pathway. This variability among Bacillus species further emphasizes that even closely
related taxa can exhibit markedly different functional traits, reinforcing the importance of
strain-level selection in the development of microbial inoculants.

The limited antagonistic activity observed for B. megaterium FBMO09 is consistent with
previous reports indicating that this species generally exhibits weak or inconsistent
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antifungal activity in vitro, particularly when compared to more specialized biocontrol
agents such as B. amyloliquefaciens (Chen et al., 2006). Rather than relying on direct
antibiosis, B. megaterium FBMO9 is primarily recognized for its role in nutrient mobilization
and plant growth promotion, and its contribution to pathogen suppression may occur
predominantly through indirect mechanisms, such as improved plant nutritional status or
modulation of plant defense responses (Raaijmakers et al., 2010).

Similarly, Pseudomonas strains showed limited inhibition of pathogen growth, thus
suggesting that these microorganisms may rely on alternative strategies that are not
effectively observed in vitro. Under in vivo conditions, these strains may exert significant
effects through indirect mechanisms, including rhizosphere colonization, nutrient
competition mediated by siderophore production, and the induction of plant systemic
resistance (Hofte et al., 2007). Indeed, it is well established that many Pseudomonas spp.
exert their biocontrol activity primarily through indirect mechanisms, such as competition
for iron mediated by siderophore production, niche colonization, and the induction of
systemic resistance in plants, rather than through the secretion of diffusible antifungal
compounds (Raaijmakers et al., 2010). This interpretation is particularly relevant
considering the strong siderophore production previously observed in P. putida RPT12,
which may contribute to pathogen suppression in vivo by limiting iron availability rather
than directly inhibiting mycelial growth.

These findings highlight an important limitation of in vitro dual culture assays, which,
although useful for preliminary screening, mainly detect direct antagonistic interactions and
may therefore underestimate the contribution of indirect or plant-mediated mechanisms that
are highly relevant under natural conditions (Compant et al., 2005). Consequently, strains
showing limited inhibition in vitro should not be excluded a priori from further evaluation,
as their effectiveness may become more evident in more complex systems involving plant
hosts.

The literature reports that the efficiency of phosphorite solubilization by phosphate-
solubilizing bacteria is strongly influenced by the production and concentration of organic
acids, which play a major role in mobilizing insoluble phosphate into solution. The
solubilization of insoluble phosphate mainly results from the production of low-molecular-
weight organic acids and protons during carbon source metabolism, which acidify the
surrounding medium and promote phosphate mobilization (Sharma et al., 2013; Wei et al.,
2018). In this context, organic acid composition, pH dynamics, and bacterial community
structure play a crucial role in determining both phosphate solubilization efficiency and
phosphorus availability (Saeid et al., 2018). Accordingly, the variability observed in P
concentrations among treatments can be attributed to strain-specific differences in both the
type and quantity of organic acids produced, as well as in the efficiency of their secretion
systems.

Consistent with this framework, plate assays provided initial evidence of phosphate
solubilization capacity, as P. salmasensis POE54, B. pumilus FBPO1, and P. putida RPT12
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produced clear halos on both PVK and NBRIP media. The higher sensitivity of NBRIP,
attributed to its lower buffering capacity, likely enhanced the visual expression of
solubilization activity, resulting in more pronounced halo formation compared to PVK
(Nautiyal, 1998). By measuring the ratio of the halo diameter to the colony diameter, a
solubilization index (SI) was determined, which aligns with similar results reported in
literature for numerous bacterial strains, including Pseudomonas and Bacillus species
(Ahmad et al., 2022; Bouizgarne et al., 2023; Bakki et al., 2024). Among the tested strains,
P, salmasensis POE54 exhibited the highest index (SI= 1.95), followed by B. pumilus FBPO1
(SI=1.9) and P putida RPT12 (SI= 1.4), supporting the well-documented ability of
Pseudomonas species to acidify their microenvironment through the production of gluconic
acid and related metabolites (Panchal et al., 2021). Furthermore, these results obtained on
solid media were corroborated by findings in liquid media, where a significant decrease in
the pH of the culture medium was observed when the bacterial strains were grown in the
presence of rock phosphate.

In contrast, B. megaterium FBMO09, B. subtilis FBS07, and B. amyloliquefaciens FBA21did
not produce detectable halos on solid media despite their ability to grow in liquid PVK
supplemented with phosphorite. This discrepancy suggests that these strains may rely on
solubilization mechanisms that are not associated with strong localized acidification or that
do not generate visible clearing zones under solid-state conditions, as previously reported.
This observation further emphasizes that plate-based assays alone are not sufficient to fully
assess phosphate-solubilizing capacity and should always be complemented by quantitative
analyses in liquid systems. The ability of some strains to efficiently solubilize phosphate
without producing visible halos highlights the diversity of underlying biochemical
mechanisms.

This interpretation is supported by results obtained in liquid culture, where a clear
acidification of the medium was observed together with increased soluble phosphorus
concentrations, confirming the central role of organic acid production in phosphate
mobilization (Nautiyal et al., 2000). The differences in both pH reduction and P release
among strains indicate that solubilization efficiency is strongly dependent on metabolic
strategy and regulation of organic acid biosynthesis pathways. In particular, the pronounced
acidification observed in P. putida RPT12, B. megaterium FBMO09, and B. pumilus FBPO1
suggests the activation of efficient biochemical routes involved in the secretion of low-
molecular-weight organic acids.

The strong performance of P. putida RPT12 is consistent with its well-established ability to
oxidize glucose into gluconic acid via membrane-bound dehydrogenases, a mechanism
considered one of the most effective pathways for phosphate mobilization in Gram-negative
bacteria (Walpola and Yoon, 2013). Similarly, the high solubilization capacity observed in
B. megaterium FBMO09 and B. pumilus FBPO1 indicates that, despite phylogenetic
differences, these strains converge toward functionally efficient strategies for mineral
phosphate mobilization, likely involving distinct but equally effective organic acid profiles.
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Quantitative analysis of soluble phosphorus further confirmed these trends, revealing clear
strain-dependent differences. Among the phosphorite-supplemented treatments, P. putida
RPT12 showed the highest solubilization capacity (11.56 mg L), followed by B. pumilus
FBPO1 (10.02 mg L") and B. megaterium FBMO09 (8.12 mg L™). In contrast, B. subtilis
FBS07 and B. amyloliquefaciens FBA21 exhibited reduced solubilization (0.39 mg L),
despite their ability to persist in phosphorite-containing media (Wyciszkiewics et al., 2015).
These findings indicate that tolerance to insoluble phosphorus sources is not necessarily
linked to active phosphate mobilization but rather reflects distinct metabolic capabilities and
regulatory responses to phosphorus limitation.

The extremely low phosphorus concentration measured in the abiotic control (0.029 mg L)
confirms that phosphorite dissolution under the tested conditions is negligible in the absence
of microbial activity, thereby emphasizing the central role of bacterial metabolism in
regulating phosphorus availability. The several-fold increase observed in the most efficient
strains further highlights their strong potential to mobilize otherwise inaccessible
phosphorus pools, although this mobilization remains substantially lower than that achieved
with fully soluble fertilizers (Rodriguez and Fraga, 1999).

Importantly, the consistent association between pH reduction and soluble phosphorus
concentration suggests a direct functional link between acidification and phosphate
mobilization. This relationship reinforces the role of organic acid-mediated processes as the
dominant mechanism under experimental conditions. While this negative correlation
between pH and phosphorus availability has been widely reported (Halder et al., 1990;
Goldstein, 1995; Illmer and Schinner, 1995; Kim et al., 1998; Hwangbo et al., 2003; Rashid
et al., 2004), the present results further indicate that not all strains capable of growing under
phosphorus-limited conditions contribute equally to solubilization, suggesting that only
some released the organic acids responsible for the lowering of the pH into the liquid
medium (Hwangbo et al., 2003). Literature reports that PSB-mediated rock phosphate
solubilization is influenced by the higher concentrations of organic acids required to
mobilize large quantities of insoluble phosphate into the solution via direct phosphate
oxidation, which occurs on the outer surface of the cytoplasmic membrane (Pande et al.,
2017). These microbial metabolites convert phosphate into soluble forms by chelating the
cations bound to the phosphate through their hydroxyl and carboxyl groups (Mardad et al.,
2013).

In this regard, B. subtilis FBSO07 and B. amyloliquefaciens FBA21 represent a clear example
of strains that, despite successful growth in phosphorite-containing media, exhibit limited
phosphate-solubilizing activity. This suggests that survival under nutrient-limited conditions
does not necessarily imply active nutrient mobilization but may instead involve alternative
metabolic adaptations that do not rely on significant organic acid secretion, or that produce
acids at levels insufficient to affect bulk solution chemistry. Similar patterns have been
reported in other studies, where qualitative growth responses do not always correlate with
quantitative solubilization performance in liquid assays (Fankem et al., 2014).
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Finally, the comparison with the soluble phosphate control (KH:PO.) highlights the
substantial difference between biologically mobilized phosphorus and readily available
inorganic phosphate. Although microbial solubilization does not reach the efficiency of
synthetic fertilizers, the observed increases in soluble phosphorus demonstrate a meaningful
contribution to nutrient availability. From an applied perspective, even partial mobilization
of native or mineral-bound phosphorus can improve soil fertility and nutrient use efficiency
while reducing dependence on chemical inputs. Moreover, under natural soil conditions,
long-term microbial activity combined with plant—microbe interactions may amplify these
effects, producing cumulative benefits that are not fully captured in short-term in vitro
experiments.

To gain deeper insight into the metabolic basis underlying these functional differences, a
GC-MS metabolomic analysis was performed. Multivariate statistical approaches, including
PCA and HCA, revealed that bacterial strain identity is the primary determinant of metabolic
variation, while P availability acts as a key regulatory factor shaping extracellular profiles
(Fig. 4.14, 4.15). This metabolomic reprogramming provides a functional link to the
observed differences in phosphate solubilization efficiency among the tested strains.

The production and modulation of low-molecular-weight organic acids are widely
recognized as the primary drivers of mineral phosphate mobilization through medium
acidification and chelation (Sharma et al., 2013; Wei et al., 2018). Our findings confirm that
strains exhibiting the most pronounced metabolic adjustments under phosphorus-limited
conditions (rock phosphate) are also the most effective solubilizers. For instance, B.
megaterium FBMO09 and B. pumilus FBPO1 showed a significant upregulation of phenolic
compounds, such as 4-hydroxybenzoic acid, and nitrogenous metabolites, including urea and
the diketopiperazine Cyclo(glycylprolyl). The enrichment of these compounds likely reflects
a sophisticated modulation of secondary metabolic pathways and microbial signaling in
response to P-availability (Holden et al., 1999; Pech et al., 2022).

In contrast, P. putida RPT12 and P. salmasensis POE54 exhibited distinct adaptive strategies.
In P. salmasensis POE54, the specific accumulation of 3-hydroxybutyric acid under rock
phosphate conditions suggests a shift toward carbon storage mechanisms, such as
polyhydroxyalkanoate (PHA) biosynthesis, likely as a response to nutrient stress (Sudesh et
al., 2000). Conversely, P putida RPT12 showed a generalized downregulation of most
extracellular metabolites (e.g., palmitic and stearic acids) when grown with rock phosphate,
suggesting a metabolic strategy oriented toward resource conservation and intracellular
reallocation. Despite this reduction, the persistent presence of urea in Pseudomonas strains
points toward a maintained nitrogen homeostasis under fluctuating nutrient conditions
(Sharon et al., 2016). Interestingly, the widespread depletion of vanillic acid across all
multiple strains suggests a common metabolic rerouting, where intermediate phenolic
compounds are potentially redirected toward the biosynthesis of functionally relevant
metabolites, such as catecholate-type siderophores (e.g., bacillibactin) involved in iron
acquisition (Miethke et al., 2006). Collectively, these results demonstrate that phosphorus
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availability acts as a central regulatory signal that reshapes bacterial metabolic networks in
a strain-dependent manner.

The pot experiment conducted on wheat (Triticum aestivum) provided strong biological
validation of the phosphate-solubilizing potential previously identified under in vitro
conditions, confirming that these microbial traits can effectively translate into plant growth
promotion. Many commercially available biofertilizers are primarily based on plant growth-
promoting rhizobacteria (PGPR), which exert beneficial effects on plant development
largely through improved nutrient availability to the host plant.

The effect observed in the condition when bacteria were inoculated in presence of RP
supports the hypothesis that microbial activity represents a key factor in the mobilization of
nutrients from insoluble mineral sources. This observation is consistent with previous studies
demonstrating that the combined application of phosphate-solubilizing bacteria and
insoluble phosphate sources significantly enhances phosphorus availability and plant
performance compared to single treatments (Afzal and Bano, 2008; Zabihi et al., 2010;
Rezakhani et al., 2019; Wang et al., 2022).

The quantitative results revealed strain-specific efficiencies in enhancing plant parameters.
B. megaterium FBMO09 was the most effective treatment when inoculated in presence of RP,
increasing culm length by 40% relative to the uninoculated control, followed by B. pumilus
FBPO1 (+32%) and P. putida RPT12 (+22%). However, the most interesting results were
observed in biomass accumulation. P. putida RPT12 led to a 135% increase in fresh culm
weight, highlighting its superior effectiveness in enhancing fresh biomass. Similarly, B.
megaterium FBMO09 and B. pumilus FBPO1 showed marked positive effects, increasing fresh
culm weight by 112% and 95%, respectively, compared to control. These substantial
increases highlight the high efficiency of these strains in converting phosphorite into plant-
available forms, effectively acting as mediators between the mineral substrate and the plant
(Adesemoye et al., 2008; Mpanga et al., 2019; Wang et al., 2022).

The observed growth enhancement likely reflects a multifactorial mechanism involving both
nutrient solubilization and the production of bioactive compounds. For instance, B.
megaterium FBMO09 not only enhanced the epigeal part but also doubled the root fresh
weight (+105%). Metabolomic data obtained through GC-MS analysis suggest that the
secretion of compounds such as phenylacetic acid (PAA) by B. megaterium FBM09 may
trigger hormone-mediated signaling pathways that improve root architecture and nutrient
acquisition (Elhaissoufi et al., 2020). Furthermore, the 50% increase in chlorophyll content
observed in the B. megaterium FBMO09 treatment supports an improved physiological status.
Since phosphorus is central to energy metabolism, its increased availability is directly
associated with enhanced chloroplast development and photosynthetic efficiency.

The contribution of B. pumilus FBPO1 can be further interpreted through the metabolic shifts
identified via GC-MS, particularly the increased abundance of saturated fatty acids like
stearic and palmitic acids. These compounds are involved in membrane remodeling, which
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may optimize rhizosphere interactions and nutrient exchange efficiency (Compant et al.,
2005; Kumar et al., 2018; Ahmad et al., 2022). While some parameters, such as root length
and dry weights, did not show statistically significant differences, the overall results provide
compelling evidence that P. putida RPT12, B. megaterium FBMO09, and B. pumilus FBPO1
are promising candidates for biofertilizers. These findings are consistent with the literature
(Mahmud etal., 2021; Batool et al., 2019; Kang et al., 2021) and demonstrate benefits across
multiple crops including wheat (Benbrik et al., 2021), maize, faba bean (Borgi et al., 2020),
and tomato (El Maaloum et al., 2020), ultimately aiming at improving phosphorus use
efficiency in sustainable agriculture (Bargaz et al., 2021).

The tomato pot experiment confirmed the ability of PSMs to promote plant growth even
under conditions where P availability is not limited. The absence of significant differences
between soluble and insoluble P treatments indicates that the baseline soil P content was
sufficient to sustain plant growth, thereby reducing plant dependence on microbial-mediated
P mobilization. Similar observations have been reported in systems where high nutrient
availability masks the functional contribution of PGPR (Rodriguez and Fraga, 1999;
Richardson and Simpson, 2011). Despite these conditions, bacterial inoculation significantly
enhanced plant biomass, highlighting the multifunctional nature of the selected strains. B.
pumilus FBPO1 showed the strongest effect on above-ground biomass, while B. megaterium
FBMO09 and P. salmasensis POES4 also significantly improved stem dry weight. These
effects are likely not solely attributable to P solubilization, but rather to a combination of
mechanisms including phytohormone production, improved nutrient uptake, and modulation
of plant metabolism (Vessey, 2003; Adesemoye et al., 2009).

B. megaterium FBMO09 and P. putida RPT12 nearly doubled root dry weight, suggesting a
strong influence on root system architecture. The lack of significant differences in root
length and other morphological parameters indicates that these bacteria may enhance root
density and lateral branching rather than elongation, a response commonly associated with
PGPR-mediated hormonal regulation (Tahir et al., 2017). Phosphorus accumulation data
further support these findings. All treatments increased P content in both shoots and roots,
although with distinct patterns. B. megaterium FBMO09 showed the most balanced effect
across plant compartments, while P. salmasensis POE54 and P. putida RPT12 displayed
preferential accumulation in shoots and roots, respectively. These differences likely reflect
strain-specific strategies related to rhizosphere colonization, organic acid production, and
nutrient exchange dynamics (Richardson et al., 2009). Overall, these results demonstrate that
PSB can enhance plant growth under non-limiting P conditions through mechanisms that
extend beyond phosphate solubilization, reinforcing their role as multifunctional
bioinoculants.

Under standard soil conditions, bacterial inoculation had a limited effect on tomato yield,
with no statistically significant differences observed in fruit number or total fruit weight
among treatments. This result is consistent with the high baseline fertility of the system,
which likely reduced the relative contribution of microbial activity to plant productivity.
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Under nutrient-rich conditions, plants can directly access available nutrients, thereby
limiting the expression of microbial traits associated with nutrient mobilization (Richardson
and Simpson, 2011). However, moderate effects were observed on fruit quality parameters.
Total soluble solids (TSS), a key indicator of fruit quality, were slightly enhanced in plants
treated with B. megaterium FBMO9, suggesting a potential role of this strain in improving
carbon allocation and sugar accumulation. Conversely, B. pumilus FBPO1 showed lower
TSS values, indicating variability in strain-specific metabolic effects on fruit composition.
Fruit pH remained relatively stable across treatments, with only minor variations, while dry
matter content showed no significant differences, although a slight increasing trend was
observed in B. megaterium FBMO09-treated plants. Overall, the results highlight that under
optimal growing conditions, the benefits of microbial inoculation are less pronounced,
particularly in terms of yield, and are mainly restricted to minor improvements in fruit
quality attributes.

Conversely, phosphorus-deficient conditions clearly highlighted the functional role of PSB
in improving plant performance. Phosphorus is an essential macronutrient for tomato
cultivation, playing a central role in plant growth and development. Tomato crops typically
require approximately 50 kg/ha of phosphorus during the growing season. This nutrient is
particularly important during early developmental stages following transplanting, where it
promotes root establishment, and later during flowering and fruit set, where it supports
reproductive development. The significant reduction in yield observed in the RP control
confirmed that P availability was a limiting factor. However, the inoculation with PSB
effectively mitigated this limitation, demonstrating their capacity to mobilize insoluble
phosphorus and enhance its bioavailability to plants. This function, where bacteria facilitate
the transfer of nutrients from mineral sources to the plant in P-poor environments, is well-
documented in literature (Kim et al., 1998; Galavi et al., 2011). The combination of PSB
with RP resulted in a substantial increase in fruit yield, with Bacillus pumilus FBPO1 and
Bacillus megaterium FBMO09 showing the highest performance. These treatments not only
restored productivity levels comparable to the soluble P control (KH2PO.), but in some cases
exceeded them, indicating a highly efficient microbial-mediated mobilization of phosphorus.
Similar effects between PSB and insoluble P sources have been widely reported (Khan et
al., 2009; Sharma et al., 2013). Fruit quality parameters were also significantly improved
under P-limiting conditions. Inoculated plants grown with RP showed higher TSS and
increased dry matter content, particularly with B. pumilus FBPO1 and B. megaterium
FBMO09. This enhancement in fruit quality is directly linked to improved phosphorus
nutrition, which is essential for energy metabolism and carbon partitioning (Raghothama,
1999; Copetta et al.,2011). Our findings align with studies by Al-Erwy et al. (2016) and
Bona et al. (2017), which demonstrated that PSB inoculation under low-nutrient inputs
triggers metabolic shifts in tomato fruits, leading to higher sugar accumulation and improved
nutritional value.
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Phosphorus uptake data further confirmed the effectiveness of microbial inoculations. The
highest P-accumulation was observed when B. megaterium FBMO09 or B. pumilus FBPO1
were inoculated in soil supplemented with RP. The ability of these strains to transfer
phosphorus to the plant suggests high rhizosphere competence and efficient nutrient
exchange dynamics (Richardson et al., 2009). Furthermore, the observed changes in root
architecture, characterized by increased density rather than simple elongation, support the
hypothesis that PSBs maximize the soil exploration area in response to P-stress (Vacheron
et al., 2013). While the impact of PSB is masked in nutrient-rich systems, their role becomes
crucial under phosphorus limitation, where they act as key drivers of nutrient mobilization,
plant productivity, and fruit quality. Among the tested strains, B. megaterium FBMO09 and
B. pumilus FBPO1 emerged as the most promising candidates for sustainable biofertilizer
applications in P-deficient agricultural soils.

Overall, this study demonstrates that the effectiveness of phosphate-solubilizing bacteria is
strongly context-dependent, but under phosphorus-limited conditions they emerge as key
drivers of nutrient mobilization and plant performance, supporting their promising
application as sustainable bioinoculants for improving phosphorus use efficiency in
agricultural systems. Compared to conventional chemical methods, this biological strategy,
using Bacillus megaterium FBMO09 and B. pumilus FBPO1 to release phosphate from RP, is
considered a more cost-effective and energy-efficient alternative. However, to better
understand the phytoavailability of phosphorus in soils treated with rock phosphate and
Bacillus spp., further in-depth studies are required. In addition, the compatibility among
strains exhibiting plant growth—promoting and/or phosphate-solubilizing activities should
be more thoroughly investigated to maximize their stimulatory effects, as their application
represents an ecologically and economically sustainable approach.
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6. CONCLUSIONS

This work investigated the role of plant growth-promoting microorganisms, with particular
emphasis on phosphate-solubilizing microorganisms (PSMs), highlighting their potential in
enhancing nutrient availability and improving crop performance.

The integrated phenotypic and physiological characterization and the quantitative assays
confirmed the superior ability of strains such as Pseudomonas putida RPT12, Bacillus
pumilus FBPO1, and Bacillus megaterium FBMO9 to mobilize phosphorus from insoluble
sources like rock phosphate. The metabolic profiling via GC-MS revealed that these effects
are linked to complex metabolic reprogramming, involving not only acidification but also
the production of secondary metabolites, including phenolic acids and nitrogenous
compounds, that vary significantly depending on the phosphorus source and the microbial
species.

In vivo experiments on wheat and tomato plants confirmed these findings, demonstrating
that microbial inoculation can significantly increase plant biomass and phosphorus
accumulation, even under limiting nutrient conditions. A particularly relevant aspect
emerged from the preliminary compatibility assays, which identified non-antagonistic
combinations of best-performing strains, representing a fundamental step toward the
development of tailor-made functional microbial consortia.

While the effectiveness of these bioinoculants is clear under controlled conditions, the
complexity of plant—soil-microbiome interactions in the field remains a challenge. However,
this work provides a robust framework for the selection of multifunctional strains and lays
the groundwork for innovative, sustainable fertilization strategies. The integration of
microbiological, metabolomic, and physiological approaches proves to be a key path toward
reducing chemical inputs and enhancing the resilience of modern agricultural systems.
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