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Abstract
The escalating global demand for sustainable agriculture necessitates the devel-
opment of effective biological alternatives to conventional chemical fertilizers,
particularly those addressing phosphorus (P) use efficiency. This study focused
on the isolation and detailed characterization of phosphate-solubilizing fungi
from soil or compost to evaluate their impact and potential for use as biofertil-
izers. Fungal isolation was performed using serial dilution from various sources,
followed by molecular and morphological characterization to identify promising
strains. Four strains were ultimately selected and identified using morphological,
biochemical, and molecular techniques: Aspergillus flavus (CM1), Penicillium
crustosum (C3), Penicillium fellutanum (C4), and Metarhizium robertsii (J1).
The most active strain was initially tested in liquid and solid media supple-
mented with synthetic P (Ca3(PO4)2) and was evaluated by measuring fungal
biomass and P titration. This strain demonstrated good growth and activity,
supporting an optimal temperature of 25°C, a pH of 3, an ammonium concentra-
tion of 1.5 g/L, and a glucose addition of 25.0 g/L. The biofertilization potential
of the selected strains was then comprehensively evaluated through controlled
experiments, including the optimization of growing conditions, quanti fication
of soluble P under hermetic storage in soil, and measurement of soil fungal
populations to assess their impact. P transformation experiments conducted
in hermetic jars showed that CM1 had the highest CO2 release (approximately
7115.30 mg CO2/100 g soil) and the highest soluble P levels at the final sampling
time (78.85 mg/L), thus outperforming the other strains. Furthermore, in soil
hermetic jars, CM1 (reaching up to 26$×$104 CFU (colony forming units)/g
soil) and C4 significantly enhanced soil microbial activity and P bioavailabil-
ity. These results clearly highlight the potential of the selected fungal strains as
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biofertilizers to improve P availability and boost crop productivity in P-deficient
soils.

Full Text
Preamble
J Arid Land (2026) 18(2): 339–352 doi: 10.1016/j.jaridl.2026.02.007; CSTR:
32276.14.JAL.20250361 Phosphate-solubilizing fungi: Isolation, characteri-
zation, and impact on soil as potential biofertilizers Rim WERHENI AM-
MERI1,2*, Yasmine OCHI1, Maroua OUESLETI1, Hassen ABDENNACEUR2,
Najla SADFI ZOUAOUI1 1 Laboratory of Mycology, Pathologies and Biomark-
ers (LR16ES05), Faculty of Sciences of Tunis, University Tunis El Manar,
Tunis 2092, Tunisia; 2 Laboratory of Treatment and Valorization of Water
Rejects, Water Researches and Technologies Center, Borj-Cedria Technopark,
University of Carthage, Soliman 8020, Tunisia Abstract: The escalating global
demand for sustainable agriculture necessitates the development of effective
biological alternatives to conventional chemical fertilizers, particularly those ad-
dressing phosphorus (P) use efficiency. This study focused on the isolation and
detailed characterization of phosphate-solubilizing fungi from soil or compost
to evaluate their impact and potential for use as biofertilizers. Fungal isolation
was performed using serial dilution from various sources, followed by molecular
and morphological characterization to identify promising strains. Four strains
were ultimately selected and identified using morphological, biochemical, and
molecular techniques: Aspergillus flavus (CM1), Penicillium crustosum (C3),
Penicillium fellutanum (C4), and Metarhizium robertsii (J1). The most active
strain was initially tested in liquid and solid media supplemented with synthetic
P (Ca3(PO4)2) and was evaluated by measuring fungal biomass and P titration.
This strain demonstrated good growth and activity, supporting an optimal
temperature of 25°C, a pH of 3, an ammonium concentration of 1.5 g/L, and
a glucose addition of 25.0 g/L. The biofertilization potential of the selected
strains was then comprehensively evaluated through controlled experiments,
including the optimization of growing conditions, quanti fication of soluble P
under hermetic storage in soil, and measurement of soil fungal populations
to assess their impact. P transformation experiments conducted in hermetic
jars showed that CM1 had the highest CO2 release (approximately 7115.30
mg CO2/100 g soil) and the highest soluble P levels at the final sampling
time (78.85 mg/L), thus outperforming the other strains. Furthermore, in soil
hermetic jars, CM1 (reaching up to 26$×$104 CFU (colony forming units)/g
soil) and C4 significantly enhanced soil microbial activity and P bioavailability.
These results clearly highlight the potential of the selected fungal strains as
biofertilizers to improve P availability and boost crop productivity in P-deficient
soils.
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1 Introduction
Arid soils, often linked with poverty and land degradation, face severe chal-
lenges in nutrient content (Naorem et al., 2023) and microbial functioning (Li
et al., 2024). Increasing aridity leads ∗Corresponding author: Rim WERHENI
AMMERI (E-mail: rim.werheni@gmail.com) Received 2025-08-07; revised 2025-
11-29; accepted 2025-12-12 © 2026 Xinjiang Institute of Ecology and Geography,
Chinese Academy of Sciences, and Science Press. Publishing services by Elsevier
B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/). http://jal.xjegi.com; https://www.keaipublishing.com/en/journals/journal-
of-arid-land/ JOURNAL OF ARID LAND 2026 Vol. 18 No. 2 to lower soil
fertility (Pratibha et al., 2023), reduced microbial diversity, and impaired
nutrient cycling, which together threaten ecosystem productivity and resilience
(Zhang et al., 2024).

Lower microbial biomass and simplified microbial networks result in decreased
rates of carbon and nitrogen mineralization, enzyme activities, and overall soil
functionality, which weakens nutrient cycling and soil health (Bogati and Wal-
czak, 2022). Bacteria and fungi break down soil organic matter, converting
complex compounds into simpler and plant-available nutrients. Fungi excel at
decomposing tough materials like lignin and cellulose, while bacteria rapidly pro-
cess simpler substrates (Wang et al., 2024). Bacteria and fungi are central to the
transformation and cycling of phosphorus (P), nitrogen (N), and potassium (K)
in soils, directly influencing soil fertility and plant productivity. Their activities
drive nutrient availability through decomposition, solubilization, mineralization,
and symbiotic interactions (Chen et al., 2024).

Bacteria (e.g., Bacillus, Pseudomonas, and Nocardioides) and fungi (e.g., Penicil-
lium and mycorrhizal fungi) solubilize insoluble phosphates, making P available
to plants. Genes like gcd and phoD in bacteria are crucial for P cycling, and
their abundance is influenced by fertilization and soil pH (Luo et al., 2024).

Fungi, especially arbuscular mycorrhizal (AM) and saprotrophic species, play
a vital role in transforming soil P from unavailable forms into plant-accessible
nutrients. Their activities are crucial for soil fertility, plant growth, and sustain-
able agriculture, particularly in P-limited or degraded soils (Zhang et al., 2023).
Many fungi (e.g., Penicillium, Aspergillus, Trichoderma, and Rhizopus) secrete
organic acids (like oxalic and citric acid) that lower soil pH and dissolve mineral
phosphates, releasing soluble P for plant uptake (Bononi et al., 2020). Fungi
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transform soil P through organic acid secretion (Arias et al., 2023), enzymatic
mineralization (Pang et al., 2024), mycorrhizal symbiosis (Wang et al., 2023),
storage/release (Arias et al., 2023), and microbial interactions. These mecha-
nisms are essential for maintaining soil fertility and plant nutrition, especially
in P-limited environments (Wang et al., 2023).

Glucose, temperature, and pH are key environmental factors that significantly
influence the ability of fungi to transform and solubilize P in soil. These factors
affect fungal metabolism, enzyme production, and the efficiency of P release
from insoluble sources. Glucose serves as an easily metabolizable carbon source,
enhancing fungal growth and the production of organic acids (e.g., gluconic
and citric acids) that lower pH and solubilize inorganic phosphates (Jin et al.,
2024). Most phosphate-solubilizing fungi show optimal P transformation at
temperatures between 25°C and 35°C. Phosphate solubilization is noticeable
across a range of temperatures, but efficiency drops outside the optimal range
due to reduced fungal metabolism and enzyme activity (Gaind, 2016). Fungal-
mediated phosphate solubilization is strongly linked to a decrease in soil pH,
primarily due to organic acid secretion. Many fungi can tolerate and function
in acidic environments (pH in a range of 3–6), with phosphate solubilization
often negatively correlated with pH (Zhang et al., 2018). Some fungi maintain
biomass across a wide pH range, but phosphate-solubilizing efficiency and the
type of P source can influence outcomes (Gaind, 2016).

Fungi, especially phosphate-solubilizing fungi (PSF) and arbuscular mycorrhizal
fungi (AMF), are increasingly used as biofertilizers to enhance P availability and
uptake in crops, offering a sustainable alternative to chemical fertilizers (Fu et
al., 2024). Fungi used as biofertilizers are effective, eco-friendly tools for im-
proving soil P transformation and plant nutrition. Their application supports
sustainable agriculture by enhancing P availability, crop yields, and soil health
while reducing dependence on chemical fertilizers (Luo et al., 2024). The objec-
tives of the present study are: (1) to isolate and select fungal strains capable
of converting insoluble soil P into plant-available forms; (2) to identify the se-
lected strains using morphological and molecular techniques; and (3) to assess
the efficiency of these strains in transforming P during incubation in sealed jars
containing soil from arid areas.

2.1 Isolation, selection, and identification of phosphate-
solubilizing fungi
Fungal strains were isolated from agricultural soils and composts. The soil col-
lected from arid Rim WERHENI AMMERI et al.: Phosphate-solubilizing fungi:
Isolation⋯soil was situated within the Chenchou perimeter, near El Hamma of
Gabes, Tunisia (33°53′N, 10°07′E). The location is characterized by an arid cli-
mate, receiving an average annual precipitation of 191 mm. The annual average
temperature is 24°C, with July being the warmest month of the year, reaching an
average temperature of 32°C. The arid area near El Hamma of Gabes is charac-
terized by xerophytic and halophytic vegetation (Cherif et al., 2015), with spon-
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taneous species such as saltbush (Atriplex) and white wormwood (Artemisia
herba-alba Asso). The cultivated date palm (Phoenix dactylifera L.) is central
to oasis agriculture, creating a microclimate that supports diverse crops and
ecological processes (Saadaoui et al., 2019).

The isolation was performed using the serial dilution method, in which 10 g
of soil or compost was mixed with 90 mL of sterile distilled water to detach
fungal spores and hyphae. The suspension was shaken at 150 r/m, and tenfold
serial dilutions ranging from 10–1 to 10–4 were prepared. From each dilution, a
0.2-mL aliquot was plated on potato dextrose agar (PDA) supplemented with
50 mg/L of antibiotics (streptomycin) to inhibit bacterial growth (Hidri et al.,
2021). We selected fungal isolates based on their ability to solubilize P in both
liquid and solid media containing Ca3(PO4)2.

Fungal strains were inoculated onto Pikovskaya (PVK) agar plates (Nelofer et
al., 2016) supplemented with glucose (10.0 g/L) and agar (18.0 g/L). Ca3(PO4)2
served as the sole insoluble P source. Following 7 d of incubation at 25°C,
phosphate solubilization capacity was determined by the formation of a clear
halo around the fungal colonies against the opaque medium (Souchie et al.,
2007). Uninoculated PVK plates acted as negative controls. The solubilization
index (SI) was calculated as the ratio of the total diameter (colony plus halo)
to the colony diameter (Berraquero et al., 1976). We classified SI values as low
(<2), medium (2–3), or high (>3) based on the criteria established by Silva
Filho and Vidor (2000). All strains were tested in triplicate.

Soluble P quantification was performed following culture of fungal strains in a
modified PVK liquid medium (Nelofer et al., 2016) using Ca3(PO4)2 as the sole
insoluble P source, glucose (10.0 g/L), (NH)4)2SO4 (0.5 g/L), and yeast extract
(0.5 g/L). Cultures were incubated for 7 d at 25°C under shaking (150 r/m)
before centrifugation (8000 r/m at 4°C). The resulting supernatant was collected
for analysis, while the fungal pellet was dried at 80°C for 24 h to determine dry
cell mass. Soluble P (free orthophosphate) was quantified colorimetrically using
the Murphy and Riley (1962) method, primarily relying on the formation of a
blue-colored phospho-molybdenum complex via the reaction of molybdate and
ascorbic acid. Additionally, the vanado-molybdate method was applied as a
complementary technique.

2.2 Fungal identification
Fungal identification was conducted through a combination of macro-
scopic and microscopic morphological examination, following Samson et
al. (2014), supplemented by biochemical and physiological characterization
as described by Fossi et al. (2005) and Benaouida (2008). Genomic de-
oxyribonucleic acid (DNA) was extracted from 7-d fungal cultures grown
on agar plates using the protocol by Liu et al. (2000). Molecular iden-
tification targeted the internal transcribed spacer (ITS) region, amplified
with universal primers ITS4 (5′-CCTCCGCTTATTGATATGC-3′) and ITS5

chinarxiv.org/items/chinaxiv-202603.00073 Machine Translation

https://chinarxiv.org/items/chinaxiv-202603.00073


(5′-GGAAGTAAAAGTCGTAACAAGG-3′) according to White et al. (1999).
Sequences were compared against related taxa retrieved from the National
Center for Biotechnology Information GenBank database using Jukes and
Cantor (1969) model for phylogenetic analysis.

2.3 Effect of growing conditions on phosphate solubilization
by the selected strain
The study examined the effects of temperature, glucose concentration, ammo-
nium sulfate concentration, and medium pH on maximum phosphate solubiliza-
tion in liquid PVK medium.

Experimental ranges were as follows: temperature (25°C and 35°C), glucose
(5.0 and 25.0 g/L), ammonium sulfate (0.5 and 2.5 g/L), and pH (3 and 8). All
treatments were released during 7-d incubation under shaking conditions (150
r/m). Each parameter was varied individually while keeping the others constant,
following the methodology of Nelofer et al. (2016).

In February 2023, topsoil samples (0–20 cm depth) were collected from an arid
area of Tunisia.

The samples were stored in sterilized bags at 4°C until further analysis. Soil
pH and electrical JOURNAL OF ARID LAND 2026 Vol. 18 No. 2 conduc-
tivity (EC) were measured in soil-to-water suspensions at ratios of 1.0:2.5 and
1.0:5.0, respectively. Available P was extracted using the bicarbonate method
described by Olsen and Sommers (1982). The organic carbon and organic mat-
ter content were determined using a modified Walkley–Black titration method.
Particle size distribution was analyzed using a laser particle sizer (Analysette 22
NeXT, Fritsch, Idar-Oberstein, Germany). Finally, we measured the soil K2O
(potassium oxide) content according to standard methods (APHA, 1998).

2.4 Evaluation of the efficiency of selected fungi in hermetic
storage conditions
The efficiency of fungal strains in P mineralization was assessed via an anaerobic
incubation assay conducted in 500 mL hermetically sealed glass jars (Werheni
Ammeri et al., 2021). About 100.0 g aliquots of soil were triple-sterilized (120°C
for 45 min) and adjusted to 75.00% of the soil’s field capacity before inoculation.
Each jar was inoculated with a specific fungal strain ($×$104 CFU (colony form-
ing units)/g soil). The inocula were prepared by centrifuging mycelial biomass
(6000 r/m for 15 min) grown in potato dextrose broth (PDB) for 5–7 d. Treat-
ments included supplementation with or without added Ca3(PO4)2. The jars
were incubated at a constant temperature of 28°C. Phosphate solubilization,
CO2 released, and fungal activity were monitored over a 23-d period.

The amount of CO2 released was measured daily during the incubation period.
For measurement, a forced stream of CO2 free air was circulated through the
flasks for 2 h and then bubbled into a 0.1-N NaOH solution to trap the displaced
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CO2. The resulting sodium hydroxide solution was subsequently titrated with a
1.0-N HCl solution in the presence of 5 mL of 0.1 N BaCl2 and phenolphthalein
as an indicator (Saidi et al., 2009). We used the titrimetric results to calculate
the released CO2, based on the principle that (V0–V1)=1 mL of 0.1 N HCl,
which corresponds to a release of 1.2 mg of C. In this equation, V0 (mL) is the
volume of titrant needed to neutralize the initial amount of base in the control
flask and V1 (mL) is the volume of titrant needed to neutralize the remaining
excess base in the sample flask .The soil mineralizing activity (C), expressed as
mg CO2/100 g soil, is calculated using the following formula:

C=(V0−V1)$×$1.2. Soil available P was determined using the Olsen method
(Olsen and Sommers, 1982). Soil samples, first sieved by the 2-mm sieve, were
extracted with Duval’s reagent. The mixture was stirred for 30 min and filtered.
Concentrated H2SO4 was then added to the filtrate, followed by light agitation
and 1 h of degassing. For final colorimetric quantification, 1 mL of Duval’s
reagent and 10 mL of 1.00% ascorbic acid solution were added, and the sample
was incubated in a water bath at 80°C for 45 min. The final optical density was
measured using a spectrophotometer at 660 nm after cooling.

Fungi in the soil sample were enumerated using the serial dilution method plated
onto potato dextrose agar (PDA) (Hidri et al., 2021). Quantification was per-
formed by counting only plates containing discrete and countable colonies (Pane
et al., 2022).

2.5 Statistical analysis
The experimental setup investigating biofertilization and irrigation with
non-conventional water was illustrated using the BioRender tool. All exper-
iments were conducted in triplicate, and the results are expressed as mean
values±standard deviation (SD). To assess treatment effects, we performed
an analysis of variance (ANOVA) on the measured P content and fungal
population in soil under different treatments. Differences between treatments
were evaluated using Duncan’s multiple range test at a significance level of
P<0.05. All statistical analyses were conducted using the SPSS v.21.0 software
(IBM Corp., IBM SPSS Statistics for Windows, Armonk, New York, USA).

3.1 Isolation, selection, and identification of phosphate-
solubilizing fungi
Analysis of the four fungal strains Penicillium crustosum (C3), Penicillium fel-
lutanum (C4), Rim WERHENI AMMERI et al.: Phosphate-solubilizing fungi:
Isolation⋯Aspergillus flavus (CM1), and Metarhizium robertsii (J1) isolated
from compost allowed for the characterization of their phosphate solubilization
potential on PVK medium at 25°C (Table 1 ).

Strain CM1 proved to be the most efficient in the qualitative test, exhibiting the
largest halo diameter (4.00$±0.01𝑚𝑚), 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑖𝑛𝑔𝑠𝑡𝑟𝑜𝑛𝑔𝑒𝑥𝑐𝑟𝑒𝑡𝑖𝑜𝑛𝑜𝑓𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑎𝑐𝑖𝑑𝑠𝑐𝑎𝑝𝑎𝑏𝑙𝑒𝑜𝑓𝑟𝑒𝑙𝑒𝑎𝑠𝑖𝑛𝑔𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒.𝐹𝑢𝑟𝑡ℎ𝑒𝑟𝑚𝑜𝑟𝑒, 𝑠𝑡𝑟𝑎𝑖𝑛𝐶𝑀1𝑑𝑒𝑚𝑜𝑛𝑠𝑡𝑟𝑎𝑡𝑒𝑑𝑡ℎ𝑒𝑏𝑒𝑠𝑡𝑔𝑟𝑜𝑤𝑡ℎ𝑖𝑛𝑙𝑖𝑞𝑢𝑖𝑑𝑚𝑒𝑑𝑖𝑢𝑚, 𝑤𝑖𝑡ℎ𝑡ℎ𝑒ℎ𝑖𝑔ℎ𝑒𝑠𝑡𝑏𝑖𝑜𝑚𝑎𝑠𝑠(20.92±2.30𝑔), 𝑎𝑘𝑒𝑦𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟𝑜𝑓𝑖𝑡𝑠𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙.𝐴𝑙𝑡ℎ𝑜𝑢𝑔ℎ𝑠𝑡𝑟𝑎𝑖𝑛𝐶4𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑒𝑑𝑠𝑙𝑖𝑔ℎ𝑡𝑙𝑦𝑚𝑜𝑟𝑒𝑃(1.64±$0.14
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Figure 1

Figure 1: Figure 1

mg/L), strains CM1 and J1 displayed very similar values, highlighting the
overall efficiency of these three isolates. Conversely, strain C3 showed the
lowest performance, both in terms of qualitative solubilization and biomass
production, making it the least suitable for further research. In conclusion,
strain CM1 is considered the best candidate for in-depth study, thanks to its
optimal combination of solubilization capacity and growth viability.

These results underscore the potential of specific fungal strains as efficient agents
for biofertilization and sustainable P management in soil systems.

Macroscopic characterization of the selected fungal isolates enabled the differen-
tiation of four distinct colony morphotypes. The strains C3, C4, CM1, and J1
displayed characteristic colony colors and textures: C3 and CM1 initially devel-
oped white colonies that later turned green and black, respectively; C4 formed
brown colonies, while J1 exhibited a transition from white to dark pigmenta-
tion. The textures ranged from cottony C3, to powdery C4, to woolly CM1 and
J1, and all four strains demonstrated rapid radial growth, exceeding 3 cm in
diameter within 7 d of incubation, indicating their fast-growing nature.

Table 1 Selection of phosphate-solubilizing fungal strains in Pikovskaya (PVK)
liquid and agar media supplemented with P at 25°C Strain Halo diameter (mm)
P content (mg/L) Biomass of fungi (g) 3.00$±0.123.50±0.104.00±0.012.50±0.201.63±0.121.64±0.141.62±0.211.61±0.3616.09±1.2015.58±2.1020.92±2.3011.68±1.65𝑁𝑜𝑡𝑒 ∶
𝐽1, 𝑀𝑒𝑡𝑎𝑟ℎ𝑖𝑧𝑖𝑢𝑚𝑟𝑜𝑏𝑒𝑟𝑡𝑠𝑖𝑖; 𝐶4, 𝑃𝑒𝑛𝑖𝑐𝑖𝑙𝑙𝑖𝑢𝑚𝑓𝑒𝑙𝑙𝑢𝑡𝑎𝑛𝑢𝑚; 𝐶𝑀1, 𝐴𝑠𝑝𝑒𝑟𝑔𝑖𝑙𝑙𝑢𝑠𝑓𝑙𝑎𝑣𝑢𝑠; 𝐶3, 𝑃𝑒𝑛𝑖𝑐𝑖𝑙𝑙𝑖𝑢𝑚𝑐𝑟𝑢𝑠𝑡𝑜𝑠𝑢𝑚.𝑀𝑒𝑎𝑛±$SD;
n=3.

Microscopic examination further supported species-level differentiation. Strain
CM1 displayed globose vesicles with brown to black conidia bearing a rough,
spherical morphology, characteristic of Aspergillus niger. Strain C4 showed
singular, variably sized conidiophores with divergent phialides producing long
chains of globose conidia, suggesting its affiliation with the Penicillium genus.
In contrast, strains C3 and J1 exhibited hyphal and reproductive structures
resembling those of the Trichoderma genus. Subsequent molecular identification
confirmed the taxonomic identity of the four isolates, as illustrated in Figure 1

.

3.2 Influence of culture conditions on phosphate solubiliza-
tion efficiency of selected fungal
strains The effect of various culture conditions (pH, temperature, ammonium,
and glucose) on phosphate solubilization by the selected fungal strains is
presented in Table 2 . Temperature showed a notable impact, with all four
strains exhibiting increased solubilization at higher temperatures. Among
them, C4 achieved the highest concentration of soluble P, approximately 370.37
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($±2.50)𝑚𝑔/𝐿, 𝑎𝑡35°𝐶, 𝑤ℎ𝑒𝑟𝑒𝑎𝑠𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡𝑙𝑦𝑙𝑜𝑤𝑒𝑟𝑙𝑒𝑣𝑒𝑙𝑠𝑤𝑒𝑟𝑒𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑎𝑐𝑟𝑜𝑠𝑠𝑎𝑙𝑙𝑠𝑡𝑟𝑎𝑖𝑛𝑠𝑎𝑡25°𝐶𝑤𝑖𝑡ℎ𝑎𝑣𝑎𝑙𝑢𝑒6.52(±2.00)𝑚𝑔/𝐿, 𝑠𝑢𝑔𝑔𝑒𝑠𝑡𝑖𝑛𝑔𝑎𝑛𝑜𝑝𝑡𝑖𝑚𝑎𝑙𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝑓𝑜𝑟𝑒𝑛𝑧𝑦𝑚𝑎𝑡𝑖𝑐𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑖𝑛𝑣𝑜𝑙𝑣𝑒𝑑𝑖𝑛𝑃𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛.𝑇 ℎ𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑠𝑒𝑥ℎ𝑖𝑏𝑖𝑡𝑒𝑑𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑠𝑡𝑜𝑝𝐻𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛, 𝑤𝑖𝑡ℎ𝑠𝑡𝑟𝑎𝑖𝑛𝐽1𝑎𝑐ℎ𝑖𝑒𝑣𝑖𝑛𝑔𝑡ℎ𝑒ℎ𝑖𝑔ℎ𝑒𝑠𝑡𝑠𝑜𝑙𝑢𝑏𝑙𝑒𝑃𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(140.32±12.30𝑚𝑔/𝐿)𝑢𝑛𝑑𝑒𝑟𝑎𝑐𝑖𝑑𝑖𝑐𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠(𝑝𝐻 =
3).𝐼𝑛𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡, 𝐶3𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑𝑡ℎ𝑒𝑙𝑜𝑤𝑒𝑠𝑡𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑎𝑡𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑒𝑝𝐻𝑤𝑖𝑡ℎ𝑎𝑣𝑎𝑙𝑢𝑒7.61(±$0.98)
mg/L, reinforcing the notion that acidic environments favor the release of P,
likely due to the enhanced secretion of organic acids or acid phosphatases.

Regarding the carbon source, particularly glucose, the fungal isolates responded
distinctly to concentrations of 5.0 and 25.0 g/L. C3 displayed the highest solu-
bilization capacity at the JOURNAL OF ARID LAND 2026 Vol. 18 No. 2 Fig.
1 Molecular evolutionary genetics analysis of fungal isolates. The number of
48, 56, 96, and 100 means bootstrap value, which indicates the strength of the
evidence supporting the grouping of the isolates.

Table 2 Effects of temperature, pH, glucose, and ammonium on phosphorus
(P) and pellet weight formation for fungal strains in PVK liquid medium
Fungal strain Temperature (°C) Glucose (g/L) Ammonium (g/L) P (mg/L)
152.10$±12.00300.72±12.308.64±2.309.52±1.0273.48±1.3655.89±2.3011.75±1.017.25±0.98𝑃𝑒𝑙𝑙𝑒𝑡(𝑔)17.68±8.208.39±1.20140.32±12.30133.20±12.2014.95±1.5013.23±1.504.79±0.898.34±1.20𝑃(𝑚𝑔/𝐿)75.55±3.20267.90±14.307.65±0.801.67±0.4543.11±2.3520.37±3.1010.29±1.607.42±0.95𝑃𝑒𝑙𝑙𝑒𝑡(𝑔)6.52±2.007.49±0.90117.00±14.3015.00±1.309.23±0.787.44±0.6551.75±11.023.44±0.47𝑃(𝑚𝑔/𝐿)109.30±7.00370.37±2.507.77±0.912.35±0.1483.13±4.5067.27±3.7065.89±6.203.45±0.64𝑃𝑒𝑙𝑙𝑒𝑡(𝑔)4.97±0.504.23±0.2066.58±11.5042.10±8.105.42±0.125.96±1.0258.31±4.562.92±0.05𝑃(𝑚𝑔/𝐿)80.03±1.20310.30±10.207.21±1.207.61±0.9890.72±5.20130.37±15.1043.48±12.304.41±0.01𝑃𝑒𝑙𝑙𝑒𝑡(𝑔)6.48±1.3010.74±1.2071.20±2.5088.32±11.0413.20±0.476.48±0.6976.24±14.202.59±0.34𝑁𝑜𝑡𝑒 ∶
𝑀𝑒𝑎𝑛±𝑆𝐷; 𝑛 = 3.𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑𝑔𝑙𝑢𝑐𝑜𝑠𝑒𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, 𝑟𝑒𝑎𝑐ℎ𝑖𝑛𝑔130.37(±15.10)𝑚𝑔/𝐿, 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑖𝑛𝑔𝑡ℎ𝑎𝑡𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑠𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑎𝑛𝑑𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙.𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑙𝑦, 𝑡ℎ𝑒𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛𝑠𝑜𝑢𝑟𝑐𝑒, 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑙𝑙𝑦𝑎𝑚𝑚𝑜𝑛𝑖𝑢𝑚𝑠𝑢𝑙𝑓𝑎𝑡𝑒, 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒𝑑𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙𝑙𝑦𝑎𝑚𝑜𝑛𝑔𝑠𝑡𝑟𝑎𝑖𝑛𝑠.𝐶4𝑒𝑥ℎ𝑖𝑏𝑖𝑡𝑒𝑑𝑡ℎ𝑒𝑔𝑟𝑒𝑎𝑡𝑒𝑠𝑡𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦, 𝑝𝑟𝑜𝑑𝑢𝑐𝑖𝑛𝑔65.89(±$6.20)
mg/L of soluble P, while J1 demonstrated the lowest output under the same
conditions.

The analyzed sample exhibits a predominantly sandy texture, evidenced by
the high percentage of sand (78.00%), resulting in a coarse soil that is highly
draining but possesses low water and nutrient retention capacity. Chemically,
the soil is near neutral (pH=7) and non-saline (EC= 1.27 mS/cm). Although
soil organic matter (1.45%) and carbon (0.75%) levels are low, which is typical
for sandy soils, the sample shows exceptional mineral fertility, with both P
(121.132 mg/L) and potassium (K) (432.36 mg/L) contents classified as very
high. In summary, the soil is chemically balanced but structurally poor in soil
organic matter, yet it is highly enriched in major nutrients, minimizing the need
for P and K fertilization.

3.3 Evaluation of the efficiency of selected fungi in hermetic
storage conditions
Microbial respiration, quantified as CO2 emissions (mg CO2/100 g soil), showed
a consistent Rim WERHENI AMMERI et al.: Phosphate-solubilizing fungi:
Isolation⋯three-phase trend: the initial phase (1–5 d) displayed a sharp spike
known as the “flush effect”, driven by soil rewetting and rapid mineralization
of labile soil organic matter (Fig. 2 [FIGURE:2]). Following this, the inter-
mediate phase (6–19 d) featured a gradual decline in emission, reflecting the
depletion of easily degradable compounds and a shift toward the slower utiliza-
tion of more recalcitrant carbon sources. Finally, the terminal phase (20–23 d)
reached a plateau (exhaustion stage), indicating limited microbial degradation
of remaining stable organic residues.

Among the assessed strains, CM1 exhibited the highest respiratory activity,
recording a maximum CO2 emission of approximately 7115.30 mg CO2/100 g
soil with P vs. 3856.30 mg CO2/100 g soil without P. This result reflects strong
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metabolic activity and the potential to enhance soil organic matter turnover.
The other strains (C3, C4, and J1) showed comparatively lower rates. This vari-
able capacity highlights the potential of CM1 as an effective agent for improving
soil biological functionality in biofertilization applications (Fig. 2).

Fig. 2 Daily CO2 release from soil inoculated with fungal strains C4, C3, J1,
and CM1, without (a) or with (b) phosphorus (P) addition. CM1, Aspergillus
flavus; C4, Penicillium fellutanum; J1, Metarhizium robertsii; C3, Penicillium
crustosum.

As shown in Figure 3 [FIGURE:3], the fungal population increased in P-enriched
soils. Strain CM1 consistently maintained the highest fungal density across all
treatments, reaching up to the maximum of 26$×$104 CFU/g soil. These results
highlight its strong adaptability and responsiveness to increased P availability.
This substantial impact and its confirmed efficiency in P-transformation sup-
port the hypothesis of a synergistic interaction between fungal activity and P
supplementation, reaffirming its potential as a promising biofertilizer candidate
for P mobilization.

P contents in the soil varied substantially across treatments, ranging widely
from 100.00 to 850.00 mg/L (Fig. 4 [FIGURE:4]). Treatments combining fun-
gal inoculation with Ca3(PO4)2 supplementation significantly enhanced P avail-
ability, especially at the initial sampling time (T0). Furthermore, this addition
enhanced P availability (above 100.00 mg P2O5), confirming the agronomic ef-
ficacy of these interventions. Ultimately, fungal strain CM1 proved the most
effective phosphate solubilizer at the final sampling time (Tf), achieving soluble
P content of approximately 78.85 mg/L.

3.4 Principal component analysis (PCA)
To summarize the variability observed in different treatments of arid soil mi-
crocosms, we performed PCA. The procedure allowed the principal components
reported as regression factor scores (Fig. 5 [FIGURE:5]). The main component
accounted for 90.33% of the total variance. In this study, the heat map displays
the correlation matrix among key experimental variables, namely temperature
at 25°C and 35°C, pH levels of 3 and 8, glucose concentrations of 5.0 and 25.0
g/L, and ammonium sulfate concentrations of 1.5 and 2.5 g/L, as illustrated in
Figure 5a and b.

JOURNAL OF ARID LAND 2026 Vol. 18 No. 2 Fig. 3 Effect of P on fungal
abundance in soil inoculated with strains C4, C3, J1, and CM1 with or without
P. T0, initial sampling time, Tf, final sampling time; CFU, colony forming units.
Different lowercase letters within the same treatment indicate significant differ-
ences among different strains at P<0.05 level. Bars are standard deviations.

Fig. 4 Variations in P content in soil amended with Ca3(PO4)2 under differ-
ent treatments. Different lowercase letters within the same addition and the
same sapling time indicate significant differences among different treatments at
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P<0.05 level. Bars are standard deviations.

Additionally, the correlation matrix highlights meaningful associations among
the variables, fungal density, soluble P, and CO2 evolution as a proxy for micro-
bial respiration. A particularly strong positive correlation was detected between
fungal density and soluble P concentration, suggesting that higher fungal pop-
ulations are closely linked to enhanced phosphate solubilization.

An inverse correlation was observed between soluble P and CO2, potentially re-
flecting the temporal decline in microbial respiration following P mineralization
or the differing metabolic demands associated with nutrient transformation ver-
sus respiration. These parameters likely enhance the metabolic activity and/or
enzymatic production responsible for P release, suggesting that these param-
eters most favorably influence P bioavailability. Although these correlation
patterns offer valuable insights into the interdependencies of abiotic and biotic
factors influencing phosphate solubilization, it is important to interpret these
findings within a broader experimental context. Further inferential statistical
analyses are warranted to validate the observed relationships and account for
confounding factors, as illustrated in Figure 5.

4 Discussion
P deficiency is a major constraint, limiting crop productivity in arid and semi-
arid soils, where both low P bioavailability and poor microbial diversity restrict
nutrient cycling and plant growth.

In these environments, the application of phosphate-solubilizing microorganisms
represents a sustainable strategy to improve P nutrition by converting insoluble
phosphate forms into plant- available orthophosphates. Among P-solubilizing
microorganisms (PSMs), fungi have been reported to possess superior solubiliza-
tion capacities compared with bacteria, primarily due to their ability to secrete
a wide range of organic acids and P (Nelofer et al., 2016).

Rim WERHENI AMMERI et al.: Phosphate-solubilizing fungi: Isolation⋯Fig.
5 Principal component analysis (PCA) of fungal responses under different ex-
perimental conditions. (a), liquid medium; (b), soil condition. PC, principal
component; T, temperature; Glu, glucose; NH4, ammonium sulfate.

The present study aimed to isolate and identify fungal strains with high poten-
tial for phosphate solubilization, initially under controlled laboratory conditions
using both solid and liquid media, and subsequently in soil systems. The primary
screening was conducted on solid agar medium supplemented with poorly solu-
ble Ca3HPO4. In this medium, phosphate-solubilizing efficiency was assessed
by measuring the diameter of solubilization halos surrounding fungal colonies,
which serve as qualitative indicators of phosphate mobilization capacity. How-
ever, our findings revealed that halo formation on solid media is not a reliable
criterion for effective selection. Many isolates that failed to form visible halos
were later found to exhibit considerable phosphate solubilization activity in liq-
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uid media. Consequently, we retained only four promising fungal strains based
on their combined performance in solid and liquid assays. To verify their effi-
ciency, we subsequently cultured these strains in PVK liquid medium enriched
with Ca3HPO4. Soluble P concentrations were quantified, and fungal biomass
was measured to evaluate phosphate transformation efficiency, under protocols
established in previous studies (Nelofer et al., 2016).

Among the selected strains, those belonging to the genera Aspergillus and Peni-
cillium demonstrated notably high phosphate solubilization activity. This result
aligns with existing literature, where Aspergillus species, such as A. niger and
A. flavus, are consistently cited as efficient P-solubilizing fungi, and also for
their enzymatic versatility and strong cellulolytic capabilities (Kitamoto et al.,
1996; Fujita et al., 2002). Similarly, Penicillium species—including P. fellutanum
and P. notatum—are recognized for their metabolic versatility, notably in their
production of hydrolytic enzymes such as 𝛼-amylase, which may contribute
indirectly to phosphate mobilization via enhanced soil organic matter decompo-
sition (Kathiresan and Manivannan, 2006; Balkan and Ertan, 2007). This study
highlights the limitations of halo-based qualitative screening on solid media and
emphasizes the importance of incorporating quantitative evaluations in liquid
culture for the reliable identification of high-performance P-solubilizing fungal
strains suitable for biofertilization in arid agroecosystems. Fungal genera such as
JOURNAL OF ARID LAND 2026 Vol. 18 No. 2 Trichoderma (Sheir-Neiss and
Montenecourt, 1984; Nogawa et al., 2001), alongside the previously mentioned
Aspergillus and Penicillium, are widely recognized for their ecological adapt-
ability and significant contributions to soil organic matter decomposition and
nutrient cycling through both cellulolytic and phosphatase-mediated activities.
Extensive research has demonstrated the efficacy of these groups in mobilizing
insoluble P forms from soil matrices (Achal et al., 2007; Vassilev et al., 2007;
Xiao et al., 2018; Fan et al., 2020).

The process of phosphate solubilization is not only solely dependent on fungal ge-
netics, but also significantly influenced by environmental and nutritional factors
such as pH, temperature, and the availability of carbon and nitrogen sources.
Aspergillus spp. exhibit optimal growth and metabolic activity within a temper-
ature range of 30°C–35°C (Leong et al., 2006), while the enzymatic machinery
responsible for phosphate solubilization, particularly acid phosphatases, shows
peak activity near 29°C (Jena et al., 2014). The present study, which recorded
the highest levels of soluble P at approximately 30°C, corroborates these find-
ings, affirming that optimal solubilization aligns closely with conditions favoring
both fungal proliferation and enzyme expression.

Carbon availability, particularly as glucose, plays a pivotal role in regulating fun-
gal metabolic pathways, including organic acid production—an essential mecha-
nism for phosphate mobilization.

While literature reports considerable variation in optimal glucose concentrations
among Aspergillus strains—ranging from 10.0 g/L (Gokhale et al., 1991) to 100.0
g/L (Khurshid et al., 2013)—our findings identify 25.0 g/L as the most effective

chinarxiv.org/items/chinaxiv-202603.00073 Machine Translation

https://chinarxiv.org/items/chinaxiv-202603.00073


concentration for promoting phosphate solubilization. However, it is noteworthy
that elevated glucose levels can suppress the production of certain catabolic
enzymes via carbon catabolite repression, a phenomenon previously observed in
filamentous fungi (Gokhale et al., 1991).

Ammonium sulfate was selected as the primary nitrogen source in this study
due to its economic feasibility compared with complex organic sources such
as yeast extract. Nitrogen concentrations ranging from 1.0 to 5.0 g/L were
assessed, with 2.5 g/L emerging as the optimal dose for phosphate solubilization,
consistent with earlier reports (Dixon-Hardy et al., 1998; Seshadri et al., 2004;
Jena et al., 2014). This result supports the assertion that moderate levels of
ammonium nitrogen enhance microbial metabolism and acidification processes
that are conducive to phosphate release.

Finally, it is essential to recognize that while phosphate supplementation is often
employed to boost P availability, excessive application—particularly in systems
amended with compost—may lead to P saturation, posing environmental risks
such as runoff and eutrophication (Lompo et al., 2009). Therefore, careful cal-
ibration of both microbial inoculation and nutrient supplementation strategies
is imperative to achieve agronomically beneficial and ecologically sustainable
outcomes.

The application of PSMs represents a promising strategy to improve P bioavail-
ability in soils, especially in areas where P is a limiting factor for plant growth.
These microorganisms play a central role in modulating soil P dynamics by
transforming insoluble P compounds into forms that are readily available for
plant uptake (Islam and Hossain, 2012; Kafle et al., 2019). PSMs employ a
range of mechanisms—most notably the secretion of organic acids and extracel-
lular enzymes such as phosphatases—to mediate this transformation (Sarr et al.,
2020; Zúñiga-Silgado et al., 2020).

A wide array of organic acids has been identified as key agents in phosphate
solubilization, including glycolic, 2-ketogluconic, acetic, citric, propionic, suc-
cinic, tartaric, formic, fumaric, lactic, malic, butyric, gluconic, valeric, oxalic,
and citric acids (Zhu et al., 2012; Jog et al., 2014; Mehta et al., 2015; Yadav
et al., 2017). These organic acids chelate metal cations (e.g., Ca2+, Fe3+, and
Al3+), thereby releasing phosphate ions into the soil solution. The treatments
investigated in the current study facilitated the mobilization of P compounds
through interactions with iron and aluminum oxides and soil organic matter, ul-
timately enhancing their solubility. Specifically, P mobilized from Ca3(PO4)2
became bioavailable, as previously reported by Lompo et al. (2009).

Additionally, the surplus P introduced into the soil, especially in the presence
of phosphate amendments, significantly influenced the assimilation of carbon
and nitrogen by soil microbial Rim WERHENI AMMERI et al.: Phosphate-
solubilizing fungi: Isolation⋯communities (Lompo et al., 2009).

The impact of P enrichment on microbial activity is further supported by stud-
ies on P removal systems. Mulkerrins et al. (2004) emphasized that most bi-
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ological P removal systems have been developed for soils with low P content.
Sudiana et al. (1999) further suggested that limited phosphate availability may
constrain the growth and functionality of phosphate-accumulating organisms,
thereby reducing the efficacy of bioremediation or nutrient cycling strategies in
such systems.

Biological soil respiration, often monitored through CO2 emission rates, pro-
vides an important indicator of microbial activity and substrate utilization ef-
ficiency. The daily emission of CO2 varies considerably during incubation and
is closely related to the treatments applied (Lompo et al., 2009). According to
Dilly (2005), CO2 concentrations in cultivated soils typically range between 0.50
and 10.00 mg CO2/100 g soil. Elevated CO2 emissions may reflect poor sub-
strate quality or inefficient microbial metabolism (Fliebach et al., 2007), whereas
moderate to high emissions under nutrient-enriched conditions are generally as-
sociated with heightened microbial activity and effective nutrient cycling.

Fungi, in particular, exhibit many beneficial traits, such as mineral solubiliza-
tion, antagonism against plant pathogens, and secondary metabolite production,
which make them effective plant growth-promoting organisms when associated
with the rhizosphere (Khan et al., 2010). The integration of such fungal strains
into biofertilization regimes has emerged as a sustainable pathway to enhance
agricultural productivity and to minimize the dependence on synthetic inputs.

As emphasized by Reis et al. (2021), the accessibility and large-scale deployment
of microbial bio-inputs, including PSMs, are crucial to advancing sustainable
agriculture. The use of fungi isolated from compost as biofertilizers for P soil
enrichment is gaining attention due to their ability to solubilize phosphate and
promote plant growth. However, the literature provides limited direct evidence
on standardized toxicity testing for these fungal strains before their application
in agriculture (Lucchetta, 2025). Despite the demonstrated benefits, there is a
notable gap in the literature regarding formal toxicity testing of these fungi prior
to their use as biofertilizers. Most studies focus on their efficacy in promoting
plant growth and soil health, but do not report on toxicity assays for non-
target organisms, humans, or environments (Mącik et al., 2020). Some research
notes the presence of potentially pathogenic fungi in soil, but also observes that
beneficial strains can suppress these pathogens (Timofeeva et al., 2022). For
example, the application of beneficial bacteria and fungi reduced the abundance
of known pathogenic fungi, suggesting a possible indirect safety benefit (Yang
et al., 2025).

Nevertheless, the global availability of microbial strains, particularly for plant
protection products, remains limited due to challenges in the selection and com-
mercialization of effective strains. Many candidates exhibit strong potential
under in vitro conditions but fail to deliver consistent results in field applica-
tions, underscoring the need for more robust screening protocols that consider
both laboratory performance and agroecological adaptability.
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5 Conclusions
The valorization of phosphate-solubilizing fungi represents a promising, sustain-
able strategy to mitigate the reliance on conventional chemical inputs in agricul-
ture. This study notably validates the dual functional potential of specific fungal
strains, particularly CM1 and C4, confirming their roles both as effective biofer-
tilizers and active agents for soil rehabilitation. These selected strains exhibit
a high capacity for phosphate solubilization, successfully converting insoluble
compounds into plant-available forms, which directly contributes to addressing
nutrient limitations in the soil.

Crucially, the application of these microbial bio-inputs led to a significant en-
hancement in the growth and productivity of plant in our trials, thereby validat-
ing their efficacy and potential for practical agricultural deployment. Finally,
the integrated evaluation model established in this work offers a robust and reli-
able framework for the targeted screening of similar microbial agents, positioning
this research as a foundation for developing effective microbial interventions in
sustainable agricultural practices.
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