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Abstract

Soil salinization is a major global issue that inhibits plant growth, disrupts rhizosphere microbial
ecology, and compromises plant health. Utilizing salt-tolerant, plant-growth-promoting
microorganisms offers a promising strategy for mitigating salt stress and improving soil productivity.
In this study, a salt-tolerant, phosphate-solubilizing fungal strain was isolated from coastal saline-
alkaline soil and designated as Penicillium oxalicum PF1. Its salt tolerance and phosphorus mobilizing
capacity were characterized, and pot experiments were conducted to elucidate its effects on plant salt
tolerance and the underlying mechanisms. The results showed it could survive up to 17% (w/v)
NaCl in culture medium and solubilized different insoluble phosphorus sources in the order Ca-P >
Mg-P > Fe-P, with a maximum solubilization of 980.09 mg/L. when Ca-P was supplied. Pot
experiments and metagenomic analysis revealed that PF1 significantly promoted alfalfa growth in
saline soil, it triggered significant restructuring of the alfalfa rhizosphere microbiome, promoting the
functional transformation of rhizosphere microbial communities, thereby alleviating salt stress
imposed on alfalfa. In summary, P. oxalicum PF1 exhibits robust salt tolerance and high phosphate-
solubilizing activity, restructures the alfalfa rhizosphere microbiome, enhances host stress resistance,
mitigates salt-induced physiological damage, and ultimately promotes plant growth in saline soil.

Keywords: saline soil; phosphate-solubilizing fungus; metagenomics; rhizosphere microbial

1. Introduction

Soil salinization is a typical land degradation problem. Globally, over 20% of the one billion
hectares of salt-affected land is arable cropland, severely constraining the sustainable development
of agriculture and forestry[1]. Excess Na* and CI- in salinized soils not only disrupt the ionic
homeostasis of plant cells but also induce osmotic imbalance and oxidative damage in plants, thereby
reducing their stress tolerance and productivity[2—4]. Therefore, the amelioration and comprehensive
utilization of salinized soils are of great significance for the sustainable development of agriculture
and forestry.

Phosphorus (P), as an essential macronutrient for plant growth, plays a vital role in key
physiological processes such as energy metabolism, photosynthesis, root development, and signal
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transduction. Although soils are rich in total phosphorus (TP), the majority is sequestered by minerals
in the form of insoluble phosphates (e.g., Cas(PO.),, AIPO,; and FePOs), with the available
phosphorus (AP) directly accessible to plants typically being extremely low[5,6]. Saline soils
generally exhibit high pH values, which further exacerbates phosphorus deficiency[7]. Traditional
agricultural practices rely on chemical phosphate fertilizers, however, less than one-quarter of the
applied phosphorus is effectively absorbed by plants. This not only leads to resource wastage but can
also trigger water eutrophication and further deterioration of soil physicochemical properties[8].
Therefore, the development of efficient and environmentally friendly phosphorus activation
strategies has become one of the key directions for saline soil amelioration. In recent years, biological
amelioration utilizing plant growth-promoting microorganisms (PGPMs) in the rhizosphere has
gradually emerged as a preferred approach. Among these, functional microorganisms with both salt
tolerance and phosphate-solubilizing capabilities can convert insoluble phosphorus into plant-
available forms such as H.PO,~ or HPO,?>~ by secreting organic acids (e.g., acetic acid, citric acid),
active enzymes (e.g., alkaline phosphatase PhoD, glucose dehydrogenase Gced), or chelating metal
ions[9-11]. Zhang et al.[12] demonstrated that phosphate-solubilizing strains generally carry the
phoD and gcd genes, and soil salinization can lead to a reduction in the abundance of these
microorganisms. Ait-Ouakrim et al.[13] isolated 24 phosphate-solubilizing bacterial strains from the
rhizosphere of olive trees grown on phosphate sludge, most of which exhibited salt tolerance and the
ability to inhibit pathogen growth. And they were able to significantly increase plant height, root
length, and dry biomass. Metagenomic sequencing is a powerful tool for revealing the composition
and functional potential of microbial communities, and their interactions with environmental
factors[14,15]. Wang et al.[16] employed metagenomic analysis to elucidate the changes in the
structure and function of the rhizosphere microbial community of grapevines under salt stress. The
plants enhanced their stress tolerance by recruiting specific microbials and enriching functional
pathways related to sulfur metabolism and bacterial chemotaxis. In summary, screening and utilizing
novel salt-tolerant, phosphate-solubilizing microorganisms is a key strategy for increasing available
phosphorus content in saline soils and mitigating the effects of salt stress on plants.

Based on this, we isolated salt-tolerant, phosphate-solubilizing microorganism from coastal
saline-alkali soils, evaluated its salt tolerance and phosphate solubilizing capacity through culture
experiments, and investigated their growth-promoting mechanisms via cultivation experiments
combined with metagenomic sequencing, thereby elucidating the effects of the strain on the growth
of alfalfa (Medicago sativa L.) and the structural composition of its rhizosphere microbial community.
The work is expected to provide a theoretical basis and germplasm resource for the subsequent
development and application of microbial inoculants for the amelioration of saline soils.

2. Materials and Methods
2.1. Study Area

In this experiment, the soil samples used for strain screening were collected from
Comprehensive Experimental Center in Yellow River Delta of Chinese Academy of Forestry, located
within the Dongying Modern Agricultural Demonstration Area in the Yellow River Delta region
(118°54'28"E, 37°41'27”N). This area is classified as moderately to severely saline-alkali land, and the
relevant soil physicochemical properties are presented in Table 1.

Table 1. Basic physicochemical properties of the tested soil.

H TS EC SOM AP AK TN TP TK
P g/kg ps /em g/kg mg/kg  mg/kg g/kg g/kg g/kg
8.99+0.03 3.43+0.02 1219+10 18.67+1.30 51.19+0.63 247'40814'4 0.40+0.05 0.86+0.02 7.16+0.13

1 TS: total salt; EC: electrical conductivity; SOM: soil organic matter; AP: available P; AK: available K;
TN: total N; TP: total P; TK: total K. Different letters indicate significant differences, n =3, p<0.05.
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2.2. Screening of the Target Strain

Five grams of soil sample was added to 45 mL of sterile water and shaken at 30 °C and 120 rpm
for 30 minutes to prepare a soil suspension. After standing for 15 minutes, the suspension was serially
diluted (1071, 1072, 1073, 10, 107, 10-). 0.1 mL soil suspension from each dilution was spread onto
PVK medium plates. Three replicates were set for each dilution. The plates were incubated at 28 °C
for 5-7 d. The single colonies with obvious phosphate-solubilizing zones were selected and purified.
After three rounds of purification, single colonies were cultured for 2-3 d and preserved for further
use.

2.3. Determination of Salt Tolerance of the Strain

The strain was inoculated into LB liquid medium and cultured at 28 °C with shaking at 180 rpm
until the ODewo value reached 0.7. The PDA media supplemented with NaCl at concentrations of 0, 2,
4,6,8, 10,12, 14, 15, 16, 17, and 18% (w/v) were prepared. For each NaCl concentration, 20 pL of the
spore suspension was inoculated onto the center of the plates, with three replicates per treatment.
The colony growth was observed daily, and the colony diameter was measured after 10 d of
incubation.

2.4. Determination of Phosphate Solubilizing Capacity of the Strain

Phosphate-dissolving zone assay: Inorganic phosphorus solid media supplemented with
Ca3(POy)2, FePO,, and Mgs(PO,). as phosphorus sources were prepared, each at a concentration of 5
g/L. 20 pL of the spore suspension was inoculated onto the center of each plate. The plates were
incubated at 28 °C for 10 d, with three replicates for each phosphorus source. The colony growth was
observed, and the ratio of the transparent halo diameter (D) to the colony diameter (d) was measured
to evaluate the phosphate solubilizing capacity of the strain.

Molybdenum blue method: Inorganic phosphorus liquid media containing Cas(PO4),, FePO,, or
Mgs(POy). as phosphorus sources were prepared, each at a concentration of 5 g/L. The spore
suspension was inoculated into the media at 1% (V/V). The cultures were incubated at 28 °C with
shaking at 180 rpm for 7 d, with three replicates for each phosphorus source. The supernatant was
collected daily to measure the pH and soluble phosphorus content [17,18].

2.5. The Pot Culture Experiment Design

Three treatment groups were established: blank control group (Y0, without plants), negative
control group (CK, with plants and sterile culture solution), and treatment group (PF1, with plants
and PF1 spore suspension). Each group had three replicates. Alfalfa (Medicago sativa) was selected as
the test plant. The growth substrate consisted of a mixture of peat soil and perlite at a ratio of 3:1
(W/W), with 600g per pot. Additionally, 1.8 g Cas(POs). powder was added to each pot and mixed
thoroughly.

Fifty alfalfa seeds of uniform size were selected, sterilized, and placed in petri dishes lined with
moist filter paper. The seeds were germinated in a constant temperature incubator at 25 °C until the
sprouts reached approximately 2 cm in length. Then the seedlings were transplanted into pots, with
eight seedlings per pot [19]. At 14 d after sowing, 10 mL of spore suspension (adjusted to the
OD600nm value at 0.7) and sterile culture solution were inoculated into the pots of the PF1 and CK
groups respectively. A second inoculation was performed at 28 d after sowing to ensure successful
colonization of the strain. During the early stage of cultivation, a progressive salt stress treatment
was applied using NaCl solutions. The plants were irrigated with 300 mL NaCl solution per pot every
3 d, with the concentration increasing weekly (1, 2, and 3 g/L). The NaCl concentration was finally
maintained at 3.5 g/L until the end of the cultivation period [20]. The amount of Cas(POs), and the
concentration of NaCl solution were determined based on the relevant data of the tested soil.
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2.6. Rhizosphere Soil and Plant Sampling and Chemical Analysis

At 30 d after the first inoculation, the plants were harvested intact with roots to ensure the root
system remained undamaged. Soil attached to the roots was gently shaken off, and rhizosphere soil
within 2 mm of the root surface was carefully collected using a sterile brush. Plant height and root
length were measured. Proline content in the aboveground parts was determined using the ninhydrin
colorimetric method. Soil TP and AP were determined using the molybdenum-antimony colorimetric
method. Na* and K* contents in plant tissues, as well as soluble Ca?* and Mg?* contents in soil, were
determined using an inductively coupled plasma mass spectrometer (ICP-MS, Avio 200,
PerkinElmer, USA). SOM content was determined by spectrophotometry. Soil TK, AK, and soluble
Na* were determined using a flame photometer (M410, Sherwood, UK). Soil TN was determined
using a Kjeldahl apparatus (KDN-520). Soil pH was measured with a pH meter (PB-10). EC was
measured with a conductivity meter (STARTER 3100C). Soil TS content was determined by the
gravimetric method [21-23].

2.7. Metagenomic Analysis

Raw sequencing data were filtered and converted using Bcl2fastq (v2.17.1.14) and Cutadapt
(v1.9.1) to control sequence quality. The cleaned reads were assembled using MEGAHIT (v1.2.9).
Redundancy removal was performed with MMseq2. Gene abundance analysis was conducted using
SoapAligner (version 2.21), and protein sequence alignment was carried out using BLAST (version
2.2.31+). Alpha diversity indices, including ACE, Chaol, Shannon, and Simpson, were calculated
using QIIME 2. Beta diversity analysis, including non-metric multidimensional scaling (NMDS) and
construction of UPGMA trees, was performed using the vegan package in R software to assess the
microbial community structure. To test the significance of differences between groups,
PERMANOVA was used to identify genera with significant differences in abundance between
groups.

2.8. Statistical Analysis

Data processing and significance analysis were performed using Excel 2019 and SPSS (V21.0).
Data visualization was conducted using Origin 2025 and R software (v3.3.1) with packages such as
ggplot2, VennDiagram, and ape.

3. Results
3.1. Identification of the Screening Strain

In the early stage of culture, the colony appeared white and fluffy. With prolonged incubation,
the colony produced abundant green or yellowish-green spores (Figure 1.). The colony expanded
radially across the entire medium, with white mycelia at the margin during the mature stage. The
strain was preliminarily identified as a member of the genus Penicillium. The strain was subjected to
ITS gene sequencing. The obtained sequence was compared against the database, and a phylogenetic
tree was constructed (Figure 2.). Based on the phylogenetic analysis, the strain was finally identified
as P. oxalicum and designated as PF1, where “P” indicates its phosphate-solubilizing function and
“F” denotes its fungal origin.
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Figure 1. Colony of P. oxalicum PF1.

KX067861.1:5-573 Penicillium oxalicum isolate Liaoning-Risb062 intemal transcribed spacer 1 partial sequence 5.8S ribosomal RNA gene and intemal transcribed spacer 2 complete sequence and 288 ribose
MW369557.1:9-576 Penicillium sp. isolate 3012-11 intemal transcribed spacer 1 partial sequence 5.85 ribosomal RNA gene and intemal transcribed spacer 2 complete sequence and large subunit ribosomal
MT446169.1:38-604 Penicillum oxalicum strain ZMQL10 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and intemal transcribed spacer 2 completee
MN856292.1:16-582 Penicillum oxalicum strain WZ-148 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 15.8S ribosomal RNA gene and intemal transcribed spacer 2 completee
LT797553.1:33-600 Penicillium oxalicum genomic DNA sequence contains 185 rRNA gene ITS15.8S rRNA gene ITS2 and 28S rRNA gene culture collection CCF:4234

KM458784.1:4-571 Penicillum oxalicum strain NFML CH 74 18S ribosomal RNA gene partial sequence intemal transcribed spacer 15,85 ribosomal RNA gene and intemal transcribed spacer 2 complete sequee
MT446054.1:37-603 Penicillum sp. strain ZMGR2 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and intemal transcribed spacer 2 complete sequee

MT588795.1:37-603 Penicillum oxalicum isolate 1 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and intemal transcribed spacer 2 complete sege
MT446084.1:16-562 Penicillum sp. strain ZMQR3 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and intemal transcribed spacer 2 complete sequee
MT529129.1:37-603 Penicillum oxalicum clone EF 480 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and intemal transcribed spacer 2 complete e

MT446079.1:37-603 Penicillum oxalicum strain ZMGR27 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and intemal transcribed spacer 2 completee
OP039302.1:4-570 Penicillium sp. strain TMB2 small subunit ibosomal RNA gene partial sequence intemal transcribed spacer 15,85 ribosomal RNA gene and intemal transcribed spacer 2 complete seque.

4‘: MT446058.1:37-603 Penicillium oxalicum strain ZMGR6 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and intemal transcribed spacer 2 complete e

ITS-PF1-1.21093346

MT588790.1:279-845 Penicillium sp. isolate 26 small subunit ribosomal RNA gene partial sequence intenal transcribed spacer 15.8S ribosomal RNA gene and intemal transcribed spacer 2 complete sequene

MF802280.1:2-571 Penicillium oxalicum strain BR11 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete see

MN856405.1:17-585 Penicillum oxalicum strain WZ-288 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and intemal transcribed spacer 2 completee
MF326634.1:3-571 Penicillium oxalicum strain IHBF 2336 intemal transcribed spacer 1 partial sequence 5.8S ribosomal RNA gene and intemal transcribed spacer 2 complete sequence and large subunit ribe
MT446078.1:37-603 Penicillum sp. strain ZMGR26 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and intemal transcribed spacer 2 complete seque

[ MT446103.1:37-603 Penicillium sp. strain ZMQR22 small subunit ibosomal RNA gene partial sequence intemal transcribed spacer 1 5.8S ribosomal RNA gene and intemal transcribed spacer 2 complte seque

L MT033032.1:17-583 Penicillium oxalicum isolate M2 small subunit ribosomal RNA gene partial sequence intemal transcribed spacer 1 5.85 ribosomal RNA gene and intemal transcribed spacer 2 complete see

Figure 2. Phylogenetic tree of strain PF1 based on rDNA sequences.

3.2. Salt Tolerance and Phosphate Solubilizing Capacity of PF1

After 10 d of incubation on plates with NaCl concentrations ranging from 0% to 18%, the colony
diameter and growth status of the strain are shown in Table 2 and Figure 3. The results showed that
on the plates with 0%-12% NaCl, the strain grew vigorously and spread across the entire plate. At
14% and 15% NaCl, colony growth was significantly inhibited, but the strain still produced green
spores. At 16% and 17% NaCl, the strain remained viable but showed severe growth inhibition, with
only white mycelia visible at the inoculation site. At 18% NaCl, no colony formation was observed,
indicating that the strain was unable to survive under this level of salt stress.

Table 2. Colony diameters of PF1 under different NaCl concentrations.

NaCl
concentrat 0 2 4 6 8 10 12 14
ion/%

Colony

diameter/c 2.90+0.17 2.62+0.15 2.77+0.15 2.58+0.16 2.15+0.05 1.68+0.06 1.28+0.05 1.03+0.03
m
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@) (b)

Figure 3. Growth of PF1 on plates with different NaCl concentrations.

The phosphate solubilizing capacity of strain PF1 against different phosphorus sources was
qualitatively assessed using the phosphate-dissolving zone assay. Three phosphorus sources, namely
Ca3(POy),, FePO,, and Mgs(POs),, were tested. The ratios of the halo diameter to the colony diameter
(D/d) for each treatment are shown in Figure 4. Based on the results of the phosphate-dissolving zone
assay, the phosphate solubilizing capacity of the strain followed the order: Ca-P > Mg-P > Fe-P.

| Ca-P
o Mg-P
1.2r Fe-P
1O
0.8
=
a
0.6
0.4+
0.2
0.0

Figure 4. Phosphate dissolving zone assay of P. oxalicum PF1.

The phosphate solubilizing capacity of strain PF1 against different phosphorus sources was
quantitatively determined using the molybdenum-antimony colorimetric method. The same three
phosphorus sources as described above were tested (Figure 5.).

During the 7 incubation d , the pH of the culture medium containing Ca-P remained stable
between 2 and 3, and the soluble phosphate content reached a maximum of 980.09 mg/L, which was
1,507.23% higher than the maximum value of the CK group. In the medium containing Mg-P, the pH
remained stable between 7 and 8, and the maximum soluble phosphate content reached 267.20 mg/L,
representing a 927.30% increase compared to the CK group. In the medium containing Fe-P, the pH
remained stable between 2 and 3, and the maximum soluble phosphate content reached 17.83 mg/L,
which was 60.92% higher than that of the CK group.

Based on the results of the liquid culture experiment, the phosphate solubilizing capacity of the
strain PF1 varied considerably among different phosphorus sources. During the solubilization
process, the pH of the culture media in all treatment groups decreased substantially compared to the
CK group. The order of phosphate solubilizing capacity against different phosphorus sources was
consistent with the results of the phosphate-dissolving zone assay.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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(a) (b) (c)

Figure 5. Changes in soluble phosphate content and pH during liquid culture of P. oxalicum PF1. (a) Ca-P. (b)
Mg-P. (c) Fe-P.

3.3. The Pot Experiment of P. oxalicum PF1

The AP content in the PF1 treatment group was significantly higher than that in the CK group
(Table 3). No significant difference in AK content was observed between the two groups. The pH
value of the CK group was significantly higher than that of the PF1 group. There were no significant
differences in EC or SAR between the two groups.

Table 3. Soil Physicochemical Properties in the Pot Experiment.

SOM AP AK EC
H SAR

(g/kg) (mg/kg) (mg/kg) P (us/cm)

YO 810.36+1.87a 152.91+0.76 ¢ 114.37+0.69 b 6.63+0.01 ¢ 152+2 b 0.31+0.01 b

CK  813.54+41.69a 191.41+48.84b 100.68+40.07ab 7.44+0.54a 3097+111a 2.13+0.28a

PF1  738.06+37.61a 224.55+40.79a 205.81+41.84a 6.33+0.11b 3393+299a 1.98+0.34 a
I SAR: Sodium Adsorption Ratio. Different letters indicate significant differences, n =3, p<0.05.

Groups

The plant height of alfalfa in the PF1 treatment group was significantly higher than that in the
CK group (Table 4 and Figure 6). However, no significant difference in root length was observed
between the two groups. Physiological datas showed that the proline content in the aboveground
parts of alfalfa in the PF1 group was significantly higher than that in the CK group. Although the PF1
group exhibited slightly higher values in TP and K*/Na* ratio, the differences between the two groups
were not statistically significant.

Table 4. Growth Parameters of Alfalfa in the Pot Experiment.

Grou Plant height Root length Proline TP
ps (cm) (cm) (ug/g) (g/100g)
CK 12549+1.217b 28.235+3.866a 337.584+56.563 b 0.13+0.01 a 27.087+8.090 a
PF1 17.384+1.252a 29330+3.651a 613.634+48.847 a 0.22+0.01 a 32.090+10.230 a

! Different letters indicate significant differences, n =3, p< 0.05.

K+/Na*ratio

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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(a) (b)

Figure 6. Growth of alfalfa in the pot experiment. (a) Plants in the PF1 treatment group. (b) Comparison of plant
growth between CK (left) and PF1 (right) groups.

3.3. Species Composition and Diversity Analysis of the Rhizosphere Microorganisms of Alfalfa
3.4.1. Species Composition Analysis of the Rhizosphere Microbial Community

At the fungal genus level, the relative abundance of Penicillium in the PF1 group (7%) was
significantly higher than that in the CK group (0.7%) and the Y0 group (0.2%). This indicates that the
inoculated strain P. oxalicum PF1 successfully colonized the rhizosphere of alfalfa and became
dominant. Under its influence, the species composition of the rhizosphere microbial community
exhibited distinct characteristics among the three groups.

At the phylum level (Figure 7), Pseudomonadota, Bacteroidota, Acidobacteriota, and Actinobacteriota
were the dominant phyla across all groups, with relatively high abundances. Pseudomonadota was the
most dominant phylum in all three groups. After alfalfa cultivation, the relative abundance of
Pseudomonadota increased to 61%. Following inoculation with PF1, the abundance of Pseudomonadota
further increased to 68%, Bacteroidota increased from 21% to 25%, and Acidobacteriota decreased from
16% to 13%.

At the genus level (Figure 7), Niastella[24] was the most dominant genus in the YO group,
accounting for 12% of the relative abundance. The second most dominant genus was
Rhizomicrobium, which is involved in nitrogen fixation, accounting for 7%. Following inoculation
with P. oxalicum PF1, the relative abundances of Pseudolabrys and Rhizomicrobium decreased
slightly from 4% in the CK group to 3%. In contrast, Dongiaceae, which accelerates nutrient cycling,
increased from 2% to 4%, and Sphingopyxis [25], known for its ability to degrade pollutants and toxic
compounds, increased from 0.7% to 2%. These results indicate that alfalfa cultivation reshaped the
soil microbial community structure, and the exogenous introduction of P. oxalicum PF1 further
intensified this restructuring effect.
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Figure 7. Species composition of the rhizosphere microbial community of alfalfa. (a) At the phylum level. (b) At
the genus level.

3.4.2. Diversity Analysis of Rhizosphere Microorganisms of Alfalfa

Alpha diversity of each sample was assessed using the ACE, Chaol, Shannon, and Simpson
indices (Table 5). All indices in the CK and PF1 groups were significantly higher than those in the Y0
group. Compared with the Y0 group, the ACE and Chaol indices increased by 21.8% in the PF1 group
and by 20.7% in the CK group. The Shannon and Simpson indices increased by 15.2% and 2.3% in the
PF1 group, and by 14.4% and 2.1% in the CK group. Although all diversity indices in the PF1 group
were slightly higher than those in the CK group, the differences between the two groups were not
statistically significant.

Table 5. Alpha Diversity Indices.

Groups Ace Chaol Shannon Simpson
YO 3949.49 +126.98a 395326 +121.34 a 6.40+0.17 a 0.966 + 0.008 a
CK 4768.72 +36.45b 4768.86 +40.38 b 7.32+0.08b 0.986 + 0.001 b
PF1 481047 +103.71 b 4811.40+80.73 b 7.37+0.05b 0.988 +0.001 b

! Different letters indicate significant differences, n =3, p<0.05.

The results of non-metric multidimensional scaling (NMDS) analysis are shown in Figure 9.
Based on species composition (Figure 8a), the samples from the CK, PF1, and YO groups were clearly
separated. The three replicates in the PF1 group clustered closely together, while in the CK group,
sample CK-1 was relatively distant from the other two replicates, indicating greater variability within
the CK group. These results demonstrate that the introduction of PF1 altered the species composition
of the microbial community. From a functional perspective (Figure 8b), the samples in the YO group
clustered tightly together, while some samples from the PF1 and CK groups were relatively close.
However, sample PF1-2 showed a noticeable shift, suggesting a trend toward functional changes in
the PF1 group. In the PF1 group, samples PF1-1 and PF1-2 were similar in both species composition
and functional profile. In contrast, the CK group exhibited variability in both species composition
and functional characteristics (Figure 8c,8d).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0859.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026

10 of 15
NMDS Diagram NMDS Diagram
Stress<0.001 Stress<0.001
5 ﬁpri = pg-ﬁ
o =
= ¥o-1
L J
o 3
@ 2] e @ ¥0-3 -
=] g ™ [=] cK-2
g PF1-3 g =3
‘-_.5 Faf ¥o-1 CK-3
o1 ®
1 CK-1
\'U.'J
3 ®
o CK-1 s vo-2 PF1-3
=3
&550 025 0.00 0.25 0050 0025 0.000 0.025
NMDS1 NMDS1
(a) (b)
o3 PF1-2
CK-2 PF1-1
PF1-3 e CK-2
CK-1 |:PF14
PF1-2 Ck-A
PF1-1 ———————CK-1
—Y0-3 —‘—YO—S
Y0-1 Y01
Yo-2 — R
0.02 0.002
(c) (d)

Figure 8. NMDS plots and UPGMA-Tree based on species composition and functional profiles. (a) NMDS plots
based on species composition. (b) NMDS plots based on functional profiles. (c) UPGMA-Tree based on species
composition. (d) UPGMA-Tree based on functional profiles.

3.4.2. Differences in Rhizosphere Microbial Species and Functions of Alfalfa

The results of significance analysis of species composition differences between groups and LefSe
(LDA Effect Size) analysis are shown in Figure 9. In the CK group, species with relatively high
abundance mainly included p__Acidobacteriota, p__Gemmatimonadota, f__Bryobacteraceae, and
o__Bryobacterales, which are characterized by slow growth and metabolic rates and are capable of
degrading complex organic compounds. Additionally, o__Nitrosomonadales, f__Comamonadaceae,
c__Betaproteobacteria, and Dendronalium, which are involved in photosynthesis, nitrogen fixation,
and soil nutrient cycling, were also enriched. Furthermore, p__ Planctomycetota and
o__Tepidisphaerales, which typically adhere to soil particle surfaces, showed higher abundances in
the CK group.

In the PF1 group, the dominant species were predominantly those with functions related to
pollutant degradation and plant growth promotion via hormone production, including
g__Sphingobium, g__Sphingopyxis, and g__Pseudomonas. Candidatus_Limisoma, which can efficiently
utilize small-molecule carbon sources, was also enriched. Additionally, g Rhizobium, g__Shinella,
g Mucilaginibacter, and Enterospora, which are involved in rhizosphere interactions and microbial
cross-talk, showed higher abundances. Furthermore, c¢__Alphaproteobacteria and o__Caulobacterales,
which play important roles in microbial motility and chemotaxis and can rapidly perceive
recruitment signals from the rhizosphere, were also dominant in the PF1 group.
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These results indicate that the dominant microorganisms in the CK group were mainly involved
in traditional material cycling, whereas those in the PF1 group were primarily associated with
nutrient transformation, plant growth promotion, and pollutant degradation. This suggests that the
introduction of PF1 induced selective enrichment of specific microorganisms in the alfalfa
rhizosphere, leading to a shift in the core functions of the rhizosphere microbial community.
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Figure 9. Differences in rhizosphere microbial species and functions of alfalfa. (a)cComparison of species

abundance differences. (b) LDA score distribution of rhizosphere microbial species.

4. Discussion

Plant growth-promoting rhizosphere microorganisms play important roles in enhancing plant
stress resistance, alleviating stress-induced damage, and improving saline soil conditions. In this
study, a salt-tolerant phosphate-solubilizing fungus, P. oxalicum PF1, was isolated and characterized.
Through pure culture, pot experiments, and metagenomic analysis, the mechanisms by which this
strain affects alfalfa growth and the rhizosphere microbial community under salt stress were
investigated.

Regarding salt tolerance and phosphate solubilization, the strain PF1 remained viable on media
containing up to 17% (W/V) NaCl. The phosphate solubilizing capacity in liquid culture with Ca-P
was nearly 15 times higher than that of the CK group at the same time point. Both the salt tolerance
threshold and the Ca-P solubilizing capacity of PF1 were at a high level, outperforming some
previously reported phosphate solubilizing strains [26-28]. The results of the liquid culture
experiment also showed that the pH of the culture medium decreased substantially during the
phosphate solubilization process. This is attributed to the secretion of various organic acids by the
microorganisms, leading to a rapid increase in acidic compounds in the culture medium [29,30].

Furthermore, the release of cations such as Ca?* following the dissolution of insoluble phosphates can
exchange with Na* adsorbed on soil colloids, converting it into a free state. This process facilitates the
subsequent reduction of soil Na* content through methods such as leaching. On the other hand,
alfalfa can also effectively alleviate sodium toxicity in saline soil through various mechanisms, such
as exporting excess Na* via ion pumps [31]. The pot experiment results showed that the soil AP
content in the PF1 treatment group increased significantly, and the proline content in alfalfa was
significantly higher than that in the CK group. The TP content was also slightly elevated. These
findings indicate that PF1 activated the osmotic regulation pathway in alfalfa, promoting the
accumulation of solutes such as proline to maintain cell turgor, while ensuring an effective supply of
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phosphorus. This demonstrates that PF1 can effectively enhance the soil’s nutrient supply for alfalfa
and improve the plant’s own stress resistance.

The analysis of rhizosphere microbial community composition and functional profiles revealed
that the microbial community structure in the PF1 group had diverged to some extent from that in
the CK group. The alfalfa rhizosphere was significantly enriched with fast-growing microbial groups
such as Pseudomonas, which are involved in organic matter degradation and nutrient cycling. In
contrast, the relative abundance of oligotrophic bacterial groups and numerous unclassified species
originally present in the soil decreased [32]. Meanwhile, the alpha diversity indices in the PF1 group
were only slightly higher than those in the CK group, with no statistically significant differences. This
indicates that the introduction of PF1 did not lead to a substantial increase in the diversity of the
rhizosphere microbial community. Furthermore, previous studies have found that the introduction
of exogenous single strain can aggressively compete for nutritional resources and ecological niches.
While this may manifest as a growth-promoting effect, it can also lead to a decline in the abundance
of native soil microbiota and a reduction in the diversity of the rhizosphere microbial community
[33]. This indicates that the introduction of exogenous strains can not only increase the diversity and
abundance of rhizosphere microorganisms but also, in some cases, lead to their decline, reflecting a
functionally selective reshaping process. This process drives the shift of the rhizosphere microbial
community from a slow metabolic state to an ecologically active one characterized by rapid material
cycling. These findings are consistent with the study by Hu et al. [34], which reported that inoculation
with beneficial bacteria led to a decrease in the abundance of resident microorganisms.

The results suggest the existence of a synergistic regulatory network among microorganisms,
plants, and soil. PGPMs, through their phosphate-solubilizing and nitrogen-fixing capacities, directly
supply available nutrients to plants. Meanwhile, their rhizosphere activity alters the root
microenvironment to some extent, thereby influencing the quantity and composition of root
exudates. In response, plants continuously and selectively recruit functional microbial strains [35,36].
However, this plant-mediated process can also lead to the enrichment of certain soil-borne pathogens
due to changes in soil properties [37]. The specifically enriched functional microorganisms, together
with resident microbes, form a new, functionally complementary rhizosphere microbial community,
collectively constituting a complex microbial-plant-soil interaction network [38].

5. Conclusions

A salt-tolerant phosphate-solubilizing fungus, P. oxalicurn PF1, was isolated from the
rhizosphere of plants grown in coastal saline soil in Dongying. The strain remained viable on media
containing up to 17% (W/V) NaCl. When cultured in liquid medium with Ca3(PO,), as the
phosphorus source, its phosphate solubilizing capacity reached a peak of 980.09 mg/L on the 5th day
of incubation. In the alfalfa pot experiment, inoculation with PF1 spore suspension effectively
increased the soil AP content and significantly enhanced the plant height of alfalfa. Metagenomic
analysis revealed that the introduction of P. oxalicum PF1 facilitated the recruitment of beneficial
microbial groups such as Pseudomonas and Dongiaceae, thereby restructuring the rhizosphere
microbial community and improving the stress resistance of alfalfa. These findings provide a
theoretical basis for the development and application of microbial inoculants and for the
improvement of saline soils.
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