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Abstract: This study isolated and identified a new phosphate-solubilizing fungus 

strain, Talaromyces sp. MC-F2, based on morphological characteristics and 

phylogenetic analysis, from agricultural soil. Its capacity to solubilize tricalcium 

phosphate (TCP) was systematically evaluated in Pikovskaya (PVK), National 

Botanical Research Institute's phosphate growth medium (NBRIP), and potato 

dextrose broth (PDB) media. MC-F2 demonstrated effective TCP dissolution across 

all media, and the highest final concentration of soluble phosphorus was observed 

in NBRIP medium. The solubilization was primarily driven by acidification through 

secretion of organic acids, notably gluconic and malic acid, leading to the 

formation of calcium oxalate hydrates (whewellite and weddellite) as secondary 

minerals. Untargeted metabolomics revealed that medium composition and TCP 

concentration significantly reshaped central metabolic pathways, particularly 

enhancing the TCA cycle in NBRIP, which directly underpinned the high organic 

acid production and superior solubilization performance. These findings not only 

expand the resources of phosphate-solubilizing fungi but also provide deeper 

metabolic insights into their environmental adaptability, highlighting the potential 

of Talaromyces sp. MC-F2 as a promising agent for developing eco-friendly 

biofertilizers. 

Keywords: Phosphate-solubilizing fungus; Talaromyces; Tricalcium phosphate; 

Culture media; untargeted metabolomics
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Introduction

Phosphorus (P) is an essential macronutrient for the growth and development of 

plants [1,2]. However, the majority of P is present in insoluble forms (e.g., Ca-P, Al-

P, Fe-P) in agricultural soils, with only a minute fraction (≈0.1%) directly available 

for plant uptake [3,4]. While chemical P fertilizers are routinely applied to overcome 

this limitation, their excessive use leads to environmental issues such as soil 

acidification, eutrophication, and loss of soil microbial diversity [5,6]. Consequently, 

there is an urgent need to develop sustainable strategies to enhance P availability. 

Phosphate-solubilizing microorganisms (PSMs), including bacteria (PSB), fungi 

(PSF), and actinomycetes (PSA), convert insoluble P into plant-available forms and 

represent efficient and eco-friendly biofertilizers [7]. Among these, PSF are often 

considered more effective due to their extensive hyphal networks, which increase 

the mineral contact area, and their generally higher production of organic acids 

[8,9]. 

The phosphate-solubilizing activity of PSF is primarily mediated through 

acidification (via organic acid secretion) and enzymatic hydrolysis (via 

phosphatases) [4]. However, the metabolic regulation of these processes in 

response to environmental factors, such as medium composition and P source 

concentration, remains inadequately understood. Metabolomics offers a powerful 

tool to detect low molecular weight metabolites and discover the metabolic 

differences under different environmental conditions [10]. 
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Although classical media such as Pikovskaya (PVK) [11] and the National 

Botanical Research Institute's phosphate growth medium (NBRIP) [12] are 

standard for evaluating P solubilization, and potato dextrose broth (PDB) is 

commonly used for fungal cultivation [13], systematic comparisons of PSF 

performance across these media are scarce. Furthermore, research has 

predominantly focused on Aspergillus and Penicillium species [9,14], leaving the 

potential of other fungal genera, such as Talaromyces, largely unexplored. 

Therefore, this study aimed to (1) isolate and identify a novel PSF strain; (2) 

systematically evaluate its phosphate-solubilizing capacity in PVK, NBRIP, and 

PDB media with varying tricalcium phosphate (TCP) concentrations; (3) 

characterize the secondary minerals formed and the organic acids produced; and 

(4) employ untargeted metabolomics to elucidate the metabolic pathways 

influenced by medium type and TCP concentration. This work expands the 

repository of PSF resources and provides deeper metabolic insights into fungal 

phosphate solubilization. 

Methods

Culture media

  Three types of media were used for PSF cultivation. PVK liquid medium is 

composed of 10 g/L of glucose, 5.0 g/L of TCP, 0.5 g/L of (NH4)2SO4, 0.3 g/L of 

MgSO4·7H2O, 0.3 g/L of NaCl, 0.3 g/L of KCl, 0.5 g/L of yeast extract, 0.03 g/L of 

MnSO4·4H2O and 0.03 g/L of FeSO4·7H2O [11]. NBRIP liquid medium is composed 

of 10 g/L of glucose, 5.0 g/L of TCP, 0.1 g/L of (NH4)2SO4, 5 g/L of MgCl2·6H2O, 
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0.25 g/L of MgSO4·7H2O and 0.2 g/L of KCl [12]. PDB contains 6g/L of potato extract 

and 20g/L of glucose. 15g/L of agar was added to solidify media and named as 

PVKA, NBRIPA and PDA medium, respectively. All above chemical reagents are 

analytical grade. All media were autoclaved at 121℃ for 20min before inoculation.

Isolation and identification of a PSF strain

Soil samples were collected from agricultural land around a coal mining 

subsidence area in Anhui Province, China. Permission has been obtained from the 

landowner for sample collection. The soil physiochemical properties were 

analyzed and shown in Table S1. 5g of raw soil samples were added to 150mL 

Erlenmeyer flasks with 50mL of sterile normal saline. After shaking for 24h in a 

rotary shaker at 25℃, 160rpm, 1mL of soil suspension was sampled and diluted to 

10-1 ~ 10-9. 0.5mL of each dilution was added to PVKA plates and dispersed 

uniformly using coating method. All plates were cultured for 7 days at 30℃ in a 

constant temperature incubator. Multiple colonies exhibiting clear transparent 

halos were observed. The strain forming the largest and most distinct halo (halo-

to-colony diameter ratio > 2.0) was selected, designated MC-F2, and purified 

through repeated streaking on fresh PVKA plates. 

The individual fungal colony was inoculated into PDB medium and cultivated for 

2~3 days in a rotary shaker at 30℃, 160rpm. Genomic DNA was extracted from 

hyphae using Fungal Genomic DNA Kit (Solarbio, Beijing) following 

manufacturer’s instructions. The internal transcribed spacer (ITS) was amplified 

with the primers ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-
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TCCTCCGCTTATTGATATGC-3’). To enhance taxonomic resolution, the β-tubulin 

(BenA) gene was also amplified and sequenced using primers Bt2a (5'-

GGTAACCAAATCGGTGCTGCTTTC-3') and Bt2b (5'-

ACCCTCAGTGTAGTGACCCTTGGC-3') [15]. ITS and β-tubulin sequences were 

determined by Sangon Biotech Co., Ltd (Shanghai, China) and analyzed on NCBI 

GenBank using BLAST program. MEGA11 software was used for phylogenetic 

analysis based on neighbor-joining method with Jukes-Cantor model. No. of 

bootstrap replications was 1000. Phylogenetic trees were constructed using both 

ITS and β-tubulin sequences. 

Phosphate-solubilizing capacity test

  After activation on PDA medium for 7 days, fresh conidia of the isolated PSF 

strain were obtained and diluted with sterile normal saline as a spore suspension 

(107 CFU/mL). 1mL prepared spore suspension was inoculated to 100 mL of PVK, 

NBRIP and PDB media in 250mL Erlenmeyer flasks, respectively. The 

concentration of TCP was set as 1, 2, 3, 4 and 5g/L. In particular, PVK, NBRIP and 

PDB media containing 1g/L or 5g/L TCP were labeled as PVK1, PVK5, NBRIP1, 

NBRIP5, PDB1 and PDB5, respectively. PDB medium without TCP was labeled as 

PDB. No inoculation served as the abiotic control. All treatments were carried in 

triplicate. 

Untargeted metabolomics

  2mL samples from the PDB, PDB1, PDB5, PVK1, PVK5, NBRIP1 and NBRIP5 

cultures were centrifuged at 5000 × g for 5 minutes at 4℃ to remove cell debris. 
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The obtained supernatants were then flash-quenched in liquid nitrogen for 30s, 

and stored at -80℃ pending untargeted metabolomics analysis.  

LC-MS/MS analyses were performed using an UHPLC system (Vanquish, 

Thermo Fisher Scientific) with a Waters ACQUITY UPLC BEH Amide column (2.1 

mm × 50 mm, 1.7μm) coupled to Orbitrap Exploris 120 mass spectrometer 

(Orbitrap MS, Thermo). The column temperature was kept as 25℃ . The mobile 

phase consisted of 25 mmol/L ammonium acetate and 25 mmol/L ammonia 

hydroxide in water（pH = 9.75）(A) and acetonitrile (B). The linear gradient was set 

as follow: 0-0.25 min: 95% B, 0.25-3.5 min: 95% B to 65% B, 3.5 min to 4 min: 65% 

B to 40% B, 4 min to 4.5 min: 40% B, 4.5 min to 4.55 min: 40% to 95% B, 4.55 min 

to 6 min: 95% B. The auto-sampler temperature was 4℃. The flow rate was 0.5 

mL/min and the sample injection volume was 2μL. The Orbitrap Exploris 120 mass 

spectrometer was used for its ability to acquire MS/MS spectra on information-

dependent acquisition (IDA) mode in the control of the acquisition software 

(Xcalibur, Thermo). In this mode, the acquisition software continuously evaluates 

the full scan MS spectrum. The ESI source conditions were set as following: sheath 

gas flow rate as 50 Arb, Aux gas flow rate as 15 Arb, capillary temperature 320 ℃, 

full MS resolution as 60000, MS/MS resolution as 15000, collision energy: SNCE 

20/30/40, spray voltage as 3.8 kV (positive) or -3.4 kV (negative), respectively.

  Principle component analysis (PCA) was carried out to visualize the distribution 

and the grouping of the samples. Supervised orthogonal projections to latent 

structures discriminate analysis (OPLS-DA) was conducted to visualize group 
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separation and find significantly changed metabolites. Furthermore, the value of 

variable importance in the projection (VIP) of the first principal component in 

OPLS-DA analysis was obtained. The metabolites with VIP>1 and p<0.05 (student 

t test) were considered as significantly changed metabolites. In addition, 

commercial databases including Kyoto Encyclopedia of Genes and Genomes 

(KEGG) database (http://www.genome.jp/kegg/) [16] was used for pathway 

enrichment analysis. Three-parallel experiments were performed for metabolomic 

data collection and processing.

Chemical analysis

  Samples from different liquid media were passed through the 0.22μm PTFE 

membrane filter to determine the concentrations of soluble P and organic acid, 

and phosphatase activities. The concentration of soluble P was measured through 

ammonium vanadomolybdate colorimetry [17]. Organic acids were detected by 

high-performance liquid chromatography (HPLC, Waters e2695) equipped with a 

variable UV detector and AQ-C18 column (4.6mm×250mm, 5μm). The mobile 

phase was 0.1% (v/v) phosphoric acid/ acetonitrile (90:10, v/v) for gluconic acid 

elution, and 0.01mol/L diammonium hydrogen phosphate for malic acid, citric acid, 

oxalic acid and tartaric acid elution. They were injected at a flow rate of 1mL/min 

and detected at 210nm. The sample injection volume was 20μL. Acid phosphatase 

(ACP) and alkaline phosphatase (AKP) activities were measured by commercial 

kits purchased from Nanjing Jiancheng Bioengineering Institute according to the 

instruction of manufacturer.
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Characterization

 SEM (TESCAN G0AIA3 XMH, Czech Republic) equipped with EDS (Aztec 4.1, 

Oxford Instruments Inc.) was used to characterize the micromorphology and 

element composition. The crystallization products after TCP dissolution were 

detected by XRD (D8 ADVANCE, Germany) with a scan range of 4-70° after 

filtration, drying and grinding. The composition of functional groups was analyzed 

by FTIR (VERTEX80V, Germany). The dried sample was mixed with KBr (1:100, 

w/w), and then FTIR was conducted at a resolution of 2cm-1, between 4000 and 

400cm-1.

Statistic analysis

  Data were expressed as the arithmetic mean and standard deviation. Statistical 

significance was determined by one-way analysis of variance (ANOVA) followed by 

Tukey’s post hoc test using software SPSS (version 27). Pearson correlation 

analysis was performed to assess the relationship between pH and soluble P 

concentration. A significance threshold of p < 0.05 was applied. Figures were 

generated using Origin (version 9.0).

Results

Identification of the isolated PSF strain MC-F2

As displayed in Fig. S1, the colony of MC-F2 on PVKA plate initially exhibited 

yellow, and transformed to green over time. In contrast, the colony on PDA plate 

displayed a yellowish-white periphery and a pink center at early stages, later 

developing a uniform golden-yellow coloration. Reverse-side observation revealed 
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significantly greater production of pigment on PDA plate. Transparent halo 

appeared around the colony on three kinds of agar-solidified media (Fig. 1A). The 

halo-to-colony diameter ratio reached 2.22±0.15 (PVKA), 2.19±0.1 (NBRIPA) and 

2.21±0.11 (PDA), respectively. It was in accord with the criteria of PSMs [18]. 

Furthermore, typical conidiophore of Talaromyces genus was observed through 

SEM image, and conidiospore was ovate with smooth to slightly rough wall (Fig. 

1B). ITS sequence (585 bp) of MC-F2 was registered in GenBank and obtained the 

accession number of PQ270042. Phylogenetic relationships displayed that MC-F2 

clustered with Talaromyces species in both ITS (Fig. 1C) and β-tubulin (Fig. S2) 

based trees, and shared over 97% similarity with them. Due to its low bootstrap 

value relative to T. adpressus, T. pinophilus, T. sayulitensis, and T. verruculosus, 

the isolate provisionally designated as Talaromyces sp. MC-F2.
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Fig. 1 Transparent halo observation (A), SEM image (B) and phylogenetic tree 

based on ITS gene sequence (C) of the isolated PSF strain

Evaluation of phosphate-solubilizing capacity of Talaromyces sp. MC-F2

Sometimes identified PSMs do not show clear transparent halo on agar-solidified 

plates, while they can solubilize insoluble phosphate in liquid medium [19]. So, the 

phosphate- solubilizing capacity of MC-F2 was further evaluated in liquid medium. 

As shown in Fig. 2, no obvious change of pH and a trace of soluble P were detected 

in abiotic control groups across PVK, NBRIP and PDA media. While MC-F2 

significantly promoted TCP solubilization in all treatments, confirming that the 

observed solubilization was primarily biologically driven.

In detail, on day 1 in PVK medium, pH decreased to 4.00±0.14 (1g/L TCP), 
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4.49±0.03 (2g/L TCP), 5.02±0.06 (3g/L TCP), 5.24±0.2 (4g/L TCP) and 5.35±0.38 

(5g/L TCP), respectively, with corresponding soluble P concentration reaching 

358±13.83, 378±28.36, 208±33.01, 168±23.53 and 156.89±18.48mg/L. 

Subsequently, soluble P kept stable in 1 g/L TCP. While systems containing 2–5 

g/L TCP displayed an evident increase in soluble P on day 2, followed by a slow 

rise until stabilization occurred between days 6–7. The peak soluble P 

concentration was 796.67±3.33 (2g/L TCP), 1086.35±42.84 (3g/L TCP), 

1183.33±4.35 (4g/L TCP), and 1340.56±31.63 mg/L (5g/L TCP), respectively. 

In NBRIP medium, only minimal soluble P was detected across all TCP 

concentrations on day 1, contrasting markedly with the phenomena observed in 

PVK medium. However, tremendous pH decrease appeared on day 2 and 

subsequently tended to be stable. Soluble P concentration also increased sharply 

on day 2 and kept rising until day 4, followed by a moderate decline. The maximum 

soluble P concentration reached 530±35.15 (1g/L TCP), 905±23.52 (2g/L TCP), 

1255±24.02 (3g/L TCP), 1446.67±35.31 (4g/L TCP), and 1521.67±46.68 mg/L 

(5g/L TCP), which was consistently higher than those recorded in the PVK medium 

at the same TCP level. 

In PDB medium, across TCP concentrations of 0–5 g/L, the pH decreased below 

4.6 on day 1 and reached the minimum value on day 2 at 3.05±0.34 (0g/L TCP), 

3.48±0.04 (1g/L TCP), 3.67±0.03 (2g/L TCP), 3.88±0.01 (3g/L TCP), 4.09±0.04 

(4g/L TCP), and 4.22±0.02 (5g/L TCP), respectively, and then exhibited continuous 

pH increase. Soluble P levels on day 1 across all TCP concentrations were the 
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highest comparing to those in PVK and NBRIP media. The maximum soluble P 

concentration was 385.33±4.88 mg/L (1g/L TCP) on day 1, 605.33±4.55 (2g/L 

TCP), 968.67±18.27 (3g/L TCP) and 1272±4.58mg/L (4g/L TCP) on day 2, and 

1518.67±42.53mg/L (5g/L TCP) on day 5, respectively. 
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Fig. 2 Changes of pH and soluble P concentration along incubation time in PVK 

medium (A-B), NBRIP medium (C-D) and PDB (E-F) medium. 

Statistical analysis shows that there are significant differences in the maximum 

soluble P concentration under different TCP concentrations in PVK, NBRIP and 

PDB medium, respectively (Fig. S3A). In 2–4 g/L TCP, significant differences exist 

among PVK, NBRIP and PDB media. While no significant difference appeared 

between PVK and PDB media in 1 g/L of TCP, as well as NBRIP and PDB media in 
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5 g/L of TCP (Fig. S3B). It should be noted that comparisons of soluble P 

concentration across media are based on solution measurements and are not 

normalized to fungal biomass.

Pearson correlation analysis between pH and soluble P concentration was shown 

in Fig. S4. A strong negative correlation was observed in NBRIP medium, which 

robustly confirms that overall acidification of the solution serves as the dominant 

and consistent mechanism driving phosphate dissolution in this medium. A 

significant negative correlation was lost only at the highest TCP concentration of 

5 g/L in PDB medium. While the situation is particularly distinctive in PVK medium. 

A significant negative correlation was observed only at the TCP concentration of 

4 g/L, while it was not significant at other concentrations.

Organic acids production and phosphatase activity detection

As shown in Fig. 3, MC-F2 produced high concentration of gluconic acid and 

malic acid in the tested media. Higher gluconic acid secretion by MC-F2 was 

associated with lower TCP concentration, while more malic acid production was 

observed at elevated TCP levels. The maximum yields of gluconic acid and malic 

acid were 1819.52±28.62mg/L in PDB medium without TCP and 

6013.30±77.73mg/L in PDB medium with 5g/L TCP, respectively. Citric acid was 

mainly detected in PDB medium, and reached 250.43±11.03mg/L in PDB medium 

without TCP, 220.68±10.07 mg/L in PDB medium with 1g/L TCP, and 

224.8±15.99mg/L in PDB medium with 5g/L TCP. 
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Fig. 3 Types and quantities of produced organic acids by MC-F2 in PVK, NBRIP 

and PDB liquid medium with 1g/L or 5g/L TCP. Data are shown as final supernatant 

concentration (mean ± SD, n=3).

Fig. 4 displays ACP and AKP activities in different conditions. In PVK medium, 

ACP activities at all TCP concentrations increased continuously during the first 5 

days. By day 7, ACP activities decreased significantly in 2-5 g/L TCP, but continued 

to rise in 1g/L TCP. In NBRIP medium, ACP activities across all TCP concentrations 

remained at relatively high levels for the initial 3 days but showed a significant 

decline by day 5. This phenomenon was similar to that observed in PDB medium. 

Notably, in PDB medium without TCP, ACP activity significantly elevated, reaching 

its maximum on day 3. This peak activity was approximately 4.9-fold higher than 

those detected in groups supplemented with TCP. Therefore, it is speculated that 

the addition of TCP to PDB medium inhibited, to some extent, ACP synthesis by 

MC-F2. 

Regarding AKP activity, it was low in both NBRIP and PVK media on day 1, but 

relatively higher in PDB medium. On day 2, AKP activity increased to varying 
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degrees across all media and TCP concentrations, although it showed no 

significant correlation with TCP concentration. Overall, AKP activity was higher in 

PVK medium compared to that in NBRIP medium. The highest AKP activity also 

was observed in PDB medium without added TCP. 
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Fig. 4 Changes of ACP and AKP activities along incubation time in PVK medium 

(A-B), NBRIP medium (C-D) and PDB (E-F) medium, respectively.

Characterization of phosphate-solubilizing products

Fig. 5 shows that no mineral phase formed in PDB medium in the absence of 

TCP. Whewellite (CaC2O4·H2O) appeared in PVK and PDB medium containing 1g/L 

TCP. While weddellite (CaC2O4·2H2O) dominated in other systems. Hydroxyapatite 
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[Ca5(PO4)3(OH)] was detected in PVK and NBRIP media containing 5g/L TCP, 

which might originate from the conversion of TCP during biological solubilization 

[20]. Quantitative analysis indicated that weddellite accounted for 72.2% relative 

abundance in PVK5 and 70.3% relative abundance in NBRIP 5, respectively. 
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Fig. 5 XRD pattern of sediments in different cultivation systems. 

SEM images displaying the micromorphology of hyphae and secondary minerals 

in different treatments are shown in Fig. 6. Intact hyphae of Talaromyces sp. MC-

F2 was observed in PDB medium (Fig. S5). Regular-shaped secondary minerals 

formed in PVK, NBRIP, and PDB media containing TCP, especially when TCP was 

present at higher concentration. These secondary minerals were similar with the 

microscopic morphology of calcium oxalate hydrate crystals reported before [21], 

and aligned with the mineral phase identified by XRD in this study. The result 

suggested that MC-F2 produced oxalic acid to combine with the released Ca2+ to 

form calcium oxalate. 
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Fig. 6 SEM images of the product in different cultivation systems. (A) PVK1, (B) 

PVK5, (C) NBRIP1, (D) NBRIP5, (E) PDB1, (F) PDB5. 

Fig. S7 illustrates that functional groups on the surface of hyphae were mainly 

composed of -OH stretching vibration (3415cm-1), C-H stretching vibration 

(2924cm-1), C=O stretching vibration in amide I and II bands (1656cm-1), -NH or 

C-H bending vibration (1549cm-1) and -PO43- (1035 and 611cm-1) [22]. In media 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



supplemented with TCP, functional groups exhibited varying degrees of peak 

shifts or intensity alterations. Specifically, O-H stretching vibration shifted within 

3425–3439cm-1. C-H stretching vibration migrated between 2926–2973cm-1. C=O 

stretching vibration demonstrated significant intensification. -NH or C-H bending 

vibration showed marked attenuation or even disappearance. The absorption peak 

of -PO43- weakened in PVK medium and NBRIP medium amended with 1g/L TCP. 

Source of key components enhancing TCP solubilization

To elucidate the origin of TCP solubilization and calcium oxalate formation, we 

evaluated and compared phosphate solubilization effects under different 

experimental modes. As shown in Fig. S8, both two-step and spent medium mode 

achieved peak soluble P on day 1, which was significantly faster than that in one-

step mode. Concurrently, these systems exhibited pronounced pH elevation on day 

1, implying substantial consumption of organic acids during TCP solubilization. In 

contrast, the mycelium system demonstrated weak phosphate-solubilizing 

capacity, and maintained consistently elevated pH levels. These results 

collectively indicated that extracellular metabolites secreted by MC-F2 

predominantly promoted TCP solubilization. 

Furthermore, XRD analysis revealed weddellite was the dominant phase in one-

step mode. Two-step mode contained both weddellite and whewellite. Spent 

medium mode contained whewellite and hydroxyapatite, while mycelium mode 

exclusively formed hydroxyapatite, with no detectable calcium oxalate crystals. 

Complementary FTIR spectra (compared against spectra of pure TCP and calcium 
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oxalate standards, Fig. S6) showed stronger absorption peaks of -OH, -CHvs, C=O 

and -CHδs in mycelium system versus others. The two-step mode exhibited most 

pronounced spectral alterations, for example, marked attenuation of -OH, -CHvs, -

C=O and -PO43-, and near-disappearance of -NH/-CHδs. 

Phosphate-solubilizing metabolites analysis by untargeted metabolomics

Both PCA (Fig. S9A) and OPLS-DA (Fig. S9B, C) showed significant differences 

in tested groups. R2Y and Q2 were used to evaluate the modeling and prediction 

abilities of the OPLS-DA model. The parameters of the OPLS-DA model were all 

close to 1 (Table S3), suggesting that this model was stable and reliable. The 

volcano plots suggested significant variations between every two groups (Fig. 

S9D). A total of 577 (PDB vs PDB1), 415 (PDB1 vs PDB5), 276 (PVK1 vs PVK5) and 

240 (NBRIP1 vs NBRIP5) differential metabolites were identified, with 113 (PDB 

vs PDB1), 281 (PDB1 vs PDB5), 142 (PVK1 vs PVK5), 132 (NBRIP1 vs NBRIP5) 

metabolites up-regulated expression, and 464 (PDB vs PDB1), 134 (PDB1 vs PDB5), 

134 (PVK1 vs PVK5), 108 (NBRIP1 vs NBRIP5) down-regulated expression, 

respectively (Fig. S10). Focusing on metabolites central to phosphate 

solubilization, several showed pronounced alterations. Notably, in the comparison 

where the citrate cycle (TCA cycle) was most active (NBRIP1 vs NBRIP5), citric 

and malic acid were upregulated by 2.54-fold and 4.87-fold, respectively. 

Conversely, in the PVK1 vs PVK5 comparison, 2-ketogluconic acid was 

downregulated by 0.73-fold, aligning with the observed decrease in gluconic acid 

production at high TCP levels. Gluconic acid was downregulated by 0.59-fold in 
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the PDB1 vs PDB5 comparison. Key intermediates from other enriched pathways, 

such as amino acid metabolism, also exhibited significant fold changes, as shown 

in Table S4-S9.

The classification of differential metabolites is shown in Fig. S11. In the PDB vs 

PDB1 group, up-regulated metabolites were primarily organoheterocyclic 

compounds (23.01%), lipids and lipid-like molecules (14.16%), and benzenoids 

(13.27%). In contrast, down-regulated metabolites largely consisted of organic 

acids and derivatives (26.29%) and organoheterocyclic compounds (23.49%). For 

both PDB1 vs PDB5 and PVK1 vs PVK5 groups, organoheterocyclic compounds 

constituted the majority among up- and down-regulated metabolites. In NBRIP1 

vs NBRIP5 group, differential metabolites were mainly categorized as organic 

acids and derivatives, along with organoheterocyclic compounds. 

In Fig. 7, KEGG enrichment pathway analysis suggested that differential 

metabolites were mainly involved in metabolic pathways. In detail, differential 

metabolites also enriched in biosynthesis of amino acids, ABC transporters, D-

amino acid metabolism, etc. in PDB vs PDB1 group, nucleotide metabolism, ABC 

transporters, glycine, serine and threonine metabolism, etc. in PDB1 vs PDB5 

group, purine metabolism, nucleotide metabolism, arachidonic acid metabolism, 

etc. in PVK1 vs PVK5 group, ABC transporters, biosynthesis of amino acids and 

aminoacyl-tRNA biosynthesis, etc. in NBRIP1 vs NBRIP5 group. 
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Fig. 7 KEGG enrichment analysis of differential metabolites. 

As for KEGG pathway differential abundance score (Fig. S12), all KEGG 

enrichment pathways were downregulated in the PDB vs PDB1 group, implying 

the addition of 1g/L TCP inhibited multiple metabolic pathways. In PDB1 vs PDB5 

group, only histidine metabolism, galactose metabolism and ABC transporters 

were downregulated, glycine, serine and threonine metabolism, alanine, aspartate 

and glutamate metabolism, arginine and proline metabolism were upregulated. It 

implied that the addition of higher concentration of TCP in PDB medium 

stimulated the metabolism of some amino acids. In PVK1 vs PVK5 group, galactose 

metabolism and ABC transporters were downregulated, and arginine biosynthesis, 

purine and pyrimidine metabolism were upregulated. In NBRIP1 vs NBRIP5 group, 

arginine biosynthesis, propanoate metabolism and aminoacyl-tRNA biosynthesis 

were downregulated. TCA cycle was significantly upregulated. Part of key 
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metabolites involved in organic acids production is displayed in Fig. S13 and Table 

S4-S9. 

Discussion

This study provides one of the first integrated physiological and metabolomic 

analyses of phosphate solubilization in a Talaromyces species. While the secretion 

of gluconic and malic acids aligns with mechanisms reported in Aspergillus and 

Penicillium, our metabolomics data reveal genus- or strain-specific metabolic 

adaptive strategies. 

Talaromyces genus was introduced by Benjamin as a sexual state of Penicillum, 

and it was characterized by soft walled ascomata with interwoven hyphae [23]. In 

general, Talaromyces species have the feature of producing red pigments in the 

mycelium or diffusing into the agar [24]. MC-F2 possessed typical characteristics 

of Talaromyces, like biverticillate conidiophore, globose ascospores, and abundant 

diffusing red pigments production. Some Talaromyces species have been 

demonstrated to have phosphate-solubilizing properties, including T. flavus [25], T. 

pinophilus [26], T. funiculosus [27], T. nanjingensis [28], etc. In this study, 

Talaromyces sp. MC-F2 has exhibited effective phosphate solubilization across 

different media, making it a promising candidate for biofertilizer development.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Usually, NBRIP was regarded more sensitive in comparison to PVK for 

evaluating phosphate-solubilizing capacity of PSMs [12,29]. For MC-F2, the final 

concentration of soluble P was highest in NBRIP broth across all tested TCP 

concentrations. The delayed onset in NBRIP may be attributed to its lower 
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nitrogen content and absence of complex nutrients like yeast extract (present in 

PVK), potentially extending the adaptation of MC-F2. Similarly, the rapid initial 

pH drop and P release in PDB can be attributed to its nutrient-rich medium 

composition. The early detection of soluble P in PDB even without TCP addition 

(Fig. 2F) likely originated from the inherent P content of potato extract and/or 

initial fungal metabolic activity, as the abiotic control ruled out significant 

chemical dissolution. Phosphate-solubilizing behavior also depends on the specific 

microbial species. For example, the dissolved P induced by B. amyloliquefaciens 

CZ-B1 in PVK medium was 1.13 times of that in NBRIP medium [30]. Five bacterial 

species showed phosphate solubilization varying from 535.70 to 618.57μg/mL in 

NBRIP medium, and 374.20 to 544.28μg/mL in PVK medium with TCP as a source 

of insoluble phosphate [31]. PDB supplemented with 5g/L TCP was also utilized to 

cultivate a PSF strain P. oxalicum. The maximum soluble P concentration reached 

1.05 g/L on day 5 [32], which was lower than that in our results (1.52 g/L in NBRIP 

with 5 g/L TCP). 

Pearson correlation analysis revealed the nuanced regulation of phosphorus 

solubilization mechanisms by both culture medium and TCP concentration. The 

strong overall negative correlation in NBRIP reinforces the central role of 

acidification. In contrast, the condition-specific correlation patterns observed in 

PDB and PVK indicate that phosphorus solubilization in complex media is a 

"dynamically decoupled" process. In nutrient-rich PDB under high TCP levels, the 

strategy may shift from "bulk acidification" to "maintenance of localized 
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microenvironments." Meanwhile, the negative correlation observed only at a 

moderate-to-high concentration (4 g/L) in PVK suggests an interaction between its 

chemical composition (e.g., metal ions, nitrogen source) and TCP concentration, 

jointly determining the distribution of phosphorus among dissolution, assimilation, 

and reprecipitation. Therefore, the macroscopic relationship between solution pH 

and soluble phosphorus is the net outcome of a dynamic balance between 

underlying microbial physiological activities (acid production, assimilation) and 

geochemical reactions (dissolution, reprecipitation) under specific environmental 

conditions, rather than a simple indicator of a single driving force.

PSMs can enhance inorganic phosphate solubilization by releasing low-

molecular-weight organic acids [33]. Organic acids production by fungi can be 

affected by carbon, nitrogen, and phosphate type and concentration [34,35]. The 

distinct chemical composition of PVK, NBRIP, and PDB media was associated with 

strikingly different profiles of accumulated organic acids in the culture broth. 

Gluconic acid and malic acid was the main organic acids appearing in all tested 

media (Fig. 3). The formation of gluconic acid depends on extracellular direct 

oxidation of glucose by glucose dehydrogenase [36]. The significantly higher yield 

of gluconic acid in PDB medium, which contains twice the glucose concentration 

of PVK and NBRIP, is consistent with the established role of glucose as a direct 

precursor for extracellular gluconic acid synthesis via glucose dehydrogenase. 

Previous studies have pointed out that excessive insoluble P can inhibit the growth 

and metabolism of PSF [37]. The addition of TCP increases the system’s buffering 
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capacity against fungal acidification, releases Ca2+ which can be toxic at elevated 

concentrations, and alters the ionic milieu. These physicochemical changes 

undoubtedly contribute to the overall physiological adaptation of MC-F2. It might 

explain that the productivity of gluconic acid declined when TCP concentration 

increased in this study. Gluconic acid can be further oxidized to 2-ketogluconic 

acid by gluconate dehydrogenase [38]. 

Di- and tricarboxylic acids exhibit higher acidity and stronger chelating capacity 

than monocarboxylic acids [39]. Malic acid as a kind of dicarboxylic acid is 

frequently detected in phosphate solubilization. The reported yield of malic acid 

varied quantitatively among PSMs. The highest amount of malic acid produced by 

T. pinophilus strains ranged from 17.0±1.0 to 250.0±19.6 μg/mL in PVK medium 

[40]. Pantoea brenneri strain 3.2 produced 12.8mM malic acid in NBRIP medium 

[41] , which was lower than that produced by MC-F2. Compared with the reported 

Aspergillus and Penicillium species with phosphate-solubilizing capacity (Table 

S2), MC-F2 still has advantages in phosphate solubilization and organic acids 

production. The high secretion of gluconic and malic acids by MC-F2 correlates 

with its observed phosphate-solubilizing capacity. 

It has been widely reported the genus Aspergillus and Penicillum secreted oxalic 

acid to accelerate the release of P from Ca-P through the formation of calcium 

oxalate. Meanwhile, oxalic acid was detectable in the medium [8,21,42,43]. In present 

work, although XRD (Fig. 5) and SEM (Fig. 6) confirmed the existence of calcium 

oxalate, oxalic acid was not detected by HPLC in PVK, NBRIP or PDB media. This 
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implies that oxalic acid secreted by MC-F2 may be produced in low amounts and/or 

precipitates, preventing its accumulation in the solution above the detection 

limit. Alternative pathways, such as the direct enzymatic oxidation of glyoxylate 

or the cleavage of oxaloacetate [44], could also contribute to calcium oxalate 

formation without substantial free oxalic acid accumulation. 

ACP produced by Aspergillus niger was under phosphate-mediated repression, 

that is, high ACP productivity was observed under the condition of low 

concentration of phosphate [45]. But it was not reflected in our results. Researchers 

also found that specific ACP was differentially expressed at different culture pH 

value, with greater production at low pH [46], which is consistent with our results. 

In general, AKP prevails in alkaline to neutral conditions and has greater affinity 

to organic phosphorus [4]. The difference of AKP activities may be attributed to 

relatively higher pH in PVK medium and more organic components in PDB medium 

compared with NBRIP medium. Additionally, the observed variations in ACP and 

AKP activities, which did not show a direct statistical correlation with soluble P 

release, likely reflect a more complex physiological context. These phosphatases 

are traditionally associated with the mineralization of organic phosphorus 

compounds [47]. Their elevated activity, particularly in PDB medium without TCP 

(Fig. 4), may indicate a generalized metabolic state or stress response under 

phosphate limitation or during active growth, rather than a direct causative role 

in dissolving inorganic TCP. While MC-F2 possesses substantial phosphatase 

activity, our data suggest that its remarkable phosphate-solubilizing capacity 
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against mineral TCP is predominantly mediated by acidification via organic acids, 

with phosphatase activity representing an associated but not directly rate-limiting 

physiological trait under these specific conditions. 

The source of metabolites participating in phosphate solubilization was clarified 

by comparing soluble P concentration in one-step, two-step, spent medium, and 

mycelium modes (Fig. S8). Results indicated that extracellular metabolites mainly 

contributed to solubilize TCP. Separated mycelium did not favor the formation of 

calcium oxalate. But in two-step modes, a large number of existing mycelia may 

promote the formation of calcium oxalate in view of XRD patten and FTIR spectra. 

Different performances of MC-F2 in one-step, two-step, spent medium and pure 

mycelia modes illustrated that (1) the co-culture of MC-F2 strain and TCP might 

inhibited early biological metabolism to some extent, (2) TCP dissolution is the 

precondition of forming calcium oxalate and mycelium will contribute to 

crystallization if it did not be separated, possibly through providing nucleation 

sites or locally modifying microenvironments, (3) the pronounced alterations in 

functional groups suggest the potential involvement of hyphal surface chemistry 

in the mineralization process, , which may be more complex than simple chemical 

precipitation in solution. 

The untargeted metabolomics data provide a quantitative metabolic basis for the 

differential phosphate-solubilizing performance. The marked upregulation of TCA 

cycle intermediates, particularly the 4.87-fold increase in malate in NBRIP1 vs 

NBRIP5, provides a direct explanation for the high secretion of malic acid and the 
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superior solubilization efficiency observed in this medium (Fig. 3, Fig. 2D). This 

suggests a targeted enhancement of anaplerotic and TCA cycle flux in NBRIP to 

fuel dicarboxylic acid production. Similarly, the 0.73-fold downregulation of 2-

ketogluconate in PVK1 vs PVK5 corresponds quantitatively to the suppressed 

glucose oxidation pathway and lower gluconic acid yield at high TCP concentration 

(Fig. 3). These specific, high-magnitude changes in key pathway metabolites 

underscore that medium composition and TCP load do not merely cause general 

metabolic shifts but precisely rewire central carbon metabolism in a manner that 

directly impacts organic acid synthesis and, consequently, phosphate 

solubilization capacity. 

Our work moves beyond confirming the involvement of organic acids to mapping 

the condition-dependent metabolic network that produces them in a novel fungal 

agent, thereby identifying key regulatory nodes (e.g., TCA cycle, glucose oxidation) 

that could be targets for future strain enhancement.

Conclusion

In this study, a novel phosphate-solubilizing fungal strain, Talaromyces sp. MC-

F2, was successfully isolated and identified. The strain demonstrated efficient TCP 

solubilization across PVK, NBRIP, and PDB media, with NBRIP medium yielding 

the highest final soluble P concentrations. The solubilization process was primarily 

driven by the secretion of organic acids in NBRIP medium, as evidenced by a 

strong correlation between pH decrease and P release, and led to the formation of 

calcium oxalate hydrates as secondary minerals. Metabolic analysis further 
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revealed that medium composition and TCP concentration significantly influenced 

the expression of key metabolic pathways, particularly those involved in organic 

acid production. These findings not only expand the resource library of PSF but 

also enhance our understanding of the metabolic adaptability of PSF under varying 

environmental conditions. Talaromyces sp. MC-F2 shows strong potential for 

development as an eco-friendly biofertilizer to improve phosphorus availability in 

agricultural systems. Future studies should focus on field applications, genetic 

engineering to enhance organic acid synthesis, and the role of specific enzymes 

such as malate dehydrogenase in regulating acid production. Additionally, 

integrating transcriptomic and proteomic approaches would help establish causal 

relationships between metabolic shifts and solubilization phenotypes.
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Figure legends

Fig. 1 Transparent halo observation (A), SEM image (B) and phylogenetic tree 

based on ITS gene sequence (C) of the isolated PSF strain

Fig. 2 Changes of pH and soluble P concentration along incubation time in PVK 

medium (A-B), NBRIP medium (C-D) and PDB (E-F) medium. 

Fig. 3 Types and quantities of produced organic acids by MC-F2 in PVK, NBRIP 

and PDB liquid medium with 1g/L or 5g/L TCP. Data are shown as final supernatant 

concentration (mean ± SD, n=3).

Fig. 4 Changes of ACP and AKP activities along incubation time in PVK medium 

(A-B), NBRIP medium (C-D) and PDB (E-F) medium, respectively.

Fig. 5 XRD pattern of sediments in different cultivation systems. 

Fig. 6 SEM images of the product in different cultivation systems. (A) PVK1, (B) 

PVK5, (C) NBRIP1, (D) NBRIP5, (E) PDB1, (F) PDB5. 

Fig. 7 KEGG enrichment analysis of differential metabolites. 
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