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Abstract 
 

Extracellular acid phosphatase plays a key role in the mobilization of organic phosphorus in soil ecosystems. In 

this study, acid phosphatase produced by Trichoderma asperellum Uz-A4 was isolated, purified and biochemically 

characterized. Maximum enzyme activity (1534 µM min⁻¹ mg⁻¹) was observed on the sixth day of cultivation in 

Czapek broth. Zymogram analysis revealed two extracellular acid phosphatase isoforms with molecular masses 

of approximately 175 and 115 kDa. The dominant isoform (ACP1) was purified by ammonium sulfate 

precipitation followed by DEAE–TSK ion-exchange and Phenyl–Sepharose hydrophobic interaction 

chromatography. SDS–PAGE analysis showed that ACP1 is a homodimer composed of two identical subunits of 

85 kDa. The enzyme exhibited optimal activity at pH 5.0 and 50 °C and retained high activity after incubation at 

60 °C for 1 h, indicating pronounced thermostability. Zn²⁺ and Mn²⁺ ions significantly inhibited enzyme activity, 

whereas Ca²⁺, Co²⁺, Mg²⁺, EDTA and reducing agents had no substantial effect. The biochemical properties of 

ACP1 highlight the potential of T. asperellum Uz-A4 to contribute to organic phosphorus mineralization and to 

improve phosphorus availability and soil fertility under sustainable agricultural systems. 
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Introduction 
 

Phosphorus (P) is the second most important 

macronutrient after nitrogen for plant growth and 

development. It is a key structural component of 

nucleic acids, phospholipids and energy-transfer 

molecules, playing a crucial role in the regulation of 

metabolic, physiological and biochemical processes 

that determine plant productivity and yield (Mishra et 

al., 2024). Despite generally sufficient total 

phosphorus levels in most soils, only a small fraction 

is readily available for plant uptake, as phosphorus is 

predominantly present in insoluble inorganic minerals 

or bound within organic compounds (Khan et al., 

2023). 

Moreover, a large proportion of applied chemical 

phosphorus fertilizers are rapidly immobilized in soil 

through fixation processes, forming poorly soluble 

complexes that are inaccessible to plants. Under these 

conditions, the availability of phosphorus in the 

rhizosphere largely depends on biological and 

chemical transformations mediated by soil 

microorganisms and root-associated processes 

(Mwende, 2019; Pang et al., 2024). These 

transformations are particularly important in saline 

and degraded soils, where nutrient availability is 

further limited and sustainable soil fertility 

management is required. 

Phosphate-mobilizing microorganisms play a central 

role in the transformation of insoluble phosphorus into 

plant-available forms. Members of the genera 

Azotobacter, Burkholderia, Rahnella, Pseudomonas, 

Bacillus, Rhizobium, Enterobacter and Pantoea, as 

well as filamentous fungi such as Trichoderma and 

Aspergillus, are known to solubilize inorganic 

phosphorus through the production of organic acids 

and other metabolites (Karimov et al., 2024; Landa-

Acuña et al., 2023; Shakirov et al., 2022; Wang et al., 

2023; Bononi et al., 2020). In addition to acidification 

mechanisms, many of these microorganisms 

contribute to phosphorus cycling by secreting 

extracellular phosphatases that hydrolyze organic 

phosphorus compounds in soil. 

Acid phosphatases (EC 3.1.3.2) are 

phosphomonoesterase enzymes that catalyze the 

hydrolysis of phosphomonoester bonds, releasing 

inorganic phosphate (PO₄³⁻) and free hydroxyl groups 

from organic substrates. These enzymes are widely 

distributed in plants, animals and microorganisms, 

although their activity and biochemical properties vary 

considerably among organisms and environmental 

conditions. The production of extracellular acid 

phosphatases by soil microorganisms represents an 

important biological pathway for the mineralization of 

organic phosphorus and serves as an additional 

phosphorus source for plant nutrition (Pratibha et al., 

2021; Tian et al., 2021; Wang et al., 2023; Rejsek et 

al., 2012). 

Among phosphate-mobilizing fungi, species of the 

genus Trichoderma are of particular interest due to 

their ecological adaptability, high enzymatic activity 

and widespread use in agriculture as biofertilizers and 

biocontrol agents (Odoh et al., 2020; Jawad et al., 

2023). However, detailed information on the 

physicochemical properties and functional 

characteristics of extracellular acid phosphatases 

produced by T. asperellum Uz-A4 remains limited. 

The present study aimed to isolate, purify and 

characterize extracellular acid phosphatase isoforms 

produced by T. asperellum Uz-A4, with a particular 

focus on their biochemical properties and potential 

role in phosphorus mobilization processes relevant to 

sustainable soil fertility management. 

 

Material and Methods 
 

Cultivation of T. asperellum Uz-A4 
To select the optimal nutrient medium for the 

cultivation of T. asperellum Uz-A4 (Shavkiev et al., 

2022), several commonly used liquid (broth) media 

were tested, including Mandels medium (Turaeva et 

al., 2021), Czapek broth, Sabouraud broth, and potato 

dextrose broth (PDB). In Mandels and Czapek broth 

media, wheat bran was used as an alternative carbon 

source instead of conventional sugars (Azimova et al., 

2020). 

The fungus was cultivated in 500-ml Erlenmeyer 

flasks containing 200 ml of liquid medium. Incubation 

was carried out on a rotary shaker at 150 rpm at a 

temperature of 24–28 °C for 6 days. 

 

Determination of acid phosphatase activity 
T. asperellum Uz-A4 was cultivated on Mandels, 

Czapek, Sabouraud and PDB media at 28 °C for 6 

days. After cultivation, the culture was filtered through 

filter paper to remove fungal biomass. The resulting 

culture filtrates were used as crude enzyme extracts for 

the determination of acid phosphatase activity. 

The reaction mixture for the acid phosphatase assay 

consisted of 2.0 ml of sodium acetate buffer (100 mM, 

pH 5.5), 30 μl of p-nitrophenyl phosphate (65 mM) as 
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the substrate, and 0.1 ml of MgCl₂ solution (10 mM). 

The enzymatic reaction was initiated by adding 0.1–

0.4 ml of enzyme extract to the reaction mixture. The 

mixture was incubated at 42 °C for 15–30 min. 

The reaction was terminated by the addition of 0.6 ml 

of 1 M NaOH, and the amount of p-nitrophenol 

released was measured spectrophotometrically at 405 

nm. A reaction mixture without the enzyme extract 

served as a control. Acid phosphatase activity was 

calculated using a standard calibration curve of p-

nitrophenol. 

 

Zymogram analysis of acidic phosphatase 

isoforms 
Acidic phosphatase isoforms produced by T. 

asperellum Uz-A4 were analyzed using the zymogram 

method following polyacrylamide gel electrophoresis. 

After electrophoresis, gels were incubated in a staining 

solution containing 30 mg naphthol AS-MX 

phosphate as the substrate, 50 ml of incubation buffer, 

0.25 ml of 0.1 M MgCl₂, 0.25 ml of MnCl₂, 5 ml of 

20% NaCl solution and 30 mg of Fast Blue salt. 

Enzyme activity bands were visualized as colored 

zones after incubation at room temperature until clear 

bands appeared (Gadallah et al., 2017). 

 

Purification of acid phosphatase from T. 

asperellum Uz-A4 
Acid phosphatase from T. asperellum Uz-A4 was 

purified using a combination of ammonium sulfate 

precipitation, ion-exchange chromatography and 

hydrophobic interaction chromatography. In the first 

step, solid ammonium sulfate was gradually added to 

the cell-free culture supernatant to reach 80% 

saturation and completely dissolved. The mixture was 

incubated at 4 °C for 18 h and then centrifuged at 

12,000 rpm for 15 min. The resulting precipitate was 

dissolved in 15 ml of distilled water and dialyzed 

against 50 mM Tris–HCl buffer (pH 7.0). 

The concentrated enzyme preparation was applied to a 

DEAE–TSK ion-exchange chromatography column 

(30 × 2.5 cm) previously equilibrated with 50 mM 

Tris–HCl buffer (pH 7.0). Bound proteins were eluted 

using a linear NaCl gradient ranging from 0 to 0.6 M. 

Fractions exhibiting high acid phosphatase activity 

were pooled and dialyzed against 20 mM Tris–HCl 

buffer (pH 7.0) for 24 h. This fraction was 

subsequently used for further purification by 

hydrophobic interaction chromatography. 

Hydrophobic chromatography was performed on a 

Phenyl–Sepharose column (15 × 1.5 cm) pre-

equilibrated with 50 mM Tris–HCl buffer (pH 7.0) 

containing 2 M ammonium sulfate. Solid ammonium 

sulfate was added to the pooled DEAE–TSK fraction 

to achieve a final concentration of 2 M, and the sample 

was loaded onto the column. The column was initially 

washed with 2 M ammonium sulfate solution, 

followed by elution of bound proteins using a 

decreasing ammonium sulfate gradient from 1 M to 0 

M. Fractions retaining acid phosphatase activity were 

pooled and dialyzed against Tris–HCl buffer for 

subsequent analyses. 

 

Determination of the molecular mass of acid 

phosphatase 
The molecular mass of the purified acid phosphatase 

was estimated by SDS–PAGE. Electrophoretic 

analysis was performed using a 12% polyacrylamide 

gel under denaturing conditions. SDS–PAGE was 

used to assess both the purity and the molecular mass 

of the purified enzyme by comparison with standard 

protein molecular weight markers. 

 

Physicochemical properties of acid 

phosphatase 
Acid phosphatase activity was determined in 0.1 M 

sodium acetate buffer within a pH range of 3.0–7.0. 

The optimum temperature for enzyme activity was 

evaluated over a temperature range of 30–80 °C using 

0.1 M sodium acetate buffer (pH 4.5). Substrate 

dependence of the enzyme was assessed using p-

nitrophenyl phosphate as the substrate. To evaluate the 

time dependence of enzyme activity, the reaction was 

monitored for up to 70 min under standard assay 

conditions. 

Thermostability of the acid phosphatase was 

determined by incubating the purified enzyme in 0.1 

M sodium acetate buffer (pH 4.5) at temperatures 

ranging from 50 to 70 °C for 10 min, followed by 

immediate cooling on ice. Residual enzyme activity 

was subsequently measured under standard assay 

conditions. 

 

Effect of metal ions and inhibitors on enzyme 

activity 
The effect of metal ions and inhibitors on acid 

phosphatase activity was investigated by 

preincubating the purified enzyme with selected 

reagents at final concentrations of 0.1, 1.0 or 5 mM in 
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0.1 M sodium acetate buffer (pH 4.5) for 30 min. 

Enzymatic reactions were initiated by the addition of 

the substrate (p-nitrophenyl phosphate), and residual 

activity was determined as described above. 

 

Statistical analysis 
All experiments were performed in triplicate, and 

results are presented as mean ± standard deviation 

(SD). Differences among treatments were evaluated 

using one-way ANOVA, with significance set at p < 

0.05. All statistical analyses were performed using 

Microsoft Excel (Microsoft Corporation, USA). 

 

 
 

Results and Discussion 
 

Growth and biomass production of T. 

asperellum Uz-A4 in different culture media 
The growth and biomass production of T. asperellum 

Uz-A4 were evaluated in Mandels, Czapek, 

Sabouraud and PDB liquid media. The fungus was 

cultivated at pH 5.0 and 28 °C on a rotary shaker at 

150 rpm for 6 days. 

Following inoculation into the different culture media, 

active fungal growth was observed from the third day 

of cultivation. At this stage, dry biomass production 

ranged from 83 to 101 µg mL⁻¹, depending on the 

medium used (Table 1).  

 

Table-1. Dry biomass production of T. asperellum Uz-A4 during cultivation (µg mL⁻¹). 

 

Culturemedium Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 

Mandels 0 11±0,8 91±0,6 243±0,3 307±0,6 509±0,9 

Czapek 0 9±0,9 92±0,6 231±0,9 295±0,9 456±0,9 

Sabouraud 0 6±0,6 83±0,3 196±0,9 253±0,3 321±0,9 

PDB 0 8±0,6 101±0,8 201±0,6 257±0,6 338±0,6 

Note: Values represent mean ± SD (n = 3). Differences among treatments were evaluated using one-way ANOVA (p < 0.05). 

 

No significant differences in biomass accumulation 

were detected among the tested media during the early 

growth phase. After 6 days of cultivation, dry biomass 

values increased to 321–509 µg mL⁻¹ across all media. 

By the sixth day of cultivation, clear differences in 

biomass production became evident. The highest 

biomass yield was recorded in Mandels medium (509 

µg mL⁻¹), followed by Czapek broth (456 µg mL⁻¹). In 

contrast, lower biomass production was observed in 

Sabouraud broth (321 µg mL⁻¹) and PDB (338 µg 

mL⁻¹) media. These results indicate that the 

composition of the culture medium significantly 

influences the growth performance of T. asperellum 

Uz-A4 during prolonged cultivation. 

 

Acid phosphatase activity of T. asperellum Uz-

A4 in different culture media 
The activity of acid phosphatase secreted into the 

culture filtrates of T. asperellum Uz-A4 varied 

depending on the nutrient medium used for 

cultivation. Although the strain produced comparable 

amounts of biomass in the different media, 

pronounced differences were observed in acid 

phosphatase activity levels in the corresponding 

culture filtrates. 

The highest acid phosphatase activity (1534 µM min⁻¹ 

mg⁻¹) was detected during the growth of T. asperellum 

Uz-A4 in Czapek broth, where enzyme activity 

reached its maximum on the sixth day of cultivation 

(Figure 1). In contrast, lower levels of enzyme activity 

were observed in Mandels, Sabouraud and PDB media 

throughout the cultivation period. 

Based on these results, the culture filtrate obtained 

from T. asperellum Uz-A4 grown on Czapek broth 

was selected as the most suitable source of 

extracellular acid phosphatase for subsequent 

purification and characterization studies. 
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Figure-1. Acid phosphatase activity of T. asperellum Uz-A4 during cultivation in Mandels, Czapek, Sabouraud, 

and PDB media. 
 

T. asperellum Uz-A4 strain, the culture fluid of the culture grown for 6 days on Czapek broth served as an acid 

phosphatase enzyme extract for further studies. Values represent mean ± SD (n = 3). Differences among treatments 

were evaluated using one-way ANOVA at p < 0.05. 

 

Zymogram analysis of acid phosphatase isoforms in the culture filtrate of T. asperellum Uz-A4                                                                          
Zymogram analysis of acid phosphatase activity in the culture filtrate of T. asperellum Uz-A4 was performed 

using native polyacrylamide gel electrophoresis (PAGE). Enzyme extracts exhibiting high phosphatase activity 

were subjected to electrophoresis on an 8% polyacrylamide gel. Following separation, enzymatic activity was 

visualized by incubating the gel at 45 °C for 30 min in a reaction mixture containing a specific substrate for acid 

phosphatase. As a result, two distinct activity bands were detected on the gel, indicating the presence of multiple 

extracellular acid phosphatase isoforms (Figure 2). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-2. Zymogram analysis of extracellular acid phosphatase isoforms produced by T. asperellum Uz-A4. 
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Zymogram analysis revealed that T. asperellum Uz-

A4 produces at least two native acid phosphatase 

isoforms with markedly different molecular masses. 

The estimated molecular mass of the first isoform 

(ACP1) was approximately 175 kDa, whereas the 

second isoform (ACP2) had a molecular mass of about 

115 kDa. The occurrence of multiple acid phosphatase 

isoforms has also been reported in other filamentous 

fungi.  

 

Purification of acid phosphatase from T. 

asperellum Uz-A4 
Previous studies have reported the purification of acid 

phosphatase enzymes from different Trichoderma 

species (Leitao et al., 2010). In the present study, 

extracellular acid phosphatase from T. asperellum Uz-

A4 was purified using a multistep procedure involving 

ammonium sulfate precipitation, ion-exchange 

chromatography and hydrophobic interaction 

chromatography. 

In the first purification step, proteins from the fungal 

culture filtrate were precipitated with solid ammonium 

sulfate at 80% saturation. This step resulted in an 8.48-

fold increase in specific activity, with 57% recovery of 

the total acid phosphatase activity (Table 2). After 

precipitation, the total protein content was 4.36 mg, 

and the specific activity of acid phosphatase reached 

3.05 µM min⁻¹ mg⁻¹. 

 

Table-2. Purification summary of extracellular acid phosphatase from T. asperellum Uz-A4. 

 

Purificationstep Total protein 

(mg) 
 

Total 

activity (U) 
 

Specificactivity 

(U mg⁻¹) 
 

Purificationfold 
 

Yield 

(%) 
 

Cell-free supernatantᵃ 64,5 23,22 0,36 1 100 

Ammonium sulfate 

precipitationᵇ 

4,36 13,30 3,05 8,48 57 

DEAE–TSK anion-

exchange 

chromatographyᶜ 

0,27 7,54 27,51 76,43 32,5  

Phenyl–Sepharose 

chromatographyᵈ 

0,09 4,16 45,98 127,72 17,9 

 

ᵃCell-free culture supernatant 

ᵇ Protein fraction precipitated with 80% ammonium sulfate 

ᶜ DEAE–TSK anion-exchange chromatography 

ᵈ Hydrophobic interaction chromatography on Phenyl–Sepharose 

 

Following dialysis, the ammonium sulfate–

precipitated proteins were subjected to high-

performance anion-exchange chromatography on a 

DEAE–TSK column. Acid phosphatase activity was 

eluted at a NaCl concentration of approximately 0.25 

M (Figure 3). Enzymatic activity was detected in two 

fractions (HP1 and HP2); however, the fraction 

containing the dominant acid phosphatase isoform 

(ACP1) was selected for further purification. The 

elution profile suggests that ACP1 possesses a 

moderate content of negatively charged amino acid 

residues. After this step, a 76.43-fold purification was 

achieved, with 32.5% recovery of the total enzyme 

activity (Table 2). 
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Figure-3. Ion-exchange chromatography of extracellular acid phosphatase from T. asperellum Uz-A4 on a DEAE-

TSK column.  The concentrated enzyme preparation was applied to a DEAE–TSK ion-exchange chromatography 

column (30 × 2.5 cm) previously equilibrated with 50 mM Tris–HCl buffer (pH 7.0). Bound proteins were eluted 

using a linear NaCl gradient ranging from 0 to 0.6 M. Fractions exhibiting high acid phosphatase activity were 

pooled and dialyzed against 20 mM Tris–HCl buffer (pH 7.0) for 24 h.  

 

The active ACP1 fraction obtained after DEAE–TSK 

chromatography was further purified by hydrophobic 

interaction chromatography on a Phenyl–Sepharose 

column (Figure 4). The enzyme was eluted at an 

ammonium sulfate concentration of approximately 

0.12 M. This final purification step resulted in a 

127.72-fold increase in specific activity, with a 

recovery of 17.9% of the total activity. At this stage, 

the total protein content was reduced to 0.09 mg, while 

the specific activity of acid phosphatase increased to 

45.98 µM min⁻¹ mg⁻¹. 
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Figure-4. Hydrophobic interaction chromatography of ACP1 from T. asperellum Uz-A4 on a Phenyl–Sepharose 

column equilibrated with 50 mM Tris–HCl buffer (pH 7.0). Proteins were eluted using a decreasing ammonium 

sulfate gradient from 2.5 to 0.0 M. 

 

Purity of the enzyme preparation was confirmed by 

SDS–PAGE analysis using a 12% polyacrylamide gel. 

The purified acid phosphatase migrated as a single 

protein band when 10 µg of protein was loaded, 

indicating homogeneity of the enzyme preparation 

(Figure 5).  

 

 
 

Figure-5. SDS–PAGE analysis of the purified acid phosphatase (ACP1) from T. asperellum Uz-A4. From left 

Lane 1, molecular weight markers; Lane 2, purified ACP1. Protein bands were stained with Coomassie Brillant 

blue R-250 solution.  
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Based on comparison with molecular weight 

standards, the apparent molecular mass of the acid 

phosphatase monomer from T. asperellum Uz-A4 was 

estimated to be approximately 85 kDa. This value 

differs from a previously reported molecular mass of 

57.8 kDafor acid phosphatase isolated from T. 

harzianum (Souza et al., 2016), suggesting possible 

strain-specific or isoform-related differences.The 

molecular mass value of T. asperellum Uz-A4 (85 

kDa) is close to that of ACPase II (90 kDa) from the 

fungus T. harzianum. 

 

Physicochemical properties of acid 

phosphatase (ACP1) from T. asperellum Uz-A4 
The time dependence of ACP1 activity was examined 

using p-nitrophenyl phosphate as the substrate. As 

shown in Figure 6, the amount of p-nitrophenol 

released increased progressively with incubation time 

over the entire reaction period. Enzyme activity 

increased almost linearly during the initial 60 min of 

incubation, indicating that the reaction rate remained 

constant under the applied assay conditions and that 

substrate depletion did not occur during this time 

interval. 

The effect of pH on ACP1 activity is presented in 

Figure 7. The enzyme exhibited maximal activity 

within a relatively narrow pH range of 5.0–5.5. At pH 

values below 4.5 and above 6.0, enzyme activity 

declined markedly, indicating strong pH dependence 

of catalytic performance. 

 

 

 
Figure-6. Time-dependent activity of acid phosphatase (ACP1) from T. asperellum Uz-A4 using p-nitrophenyl 

phosphate as substrate. Values represent mean ± SD (n = 3). 
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Figure-7. Effect of pH on acid phosphatase (ACP1) activity from T. asperellum Uz-A4. Optimum pH was 

estimated using 100 mM acetate buffer over a pH range of 4.0-8.0. Values represent mean ± SD (n = 3). 

 

Temperature dependence analysis demonstrated that 

ACP1 activity increased with rising temperature up to 

an optimum range of 45–50 °C (Figure 8). Beyond this 

range, enzyme activity decreased rapidly, and only 

residual activity was detected at 60 °C. At 70 °C, 

ACP1 activity was almost completely lost. 

 

 
Figure-8. Effect of temperature on acid phosphatase (ACP1) activity from T. asperellum Uz-A4. Optimal 

temperature of 50°C was estimated from 20 to 80°C under standard assay conditions and 100 mM sodium acetate 

buffer pH 5.5 was used.Values represent mean ± SD (n = 3). 

 

Thermostability of ACP1 was evaluated by 

monitoring residual activity after incubation at 

different temperatures for various time intervals 

(Figure 9). The enzyme retained 96–100% of its initial 

activity after incubation at 50 and 60 °C for 60 min. In 

contrast, incubation at 70 °C for 30 min resulted in a 

reduction of residual activity to approximately 42%. 

Further increases in temperature led to a pronounced 

loss of activity, with only 14% and 2% of the initial 

activity remaining after incubation at 75 and 80 °C, 

respectively. 
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Figure-9. Thermostability of acid phosphatase (ACP1) from T. asperellum Uz-A4 at different temperatures over 

time. The enzyme was pre-incubated at 50, 60,70 and 80°C in 100 mM sodium acetate buffer (pH 3.8) for 10 min, 

and residual activity was measured at the indicated time points. Values represent mean ± SD (n = 3). 

 

Substrate concentration dependence of ACP1 activity 

is shown in Figure 10. Enzyme activity increased with 

increasing p-nitrophenyl phosphate concentration and 

approached saturation at higher substrate 

concentrations, indicating Michaelis–Menten-type 

kinetics. 

 

 
Figure-10. Dependence of acid phosphatase (ACP1) activity from T. asperellum Uz-A4 on p-nitrophenyl 

phosphate concentration, presented in Michaelis–Menten coordinates. Values represent mean ± SD (n = 3). 
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Lineweaver–Burk transformation of the kinetic data 

allowed estimation of the kinetic parameters. The 

Michaelis constant (Kₘ) was determined to be 33 nM, 

while the maximum reaction velocity (Vₘₐₓ) reached 

218 nM/min.These results were similar to the 

respective Kmand Vmax values 165 nM and 237 nM 

min-1 for acid phosphatase from Trichoderma 

Harzianum (Leitao et al., 2010) andsimilar to 

Kmresults for ACPase II from T.harzianum(Souza et 

al., 2016). Chinese researchers purified acid 

phosphatase from Trichoderma asperellum Q1, but 

did not study the enzymatic properties of the enzyme 

(Lei et al., 2017). The effects of various metal ions and 

inhibitors on ACP1 activity are summarized in Figure 

11.  

 

 
Figure-11. Effect of various metal ions and inhibitors on acid phosphatase (ACP1) activity from T. asperellum 

Uz-A4.  

 

At a concentration of 0.1 mM, most tested compounds 

had no pronounced effect on enzyme activity. 

Increasing the concentration to 1.0 and 5.0 mM 

resulted in differential effects. Mn²⁺ and Zn²⁺ caused a 

strong inhibition of ACP1 activity, whereas Ca²⁺, Co²⁺ 

and Mg²⁺ showed only minor effects. Reducing agents 

(DTT and β-mercaptoethanol) and EDTA did not 

substantially affect enzyme activity across the tested 

concentration range. 

 

Effect of inhibitors, reducing agents and metal 

ions on acid phosphatase (ACP1) activity 
The effects of various metal ions, reducing agents and 

inhibitors on the activity of acid phosphatase (ACP1) 

from T. asperellum Uz-A4 are shown in Figure 12. 

Enzyme activity was examined in the presence of Zn²⁺, 

Mn²⁺, Ca²⁺, Co²⁺ and Mg²⁺ ions at concentrations of 

0.1, 1.0 and 5.0 mM. 

Zinc ions caused a pronounced concentration-

dependent inhibition of ACP1 activity. At the highest 

tested concentration (5 mM), Zn²⁺ markedly reduced 

enzyme activity. Manganese ions also inhibited ACP1 

activity, resulting in a 32% decrease at a concentration 

of 5 mM. 

In contrast, Ca²⁺, Co²⁺ and Mg²⁺ ions had little effect 

on ACP1 activity. In some cases, a slight increase in 

enzymatic activity (up to approximately 10%) was 

observed in the presence of these ions. Reducing 

agents, including dithiothreitol (DTT) and β-

mercaptoethanol, did not significantly affect enzyme 

activity across the tested concentration range. 

The metal chelator ethylenediaminetetraacetic acid 

(EDTA) at concentrations of 1.0 and 5.0 mM caused a 
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slight increase in ACP1 activity, indicating that 

divalent metal ions are not strictly required for 

catalytic function under the assay conditions. 

 

Discussion 
 

The present study demonstrates that T. asperellum Uz-

A4 is capable of producing a thermostable 

extracellular acid phosphatase with distinct 

physicochemical properties, highlighting its potential 

role in phosphorus mobilization processes relevant to 

sustainable soil fertility management. 

The role of microbial phosphatases in phosphorus 

mobilization is well documented, particularly in soil 

systems where organic phosphorus requires enzymatic 

mineralization (García-Berumen et al., 2025). In this 

context, the activity observed for T. asperellum Uz-A4 

is consistent with previously reported functions of 

phosphate-mobilizing microorganisms. 
Although biomass production of T. asperellum Uz-A4 

did not differ markedly among the tested culture media 

during the early stages of growth, pronounced 

differences were observed in acid phosphatase activity 

in the corresponding culture filtrates. This observation 

indicates that extracellular enzyme production is not 

directly correlated with fungal biomass accumulation 

but is strongly influenced by the composition of the 

nutrient medium. In particular, Czapek broth 

promoted the highest acid phosphatase activity, 

suggesting that defined mineral media may favor the 

induction of phosphatase synthesis over complex 

organic substrates. Similar patterns have been reported 

for other phosphate-mobilizing fungi, where enzyme 

secretion is regulated primarily by nutrient availability 

rather than growth intensity (Midgley and Phillips, 

2019; Zhang et al., 2023; Brazhnikova et al., 2022). 

Zymogram analysis revealed the presence of two 

extracellular acid phosphatase isoforms with 

molecular masses of approximately 175 and 115 kDa. 

The occurrence of multiple phosphatase isoforms has 

been widely documented in filamentous fungi and 

higher plants and is commonly associated with 

functional adaptation to varying environmental 

conditions, including changes in pH and substrate 

availability (Della Mónica et al., 2018). For example, 

Aspergillus caespitosus was shown to produce acid 

phosphatases with molecular masses of 186 and 190 

kDa (Guimara˜es et al., 2004), while Serendipita 

indica and Metarhizium anisopliae were reported to 

possess two extracellular acid phosphatase isoforms 

(Kushwaha and Kumar, 2022; Li et al., 2007). In 

higher plants, the number of extracellular acid 

phosphatase isoforms may be even greater, with up to 

five or six isoforms described in different species 

(Malboobi et al., 2022). 

Purification of the dominant isoform (ACP1) resulted 

in a 127.7-fold increase in specific activity, confirming 

the effectiveness of the applied multistep purification 

strategy. SDS–PAGE analysis showed that ACP1 

consists of identical subunits with an apparent 

molecular mass of 85 kDa. This value differs from 

previously reported molecular masses of acid 

phosphatases isolated from other Trichoderma strains, 

which may reflect strain-specific structural differences 

or the presence of distinct isoenzymatic forms, a 

characteristic feature of fungal phosphatases (Leitao et 

al., 2010). 

The optimal pH and temperature observed for ACP1 

are within the range reported for fungal phosphatases, 

which are typically active under moderately acidic 

conditions (Poussereau et al., 2001). 

Physicochemical characterization demonstrated that 

ACP1 exhibited optimal enzymatic activity at pH 5.0–

5.5 and at temperatures of 45–50 °C. These conditions 

are compatible with many soil environments, 

particularly within the rhizosphere, where microbial 

activity and organic acid production often lead to 

localized pH reductions. Comparable pH optima have 

been reported for acid phosphatases from Penicillium 

chrysogenum, Metarhizium anisopliae and 

Aspergillus niger, whereas enzymes from Aspergillus 

ficuum and Aspergillus fumigatus display optimal 

activity under more acidic conditions (Vera-Morales 

et al., 2023; Wyss et al., 1998). Similarly, optimal 

temperatures reported for acid phosphatases from 

Mucor hiemalis and Aspergillus niger are higher than 

those observed in the present study, while enzymes 

from Metarhizium anisopliae and Aspergillus 

caespitosus exhibit even greater thermal optima 

(Gebremariam et al., 2022; Gargova et al., 2006). 

Species of the genus Trichoderma are known to 

contribute to phosphorus availability through 

enzymatic activity and organic acid production (Liu et 

al., 2020), which supports the observed phosphatase 

activity in the present study. 
A notable feature of ACP1 is its high thermostability. 

The enzyme retained nearly full activity after 

prolonged incubation at 50–60 °C and maintained 

measurable activity even at higher temperatures. Such 

thermostability may provide an ecological advantage 

by enabling sustained phosphorus mineralization 

under fluctuating environmental conditions and during 
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prolonged cultivation periods, as observed in the 

present study. 

Kinetic analysis revealed relatively high Kₘ and high 

Vₘₐₓ values for ACP1 when p-nitrophenyl phosphate 

was used as the substrate, indicating moderate 

substrate affinity and high catalytic efficiency. These 

kinetic properties are characteristic of enzymes 

involved in the hydrolysis of organic phosphorus 

compounds and support the functional role of ACP1 in 

efficient phosphorus release from organic sources 

(Zaman et al., 2023). 

Although no soil-based or plant growth experiments 

were conducted in this study, previous research has 

demonstrated that microbial phosphatases contribute 

to phosphorus mobilization in the rhizosphere 

(Senkovs et al., 2021). 

These results are consistent with previous reports 

indicating thatmicrobial extracellular enzymes play a 

key role in nutrient cycling and soil fertility (Luo et al., 

2017). 

Taken together, these results suggest that efficient 

extracellular secretion, favorable kinetic parameters 

and pronounced thermostability suggests that the acid 

phosphatase produced by T. asperellum Uz-A4 plays 

an important role in phosphorus cycling. From an 

agronomic perspective, these characteristics support 

the potential application of this strain, or its enzyme, 

in the development of biofertilizers aimed at 

improving phosphorus availability and restoring 

fertility in degraded or nutrient-limited soils. 

 

Conclusions 
 

In the present study, Czapek broth was identified as 

the most suitable for the production and purification of 

extracellular acid phosphatase from T. asperellum Uz-

A4. Zymogram analysis of the culture filtrate revealed 

the presence of two native acid phosphatase isoforms 

with molecular masses of approximately 175 and 115 

kDa. The dominant isoform (ACP1), purified to 

homogeneity by ion-exchange and hydrophobic 

chromatography, appeared as a single protein band 

with an apparent molecular mass of 85 kDa on 12% 

SDS–PAGE, indicating that the native enzyme 

consists of two identical subunits. 

The purified ACP1 exhibited optimal catalytic activity 

at pH 5.0 and 50 °C and demonstrated high 

thermostability, retaining full activity after incubation 

at 60 °C for 1 h. Enzyme activity was strongly 

inhibited by Zn²⁺ and Mn²⁺ ions, whereas Ca²⁺, Co²⁺ 

and Mg²⁺ions, as well as reducing agents (DTT and β-

mercaptoethanol) and EDTA, had no significant effect 

on catalytic performance. 

The physicochemical properties of ACP1 suggest that 

this enzyme is well adapted to soil and rhizosphere 

conditions, where moderately acidic pH and 

fluctuating temperatures prevail. The ability of T. 

asperellum Uz-A4 to produce a stable extracellular 

acid phosphatase capable of hydrolyzing organic 

phosphorus compounds highlights its potential role in 

phosphorus mobilization. From an agronomic 

perspective, the application of this strain may have 

potential to contribute to improving phosphorus 

availability in soils, enhancing plant growth and 

productivity, and supporting environmentally 

sustainable agricultural practices. 
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