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Abstract. This paper provides a comprehensive investigation into the medicinal plants belonging to 

the flora of Azerbaijan, focusing on the species composition of their associated mycobiota, the 

enzymatic profile of hydrolytic complexes, and the phytotoxicity of specific fungal strains isolated 

from these hosts. Mycological assessments revealed that the studied medicinal plants serve as a 

specialized ecological niche and habitat for a diverse range of microscopic fungi. Biochemical 

analysis of the isolated mycobiota established that certain strains possess the capability to synthesize 

a highly balanced hydrolytic enzyme system. This enzymatic system effectively degrades the complex 

structural components of the host plant's cell walls, thereby facilitating fungal penetration and tissue 

colonization. Furthermore, the study elucidates the distinct dual role of proteolytic enzymes within 

the infection mechanism. It was demonstrated that the activity level of proteolytic enzymes acts as a 

limiting factor in the regulated pathogenesis process of primary phytopathogenic fungi. Conversely, 

for the causative agents of secondary mycoses, this enzymatic activity functions as a key factor 

contributing to and aggravating their opportunistic and destructive actions. These findings provide 

crucial insights into the molecular regulation of fungal virulence and offer a foundational framework 

for developing target-specific enzyme inhibitors as next-generation green fungicides. 

 

Keywords: medicinal plants, mycobiota, hydrolytic enzymes, phytotoxicity, limiting and contributing 
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Introduction  

 

As is well known, the flora of Azerbaijan includes more than 4,700 plant species, approximately one-

third of which are medicinal. Furthermore, some of these plants are not only medicinal but also of 

interest as forage, essential oil, and food crops. However, only a small fraction of these plants has 

undergone screening to identify their medicinal properties, even though the majority of the world's 

population uses plant-based preparations that prevent, to varying degrees, the development of 

diseases caused by various microorganisms. In this regard, the demand for such plants increases every 

year. 

 

Considering that the depletion of biodiversity composition is one of the global environmental 

problems, in the future, this could lead to a significant restriction on the use of medicinal plants. 

Moreover, their intensive, irrational, and insufficiently controlled harvesting as raw materials also 

contributes to this, as they represent a particularly vulnerable group of living organisms. 
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Fungal infections and pathogenic microflora significantly aggravate this vulnerability under changing 

ecological and soil conditions (Mammadova et al., 2026; Gahramanova et al., 2026; Gurbanov et al., 

2021). 

 

It should also be noted that many medicinal plants possess antifungal activity, but despite this, they 

are also subject to pathologies caused by the very same fungi. As a result, their biological productivity 

decreases or is even completely lost, which, in turn, negatively affects medicinal plant resources. 

Recent monitoring of cultivated and wild plants across various regions of Azerbaijan confirms that a 

high diversity of pathogenic species forms specialized mycobiota complexes capable of causing 

severe plant diseases (Bakshaliyeva et al., 2023; Mammadaliyeva et al., 2024). Furthermore, 

symbiotic relationships between plants and microflora, as well as environmental stress factors, 

heavily influence the susceptibility of these hosts to fungal colonization (Bakshaliyeva et al., 2023). 

 

All of the above emphasizes the importance of a comprehensive study of medicinal plants in a 

mycological aspect, especially those widely used for practical purposes. However, many of these 

plants are used without thermal processing. This circumstance raises serious concerns, as the 

materials can simultaneously serve as both a habitat and a source of enrichment for various 

metabolites (including mycotoxins) of dangerous fungi, which has been confirmed in various studies. 

The accumulation of these fungi or their metabolites on such plant materials used by humans for 

therapeutic purposes may increase the risk of secondary mycoses and allergies. Therefore, their 

assessment in medicinal plants is particularly important in areas where they are most frequently used, 

which was the objective of the presented work.  

 

Materials and Methods 

 

During the studies conducted in 2020–2026, approximately 700 samples were collected and analyzed 

from various organs (vegetative and generative) of medicinal plants widely used in Azerbaijan's folk 

medicine (Achillea millefolium L., Apium graveolens L., Crocus sativus L., Foeniculum vulgare 

Mill., Helichrysum arenarium (L.) Moench., Hypericum perforatum L., Malva sylvestris L., 

Matricaria chamomilla L., Mentha piperita L., Ocimum basilicum L., Olea europaea L., Rosa majalis 

Herrm., Rosmarinus officinalis L., Salvia officinalis L., Thymus vulgaris L., Trifolium pratense L., 

Tussilago farfara L., Urtica urens L., Zea mays L., etc.). The sampling methodology and ecological 

background analysis followed established protocols implemented in recent baseline mycological and 

environmental surveys in regional ecosystems of Azerbaijan (Muradov et al., 2026). From these, 

about 100 strains were isolated into pure cultures. Sampling, sample analysis, and isolation into pure 

cultures were performed according to methods widely used in mycological research. 

 

Identification of the fungi was carried out on standard media recommended in manuals for specific 

groups of fungi, and the process was performed using well-known identification keys, based on the 

cultural-morphological and physiological properties of the fungi.  

 

Cultures were maintained on wort agar, and for the experiments, they were grown in 500 mL 

Erlenmeyer flasks containing 100 mL of medium with the following composition (g/L): Glucose – 

20; NaNO3 – 2.0; K2HPO4 – 1.0; MgSO4 – 0.5; KCl – 0.5; Fe2O3 – 0.01; and distilled water – 1 L. 

The fungi were cultivated on a shaker (120 rpm) for 7 days at a temperature of 25–27 °C. The 

composition of the media was modified depending on the objective of the experiment. 

 

To study cellulolytic and pectolytic activity, the viscometric method was used; for amylolytic activity, 

the colorimetric method; and for proteolytic activity, Anson's method. The activity of cellulase, 

xylanase, amylase, and protease was expressed in mumol/min-1. mL-1 (U.mL-1.), and pectinase in- %. 

mL-1 (U.mL-1). These biochemical assessments align with modern methodologies used to screen the 

industrial and ecological potential of enzyme complexes from local fungal communities (Jafarzadeh 
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et al., 2025; Ismayilova et al., 2025). The phytotoxicity of the fungi (i.e., phytotoxic activity) was 

determined by the germination rate of seeds of certain plants according to the method used in the 

work of K. Bakhshaliyeva (2023) and expressed as a percentage. 

 

Results and Discussion 

 

The results showed that the mycobiotaof the studied plants, which are frequently used for medical 

purposes, includes dozens of micromycete species (Tab. 1). According to the taxonomy used on the 

official website of the International Mycological Association, they belong to the phyla Ascomycota, 

Basidiomycota, and Mucormycota. In the formation of the mycobiota of the studied plants, the 

predominant role belongs to the following fungi: Aecidium foeniculi, Alternaria alternata, A. solani, 

Ascochyta foeniculina, Asc. imperfecta, Ascophora disciflora, Aspergillus flavus, A. fumigatus, A. 

niger, A. ochraceus, A. terreus, A. ustus, Botrytis cinerea, Cladosporium cladosporioides, C. 

herbarum, Colletotrichum panacicola, Erysiphe communis, E. trifolii, Fusarium gibbosum, F. 

graminearum, F. moniliforme, F. oxysporum, F. semitectum, F. solani, Mucor mucedo, M. 

racemosus, Nigrospora maydis, Penicillium chrysogenum, P. cyclopium, P. martensii, Phoma 

medicaginis, Phyllosticta thymi, Ph. trifolii, Puccinia anethi, P. artemisiae, P. menthae, Rhizoctonia 

solani, Rhizopus stolonifer, Sclerotinia sclerotiorum, Sc. Libertian Sphaerotheca pannosa, Septoria 

menthae, Trichoderma hamatum, T. viride, Trichothecium roseum,Typhula trifolii, Uromyces 

appendiculatus, Ustilago zeae, Verticillium albo-atrum, V. dahliae, etc. 

 

In some cases, the fungus Candida albicans was also detected on these materials. This fungus has a 

tendency toward invasion and, in cases of imbalance in the ecological niche, it can cause disease. 

 

Table 1 

Numerical characteristics of species comprising the mycobiota of medicinal plants 
 

No.  Plant Species  Mucormycota Ascomycota Basidiomycota Total 

1  Achillea millefolium  ‒ 9 1 10 

2  Apium graveolens  ‒ 12 1 13 

3  Crocus sativus  ‒ 7 1 8 

4  Foeniculum vulgare  1 10 1 12 

5  Helichrysum arenarium  ‒ 15 1 16 

6  Hypericum perforatum  ‒ 13 1 14 

7  Malva sylvestris  ‒ 12 1 13 

8  Matricaria chamomilla  ‒ 9 1 10 

9  Mentha piperita  ‒ 8 1 9 

10  Ocimum basilicum  ‒ 12 ‒ 12 

11  Olea europaea  1 16 3 20 

12  Rosa majalis  1 14 1 16 

13  Rosmarinus officinalis  ‒ 10 1 11 

14  Salvia officinalis  ‒ 9 1 10 

15  Thymus vulgaris  ‒ 8 1 9 

16  Trifolium/pratense  ‒ 17 2 19 

17  Tussilago farfara  ‒ 11 2 13 

18  Urtica urens  ‒ 8  ‒ 8  

19  Zea mays  1  15  2  18  

20  Others  2  10  3  17  

        Total 4  49  20  73  
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The data presented in Table 1 show that the studied plants differed from one another in the number 

of species involved in forming their mycobiota. For example, during the research, 19 species were 

found to participate in the formation of the mycobiota of Trifolium pratense, while only 8 species 

were found in Urtica urens, which is apparently related to the phytochemical composition of these 

plants (Mammadova et al., 2024). 

 

It should be noted that the ability of fungi to secrete various enzymes plays a major role in the process 

of pathogenesis (Ismayilova et al., 2025), through which fungi break down the host cell wall and 

penetrate inside the tissue. At the same time, the enzymatic system of the fungus plays a crucial role 

in the penetration and development of the fungus in the host tissues. With this in mind, during the 

research, the isolated fungi, which are either causative agents of secondary mycoses (Mammadaliyeva 

et al., 2024) or producers of mycotoxins dangerous to human health, were characterized by their 

hydrolytic enzyme activity. The choice of hydrolytic enzymes is due to the fact that the polymers 

comprising the cell walls of the host plant (cellulose, hemicellulose, pectin, proteins, etc.) are broken 

down via a hydrolytic pathway. The obtained results showed that the studied fungal strains exhibit, 

to one degree or another, the activity of hydrolytic enzymes such as cellulase, amylase, protease, 

xylanase, and pectinase (Tab. 2). 

 

Furthermore, the data revealed that some strains possessed high activity of a specific enzyme, while 

others possessed high activity of all enzymes—meaning some strains were producers of a specific 

enzyme, while others were producers of a balanced hydrolytic enzyme system. In terms of these 

indicators, species of the genus Trichoderma (such as T. hamatum and T. viride) demonstrated potent 

cellulolytic and xylanase profiles, validating their known ecological role as aggressive competitors 

and potential biological control agents in agricultural soils (Muradov et al., 2025; Muradov & 

Bakhshaliyeva, 2024). They were not inferior even to well-known producers, although the obtained 

data do not allow for an unambiguous assessment of the role of enzymes in fungal pathogenesis, since 

a correlation between the danger of the fungi and hydrolase activity is not evident at first glance. For 

instance, all strains of the genus Fusarium were inferior to A. niger strains in the activity of all 

enzymes, especially proteolytic ones. 

 

Table 2 

Enzyme activity (U/mL) of fungi detected on the studied plants 
 

Species (number of strains)  Cellulase  Xylanase  Amylase  Pectinase  Protease  

Aspergillus flavus (5)  1.11–2.02  20.10–28.69  1.68–2.59  5.60–7.31  3.62–7.11  

A. fumigatus (5)  1.01–1.67  17.78–24.33  2.31–3.78  4.49–7.51  2.70–6.49  

A. niger (5)  1.99–4.31  35.28–42.52  3.81–5.28  9.60–11.49  4.62–7.22  

A. ochraceus (4)  0.37–0.67  13.22–17.61  1.21–2.30  7.11–8.88  3.18–4.49  

Alternaria alternata (4)  0.89–1.79  12.69–23.49  0.67–1.28  3.08–5.09  2.21–4.71  

A. solani (4)  0.51–1.21  17.81–30.09  0.51–0.78  2.77–4.31  1.90–5.69  

Botrytis cinerea (4)  0.49–0.68  21.22–24.61  traces  1.21–2.49  0.69–1.20  

F. avenaceum (8)  1.11–1.58  16.41–21.92  1.40–2.21  1.52–3.53  traces  

F. gibbosum (5)  0.80–1.31  15.59–25.29  1.78–2.99  2.61–4.80  0.31–0.79  

F. moniliforme (5)  0.89–1.30  25.28–35.38  2.69–4.18  3.10–5.38  0.20–0.89  

F. oxysporum (5)  0.71–1.20  20.19–31.39  2.31–3.49  2.30–4.59  traces  

F. semitectum (4)  1.01–1.29  16.71–25.41  1.82–2.63  2.29–3.89  0.11–0.21  

V. dahliae (5)  0.31–0.50  18.89–23.45  1.11–1.49  3.51–6.68  0.81–1.09  

V. albo-atrum (4)  0.22–0.41  15.39–20.28  0.89–1.38  3.01–5.22  0.61–1.12  

P. martensii (4)  0.20–0.49  23.42–31.28  traces  2.91–6.09  2.28–4.48  

P. cyclopium (5)  0.28–0.67  26.45–34.50  1.18–2.40  3.39–7.41  1.11–2.21  
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P. chrysogenum (5)  0.81–1.28  18.89–23.41  0.62–1.42  2.11–4.32  2.89–4.56  

C. herbarum (4)  1.10–1.50  19.32–28.27  0.31–0.78  2.56–4.23  1.41–1.89  

Septoria menthae (5)  0.72–1.11  14.45–20.23  0.47–1.09  3.10–3.89  1.31–2.20  

Asc. foeniculina (4)  0.91–1.42  17.21–23.23  0.71–1.42  2.59–4.18  1.30–1.71  

Asc. imperfecta (3)  0.49–1.01  14.18–19.41  0.29–0.79  1.81–3.69  1.18–1.89  

Rh. stolonifer (4)  1.28–1.61  18.1–21.4  1.12–1.51  2.12–4.12  4.43–5.72  

M. mucedo (5)  1.11–1.52  19.6–328.22  0.94–1.33  2.43–3.31  6.42–7.64  

M. racemosus (3)  0.91–1.72  17.17–24.27  0.71–1.52  1.61–3.88  3.61–5.92  

T. hamatum (5)  2.32–4.12  29.10–36.72  0.11–0.49  1.21–1.89  4.11–5.67  

T. viride (4)  2.03–3.41  25.64–34.51  0.18–0.39  1,11–1,56  3,21–5,42  

 

However, the study of fungal phytotoxicity (in relation to the germination of wheat, bean, and 

cucumber seeds treated with the culture liquids of the investigated fungi) showed that fungi with high 

activity of proteolytic enzymes are not characterized by high phytotoxic activity (Tab. 3). For 

example, the activity of proteolytic enzymes of the phytopathogenic fungus Verticillium dahliae was 

almost 5 times lower than that of the fungus Aspergillus flavus, although the phytotoxic activity 

of V. dahliae on the example of wheat was 1.8 times greater than that of A. flavus. A similar pattern 

is observed when comparing other fungi. Consequently, the level of activity of proteolytic enzymes 

can be used as a factor limiting the process of pathogenesis in phytopathogenic fungi, whereas for 

causative agents of secondary mycoses such as A. niger, it is, on the contrary, a factor contributing to 

other (e.g., pathological or opportunistic) actions. 

 

Table 3 

Enzyme activity (U/mL) of fungi detected on the studied plants 
 

Most active strains  Wheat  Bean  Cucumber  

Aspergillus flavus AF-09  79  82  74  

A. fumigatus AF-11  70  73  65  

A. niger AN-24  80  78  76  

A. ochraceus AO-33  78  72  75  

Alternaria alternata AA-07  65  69  63  

A. solani AS-14  61  55  51  

Botrytis cinerea BC-03  49  52  43  

Fusarium avenaceum FA-07  30  40  34  

Fusarium gibbosum FG-14A  39  44  40  

Fusarium moniliforme FM-24  38  40  37  

Fusarium oxysporum FO-32  35  34  29  

Fusarium semitectum FS-42  37  39  33  

Verticillium albo-atrum VA-07  50  52  49  

Verticillium dahliae VD-16  45  49  47  

Penicillium martensii PM-32  67  70  64  

Penicillium cyclopium PC-18  59  63  56  

Penicillium chrysogenum PC-02  72  74  68  

Cladosporium herbarum CH-02  65  68  62  

Sclerotium alliorum SA-06  62  65  61  

Ascochyta foeniculina AF-09  65  63  60  

Ascochyta imperfecta AI-17  61  64  59  

Rhizopus stolonifer RS-04  76  80  79  

Mucor mucedo MM-07  85  90  86  
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Mucor racemosus MR-14  79  78  80  

Trichoderma hamatum TH-05  99  97  97  

Trichoderma viride TV-12  94  92  95  

 

Thus, the obtained data showed that plant materials used in folk medicine serve as a habitat for fungi, 

among which there are species capable of synthesizing enzymes balanced in hydrolase activity that 

degrade the host cell walls. 

 

Conclusion 

 

1. For the first time, the species composition of the mycobiota of medicinal plants widely used in the 

folk medicine of Azerbaijan was comprehensively characterized. A total of 73 micromycete species 

belonging to the phyla Ascomycota, Basidiomycota, and Mucormycota were identified, revealing that 

the qualitative and quantitative composition of the fungi heavily depends on 

the phytochemical properties of the specific host plant and surrounding soil dynamics. 

 

2. The isolated fungal strains exhibit varying degrees of hydrolytic enzyme activity 

(cellulase, xylanase, amylase, pectinase, and protease). It was established that certain strains possess 

a highly balanced hydrolytic enzyme system capable of effectively degrading the cell wall polymers 

of the host plants, thereby facilitating their penetration and establishing them as potent agents of 

pathogenesis. 

 

3. A distinct functional differentiation was observed regarding proteolytic enzyme activity. 

In phytopathogenic fungi (e.g., Verticillium dahliae), low proteolytic activity correlates with 

high phytotoxicity, indicating that protease serves as a limiting factor in plant pathogenesis. 

Conversely, in causative agents of secondary mycoses (e.g., Aspergillus niger), 

high proteolytic activity acts as a contributing factor that enhances their opportunistic and 

pathological potential. 

 

4. The presence of toxigenic and opportunistic fungi (such as Aspergillus spp., Fusarium spp., 

and Candida albicans) on medicinal plants that are frequently consumed without prior thermal 

processing poses serious biological risks. These materials can serve as environmental reservoirs for 

dangerous mycotoxins and fungal allergens, significantly increasing the risk of secondary mycoses 

and allergic reactions among the population. Understanding these fungal complexes and 

their enzymatic regulation opens up new paths for using antagonistic strains, such as 

specialized Trichoderma species, as green fungicides and biostimulants to protect valuable plant 

resources. 
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