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Abstract: Microorganisms are widely used to obtain biostimulants that can facilitate the assimilation
of nutrients, ensuring high crop yield and quality. A particular category of biostimulants are protein
hydrolyzates (PH), obtained from microbial cultures grown on a nutrient medium. In the present
study, Paecilomyces lilacinus 112, an endophytic fungus isolated from soil, was tested to determine its
effect on the growth promotion of tomato seedlings in greenhouse conditions. Additionally, other
beneficial features of the P. lilacinus isolate were evaluated via several tests: antagonism against
plant pathogenic fungi, production of secondary useful metabolites, and solubilization of vital
micronutrients. Out of the tested pathogens, P. lilacinus exhibited the highest antifungal activity
against a Cladosporium isolate (inhibition of 66.3%), followed by Rhizoctonia. solani (52.53%), and
Sclerotinia sclerotiorum (50.23%). Paecilomyces lilacinus 112 was able to secrete hydrolytic enzymes and
siderophores, and solubilize zinc and phosphorus. In the tomato treatment, the application of PH
obtained from fungal cultivation on a feather medium led to the following increases in plant growth
parameters: 3.54-fold in plant biomass; 3.26-fold in plant height, 1.28-fold in plant diameter; 1.5-fold
in the number of branches/plant; and 1.43-fold in the number of leaves/plant, as compared to water
treatment. The application of this isolate can be of benefit to bioeconomy because keratin wastes are
valorized and returned, in agriculture, contributing to renewable natural resources.

Keywords: biostimulants; endophytes; keratin waste; keratinolytic fungi; Paecilomyces lilacinus

1. Introduction

Sustainable agriculture is achieved through reducing the consumption of fertilizers
and agrochemicals, and replacing them using biological solutions as viable alternatives. The
public opinion is exerting increasing pressure on governments to impose severe restrictions
and regulations on the use of chemical compounds in agriculture. In addition to ecological
and health considerations, it is necessary to capitalize on the natural, renewable, and widely
accessible resources, and to reduce the consumption of conventional energy resources.

Biostimulants can facilitate the assimilation of nutrients, ensuring high crop yield and
quality, and increasing the tolerance of the crop to abiotic stress. Biostimulants contain a
large diversity of components, plant hormones, amino acids, betaines, peptides, proteins,
carbohydrates, lipids, vitamins, nucleotides and nucleosides, humic substances, beneficial
elements, phenolic compounds, and sterols. Microorganisms, such as fungi, bacteria, and
yeasts, are widely used to obtain biostimulants, and living and/or non-living microorgan-
isms, as well as various metabolites, could be included in these biostimulants. In general,
the mode of action of biostimulants is still under analysis, due to the complexity and
diversity of the source and extraction methods used. Biostimulants are obtained from raw
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materials of highly diverse origin through various technologies; their biological activity
is complex and highly diverse, thus their application affecting the level of safety [1]. At
present, the attention of scientists is focused on the elucidation of the biological basis of
biostimulant function to ensure safe and widespread applications of these formulations in
agriculture [2].

Protein hydrolyzates (PH) are a particular category of biostimulants, representing a
mixture of polypeptides, oligopeptides, and free amino acids, resulting from chemical or
enzymatic hydrolysis of plants or animal tissues. Additionally, protein hydrolyzates can be
obtained from the cultivation of several fungal species on a suitable medium containing
agroindustrial byproducts as carbon and energy sources. The microbiologically obtained
keratin hydrolyzates are very useful, and several studies have reported their significant
role in abiotic stress responses of plants [3–5].

Good starting materials to obtain protein hydrolyzates are keratin wastes, which
are byproducts derived from commercial poultry processing plants, the leather industry,
the wool and textile industry, and slaughterhouses. The main component is keratin, a
rigid structural protein stabilized by a high degree of crosslinking by disulfide bonds,
hydrophobic interactions, and hydrogen bonds.

Some applications of feathers have also been reported, ranging from composites, fibers,
nano- and microparticles, electronic devices, but no major products on a large industrial
scale [6–9]. For the same purpose, the exploitation of other types of keratin residues is
worth investigating. Significant amounts of wool is generated in a number of different
industries, including tanning and meat processing. Wool has limited use as a consequence
of its lack of solubility and resistance to degradation, and it is considered a byproduct
requiring disposal. Wool surface contains wax and grease, and also several impurities, such
as inorganic mineral dirt and vegetable debris; thus, an expensive washing cycle is needed.
There have been several proposed uses of wool, including filling materials for panels and
boards, adsorption of heavy metals and soil amendment, but these are not yet applicable at
the industrial level [10,11].

Our approach is based on the ability of fungal species to transform keratin wastes into a
mixture of nitrogen and sulfur compounds with potential to be used as plant biostimulants.
It is therefore a possible alternative to effectively reduce waste quantities and to obtain
valuable products, meeting the demands of economic and ecological interest in the use of
renewable resources, and reducing the use of conventional resources [12–14].

A potential opportunity to develop biobased commercial products for future agri-
culture is the use of endophytes and their secreted secondary metabolites. Since endo-
phytes synthesize a large diversity of secondary metabolites (e.g., terpenoids, alkaloids,
phenylpropanoids, aliphatic compounds, polyketides, and peptides), they are considered a
“reservoir” of biological resources, with various applications in medicine, industry, and
agriculture [15,16]. Among the endophytes is the genus Paecilomyces, a common sapro-
bic filamentous fungi, which is a source of bioactive natural products with antimicrobial,
antiviral, antitumoral, herbicidal, insecticidal, and cytotoxic activities [17].

The performed study aimed to highlight: (1) the properties of this microorganism from
various points of view, as a stimulant of plant growth, a biocontrol agent against pathogens,
and a producer of secondary useful metabolites (hydrolytic enzymes and siderophores), as
well as the implication for solubilization of vital mineral micronutrients, such as phosphorus
and zinc; (2) the effect of spent culture media, which contain protein hydrolyzates (PH),
obtained from the submerged culturing of Paecilomyces lilacinus 112, using culture media
formulated with different wastes (feathers or wool) on Lycopersicum esculentum.

2. Materials and Methods
2.1. Microorganisms

Paecilomyces lilacinus 112, a soil isolate from the Microbial Collection of Biotechnology
Department of National Institute of Chemistry and Petrochemistry R&D of ICECHIM
Bucharest, was used in the experimental studies. The microorganism was maintained on
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potato dextrose agar medium (PDA, Scharlau), and prior to use, their purity was controlled.
The composition of the PDA medium was (g·L−1): 4, peptone; 20, glucose, 15, agar; final
pH = 5.6 at 25 ◦C.

2.2. Keratin Substrates (Feathers and Wool)

Chicken feathers (from local poultry) and wool (low-quality wool from sheep farming)
were cleaned, sterilized with 3% ethanol, washed vigorously, and dried at 60 ◦C. The
feathers and wool fibers were cut into small pieces for fungal cultivation. In order to be
used as keratinase substrate in the enzymatic assay, the feathers were grounded until they
became a fine powder [18].

2.3. Fungal Cultivation for Protein Hydrolyzate (PH) Preparation

Cultivation in liquid medium was performed in agitated Erlenmeyer flasks, on a rotary
incubator shaker (Heidolph Unimax 1010) at 26 ± 2 ◦C for 21 days. The composition of
the basal medium was as follows (g·L−1): 0.1, KH2PO4; 0.1, CaCl2; 0.1, FeSO4 • 7H2O;
0.005, ZnSO4 • 7H2O. The medium contained a 1% (w/w) keratin source (wool or feathers).
The control was considered the basal medium. The Erlenmeyer flasks were inoculated
with 5 mL of fungal culture. Furthermore, after incubation, the culture broth was filtered
through a 0.2 µm syringe, and supernatants were tested in experiments.

2.4. Antagonism versus Plant Pathogenic Fungi

The antagonism of Paecilomyces lilacinus 112 versus pathogens was tested using the
dual culture technique on PDA medium in Petri plates [19]. The following pathogens,
purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ)
(Braunschweig, Germany), were tested: Botrytis allii DSMZ 62081, Rhizoctonia solani DSM
2284, Fusarium graminearum DSM1095, and Sclerotinia sclerotiorum DSM 1946. In addition,
two more isolates from the Microbial Collection of Biotechnology Department of National
Institute of Chemistry and Petrochemistry R&D of ICECHIM Bucharest, Cladosporium sp.
T2 and Alternaria alternata were also tested. Briefly, PDA medium poured into sterile Petri
plates was incubated with a 5 mm culture disc of Paecilomyces lilacinus and each pathogen.
Antagonist activity was observed after incubation at 25 ± 1 ◦C, for 3–5 days. Antagonist
activity, expressed as inhibition range, was determined using the formula:

I (%) = (M − P)/M × 100 (1)

where I = inhibition; M = colony diameter for pathogen control; P = colony diameter of
pathogen in dual cultures in presence of antagonist. For the accuracy of the assays, three
independent experiments were carried out. Microscopy observations were obtained using
an Olympus BX 51 microscope and a Quanta FEI 200 scanning electron microscope (SEM).

The photos were taken at the point of contact between the isolates of antagonist
Paecilomyces and each phytopathogen.

2.5. Enzymatic Activities

Chitinase activity was evaluated using a qualitative method, with colloidal chitin as a
carbon source [20]. The Petri plates with suitable agar medium were inoculated with 5 mm
culture disc of fungal isolate and incubated at 26 ± 2 ◦C for 7 days. The appearance of the
red-violet color on medium containing bromocresol purple (Sigma-Aldrich, St. Louis, MI,
USA) was considered a positive result. Three replications were achieved.

Cellulase activity was evaluated by qualitative method with carboxymethylcellulose
(CMC) as cellulosic substrate [21]. The solid medium exhibited the following composition
(g·L−1): 1, yeast extract; 5, CMC; 15, agar. The Petri plates were inoculated with 5 mm
culture disc of fungal isolate and incubated as in the chitinase assay. After the incubation,
the plates on agar suitable medium were stained with Lugol’s solution (0.1%) for 15 min
at 26 ± 2 ◦C. The formation of a transparent circular area around the fungal colony was
considered a positive result. Three replicates were achieved.
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Keratinase activity was evaluated via a qualitative method, with feather powder as the
enzymatic substrate [22]. Chicken feathers were disinfected with 70% (v/v) ethylic alcohol,
rinsed with sterile distilled water, dried overnight at 50 ◦C, and finally, milled in a ball
mill (Retsch, model MM400, Haan, Germany). The solid medium possessed the following
composition (g·L−1): 10, feather powder; 0.1, KH2PO4; 0.01, CaCl2; 0.1, FeSO4 • 7H2O;
0.005, ZnSO4 • 7H20; pH = 7. The Petri plates were inoculated with 5 mm culture disc
of fungal isolate and incubated as in the chitinase assay. The formation of a transparent
circular area around the fungal colony was considered a positive result. Three replications
were achieved.

2.6. Analysis of Plant Growth-Promoting Characteristics

The fungal isolate was tested in vitro for its zinc solubilizing ability using a plate
assay [23]. The Petri plates were inoculated with 5 mm mycelial fragments from fresh
cultures, and incubated in the dark at 26 ± 2 ◦C for 7 days to observe a clear halo zone
around colonies. Three replications were achieved.

Phosphate solubilization was determined qualitatively on solid medium with Ca3(PO4)2
and bromocresol purple (Sigma-Aldrich) [24]. The strain was cultured in a medium with
the following composition (g·L−1): 0.3, MgSO4 • 7H2O; 0.004, MnSO4 • 7H2O; 0.002,
FeSO4 • 7H2O; 20, NaCl; 0.5, yeast extract; 0.1, bromocresol purple as pH indicator; 5.0,
Ca3(PO4)2; 16, agar; pH = 7.0. The phosphate solubilization was confirmed by the formation
of a clearing zone around the colonies. The experimental protocol was similar to that of
zinc solubilization. Three replications were achieved.

The qualitative test for siderophores production was carried out with the following
culture medium (g·L−1): 30, malt extract; 5, peptone; 0.05, 8- hydroxyquinoline; 15, agar [25].
The solid medium was inoculated with 5 mm mycelium fragment from fresh culture. The
plates were incubated for 5 days, at 26–28 ◦C. The result was considered positive when the
strain was able to grow on the culture medium containing 8-hydroxyquinoline.

Analysis of effects of protein hydrolyzates derived from P. lilacinus 112 under growth
chamber conditions were carried out with Lycopersicum esculentum seeds (Balkonzauber-AS,
purchased from Plant-shop.ro, Sacele, Romania). The seeds were planted in conic plastic
cups (height = 9.0 cm; top diameter = 6.5 cm; bottom diameter = 4.0 cm) and incubated
in a growth chamber (Micro Clima Series TM, Labs Economic Lux chamber, Snijders, The
Netherlands) under controlled conditions, as follows: humidity approximately 69%; 26 ◦C
as day temperature and 22 ◦C as night temperature; 10,000 Lux; day/night cycle as 16 h
per day/8 h per night. The substrate for seedlings (100% natural, purchased commercially)
presented the following physical–chemical properties: 66.67%, organic matter; 1.364%,
nitrogen; 100 ppm, phosphorus; 140 ppm, potassium; 65%, humidity. Each plastic cup
containing one seed was treated with 1 mL of filtrate from protein hydrolyzates, the liquid
culture on keratin substrate after filtration with 0.2 µm filter. Fifty pots (plastic cups) were
prepared for each variants tested. The treatment was applied by soil drenching over a period
of 21 days, at weekly intervals. The control plants were treated with water. Additionally,
a mineral medium (composition presented in Section 2.3) was used for the treatment of
corresponding pots. After 21 days and four treatments, seedlings were collected and growth
parameters (biomass, plant height and diameter, number of branches/plant, number of
leaves/plant) were measured.

2.7. Soluble Protein Content of Protein Hydrolyzates

The Lowry method was used to determine the soluble protein content of the hy-
drolyzates [26]. Under alkaline conditions, copper complexes with proteins from solution
were formed. When Folin phenol reagent (phospho-molybdic-phosphotungstic reagent)
is added, it binds to proteins. The bound reagent is then slowly reduced and changes
color from yellow to blue. The intensity of the blue color formed is directly proportional
to the protein concentration of the solution. Using different aliquots of bovine serum
albumin (Sigma-Aldrich) with known concentrations obtained from the standard curve,
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the unknown protein concentration of the sample was measured spectrophotometrically at
660 nm.

2.8. Scheme Used for Plant Treatments

The experimental protocol using protein hydrolyzates (PHs) from Paecilomyces lilac-
inus 112 as a plant growth-promoting agent is presented in Figure 1. In summary, the
process comprised the following steps: preparation of keratinous substrate (wool, feathers);
preparation of Paecilomyces culture; fungal cultivation under optimum conditions (incu-
bation, temperature, pH, agitation, mineral composition, keratin substrate concentration);
obtainment of protein hydrolyzates; preparation of tomato seedlings and substrate for plant
growth test; tomato seedling cultivation in growth chamber under controlled conditions;
application of treatment with PHs; measurement of plant growth parameters, according to
experimental protocol. In addition, it is worth mentioning the investigation of the fungal
strain to highlight its characteristics as a plant biostimulant.
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Figure 1. Schematic representation of plant treatments with protein hydrolyzates obtained from
Paecilomyces lilacinus cultured on keratin wastes.

2.9. Statistical Analysis

The data obtained from experiments performed on Lycopersicum esculentum were
analyzed with GraphPad Prism 5.0 software, with a confidence of 95%, by comparing ex-
perimental variants A02 and A03 with control (untreated) plants. Notations used: * p ≤ 0.05;
** 0.05% < p ≤ 0.01; *** 0.01 < p ≤ 0.001. Variant A02 represents the effects produced on
plants by treatment with PH obtained from fungal culture on feather medium, and variant
A03 describes the effects produced by PH obtained from fungal culture on wool medium.

3. Results
3.1. Antagonism against Plant Pathogenic Fungi

The antagonistic activity of Paecilomyces lilacinus 112 against plant pathogenic fungi
was evaluated using the dual culture technique. The images of Petri plates with fungal
cultures on a solid medium are presented in Figure 2. The values of the inhibition diameters
are presented in Table 1. The findings reveal that Paecilomyces lilacinus 112 exhibited the
highest antifungal activity against the Cladosporium T2 isolate (inhibition of 66.3%), followed
by R. solani (52.53%), and Sclerotinia sclerotiorum (50.23%). The lowest activity was found
against A. alternata and B. allii.
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Figure 2. Illustration of the antagonism of Paecilomyces lilacinus 112 versus plant pathogenic fungi.

Table 1. Interaction of Paecilomyces lilacinus 112 with tested pathogens.

Antagonistic Fungal
Isolate Pathogenic Fungi

Diameter of Pathogen
Colony in

Presence of
Antagonist (cm) *

Diameter of Pathogen
Colony (Control)

(cm) *

Inhibition of Tested
Pathogens

(%)

Paecilomyces lilacinus 112

Rhizoctonia solani 3.8 ± 0.1 8.0 ± 0.1 52.5 ± 2.1

Sclerotinia sclerotiorum. 4.2 ± 0.1 8.5 ± 0.1 50.2 ± 1.7

Fusarium graminearum 3.0 ± 0.1 5.8 ± 0.1 47.1 ± 1.9

Botrytis allii 3.6 ± 0.1 5.1 ± 0.2 29.4 ± 1.9

Cladosporium T2 2.7 ± 0.1 8.1 ± 0.1 66.3 ± 1.3

Alternaria alternata 4.0 ± 0.1 5.9 ± 0.1 32.2 ± 1.7

* Values are the average of three independent experiments ± standard deviations.

Microscopic observations of the interactions between Paecilomyces lilacinus 112 and
plant pathogenic fungi are presented in Figure 3A,B. Alterations in the pathogen hyphae
can be observed, for example, in R. solani, S. sclerotiorum, and B. allii..
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The degree of in vitro invasion, covering, and pathogen mycelium destruction an-
alyzed by the microscopic observations of the interaction between Paecilomyces lilacinus
and the phytopathogens showed different stages of the mycoparasitism process as a mech-
anism of antagonism, such as dense coils of hyphae that tightly encircle (surround) the
phytopathogens hyphae (Figure 3(Aa), and penetrating a hypha followed by mycolysis of
the phytopathogen hyphae (Figure 3(Ac). These changes in the structure of the pathogen
are also supported by the results obtained in the enzymatic tests, more specific by the
secretion of hydrolytic enzymes by antagonistic Paecilomyces lilacinus.

In Figure 3B, it can be observed that to a certain degree, the mechanisms involved in
biological control exercised by antagonistic Paecilomyces lilacinus to suppress the growth of
pathogens; for example, mycoparasitism and competition for nutrients, represented by entan-
gled hyphae of the Paecilomyces lilacinus on the surface of hyphae formed by phytopathogens.
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Figure 3. (A) Observations of the antagonism mechanism between Paecilomyces lilacinus 112 and
plant pathogenic fungi under microscope light (left) and SEM (right). (a) Paecilomyces lilacinus
versus Alternaria alternata: Paecilomyces presents ovoid conidia forming chains that can be intertan-
gled (white arrow); septate and thin hyphae of Paecilomyces are coiled or attach upon Alternaria
hyphae; septate and large hyphae of Alternaria (black arrow); acropetal chains of conidia (white
arrow). (b) Paecilomyces lilacinus versus Cladosporium T2 isolate: Paecilomyces develops thin hyphae
that are coiled around Cladosporium filaments (white arrow); Cladosporium large hyphae, conidio-
phores, and conidia in branched acropetal chains (black arrow). (c) Paecilomyces lilacinus versus
Rhizoctonia solani: Paecilomyces thin hyphae coiled or attached onto R. solani hyphae (white arrow);
Paecilomyces conidiophores, phialides, and long chains of ovoid conidia. Deformation of R. solani
hyphae caused by Paecilomyces activity; R. solani large hyphae (black arrow). (B) Observations of the
antagonism mechanism between Paecilomyces lilacinus 112 and pathogens under microscope light (left) and
SEM (right). (d) Paecilomyces lilacinus versus Botrytis allii: B. allii presents large hyphae and conidia (black
arrow). Paecilomyces thin hyphae are coiled or attached on the B. allii hyphae; conidiophores, phialides,
and long chains of ovoid conidia (white arrow). Deformation of pathogen hyphae caused by Paecilomyces
activity. (e) Paecilomyces lilacinus sp. versus Fusarium graminearum: Thin hyphae and long chains of ovoid
conidia from Paecilomyces (white arrow). Large hyphae of F. graminearum (black arrow). (f) Paecilomyces
lilacinus versus Sclerotinia sclerotiorum: Large hyphae and mature melanized sclerotia of S. sclerotiorum
(black arrow). Paecilomyces hyphae coiled or attached on S. sclerotiorum hyphae (white arrow); chains of
ovoid conidia. Deformation of S. sclerotiorum hyphae caused by Paecilomyces activity.
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3.2. Secretion of Hydrolytic Enzymes

The production of hydrolytic enzymes by Paecilomyces lilacinus 112 was qualitatively
determined using a qualitative method, whereas enzyme production was tested on solid
agar media (halo on cup plate assay). Minimal appropriate medium was used. An enzy-
matic halo, referred to as a “degradation halo”, was used as an indicator of the presence of
enzyme activity produced by fungal isolate through the culture medium. The appearance
of a clear zone around the fungal colony indicated the degradation of carbon substrate
due to enzyme activity (Figure 4a–c). Accordingly, the fungal isolate Paecilomyces lilacinus
112 showed a good level of hydrolytic enzymes (as chitinases, cellulases, and keratinases),
which is a beneficial feature of microorganisms used as plant biostimulants.

Appl. Sci. 2022, 12, 7572 9 of 18 
 

hyphae (white arrow); chains of ovoid conidia. Deformation of S. sclerotiorum hyphae caused by 

Paecilomyces activity. 

The degree of in vitro invasion, covering, and pathogen mycelium destruction ana-

lyzed by the microscopic observations of the interaction between Paecilomyces lilacinus and 

the phytopathogens showed different stages of the mycoparasitism process as a mecha-

nism of antagonism, such as dense coils of hyphae that tightly encircle (surround) the 

phytopathogens hyphae (Figure 3A(a)), and penetrating a hypha followed by mycolysis 

of the phytopathogen hyphae (Figure 3A(c)). These changes in the structure of the patho-

gen are also supported by the results obtained in the enzymatic tests, more specific by the 

secretion of hydrolytic enzymes by antagonistic Paecilomyces lilacinus. 

In Figure 3B, it can be observed that to a certain degree, the mechanisms involved in 

biological control exercised by antagonistic Paecilomyces lilacinus to suppress the growth 

of pathogens; for example, mycoparasitism and competition for nutrients, represented by 

entangled hyphae of the Paecilomyces lilacinus on the surface of hyphae formed by phyto-

pathogens. 

3.2. Secretion of Hydrolytic Enzymes 

The production of hydrolytic enzymes by Paecilomyces lilacinus 112 was qualitatively 

determined using a qualitative method, whereas enzyme production was tested on solid 

agar media (halo on cup plate assay). Minimal appropriate medium was used. An enzy-

matic halo, referred to as a “degradation halo”, was used as an indicator of the presence 

of enzyme activity produced by fungal isolate through the culture medium. The appear-

ance of a clear zone around the fungal colony indicated the degradation of carbon sub-

strate due to enzyme activity (Figure 4a–c). Accordingly, the fungal isolate Paecilomyces 

lilacinus 112 showed a good level of hydrolytic enzymes (as chitinases, cellulases, and 

keratinases), which is a beneficial feature of microorganisms used as plant biostimulants. 

    

(a) (b) (c) (d) 

Figure 4. Formation of halos owing to production of hydrolytic enzymes and siderophores by Pae-

cilomyces lilacinus on agar plates. (a) Chitinolytic activity (arrow—zone of enzymatic activity); (b) 

cellulolytic activity (brown color of medium, iodine staining of cellulose medium); (c) keratinolytic 

activity (arrow—clear zone of enzymatic activity); (d) production of siderophores on medium with 

8-hydroxychinoline. 

3.3. Plant Growth-Promoting Characteristics 

Siderophore production of Paecilomyces lilacinus 112 was determined on 8-hy-

droxychinoline medium, by incubating fungal mycelial disc of active culture. Figure 4d 

presents the positive results of a qualitative test, revealed as the growth of fungal isolate 

on a specific medium. 

The results of the studies regarding the solubilization of zinc and phosphorous by 

Paecilomyces lilacinus are presented in Figure 5. Zinc solubilization was tested using di-

verse compounds, such as ZnO, ZnNO3 and ZnSO4 (Figure 5a–c). A clear zone of solubil-

ization was obtained for ZnO, while the solubilizing capacity was lower for ZnNO3 and 

ZnSO4. 

Figure 4. Formation of halos owing to production of hydrolytic enzymes and siderophores by
Paecilomyces lilacinus on agar plates. (a) Chitinolytic activity (arrow—zone of enzymatic activity);
(b) cellulolytic activity (brown color of medium, iodine staining of cellulose medium); (c) keratinolytic
activity (arrow—clear zone of enzymatic activity); (d) production of siderophores on medium with
8-hydroxychinoline.

3.3. Plant Growth-Promoting Characteristics

Siderophore production of Paecilomyces lilacinus 112 was determined on 8-hydroxychinoline
medium, by incubating fungal mycelial disc of active culture. Figure 4d presents the posi-
tive results of a qualitative test, revealed as the growth of fungal isolate on a specific medium.

The results of the studies regarding the solubilization of zinc and phosphorous by
Paecilomyces lilacinus are presented in Figure 5. Zinc solubilization was tested using diverse
compounds, such as ZnO, ZnNO3 and ZnSO4 (Figure 5a–c). A clear zone of solubilization
was obtained for ZnO, while the solubilizing capacity was lower for ZnNO3 and ZnSO4.

Appl. Sci. 2022, 12, 7572 10 of 18 
 

Phosphate solubilization by Paecilomyces lilacinus 112 from Ca3(PO4)2 was demon-

strated by the formation of transparent zone surrounding fungal colonies (Figure 5d). 

   
 

(a) (b) (c) (d) 

Figure 5. Formation of solubilization zone owing the activity of Paecilomyces lilacinus. (a) ZnO (ar-

row—clear zone of solubilization); (b) ZnNO3 (arrow—discrete zone of solubilization); (c) ZnSO4 

(arrow—pale zone of solubilization); (d) phosphorous solubilization (arrow—violet-purple color of 

medium as solubilization area). 

3.4. Soluble Protein of Fungal Hydrolyzates 

The results of the Lowry assay applied to protein hydrolyzates are presented in Table 

2. It can be observed that the amount of soluble protein in hydrolyzates from cultivation 

on medium with feathers is significantly higher compared to that obtained on medium 

with wool. 

Table 2. Content of soluble protein in fungal hydrolyzates. 

Protein Hydrolyzate 
Soluble Protein  

(mg/mL) 

Paecilomyces lilacinus 112 cultivated on feather medium 0.230 

Paecilomyces lilacinus 112 cultivated on wool medium 0.110 

Paecilomyces lilacinus 112 cultivated on medium without keratin (con-

trol) 
0.002 

3.5. Effects of PH on Tomato Seedlings 

The studies performed on plant treatments with protein hydrolyzates from fungal 

culture on medium with keratin waste (wool and feathers) showed that they had a posi-

tive effect on plant growth and development. The images where this was most distinct 

were chosen to present the growth of tomato seedlings (Figure 6). The growth parameters, 

biomass, plant height and diameter, number of branches/plant, number of leaves/plant, 

were measured after four applications of PHs (Table 3). 

Table 3. Evaluation of treatment effects applied to tomato seedlings. 

Plant Treatments 

Growth Parameters of Plants 

Biomass *  

(g) 

Plant  

Height *  

(cm) 

Plant  

Diameter * 

(mm) 

Number of 

Branches/Plants * 

Number of 

Leaves/Plants * 

Treatment with PH obtained from 

Paecilomyces lilacinus cultured on 

feather medium 

1.8 ± 0.2 26.6 ± 0.4 2.9 ± 0.3 7.0 ± 0.3 34.3 ± 0.3 

Treatment with PH obtained from 

Paecilomyces lilacinus cultured on 

wool medium 

1.6 ± 0.3 27.8 ± 0.4 2.8 ± 0.2 6.0 ± 0.3 29.3 ± 0.4 

Treatment with water 0.5 ± 0.3 8.1 ± 0.3 2.2 ± 0.2 4.6 ± 0.2 24.0 ± 0.3 

* Values are the average of ten independent experiments ± standard deviations. 

Figure 5. Formation of solubilization zone owing the activity of Paecilomyces lilacinus. (a) ZnO
(arrow—clear zone of solubilization); (b) ZnNO3 (arrow—discrete zone of solubilization); (c) ZnSO4
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Phosphate solubilization by Paecilomyces lilacinus 112 from Ca3(PO4)2 was demon-
strated by the formation of transparent zone surrounding fungal colonies (Figure 5d).
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3.4. Soluble Protein of Fungal Hydrolyzates

The results of the Lowry assay applied to protein hydrolyzates are presented in Table 2.
It can be observed that the amount of soluble protein in hydrolyzates from cultivation
on medium with feathers is significantly higher compared to that obtained on medium
with wool.

Table 2. Content of soluble protein in fungal hydrolyzates.

Protein Hydrolyzate Soluble Protein (mg/mL)

Paecilomyces lilacinus 112 cultivated on feather medium 0.230

Paecilomyces lilacinus 112 cultivated on wool medium 0.110

Paecilomyces lilacinus 112 cultivated on medium without
keratin (control) 0.002

3.5. Effects of PH on Tomato Seedlings

The studies performed on plant treatments with protein hydrolyzates from fungal
culture on medium with keratin waste (wool and feathers) showed that they had a positive
effect on plant growth and development. The images where this was most distinct were
chosen to present the growth of tomato seedlings (Figure 6). The growth parameters,
biomass, plant height and diameter, number of branches/plant, number of leaves/plant,
were measured after four applications of PHs (Table 3).
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Figure 6. Aspects of plants treated with protein hydrolyzates from Paecilomyces lilacinus 112 in growth
chamber conditions. (a) Tomato plants after four treatments with PH; (b) tomato plants one week
after the end of treatment with PH; (c) tomato plants treated with PH from fungal culture on wool
medium; (d) tomato plants treated with PH from fungal culture on feather medium.
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Table 3. Evaluation of treatment effects applied to tomato seedlings.

Plant Treatments

Growth Parameters of Plants

Biomass *
(g)

Plant
Height *

(cm)

Plant
Diameter *

(mm)

Number of
Branches/Plants *

Number of
Leaves/Plants *

Treatment with PH obtained
from Paecilomyces lilacinus

cultured on feather medium
1.8 ± 0.2 26.6 ± 0.4 2.9 ± 0.3 7.0 ± 0.3 34.3 ± 0.3

Treatment with PH obtained
from Paecilomyces lilacinus
cultured on wool medium

1.6 ± 0.3 27.8 ± 0.4 2.8 ± 0.2 6.0 ± 0.3 29.3 ± 0.4

Treatment with water 0.5 ± 0.3 8.1 ± 0.3 2.2 ± 0.2 4.6 ± 0.2 24.0 ± 0.3

* Values are the average of ten independent experiments ± standard deviations.

A significant increase in plant biomass was obtained, with values three times higher
compared to the control. Additionally, positive results were obtained from the number of
branches/plant, indicating an increase of 33% using PHs from feather medium, and of 29%
for PHs from wool medium, respectively (Figure 6).

Regarding the plant diameter, the obtained values for both cultures on keratin media
were similar, with an increase of 1.28-fold and 1.27-fold, for PH from feather medium
and wool medium, respectively. To some extent, a more significant difference between
values for experimental keratin medium variants was obtained for the number of leaves
per plant, an increase of 1.43-fold for feather medium, and only a 1.22-fold increase for
wool medium. All the above-described increases are reported to control the value for each
growth parameter.

3.6. Statistical Analysis

The data from the plant analysis showed that the best results were obtained by apply-
ing the treatment with PH from fungal culture grown on the feather medium. The values
of growth parameters were highly significant compared to the control, while the effect on
plant diameter presented only moderate statistically values (Figure 7).

The measurements show that the number of branches generated by the tomato plants
under study varies in relation to the control variant (Figure 7d). The best results were
obtained for variant A02, representing the effects on plants produced by treatment with PH
from fungal culture on feather medium, followed by variant A03, which indicated effects
produced by PH from fungal strain cultured on wool medium.
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Figure 7. The influence on tomato plants of treatments with PH obtained from Paecilomyces lilacinus
cultured on keratin medium. (a) Influence on production of biomass (average values). (b) Influence
on plant height (average values). (c) Influence on plant diameter (average values). (d) Influence on
number of branches per plant (average values). (e) Influence on number of plants leaves (average
values). Experimental variants: control (A01)—data of plant treated with water; A02—data of plant
treated with PH from P. lilacinus cultured on feather medium; A03—data of plant treated with PH
from P. lilacinus cultured on wool medium.

4. Discussion

There is a growing interest in the more efficient operation of fungal endophytes
Paecilomyces for beneficial activities in the agricultural domain. Comprehensive reports
underline the importance of studies dedicated to Paecilomyces sp., fungi with huge potential
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for development in various applications based on the chemical diversity and biological
activity of secondary metabolites secreted [17,27].

The first aspect studied was the antagonism expressed versus plant pathogens. In
general, the biocontrol activity of Paecilomyces is well documented, with the members
of the Paecilomyces genus acting through direct mechanisms, parasitism, competition or
antibiosis, and indirect, involving plant protection through induced systemic resistance
mechanism. There are studies that show the effectiveness of Paecilomyces against different
species of phytopathogenic bacteria, such as Xanthomonas campestris [28] and Pectobacterium
carotovorum [29], but mainly against phytopathogenic fungi Alternaria solani [30], Fusarium
oxysporum [31], Sclerotium rolfsii [32], Macrophomina phaseolina, Pythium aphanidermatum,
R. solani, etc. Moreover, many studies are dedicated to biological control against nematodes,
especially Meloidogyne spp. [33,34]. In a recently published comprehensive review, it is
argued that the taxonomic study on Paecilomyces sp. as biological control agent against
bacteria, phytopathogenic fungi, nematodes, and numerous pests will provide a significant
contribution to the obtainment of microbial formulations useful in agriculture [35,36]. For
example, in support of this assertion, an ethanol extract of the endophytic fungus Pae-
cilomyces variotii (trade name ZhiNengCong (ZNC)) was presented as an efficient biocontrol
agent [37].

In the present study, the criterion for the selection of the pathogenic was their aggres-
siveness and notoriety. Hence, F. graminearum [38], B. allii [39], and R. solani [40] are known
to be pathogenic fungi causing diseases in a large number of economically important plants.
In addition, Cladosporium sp. [41] and Alternaria alternata [42] from The Microbial Collection
of Biotechnology Department from National Institute of Chemistry and Petrichemistry
R&D ICECHIM of Bucharest present characteristics and behavior of pathogens, infecting
the aerial parts of plants. In our study, the highest antagonistic activity of Paecilomyces
lilacinus 112 was expressed against the Cladosporium T2 isolate. It is known that Cladospo-
rioides are widely distributed, infecting fruits (mandarin, cantaloupe, pomegranate) and
vegetables (especially tomato) [43], causing economic losses in agricultural crops. Taking
into account all these possible damages produced by the Cladosporium genus, it can be
underlined that Paecilomyces lilacinus 112 can be useful as a biocontrol agent of the Cladospo-
rium pathogen. In addition, we have obtained a 52.53% inhibition of R. solani, which can be
considered a better result compared with other Paecilomyces strains, such as P. marquandii,
Paecilomyces sp. AE-3, and Paecilomyces sulphurellus, which produced inhibition levels of
39%, 50%, and 21%, respectively [44]. Moreno-Gaviria et al. [37] demonstrated the high
capacity of P. variotii CDG33 to reduce the severity of diseases caused by different aerial
and soil phytopathogens Pythium aphanidermatum (81.5%), Fusarium solani (72%), Botrytis
cinerea (51%), Sclerotinia sclerotiorum (40%), and Rhizoctonia solani (28%). By comparison, our
Paecilomyces lilacinus 112 was much more active against Rhizoctonia solani (52.53% inhibition)
and Sclerotinia sclerotiorum (50.23%), but less active against pathogens belonging to genres
Botrytis and Fusarium.

Filamentous fungi produce a wide array of secondary metabolites; among them,
siderophores play a significant role in promoting the growth of several plants by increasing
Fe uptake in plants [45–47]. Siderophores are able to capture insoluble ferric ions (Fe+3) from
different habitats and transport them into cell membranes through specific receptors. Given
the importance of siderophore production, in our experimental study we evaluated the
ability of Paecilomyces lilacinus 112 to secrete these secondary metabolites. The qualitative
test performed by culturing Paecilomyces lilacinus 112 on 8-hydroxyquinoline-based medium
presented a positive result, which is a good starting point for further application in the
agriculture field. Similar studies showed the production of the siderophore by a P. variotii
isolate [35]. Furthermore, a Paecilomyces variotii produces siderophores, mostly ferrirubin, a
member of the class of ferrichrome iron (III) chelates [48,49].

Phosphorus (P) is one of the most important minerals for plant growth. In most cases,
phosphorus deficiency in the soil is alleviated by the addition of phosphate fertilizers; how-
ever, sometimes there are problems with the fixation of added P from chemical fertilizers.
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The soil-fixed P can be solubilized through the activity of microorganisms, namely fungi
or bacteria, in connection with certain factors, such as the mechanism of solubilization,
molecular genetics, and capacity to release P into the soil [50,51]. Our results reveal that
Paecilomyces lilacinus 112 has the ability to solubilize P, the appearance of the transparent
zone surrounding fungal colonies in a solid medium with Ca3(PO4)2 presenting a positive
result. Other isolates belonging to the Paecilomyces genus have been reported to function
similarly. Paecilomyces marquandii was described as an efficient phosphate solubilizer, espe-
cially grown in media with a wide range of carbon (fructose, galactose, glucose, glycerol,
lactose, maltose, mannose, starch, and sucrose) and nitrogen sources (ammonium chloride,
sulphate, nitrates, and urea) [52].

The complete growth and development of plants also depends on zinc, another
essential micronutrient active in enzymatic reactions, carbohydrate metabolism, and the
synthesis of proteins and auxins. Zinc existing in the soil is partially available since it
is in insoluble form, and only cations Zn+2 can be taken up by plants [53,54]. In our
tests, the Paecilomyces lilacinus 112 isolate exhibited zones of solubilization in the in vitro
qualitative tests carried out with three insoluble zinc sources (zinc oxide, zinc nitrate, and
zinc carbonate). Another study also reported the use of a Paecilomyces isolate as a potent
bioinoculant for agricultural crops, an alternative to synthetic Zn sources [23].

The capability of Paecilomyces lilacinus 112 to solubilize phosphorus and zinc is sig-
nificant feature of plant growth-promoting agents. These properties could ameliorate the
uptake of phosphate and zinc by the plants, resulting in increase in the vegetative and
biological parameters.

Endophytic fungi produce metabolic compounds important for their own biology and
interactions with host plant. They secrete a wide range of hydrolytic extracellular enzymes
that support their ecological role in combating pathogens through an important mecha-
nism for fungal growth inhibition [55–58]. It is considered that endophytic fungal strains
could represent a valuable resource for the production of cellulolytic and hemicellulolytic
enzymes [59,60]. The hydrolytic enzymes can inhibit cell wall synthesis, perforating the
cell membrane or degrading cell walls of pathogens. Due to the relevance of hydrolytic
enzymes for an efficient biological control, chitinase and cellulase activities were analyzed
through qualitative tests on agar specific medium. Chitinases can degrade the fungal cell
wall, while cellulases cleave β-1,4-D glucan bonds of cellulose, the major polysaccharide
component of the cell wall. Additionally, keratinolytic activity was analyzed since the
carbon source in culture medium is keratin, a complex and structurally stable protein
resistant to the degradation. Paecilomyces lilacinus 112 exhibited good enzymatic activi-
ties, as chitinases, cellulases, and keratinases, which ensure an antifungal activity against
phytopathogenic fungi. This result is consistent with other studies that have reported
the production of hydrolytic enzymes at the members of Paecilomyces genus. The fungus
P. marquandii, through its keratinolytic enzymes, was able to hydrolyze keratin waste to
form soluble products with a high level of nitrogen, mainly common amino acids. The
obtained mixture can be used as foliar fertilizers [61]. Metabolites secreted by endophytic
Paecilomyces variotii SJ1 have great potential for improving the crops quality. The biological
activity of processed mycelium through ultrasonic extraction was tested on field potatoes
and a significant increase in culture yield by 4.4–10.8% was obtained [62].

The effect of culture supernatants obtained from Paecilomyces lilacinus 112 on tomato
plant growth was investigated. Tomato plants were chosen as they are one of the most
important vegetables worldwide, and are also considered a strategic crop. Annually, there
are huge losses of tomato crops due to various pathogens and pests, and it is often difficult
to control the destructive action of pathogens since they have various mode of attack. In
addition, there is already a resistance against common fungicides, and the development of
new chemical formulations is expensive and overrides environmental regulations. In this
context, it is advantageous to use beneficial microorganisms.

The Lowry test showed that the quality of hydrolyzates from cultivation on chicken
feathers, in terms of soluble protein content, is superior to those obtained on wool medium.
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This aspect is supported by the results of the tests performed in greenhouse conditions.
Paecilomyces lilacinus 112 was able to produce beneficial effects on tomato plant growth and
development, the higher values of parameters growth were obtained in plant treatment
with PH obtained from fungal cultivation on medium with 1% feathers. We obtained the
following increases in the analyzed parameters: 3.54-fold in plant biomass; 3.26-fold in
plant height; 1.28-fold in plant diameter; 1.5-fold in the number of branches/plant; and
1.43-fold in the number of leaves/plant, compared to treatment of plants with water.

Similar benefits have been observed as a result of the application of other species
of the genus Paecilomyces. Thus, Baron et al. [63] demonstrated that Paecilomyces lilacinus
strains can significantly increase growth promotion parameters of maize, bean, and soybean
plants, the greatest performance being for the strains characterized by their P solubilization
ability. Some Paecilomyces strains were selected for their potential as biofertilizers after
test trials. Hence, P. lilacinus strain LSM 65 provided a significant increase in maize plant
height compared to the control. The interactions between each plant species and microbial
strains are very complex and depend on the location of the fungus, mode of resistance
induction, and production of phytohormones. As novel biostimulant, extracts of mycelium
from Paecilomyces variotii integrated with diammonium phosphate coated with a biobased
polyurethane polymer were analyzed in a three-year field trial. The treatments significantly
increased maize total root length by 178.2% and average yield by 9.65% [64].

5. Conclusions

Paecilomyces lilacinus 112 presents the ability to produce hydrolytic enzymes involved
in pathogen inhibition, secreting useful secondary metabolites and solubilizing essential
micronutrients, such as phosphorus and zinc. Our data corroborate with encouraging
results from greenhouse trials regarding the beneficial effects of protein hydrolyzates upon
plants, indicating its potential as a plant biostimulant. The use of keratinolytic fungi in
producing protein hydrolyzates, via culturing on industrial byproducts and waste rich in
nitrogen, as biostimulants for plants, could represent a promising and sustainable biomass
valorization processes, following circular economy principles.
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