
Both plants and their pathogens have developed

strategies during mutual evolution that allow them to sur-

vive and win in their struggle for existence. Taking into

consideration that most paths used by either plants or

pathogenic organism are based on the synthesis and acti-

vation of defense proteins (pathogenesis-related, PR)

participating in the plant response to the pathogen action

[1, 2], investigation of their proteomes contributes signif-

icantly to understanding of these paths.

For example, increase in relative protein content in

the leaf blade of the rice plant (Oryza sativa L.), which

participates in energy exchange, photosynthesis, protec-

tive reactions, and demonstrates antioxidative activity,

was shown following infection with the Rhizoctonia solani

fungus, and concurrently it was shown that the molecules

of some proteins unfolded and were degraded [3]. It is

necessary to establish during investigation of the interac-

tion of host plant with pathogen the synthesis of which

plant proteins is activated in response to the pathogen

invasion, whether this activation occurs as a result of new

transcription/translation or posttranslational changes of

preformed inactive products, and whether it depends on

the nature of the pathosystem, as well as what bioagents

affect protective functions of the plant.

The plant cell wall comprises an external interface

between the plant and its abiotic or biotic environment,

and it provides the major protective barrier against path-

ogenic microorganisms that try to colonize a new host

plant. The plant cell wall and its apoplastic environment

can be considered as a molecular battlefield where inter-

action occurs between secreted plant and pathogen pro-

teomes or secretomes (coevolution) required for the

attack and defense of both plant and pathogen. The phy-

topathogens form and secrete an excess of effectors fol-

lowing invasion into the plant, which facilitate the suc-

cessful infection process. These effectors include extra-

cellular proteinases (that destroy plant proteinases) and

their inhibitors (forming the plant defense mechanism).

On the other hand, they can be identified as pathogen

proteinases and inhibitors that results in induction of

plant protective reactions [4, 5].

Formation of proteinases and their inhibitors in

plants as well as proteinases in phytopathogens resulted in

coevolutionary diversification and adaptation of the

pathogen to the certain host plant. On one hand, success-

ful infection suggests availability of mechanisms in the

phytopathogen ensuring plant invasion and colonization

[6]. On the other hand, plants also possess a certain

defense system, which allows identification of the

pathogen and protection from its actions.

Various forms of participation of proteolytic enzymes

in pathogenesis have been considered. It was shown that
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phytopathogenic microorganisms produced specific

effectors with proteolytic activities that can act upon the

proteins inside the plant cell.

PROTEOLYTIC ENZYMES

FROM PATHOGENIC MICROORGANISMS

The plant cell secretes a wide spectrum of proteins

and peptides either constitutively expressed or induced,

which are related to plant defense [5, 6]. Likewise, the

phytopathogens secrete many peptides and proteins in

the process of infection, which can be either attached to a

hypha wall or penetrate the plant apoplast [7]. These pro-

teins are referred to as effectors that change the structure

of the host plant cell or affect the functions of the

pathogen. The enzymes from the pathogen usually

include those that destroy the plant wall structure [8, 9] as

well as suppressors of extracellular plant protective com-

pounds [8, 10, 11]. Depending on the character of inter-

action of the host plant and the pathogen in the case of

resistant organisms, the specific secreted proteins termed

avirulence (Avr) proteins interact with the products of the

respective resistance gene of the host (R). At the same

time, these proteins facilitate the development of disease

in plants that do not possess resistance genes. It was

shown that different proteins were secreted into the plant

apoplast in the process of infection, which was likely

associated with biotrophic or necrotrophic phases of

pathogenesis [3].

Gram-negative bacteria developed the “type three-

secretion system” (TTSS) for transfer of virulence pro-

teins including proteolytic enzymes through the plasma

membrane directly into the host plant cytosol [12, 13].

Representatives of Pseudomonas, Xanthomonas,

Ralstonia, Erwinia, and Pantoea genera belong to the

group of Gram-negative plant pathogens with TTSS.

Recognition of threat by the plant cell is achieved at the

point of contact with the microorganism. Certain signal-

ing entities from the infected cells can induce a systemic

acquired response (SAR) in the healthy non-infected

plant tissues, which helps the whole plant to prepare for

the fight against an invader. The SAR is manifested by the

change of flow of ions including calcium across the mem-

brane and hormonal status, as well as by oxidative burst,

protein phosphorylation, and hypersensitive response

(HR) accompanied by necrosis at the point of infection

that prevents the spread of the pathogen, and by accumu-

lation of pathogenesis related proteins and antimicrobial

compounds – phytoalexins [10, 12, 14]. Even though

most Avr proteins from eukaryotic phytopathogens are

apoplastic [15], it was shown that similarly to the case of

bacterial phytopathogens, some Avr proteins from fungi

are translocated into the plant cells [16-18]. These data

confirm the complexity of interactions of the secretomes

of pathogens with the secretomes of their host plants.

It was established that the activity of protein effectors

is based on the availability of enzymatic (including pro-

teolytic) activity [19]. A list of known protein effectors

with proteolytic properties is presented in the table. They

can be separated into four families of related proteins.

The representatives of the YopJ and XopD families belong

to clan CE of cysteine proteinases, and the representa-

tives of the YopT and AvrRpt2 families – to clan CA.

The 35-kDa avirulence protein AvrPphB from the

Pseudomonas syringae pv. phaseolicola bacterium is sub-

jected to autoactivation in the bacterial cell, forming two

fragments with molecular masses of 7 and 28 kDa. The

28-kDa fragment is acylated by a fatty acid residue fol-

lowing transfer into the plant cell, and this acylated form

is transferred through the cytoplasmic membrane. The

AvrPphB protein causes hypersensitive response in

Arabidopsis plants expressing the RPS5 protein [24]. The

3D structure of AvrPphB protein and location of the

Cys98, His212, and Asp227 residues forming the catalyt-

ic triad in the active center of the proteinase is similar to

papain [31]. Mutants with replaced Cys, His, or Asp

residues in the active center lose to the same degree their

biological activity and ability for autoactivation [25, 26].

Interaction of AvrPphB with RPS5 is not direct. The

presence of a third component – PBS1 protein – is

required, which is the true substrate of the proteinase.

PBS1 protein exhibiting properties of serine/threonine

kinase is cleaved into two fragments and is then subjected

to phosphorylation, and it acts as a trigger activating sig-

nal transfer with participation of RPS5 [24, 26]. It has

been suggested that all three proteins participating in this

process remain bound to the plasma membrane [32].

The effector protein AvrRpt2 found in P. syringae pv.

tomato belongs to another family and does not have any

known analogs (table). The AvrRpt2 protein induces

hypersensitive response in resistant Arabidopsis plants

expressing the RPS2 protein. On the contrary, the

AvrRpt2 effector facilitates disease development in plants

lacking the RPS2 protein [33]. The effector protein with

molecular mass of 28 kDa is proteolytically cleaved at its

Gly71–Gly72 bond inside the plant cell forming two

fragments with molecular masses of 21 and 7 kDa. The C-

terminal fragment with molecular mass of 21 kDa acts as

a trigger of protective response [34]. Even though the pro-

cessing of AvrRpt2 is autocatalytic in nature, the presence

of a certain additional factor contained in the extract of

animal and plant tissues is necessary [35]. The structure

of the AvrRpt2 effector molecule and location of amino

acid residues in the active center was found to be similar

to the cysteine proteinase from Staphylococcus aureus –

staphopain [22]. RIN4 was identified as a substrate of

AvrRpt2 in Arabidopsis cells [30, 36]. RIN4 proteolysis

serves as a signal for hypersensitive response, in which the

RPS2 protein also participates. At the same time, the

purified AvrRpt2 effector does not affect RIN4 protein in

vitro. The presence of a eukaryotic cofactor is necessary
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for the interaction, which is likely identical to the one

participating in the processing of the effector itself [22].

The nature of this factor was established, the cyclophilin

protein playing this role [37].

Different representatives of bacteria of the Yersinia

genus are animal and plant pathogens, and they produce

effectors known as Yop (Yersinia outer proteins). When

they are introduced in the plant or animal host cell, these

effectors prevent the development of immune response.

Some of the effectors belonging to the YopJ protein fam-

ily, such as AvrBsT and AvrXv4 from Xanthomonas

campestris pv. vesicatoria that bears similarities to the

ULP1 proteinase from Saccharomyces cerevisiae yeast

[38, 39]. The ULP1 enzyme controls the SUMO (small

ubiquitin-like modifier) process of interaction with dif-

ferent proteins in yeasts. This type of proteinases contains

either the His/Glu/Cys or His/Asp/Cys triad in the cat-

alytic center, and it belongs to the CE clan of cysteine

proteinases [38]. Modification of the residues in the

enzyme active center results in the loss of ability to initi-

ate the hypersensitive response in plants [24, 38, 39].

Expression of the X. campestris effectors XopD and

AvrXv4 in leaves of Nicotiana benthamiana (L.) results in

a decrease in the content of SUMO protein conjugates. It

was concluded based on this that the effectors exhibited

isopeptidase activity in vivo [24, 39]. Further confirma-

tion was obtained with purified XopD protein. It was

shown that the effector acted as an isopeptidase in vitro,

cleaving the bond between the carboxyl group of the

SUMO N-terminal residue and the ε-amino group of a

Lys residue in the protein substrate. Moreover, it can act

as a peptidase capable of transforming the SUMO pre-

cursor into the active form containing Gly-Gly N-termi-

nal sequence [24, 40]. The XopD action is very specific; it

exhibits activity exclusively towards SUMO forms of

plant origin [24].

Modification of SUMO proteins plays an important

role in regulation of various biological processes in plants.

Furthermore, according to available data, proteins sub-

jected to modification are concentrated mainly in the

nucleus [41]. The fact that the XopD and PopP2 effectors

entering the plant cell are also concentrated in the nuclei

is intriguing in this connection [21, 24]. It can be suggest-

ed that the availability of proteinases in phytopathogenic

microorganisms that can imitate the intrinsic plant

enzymes provides them significant advantage. On the

other hand, mechanisms could exist in plants that allow

neutralizing activity of the SUMO-proteinases from bac-

teria. The product of the resistance gene in Arabidopsis –

RRS1 protein – ensures resistance to Ralstonia

solanacearum strains expressing the PopP2 effector [42].

The RRS1 protein directly interacts with the bacterial

proteinase [21].

Products of avirulence genes exhibiting proteolytic

activity were also found in phytopathogenic fungi. A

major rice pathogen – Magnaporthe grisea fungus – pro-

duces the Avr-Pita protein, which is a metalloproteinase

belonging to the family of zinc-containing proteinases

M35 [43]. The mature form of this enzyme can initiate

the hypersensitivity reaction in rice plants. It was estab-

Family TTSS

YopJ

XopD

YopT

AvrRpt 2

Bacterial effector proteins having properties of cysteine proteinases

Reference

[20]

[21]

[22]

[13]

[23]

[23]

[24]

[23]

[25, 26]

[22]

[20, 27]

[28, 29]

[14]

[30]

Proteinase family

C55

C55

C55

C48

C58

C72

C70

Effector

AvrXv4, AvrBsT,

AvrRxv, XopJ

PopP1, PopP2, PopP3

AvrPpi G1

HopPma D

ORF B

Y410

XopD

PsvA

AvrPph B

AvrPpi C2

HopPto C,

HopPto N

BLR 2140,

BLR 2058

Y4z C

AvrRpt 2

Substrate

conjugates of SUMO-protein

RRS1 protein from Arabidopsis

conjugates of SUMO-protein

PBS1 protein from Arabidopsis

Microorganism

X. campestris pv. vesicatoria

Ralstonia solanacearum

Ps. syringae pv. pisi

Ps. syringae pv. maculicola

Erwinia pyrifoliae

Rhizobium sp. NGR234

X. campestris pv. vesicatoria

Ps. syringae pv. eriobotryae

Ps. syringae pv. phaseolicola

Ps. syringae pv. pisi

Ps. syringae pv. tomato

Bradyrhizobium japonicum

Rhizobium sp. NGR234

Ps. syringae pv. tomato
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lished that Avr-Pita interacts directly with the leucine-

rich domain of the product of the resistance gene – Pi-ta

protein [44]. A mutant form of the Avr-Pita proteinase

with the Glu residue in active center replaced by Asp loses

its ability to interact with the Pi-ta protein and, respec-

tively, loses its biological activity [45]. These data indicate

that the product of the resistance gene – Pi-ta protein –

is a proteinase substrate. This is the first example

described in the literature of a direct interaction between

the products of either avirulence or resistance gene [33].

To introduce the products of avirulence genes having

proteolytic activity into cells of the host plant, the avail-

ability of invasive effectors comprising proteins carrying

the RxLR or other conserved motifs is necessary. These

effectors introduce the virulence factors into the plant

cells, which, in turn, results in infection expression [2,

46]. Effectors with lysine-containing motifs (LysM) par-

ticipate in protection of the chitin layer of the fungus cell

wall, which allows maintaining its integrity and are defen-

sive [47-49]. As suggested, these two types of effectors

occur widely in fungi, especially in biotrophic ones. It was

shown that positive selection of C-terminal amino acid

residues of these effectors contributes to their evolution

and diversity [50]. This is consistent with the suggestion

that the N-terminal domain participates in their secre-

tion, while the C-terminal domain – in suppression of the

plant cell protective response. Hence, the posttransla-

tional modification of proteins directly inside the plant

cell can serve as an important means of phytopathogen

action upon plant defense systems.

There appears to be evolutionary strategies for coex-

istence of pathosystems that allow adaptation of

pathogens to possibilities emerging during their trophic

interaction with the host plant. Because of this, most

biotrophs have managed to adapt themselves to such plant

defense mechanisms involving detoxifying phytoalexins

and other metabolites related to cell defense, while the

enhancement of their own defense means in response to

the protective reaction of the host plant was characteristic

for both hemibiotrophs and necrotrophs [2]. For example,

such necrotrophic fungi as Sclerotinia sclerotiorum sup-

press the signaling cascade of reactive oxygen species

(ROS) of the host plant in planta using catalase, superox-

ide dismutase, and mannite or oxalic acid, which results in

local enhancement of the hypersensitive reaction and/or

prevention of signal transduction in remote healthy parts

[2]. At the same time, the Botrytis cinerea fungus forces its

host plant to produce ROS, which destroys tissues, thus

providing easier colonization. Jasmonate is secreted dur-

ing the action of the Fusarium oxysporum fungus on

Arabidopsis thaliana (L.), which facilitates the develop-

ment of infection [51]. The same use of signaling paths

was reported also for attack of the potato plant (Solanum

tuberosum L.) by the phytopathogenic fungus Verticillium

dahliae and of the tomato (Solanum lycopersicum L.) by

the B. cinerea fungus [2, 33, 52, 53].

Hence, the pathogens adapted to certain plant fami-

lies acquire the ability to overcome their immunity to

microbial infections by secreting effector molecules that

suppress or decrease the immune response. For example,

the Cladosporium fulvum (syn. Passalora fulva) fungus

secretes the chitin-binding protein CfAvr4 into the inter-

cellular space of tomato leaf for protection from the

action of the plant apoplastic chitinase [54]. Functional

homologs of CfAvr4 were found also in other ascomycetes

[49, 55, 56]. In cases when there are no homologs of the

CfAvr4 gene in the phytopathogen genome, they secrete

proteinases that cleave the chitinase cellulose-binding

domain (CBD). For example, it was shown that the

Fusarium solani f. sp. phaseoli modified the chitinase from

the plant cell, which facilitated colonization of the plant

host [57], and the Fusarium solani f. sp. eumartii secreted

a subtilisin-like proteinase for the same purpose, which

modified the chitinase and β-1,3-glucanases [58].

It was shown that the corn pathogens Fusarium verti-

cillioides, Bipolaris zeicola, and Stenocarpella maydis

secrete two types of proteinases that change the structure

of the CBD in the corn chitinase molecule [59, 60]. It was

found that a metalloprotease from F. verticillioides

cleaved the CBD between Gly and Cys residues, while the

polyglycine hydrolase present in many fungi belonging to

the Pleosporineae family cleave the polyglycine linker in

the chitinase hinge domain [60, 61].

The tomato pathogens B. cinerea, V. dahlia, and F.

oxysporum f. sp. lycopersici secrete proteinases that modi-

fy the CBD of the plant chitinase [62]. The cleavage and

removal of the CBD from the tomato chitinase during F.

oxysporum f. sp. lycopersici infection was performed only

during synergetic action of the serine proteinase FoSep1

and metalloproteinase FoMep1 (an ortholog of fungalisin

of the F. verticillioides fungus) [62]. Removal of the CBD

from the plant chitinases by these two enzymes decreased

their chitinase and anti-pathogenic activity. Moreover, F.

oxysporum f. sp. lycopersici mutants not containing both

the FoSep1 and FoMep1 demonstrated reduced virulence

with respect to tomato plants. Hence, the secreted fungal

proteinases comprise important virulence factors, while

the chitinase – an important component of the basal

plant defense [62].

It is likely that the secretion of proteinases and their

inhibitors by pathogens plays a more important role during

coevolution of the pathogens and their host plants [63].

The presented data allowed understanding the reason why

the overexpression of plant chitinase in transgenic plants

did not result in the generation of tomato species resistant

to the action of pathogens. In this connection, overexpres-

sion of chitinase by the heterologous gene, for which there

has been no mutual evolution stage, could present a more

promising approach for generation of species resistant to

the action of pathogenic microorganisms.

The genes of phytopathogens encode proteinases

belonging to different subfamilies, and their number
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depends of the nature of the pathogen. As a rule,

hemibiotrophs and saprotrophs contain a larger number

of secreted proteinases than biotrophs [64]. Nevertheless,

the number of proteinases secreted by the biotrophic fun-

gus C. fulvum was comparable with the phylogenetically

close hemibiotroph Dothistroma septosporum [55], which

was likely due to their adaptation to different plant fami-

lies [65, 66]. It is generally accepted that proteinases play

an important role in adaptation of two species of

Phytophthora – P. infestans and P. mirabilis – to their

respective host plants [67]. This provides an example that

diversification and adaptation of the proteinase–inhibitor

complex can occur at the molecular level and corrobo-

rates a hypothesis on the role of proteinases and their

inhibitors in the “arms race” between the plant and its

pathogen. The targeted removal of one or even two pro-

teinase genes did not affect the virulence of plant patho-

genic fungi Glomerella cingulata and B. cinerea [68].

MECHANISM OF PATHOGEN INTERACTION

WITH PLANT HOST

Physiological and molecular mechanisms underlying

interactions of necrotrophic phytopathogenic fungi with

respective to host plants remain poorly understood. Three

stages of the pathogenic process are recognized. The first

includes formation of appressoria – specialized structures

facilitating the attachment of the mycelium to the plant.

Formation of colonies on cells of the host plant occurs

during the second (biotrophic) stage, and degradation of

cell walls – during the third stage (necrotrophic) [69, 70].

The pH of surrounding tissues becomes more alkaline

during the stage of appressoria formation and later during

the necrotrophic stage due to secretion of ammonium.

This initiates programmed cell death. It has been suggest-

ed that this process optimizes conditions for further colo-

nization of the host plant, which is accompanied by the

induction of pathogenic factors [71, 72]. For example,

the secreted pectate lyase enzyme (PelB) that destroys

plant cell wall is controlled by transcription factor pacC,

which is subjected to proteolytic activation with alkaline

pH environment [73, 74]. It was shown that metabolic

activity of the enzymes destroying cell wall increased sig-

nificantly during proteolysis [71, 72].

The transition from the stage of appressoria to the

biotrophic stage is accompanied by the transcription of

genes encoding secreted proteinases – serine proteinases

(subtilisin- and trypsin-like). Considering that these

enzymes operate outside the cell, their activity as well as

mechanisms controlling their synthesis and secretion is

under the effect of many environmental factors [75]. It

was shown that pH of the cultivation medium changed

from neutral to slightly alkaline during ascomycete cul-

ture growth, and it reached a constant value when the

activity of exoproteinases was at its maximum [76].

Increase in the medium pH caused by formation of

ammonium induces the expression of pathogenicity genes

of the fungus, including genes encoding proteolytic

enzymes [77]. The pathogen is likely under oxidative

stress generated by the host plant during the infection

process, and availability of an active detoxication system

is required for successful colonization. It was found that

the pH of the medium during the invasion of ripe avoca-

do fruits by the pathogenic Colletotrichum gloeosporioides

fungi increased due to secretion of high ammonium con-

centration by the fungus [78, 79]. It has been suggested

that a certain amount of ammonium could form during

nitrate reduction, because fungal mutants (nit) lacking

the nitroreductase were not capable of ammonium accu-

mulation, and their virulence was significantly reduced

[78, 80]. During increase in pH due to ammonium accu-

mulation, the expression of genes encoding proteolytic

enzymes with high pH optimum is induced [78]. It was

shown that the site-directed deletion of the major nitro-

gen regulator (AREA) and of the ammonium transporter

(AMET) affected ammonium accumulation and viru-

lence of the C. coccodes pathogen [80-82]. The host plant

becomes more susceptible to infection with a decrease in

nitrogen content [83]. For example, it was shown that the

expression of pathogenicity genes such as of proteolytic

enzymes was induced in the Magnaporthe grisea, C.

gloeosporioides, and Cladosporium fulvum fungi under

conditions of nitrogen deficit in plants, which resulted in

accumulation of ammonium ions [78, 84-88].

A nonpathogenic strain of C. lindemuthianum that is

incapable of colonization of plant cells and transition to

the necrophilic stage was generated by mutations in the

AreA genes, which is a gene responsible for nitrogen cata-

bolic repression [89]. It was found that the nit mutants of

C. coccodes secreted less ammonium and demonstrated

lower rate of infection of tomato plants [80], and the nit

mutants of C. gloeosporioides attacking avocado fruits and

characterized by inability of ammonium accumulation

exhibited significantly lower virulence [78].

It can be suggested that the change in the medium

pH is, on one hand, an adaptation mechanism facilitating

absorption of proteinaceous nutrients by the pathogen,

and on the other hand – a physiological signal initiating

synthesis and secretion of proteinases that comprise one

of the virulence factors [58, 78].

It was shown that during the infection of avocado

fruits with the C. gloeosporioides pathogen, the infection

pegs of appressoria penetrated the epidermal cells of its

exocarp, but remained inactive until the ripening of the

fruit. The secretion and synthesis of serine proteinases as

the fungus pathogenicity factors were absent during the rest

stage, which were stimulated by medium alkalinization,

and the unripe fruits induced the synthesis of antipatho-

genic compounds. In turn, accumulation of ammonium in

the decaying fruit tissues ensured transition of the

biotrophic rest stage into the necrotrophic stage [78].
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Proteinases play an important role in physiology and

metabolism of fungi, which are heterotrophic organisms

using both organic and inorganic compounds as carbon

and nitrogen sources. Saprotrophic and pathogenic fungi

secrete proteolytic enzymes; however, the secretion

dynamics are different for these two groups [90-92].

Serine proteinases belonging to two major subfamilies –

subtilisin-like and trypsin-like – are predominant among

the proteinases of bacterial and fungal origin. The same

catalytic triad (Asp-His-Ser) is present in the active cen-

ter of enzymes from both subfamilies, which as suggested

has been formed during convergent evolution [93, 94].

Participation of the extracellular microbial proteinase in

pathogenesis can be of different nature: from destruction

of structural proteins of the plant cell wall and plant pro-

tective proteins to processing of their own extracellular

microbial proteins essential for the disease development.

In several cases, direct dependence of the disease intensi-

ty on the activity of extracellular microbial serine pro-

teinases was observed, which indicated an important role

of proteinases in pathogenesis [95-97]. This agrees with

data that protein inhibitors of proteinases contained in

plants not only inhibit the enzyme activity, but also sup-

press their growth and development [77].

The subtilisin-like proteinases from pathogenic fungi

can disrupt physiological integrity of the host plant cell

ensuring penetration of the pathogen into it and coloniza-

tion by breaking down both the cell wall proteins and the

plant protective proteins [58]. In this connection, they can

be considered as a virulence factor of phytopathogens

[98]. For example, it was shown that proteinases from the

subtilisin family were secreted during the infection of

rapeseed (Brassica napus L.) by the Pyrenopeziza brassicae

fungus, and synthesis of serine proteinase inhibitors was

observed in rice species resistant to infection by this

pathogen [98]. The degree of degradation of storage pro-

teins in kernels of wheat plants (Triticum) infected with

the F. culmorum (Wm. G. Sm.) Sacc. fungus also depend-

ed on the activity level of the secreted alkaline proteinase

[97]. Targeted deletion of the Spm1 gene encoding a sub-

tilisin-like proteinase significantly reduced pathogenicity

of the Conidiobolus coronatus fungus [99]. It was shown

that the degree of conidial germination of C. coronatus

depended on the activity of alkaline serine proteinase. The

subtilisin-like proteinases (APN 2) that affected virulence

of the A. fumigatus fungus were also required for sporula-

tion of this type of fungus [99].

Considering that proteinases from pathogens not

only facilitate penetration of the fungus into the tissues of

the host plant, but also actively affect the plant defense

barriers, they comprise the required component of the

pathogenesis process [100]. Correlation between the

activity of serine proteinases and fungal pathogenicity

suggests that these enzymes can serve as markers of phy-

topathogenicity [98, 100].

The presence of subtilisin-like proteinases was

reported in the cultural medium of both saprotrophic and

phytopathogenic fungi on the 4-5th day of growth, while

the presence of trypsin-like proteinases from phy-

topathogens was observed on the 7th day [76, 92, 101]. It

can be suggested that the subtilisin-like enzymes with

wide substrate specificity are the first to cleave cell wall

proteins of the host plant, thus ensuring access for the

action of trypsin-like proteinases. That is why the latter

are observed later in the cultivation medium, likely indi-

cating their specific role in phytopathogenesis.

It was found that the saprotrophic species

Trichoderma harcianum, Penicillium terlikowskii, and P.

chrysogenum were characterized by high activity of the

secreted subtilisin-like proteinases and lack of secretion

of trypsin-like proteinases, while the phytopathogenic

species Alternaria alternata, B. cinerea and Ulocladium

botrytis secreted trypsin-like proteinases along with sub-

tilisin-like ones [101]. The high level of trypsin-like activ-

ity of extracellular proteinases is likely determined high

pathogenicity of the mycelial fungal species [95]. Hence,

formation and secretion of the trypsin-like proteinases is

a characteristic feature of phytopathogens and of the sub-

tilisin-like enzymes of saprotrophic and entomopatho-

genic fungi.

Analysis of the mechanism of interaction within the

host plant–pathogen system including the defense

response of the pathogen can help to develop more effec-

tive tools to protect plants from diseases caused by fungi

and oomycetes, which are responsible for large crop loss-

es.
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