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Pecepar

Ha cuctemax kaptogenbs — Globodera rostochiensis n Tomatel — Meloidogyne incognita
nokasaHo, 4To obpaboTka cemMsiH TOMaToB W KrybOHeln kapTodens nepes nNocagkon GuoreHHbIMu
WHOYKTOpaMu (XMTO3aHOM, >KaCMOHOBOW U CanuUMIoBON KUCNOTaMm1 Mo OTAENbHOCTM U B COMETa-
HMM C XMTO3aHOM) MHAYLIMPYET CUCTEMHYHO yCTON4MBOCTb (CUY) BOCNPUUMUUBBLIX PACTEHWI U NO-
nynaumns HemaTof Ha pacTeHusx, 0bpaboTaHHbIX 3TMK NpenapaTaMm B ONpeaeneHHbIX KOHLEH-
Tpauusx, Nposiensina Npu3Haku Mopdo-hrn3nonorniyeckoro yrHeteHus. NokasaHo, YTo MexaHn3m
pewncteua CAY cBA3aH C UBMEHEHUEM TEX X 3aLUUTHBLIX MEXAHW3MOB, KOTOPbIE OTMEYEHbI Mpu
€CTECTBEHHOM MMMYHUTETE pacTeHuin K HematodaMm. [NpuMeHeHne Ans NoBbILWEHUS YCTONYMBO-
CTU pacTeHWin nccrnedoBaHHbIX OMOreHHbIX MHAYKTOPOB yAOBMNETBOPSieT TpeboBaHNsiM HOBOTO Mo-
KOneHus NnpenapartoB AN 3aLlnTbl PACTEHWI Y UX UCMONb30BaHWE MOXET ObITb NEPCMNEKTUBHBIM.

KniouyeBble crnoBa: HemMaToAbl, CUCTEMHAast UHAYLIMPOBaHHAs YCTOMYMBOCTb, XMTO3aH, canuv-
LI,VIJ'IOBOI7I KUCnoTa, XXaCMOHOBasa KMCnota.
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Abstract

Objective of research: to study the mechanisms of induced tomato plant resistance to root-
knot nematode Meloidogyne incognita and potato to cyst nematode Globodera rostochiensis.

Materials and methods: The biogenic elicitors — chitosan and signal molecules — SA, JAfor
the modulation of immune plant responses were used. In experiment 1, tubers of potato cultivars
Istrinskii (PCN-susceptibility) and Krinitsa (PCN-resistant), were treated with aqueous solutions of
the immunomodulators at the specified concentrations. A low molecular weight soluble chitosan
and acetylation degree of 15% and signal molecule — SA was used as an elicitor. In experiment
2, system tomato M. incognia was studied. Water solutions of chitosan, signal molecules: SA,
JA were used for treatment of tomato seeds for 2 h and then the seeds were planted in sterile
soil. The control plants were treated with water. Cultivation of plants was carried out by the
standard technique. Plants were maintained in a greenhouse long enough for the nematodes
to complete their life cycle. Development of nematodes in the processed plants estimated on
morphophysiological and population characteristics. Biochemical indicators of roots and leaves of
tomatoes estimated for 14 days after infection of plants. Previously identified major biochemical
indicators of the plants in the genome that contain genes that determine the resistance of plants.
The effects of biogenic elicitors on plant resistance were also evaluated by some metabolic
changes related to natural plant resistance to tomato and potato to plant nematodes. These
indicators were studied in clarifying mechanisms of induced resistance.

Results and discussion: Biogenic elicitors induce systemic resistance of plants to plant
parasitic nematodes — Meloidogyne incognita and Globodera rostochiensis (decrease in the
parasitic invasion of the roots; an inhibition of the vital activity of the parasite; a decrease in
fertility and the amount of agents sources (larvae and eggs) capable of infecting the plants).
The addition of signal molecules (salicylic and jasmonic acid) to elicitors increased their activity
as immunomodulators. In present investigation, the mechanisms of induced plant resistance
nematode were studied. The data obtained suggest that the mechanisms natural and induced by
biogenic elicitors tomato resistance to the nematode have the same origin. These features meet
all requirements of the new generation of methods of plant protection and the use of biogenic
elicitors to raise plant resistance to parasitic nematodes may be promising.

Keywords: nematodes, systemic acquired resistance, elicitors, signal molecules, chitosan,
salicylic acid, jasmonic acid.

Introduced

Plants are often exposed to biotic stresses derived from viruses, bacteria, fungi, nematodes,
and insects that can endanger crop yields and cause relevant economic losses.

Plant-parasitic nematodes are pests of a wide range of economically important crops, causing
severe losses to agriculture, incurring estimated economic losses in excess of €100 billion/year
in worldwide. Sedentary cyst and root knot nematodes are obligatory parasites of a wide range of
crops. Sedentary nematodes which cause characteristic formations on roots, galls or root-knots,
and cyst-forming ones which females transform into cysts at the last stage of their life cycle,
have been of great economic importance and a subject for intent studies of nematologists and
phytopathologists worldwide. These sedentary endoparasites start a lasting relationship with their
host plant; the nematodes force the plant to create an exclusive feeding site located in the plant
root. For growth and development, the nematode fully depends on this food source.

Potato cyst nematode (PCN) Globodera rostochiensis is classified with the most dangerous
and economically significant pathogens of the family Solanaceae. This nematode decreases
the yield of potato (to 60%), worsens the quality and marketable condition of tubers, as well as
enables potato infection with other diseases. PCN is a sedentary endoparasite of potato roots,
fighting with which is hampered due to the good adaptation of the parasite to environmental
conditions, long (10 to 15 years) lifespan of cysts in the absence of the host plant, and the threat
of occurrence of aggressive pathotypes in the case of reduction of nematode-resistant potato
varieties in a monoculture.

Root-knot nematodes (Meloidogyne spp.) are one of the most important plant parasitic
nematodes of great economic importance which reduce the quantity and the quality of the yields
of many cultivated and wild plants everywhere (in tropical, subtropical and temperate regions).
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Root-knot nematodes Meloidogyne incognita — parasitize the root systems of a wide variety of
crops, including cultivated tomato (Lycopersicon esculentum Mill).

High level of adaptation to the parasitism of the nematode, complicates the control of these
parasites. In many crops including potato, sugar beet and a range of vegetables, this small
parasite is so successful that populations need to be controlled. Their adaptation to parasitism is
so perfect that in many cases control strategies nave been unsuccessful.

Currently, three main options are available for sedentary nematode control: i) crop rotation,
i) chemical control, and iii) the use of resistant host plant varieties. Genetically based resistance
may be a simple and efficient solution to protect plants against pathogens and pests.

R-mediated resistance to nematodes correlates with hypersensitivity reactions, which is
characterized by the rapid local death of plant cells at sites of penetration of nematodes and
is accompanied by the accumulation of toxic products in the necrotic dead cells. The invading
pathogen dies together with cells.

The new ecologically safe direction in plant protection based on the induction of plant
resistance using the corresponding natural mechanism — i. e., systemic induced resistance
(SAR) — is developed successfully during the last 10-20 years [3]. Using resistance induction in
plants, it is planned to substitute or at least decrease the adverse effect of pesticides, which are
now used in large volumes for treating agricultural crops. Various compounds (oligosaccharides,
glycoproteins, fatty acids, and other substances) induce resistance in plants; they were named
elicitors. SAR activated under the influence of metabolites of plant pathogens and various biotic
and abiotic factors and reflecting a certain adaptive potential of the organism.

As known chitosan and its derivatives are elicitors or signal-transducing molecules involved
in the regulation of expression of a broad array defence genes [7]. Numerous attempts have
been made to use chitosan and other oligomers as elicitors of plant protection from various
diseases including against nematodes [8, 11]. It is known that several chito-oligomers are able
to bind to the receptor site on the membrane of plant cells [9]. SAR in plants activated the same
defense mechanisms that operate in genetically determined resistance, but unlike this degree of
protection, usually, does not exceed 20%.

One of the possibilities to elevate the efficiency of elicitor-induced defense is to supplement
the elicitor with systemic signal molecules, such as jasmonic acid (JA), jasmonate methyl ester,
salicylic acid (SA), ethylene, systemin, oligosaccharins, or some other compounds. It is known
that the process of recognition of elicitors is mediated by signalling systems that determine the
response of cells to various chemical and physical effects. For example SA and JA are important
mediators in the transmission of stress signals in the genome of plant cells [2]. It was shown
that application of JA and SA to tomato foliage induces systemic effects that suppress root-knot
nematode infestation [18]. It is considered that the concentration of these substances increases
at the site of infection by an incompatible pathogen or treatment with elicitor with subsequent
transport of these substances or their derivatives via die phloem to various parts of the plant (or
its organ) where they induce the defensive effects.

It is now recognized that the regulation of the number of phytopathogens by specific elicitors
may be an addition or alternative to chemical methods of protection, since, unlike the latter this
method does not cause damage to the environment. SAR continuously protects plants against
broad spectrum of pathogens, including viruses, bacteria, fungi, and oomycetes.

Materials and methods

In present investigation the mechanisms of induced tomato plant resistance to root-knot
nematode M. incognita (Kofoid et White, 1919) Chitwood, 1949 and potato to cyst nematode
G. rostochiensis (Wollenweber, 1923) Behrens, 1975 were studied.

The biogenic elicitors — chitosan and signal molecules — SA, JA for the modulation
of immune plant responses were used.

In experiment 1, tubers of potato cultivars Istrinskii (PCN-susceptibility) and Krinitsa (PCN-
resistant), were treated with aqueous solutions of the immunomodulators at the specified
concentrations. A low molecular weight soluble chitosan with an average molecular weight of
5 kDa and acetylation degree of 15% and signal molecule — SA (7 x 10 = 7 x 10® M) [5] was
used as an elicitor. In experiment 2, system tomato M. incognia was studied. In this work we
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used tomato resistant hybrids Shagane (resistance index (RI)- 100%) and susceptible Gamayun
(RI — 30%).

Water solutions of chitosan, signal molecules: SA, JA (10°M — 10“M) were used for treatment
of tomato seeds for 2 h and then the seeds were planted in sterile soil. The control plants were
treated with water. Cultivation of plants was carried out by the standard technique [14]. Plants
were maintained in a greenhouse (~24-27 °C; 16 : 8 L : D photoperiod) long enough for the
nematodes to complete their life cycle (6,5 wk). Development of nematodes in the processed
plants estimated on morphophysiological and population characteristics. Biochemical indicators
of roots and leaves of tomatoes estimated for 14 days after infection of plants.

Previously identified major biochemical indicators of the plants in the genome that contain
genes that determine the resistance of plants (R-genes) [10, 16]. The resistance of plants to
phytopathogens is known to be related to a multicomponent defense response. The effects of
biogenic elicitors on plant resistance were also evaluated by some metabolic changes related to
natural plant resistance to tomato and potato to plant nematodes. These indicators were studied
in clarifying mechanisms of induced resistance.

The activities of enzymes were measured as described in [11]. Colloidal chitin (10 mg/ml)
and laminarin were used as substrates for chitinase (EC 3.2.1.14) and (-1,3-glucanase (EC
3.2.1.39) activities. The specific activities of these enzymes were expressed in micromoles of
N-acetylglucosamine and glucose formed per mg protein in 1 min, respectively. Lypoxygenase
(LOX, EC 1.13.1.13) activity was spectrophotometrically using linoleic acid as a substrate [6].
The activity of phenylalanine ammonium lyase (PAL EC 4.3.1.5) the method described earlier in
our modification [5] was determined spectrophotometrically (290 nm) by the formation of trans-
cinnamic acid (uM/g protein for hour) (phenylalanine was as substrate). Proteinase inhibitors
(PIs) were assayed by the inhibition of trypsin activity. The Pl activity in leaves and roots was
estimated at the level of suppression of the amidase activity of trypsin using benzoylarginine
paranitroanilide (BAPA) in accordance with Erlanger’s method [4]. Sterols were isolated from
tomato roots as described [15]. Fractions of free sterols were identified by high-performance
liquid chromatography. The determination of phytoalexin — rishitin was performed as determined
as described before [1].

Results and discussion
On the most reliable parameters characterizing the degree of potato resistance to
G. rostochiensis is the number and size of cysts of this nematode in soil at the end of experiment,
as well as the number of eggs in cysts (Table 1).
Table 1

Effect of biogenic elicitors on morphophysiological parameters of G. rostochiensis

Krinitsa (R) Istrinskii (S)
Treatment Cyst size, Number of Number of Cyst size, Number of Number of
mm eggs per cysts per 100 mm eggs per cysts per 100
female g soll female g soil
Control 0,129 0 33 0,164 71 180
Chitosan 0,115 0 0 0,144 59 81
SA 0,130 0 25 0,188 51 85
Chitosan +SA - 0 0 0,129 61 60
LSD at
P <005 0,010 0,015 10 15

As evident from this table, the highest resistance was exhibited by cultivar Krinitsa, on roots
of which G. rostochiensis formed immature eggs containing no cysts. On the roots of Istrinskii
in the control found a large quantity of cysts. Biogenic elicitors (5 kDa chitosan and SA) induced
protective effects. The low molecular weight water-soluble chitosan + SA displayed the maximum
protective activity. This order of arrangement of potato plants with respect to their resistance
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to G. rostochiensis correlated well with a decrease in the size of cysts and the fertility of
nematodes. Thus, treatment with immunomodulators makes it possible to vary the resistance and
corresponding sensitivity of potato to G. rostochiensis. The results are indicative of the possibility
of such influence in principle. It cannot be ruled out that other effective elicitors will be able to
induce a higher resistance of potato to G. rostochiensis, which imparts practical significance to
these studies. Elicitors was induced the resistance of potato plants to G. rostochiensis not only
at the site of treatment (surface of potato tubers), but also throughout the tuber and roots (Table
1). Systemic resistance to diseases, which involves all plant or organ tissues independently of
the site of localization of phytopathogens or elicitors, is more important to agriculture than local
resistance.

Analysis of the immune potential of plants tomato of susceptible cultivar grown from elicitor-
treated seeds demonstrated that their defense responses to invasion by nematodes are similar to
those of constitutively resistant cultivar. The treatment of tomato seeds with chitosan significantly
suppressed the number of galls and eggs produced and increased duration of nematode
development. The elicitors exhibited maximum efficiency when used in combination with signal
molecules (SA and JA) (Table 2).

Table 2
The effect of elicitors and signal molecules on the development
of tomato plants and M. incognita
Concentration M Stem weight, Stem Number of Number of
’ g length, cm galls/plant eggs/egg-suck

JA (107) 68,2 73,6 324 108
SA (7 x 10%) 141,0 147,0 413 189
Chitosan (100 pg/ml) 86,0 124,3 193 99
Chitosan (100 pg/

mi)+JA(107) 73,8 75,2 201 76

Chitosan (100 pg/

mi)+SA (7 x 10%) 103,3 128,5 144 68
Control infected 45,3 58,8 470 144
Control health 59,3 62,3 - -

LSD 247 18,3 73 108

(P=0,05)

At the next stage of this study, we attempted to determine the activity of some enzymes,
which, according to previous data, are involved in plant tissue responses. For this purpose, the
leaves of infected plants were assayed for the activity of PAL, since it is regarded as the key
enzyme in the synthesis of phenylpropanoids, which are involved in the biogenesis of lignin,
certain phytoalexins, and SA.

Catalase regulates hydrogen peroxide concentration in plant tissues, which, according to
modern ideas, implements the role of a secondary messenger in plants, inducing a systemic
cascade of defensive responses. Catalase is the major enzyme catalyzing degradation of
hydrogen peroxide, the most stable and mobile reactive oxygen species (ROS). ROS produce
toxic effects on pathogens by inducing destructive processes in cell membranes. Moreover, they
play the role of messengers in transduction of signals to protective gene expression. of activity of
LOX, which leads to the formation of signal molecules, taking part in transduction process and are
involved in the formation of plants metabolites — signal molecules mediating the effects of elicitor.
It is known that LOX catalyzes the initial stages of their synthesis. It is shown that jasmonates
initiate protective reactions of tomato plants by enhancing the effects of biological elicitors.

Data on catalase and PAL activity in leaves of infected plants summarized in Tables 3 and
4. However, a fairly distinct correlation in catalase activity in potato leaves was observed. Under
the influence of chitosan, catalase activity drastically decreased. Apparently, as a result of the
suppression of the activity of catalase in tissues with induced resistance is sufficient concentration
of hydrogen peroxide, which as a secondary messenger induces systemic resistance.
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Table 3

Catalase and PAL activity in eaves of infected potato plants

Catalase activity,

PAL activity, mM cinnamic

Treatment (WM H,0,/ (mg protein - min) acid/(mg protein h)
Water (control) 0,310 1,8
Chitosan 0,137 2,7
LSD at P 20,05 0,046 0,51
Table 4
PAL and LOX iactivity in leaves of tomatoes infested by the root-knot nematode
Treatment PAL oinmamic acidr LOX activity, AD,,min-"
(mg protein h)
Control (water) 1,6 0,38
SA 3,3 -
JA 1,7 0,58
Chitosan 4,2 0,52
Chitosan + SA - 0,78
Chitosan + JA 2,0 0,62
LSD at P 20,05 0,98 0,14

Another important defense reaction is the formation of PR proteins in tissues of resistant plants
infected by fungi, bacteria, and viruses or treated with elicitors. Chitinase and -1,3-glucanases
are the most extensively studied. These enzymes probably destroy cell walls in phytopathogens
and are involved in the formation of oligosaccharides that regulate plant immune reactions.

It is known that higher plants do not have, or contain only minor amounts of, chitin and
chitosan. However, enzymes cleaving these substances are abundant in higher plants. Under
normal conditions, plants contain only minor quantities of chitinase and chitosanase. The content
of these enzymes sharply increases under the effects of biotic and abiotic stress factors. After
treatment of elicitors increased B-1,3-glucanase and chitinase activities in plants (Table 5).

Table 5

Activities of B-glucanase and chitinase in tissues of potato treated
with chitosans (500 pg/ml) and water (control)

Activity, yM//(min mg protein)
Treatment
B-1,3-glucanase chitinase
Chitosan, 5 kDa 0,067 0,053
Control 0,029 0,052

Chitosan with a molecular weight of 5 kDa increased 3-1,3-glucanase and chitinase activities
in potato tubers.

Earlier studies have shown that activity of chitinase and 3-1,3-glucanase in leaves of tomato
plants, seeds of which were treated by chitosan, increased on 312% and 34% in comparison
control, according [17].

The roles of proteinases and their inhibitors in the formation of protective reactions of plants
to parasitic invasions is actively discussed interactions in modern scientific literature. Proteins
inactivating the enzymes of pathogens are involved in plant protection from microorganisms. The
protective function of Pls has attracted much attention in recent research.
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The Pl activity in leaves and roots of tomato resistant and susceptible cultivars was determined
at 14th day after invasion [10]. The invasion of plants treated with JA caused an increase in the
Pl activity in leaves of both cultivars and the greatest change was observed in plants of the
susceptible species (80%). In leaves of resistant tomatoes treated with JA, the invasion caused an
increase in the Pl activity by 29%. In roots of both Gamayun (S) and Shagane (R) cultivars treated
with JA, during the invasion, there was a considerable increase in the Pl activity (by factors of
more than 2,5 and 2,2, respectively in susceptible and resistant cultivars) in comparison with non-
invaded plants treated with JA.. The study of plants invaded by gall nematodes showed that the
treatment with JA decreased the invasion of tomato roots susceptible to the root-knot nematode
(the number of galls in roots decreased by 31%), but the weight of the aboveground part was
considerably higher compared to untreated plants (Table 2). These data agree with the data on
the role of proteinases in the life of root-knot nematodes: it has been shown that proteinases of
M. incognita participate in different processes during the whole life of the nematode, such as
feeding, reproduction, and embryogenesis. Our data demonstrate that Pls are components of
plant protection against root-knot nematodes.

One of the most important defenses of plant tissues against phytopathogens is their ability
to produce low molecular weight antibiotics, phytoalexins, which are de novo synthesized in
response to incompatible pathogens or races of pathogens and elicitors. Phytoalexins at toxic
concentrations inhibit the growth and development of phytopathogens. It was shown that the
5 kDa chitosan, which was the most potent in protecting potato from plant parasitic nematode
Ditylenchus destructor [13], induced the formation of the greatest amount of the phytoalexin —
rishitin (Table 6).

Table 6
Induction of rishitin in potato tubers treated with chitosans 5 kDa
Chitosan concentration, mg/ml 0,1 1,0 3,0
Rishitin, mg/ml 0 8 40

No rishitin production was detected in control roots of tomato (Table7). It is interesting that is
level and appearance (over 40 pg/g within five days after invasion in case of pretreatment with
chitosan differed from those in resistant cultivars [13].

Table 7
Induction of rishitin in potato tubers treated with chitosans 5 kDa
Chitosan concentration, mg/ml 0,1 1,0 3,0
Rishitin, mg/ml 0 8 40

Sterols as known play a special role in interactions of plants with parasitic nematodes, which
are auxotrophs in relation to sterols, and replenish their deficit by sterols taken from the host
tissues. The reproduction of the parasite is especially sterol-dependent. The sterol-dependence
of nematodes determines the resistance of tomato plants that deprive the parasite of sterols.

Considerable differences between control and chitosan-treated plants were found in the
contents and composition of free sterols. The total level of free sterols in roots of treated tomato
plants decreased nearly twofold in comparison to control plants. A study of individual sterol fractions
showed that campesterol and sitosterol accounted for this effect; their levels in the roots of treated
plants decreased more than in control plants. The level of fucosterol in immunized plants increased
considerably. The shares of other sterols in the total fraction changed to a small extent [15].

Reduction of sterols in plant roots is associated with accumulation of sesquiterpene
rishitine, that have a common biosynthetic pathway with sterols. It is suggested that terpene
biogenesis has switched from a healthy plant sterol formation pathway, to the formation of highly
toxic phytoalexins. As a result, the parasite loses necessary nutrients for its development and
simultaneously the nematode is affected by plant phytoalexins [12].

Thus, the treatment of potato tubers and tomato seeds by biogenic elicitors and composition
of elicitors with signal molecules induced SAR in plants to sedentary nematodes simultaneously
produced the following effects: a decrease in the parasitic invasion of the roots; an inhibition of
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the vital activity of the parasite; a decrease in fertility and the amount of agents sources (larvae
and eggs) capable of infecting the plants. The data obtained suggest that the mechanisms natural
and induced by biogenic elicitors tomato resistance to the nematode have the same origin. These
features meet all requirements of the new generation of methods of plant protection and the use
of biogenic elicitors to raise plant resistance to parasitic nematodes may be promising. More
knowledge about the resistance induction mechanism involved in inducer treatments of tomato
seeds to acquire systemic resistance to plant parasitic nematodes could enhance the development
of a new biologically and environmentally safe method for the sustainable management of these
important plant pathogens.

This study was supported by the Russian Foundation for Basic Research, project Ne15-04-
04625_a.
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