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Abstract: Problem statement: The chitosan derivatives promote diverse defensasponses in
plants, which are affected by chitosan chemicalufes and concentration. Glucanase (EC 3.2.1.6),
Phenylalanine Ammonia-Lyase (PAL, EC 4.3.1.5) aratogpidase (POD, EC 1.11.1.6) are key
enzymes in tobacco defense responses. Thus, thefahis study was to know the behavior of their
enzymatic activity in leaves and roots of wholeaodn plants, previously elicited with chitosan
derivatives of different molecular weight and atatipg degreeApproach: 25 day-old tobacco plants
were treated with three chitosan derivatives (CBl-@H-88 and OLG) of different chemical features.
True leaves and roots were sampled after three,néite and 12 days post-treatment for further
evaluation of the enzymatic activitigResults. Chitosan treatments increased the activity oftate
studied enzymes depending on the concentrationcharhical feature of the derivative. The highest
enzymatic activities with polymers occurred at IL"§ while the oligochitosan mixture achieved good
enzymatic levels as compared to controls from OlT 'gonwards. The Degree of Acetylation (DA)
affected PAL activity; a more acetylated polymeduned a higher activity than a less acetylated one.
However, the low levels of acetylation favored P@€ivity. The systemic induction of enzymatic
activities was detected in leaves of treated plafter root application. The effect of the acetylat
degree was systemically transmitted to the leayd3®D, but not by PAL activity; so the transmission
of the acetylating degree influence beyond theiéisdirectly elicited by chitosan polymer depended o
each enzymatic response testé&ibnclusion: This study proved that various chitosan derivative
induced and raised lastir41,3-glucanase, PAL and POD activities in tobacsavés and roots as
local or systemic responses, which could lead ® dbcumulation of secondary metabolites and
formation of barriers that all together enhanceptasistance against pathogens.

Key words: Induced resistance, PR-proteins, systemic respacsgylating degree

INTRODUCTION signal molecules from plant and fungal cell wall
released in the pathogenesis process and recognyzed
Plants respond to pathogen attack with a compleplant cell membranes. This recognition triggersidew
set of preformed structures and inducible reactibhe range of plant enzymatic and chemical arsenal that
inducible reactions require the perception of pryna attacks and degrades pathogen cell wall, removing
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oligosaccharides from this structure. The recognitf  defensive responses in whole plants of tob&%co

these exogenous oligosaccharides by the plantowkn According to the above-mentioned, the aim of this

to amplify defensive signals as well as the nundret  study was to know the behavior of defensive enzymes

magnitude of its responses against the patHbgen activated in leaves and roots of whole tobaccotplan
As inducible defensive responses, tobacco plantpreviously elicited with chitosan derivatives offdient

activate a great number of defense proteins inotudi molecular weight and acetylating degree.

PR protein§ and intermediate enzymes of metabolic

pathway; that generate cpmpound_s of the secondary MATERIALSAND METHODS

metabolism and biochemical barriers for pathogen

contentiof!, as well as the synthesis of secondary . L

signals for defense amplificati8r'. Direct and indirect Ch_emlcals. TO _perform biological assays, three

evidences proving the role f1,3-glucanase enzymes chitosan derivatives (CH-63, CH-88 and OLG) of

in protecting tobacco plants against pathogens ha ifferent chem|ca_1I features were used._ C.H'63 and CH

been reported as a result of their activation Hgditon 8_were two thtosan ponme_rs of similar molecular

or the increased resistance in these plants b e'g.ht and d|ﬁerent acetylatlon. degree (Table 1)

constitutive B-1,3-glucanase gene expres§I8A. btained by the basic desacetylation of Cuban éwbst

Similarly, the importance of Phenylalanine Ammonio-ch't'n[21]' Wh_'le OITG was a mixture Of. ch|tosan
Lyase (PAL) and Peroxidase (POD) enzymes for thé)hgo_sacchandes with a_Degree of Polyme_rlzanoﬁ’)(D_
synthesis of structures and secondary defensivelsig ranging from 5-9, obtallned by enzymatic hydrolysis
in tobacco have also been repotéd). from the CH-88 polyme’.

In plant tissues, extra cellular chitind®sand
possibly chitosanas®® in concert with p 1-3  Plant material: Two experiments were performed
glucanasé? are likely to partially degrade fungal cell using tobaccoNicotiana tabacum L.) plants from the
wall polysaccharides producing chitin and chitosanCuban variety “Corojo” cultivated in a substrate
diffusible fragments that may indicate the presesfce ~ Mixture (Pro-Mix, Canada), containing Peat 75-85%
potential pathogen to plant tissue. Chitosan isntlain ~ (Sphagnum canadiense), Vermiculite, Perlite, mogstu

derivative obtained from a natural polymer known asdgent and dolomitic and calcitic limestone for pH
chitin by partial or total deacetylation of its ami adjustment, under semi-controlled conditions with a

groups. It is a polymer formed bp 1-4 linked light/dark and a temperature regime of 16/8 h and
glucosamine residues that could be partially N-28/24°C, respectively.
acetylateft®.

Chitosan causes biological effects as plant growtlplant treatments with chitosan derivatives. In the
promotion, the direct growth inhibition of several first experiment, tobacco plants were grown fordags
microorganisms, mainly fungi and elicits induced before being gently removed from the substratesedn
resistance in plants against their pathogéndt has with distilled water and placed through the roats i
been reported that both, the inhibition of micrdbia eppendorf tubes (one plant per tube) containind-lofm
growth and induction of some defensive responses ithe chitosan derivative solutions (CH-63, CH-88 and
the plant, are affected by chitosan chemical festur 0|G) dissolved at 0.1, 1 and 2.5 glin potassium
such as acetylating degree and molecular wefgft  acetate pH 5.5, 0.01% Tween 80. As control, Tween
However, most of the previous reports, indicatihg t 80/potassium acetate solution was used. Plants were
influence of the mentioned chemical features wergncubated for 1 h and then changed to Hoagland
performed in cell suspensions or in isolated plankpjutions diluted 50 times and again incubated7®h.
organs, never in whole plants. In addition, chitosa Afterward, roots and true leaves were extracted.
concentration differentially affects plant defense

induction and protection against pathogens, dependi Taple 1: Chitosan derivatives and physico-chemibaracterization

on plant specie, type of defense and the parteopthnt  perivative Nomenclature OP DAP
that perceive the chitosan derivatié®*®! Polymer CH-63 794 36.5
In advance, the behavior of LOX activity was Polymer CH-88 813 12

reported in tobacco cell suspensions previoushP!gochitosan Ol 5-9 _ Obl
% Average degree of polymerization determined kscasimetry;”

Se.nSItIZEg with ]asmon_ates and later on eliciteth wi Degree of acetylation by potentiometfy;Degree of acetylation by
ChItOS_a . Recently, it haS_ been fo.und_ that the mALDI-TOF! . Every oligosaccharide in the mixture coexistswo

chemical features of those chitosan derivativeaygat  forms: A non-N acetylated one and the other withyoone

to the plant could influence the activation of someglucosamine N-acetylated
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In the second experiment, 25 day-old tobacco plant ¢, | . R -
were sprayed with two chitosan derivatives (CH-88 a % ab SEx 06
OLG) dissolved at 1 g T in the former potassium EX =
acetate solution (also used as control). Plante Wept Z 6] mmqss abe  abc
in the substrate for 3, 6, 9 and 12 days, respsygtiv 2 50 OLG E T
before extracting true leaves. = a0 S

= c
Plant protein extraction: According to each ~; 3 : d
experiment, true leaves and roots from plantsidreas = 0
stated before, were collected and ground in a eirce 2 10
mortar and pestle in liquid nitrogen. Powderedutss 0]
was extracted in 50 mM sodium acetate buffer pH 5.2 _ 807  Roots SE+0.72
containing 5 mM EDTA, 14 mM3-mercapto-ethanol £ 0] e comrol
and 1.0 M NaCl at the rate of 1 g per 2 mL of bufte Z | ==0Q6
leaves and 1 g per 1 mL for roots. The extract thas z e ——
centrifuged at 12000 g for 15 min at 4°C. The =z 30
supernatant was collected in eppendorf tubes amddst ~ 407
at -60°C for subsequent analysis. § 30 . a . .
o c c
Plant enzyme and protein determinations: gLy e o, 3 de
Enzymatic activities were determined on supernatént Z 10 J HI I HI
root and leaf extractsp-1,3-glucanase activity was 0
determined using laminarine (Sigma, USA) as sutestra Control Digl®  10gl®  25gl™

and according to the methodology of Boudairal.*2., . o o
In the assay, reducing sugars released from lamimar Fig. 1: B-1,3-glucanase enzymatic induction in leaves

were quantified following Somogyi methd#l and and roots of tobacco plants after applying
results were expressed as ug of glucose released pe through the roots with chitosan derivatives of
min per mg of protein (g mihmg™). PAL and POD dlff_erent degree _of aqe_tylatlon and m_olecular
activity was determined using L-Phenyl-alanine and weight. Enzymatic activity was determined on
Guaiacol (Sigma, USA) as substrate, respectively, plant extracts after 3 days of treatments with
following the methodologies described U8By Control, CH-63, CH-88 and OLG. Data are
Enzymatic results of PAL were expressed as nm of mean + SE of triplicate samples from one
transcinnamic acid formed per min per mg of protein representative of two independent experiments

(nm min* mg?). Enzymatic results of POD were o . _

expressed as Units of Enzymatic Activity (UEA) per B-1,3-glucanase activity was activated in roots and
min per mg of protein (UAE mif mg™) and one unit leaves from tobacco plantlets by all three chitosan
was defined as the amount of enzyme causing aflerivatives as shown in Fig. 1. Statistical diffeves
increment of 0.1 absorbance units per min per mg opétween treatments and the control were more
protein. Protein determinations  were pencormedremarkable in plantlet roots than in its leavesoats, a

following a micro Lowry assd and expressed as mg higher and statistically different_ enzymatic adiivi
of protein per fresh weight of plant tissue. Threeffom the copltrol was recgrded. with thg two !oolymers
determinations were performed per treatment an@nly at1g L while the oligochitosan mixture induced
experiments were repeated twice. Data were analyzeftl.3-glucanase activity surpassing the control it
through a simple ANOVA, using the statistical pramr three concentrations tested. In leaves, the less
Statgraphics plus 5.0 for Windows©. Means with theacetylated polymer (0.1 g and oligochitosan
same letters did not differ for p<0.05 in the te§t mixture (1 g ') induced a greater and differef,3-
Tukey. glucanase activity than the control.
Enzymatic response of PAL, followed a different
RESULTS behavior fromp-1,3-glucanase activity, concerning the
] ] ) magnitude of its response, especially in roots.ikga
Defensive enzymes induced in roots and leaves Gfjfferences between induced treatments and theaont
tobacco plants treated by chitosan derivatives Ofyere more remarkable in roots than in leaves (Bg.

different molecular weight and acetylating degree. Higher and statistically different enzymatic inciemts
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from the control were recorded with the three Leaves of tobacco plants sprayed with 17§ af
concentrations of the more acetylated polymer (R-63both chitosan derivatives of different molecularigir
and oligosaccharide mixture. No enzymatic activityinduced the three enzymatic activities in a lorgfitay
different from control was obtained with any of the form (Fig. 4). Generally, activity increments due t
tested concentrations from the less acetylatednpedy chitosan treatments were higher and statistically
which proves an effect of the acetylating degree irdifferent from the control activity levels durindl ¢he
favor of more activity increments with the more experiment.

acetylated polymer in roots (Fig. 2). Chitosan polymer caused the higheptl,3-

In turn, POD activity was more affected by the glucanase activity, twice the control level, at, siine
concentration of derivatives in both organs (Fi§. 3 and 12 days after spraying treatments. The enzgmati
Both polymers induced the highest activity at 1 g L activity was lower with the oligochitosan mixturean
concentration whereas the enzymatic activity induce with the polymer, but without statistical differerscat
by oligochitosan mixture fell down as the concetira  three, six and nine days from being sprayed, witile
increased. Less acetylated polymer activated theeduced its activity after 12 days of treatmeng ().
enzyme above the control with all the three The behavior of PAL activity was quite similar to
concentrations tested; recording a more remarkablthat of B-1,3-glucanase. The highest enzymatic activity
difference over the control in leaves (Fig. 3). corresponded to the polymer, with a sustained three

Time-course induction of defensive enzymes infold increment over the control level, still at days of
tobacco leaves sprayed with chitosan derivatives ofhe treatment. PAL activity induced by oligochitnsa
different molecular weight. was statistically different from the control atebr six
and nine days from plant treatments, but it wasagéwv

% 1301 Leaf a SEao s lower than the activity induced by the chitosanypwr
oo 1;10' . Control ab (Flg 4)
£ }g 1 Q63
T 0] Q-38 abc
£ 1104 — abe abc
= 100 OLG _ . Leaft SEx38.7
= ap ; z | Contiro',
£ 501 - od B ==Q62
E 704 cd = 1600 mmm Q-8
2 601 4 B OLG
Sos0d d = 004
‘S 40 :ED 1200 a a a o
S 30 T
5204 £ 8004 e "
S 101 - dellde
- 09 = 4004 £
= 1304 Foot SEw1 7 -
= }'}g' I Control =R 0
= 1301 == g6 T Root 0,835
E %ig: — 85@3 T 20001 mmm Control : SEn s
= 1001 £ Q-6 b
£ on- @ g = Q-88
= 80 3 oLG
ELS = 200
-5 60 5 1200 c o
= 504 E cd cd
40 . = 800 de de
é fg_ ab ab be ab pe é ef f
R d cd = 4004 I
= L d d 5 00
E§ 1[[; - H. Hl H_
0.1gl?  10gl?  235gL” /
Control g g g 0 Control 01gl” 10gL? 25gL”
Fig. 2: PAL enzymatic induction in leaves and rooks Fig. 3: POD enzymatic induction in leaves and rats

tobacco plants after applying through the roots
with chitosan derivatives of different degree of
acetylation and molecular weight. Enzymatic
activity was determined on plant extracts after
3 days of treatments with Control, CH-63, CH-
88 and OLG. Data are mean = SE of triplicate
samples from one representative of two
independent experiments
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Gilucanase -&- Control DISCUSSION
-~ CH-88

1401 - 0LG Several pathogen compounds have been shown to

1201 trigger defense mechanisms in pl&itS. When these

1001 compounds are applied to certain pathogen-susdéeptib
%0 | plants, they can make them become resistant to that
) pathogen by means of inducing numerous histological
60 1 }\*\K’ and biochemical defensive respof@es Tobacco

401 (Nicotiana tabacum L.) responds to pathogen attack
204 with the temporal and stratified induction of an
NER important number of defensive responses such as the

well-known PR proteid§”?® and intermediate

enzymes of metabolic routes involved in the syrithes
e of secondary defensive structures and the formatfon

chemical barriers that prevent the entry and
401 -\A multiplication of pathoget®.

1601

Chitin and chitosan are essential components of
201 e Control fungal cell wall€” and their fragments are released by
—o CH-88 the action of plant defensive enzymes when both
counterparts come into contact in the pathogenesis
proces¥®*° Chitosan has been involved to induce
defensive responses and plant protection againsy ma
pathogen$*'®l Regarding tobacco, the defensive
response activation by chitosan, such fs€l,3-
glucanase, PAL and lipoxygenase, has been repurted
cell suspensions and plant led&s
This study characterized the enzymatic response in
leaves and roots of whole tobacco plants previously
treated with chitosan derivatives of different gtaton
degree and molecular weight. Results proved a
differential induction of B-1,3-glucanase, PAL and
Days POD activity according to the concentrations tested
chemical characteristics of the derivative used.
Fig. 4. Time-course of enzymatic induction in tobac According to these results, the highest differences
leaves after spraying with chitosan derivativesbetween treatments and the control were recorded in
of different molecular weight3-1,3-glucanase, leaves forf-1,3-glucanase and PAL activity, whereas
PAL and POD were determined on leavethese differences were also remarkable in leavels an
extracts after 3, 6, 9 and 12 days of foliarroots for POD activity. Moreover, it demonstratbatt
application with polymeric (CH-88) and the physiology of defensive activation in each plan
Oligomeric (OLG) chitosan at 1 'L Data are  organ can vary for every defensive response. Silyila
mean * SE of triplicate samples from onethe absolute values of enzymatic activity in all
representative of two independent experiments treatments, including the control, were highereaves
than in roots forp-1,3-glucanase and PAL activities,
The POD activity behavior was different from PAL which could be due to that the leaf is a metablhjica
and B-1,3-glucanase enzymes. The activity levels ofmore active organ with a higher capacity of synthes
both derivatives rose with time up to a maximum inthan the root, thus the expression of defense rsgso
both cases 12 days after spraying plants. The estiym to elicitors in leaves might be higher. It is also
activity induced by oligochitosans was higher andimportant to take into account that the control was
statistically different from the control and chiéms sprayed with potassium acetate (chitosan dissglvent
polymer after three and six days of treatments@rigd  which can induce certain levels of plant defense
different from the control at six and nine days.eTh responses with respect to its basal levels (data no
enzymatic activity was twice as much as the corftrol shown), which can cause certain increments of PAL
both derivatives 12 days after spraying plants.(#)g and POD activities in the control.
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The derivative concentration affected enzymaticdifferent defensive responses in plants. In thiseeand
activities depending on the type of chitosan testégt  contrary to the reported results that demonstrgtét
best results for both polymers were observed aL.l'g and POD activity increments as chitosan polymer DA
for PAL and POD activities; in fact, CH-63 encouzdg increasell®, the synthesis and deposition of the
the highest activity for the three enzymes at thedefensive polymer, known as callose, showed more
mentioned concentration. The enzymatic activity ofincrements when plant suspension cells were dlicite
oligochitosan mixture (OLG) is less dependent om th with lower acetylated chitosan polymé?s
concentration, except for POD, where the highest The influence of chitosan DA and MW on plant
activity occurred at the lowest concentration testad  defensive responses depends on its own biological
decreased as concentration raised. system as well. Plant species play a role, especial
The effect of the chemical characteristics ofwhen they belong to different groups, which couéd b
chitosan on the enzymatic activity was not alwaysthe reason why Vandet al.*®!, who used to work with
observed, neither the effect recorded was simitar f wheat plants (monocots), had different resultsnaigg
every enzyme. It seems there was an effect of théhe influence of DA on the POD activity compared to
polymer acetylation degree on PAL activity in fawfr  ours and Cabreret al.™® working with dicots.
more activity increments for higher acetylation chess. In the second experiment, it was demonstrated that
This influence was only detected at root level;deen chitosan derivatives of different molecular weigfain
maybe the effect of the Degree of Acetylation (0X)  induce lasting defensive responses in tobacco $eave
PAL could only act on the directly elicited organ; when plants are previously sprayed. These defensive
however, it is not systemically transmitted to othe responses can be activated in higher levels than th
plant organs. Conversely, POD activity was benefite control for, at least, 12 days according to theiltesof
by the less acetylated polymer, since the thre@ach enzyme evaluated. Generally, results showed a
concentrations in both organs induced enzymati¢emarkable activity difference for the three enzgme
activity above the control. It seems that, in ca‘sm|s_ tested between the polymer and the oligochitosan
enzyme, the effect of DA was systemically transeditt mjxture, favoring a higher activity with the polyme
to leaves. Thus, the effect of chitosan acetylatiegree  and having significant differences in the first siays
could be locally or systemically induced, depending  concerning PAL and POD activities. As consequence,
each enzymatic response tested. , we conclude that the reduction of molecular weight
~ There are some previous reports in literatureinigal pito5an polymer until the values of degree of
with the effect of chitosan DA and MW on the indaot v merization of the mixture tested reduced thele
of PAL and POD enzymatic activity; however, theyeve ¢ on;umatic activity induced, regarding the origin
performed in cell suspensidtis or b;)e%ssays BY polymer. Former authors speculated about the
injecting chitosan derivatives in plant leavésTo our possibility that chitosan polymers and its fragnseste
I:r?:vg_lrestzg?&]tgeﬁﬁ;c; Ofﬁglteh ?:t::(r:rl%teri,avr\]/tass Sﬂl.’:?fth not equally perceived in the plasmatic membrane of
st ime | W plants, wi plant$®. Meanwhile, possible protein candidates have

p055|_lt)le influence of the organ ?1‘3-,]"8”5 on thegyion been found for oligochitosan receptors, which séweah
of chitosan features. Vander al.* demonstrated that : . . .
polymer interaction with membrane does not occuh wi

the acetylation degree increments in chitosan petym a receptor itself but by means of interactions

increased PAL and POD response levels. The reslts chitosan polycationic groups and the negativelygba

this study are in agreement with the previous does hospholivids of th b that. in t hai
PAL enzyme activation, but they are opposed to thd1OSPNOIIPIAS of the mem rg"f]me at, In turn, unchai
membrane integrity chand®€s™®.

results reported by these authors for the influeotce '
DA on PO?D activat)i/on. On the other hand, since OLG needs a lower

Nevertheless, the results of this study are irfoncentration (0,1 gt than the original polymer (CH-
agreement with other recent ones explaining thaB8: 1 g L) to achieve high enzymatic levels (Fig. 1-3),
oligochitosan mixtures with low DA caused a higherit is possible to speculate that plant membranesepee
accumulation of KO, in suspension cells of better chitosan fragments than polymeric ones, so
Arabidopsis thaliana than similar mixtures withieg ~ maybe the higher (PAL) and lastinf-1,3-glucanase)
DALY, Taking into account that 4, increments or activity found for chitosan polymer (CH-88) respést
excessive accumulation are processed by peroxida$elG (Fig. 4) is a consequence from the differential
enzymes present in different cellular locatidrié, it ~ chitosanolytic degradation of both elicitors by the
can be expected a peroxidase activity incrementwhe€nzymatic machinery of tobacco cells. Chitinolytic
increasing HO, cell levels. On the other hand, €nzymes have been previously reported in the eellul
literature shows different responses to chitosanfaxa  apoplast of plants”.
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According to the time-course enzymatic responsesgainst pathogens. Besides the basic importance of

(Fig. 4), B-1,3-glucanase and even PAL activities differential

activation of defensive enzymes with

induced by the oligochitosan mixture (OLG) decréase different chitosan derivatives, these results caldd be

almost to control levels about 12 days after sprgyi

worth for future practical protection of tobaccams

whereas polymer activation kept the enzymatic levehgainst pathogen attacks with chitosan derivatives.

two times over the control. This difference coulvé a
meaning in a long-lasting plant resistance anditle
be caused by a faster degradation, through plant
chitosanases, of the OLG elicitor with respect to
chitosan polymer. In addition, the reduction (i, 3-

ACKNOWLEDGEMENT

Thanks to CONACyT-Mexico and International
Foundation for Sciences for

its financial support

glucanase and PAL activities at 12 days could bdProject F-4446-1). This research is part of a Fsis
related to other defensive response incrementsoras Of the first author performed at Instituto Nacioms
instance the very high POD activity recorded at 12Ciencias Agricolas, Cuba and Centro de Investigacio

days. This idea could be supported by the fact thagn
plants must do a balance in the energy cost tadahei

Alimentacién y Desarrollo, A. C., Mexico, in

collaboration with Universitaires Notre-Dame de la

loss of precursors and energy from primary progease Paix, Namur, Belgium, and Universidad de la Habana,
growth and development. That is the reason whycuba. Thanks to Olivia Bricefio and Socorro Vallgjo

induced resistance is a temporal and inducibleoresp

technical

assistance and Emmanuel Aispuro for

in plants and could be regulated as the synthesis a reviewing the manuscript.

degradation of chemical compounds. This subject is
very interesting to search for chitosan derivatisege
several papers reported the impact of induced
resistance, by elicitor application, on plant growind
developmeri?.

Because of the critical role in tobacco resistasfce
PAL, as a key enzyme in the phenylpropanoid pathway
directed to precursors of metabolic and anatomic
defenséé®: POD, as a group of essential enzymes inp.
the formation and metabolism of reactive oxygen
species and intramolecular reticulation of phenals
plant cell wal*? and PR-proteins, g5 1-3 glucanase
that hydrolyses thep 1-3 glucan components of 3.
pathogen cell wadf?! and it is associated to tobacco
resistance against pathogéhsthe activation of these
three enzymes two to three times above the leviief
control in a lasting way, presupposes the activatib
induced resistance against pathogens and opens 42
qguestion about the particular importance of each
enzyme in tobacco protection against a specific
pathogen. Recently, we demonstrated the activatfon
systemic resistance in this tobacco variety agdhst
nicotianae by chitosan derivativ&€s.. In the near future, 5.
we are interested in investigating the relationship
between tobacco resistance agaiRsticotianae and
the particular weight of every enzyme tested in the
plant protection induced by chitosan derivatives.

In brief, this study proved that various chitosan
derivatives induced and raised lastifd,3-glucanase,
PAL and POD activities in tobacco leaves and rests
local or systemic responses, which could lead ® th
accumulation of secondary metabolites and formation
of barriers that all together enhance plant resigta
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