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Abstract: Problem statement: The chitosan derivatives promote diverse defensive responses in
plants, which are affected by chitosan chemical features and concentration. Glucanase (EC 3.2.1.6),
Phenylalanine Ammonia-Lyase (PAL, EC 4.3.1.5) and peroxidase (POD, EC 1.11.1.6) are key
enzymes in tobacco defense responses. Thus, the aim of this study was to know the behavior of their
enzymatic activity in leaves and roots of whole tobacco plants, previously elicited with chitosan
derivatives of different molecular weight and acetylating degree. Approach: 25 day-old tobacco plants
were treated with three chitosan derivatives (CH- 63, CH-88 and OLG) of different chemical features.
True leaves and roots were sampled after three, six, nine and 12 days post-treatment for further
evaluation of the enzymatic activities. Results: Chitosan treatments increased the activity of all three
studied enzymes depending on the concentration and chemical feature of the derivative. The highest
enzymatic activities with polymers occurred at 1 g L−1 while the oligochitosan mixture achieved good
enzymatic levels as compared to controls from 0.1 g L−1 onwards. The Degree of Acetylation (DA)
affected PAL activity; a more acetylated polymer induced a higher activity than a less acetylated one.
However, the low levels of acetylation favored POD activity. The systemic induction of enzymatic
activities was detected in leaves of treated plants after root application. The effect of the acetylation
degree was systemically transmitted to the leaves by POD, but not by PAL activity; so the transmission
of the acetylating degree influence beyond the tissue directly elicited by chitosan polymer depended on
each enzymatic response tested. Conclusion: This study proved that various chitosan derivatives
induced and raised lasting β-1,3-glucanase, PAL and POD activities in tobacco leaves and roots as
local or systemic responses, which could lead to the accumulation of secondary metabolites and
formation of barriers that all together enhance plant resistance against pathogens.
Key words: Induced resistance, PR-proteins, systemic response, acetylating degree
signal molecules from plant and fungal cell wall
released in the pathogenesis process and recognized by
plant cell membranes. This recognition triggers a wide
range of plant enzymatic and chemical arsenal that
attacks and degrades pathogen cell wall, removing

INTRODUCTION
Plants respond to pathogen attack with a complex
set of preformed structures and inducible reactions. The
inducible reactions require the perception of primary
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defensive responses in whole plants of tobacco[20].
According to the above-mentioned, the aim of this
study was to know the behavior of defensive enzymes
activated in leaves and roots of whole tobacco plants,
previously elicited with chitosan derivatives of different
molecular weight and acetylating degree.

oligosaccharides from this structure. The recognition of
these exogenous oligosaccharides by the plant is known
to amplify defensive signals as well as the number and
magnitude of its responses against the pathogen[1,2].
As inducible defensive responses, tobacco plants
activate a great number of defense proteins including
PR proteins[3] and intermediate enzymes of metabolic
pathways that generate compounds of the secondary
metabolism and biochemical barriers for pathogen
contention[4], as well as the synthesis of secondary
signals for defense amplification[4,5]. Direct and indirect
evidences proving the role of β-1,3-glucanase enzymes
in protecting tobacco plants against pathogens have
been reported as a result of their activation by infection
or the increased resistance in these plants by
constitutive β-1,3-glucanase gene expression[3,6,7].
Similarly, the importance of Phenylalanine AmmonioLyase (PAL) and Peroxidase (POD) enzymes for the
synthesis of structures and secondary defensive signals
in tobacco have also been reported [4,8,9].
In plant tissues, extra cellular chitinases[10] and
possibly chitosanases[11] in concert with β 1-3
glucanase[12] are likely to partially degrade fungal cell
wall polysaccharides producing chitin and chitosan
diffusible fragments that may indicate the presence of a
potential pathogen to plant tissue. Chitosan is the main
derivative obtained from a natural polymer known as
chitin by partial or total deacetylation of its amino
groups. It is a polymer formed by β 1-4 linked
glucosamine residues that could be partially Nacetylated[13].
Chitosan causes biological effects as plant growth
promotion, the direct growth inhibition of several
microorganisms, mainly fungi and elicits induced
resistance in plants against their pathogens[14]. It has
been reported that both, the inhibition of microbial
growth and induction of some defensive responses in
the plant, are affected by chitosan chemical features
such as acetylating degree and molecular weight[14-16].
However, most of the previous reports, indicating the
influence of the mentioned chemical features were
performed in cell suspensions or in isolated plant
organs, never in whole plants. In addition, chitosan
concentration differentially affects plant defense
induction and protection against pathogens, depending
on plant specie, type of defense and the part of the plant
that perceive the chitosan derivative[14,16-18].
In advance, the behavior of LOX activity was
reported in tobacco cell suspensions previously
sensitized with jasmonates and later on elicited with
chitosan[19]. Recently, it has been found that the
chemical features of those chitosan derivatives sprayed
to the plant could influence the activation of some

MATERIALS AND METHODS
Chemicals: To perform biological assays, three
chitosan derivatives (CH-63, CH-88 and OLG) of
different chemical features were used. CH-63 and CH88 were two chitosan polymers of similar molecular
weight and different acetylation degree (Table 1)
obtained by the basic desacetylation of Cuban lobster
chitin[21], while OLG was a mixture of chitosan
oligosaccharides with a Degree of Polymerization (DP)
ranging from 5-9, obtained by enzymatic hydrolysis
from the CH-88 polymer[16].
Plant material: Two experiments were performed
using tobacco (Nicotiana tabacum L.) plants from the
Cuban variety “Corojo” cultivated in a substrate
mixture (Pro-Mix, Canada), containing Peat 75-85%
(Sphagnum canadiense), Vermiculite, Perlite, moisture
agent and dolomitic and calcitic limestone for pH
adjustment, under semi-controlled conditions with a
light/dark and a temperature regime of 16/8 h and
28/24°C, respectively.
Plant treatments with chitosan derivatives: In the
first experiment, tobacco plants were grown for 25 days
before being gently removed from the substrate, rinsed
with distilled water and placed through the roots in
eppendorf tubes (one plant per tube) containing 1 mL of
the chitosan derivative solutions (CH-63, CH-88 and
OLG) dissolved at 0.1, 1 and 2.5 g L−1 in potassium
acetate pH 5.5, 0.01% Tween 80. As control, Tween
80/potassium acetate solution was used. Plants were
incubated for 1 h and then changed to Hoagland
solutions diluted 50 times and again incubated for 72 h.
Afterward, roots and true leaves were extracted.
Table 1: Chitosan derivatives and physico-chemical characterization
Derivative
Nomenclature
DPa
DAb
Polymer
CH-63
794
36.5
Polymer
CH-88
813
12
Oligochitosan
OLG
5-9
0-1c
a
: Average degree of polymerization determined by viscosimetry; b:
Degree of acetylation by potentiometry; c: Degree of acetylation by
MALDI-TOF[16]. Every oligosaccharide in the mixture coexists in two
forms: A non-N acetylated one and the other with only one
glucosamine N-acetylated
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In the second experiment, 25 day-old tobacco plants
were sprayed with two chitosan derivatives (CH-88 and
OLG) dissolved at 1 g L−1 in the former potassium
acetate solution (also used as control). Plants were kept
in the substrate for 3, 6, 9 and 12 days, respectively,
before extracting true leaves.
Plant protein extraction: According to each
experiment, true leaves and roots from plants, treated as
stated before, were collected and ground in a porcelain
mortar and pestle in liquid nitrogen. Powdered tissue
was extracted in 50 mM sodium acetate buffer pH 5.2
containing 5 mM EDTA, 14 mM β-mercapto-ethanol
and 1.0 M NaCl at the rate of 1 g per 2 mL of buffer for
leaves and 1 g per 1 mL for roots. The extract was then
centrifuged at 12000 g for 15 min at 4°C. The
supernatant was collected in eppendorf tubes and stored
at -60°C for subsequent analysis.
Plant enzyme and protein determinations:
Enzymatic activities were determined on supernatant of
root and leaf extracts. β-1,3-glucanase activity was
determined using laminarine (Sigma, USA) as substrate
and according to the methodology of Boudart et al.[22].
In the assay, reducing sugars released from laminarine
were quantified following Somogyi method[23] and
results were expressed as µg of glucose released per
min per mg of protein (µg min−1 mg−1). PAL and POD
activity was determined using L-Phenyl-alanine and
Guaiacol (Sigma, USA) as substrate, respectively,
following the methodologies described by[15].
Enzymatic results of PAL were expressed as nm of
transcinnamic acid formed per min per mg of protein
(nm min−1 mg−1). Enzymatic results of POD were
expressed as Units of Enzymatic Activity (UEA) per
min per mg of protein (UAE min−1 mg−1) and one unit
was defined as the amount of enzyme causing an
increment of 0.1 absorbance units per min per mg of
protein. Protein determinations were performed
following a micro Lowry assay[24] and expressed as mg
of protein per fresh weight of plant tissue. Three
determinations were performed per treatment and
experiments were repeated twice. Data were analyzed
through a simple ANOVA, using the statistical program
Statgraphics plus 5.0 for Windows©. Means with the
same letters did not differ for p<0.05 in the test of
Tukey.

Fig. 1: β-1,3-glucanase enzymatic induction in leaves
and roots of 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
β-1,3-glucanase activity was activated in roots and
leaves from tobacco plantlets by all three chitosan
derivatives as shown in Fig. 1. Statistical differences
between treatments and the control were more
remarkable in plantlet roots than in its leaves. In roots, a
higher and statistically different enzymatic activity
from the control was recorded with the two polymers
only at 1 g L−1 while the oligochitosan mixture induced
β-1,3-glucanase activity surpassing the control with the
three concentrations tested. In leaves, the less
acetylated polymer (0.1 g L−1) and oligochitosan
mixture (1 g L−1) induced a greater and different β-1,3glucanase activity than the control.
Enzymatic response of PAL, followed a different
behavior from β-1,3-glucanase activity, concerning the
magnitude of its response, especially in roots. Again,
differences between induced treatments and the control
were more remarkable in roots than in leaves (Fig. 2).
Higher and statistically different enzymatic increments

RESULTS
Defensive enzymes induced in roots and leaves of
tobacco plants treated by chitosan derivatives of
different molecular weight and acetylating degree.
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from the control were recorded with the three
concentrations of the more acetylated polymer (Q-63)
and oligosaccharide mixture. No enzymatic activity
different from control was obtained with any of the
tested concentrations from the less acetylated polymer,
which proves an effect of the acetylating degree in
favor of more activity increments with the more
acetylated polymer in roots (Fig. 2).
In turn, POD activity was more affected by the
concentration of derivatives in both organs (Fig. 3).
Both polymers induced the highest activity at 1 g L−1
concentration whereas the enzymatic activity induced
by oligochitosan mixture fell down as the concentration
increased. Less acetylated polymer activated the
enzyme above the control with all the three
concentrations tested; recording a more remarkable
difference over the control in leaves (Fig. 3).
Time-course induction of defensive enzymes in
tobacco leaves sprayed with chitosan derivatives of
different molecular weight.

Leaves of tobacco plants sprayed with 1 g L−1 of
both chitosan derivatives of different molecular weight
induced the three enzymatic activities in a long-lasting
form (Fig. 4). Generally, activity increments due to
chitosan treatments were higher and statistically
different from the control activity levels during all the
experiment.
Chitosan polymer caused the highest β-1,3glucanase activity, twice the control level, at six, nine
and 12 days after spraying treatments. The enzymatic
activity was lower with the oligochitosan mixture than
with the polymer, but without statistical differences at
three, six and nine days from being sprayed, while it
reduced its activity after 12 days of treatment (Fig. 4).
The behavior of PAL activity was quite similar to
that of β-1,3-glucanase. The highest enzymatic activity
corresponded to the polymer, with a sustained threefold increment over the control level, still at 12 days of
the treatment. PAL activity induced by oligochitosans
was statistically different from the control at three, six
and nine days from plant treatments, but it was always
lower than the activity induced by the chitosan polymer
(Fig. 4).

Fig. 2: PAL enzymatic induction in leaves and roots of
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, CH88 and OLG. Data are mean ± SE of triplicate
samples from one representative of two
independent experiments

Fig. 3: POD enzymatic induction in leaves and roots of
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, CH88 and OLG. Data are mean ± SE of triplicate
samples from one representative of two
independent experiments
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DISCUSSION
Several pathogen compounds have been shown to
trigger defense mechanisms in plants[25,26]. When these
compounds are applied to certain pathogen-susceptible
plants, they can make them become resistant to that
pathogen by means of inducing numerous histological
and biochemical defensive responses[2]. Tobacco
(Nicotiana tabacum L.) responds to pathogen attack
with the temporal and stratified induction of an
important number of defensive responses such as the
well-known PR proteins[7,27,28] and intermediate
enzymes of metabolic routes involved in the synthesis
of secondary defensive structures and the formation of
chemical barriers that prevent the entry and
multiplication of pathogens[4,8].
Chitin and chitosan are essential components of
fungal cell walls[29] and their fragments are released by
the action of plant defensive enzymes when both
counterparts come into contact in the pathogenesis
process[26,30]. Chitosan has been involved to induce
defensive responses and plant protection against many
pathogens[14,18]. Regarding tobacco, the defensive
response activation by chitosan, such as β-1,3glucanase, PAL and lipoxygenase, has been reported in
cell suspensions and plant leaves[19].
This study characterized the enzymatic response in
leaves and roots of whole tobacco plants previously
treated with chitosan derivatives of different acetylation
degree and molecular weight. Results proved a
differential induction of β-1,3-glucanase, PAL and
POD activity according to the concentrations tested and
chemical characteristics of the derivative used.
According to these results, the highest differences
between treatments and the control were recorded in
leaves for β-1,3-glucanase and PAL activity, whereas
these differences were also remarkable in leaves and
roots for POD activity. Moreover, it demonstrates that
the physiology of defensive activation in each plant
organ can vary for every defensive response. Similarly,
the absolute values of enzymatic activity in all
treatments, including the control, were higher in leaves
than in roots for β-1,3-glucanase and PAL activities,
which could be due to that the leaf is a metabolically
more active organ with a higher capacity of synthesis
than the root, thus the expression of defense responses
to elicitors in leaves might be higher. It is also
important to take into account that the control was
sprayed with potassium acetate (chitosan dissolvent),
which can induce certain levels of plant defense
responses with respect to its basal levels (data not
shown), which can cause certain increments of PAL
and POD activities in the control.

Fig. 4: Time-course of enzymatic induction in tobacco
leaves after spraying with chitosan derivatives
of different molecular weight. β-1,3-glucanase,
PAL and POD were determined on leave
extracts after 3, 6, 9 and 12 days of foliar
application with polymeric (CH-88) and
Oligomeric (OLG) chitosan at 1 g L−1. Data are
mean ± SE of triplicate samples from one
representative of two independent experiments
The POD activity behavior was different from PAL
and β-1,3-glucanase enzymes. The activity levels of
both derivatives rose with time up to a maximum in
both cases 12 days after spraying plants. The enzymatic
activity induced by oligochitosans was higher and
statistically different from the control and chitosan
polymer after three and six days of treatments and only
different from the control at six and nine days. The
enzymatic activity was twice as much as the control for
both derivatives 12 days after spraying plants (Fig. 4).
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The derivative concentration affected enzymatic
activities depending on the type of chitosan tested. The
best results for both polymers were observed at 1 g L−1
for PAL and POD activities; in fact, CH-63 encouraged
the highest activity for the three enzymes at the
mentioned concentration. The enzymatic activity of
oligochitosan mixture (OLG) is less dependent on the
concentration, except for POD, where the highest
activity occurred at the lowest concentration tested and
decreased as concentration raised.
The effect of the chemical characteristics of
chitosan on the enzymatic activity was not always
observed, neither the effect recorded was similar for
every enzyme. It seems there was an effect of the
polymer acetylation degree on PAL activity in favor of
more activity increments for higher acetylation degrees.
This influence was only detected at root level; hence,
maybe the effect of the Degree of Acetylation (DA) on
PAL could only act on the directly elicited organ;
however, it is not systemically transmitted to other
plant organs. Conversely, POD activity was benefited
by the less acetylated polymer, since the three
concentrations in both organs induced enzymatic
activity above the control. It seems that, in case of this
enzyme, the effect of DA was systemically transmitted
to leaves. Thus, the effect of chitosan acetylating degree
could be locally or systemically induced, depending on
each enzymatic response tested.
There are some previous reports in literature dealing
with the effect of chitosan DA and MW on the induction
of PAL and POD enzymatic activity; however, they were
performed in cell suspensions[16] or bioassays by
injecting chitosan derivatives in plant leaves[15]. To our
knowledge, the effect of both parameters was studied for
the first time in the whole tobacco plants, with the
possible influence of the organ coverts on the perception
of chitosan features. Vander et al.[15] demonstrated that
the acetylation degree increments in chitosan polymer
increased PAL and POD response levels. The results of
this study are in agreement with the previous ones for
PAL enzyme activation, but they are opposed to the
results reported by these authors for the influence of
DA on POD activation.
Nevertheless, the results of this study are in
agreement with other recent ones explaining that
oligochitosan mixtures with low DA caused a higher
accumulation of H2O2 in suspension cells of
Arabidopsis thaliana than similar mixtures with higher
DA[16]. Taking into account that H2O2 increments or
excessive accumulation are processed by peroxidase
enzymes present in different cellular locations[31,32], it
can be expected a peroxidase activity increment when
increasing H2O2 cell levels. On the other hand,
literature shows different responses to chitosan DA for

different defensive responses in plants. In this sense and
contrary to the reported results that demonstrated PAL
and POD activity increments as chitosan polymer DA
increased[15], the synthesis and deposition of the
defensive polymer, known as callose, showed more
increments when plant suspension cells were elicited
with lower acetylated chitosan polymers[33].
The influence of chitosan DA and MW on plant
defensive responses depends on its own biological
system as well. Plant species play a role, especially
when they belong to different groups, which could be
the reason why Vander et al.[15], who used to work with
wheat plants (monocots), had different results regarding
the influence of DA on the POD activity compared to
ours and Cabrera et al.[16] working with dicots.
In the second experiment, it was demonstrated that
chitosan derivatives of different molecular weight can
induce lasting defensive responses in tobacco leaves
when plants are previously sprayed. These defensive
responses can be activated in higher levels than the
control for, at least, 12 days according to the results of
each enzyme evaluated. Generally, results showed a
remarkable activity difference for the three enzymes
tested between the polymer and the oligochitosan
mixture, favoring a higher activity with the polymer
and having significant differences in the first six days
concerning PAL and POD activities. As consequence,
we conclude that the reduction of molecular weight of
chitosan polymer until the values of degree of
polymerization of the mixture tested reduced the levels
of enzymatic activity induced, regarding the original
polymer. Former authors speculated about the
possibility that chitosan polymers and its fragments are
not equally perceived in the plasmatic membrane of
plants[26]. Meanwhile, possible protein candidates have
been found for oligochitosan receptors, which seem that
polymer interaction with membrane does not occur with
a receptor itself but by means of interactions between
chitosan polycationic groups and the negatively charged
phospholipids of the membrane that, in turn, unchain
membrane integrity changes[15,33].
On the other hand, since OLG needs a lower
concentration (0,1 g L−1) than the original polymer (CH88; 1 g L−1) to achieve high enzymatic levels (Fig. 1-3),
it is possible to speculate that plant membranes perceive
better chitosan fragments than polymeric ones, so
maybe the higher (PAL) and lasting (β-1,3-glucanase)
activity found for chitosan polymer (CH-88) respect to
OLG (Fig. 4) is a consequence from the differential
chitosanolytic degradation of both elicitors by the
enzymatic machinery of tobacco cells. Chitinolytic
enzymes have been previously reported in the cellular
apoplast of plants[10].
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According to the time-course enzymatic responses
(Fig. 4), β-1,3-glucanase and even PAL activities
induced by the oligochitosan mixture (OLG) decreased
almost to control levels about 12 days after spraying,
whereas polymer activation kept the enzymatic level
two times over the control. This difference could have a
meaning in a long-lasting plant resistance and it could
be caused by a faster degradation, through plant
chitosanases, of the OLG elicitor with respect to
chitosan polymer. In addition, the reduction of β-1,3glucanase and PAL activities at 12 days could be
related to other defensive response increments, as for
instance the very high POD activity recorded at 12
days. This idea could be supported by the fact that
plants must do a balance in the energy cost to avoid the
loss of precursors and energy from primary processes as
growth and development. That is the reason why
induced resistance is a temporal and inducible response
in plants and could be regulated as the synthesis and
degradation of chemical compounds. This subject is
very interesting to search for chitosan derivatives since
several papers reported the impact of induced
resistance, by elicitor application, on plant growth and
development[34].
Because of the critical role in tobacco resistance of
PAL, as a key enzyme in the phenylpropanoid pathway
directed to precursors of metabolic and anatomic
defenses[4,9]; POD, as a group of essential enzymes in
the formation and metabolism of reactive oxygen
species and intramolecular reticulation of phenols in
plant cell wall[8,32] and PR-proteins, as β 1-3 glucanase
that hydrolyses the β 1-3 glucan components of
pathogen cell wall[12] and it is associated to tobacco
resistance against pathogens[7]; the activation of these
three enzymes two to three times above the level of the
control in a lasting way, presupposes the activation of
induced resistance against pathogens and opens a
question about the particular importance of each
enzyme in tobacco protection against a specific
pathogen. Recently, we demonstrated the activation of
systemic resistance in this tobacco variety against P.
nicotianae by chitosan derivatives[20]. In the near future,
we are interested in investigating the relationship
between tobacco resistance against P. nicotianae 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 lasting β-1,3-glucanase,
PAL and POD activities in tobacco leaves and roots as
local or systemic responses, which could lead to the
accumulation of secondary metabolites and formation
of barriers that all together enhance plant resistance

against pathogens. Besides the basic importance of
differential activation of defensive enzymes with
different chitosan derivatives, these results could also be
worth for future practical protection of tobacco plants
against pathogen attacks with chitosan derivatives.
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