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Abstract: The coffee industry faces coffee leaf rust caused by Hemileia vastratix, which is considered
the most devastating disease of the crop, as it reduces the photosynthetic rate and limits productivity.
The use of plant resistance inducers, such as chitosan, is an alternative for the control of the disease
by inducing the synthesis of phytoalexins, as well as the activation of resistance genes. Previously,
the effect of chitosan from different sources and physicochemical properties was studied; however,
its mechanisms of action have not been fully elucidated. In this work, the ability of food-grade high-
density chitosan (0.01% and 0.05%) to control the infection caused by the pathogen was evaluated.
Subsequently, the effect of high-density chitosan (0.05%) on the induction of pathogenesis-related
gene expression (GLUC, POX, PAL, NPR1, and CAT), the enzymatic activity of pathogenesis-related
proteins (GLUC, POX, SOD, PPO, and APX), and phytoalexin production were evaluated. The
results showed that 0.05% chitosan increased the activity and gene expression of f5-1,3 glucanases
and induced a differentiated response in enzymes related to the antioxidant system of plants. In
addition, a correlation was observed between the activities of polyphenol oxidase and the production
of phytoalexin, which allowed an effective defense response in coffee plants.

Keywords: Hemileia vastatrix; Coffea arabica; chitosan; NPR1; coffee rust

1. Introduction

Coffee is classified as one of the agricultural products with the highest economic value
worldwide [1]. In Mexico, coffee growing is an important economic activity, positioning
it as the eleventh largest producer country in the world, with an estimated production
of 900,215 tons in 2020 [2]. However, there are increasing threats to coffee production
due to pests, diseases, and adverse climatic conditions. Among these limitations in coffee
production, the most devastating disease is coffee leaf rust caused by Hemileia vastatrix.
Under favorable conditions for the pathogen, it can cause defoliation of up to 50% and
losses between 30 and 50% in production yield [3]. Resistant varieties and the application
of agrochemicals, mainly copper-based, are used to control the disease [4]. Despite the
release of some resistant cultivars in recent years, the rust continues to negatively affect
production and undermine the income of producers due to the appearance of new strains
and new outbreaks of the disease [5]. The use of agrochemicals continues to be the most
widely used option for its control, although their use has several drawbacks, including
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their cost, toxicity, harmful effect on the environment, and the development of resistance,
which makes their use difficult in urban areas and traditional low-scale crops. This makes
it necessary and a priority to search for ecological and safe alternatives in the agricultural
sector [6]. Among these alternatives, the use of elicitors has been explored, whose purpose
is to activate the defense response of plants with the application of low concentrations and
are characterized by being of natural or synthetic origin [7]; in coffee plants, the use of these
molecules has been documented with positive effects [8-10].

Recently, research has been reported on the role of chitosan as a plant defense inducer
in Coffea arabica for the control of coffee rust [11]. The mechanism of action of chitosan as an
elicitor has been described for some plants, although not completely in coffee. Chitosan is
recognized by plasma membrane receptors and induces the transcription of defense-related
genes, which is reflected in the synthesis of proteins and metabolites of interest. It has been
documented that chitosan increases transcriptional levels of 3-1,3 glucanases, chitinases,
PR1, Pti5, and WRKY26, phenylalanine ammonium lyase (PAL), resveratrol synthase, as
well as the antioxidant enzyme system. In addition, it regulates stomata opening and
stimulates the generation of reactive oxygen species (ROS) and energy production [12,13].
However, there are different chitosans on the market that vary in price, purity, source, and
process of obtaining them, which leads to different physicochemical properties, and the
response in plants can also vary.

In a study conducted by Lopez-Velazquez et al. [11], the effect of the physicochemical
properties of commercial chitosans of low and medium molecular weight, as well as
practical (Sigma-Aldrich) and high density (food grade) chitosan was used. The results
of this work showed that the viscosity of chitosan is an important parameter due to
adherence to the plant, whereas molecular weight and degree of acetylation did not show
differential effects. In addition, it was observed that chitosan influences the plant defense
system, increasing the activity levels of 3-1,3 glucanases and peroxidases. The biological
effectiveness of coffee rust of chitosans from different methods of production, such as
conventional chemical (practical grade) and biotechnological (enzymatic process), has also
been evaluated [14]. The best protection response was observed with the chitosan obtained
by the chemical method, presenting a higher level of PR enzyme activity ((3-1,3 glucanases
and peroxidases) in plants treated with chitosan and the pathogen. Both practical-grade
chitosan and high-density chitosan showed higher protection against coffee rust [11].
However, practical grade chitosan has been extensively studied and is characterized by
higher purity but also higher cost, which could discourage its use. However, high-density
chitosan, although of lower purity, can be purchased at a lower price and is readily available,
facilitating its use in agriculture.

The defense response induced by practical-grade chitosan has already been reported
for coffee [11], although the biochemical and molecular response of this induced resistance
remains to be described in more detail. In addition, it is necessary to verify whether the
effect of defense induction in other chitosans is maintained or equivalent to that induced
by practical grade chitosan. In this work, the biological effectiveness of two concentrations
of high-density (food-grade) chitosan as an elicitor in the protection against coffee rust was
evaluated. The concentration that induced the highest protection against rust was selected
to identify the biochemically and molecularly induced defense mechanism triggered in
coffee plants susceptible to H. vastatrix.

2. Results
2.1. Biological Effectiveness Test

The disease occurred in all treatments inoculated with H. vastatrix. However, the
severity of the infection was different for each treatment. Plants in the control treatment
(C) showed no signs of the disease, no defoliation occurred during the experiment, and
no colonization of the pathogen was verified by microscopy (Figure 1). The treatment
inoculated with the pathogen (H) showed 100% disease incidence, and the area under the
disease progress curve (AUDPC) value was 102 (Table 1). In all cases where the disease was
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observed, the plants showed the characteristic symptoms of coffee rust, defoliation, leaves
with chlorosis, and the appearance of yellow or orange spots on the leaves (Figure 1a,b). On
the other hand, in the treatments that were inoculated with the pathogen and treated with
high-density chitosan 0.01% (Q1) and 0.05% (Q5), although they presented 100% disease
incidence, the severity of infection was lower in treatment Q5 (Table 1). Microscopy tests
showed that the mycelium of the pathogen was present in both treatments, although, in
the Q5 treatment, cell death was also observed in the infected tissue (Figure 1c).

(@) (®) - ©

Q1

Q5

Figure 1. Biological effectiveness test 90 days after inoculation. (a) Biological effectiveness test,
(b) disease leaves, and (c) presence of pathogen. (C) Plants without treatment, (H) plants inoculated
with Hemileia vastatrix, (Q1) plants sprayed with 0.01% high-density chitosan and inoculated with
H. vastatrix, and (Q5) plants sprayed with 0.05% high-density chitosan and inoculated with H. vastatrix.
The red circles indicate the area of the leaf where the pathogen was observed.

Table 1. Disease parameters evaluated.

Treatment Disease Incidence (%) AUDPC (au)
C 0 00+00c
H 100 102 £ 143 a
Q1 100 40.0 £20.6b
Q5 100 250+ 11.66b

The treatments correspond to: (C) plants without treatment, (H) plants inoculated with Hemileia vastatrix,
(Q1) plants sprayed with 0.01% high-density chitosan and inoculated with H. vastatrix, and (Q5) plants sprayed
with 0.05% high-density chitosan and inoculated with H. vastatrix. Values presented are means with standard
deviation. Values with different letters show statistically significant differences at the 95% LSD confidence level
(p < 0.05). au: Arbitrary units.
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2.2. PR-Protein Activity and Phytoalexin Accumulation

For the evaluation of the defense mechanisms induced by chitosan, a concentration of
0.05% was chosen. The activity of enzymes related to pathogenesis (PR) and plant defense,
such as (3-1,3 glucanases, peroxidases, superoxide dismutase, ascorbate peroxidase, and
polyphenol oxidase, was evaluated, as well as the accumulation of phytoalexins through
the content of total phenolic compounds. For 3-1,3-glucanase activity, it was observed that
plants inoculated with the pathogen (H) presented a significant decrease in activity starting
at 12 h after inoculation with the pathogen that was maintained until 24 h (Figure 2a). An
increase in the level of the control was observed at 48 h and a significant decrease at 72 h.
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Figure 2. PR protein activity of (a) 3-1,3 glucanase, (b) peroxidase, (c) ascorbate peroxidase,
(d) superoxide dismutase, and (e) polyphenol oxidase. Phytoalexin accumulation of (f) total phenolics
compounds. (C) Plants without treatment, (H) plants inoculated with Hemileia vastatrix, (Q) plants
sprayed with 0.05% food chitosan, and (QH) plants sprayed with 0.05% food chitosan and inoculated
with H. vastatrix. Values presented are means with standard deviation. Values with asterisks show
statistically significant differences at the 95% LSD confidence level (p < 0.05).
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For plants inoculated with the pathogen and treated with chitosan (QH), a significantly
differentiated response to infected plants was observed; at 12 h, a significant increase in
activity was observed, decreasing to the level of the control at 24 h. After 48 h, a significant
increase in activity was observed and then a decrease to the level of the control at 72 h.
The response induced by chitosan in coffee plants for 3-1,3-glucanase activity was always
higher than that present in infected plants (H) (Figure 2a).

Regarding the group of enzymes with peroxidase activity, plants inoculated with the
pathogen (H) did not show a significant difference with the control at times evaluated
(Figure 2b). For plants inoculated with the pathogen and treated with chitosan (QH),
a significantly different response to infected plants was only observed up to 48 h after
inoculation with the pathogen. A decrease in activity was observed at 48 h and returned to
the level of the control at 72 h (Figure 2b).

For ascorbate peroxidase activity, it was observed that plants inoculated with the
pathogen (H) did not show a significant difference with the control at the times evaluated
(Figure 2c). For plants inoculated with the pathogen and treated with chitosan (QH), only a
significantly different response to infected plants was observed up to 72 h after inoculation
with the pathogen, with a decrease in activity (Figure 2c).

On the other hand, for superoxide dismutase activity, it was observed that plants
inoculated with the pathogen (H) presented a significant decrease in activity at 48 h after
pathogen inoculation, although there was an increase in activity to the level of the control at
72 h (Figure 2d). For plants inoculated with the pathogen and treated with chitosan (QH),
a significantly different response to infected plants was observed; at 24 h, a significant
decrease in activity was observed, which increased to the level of the control at 48 h. At
72 h, a significant decrease in activity was again observed (Figure 2d).

Regarding the activity of the polyphenol oxidase enzyme (Figure 2e), it was observed
that plants inoculated with the pathogen (H) showed a significant decrease in activity at
24 h after pathogen inoculation, although there was an increase in activity at the pathogen
level at 48 h and a significant increase at 72 h (Figure 2e). For plants inoculated with
the pathogen and treated with chitosan (QH), a significantly differentiated response to
infected plants was observed; at 12 h, a significant decrease in activity was observed, which
increased to the level of the control at 24 h and was maintained at 48 h. At 72 h, a significant
increase in activity was again observed at the level of the pathogen (Figure 2e). At 72 h,
a significant increase in activity was again observed (Figure 2d). The chitosan-induced
response in coffee plants for polyphenol oxidase activity was early and higher than that
observed in infected plants (H) (Figure 2e).

Finally, the accumulation of phytoalexins was evaluated with the quantification of
total phenolic compounds, which are related to the capacity of the plant to stop infection
against pathogens. It was observed that plants inoculated with the pathogen (H) showed a
significant decrease from 12 h after pathogen inoculation, although there was an increase in
activity at the pathogen level at 24 h. A significant decrease was observed at 48 h and again
an increase to the level of the control at 72 h (Figure 2f). For the plants inoculated with the
pathogen and treated with chitosan (QH), there were no significant differences with the
control at 12 and 24 h. It was not until 48 h that the content decreased, although to a lesser
extent than in infected plants, and an increase in the level of the control was observed at
72 h (Figure 2d). The response induced by chitosan in coffee plants for the content of total
phenolic compounds was greater than that observed in infected plants (H) (Figure 2f).

2.3. Quantitative Analysis of Defense-Related Gene Expression by Real-Time PCR

Normalization of the reference genes used showed the following values: GADPH:
0.1726; actin: 0.1000, 14.3.3, and 0.1219, and the actin gene was chosen as the internal
control gene. Gene expression of genes encoding proteins related to plant pathogenesis
and protection was also determined. In the relative expression of the 3-1,3-glucanase gene
(Figure 3a), it was observed that plants inoculated with the pathogen (H) presented a
significant increase in expression 12 h after inoculation with the pathogen and subsequently



Int. . Mol. Sci. 2023, 24, 16165

6 of 16

a significant decrease in its expression at 24 h that was maintained at 48 h. For plants
inoculated with the pathogen and treated with chitosan (QH), a lower level of expression
was observed than in infected plants at 12 h. However, after 24 h, a significant increase in
the level of expression was observed, which decreased significantly, although in a greater
proportion than the other treatments up to 48 h, and was maintained up to 48 h.
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Figure 3. Relative expression of genes (a) p-1,3 glucanase, (b) peroxidase, (c) catalase, (d) NPR1,
(e) and phenilalanine ammonia lyase. (H) Plants inoculated with Hemileia vastatrix, (Q) plants sprayed
with 0.05% food chitosan, and (QH) plants sprayed with 0.05% food chitosan and inoculated with
H. vastatrix. Values presented are means with standard deviation. Values with asterisks show
statistically significant differences at the 95% LSD confidence level (p < 0.05). Plants without treatment
were used as a baseline.

Peroxidase gene expression (Figure 3b) did not show significant differences with
respect to the control at the times evaluated in plants inoculated with the pathogen (H).
For plants inoculated with the pathogen and treated with chitosan (QH), a high level of
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expression was observed with respect to infected plants from 12 h, although it decreased at
24 h (seven-fold) and reached the same level of expression as the control at 48 h.

Regarding catalase gene expression (Figure 3c¢), it was observed that plants inoculated
with the pathogen (H) showed a significant increase at 12 h after pathogen inoculation.
Expression levels decreased at 24 h and remained at the level of the control at 48 h. For
plants inoculated with the pathogen and treated with chitosan (QH), a level of expression
was observed at the level of the control at 12 h, increasing at 24 h and a higher level of
expression at 48 h with respect to infected plants (Figure 3c).

Likewise, the expression coding for NPR1 was evaluated (Figure 3d), and it was
observed that plants inoculated with the pathogen (H) presented a significant increase at
12 h after pathogen inoculation (15-fold). However, expression levels decreased significantly
to the level of the control at 24 h and remained at this level at 48 h. For plants inoculated
with the pathogen and treated with chitosan (QH), a level of expression was observed at
the level of the control at 12 h, increasing at 24 h (12-fold) and a higher level of expression
at 48 h (52-fold) with respect to infected plants (Figure 3d).

Finally, in the evaluation of phenylalanine ammonium lyase (PAL) expression
(Figure 3e), it was observed that plants inoculated with the pathogen (H) showed a sig-
nificant increase at 12 h (40-fold) after pathogen inoculation. However, expression levels
decreased significantly to the level of the control at 24 h and remained at this level at 48 h.
For plants inoculated with the pathogen and treated with chitosan (QH), expression levels
were observed at the control level at 12 h, increasing at 24 h (4-fold) and returning to the
control level at 48 h (Figure 3d).

3. Discussion

There is a great diversity of chitosans on the market, with different origins and methods
of obtaining them, from conventional chemical processes for the deacetylation of chitin to
enzymatic and green transformation processes. This diversity has been found to confer
differentiated properties, and in the case of its effect as a plant defense inducer, it may
be greater or lesser depending on its physicochemical characteristics [11] or method of
obtaining [14]. However, an important point to consider is that, depending on its nature
and purity, the costs of chitosan can be variable. In this work, we chose to use high-density
food-grade chitosan that has a lower cost with respect to other chitosans, which could
facilitate its adoption as a control product for coffee rust, with a lower impact on the cost
of production. In this study, it was observed that the food-grade chitosan maintained its
control effect for coffee rust and plant defense induction, equivalent to that previously
described with a practical-grade chitosan, the most widely used and described.

The effectiveness of chitosan in the present study is evident by demonstrating that
the amount of disease estimated in terms of severity was lower for treatments Q1 and Q5,
compared to the control treatment with an amount of disease of 25, 40, and 102, respectively.
In addition, a notorious vegetative development proves the protective ability of chitosan to
induce the immune system of plants as an effective agent in activating plant defense [15].
Chitosan has been shown to stimulate plant growth and defense hormones, such as jasmonic
acid and salicylic acid, at low concentrations [16]. In this work, it was also possible to
observe the induction of cell death in leaves infected with H. vastatrix at the highest
concentration of chitosan (Q5).

There are similar studies in Coffea arabica, with Soares-Leal et al. [17] using copper and
silver nanoparticles. In turn, Fajardo-Franco et al. [18] used biofungicides against yellow
rust and Plaza-Pérez et al. [19] applied boron, zinc, and manganese for the same purpose.

In this work, the changes related to the induction of plant defense at the biochemical
and molecular level were investigated. The function of a plant defense inducer was
facilitated through a phenomenon called priming, where molecules are used that act as
response modifiers that can lead to a more intense, faster, earlier, or more sensitive defense
response compared to plants that are exposed to the same stress condition, as mentioned
by Tugizimana et al. [20].
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During the induction of the effective defense response, specialized defense mecha-
nisms are triggered that have the function of preventing the establishment of the pathogen
in the plant tissue. Pathogenesis-related proteins (PRs) are overexpressed under stress
conditions or following pathogen attack. These responses are controlled by two signaling
pathways, jasmonic acid (JA) and salicylic acid (SA), which have specific protein groups;
for JA, one can cite plant defensin, thionin, and chitinase B. For the SA pathway;, it is NPR1
which is considered the central regulator of defense responses in a large number of plants
and involves both systemic acquired resistance (SAR) and induced systemic resistance
(ISR) [15]. Chitosan is recognized to activate the transcription of the gene encoding NPR1.
In a study carried out by Gangireddygari et al. [21], it was found that gene expression levels
by foliar application of chitosan on pepper increased, and, in turn, upregulated genes such
as PAL, polyphenol oxidase (PPO), and superoxide dismutase (SOD), keeping infection caused
by a virus (CMV) limited. These results correlate with the results obtained in this work,
where an increase in the transcriptional levels of NPR1 was observed. With the application
of chitosan (HQ), higher levels of expression were observed compared to other treatments
at 48 and 72 h. It is worth mentioning that the NPR1 protein is found at basal levels in the
nucleus and cytoplasm [12]. Prior to pathogen infection, the SA concentration is low, and
NPR1 is inactivated through disulfide bonds. However, upon infection, the SA content
increases and NPR1 switches to an active state and is transferred to the nucleus to regulate
gene expression [12].

On the other hand, when a fungal infection occurs in plants and when chitosan is
applied, genes related to the defense response are activated, among which are the enzymes
-1,3 glucanases and chitinases of the GH19 family (classes I, II, IV, VI, and VII) [14]. A
correlation was observed with the results obtained between gene expression and enzyme
activity of 3-1,3 glucanases, where an increase in enzyme activities was observed at 12,
48, and 72 h in plants treated with chitosan and inoculated with H. vastatrix (QH); this
response was observed more than 100 times in comparison with infected plants (H). For
the gene expression assay, it was observed that chitosan had an increase from 12 h and
remained elevated until 48 h, when it reached its maximum expression. In turn, this
behavior is similar to that observed by Jogaiah et al. [15], who observed that cucumber
plants increased the activity of these enzymes from 6 to 48 h after being inoculated with
Erysiphe cichoracearuma. Additionally, Liu et al. [22] reported that chitosan induced glucanase
gene expression in potatoes against Alternaria tenuissima and maintained their high levels
compared to their controls. It is worth mentioning that 3-1,3 glucanases are considered
the best characterized pathogenesis-related proteins, which could directly hydrolyze the
cell walls of phytopathogenic fungi, thus releasing (3-1,3 glucan compounds and chitin
oligosaccharides that stimulate host defense responses [23]. Therefore, it was suggested
that the induction of this enzyme activity had an effect during the invasion of the pathogen
in coffee plants since an increase in the activity of these enzymes and a decrease in the
severity of the infection were observed, which would indicate that the enzymes were able
to hydrolyze cellular parts of the pathogen [24].

During the pathogenesis process of different fungi, the production and accumulation of
molecules that have different functions in the response process of the plant to the pathogen
attack are triggered. Among these molecules, ROS have different functions in the plant
defense response process, and they can act as second messengers that generate a response
locally, including cell wall strengthening, protein cross-linking, and the hypersensitive
response (HR), which can include the induction of programmed cell death (PCD) [25].
However, these molecules can also damage proteins and lipids and cause alterations in host
DNA, necessitating the induction of enzymatic and non-enzymatic control mechanisms
to prevent this damage [26]. Within all this cellular machinery are peroxidases which are
enzymes that play a role in a wide range of physiological and developmental processes;
they are involved in the generation and detoxification of hydrogen peroxide (HO;), being
antioxidants, and they are an important initial defense adapted by plants to cope with the
effects of biotic and abiotic stresses [27]. The variation in the level of peroxidase activity is
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related to the type of elicitor, as not all resistance inducers increase the level of peroxidases
compared to other levels of protection. It was reported by Fischer [28] that in some cases,
peroxidase activity levels remained low or null, a behavior like that obtained in this study,
where it was observed that peroxidase gene expression levels initially remained high during
the first days of infection by the pathogen. However, both expression levels and enzyme
activity decreased as time progressed (Figures 2c and 3b). A similar behavior was obtained
in the study by Lujan-Hidalgo et al. [29] in coffee, where peroxidase activity decreased
after infection, which was associated with a beneficial response to avoid infection and
was related to its responsibility in reinforcing the cell wall of the plant. In the study by
Varghese et al. [30], they observed the same trend in ginger, where chitosan did not present
an increase in peroxidase activity; however, the accumulation of lignin, one of the polymers
associated with cell wall strengthening, was observed.

In addition, there are specific peroxidases that face pathogen invasion and can be
induced by chitosan, including SOD, which is the first enzyme in the ROS detoxification
process, reacting with O, -2 superoxide radicals to produce H,O; [31]. In this work, this
group of enzymes had similar kinetics to peroxidases; they remained stable during the
first evaluation times, and at 72 h, there was a decrease in activity (Figure 2d). In the same
sense, APX, which catalyzes the reaction to convert H,O; into H,O and O,, showed a
similar response, although at 12 h, it had high activity, which decreased as time passed. For
CAT, a tetrameric enzyme for ROS detoxification that converts HyO, to H,O and is the first
enzyme to act in the presence of oxidative stress [31], the results showed increased gene
expression throughout the times evaluated. These results agree with those reported by
Lopez-Velazquez et al. [14], where CAT activity increased with the application of chitosan,
and SOD remained without significant changes. The study conducted by Zhang et al. [32]
reported that chitosan had an important effect on the activation of the antioxidant system
of plants since enzyme activity was favored, suggesting that chitosan regulates in favor of
the plant defense system and its metabolic activation for metabolite synthesis.

However, the decrease in peroxidase activity may be related to redirection to other
defense mechanisms, e.g., the induction of PCD and oxidative burst, and effective defense
mechanisms against biotrophic pathogens such as coffee rust [25]. Biotrophic fungi, as part
of their basic pathogenesis mechanisms, present fungal effectors that inhibit PCD induction,
including inducers of antioxidant mechanisms aimed at cutting the role as signal molecules
of ROS and defensive processes associated with their proliferation [33]. Although not
explored in this work, it raises the prospect for future work to explore the role of cell wall
strengthening, PCD induction, and ROS accumulation in resistance to rust infection in the
coffee plant.

On the other hand, phenolic compounds contribute to maintaining overall plant health
by regulating a wide range of functions, such as protection against pathogens, chelation of
heavy metals, and prevention against oxidative stress. They provide mechanical strength to
the cell, forming lignin and suberin, two important constituents of the cell wall [34]. In this
study, the content of phenolic compounds had a better effect compared to plants infected
with H. vastatrix (H), which, unlike the other treatments evaluated, decreased. In the work
carried out by Guo et al. [35], it was observed that chitosan induced the accumulation of
total phenolic compounds; however, the content of these compounds was lower compared
to the control, as in this case. Peian et al. [35] reported an increase in the content of total
phenolic compounds in strawberry and grape berries that were treated with chitosan when
exposed to Botrytis cinerea.

Phenolic compounds are generated from the shikimic acid pathway and are precur-
sors of phenylpropanoids through the activity of the PAL enzyme, where phenylalanine
undergoes deamination and becomes a precursor of flavonoids, lignin, and other defense
compounds [36]. In this work, PAL gene expression was monitored with respect to infected
plants (H); the expression increased 5-fold at 12 h and almost 45-fold at 24 h, reaching its
maximum expression at 48 h, which was related to what was observed in the content of
total phenolic compounds. Comparing the results with Godana et al. [36], PAL activity



Int. J. Mol. Sci. 2023, 24, 16165

10 of 16

was favored at 2 days when the grapes were treated with chitosan and inoculated with
Pichia anomala, after which the activity decreased, suggesting that there would be a pro-
duction of total phenolic compounds. Another important aspect is the relationship with
polyphenol oxidase activity, which is an enzyme that catalyzes the oxidation of phenolic
compounds into highly reactive quinones, which help plants defend themselves against
pathogens [22]. The results showed that enzyme activity was favored with chitosan appli-
cation (QH) compared to infected plants (H), and a directly proportional relationship was
found with the accumulation of total phenolic compounds. Chitosan also plays a funda-
mental role in the induction of enzymatic activity, as observed in the work of Liu et al. [22],
where it increased the levels of this activity in potatoes. In addition, it also plays a role
in the thickening of the plant cell wall, which serves as a physical barrier to prevent colo-
nization by pathogens [28]. A similar effect was found in the study by Ahmad et al. [37],
where PPO activity was induced by chitosan and was associated with a beneficial re-
sponse in the control of citrus diseases, and the amount of total phenolic compounds
was increased.

In this study, it was observed that food-grade chitosan was able to induce effective
protection against H. wvastatrix infection in coffee of an intensity equivalent to that of
practical-grade chitosan. Chitosan was able to induce a differentiated defense response
with respect to rust-infected plants. It significantly increased the activity of 3-1,3 glucanases.
Antioxidant enzyme activity was also different from that observed in rust-infected coffee
plants. However, it was observed that most of them presented lower activity than that
observed in infected plants, which could be related to the role acquired by ROS in triggering
an effective defense response against coffee rust or by directing these molecules to the
strengthening of the cell wall. It was able to induce the production and accumulation
of phytoalexins by inducing the expression of PAL and PPO genes and the content of
total phenolic compounds. However, the nature of these compounds and their role in the
effective defense mechanism against rust remains to be defined. Finally, chitosan was able
to induce NPR1 gene expression, indicating its role in the SA signaling pathway and in
the dissemination of an effective systemic defense response. From these results, a better
understanding of the effective defense mechanisms induced by chitosan in the protection
against H. vastatrix infection in coffee plants was obtained. It is important to consider
the evaluation of the role of chitosan in cell wall strengthening, PCD induction, and ROS
accumulation in resistance to rust infection in coffee plants.

4. Materials and Methods
4.1. Plant Material

Coffee fruits (Coffea arabica var. Typica) were collected in the locality of Tlajomulco de
Zuiiga, Jalisco, Mexico. The fruits were pulped, and the seeds were recovered. The seeds
were washed with water and disinfected with 3% (v/v) sodium hypochlorite for 20 min.
They were then placed in a drying oven (Drying, DH6-9145A, Xi’an, China) at 30 °C £ 2 °C
for 48 h. Subsequently, seeds were germinated in a mixture of peat moss with vermiculite
(5:2) in germination trays, which were placed in an incubation room at 26 °C 4 2 °C, with
a photoperiod of 16 h light/8 h dark. Plants were fertilized every week with macro- and
micronutrients and were used for experiments at the age of 6 months [38].

4.2. Biological Material

Uredinospores of the phytopathogenic fungus H. vastatrix were collected from plants
with rust symptoms in the municipality of Ejutla, Jalisco, Mexico. The spores were recovered
and resuspended in distilled water with 0.05% (v/v) tween 20 (Sigma-Aldrich, Poole, UK).
The solution was adjusted to a concentration of 1 x 10° uredinospores/mL and sprayed on
the underside of the leaves. The plants were watered, covered with a polyethylene bag,
and kept in darkness for 72 h in an incubation room at 26 °C =+ 2 °C [39]. After 72 h, the
plants were kept in a 16/8 light/dark photoperiod at 26 °C + 2 °C.
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4.3. High-Density Chitosan Solution

A 1% (w/v) solution of high-density food-grade chitosan (America Alimentos,
Guadalajara, Jalisco, Mexico) was prepared. The chitosan was dissolved in a 0.4 M acetic
acid solution (Fermont, Guadalajara, Jalisco, Mexico) with 2 M sodium acetate (Sigma-
Aldrich, St. Louis, MO, USA). Finally, a 0.01% and 0.05% dilution of chitosan was performed
with distilled water.

4.4. Biological Effectiveness Test with Food-Grade Chitosan

The plants were distributed in four treatments with ten plants each: control plants
treated with distilled water (C), plants inoculated with H. vastatrix (H), plants treated with
0.01% food-grade chitosan and inoculated with the pathogen (Q1), and plants treated with
0.05% food grade chitosan and inoculated with the pathogen (Q5). Treatments C and H
were sprayed with an atomizer with 3 mL of distilled water, and treatments Q1 and Q5 with
3 mL of food-grade chitosan on all leaves. Seven days after water and chitosan application,
plants were inoculated with 3 mL of H. vastatrix urediniospore suspension. The plants were
kept in an incubation room at 26 °C &+ 2 °C and were monitored for 90 days (40, 60, and
90 days after inoculation) to observe the development of the disease, taking as a reference
Technical Data Sheet 40, Coffee Rust, SENASICA [40]. The experiment was carried out in
December 2021 and March 2022.

4.4.1. Disease Incidence

The plants were observed at 40, 60, and 90 days after inoculation, and disease incidence
was calculated according to Equation (1). Each treatment had 10 plants [41].

. - o _ NIP
Disease incidence (%) = TP (100), 1)
where NIP corresponds to the number of infected plants, and TIP corresponds to the total

number of infected plants assessed.

4.4.2. Area under the Disease Progress Curve (AUDPC)

Data were collected on the severity of infection at 40, 60, and 90 days after inoculation, and
the area under the disease progress curve was determined according to Equation (2) [42].

AUDPC =Y {“/’Zyl“] (x; — xi_1) )

where AUDPC is the area under disease progress curve, y; is the percentage of visible
infectes area (y;/100) at the i-th observation, x;—day of the i-th observation, and # the total
number of observations.

4.4.3. Observation of the Presence of Pathogen in the Plant Tissue

Leaf samples were taken 90 days after inoculation with the pathogen. Leaves were
washed with distilled water to remove particles prior to staining and placed in 50 mL conical
tubes. The samples were bleached with 1.7 M KOH at 50 °C for 30 min. Subsequently, they
were washed with sterile distilled water twice and 0.5 M hydrogen peroxide at 50 °C for
15 min. Finally, they were stained with 0. 05% (w/7v) in lactoglycerol (lactic acid: glycerol:
water; 1:1:1:1, v/v) at 50 °C for 30 min. Excess dye was removed with lactoglycerol and
observed under an optical microscope (Olympus model BH-2, Tokyo, Japan) [43].

4.5. Enzymatic Activity Evaluation Related to the Pathogenesis and Accumulation of Phytoalexins

Leaves were sampled before inoculation (0 h) and 12, 24, 48, and 72 h after inocu-
lation with the pathogen. Leaves were frozen in liquid nitrogen and stored at —80 °C
until processing. In total, 200 mg of fresh tissue was weighed and macerated in liquid
nitrogen in a mortar with 1% polyvinylpyrrolidone. For the determination of enzymes with
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superoxide dismutase and ascorbate peroxidase activity, the pulverized tissue was mixed
with potassium phosphate buffer pH 7.8, 0.1 mM EDTA, and 10 mM ascorbic acid, and
then centrifuged at 13,000 g for 25 min at 4 °C. For the determination of 3-1,3 glucanase,
peroxidase, and polyphenol oxidase activity, the tissue was resuspended in potassium
phosphate buffer pH 7.0 and 0.1 mM EDTA, then centrifuged at 13,000x g for 25 min at
4 °C [8]. To determine phytoalexins, 0.1 g of tissue was resuspended in 500 uL of 80%
methanol [11]. On each sampling day, 3 plants were taken for the corresponding evaluation,
and each test was performed in triplicate. For all assays, 200 uL of sample were used and
read in a 96-well microplate.

4.5.1. 3-1,3 Glucanase Activity

3-1,3 glucanase activity was determined with the colorimetric method for the detection
of reducing sugars DNS (3,5-Dinitrosalicylic acid), quantification was determined with
a calibration curve with glucose, and activity was reported in nkat per g of total protein
(nkat-g~!.g=1 PT) [11]. The read was carried out in a spectrophotometer (Thermo Fisher
Scientific, Multiskan Go FI-01620, Vantaa, Finland).

4.5.2. Peroxidase Activity

Perioxidase activity determination was carried out with the guaiacol oxidation method.
The variation of one absorbance unit per minute was defined as one unit of peroxidase
activity (1 AU) and was expressed per gram of total protein (UA-g~! PT) [11]. The read
was carried out in a spectrophotometer (Thermo Fisher Scientific, Multiskan Go FI-01620,
Vantaa, Finland).

4.5.3. Superoxide Dismutase Activity

Superoxide dismutase activity was evaluated by the ability of the SOD enzyme
to inhibit the photoreduction of nitro blue tetrazolium (NBT) prepared in an incuba-
tion medium composed of 50 mM potassium phosphate, pH 7.8, 14 mM methionine,
0.1 uM EDTA, 75 uM NBT, 2 uM riboflavin, and plant extract, then incubated for 7 min
with a 30 W fluorescent lamp and read at 560 nm in a spectrophotometer (Thermo Fisher
Scientific, Multiskan Go FI-01620, Vantaa, Finland). One unit of SOD is considered the
amount of enzyme capable of being inhibited by 50% NBT photoreduction under assay
conditions. The units were reported in U~!-min~!-mg~1-TP [8].

4.5.4. Ascorbate Peroxidase Activity

Twenty uL of the plant extract were added to 200 puL of 100 mM potassium phosphate
solution at pH 7.0, 0.5 mM ascorbic acid, 0.1 mM hydrogen peroxide, and water. The activity
was determined by consuming H,O, at 290 nm for 1 min at 25 °C in a spectrophotometer
(Thermo Fisher Scientific, Multiskan Go FI-01620, Vantaa, Finland). The molar extinction
coefficient of 1.4 mM-cm~! was used to calculate APX activity, and the units were reported
in M~ 1.min—1! -mg’1 TP [8].

4.5.5. Polyphenol Oxidase Activity

Twenty pL of the plant extract were added to 200 pL of 70 mM potassium phosphate so-
lution at pH 7.0 and 20 mM catechol. Then, it was incubated at 30 °C for 10 min. Absorbance
was measured at 410 nm in a spectrophotometer (Thermo Fisher Scientific, Multiskan Go
FI-01620, Vantaa, Finland). The molar extinction coefficient of 1.235 mM-cm~! was used to
calculate the PPO activity, and the units were reported in mM~!-min~!-mg~1-TP [8].

4.5.6. Protein Quantification

Protein quantification was performed using the Bradford method described by
Kruger [44], using bovine albumin for the calibration curve. The read was carried out in a
spectrophotometer (Thermo Fisher Scientific, Multiskan Go FI-01620, Vantaa, Finland).
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4.5.7. Phytoalexin Accumulation

Phytoalexin accumulation was performed by quantification of total phenolic com-
pounds by Folin—Ciocalteu’s method and a catechol curve was used at known concentra-
tions. The accumulation of phenolic compounds was reported in nM catecol-mg~! FW [11].
The read was carried out in a spectrophotometer (Thermo Fisher Scientific, Multiskan Go
FI-01620, Vantaa, Finland).

4.6. Quantitative Analysis of Defense-Related Gene Expression by Real-Time PCR

The plants were distributed in four treatments: control plants treated with distilled
water (C), plants inoculated with H. vastatrix (H), plants treated with 0.05% high-density
chitosan (Q), and plants treated with 0.05% high-density chitosan and inoculated with the
pathogen (QH). Three mL of distilled water were sprayed in treatments C and H, and 3 mL
of high-density chitosan in treatments Q and QH. Seven days after the application of water
or chitosan, 3 mL were inoculated with the suspension of urediniospores of H. vastatrix.
Plants were kept in an incubation room at 26 °C % 2 °C, and leaf samples were taken at
12, 24, and 48 h after inoculation with the pathogen [9]. On each sampling day, 3 plants
were taken for the corresponding evaluation, and each test was performed in duplicate.

4.6.1. Primers Design

Primers coding for the genes peroxidase (POX), catalase (CAT), f3-1,3-glucanase (GLU),
and phenylalanine ammonia lyase (PAL) were designed. The genomic sequences were obtained
from the Phytozome repository. Subsequently, the OligoAnalyzer Tool from IDT and
Primer-BLAST from NCBI were used. Additionally, glyceraldehyde-3-phosphate dehydrogenase
(GADPH), actin 8, and 14-3-3 primers were designed as constitutive controls. Table 2
shows the characteristics of each pair of oligonucleotides. The stability of the primers
was determined according to the method of Vandesompele et al. [45].

Table 2. Oligonucleotides.

Genes Oligonucleotide Sequences (5'-3') Size (pb) Accession Number
Peroxidase (POX) E‘C]AGZ(? CG é;l:?TC GGGGAACGCTFAC%C,EC?%A 153 evm.TU.Scaffold_618.242
Catalase (CAT) m:gégfgégggﬁégiiigggc 140 evm.TU Scaffold_2256.195
1,3 glucanase II?\//V CC;; (? (? g_ﬁ C?GC AC g giiﬁéé{?_? CCAC,? 121 evm.TU.Scaffold_517.1
Phenylalanine ammonia lyase (PAL) g\/l\[ g GT"}“EEE?S g (C:;TG é,%é?gi%%c 112 evm.TU.Scaffold_618.1114
NPR1 f{y gég?;gﬁéi?g (C:;TC g (C:;Aczgg(r: 138 evm.model.Scaffold_523.152
GAPDH P ittt 138 evm.model Scaffold_608.230
Actin 8 e e dsincen e 142 evm.model Scaffold_315.601
14-3-3 FW: GETGAGTTCAAAACTGGGGCTG 110 evm.model.Scaffold_2421.275

RV: ATTGGGTGTGTTGGAGCCAG

4.6.2. RNA Extraction and cDNA Synthesis

The TRIzol extraction protocol (Invitrogen, Carlsbad, CA, USA) was used with some
modifications) [46]. In total, 200 mg of sample were macerated with liquid nitrogen, and
1 mL of TRIzol was added for 5 min. The samples were centrifuged at 11,000x g for
15 min at 4 °C, the supernatant was removed, and 500 puL chloroform (Sigma-Aldrich,
Dorset, UK) were added, shaken for 20 min at —20 °C, then centrifuged at 11,000 g
for 15 min at 4 °C. the supernatant was removed, 500 uL chloroform (Sigma-Aldrich,
Dorset, UK). Subsequently, the supernatant was recovered, and 500 pL of isopropanol
(Sigma-Aldrich, Dorset, UK) were added, left to stand for 2 h at —80 °C, and centrifuged
at 11,000 g for 15 min at 4 °C, after which the supernatant was removed. Three washes
were performed with 75% ethanol (Sigma-Aldrich, St. Louis, MO, USA), and the pel-
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let was dried and resuspended in 20 uL of RNAse-free water. RNA was quantified at
260 nm and migrated on 0.8% agarose gel. For cDNA synthesis, the Maxima H Minus First
Strand cDNA Synthesis kit (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) was
used. Synthesis was performed according to the manufacturer’s instructions, starting from
100 ng of total RNA.

4.6.3. RT qPCR

RT qPCR analyses were performed on a Step-One Real-Time PCR System thermal
cycler (Applied Biosystems, Life Technologies, San Francisco, CA, USA) using SYBR Green
as the detection system. The reaction conditions were 2 min at 50 °C, 10 min at 60 °C,
followed by 40 cycles of 15 s at 95 °C, and 1 min at 60 °C, ending the cycle with 15 s at
95 °C. The reaction was carried out with 50 ng of cDNA, 0.2 puL of each primer, and 7.5 pL
of SYBR green PCR Master Mix (Invitrogen, St. Louis, MO, USA) and RNAse-free water.
For the evaluation of each gene, three biological samples with two technical replicates were
performed. Relative quantification (RQ) was performed using the ddCT method [47].

RQ = 2794CT; 4dCT = [(CT gene of interest — CT constitutive gene) treated
plant — (CT gene of interest — CT constitutive gene) untreated control plant].

®)

4.7. Statistical Analysis

One-way analysis of variance (ANOVA) was performed using Minitab 19.2020.2.0
software, followed by a separation of means through the LSD test, with a significance level
of 95%.

5. Conclusions

The application of 0.05% high-density food-grade chitosan significantly reduced
the severity of H. vastatrix infection by increasing the activity and gene expression of
B-1,3 glucanases. In addition, a differentiated response was found in enzymes related to the
antioxidant system of plants. Additionally, a correlation was observed between the activi-
ties of the enzyme polyphenol oxidase and the production of total phenolic compounds
that allowed an effective defense response in coffee plants.

Author Contributions: Conceptualization, ].C.L.-V,, ].A.Q.-Z. and S.G.-M.; Methodology, ].A.Q.-Z,,
J.C.L.-V. and S.G.-M.; Software, G.P.L.-S., ].C.L.-V. and S.G.-M.; Validation, J.A.Q.-Z. and S.G.-M.;
Formal analysis, ].A.Q.-Z. and S.G.-M.; Investigation, ].C.L.-V., G.P.L.-S. and ].A.Q.-Z.; Resources,
J.A.Q.-Z; Data curation, J.A.Q.-Z., ].C.L.-V. and 5.G.-M.; Writing—original draft preparation, J.C.L.-V.
and J.A.Q.-Z.; Writing—review and editing, J].A.Q.-Z., S.G.-M., M.LM.-C. and A.U.-V,; Visualization,
A.U.-V.and M.LM.-C; Supervision, ].A.Q.-Z.; Project administration, J.A.Q.-Z.; Funding acquisition,
J.A.Q.-Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the project “Estrategias multidisciplinarias para incremen-
tar el valor agregado de las cadenas productivas de café, frijol, mango, agave mezcalero y productos
acuicolas (tilapia) en la regién pacifico sur a través de la ciencia, tecnologia e innovaciéon” grant
number FORDECYT 292474.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The first author is grateful to the Consejo Nacional de Humanidades, Ciencias
y Tecnologias, for grant 783189 for a scholarship for a Ph.D. in Biotechnological Innovation. We
also thank Onofre Jiménez Contreras for the facilities for the collection of coffee berries and Jorge
Gonzélez Zarate for the facilities for the collection of H. vastatrix.

Conflicts of Interest: The authors declare no conflict of interest.



Int. . Mol. Sci. 2023, 24, 16165 150f 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

King, H. Trading the Soft Commodity Markets, Investopedia. Available online: https://www.investopedia.com/articles/
optioninvestor/07/soft_market.asp (accessed on 19 May 2023).

ASERCA. Panorama Agropecuario Semanal de Café. Available online: https:/ /info.aserca.gob.mx/panorama/semanal.asp?de=
cafe (accessed on 19 May 2023).

Salcedo-Sarmiento, S.; Aucique-Pérez, C.E.; Silveira, PR.; Colman, A.A ; Silva, A.L.; Corréa-Mansur, P.S.; Rodrigues, FA;
Evans, H.C.; Barreto, R.W. Elucidating the interactions between the rust Hemileia vastatrix and a Calonectria mycoparasite and the
coffee plant. iScience 2021, 24, 102352. [CrossRef] [PubMed]

Gichuru, E.; Alwora, G.; Gimase, ].; Kathurima, C. Coffee Leaf Rust (Hemileia vastatrix) in Kenya—A Review. Agronomy 2021, 11, 2590.
[CrossRef]

Barka, G.D.; Caixeta, E.T; Ferreira, S.S.; Zambolim, L. In silico guided structural and functional analysis of genes with potential
involvement in resistance to coffee leaf rust: A functional marker based approach. PLoS ONE 2020, 15, e0222747. [CrossRef]
[PubMed]

Zheng, E; Chen, L.; Zhang, P.; Zhou, J.; Lu, X.; Tian, W. Carbohydrate polymers exhibit great potential as effective elicitors in
organic agriculture: A review. Carbohydr. Polym. 2020, 230, 115637. [CrossRef] [PubMed]

Gorni, PH.; Pacheco, A.C.; Lima-Moro, A.; Silva, ]. F.A.; Moreli, R.R.; de Miranda, G.R.; Pelegrini, ].M.; Zaniboni, C.; Spera, K.D,;
Junior, J.L.B.; et al. Elicitation Improves the Leaf Area, Enzymatic Activities, Antioxidant Activity and Content of Secondary
Metabolites in Achillea millefolium L. Grown in the Field. J. Plant Growth Regul. 2021, 40, 1652-1666. [CrossRef]
Andrade-Monteiro, A.C.; Vilela-de Resende, M.L.; Teixeira-Valente, T.C.; Ribeiro-Junior, P.M.; Foresti-Pereira, V.;
Rodrigues-da Costa, J.; Gourlat-da Silva, J.A. Manganese Phosphite in Coffee Defence against Hemileia vastatrix, the Coffee Rust
Fungus: Biochemical and Molecular Analyses. J. Phytopathol. 2016, 164, 1043-1053. [CrossRef]

Budzinki, .G.F,; Camargo, P.O.; Lemos, S.M.C.; Guyot, R.; Calzado, N.F,; Ivamoto-Suzuki, S.T.; Domingues, D.S. Transcriptomic
alterations in roots of two contrasting Coffea arabica cultivars after hexanoic acid priming. Front. Genet. 2022, 13, 925811. [CrossRef]
Pereira-Silva, P.D.E,; Vilela-De Resende, M.L.; Reichel, T.; De Lima-Santos, M.; Dos Santos-Botelho, D.M.; Batista-Ferreira, E.;
Chagas-Freitas, N. Potassium Phosphite Activates Components Associated with Constitutive Defense Responses in Coffea arabica
Cultivars. Mol. Biotechnol. 2023, 65, 1777-1795. [CrossRef]

Lopez-Velazquez, J.C.; Haro-Gonzélez, ].N.; Garcia-Morales, S.; Espinosa-Andrews, H.; Navarro-Lépez, D.E.; Montero-Cortés, M.L;
Qui-Zapata, J.A. Evaluation of the Physicochemical Properties of Chitosans in Inducing the Defense Response of Coffea arabica
against the Fungus Hemileia vastatrix. Polymers 2021, 13, 1940. [CrossRef]

Zheng, K.; Ly, J.; Li, J.; Yu, Y,; Zhang, J.; He, Z.; Ismail, O.M.; Wu, J.; Xie, X.; Li, X,; et al. Efficiency of chitosan application against
Phytophthora infestans and the activation of defence mechanisms in potato. Int. J. Biol. Macromol. 2021, 182, 1670-1680. [CrossRef]
Sofi, K.G.; Metzger, C.; Riemann, M.; Nick, P. Chitosan triggers actin remodelling and activation of defence genes that is repressed
by calcium influx in grapevine cells. Plant Sci. 2023, 326, 111527. [CrossRef] [PubMed]

Lopez-Velazquez, ].C.; Garcia-Morales, S.; Espinosa-Andrews, H.; Montero-Cortés, M.L; Qui-Zapata, J.A. Control de la roya del
café utilizando moléculas de quitosanos de diferentes origenes. In Proceedings of the XLIII Encuentro Nacional de la AMIDIQ,
Puerto Vallarta, México, 23-26 August 2022.

Jogaiah, S.; Satapute, P.; De Britto, S.; Konappa, N.; Udayashankar, A.C. Exogenous priming of chitosan induces upregulation of
phytohormones and resistance against cucumber powdery mildew disease is correlated with localized biosynthesis of defense
enzymes. Int. |. Biol. Macromol. 2020, 162, 1825-1838. [CrossRef] [PubMed]

Suarez-Fernandez, M.; Marhuenda-Egea, F.C.; Lopez-Moya, F.; Arnao, M.B.; Cabrera-Escribano, F.; Nueda, M.].;
Gunsé, B.; Lopez-Llorca, L.V. Chitosan Induces Plant Hormones and Defenses in Tomato Root Exudates. Front. Plant Sci.
2020, 11, 572087. [CrossRef] [PubMed]

Soares-Leal, F.D.; Santos-Neto, H.; Lopes-Pinheiro, I.C.; Marques-Oliveira, J.; Alexandre-Pozza, A.A.; Ampélio-Pozza, E. Copper
and silver nanoparticles control coffee rust: Decrease the quantity of sprayed active ingredients and is an alternative for
sustainable coffee production. Eur. J. Plant Pathol. 2023, 1, 1-13. [CrossRef]

Fajardo-Franco, M.L.; Aguilar-Tlatelpa, M.; Guzmén-Plazola, R.A. Biofungicides evaluation in two coffee cultivars for
Hemileia vastatrix control. RMF 2020, 38, 293-306. [CrossRef]

Plaza-Pérez, C.D.; Ampélio-Pozza, E.; Alexandre-Pozza, A.A.; Elmer, WH.; Bastos-Pereira, A.; Gomes-Guimaraes, D.D.S,;
Andrade-Monteiro, A.C.; Vilela-De Resende, M.L. Boron, zinc and manganese suppress rust on coffee plants grown in a nutrient
solution. Eur. J. Plant Pathol. 2020, 156, 727-738. [CrossRef]

Tugizimana, F.; Mhlongo, M.I; Piater, L.A.; Dubery, I.A. Metabolomics in Plant Priming Research: The Way Forward? Int. ].
Mol. Sci. 2018, 19, 1759. [CrossRef]

Gangireddygari, V.S.R.; Chung, B.N.; Cho, I.S.; Yoon, J.Y. Inhibitory Effect of Chitosan and Phosphate Cross-linked Chitosan
against Cucumber Mosaic Virus and Pepper Mild Mottle Virus. Plant Pathol. ]. 2021, 37, 632-640. [CrossRef]

Liu, J.; Zhang, X.; Kennedy, J.E; Jiang, M.; Cai, Q.; Wu, X. Chitosan induces resistance to tuber rot in stored potato caused by
Alternaria tenuissima. Int. J. Biol. Macromol. 2019, 140, 851-857. [CrossRef]

Liu, Y.; Wisniewski, M.; Kennedy, J.E; Jiang, Y.; Tang, J.; Liu, J. Chitosan and oligochitosan enhance ginger (Zingiber officinale Roscoe)
resistance to rhizome rot caused by Fusarium oxysporum in storage. Carbohydr. Polym. 2016, 151, 474—479. [CrossRef]


https://www.investopedia.com/articles/optioninvestor/07/soft_market.asp
https://www.investopedia.com/articles/optioninvestor/07/soft_market.asp
https://info.aserca.gob.mx/panorama/semanal.asp?de=cafe
https://info.aserca.gob.mx/panorama/semanal.asp?de=cafe
https://doi.org/10.1016/j.isci.2021.102352
https://www.ncbi.nlm.nih.gov/pubmed/33870142
https://doi.org/10.3390/agronomy11122590
https://doi.org/10.1371/journal.pone.0222747
https://www.ncbi.nlm.nih.gov/pubmed/32639982
https://doi.org/10.1016/j.carbpol.2019.115637
https://www.ncbi.nlm.nih.gov/pubmed/31887887
https://doi.org/10.1007/s00344-020-10217-x
https://doi.org/10.1111/jph.12525
https://doi.org/10.3389/fgene.2022.925811
https://doi.org/10.1007/s12033-023-00683-5
https://doi.org/10.3390/polym13121940
https://doi.org/10.1016/j.ijbiomac.2021.05.097
https://doi.org/10.1016/j.plantsci.2022.111527
https://www.ncbi.nlm.nih.gov/pubmed/36334621
https://doi.org/10.1016/j.ijbiomac.2020.08.124
https://www.ncbi.nlm.nih.gov/pubmed/32814103
https://doi.org/10.3389/fpls.2020.572087
https://www.ncbi.nlm.nih.gov/pubmed/33250907
https://doi.org/10.1007/s10658-023-02726-8
https://doi.org/10.18781/R.MEX.FIT.2001-1
https://doi.org/10.1007/s10658-019-01922-9
https://doi.org/10.3390/ijms19061759
https://doi.org/10.5423/PPJ.OA.10.2021.0155
https://doi.org/10.1016/j.ijbiomac.2019.08.227
https://doi.org/10.1016/j.carbpol.2016.05.103

Int. J. Mol. Sci. 2023, 24, 16165 16 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Samarah, N.H.; AL-Quraan, N.A.; Massad, R.S.; Welbaum, G.E. Treatment of bell pepper (Capsicum annuum L.) seeds with
chitosan increases chitinase and glucanase activities and enhances emergence in a standard cold test. Sci. Hortic. 2020, 269, 109393.
[CrossRef]

Khan, M.; Ali, S.; Al Azzawi, TN.L; Saqib, S.; Ullah, F.; Ayaz, A.; Zaman, W. The Key Roles of ROS and RNS as a Signaling
Molecule in Plant-Microbe Interactions. Antioxidants 2023, 12, 268. [CrossRef]

Al-Mokadem, A.Z.; Alnaggar, A.E.AM.; Mancy, A.G.; Sofy, A.R.; Sofy, M.R.; Mohamed, A K.S.H.; Abou Ghazala, M.\M.A ;
El-Zabalawy, K.M.; Salem, N.E.G.; Elnosary, M.E_; et al. Foliar Application of Chitosan and Phosphorus Alleviate the Potato virus
Y-Induced Resistance by Modulation of the Reactive Oxygen Species, Antioxidant Defense System Activity and Gene Expression
in Potato. Agronomy 2022, 12, 3064. [CrossRef]

Kidwai, M.; Ahmad, 1.Z.; Chakrabarty, D. Class III peroxidase: An indispensable enzyme for biotic/abiotic stress tolerance and a
potent candidate for crop improvement. Plant Cell Rep. 2020, 39, 1381-1393. [CrossRef]

Fischer, .H.; Morales, ].V.P,; da Silva, L.M.; de Almeida Bertani, R.M.; Deus, A.C.F; Pascholati, S.F. Activity of Phosphites and
Chitosan on Biochemical Responses and Target Spot Control in Cucumber Plants. Gesunde Pflanz. 2023, 75, 825-835. [CrossRef]
Lujan-Hidalgo, M.C.; Jiménez-Aguilar, L.A.; Ruiz-Lau, N.; Reyes-Zambrano, S.J.; Gutiérrez-Miceli, F.A. Cambios bioquimicos en
respuesta al ataque de roya en plantaciones de café. Polibotinica 2020, 49, 149-160. [CrossRef]

Varghese, L.; Thomas, G. Chitosan triggers tolerance to Pythium myriotylum infection in ginger (Zingiber officinale) by modulating
multiple defense signaling pathways. Physiol. Mol. Plant Pathol. 2023, 125, 101983. [CrossRef]

Hasanuzzaman, M.; Bhuyan, M.H.M.; Zulfiqar, F; Raza, A.; Mohsin, S.; Mahmud, J.A ; Fujita, M.; Fotopoulos, V. Reactive Oxygen
Species and Antioxidant Defense in Plants under Abiotic Stress: Revisiting the Crucial Role of a Universal Defense Regulator.
Antioxidants 2020, 9, 681. [CrossRef] [PubMed]

Zhang, Z.; Zhao, P.; Zhang, P; Su, L.; Jia, H.; Wei, X; Fang, |.; Jia, H. Integrative transcriptomics and metabolomics data exploring
the effect of chitosan on postharvest grape resistance to Botrytis cinerea. Postharvest Biol. Technol. 2020, 167, 111248. [CrossRef]
Mapuranga, J.; Zhang, N.; Zhang, L.; Chang, J.; Yang, W. Infection Strategies and Pathogenicity of Biotrophic Plant Fungal
Pathogens. Front. Microbiol. 2022, 13, 799396. [CrossRef]

Guo, Y.; Zhou, J.; Zhang, J.; Zhang, S. Chitosan combined with sodium silicate treatment induces resistance against rot caused by
Alternaria alternata in postharvest jujube fruit. J. Phytopathol. 2019, 167, 451-460. [CrossRef]

Zhang, P; Jia, H.; Gong, P; Ehsan, S.; Pang, Q.; Dong, T.; Li, T,; Jin, H.; Fang, J. Chitosan induces jasmonic acid production leading
to resistance of ripened fruit against Botrytis cinerea infection. Food Chem. 2021, 337, 127772. [CrossRef]

Godana, E.A ; Yang, Q.; Zhao, L.; Zhang, X.; Liu, J.; Zhang, H. Pichia anomala Induced With Chitosan Triggers Defense Response
of Table Grapes Against Post-harvest Blue Mold Disease. Front. Microbiol. 2021, 12, 704519. [CrossRef] [PubMed]

Ahmad, B.; Suleiman, S.; Ahmad, M. Induction of Biochemical Changes in Santa Teriza Lime Leaves by Chitosan Application
Influence Citrus Leaf Miner Damage. Am. J. Plant Sci. 2022, 13, 403—415. [CrossRef]

Mesén, F.; Jiménez, L.D. Produccion de Clones de Café Por Miniestacas. Available online: https://repositorio.catie.ac.cr/
bitstream /handle/11554 /8176 /Produccion_de_clones_de_cafe.pdf?sequence=1&isAllowed=y (accessed on 22 May 2023).
Ferreira-Possa, K.; Gourlat-Silva, ].A.; Vilela-Resende, M.L.; Tenente, R.; Pinheiro, C.; Chaves, I.; Planchon, S.; Andrade-Monteiro, A.C.;
Renaut, J.; Figueiredo-Carvalho, M.A.; et al. Primary Metabolism Is Distinctly Modulated by Plant Resistance Inducers in
Coffea arabica Leaves Infected by Hemileia vastatrix. Front. Plant Sci. 2020, 11, 309. [CrossRef] [PubMed]

SENASICA. Roya del Cafeto. Hemileia vastatrix Berkeley & Broome Ficha Técnica No. 40. Available online: http:/ /www.cesavep.
org/descargas/RDC/Ficha_Tecnica_Roya_del_cafeto.pdf (accessed on 22 May 2023).

Edy, N.; Anshary, A.; Basir-Cyio, M.M.; Lakani, I.; Kadir, S.R.A.; Mahmud, S. Incidence and Severity of Ganoderma Rot Disease in
Tropical Land-use Systems and Their Virulence to Palm Oil. Plant Pathol. ]. 2020, 19, 98-105. [CrossRef]

Bocianowski, J.; Tratwal, A.; Nowosad, K. Genotype by environment interaction for area under the disease-progress curve
(AUDPC) value in spring barley using additive main effects and multiplicative interaction model. Australas. Plant Pathol.
2020, 49, 525-529. [CrossRef]

Loépez-Velazquez, ].C.; Rodriguez-Rodriguez, R.; Espinosa-Andrews, H.; Qui-Zapata, ].A.; Garcia-Morales, S.; Navarro-Lopez, D.E.;
Luna-Barcenas, G.; Vassallo-Brigneti, E.C.; Garcia-Carvajal, Z.Y. Gelatin—chitosan-PVA hydrogels and their application in
agriculture. J. Chem. Technol. Biotechnol. 2019, 94, 3495-3504. [CrossRef]

Kruger, N.J. The Bradford Method for Protein Quantitation. In The Protein Protocols Handbook, 3rd ed.; Walker, ].M., Ed.; Springer
Protocols Handbooks; Humana Press: Totowa, NJ, USA, 2009; Volume 1, pp. 17-24. [CrossRef]

Vandesompele, ].; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, 1-12. [CrossRef]
Meng, L.; Feldman, L. A rapid TRIzol-based two-step method for DNA-free RNA extraction from Arabidopsis siliques and dry
seeds. Biotechnol. J. 2010, 5, 183-186. [CrossRef]

Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101-1108.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.scienta.2020.109393
https://doi.org/10.3390/antiox12020268
https://doi.org/10.3390/agronomy12123064
https://doi.org/10.1007/s00299-020-02588-y
https://doi.org/10.1007/s10343-022-00761-9
https://doi.org/10.18387/polibotanica.49.10
https://doi.org/10.1016/j.pmpp.2023.101983
https://doi.org/10.3390/antiox9080681
https://www.ncbi.nlm.nih.gov/pubmed/32751256
https://doi.org/10.1016/j.postharvbio.2020.111248
https://doi.org/10.3389/fmicb.2022.799396
https://doi.org/10.1111/jph.12817
https://doi.org/10.1016/j.foodchem.2020.127772
https://doi.org/10.3389/fmicb.2021.704519
https://www.ncbi.nlm.nih.gov/pubmed/34367105
https://doi.org/10.4236/ajps.2022.133025
https://repositorio.catie.ac.cr/bitstream/handle/11554/8176/Produccion_de_clones_de_cafe.pdf?sequence=1&isAllowed=y
https://repositorio.catie.ac.cr/bitstream/handle/11554/8176/Produccion_de_clones_de_cafe.pdf?sequence=1&isAllowed=y
https://doi.org/10.3389/fpls.2020.00309
https://www.ncbi.nlm.nih.gov/pubmed/32265962
http://www.cesavep.org/descargas/RDC/Ficha_Tecnica_Roya_del_cafeto.pdf
http://www.cesavep.org/descargas/RDC/Ficha_Tecnica_Roya_del_cafeto.pdf
https://doi.org/10.3923/ppj.2020.98.105
https://doi.org/10.1007/s13313-020-00723-7
https://doi.org/10.1002/jctb.5961
https://doi.org/10.1007/978-1-59745-198-7_4
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1002/biot.200900211
https://doi.org/10.1038/nprot.2008.73
https://www.ncbi.nlm.nih.gov/pubmed/18546601

	Introduction 
	Results 
	Biological Effectiveness Test 
	PR-Protein Activity and Phytoalexin Accumulation 
	Quantitative Analysis of Defense-Related Gene Expression by Real-Time PCR 

	Discussion 
	Materials and Methods 
	Plant Material 
	Biological Material 
	High-Density Chitosan Solution 
	Biological Effectiveness Test with Food-Grade Chitosan 
	Disease Incidence 
	Area under the Disease Progress Curve (AUDPC) 
	Observation of the Presence of Pathogen in the Plant Tissue 

	Enzymatic Activity Evaluation Related to the Pathogenesis and Accumulation of Phytoalexins 
	-1,3 Glucanase Activity 
	Peroxidase Activity 
	Superoxide Dismutase Activity 
	Ascorbate Peroxidase Activity 
	Polyphenol Oxidase Activity 
	Protein Quantification 
	Phytoalexin Accumulation 

	Quantitative Analysis of Defense-Related Gene Expression by Real-Time PCR 
	Primers Design 
	RNA Extraction and cDNA Synthesis 
	RT qPCR 

	Statistical Analysis 

	Conclusions 
	References

