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ABSTRACT: Agave americana L. is potentially a source of functional and nutritive compounds. However, its yield
has been compromised by vascular wilt, which is associated with the presence of the Fusarium oxysporum. In response
to this phytosanitary problem, the implementation of efficient methods to mitigate the damage. Biotechnological
techniques offer a viable alternative to improve and increase the production of species of interest via genetic
improvement. By use of mutagenic chemical agents, these techniques have been consolidated as a powerful tool to
induce genetic variability and select genotypes with greater tolerance to pathogens. In this study, we evaluated the
activity of three pathogenesis-related (PR) enzymes, namely [3-1,3-glucanase (PR2), chitinase (PR3), and peroxidase
(PR9), that were present in second generation (F2) plants belonging to two resistant clonal lines and to one A.
americana line that was susceptible to F. oxysporum. This was used to generate information that can be applied to
biotechnology strategies for genetic preservation of the species and agro-industrial use. Plants that were six months
old were selected, which were susceptible (Control) and resistant (Clone 1, Clone 4). These were inoculated with
F. oxysporum and kept under controlled greenhouse conditions. Enzyme activity was assessed at 0 and 72 hpi and
then 7, 15, and 30 dpi. The results showed a significant decrease in 3-1,3-glucanase enzyme activity in susceptible
plants (control) and in clone 4, as compared to clone 1 plants. Regarding chitinase activity, a progressive increase
was observed in control plants and clone 1 over time, while a steadier regulation was detected in clone 4. Lastly,
peroxidase activity decreased over time in infected control plants, while dynamic variations were observed in both
clonal lines, suggesting a regulated response. These findings indicate that enzyme activity plays a key role in defense
against pathogens and that each clonal line of A. americana could activate different defense mechanisms against
infection by F. oxysporum.

KEYWORDS: Chemical mutagenesis; pathogenesis related proteins; resistance mechanisms; systemic acquired
resistance

1 Introduction

Agave americana L. belongs to the Agavaceae family. The agave genus exhibits remarkable biomass
productivity and resilience under drought conditions, making it particularly suitable for cultivation in arid
and semi-arid environments due to its crassulacean acid metabolism (CAM) [1].
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As it is found within the agave genus, it serves as a reference species for investigating physiological
and molecular responses to biotic and abiotic stress conditions. Additionally, its economic relevance is
underscored by its use in the production of natural fibers, bio-inputs, and culturally significant traditional
beverages [2].

Despite its agronomic and ecological importance, the natural distribution of A. americana in Mexico has
experienced a notable decline. The reduction is attributed to factors such as diminished crop diversification,
progressive soil degradation, and increased incidence of phyto pathological disorders, all of which constrain
genetic recombination and hinder the evolutionary potential of local [3]. One of the main threats to this
crop is vascular wilt, caused by Fusarium oxysporum, which affects its productive and ecological viability [4].

In response to pathogenic invasion, plants initiate a cascade of biochemical defense strategies, many
of which involve the overexpression of pathogenesis-related proteins (PR). The main causes of PR toxicity
are their hydrolytic, proteinases inhibitory, and membrane permeabilizing properties. Mainly, the proteins
involved are PR2 and PR3, which are classified as glucanases and chitinases, respectively, as well as
peroxidases (PR9) [5].

The implementation of methodology that focuses on obtaining pest and disease-resistant genotypes
via mutagenic techniques, such as the use of ethyl methanesulfonate to induce hereditable changes in
genetic structure, has been efficiently employed as a tool for genetic plant improvement [6]. This approach
has proved to be an environmentally sustainable strategy, as it is based on early gene expression pertaining
to plant defense [7]. This mechanism allows plants to respond more quickly to stress, thus reducing the
use of agrochemical products like insecticides, bactericides, and fungicides [8]. Moreover, Wagh et al. [9]
point out that the economic and agronomic consequences of pests and diseases are severe and are further
exacerbated by the intensive use of pesticides, which promotes the emergence of pathogens that are resistant
to chemical compounds.

Recently, Reyes-Zambrano et al. [10] reported obtaining somaclonal variants resistant to F. oxysporum
at the in vitro level, which resulted from the induction of mutations with ethyl methanesulfonate (EMS).

The study of enzymes related to plant defense allows establishing functional markers for the selection
of resistant genotypes [11]. Therefore, the objective of this study was to quantify the enzymatic activity
of 3-1,3-glucanase, chitinases, and peroxidases in second generation (F2) A. americana plants that were
susceptible and resistant to F. oxysporum.

2 Materials and Methods
2.1 Plant and Fungal Material

The plant material was obtained from the germplasm bank of Agave americana L. at the plant tissue
culture laboratory of the Technological National of Mexico, Tuxtla Gutiérrez Campus. Mother plants (first
generation) resistant to F. oxysporum were obtained in vitro by chemical mutagenesis, Reyes-Zambrano
et al. [10]. The second generation of resistant plants was obtained from shoots of the mother plants under
in vitro conditions, two resistant clonal lines (clone 1 and clone 4) as well as one susceptible line (control)
were selected, both approximately six months old, were acclimatized in greenhouse conditions, placed in
pots with a mixture of peat moss and agrolite as substrate in a (1:1) proportion.

Inoculation was carried out following the methodology described by Reyes-Zambrano et al. [12]. The
inoculum consisted of a suspension of F. oxysporum conidia (2 x 10% conidia mL~!) corresponding to the
ITTG_Foxy_C6 isolate, previously obtained from the basal tissue of an A. americana stem, which was
registered in GenBank under access number MT791313. Before inoculation, plant roots were superficially
wounded with a scalpel, and the inoculum was then applied directly to the roots. Treated plants were



Phyton-Int J Exp Bot. 2026;95(3):14 3

placed in a growth chamber at 28°C and a relative humidity between 60 and 90%. After inoculation, samples
were collected at 0, 72 h post-inoculation (hpi), and at 7, 15, and 30 days post-inoculation (dpi) and stored at
—4°C until ready to be used for enzyme activity determination.

2.1.1 Extraction of Defense-Related Enzymes (PR)

For the extraction of PR proteins (glucanases and chitinases), 1 g of fresh plant material was weighed
and then macerated in liquid nitrogen, after which it was homogenized with phosphate buffer in a 1:1 (w/v)
ratio [13]. For the extraction of peroxidases, 100 mM sodium phosphate buffer (pH 7) supplemented with
0.1 mM EDTA and 1% (w/v) polyvinylpyrrolidone (PVP) was used in a 1:1 (w/v) ratio. Samples were then
centrifuged at 10,000 rpm for 20 min at 4°C, whereby the supernatant was used for enzymatic determinations.
The soluble protein content in the supernatant contained within the crude enzyme extract was determined
by the Bradford method [14].

2.1.2 f-1,3-Glucanase (PR2) Activity

[3-1,3-glucanase activity was quantified by the modified method reported by Fink et al. [15]. The
reaction mixture contained 150 uL of enzyme extract, 150 uL of Laminarin (2 mg mL™!), and 150 uL of
Somogyi’s reagent [16]. After incubation with boiling water for 40 min, 150 uL of Nelson’s reagent [17]
and 1.5 mL of distilled water were added. Subsequently, the absorbance was measured at 610 nm. The
specific activity was expressed as mg of glucose mg~! protein min~!, using a glucose standard curve
for determinations.

2.1.3 Chitinase Activity (PR3)

Chitinase activity was quantified following the protocol established by Boller et al. [18], with minor
adjustments to optimize reaction conditions. The assay mixture contained 0.2 mL of colloidal chitin and
0.4 mL of enzyme extract, which were homogenized with a vortex. Subsequently, 100 uL of 0.8 M sodium
tetraborate buffer was added, and the reaction mixture was incubated in a water bath at 37°C for 60 min.
After incubation, the samples were then centrifuged at 4000 rpm for 5 min. Once the time had elapsed, 0.4 mL
of the supernatant was collected and subjected to boiling for 3 min. Afterwards, the samples were allowed
to cool, and 1 mL of p-dimethylaminobenzaldehyde (10%) was added to each sample. The mixture was
vortexed briefly and incubated again at 30°C for 20 min. Absorbance readings were carried out at 585 nm
using a spectrophotometer. A standard curve was made with N-acetylglucosamine. Chitinase activity was
expressed as pmol min~! mg™! of protein, according to the method described by Reissig et al. [19].

2.1.4 Peroxidase Activity (PR9)

The enzymatic activity of peroxidase was assessed following the protocol described by Hammerschmidt
et al. [20]. The assay consisted of 3 mL of a freshly prepared mixture containing 0.25% (v/v) guaiacol, 10 mM
sodium phosphate buffer (pH 6), and hydrogen peroxide as the substrate. The reaction was initiated by
adding 100 pL of enzyme extract, and the increase in absorbance was measured at 470 nm/min using a
spectrophotometer. Enzymatic activity was calculated based on the rate of absorbance and expressed as
U mg of protein™?.

2.1.5 Experimental Design

The experimental design was completely randomized. The values that are shown correspond to the
mean value of experiments performed in triplicate. To assess statistically significant differences between
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treatments, data was subjected to a one-way analysis of variance (ANOVA), followed by Tukey’s multiple
comparison test, considering a significance level of p < 0.05. Tukey’s test was also applied to obtain the
Honestly Significant Difference (HSD).

3 Results
3.1 Defense-Related Enzyme (PR) Activity

The 30-day interaction between plantlets of A. americana and F. oxysporum induced the activation
of enzymatic responses as a component of plant defense mechanisms, which occurred at different times
after inoculation.

3.2 Specific p-1,3-Glucanases Activity

The findings show that the control and clone 1 treatments without inoculation presented basal levels
of 3-1,3-glucanase enzymatic activity, which increased slightly over time, likely happening as a response to
phenological development or environmental stimuli (Fig. 1 and S1(Supplementary Materials)). In Clone
1 plants that were inoculated with F. oxysporum, an early induction of enzymatic activity was observed,
where the highest levels occurred at 72 hpi and 7 dpi. This suggests that plants from clone 1 have a more
efficient defense system, possibly associated with the rapid activation of PR2 genes that are involved in
the degradation of components within the cell wall of fungi. Lastly, an increase in enzymatic activity was
observed over time in control treatment inoculated with F. oxysporum. However, this was lower than what
was observed for the case of inoculated Clone 1.

0.06 1 = Ohpi
72 hpi
B 7 dpi
1 15 dpi
=

0.05 1 30 dpi

0.04 4

0.03

0.02 A

B-1,3 glucanase activity (U)

0.01 A

Control Control + F.oxys Clone 1 Clone 1 + F.oxys

Treatment

Figure 1: Enzymatic activity observed for 3-1,3 glucanases during the advance of wilt disease in A. americana
clone 1 plants. Values represent the mean + standard error (SE). Group Means with different letters are significantly
different (Tukey, p < 0.05). HSD control = 0.006, HSD control + F. oxysporum = 0.006, Clone 1 = 0.00, Clone 1 +
F. oxysporum = 0.00. hpi: hours post-inoculation; dpi: days post-inoculation.

Regarding the activity in non-inoculated clone 4 plants, a slight increase was observed at 72 hpi and
7 dpi (Fig. 2 and S1), possibly as a response to phenological development or environmental stimuli. On the
other hand, the highest enzymatic activity of 3-1,3-glucanases in inoculated control plants was observed at
0 hpi, where a gradual decrease over time was noticed. A similar behavior was observed in clone 4 plants,
which had a higher enzymatic activity at 0 and 72 hpi, and, very importantly, a statistically significant
difference regarding the enzymatic activity at 30 dpi was found.
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Figure 2: Enzymatic activity observed for (3-1,3 glucanases during the advance of wilt disease in A. americana clone 4
plants. Values represent mean + standard error (SE). Group means with different letters are significantly different (Tukey,
p < 0.05). HSD control = 0.006, HSD control + F. oxysporum = 0.006, Clone 4 = 0.006, Clone 4 + F. oxysporum = 0.006.
hpi: hours post-inoculation; dpi: days post-inoculation.

3.3 Specific Chitinase Activity

The activity of chitinase enzyme in A. americana control plants inoculated with F. oxysporum showed
an increase in activity after 7 dpi, although the highest activity was seen at 30 dpi. This can be seen in
Fig. 3 and S1. A statistically significant difference was found after comparisons with all other assessed
times were performed. The same behavior could be seen in clone 1 plants, even though the concentration
of this enzyme was lower than for the infected control.
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Figure 3: Enzymatic activity of chitinases during the advance of wilt disease in A. americana clone 1 plants. Values
represent mean + standard error (SE). Group means with different letters are significantly different (Tukey, p < 0.05).
HSD control = 0.006, HSD control + F. oxysporum = 0.006, Clone 1 = 0.006, Clone 1 + F. oxysporum = 0.00. hpi: hours
post-inoculation; dpi: days post-inoculation.

In treatments lacking the pathogen, the enzymatic activity of chitinase was low (Fig. 4 and S1), where
a slight increase was observed at 15 dpi in control plants. Additionally, in the case of clone 4 control plants,
an increase in activity occurred at 7 and 15 dpi, while in infected clone 4 plants, the highest activity was
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observed later on at 15 dpi and 30 dpi. This activity then decreased significantly, suggesting a regulated
and efficient defense strategy.
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Figure 4: Enzymatic activity of chitinases during the advance of wilt disease in A. americana clone 4 plants. Values
represent mean = standard error (SE). Group means with different letters are significantly different (Tukey, p < 0.05).
HSD control = 0.006, HSD control + F. oxysporum = 0.006, Clone 4 = 0.006, Clone 4 + F. oxysporum = 0.006. hpi: hours
post-inoculation; dpi: days post-inoculation.

3.4 Specific Peroxidases Activity

Results regarding enzymatic activity of peroxidases showed a statistically significant difference between
treatments and time (Fig. 5 and S1). The uninoculated control showed basal activity, whereas clone 1 plants
inoculated with F. oxysporum showed a progressive increase in enzymatic activity with a maximum peak at
7 dpi, which was higher than the rest of the groups that were assessed. In inoculated control plants, an
increase was observed from 0 hpi to 7 dpi. However, these plants did not present a statistically significant
difference and this activity decreased drastically after 15 dpi.

10 4

Peroxidase activity (U)

Control Control+ F. oxys Clone 1 Clone 1 + F.oxys

Treatment

Figure 5: Enzymatic activity of peroxidases during the advance of wilt disease in A. americana clone 1 plants. Values
represent mean = standard error (SE). Group means with different letters are significantly different (Tukey, p < 0.05).
HSD control = 0.27, HSD control + F. oxysporum = 1.57, Clone 1 = 0.95, Clone 1 + F. oxysporum = 1.38. hpi: hours
post-inoculation; dpi: days post-inoculation.
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Regarding the activity of the peroxidase enzyme in non-inoculated clone 4 plants (Fig. 6 and S1), a basal
activity was observed, while in inoculated plants a significant increase was observed at 15 dpi, suggesting
an activation of the antioxidant defense system in response to the pathogen.

10 4
1 0 hpi
72 hpi
B 7 dpi
3 15dpi
== 30 dpi

Peroxidase activity (U)

Control Control+ F. oxys Clone 4 Clone 4 + F.oxys

Treatment

Figure 6: Enzymatic activity of peroxidases during the progression of wilt disease in A. americana clone 4 plants.
Values represent mean + standard error (SE). Group means with different letters are significantly different (Tukey,
p < 0.05). HSD control = 0.27, HSD control + F. oxysporum = 1.57, Clone 4 = 0.91, Clone 4 + F. oxysporum = 1.49.
hpi: hours post-inoculation; dpi: days post-inoculation.

4 Discussion

Plants are exposed to various pathogens in their natural habitat, and these interactions trigger multiple
defensive responses involving both constitutive and inducible barriers [21]. These defense mechanisms,
called “Systemic Resistance” are activated only in the presence of the pathogen, where inhibitors are
released as a means of defense, such as accumulation of phytoalexins, and production of enzymes related to
pathogenesis (PR) and secondary metabolites including, salicylic acid, jasmonic acid, among others [5]. PR
proteins have an important function in the defense against pathogens containing (3-1,3-glucan and chitin.

The obtained results show the activity of enzymes involved in the defense mechanism of A. americana
plants against infection by F. oxysporum. As part of the results, a modulated response was observed in plants
from treatments with ethyl methanesulfonate. These results tentatively suggest that the second generation
of these clonal lines, which result from genetic improvement when subjected to chemical agents, could
contribute to the differential activation of defense mechanisms in A. americana. This is then reflected in the
regulation of the activity of enzymes such as glucanases (PR2), chitinases (PR3), and peroxidases (PR9).

In regard to enzyme [3-1,3-glucanase activity, it has been described that this enzyme inhibits mycelial
growth and the formation of sporangia. It acts by hydrolyzing the cell walls of fungal pathogens, usually in
combination with another enzyme, such as chitinases and peroxidases, which belong to the group of PR2
proteins [5,22].

Reyes-Zambrano et al. [12] reported the activity of (3-1,3-glucanase in A. americana plants inoculated
with F oxysporum, whereby a slight increase in its activity at 15 dpi was observed, compared to the
non-inoculated ones. In our study, (3-1,3-glucanase activity correlated directly with time. This suggests
that the F2 plants from clone 4 that were obtained with EMS showed regulated enzymatic activity, thus
counteracting the presence of F. oxysporum and preventing the appearance of wilt disease symptoms.
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Lopez-Velazquez et al. [23] carried out a study to research ways to control rust in coffee (Coffea arabica)
by using chitosan. They observed that 3-1,3-glucanase activity decreased during the first 12 h after infection
with Hemileia vastatrix and the response continued up until 24 h, suggesting that the pathogen managed
to suppress enzymatic activity and infect the plant tissue. Recently, Lopez-Velazquez et al. [24] reported
that 3-1,3-glucanase activity increased significantly in pepper plantlets (Capsicum annuum) infected with
Phytophthora capsici and treated with inulin solutions from dahlia tubers (Dahlia sp.), occurring as early as
2 dpi when compared with the control. Activity decreased significantly at 7 dpi before increasing again
at 9 dpi. Similarly, when infected plantlets were treated with inulin, an increase in activity was observed,
starting at day 0 dpi and continuing throughout days 1, 2, 3, and 5 dpi. Thus, the use of inulin originating
from dahlia is capable of increasing activity of 3-1,3-glucanases in a systemic and early manner in pepper
plants (Capsicum annuum) inoculated with P. capsici. Rizal et al. [25] reported an increase in the expression
of 3-1,3-glucanases enzyme activity in resistant lentil (Lens culinaris Medikus) genotypes, as compared to
susceptible ones, after inoculation with Stemphylium botryosum Wallr.

On the other hand, it has been described that the synthesis of chitinases in plants is involved in
protection against both biotic and abiotic factors. Plant chitinase have the ability to hydrolyze pathogen’s
cell walls and trigger a defense response, restricting fungal growth by degrading chitin or by stimulating
acquired systemic resistance, which results from various defense mechanisms such as the oxidative burst, the
hypersensitivity response, salicylic acid generation, and lignin deposition, leading to increased production
of other PR proteins [26]. The development of modified plants via techniques such as chemical mutagenesis
favors yields by improving their characteristics, whereby the synthesis of a greater amount of chitinase is
the main purpose behind alteration of plants, as it allows many of them to counteract the pathogens [27].

In this sense, Reyes Zambrano et al. [12], observed an increase in enzymatic activity of chitinases in A.
americana plants that had been infected with F. oxysporum while still lacking mutagenic treatments (control
plants) after 15 dpi, as compared to uninfected plants. At 30 dpi, this activity decreased significantly in
infected plants, as compared to uninfected ones.

In our study, an increase in chitinase activity was observed as of 7 dpi in infected control plants, as
well as in clone 1, which increased over time. However, the activity of this enzyme decreased significantly
at 30 dpi for clone 4, thus suggesting inhibition of the pathogen.

Studies conducted by Liu et al. [28] in orchids (Bletilla striata) infected with Coleosporium bletiae
demonstrated a decrease in chitinase activity in resistant orchids at 2 dpi, followed by a sharp recovery.
In contrast, susceptible plants exhibited a gradual decline during 0-4 dpi followed by a delayed increase.
These findings indicate that resistant material displayed greater sensitivity and enzymatic induction.
Camacho-Luna et al. [29] evaluated the interaction between Trichoderma asperellum and Alternaria leek in
onion plants (Allium cepa), finding significant differences in the activity of chitinases and glucanases, in
regard to control plants.

Regarding peroxidase enzyme activity, it has been described that peroxidase is a key enzyme in the
antioxidative defense of plants, which is responsible for breaking down hydrogen peroxide (H,O;), which
catalyzes the polymerization of lignin monomers to reinforce the cell wall, thus reducing pathogen entry
and modulating redox changes in distant tissues. In turn, this contributes towards establishing Systemic
Acquired Resistance [30]. Gaibor-Vaca et al. [22] described a constant increase of peroxidase after 2 dpi in
stems and leaves from chili plants (Capsicum annuum) that were resistant to P. capsici. As for the agave
genus, Chavez-Sanchez et al. [31] reported an increase in peroxidases at 72 hpi in potentially resistant
Agave tequilana blue var. plantlets that were inoculated with F. solani.
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In addition, Lopez-Velazquez et al. [23] reported that the use of chitosan for rust control in coffee
plants (Coffea arabica) favors the activity of peroxidase enzymes starting at 12 hpi. It has been shown
that the implementation of genetic improvement is an efficient method to obtain resistant genotypes that
are suitable for crop health management, due to its cost-benefit ratio and low environmental impact [32].
Such strategies represent an alternative that would allow minimizing the use of chemical agents while
safeguarding food security [33,34].

5 Conclusions

The use of resistant Agave varieties represents an effective strategy for the control of phytosanitary
diseases, such as F. oxysporum-induced wilt in A. americana. Our findings show that each of the assessed
A. americana clonal lines activates different defense mechanisms against infection by F. oxysporum. This
suggests that the combined enzymatic activity occurring to (3-1,3-glucanase, chitinase, and peroxidase
interactions plays a key role in the defense response against pathogens. Furthermore, persisting resistance
in second-generation (F2) plants strongly suggests that genetic improvement via chemical mutagenesis
with ethyl methanesulfonate is a promising strategy for inducing resistance in this crop.

The results of this study indicate great feasibility in applying this approach in genetic improvement
programs for other crops of agricultural interest, which would, in turn, contribute to more sustainable production
systems with less dependence on fungicides. However, it is necessary to evaluate persistence in subsequent
generations and under field conditions. Furthermore, transcriptomic and molecular analyses should be carried
out in parallel to correlate enzymatic activity with the gene expression of pathogenesis-related proteins.
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