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Abstract: Enhancing crop nutrition though biofortification with essential minerals can, in some
circumstances, increase the resistance of plants to the attack by pathogens. As a result, plants activate
their defense mechanisms and produce bioactive compounds (BCs) in response. To date, there has
been no investigation into the response of green bean plants fortified with magnesium (Mg) salts
to the presence of Colletotrichum lindemuthianum. This research involved two Mg sources applied
by the edaphic route. The pathogen was inoculated on green bean pods, and subsequent analysis
was conducted on the accumulation of BCs, including total anthocyanins, total phenols, and total
flavonoids, within both symptomatic and healthy tissues. Remarkably, the plant’s defense system was
activated, as evidenced by the significantly higher concentration of anthocyanins (p ≤ 0.05) observed
in the symptomatic tissues following treatments with both MgCl2 and MgSO4. Further, green bean
plants treated with MgSO4 displayed notably elevated concentrations of phenols (p ≤ 0.05) in the
inoculated tissues of the pods, suggesting a plausible plant defense mechanism. The levels of BCs
were considerably higher in green bean pods of the biofortified plants compared to those which
were nonbiofortified. However, perhaps one of the most noteworthy findings is that there were no
discernible differences between biofortified and nonbiofortified treatments in stopping anthracnose
in green bean pods. These results provide valuable insights contributing to a deeper understanding
of this interaction.

Keywords: anthracnose; fungal plant pathogen; total anthocyanins; total phenols; plant nutrition;
biofortification

1. Introduction

The fungal pathogen, Colletotrichum spp., is responsible for anthracnose in numerous
plants species, such as avocado, potato, mango, grape, citrus, among others [1,2]. In
particular, Colletotrichum lindemuthianum (teleomorph Glomerella cingulata f. sp. phaseoli)
has a significant impact on bean production, leading to yield losses of up to 90% [3]. Diets
that primarily rely on beans, grains, and cereals are commonly deficient in magnesium
(Mg+), which is a mineral element important to every human body cell [4]. The diseases or
disorders associated with magnesium deficiency in the human are glaucoma, renal calculi,
muscle cramps, diabetes mellitus, osteoporosis, coronary artery disease, preeclampsia,
migraine, among others [5,6].
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Therefore, biofortification technologies are applied to increase the Mg+ content through
the application of mineral fertilizers [7]. Adequate magnesium nutrition, regardless of the
Mg source supplied, has been shown to reduce the incidence of certain plant diseases. For
instance, the study conducted by Huber and Jones [8] highlights that, in conditions where
levels of Mg in the soil are sufficient, Fusarium wilt is less severe because Mg enhances the
resistance of plant tissues against degradation by pectolytic enzymes. Recent studies further
emphasize that biofortification with minerals and nanominerals increases the concentration
of essential elements within plants, thereby bolstering their resistance to attack by plant
pathogens [9,10].

In a previous study, it was documented that the biofortification of bean plants led to
an increase in the content of phenolic compounds [11]. Phenolic compounds represent a
subset of bioactive compounds (BCs). These are a group of natural compounds found in
plants; they play a significant role in the plant’s defense mechanisms against pathogens.
When a plant is attacked by a pathogen (such as a disease-causing microorganism), it needs
to protect itself. Phenolic compounds are one of the ways plants respond to this threat [12].

When a plant is attacked by a pathogen, it recognizes the presence of the intruder.
This recognition triggers a series of defense mechanisms within the plant. As part of its
defense strategy, the plant starts producing phenolic compounds. These compounds are
bioactive, which means they have a biological impact on the plant and its surroundings;
additionally, the plant actively accumulates phenolic compounds during interactions with
pathogens [13]. Furthermore, the concentration of specific phenolic compounds has been
utilized to discern healthy tissue from diseased tissue in response to pathogen attack [14].
In addition, phenolic compounds serve the dual role of inhibiting the germination of
fungal spores and inactivating particular enzymes produced by phytopathogens as part
of the plant’s defense mechanisms. One of the primary roles of phenolic compounds is
to act as barriers against fungal invaders. When fungal spores attempt to germinate and
establish infection within the plant, phenolic compounds act. These compounds create an
inhospitable environment, hindering the germination of fungal spores. By impeding this
critical initial step in the fungal life cycle, phenolic compounds serve as a line of defense,
preventing the pathogen invasion within the plant. In addition, phenolic compounds
can inactivate specific enzymes produced by plant pathogens. Many pathogens rely on
enzymes to breach plant cell walls, facilitate nutrient acquisition by haustoriums, and
counteract the plant’s defense responses. Phenolic compounds can disrupt these enzymatic
processes, rendering the pathogen’s efforts less effective. By this, they hinder the pathogen’s
ability to colonize, spread, and cause damage to the plant [7,15].

Mikulic-Petkovsek et al. [16] conducted a study on sweet peppers and observed
phenolic changes induced by the inoculation of Colletotrichum coccodes. Their findings
revealed an increase in the total phenolic content, especially at the symptomatic area,
and even more pronouncedly in the surrounding border zone near the diseased tissue.
Particularly, anthocyanins were identified as key components in the defense mechanism of
plants. Slatnar et al. [17] also noted a high concentration of anthocyanins in and around the
symptomatic tissue in apples affected with Venturia inaequalis, in contrast to healthy tissue.
Consequently, these anthocyanins have the potential to delay fungal infections or cause
the fungi to become inactive, demonstrating their role in plant defense against pathogenic
threats [18].

An elevated concentration of anthocyanins is closely linked to plants that face pathogenic
threats. In the research of Somalraju et al. [19] with potato plants of the ‘Russian Blue’
variety biofortified with selenium (Se) and exposed to Phytophthora infestans inoculation, they
exhibited notably higher anthocyanin levels in their tubers compared to the nonbiofortified,
uninoculated potatoes. This underscores how the combination of pathogen exposure
and biofortification stimulates the synthesis of anthocyanins, contributing to enhanced
plant protection.

In pursuit of sustainable bean production to address global food security and nutrition
improvement, this study aims to elucidate the response of the magnesium-biofortified
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green bean plants to C. lindemuthianum. By doing so, it contributes valuable insight to the
current knowledge regarding the interaction between green beans and C. lindemuthianum.

2. Materials and Methods
2.1. Biofortification with Magnesium

In August 2018, we conducted an outdoor experiment at the Autonomous University
of Chihuahua in Chihuahua, Mexico (28◦39′19′′ N; 106◦05′14′′ W). We began by planting
seeds of the green bean (Phaseolus vulgaris L.) cv “Strike” at a depth of 3 cm in pots
measuring 30 cm in diameter and 30 cm in height. The sowing date was August 30th. These
pots were filled with a mixture of vermiculite and perlite in a ratio of 2:1 (vol/vol). The
ambient temperature during the day averaged 28 ◦C. Starting 26 days after germination,
the plants received the nutrient solution as recommended by Márquez-Quiroz et al. [20]
without Mg, administrated every three days.

To investigate the impact of magnesium on the plants, we established two Mg treat-
ments using either MgCl2 or MgSO4 at a concentration of 100 ppm from 99.99% pure Mg,
as previously reported for biofortification [11,21]. The control treatment lacked Mg. Each
treatment consisted of four plants per replicate, with two replicates per treatment, following
a completely randomized experimental design. The Mg treatments were applied to the soil,
commencing 26 days after germination, and continuing for a period of 40 days.

2.2. C. lindemuthianum Inoculation and Disease Assessment

We employed a monoconidial strain of C. lindemuthianum, which was isolated from
common beans (Phaseolus vulgaris L.) in the State of Mexico and generously donated by the
Collection of Phytopathogenic Fungi at the Department of Agricultural Parasitology of the
Chapingo Autonomous University.

During the 40-day period of Mg application, a suspension containing 106 conidia mL−1

was inoculated on day 26 onto four green bean pods per plant. This inoculation process was
carried out on four plants for each treatment group. Five µL of the conidial suspension were
applied to three specific points on each green bean pod, as can be seen in Figure 1, ensuring
that the pod´s tissue remained undamaged. Subsequently, the inoculated plants were kept
at a temperature of 18 ◦C for a period of 14 days, from October 27th to November 10th.

Fourteen days after inoculation, the diameter of the anthracnose lesion was measured.
To document the symptoms, an HP Scanjet M377dw (Hewlett-Packard) was utilized. For
further analysis, both healthy and symptomatic green bean pods that had been observed
14 days postinoculation were cut and then stored by freezing them at −20 ◦C.

2.3. Bioactive Compounds (BCs)
2.3.1. Total Anthocyanins

To extract total anthocyanins from both the healthy and diseased tissue of the frozen
green bean pods, we followed the methodology outlined by Ciscomani-Larios et al. [11].
Subsequently, the absorbance of the first phase was measured at 460 nm, and that of the
second phase at 710 nm using a JENWAY spectrophotometer (Jenway Limited®, Essex, UK).
The results are reported in mg cyanidin-3-glucoside g−1.

2.3.2. Total Phenols

For the extraction of total phenols from the macerated tissues of both healthy and
diseased green bean pods, we employed the method of Singleton and Rossi [22] and
Singleton et al. [23], with slight modifications, as reported by Ciscomani-Larios et al. [11].
The absorbance of the reaction mixture was recorded at 725 nm. The results are reported in
mg gallic acid equivalent g−1 (mg GAE g−1) fresh weight (FW).
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Figure 1. Common symptoms of anthracnose on the green bean pod (Phaseolus vulgaris L.) cultivar 
“Strike”, induced by C. lindemuthianum. (a) After 14 days of inoculation, biofortified plants treated 
with MgCl2 exhibited the emergence of oval-shaped brown necrotic lesions. (b) Inoculated with C. 
lindemuthianum, nonbiofortified. (c) Control, inoculated with water. 
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Figure 1. Common symptoms of anthracnose on the green bean pod (Phaseolus vulgaris L.) cultivar
“Strike”, induced by C. lindemuthianum. (a) After 14 days of inoculation, biofortified plants treated
with MgCl2 exhibited the emergence of oval-shaped brown necrotic lesions. (b) Inoculated with
C. lindemuthianum, nonbiofortified. (c) Control, inoculated with water.

2.3.3. Total Flavonoids

The quantification of total flavonoids in the healthy and diseased tissues were carried
out using the colorimetric method developed by Zhishen et al. [24]. We measured the
absorbance of the mixture at 510 nm, with catechin serving as the standard compound for
reference. The results were expressed in mg of catechin equivalents (CE) g−1 of fresh weight
(FW) of the sample. All the previous analyses were performed in triplicate for precision.

2.4. Statistical Analysis

The obtained results were subjected to statistical analysis, including analysis of vari-
ance, followed by a comparison of means utilizing the least-significant-difference (LSD)
method, all performed within the SAS program (SAS Inst. Inc., Cary, NC, USA). Signifi-
cance was attributed to differences in means when the p-value was equal to or less than
0.05 (p ≤ 0.05).

To facilitate the grouping of means pertaining to BCs and antioxidant capacity in both
inoculated and noninoculated green bean pods, a Tukey test was performed (p ≤ 0.05). The
data presented in this study are expressed as means ± standard error (SE) for precision.

3. Results and Discussion
3.1. Symptoms on Green Bean Pods

In this study, Colletotrichum lindemuthianum induced the formation of small brown
spots measuring 5 to 6 mm in diameter on beans 14 days after inoculation, regardless of
the Mg treatment applied (Figure 1). The symptoms were typical of anthracnose in beans.
No symptoms were observed on the green bean pods inoculated with water. This symp-
tomatic expression suggests that, regardless of the Mg biofortification, the pathogenicity
process continued.
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Both of the Mg salts did not affect the conidia applied to green bean pods, nor did
they disrupt the specialized infection structures from entering the cuticle. It is known that
to successfully infect the host plant, this fungus has developed many specialized infection
strategies and structures, among which the fungal appressorium plays an important role.

According to the literature, biofortification would be expected to stop or slow the
development of the appressorium at the point of contact, where it detects physical and
chemical signals from the host, such as surface hydrophobicity and chemical signals. This
is because some authors point out that biofortification induces defense mechanisms in
plants. Then, it can be concluded that, under the conditions of this study, the fungus is
so aggressive that Colletotrichum appressoria have the ability to penetrate the host cuticle,
crossing the barriers of waxes and other hydrophobic compounds independently of the Mg.

Thus, for a fungus with these highly specialized structures, such as appressoria with
their pegs, which exert turgor pressure and a high mechanical force that pierces the host
cuticle [25], fortification alone will not be enough. Since various specialized pathogenic
factors have been documented in Colletotrichum spp., which include the production of pec-
tolytic enzymes responsible for maceration of the plant cell wall and the ability to regulate
the tissue pH as a means of host attack [26], they must be added to the biofortification with
Mg, other minerals, and other control strategies for the fungus.

Additionally, the fungus has evolved an ability to regulate the tissue pH, which is
crucial for successful host colonization. It can manipulate the pH of the host tissue by
secreting alkaline compounds, such as ammonia and amines. This alkalization of the
surrounding plant tissue creates an environment that is conducive to fungal growth and
inhibits the plant’s defense responses [26].

The interaction between the fungal pathogen C. lindemuthianum and its host, Phaseolus
vulgaris, is driven by an interplay of signals and genes from both the pathogen and the
host, which collectively determine the outcome of the interaction. The pathogen begins by
recognizing specific cues and signals emitted by the host plant. These cues may include
chemical signals released by damaged plant tissue, as well as surface molecules that are
recognized by the pathogen. In response to pathogen recognition, P. vulgaris activates its
own set of defense mechanisms. These include the recognition of conserved molecular
patterns on the pathogen’s surface, known as pathogen-associated molecular patterns
(PAMPs), and the subsequent initiation of signaling cascades [27].

3.2. Bioactive Compounds in Healthy and Diseased Tissues
3.2.1. Total Anthocyanin Content

The highest concentration of total anthocyanins was observed in the symptomatic
tissues of both Mg-treated groups (Figure 2a). Notably, significant statistical differences
(p ≤ 0.05) were detected in anthocyanin levels between the inoculated and noninoculated
MgCl2 treatments in the biofortified plants.

Anthocyanins, as natural pigments responsible for the red, purple, and blue colors
in various fruits and vegetables, develop their increased presence through biofortification.
Additionally, anthocyanins play a crucial role in the plant’s defense mechanism and have
been shown to potentially delay fungal infections. In plants, they act as free radical scav-
engers, neutralizing harmful molecules that can damage cellular structures. Anthocyanins
have been extensively studied for their ability to deter fungal infections. When a plant is
under attack by fungi, it often responds by increasing the production of anthocyanins in
the affected areas.

These compounds can inhibit the growth of fungi or make it more challenging for them
to establish an infection [18]. Supporting this, Harshman et al. [28] provided evidence for
the correlation between the degree of pigmentation in raspberries and the reduced severity
of B. cinerea infection. This observation aligns with the findings of Bassolino et al. [29],
whose research revealed a similar phenomenon in transgenic tomato engineering to accu-
mulate anthocyanins, leading to a noticeable reduction in the severity of B. cinerea infections.
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Figure 2. Bioactive compound (BCs) analysis in green bean pods. (a) Total anthocyanins (mg
of cyanidin-3-glucoside g−1), (b) total phenols (mg of gallic acid equivalents g−1), and (c) total
flavonoids (mg catechin equivalents [CE] g−1). Assessment of green bean pods subjected to inoculated
(Inoc) and noninoculated (No Inoc) treatments with MgCl2 and MgSO4. Statistically significant
differences were determined at p ≤ 0.05. Grouping of means for BCsin inoculated and noninoculated
green bean pods was conducted using a Tukey test (p ≤ 0.05). Data presented as means ± standard
errors (n = 4).
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In the study conducted by Slatnar et al. [17], it was noticed that the highest levels of
anthocyanins were detected in the symptomatic tissue and the areas surrounding lesions
caused by Venturia inaequalis, in contrast to the comparatively lower levels present in
healthy ‘Golden Delicious’ apple tissue. This observation highlights the dynamic response
of anthocyanin production to stress and infection. Similarly, in separate research focusing
on Malus crabapple, it was revealed that anthocyanins accumulated predominantly in leaf
tissue, serving as an essential antioxidant defense mechanism against rust infection [30].
This underscores the versatile role of anthocyanins in plant defense. Anthocyanins, a
subclass of flavonoids, act as a crucial component of the plant’s defense system against
pathogens. As exemplified in a study involving mangoes, an increase in both anthocyanins
and flavonoids was noted in the fruit peel, and this increase was associated with heightened
resistance to C. gloeosporioides [31]. These findings collectively emphasize the significance
of anthocyanins in plant resistance against pathogens.

Furthermore, when plants undergo biofortification and face the pathogen, there is
a notable surge in anthocyanin levels, as observed in the study conducted by Somalraju
et al. [19] involving potato plants biofortified with selenium and subsequently inoculated
with Phytophthora infestans.

3.2.2. Total Phenols

In this study, we observed slightly elevated concentrations of total phenols in the
inoculated (diseased) tissues of pods from plants biofortified with MgSO4 than in healthy
tissues. Although these differences did not reach statistical significance (Figure 2b), it is a
notable fact due to the pathogenicity of Colletotrichum and the reaction of the plant tissue.

However, a statistically significant difference (p≤ 0.05) was observed when comparing
the concentration of total phenols between biofortified and nonbiofortified plants, with
biofortified plants exhibiting substantially higher concentrations.

Notably, various previous studies have consistently reported elevated levels of phe-
nolic compounds within symptomatic spots caused by various pathogens, such as Col-
letotrichum spp. [16], Pyrenophora tritici-repentis race 1 [32], Gloeosporium spp., Penicillium
expansum, Monilinia fructigena [33], Glomerella cingulata [34], and Phytophthora cinnamomi [35].

Phenolic compounds, known for their role in plant defense, frequently exhibit higher
concentrations in the boundary zone surrounding infected tissue. This phenomenon
suggests a strategic plant defense mechanism aimed at stopping the advance of fungal
pathogens into healthy tissue. In response to fungal invasion, the plant appears to deploy
phenolic compounds, creating a barrier at the interface between the infected and healthy
regions. The presence of phenolic compounds in this zone underscores their significance
as a critical component of the plant’s response, showcasing the dynamic nature of plant–
pathogen interactions. This defense strategy not only protects the plant’s structural integrity
but also preserves its ability to thrive and reproduce [16]. These compounds exhibit capabil-
ities when it comes to combatting fungal pathogens. Notably, they possess the remarkable
ability to stop fungal spore germination and incapacitate specific pathogenic enzymes.
During fungal defense, phenolic compounds serve as potent antagonists, impeding the
crucial first step in fungal infection by hindering the germination of spores. This early
interception disrupts the fungus’s life cycle, preventing it from establishing on the host
plant. They also exert their biochemical activities against the invaders by targeting specific
pathogenic enzymes. These enzymes are essential for the fungus’s ability to infiltrate and
colonize the host plant [36]. Among the phenolic phytoalexins, several compounds stand
out as prominent elements in the plant defense activities.

These include phenolic compounds, as well as isoflavonoids and phenylpropanoids,
all of which have been well-documented as key compounds produced by plants in their
defense mechanisms [37]. According to Marschner [38], these compounds represent es-
sential components of the plant´s strategy for safeguarding itself against potential threats.
Plant metabolic responses to specific nutrients exhibit variability dependent on the type
of ions present, including ions like Cl− and SO4

=. This variability can be linked to the
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oxidative burst, which is a rapidly induced response by plants when under pathogen
attack. The type and combination of ions in the nutrient environment can trigger unique
metabolic cascades, highlighting the complexity of the plant’s response mechanisms [39].
Defensive phenolic compounds are recognized for their ability to contribute to an overall
reduction in the production of ROS, as well as being involved in more direct interactions
with the signal transport and transduction pathways within the plant. In terms of ROS
regulation, phenolic compounds act as molecular pacifiers, calming the potentially harmful
of oxidative stress that can result from pathogen attacks or environmental stressors. By
limiting the overproduction of ROS, these compounds help prevent other damage to the
plant’s own tissues, thereby maintaining cellular integrity and function [40].

Our findings can be elucidated through the recognition of signals emitted by diseased
cells when C. lindemuthianum is deposited onto green bean pods. This recognition initiates
a signaling cascade that leads to the production of phenolic compounds [41]. Plants engage
the synthesis of phenolic metabolites, a diverse group of organic compounds [42]. These
phenolic compounds serve multiple purposes, extending beyond their essential role in
defensive mechanisms. They also function as crucial adaptations to various environmental
conditions, aiding the plant´s ability to thrive and respond effectively to its surroundings.
Consequently, phenolic compounds within plants play an important role in shaping the
adaptability and responsiveness of microorganisms. The compounds serve as influential
mediators, promoting the dynamic interplay between microorganisms and their plant host,
contributing to this microbial plasticity, allowing them to survive to various environmental
stresses [43,44]. Figure 3 illustrates the process, from pathogen inoculation to biofortification
with two Mg salts, the appearance of symptoms, and the production of metabolites in the
symptomatic tissue.
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Figure 3. Illustration of biofortification in green bean using two Mg salts. This scheme represents
a biofortification process of green bean plants with two magnesium salts, where Colletotrichum
lindemuthianum inoculated onto green bean pods theoretically causes the plant to react by synthesizing
metabolites in both symptomatic and healthy tissues.

3.2.3. Total Flavonoids

Among the various phenolic phytoalexins, flavonoids are typically the least abundant
compounds utilized by plants for defensive purposes. There are some exceptions to this
trend, particularly with catechins and proanthocyanidins. Interestingly, the biofortified
treatment using MgSO4 exhibited notably higher concentrations of total flavonoids, re-
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gardless of whether the plants were inoculated with the fungus, and these levels were
statistically superior to those observed with MgCl2 (p ≤ 0.05) (Figure 2c).

The presence of MgSO4 may be linked to enhanced pathogen resistance due to the ele-
vated concentrations of both preformed and induced total flavonoids. Notably, biofortified
plants with both salts demonstrated statistically significant differences when compared to
nonbiofortified plants (p ≤ 0.05).

Initially, we hypothesized that the areas affected by inoculation would exhibit higher
concentrations of flavonoids, as these secondary metabolites synthesized in plants in
response to physical injury, infection, or stress in plants serve a range of functions, including
protection against herbivores, pathogens, and UV radiation [45,46]. However, our results
yielded unexpected outcomes. Fungal quiescence is a multifaceted process influenced by
factors beyond the mere accumulation of phenolic compounds. In summary, even though
the diseased pods did not present notably high concentrations of flavonoids, our findings
remain significant, as biofortification with Mg salts induced the production of flavonoids
in bean pods.

3.3. C. lindemuthianum in Mg-Biofortified Green Bean Pods

In our research, we did not observe statistically significant differences (p ≤ 0.05)
between the biofortified treatments and the nonbiofortified control groups concerning the
prevention of anthracnose in green bean pods. This outcome could be attributed to the
inherent severity of the fungus in the common bean crops, as it is known to exhibit high
aggressiveness [47]. Variability in cultivar resistance from one year to another could also be
a contributing factor.

We conducted a study on the biofortification of Mg, since this element has a vital role in
maintaining human health. Furthermore, this biofortification approach has shown promise
in fortified plants against attacks by various plant pathogens, as highlighted in previous re-
search [38]. For instance, Cakmak [48] conducted research focused on biofortification using
zinc to enhance plant resistance to pathogens. The findings of this study concluded that,
when there are adequate levels of available zinc in the soil, plants gain protection against
numerous soil-borne pathogens. Additionally, the accumulation of high concentrations of
zinc in seeds has been demonstrated to play a significant role for safeguarding germinating
seeds and seedlings against pathogenic threats.

In a similar way, Siddiqui and Shaukat´s research [49] successfully suppressed infec-
tions caused by Fusarium solani and Rhizoctonia solani through the use of an iron chelator.
The suppression can likely be attributed to plant´s response to nutrient deficiency, leading
to the production of root exudates that attract beneficial microorganisms. Consequently,
it is important to note that mineral or nutrient deficiencies can lead to an increase in the
production of these exudates, rendering the plant more susceptible to pathogenic attacks,
as discussed in previous studies [38].

In our study, no significant differences were observed in the lesion diameter between
the two Mg salts, nor between these treatments and the nonbiofortified plants. It is
worth noting that some minerals play a beneficial role in responding to attacks by plant
pathogens, and many of these mechanisms remain still unknown [50]. In summary, our
study revealed that the concentration of bioactive compounds in beans was higher in
biofortified plants compared to the nonbiofortified ones. In kale (Brassica oleracea L. var.
sabellica), the application of iodoquinolines significantly increased the iodine content in
the plants [51]. The biofortification of faba bean (Vicia faba L.) with selenate, selenite, and
nanoselenium increased the yield, seed weight, pod number, and protein accumulation in
the plants [52]. The application foliar of sodium selenate and zinc oxide in two pea (Pisum
sativum L.) seed varieties increased the concentration of protein and chlorophyll [53].

For future studies, we recommend investigating biofortification under conditions
of nutrient deficiency to ascertain whether it offers protection against pathogens in such
conditions. Furthermore, we suggest exploring genetic signaling and the synthesis of
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biochemical products during the interaction between biofortified green bean plants and
C. lindemuthianum at various time intervals following their encounter.

4. Conclusions

In summary, our findings indicate that green bean plants treated with MgSO4 exhibit
significantly elevated concentrations of total phenols in the inoculated tissue of the green
bean pods, suggesting a potential defense mechanism against C. lindemuthianum. Further-
more, the plant´s defense system is activated, as evidenced by the substantial concentration
of total anthocyanins synthesized in the symptomatic (inoculated) tissue of green bean
pods of both treatments biofortified with Mg measured 14 days after inoculation.

Contrary to prior assumptions, this study´s results reveal that biofortification with
Mg salts 100 ppm, applied over a 40-day period, does not impede the development of
anthracnose caused by C. lindemuthianum. In conclusion, while biofortification programs
for green bean plants may be promising in addressing malnutrition concerns, ensuring
pathogen-free agricultural production and a stable food supply for the global population
will require the adoption of cultivars resistant to C. lindemuthianum.
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