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ABSTRACT

Objective: This paper examines the background and current importance of the jalapefio pepper and the
benefits to the plant and soil when bio-fertilized with endomycorrhizal fungi.
Design/methodology/approach: Literature related to the jalapefio pepper and the benefits of using
endomycorrhizal fungi in its growth and production was reviewed. The importance of sustainable agriculture
was also noted.

Results: Jalapefio peppers have been part of culture and traditions since pre-Hispanic times, and the
importance of endomycorrhizal fungi in production has been established to reduce the need for synthetic
fertilizers. Their morphological and physiological yield components have been improved, and their protein and
capsaicin content has increased, reducing production costs.

Limitations on study/implications: The results found are encouraging but their response may vary
depending on the bio-fertilized endomycorrhizal fungus.

Findings/conclusions: The jalapefio pepper continues to be a symbol of Mexico’s culinary richness. The
symbiosis between endomycorrhizal fungi and Capsicum spp. is effective and promotes growth and yield. It also
helps the plant tolerate various biotic and abiotic stresses.

Mycorrhizal biofertilization is an alternative for cost-effectively and sustainably increasing Capsicum annuum L.
production.

Keywords: Biofertilization; Sustainable Agriculture; Yield.

INTRODUCTION

Capsicum annuum L. is a basic vegetable in the Mexican culture and gastronomy. It is
used in the daily diet with contribution of vitamins, minerals and antioxidants. In addition,
it has broad impact on the agricultural economy and is a strategic crop within the Mexican
agricultural sector (Aguilar et al., 2010; Aguirre et al., 2017). Per capita consumption exceeds

15.0 kg, which reflects the deep-rooted tradition of using chili peppers in the Mexican diet
(SIAP, 2023).
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In the world production of chili, Mexico occupies a central role, it is the second largest
producer after China (SIAP, 2018). According to the Ministry of Agriculture and Rural
Development (SADER), in 2023 the national production of green chili exceeded the figures
of previous years, it was 3.23 million tons. The states of Sinaloa, Chihuahua and Zacatecas
contributed 59.7% of the national total (SADER, 2024).

This leading position in the production and consumption of jalapefio peppers is largely
due to the wide genetic variability distributed in the country (Moreno-Pérez et al., 2011).
There is an extensive diversity of shapes and sizes of plants of the Capsicum genus, as well
as a wide variety of flowers and fruits.

The five most cultivated species in Mexico are C. annuum, C. chinense, C. pubescens, C.
[rutescens and C. baccatum (Herndandez-Verdugo et al., 1999).

The jalapeno pepper is more than a culinary ingredient in the Mexican diet. Its presence
transcends the gastronomic sphere and forms part of the country’s cultural identity. Since
pre-Hispanic times, chili has been a staple food in the cuisines of America and has been
present in rituals, traditional medicine and social practices (Conaculta, 2021).

Despite its economic and cultural importance, jalapefio pepper production faces several
challenges, such as climate change, expressed in terms of rainfall variability, temperature
increase and soil degradation (SIAP, 2023). Besides, the intensive use of conventional
fertilizers has generated environmental pollution problems with an increase in greenhouse
gases (Bohlool et al., 1992). Likewise, the NOg and NO, forms contaminate water sources
by leaching (Martinez-Nieto et al. 2011) and soil microbiota are altered, as happened with
Rhizobium spp. in beans (Caballero-Mellado and Martinez-Romero, 1999).

The future of jalapefio pepper production will depend on the adoption of innovative
technologies and sustainable agricultural practices, with an agroecological approach to
ensure the sustainability of the crop.

In addition to the above, the growing consumer demand for organic products
and environmental awareness among consumers are driving the transition to more
environmentally responsible production methods.

This paper examines the importance of jalapefio peppers and the benefits when bio-

fertilized with endomycorrhizal fungi and highlights the sustainable approach.

Gastronomic and cultural importance of jalapefio peppers

The species C. annuum is the most representative within this diversity (FAO, 2022). The
jalapefio pepper, like other chili varieties, is a profound symbol of Mexican identity. Its
relevance goes beyond the merely culinary, as it is an element that has accompanied the
history of the country since pre-Hispanic times, playing a fundamental role in food, culture
and traditions (Spinoso, 2021).

Its versatility in the preparation of diverse dishes, according to the nutritional needs
of the population, has allowed it to become an emblem of Mexican gastronomy, and the
largest morpho-phenotypic variety is found in Mexico (Aguilar-Rincén et al., 2010).

Some chilis are widely appreciated and used, such as jalapefio, ancho, guajillo, pasilla,
serrano, manzano, habanero, de drbol and piquin (Kraft et al., 2014; Santiago-Luna ez

al., 2018),
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Today, the jalapefio pepper continues to be a mainstay of Mexican gastronomy, and its
versatility has made it an indispensable ingredient not only in a wide variety of dishes, but
also in various beverages (Basulto et al., 2021).

It is used in the preparation of sauces, moles and combined with other vegetables
associated with beef, sheep or goat meat. It is also used in preserves and pickles, among
others.

In addition, it has been incorporated into international cuisine, with wide acceptance in
countries such as the United States, Spain and Japan, where its flavor and level of spiciness
have been used in different culinary preparations (Davila, 2023).

Its domestication and distribution have been widely documented by researchers who
identify Mexico as its center of origin and development (FAO, 2022). The prevalence of
jalapefio peppers has been confirmed in various studies that have analyzed production
patterns in the country, highlighting its importance in the Mexican agricultural and
gastronomic market (Cuardn et al., 2022).

Since its origins, chili has been an essential ingredient in the diet of the indigenous
peoples of Mesoamerica. Its domestication allowed the development of a wide diversity of
genetic resources, adapted to different regions and climatic conditions (Aguirre-Mancilla e
al., 2017; Moreno-Pérez et al., 2011).

It was first known and harvested in the wild, and little by little it was cultivated by
indigenous women and men, who, over time, managed to generate a wide range of native
variants (Larousse, 2020). This historical relationship with chili has cemented its presence
in the gastronomy and daily life of Mexicans (Conaculta, 2021).

At a cultural level, chili is much more than an ingredient; it is a symbol of identity
and belonging. Under that line, it can be mentioned that chili is one of the elements that
offers the greatest sense of belonging to Mexicans, speaking from a culinary point of view
(Guillaumin, 2020). It is present throughout the entire Mexican gastronomy.

Moreover, its importance has transcended to many other cultural manifestations
(Saldana-Arguello et al., 2023). Thus, by appropriating resources such as chili, each town
has created its ethnic identity, since, due to the indigenous cosmovision of nature, which
is still preserved by many towns in Mexico, chili peppers are considered more than a food
source (Davila et al., 2023).

Currently it is present in diverse aspects of the social and political life of the peoples
of America. Chili peppers are not only consumed as food but were also used for other
purposes in a wide variety of cultural manifestations, for example, pre-Hispanic peoples
used it as a weapon of war, to pay tribute, and in education as a “disciplinary measure with
children” (Quesada-Roman, 2017). This food has transcended the frontiers of food and
has proven to be a highly valued resource, both in economic and social terms (Saldafa-
Arguello, 2023).

Additionally, the diversity of chilis in Mexico reflects the geographical and cultural
richness of the country. Each region has developed its own recipes and procedures to make
the most of the local varieties of this fruit.

The variety of chilis in Mexico is expressed from the Baja California peninsula to

the Yucatan’s, from the sandy desert of Sonora to the always humid Tabasco, or from
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the Pacific coast to the mountains of the Sierra Oriental (Katz & Meléndez, 2023). This
diversity has allowed the chili pepper to adapt to multiple culinary styles and continues to

be a symbol of Mexico’s gastronomic richness.

Current challenges in the production of jalapefio peppers

Despite its economic and cultural importance, jalapeio pepper production faces the
challenges of climate change and consumer preferences for organic products.

The future of jalapefio pepper production will depend on the adoption of innovative
technologies and sustainable agricultural practices, with an agroecological approach to
ensure the sustainability of the crop.

In addition to the above, there is a growing consumer demand for organic products and
environmental awareness among consumers, driving the transition to more environmentally
responsible production methods.

In this context, the use of various soil microorganisms, now known as microbial
biofertilizers, has gained relevance as a sustainable strategy in the production of various
annual and perennial crops (Aguirre-Medina, 2006).

In jalapefio pepper, the soil microorganisms that have demonstrated evident effects
on chili production have been endomycorrhizal fungi (Aguirre-Medina and Espinosa-
Moreno, 2016) and it has been confirmed in Lycopersicon esculentum L (Anzueto et al., 2023),
Solanum Lycopersicon L. (Bercian-Moguel et al., 2025).

These fungi establish a symbiotic relationship with plant roots, facilitating the transport
of essential nutrients such as phosphorus and nitrogen to the host plant and the host plant
provides photosynthates to the fungus (Dabrowska, G. & Zdziechowska, 2015) which
contributes to better crop development.

The effects of microbial symbiosis and the host plant are generally manifested by an
increase in aerial and radical biomass production (Asrar et al., 2012), flowering (Othman
et al., 2022) and yield.

In addition, their presence in the soil favors the stability of the microbiota and improves
the structure of the substrate by storing carbon, binding the particles of the soil mineral
fraction and providing stability to the aggregates (VI¢ek & Pohanka, 2019). These changes
in the soil when endomycorrhizal fungi are present increase crop resilience to adverse
conditions such as drought and salinity.

Recent studies have shown that the application of mycorrhizal fungi in the production
of jalapefio peppers not only increases yields but also reduces the need to apply chemical
fertilizers (Kaushal, & Wani, 2016). The implementation of these actions, combined with
other sustainable agricultural practices, allows optimizing the productivity of jalapefio
peppers without compromising soil quality or the biodiversity of the agricultural ecosystem
(Das et al., 2008).

Sustainable production: Background and importance
Sustainable production is an agricultural approach that seeks to balance productivity
with environmental conservation, ensuring the viability of resources for future generations.

In this context, the Sustainable Development Goals (SDGs) have become a fundamental
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guide to promote agricultural strategies that promote sustainability. These goals consist
of 17 ambitious targets that are part of the 2030 Agenda, established by the United
Nations World Organization (UN) on September 25, 2015, with the purpose of making
the planet a fairer, safer and more sustainable place (SDGs, 2015). Although they cover a
broad spectrum of issues, such as poverty eradication and the development of sustainable
communities, they also include specific descriptors that enable the assessment of countries’
progress in agricultural and environmental sustainability.

In recent years, the concept of sustainability has gained relevance, as evidenced by
several studies that address its application in different contexts (Stolz and Bautista, 2015;
Acufia-Moraga et al., 2019; Pache-Duran and Nevado-Gil, 2020; Estrada Dominguez et
al., 2020).

The growing interest is closely related to the increase of the world population (Severo
et al., 2018), which demands more food and immediately increases the pressure on natural
resources, leading to problems such as precariousness, degradation and destruction of the
environment (Coy, 2018; Yin et al., 2018).

Sustainability is based on the principle of intergenerational responsibility, which means
that current human behavior must ensure that future generations enjoy living conditions
equal to or better than the present.

In this sense, sustainable development seeks to maintain a balance between economic
growth, social welfare, cultural preservation and environmental protection. The goal is
to reach a state in which agricultural production is viable in the long term, allowing a
harmonious interaction between humans and nature (Sarandén, 2019).

In this sense, sustainability and social responsibility are complementary. Both seek to
contribute to the creation of scenarios that foster responsible and sustainable consumption
(Antinez da Luz et al., 2016; Severino-Gonzélez, 2017; Edinger-Schons et al., 2018). To
achieve this, it 1s essential to design theories, models and strategies to improve the quality
of life without compromising the planet’s resources.

One of the main benefits of sustainable production is the ability of small farms with
biodiversity to generate more food, compared to large agro-industrial monocultures.

Agricultural diversity not only increases production but also represents an effective
strategy to prevent problems such as drought, desertification and hunger in rural areas
(FAO, 2020).

However, these sustainable local food production systems are threatened by the expansion
of food production, which often privileges quantity over quality and environmental impact.

Sustainable agricultural practices offer multiple benefits, including soil conservation
through the use of organic material as fertilizer. They also promote the efficient use of
natural resources, promote biodiversity instead of destroying it, and contribute to improving
human health by ensuring food sovereignty (Landini and Beramendi, 2020; Singh, 2021).

Nevertheless, conventional agricultural practices have had a negative impact on
ecosystems. They have limited the capacity to provide food, maintain unpolluted freshwater
sources, regulate climate and air quality, and even control diseases (Foley et al., 2022).
Faced with this global problem, it is essential to develop solutions that allow biodiversity to

coexist with productive activities.
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A key element in sustainable production is the implementation of agricultural
techniques that improve soil fertility and resource use efficiency. Organic fertilizers
and microbial biofertilizers represent a viable and economical alternative. They can
be obtained locally and allow restoring soil structure, improving water retention and,
over time, increasing agricultural yields due to their contribution of a wide variety of
nutrients (Quezada, 2018).

In Mexico, agriculture has historically been a fundamental activity that has guaranteed
the subsistence of peasant and indigenous communities throughout time. In the case of
Mesoamerica, ancient civilizations developed diverse agroecosystems adapted to their
environmental, social and economic conditions (Gonzélez, 2021).

Currently, traditional agricultural systems persist in Mexico, such as chinampas, terraces,
orchards, cacao fields, tlacolol, huamil and small irrigation systems, among others. Despite
their resilience, these systems are not exempt from the impacts of modernity (Martinez and
Gédndara, 2017; Moreno et al., 2023).

These traditional agricultural systems are characterized by a high level of biodiversity
and efficient management of natural resources, including soil, water and flora. In addition,
they play a crucial role in the conservation of native species, carbon sequestration, and a
concomitant contribution to climate change mitigation.

They also reflect a close relationship with the cosmovision of the communities that
practice them, incorporate ancestral knowledge, traditional agricultural technology and
species domestication strategies. Their importance lies not only in the provision of food
products for self-consumption, but also in their contribution to the local economy through
commercialization in regional markets (Martinez and Géndara, 2017; Moreno ¢t al., 2023;
Moctezuma et al., 2018).

Sustainable production not only offers environmental and economic benefits but
also represents a key strategy for food security and the well-being of rural communities.
The implementation of sustainable agricultural practices is essential to guarantee a
balance between productivity and environmental conservation, thus ensuring a future
in which agriculture can continue to be a viable source of food and resources for

generations to come.

Endomycorrhizae and their contribution to sustainable production

Endomycorrhizal fungi can associate with the roots of most terrestrial plant species
and exchange soil nutrients for photosynthates (Coccina et al., 2019) and facilitate the
acquisition of mineral nutrients, such as P, N, Fe, Zn, Cu and Mo (Smith and Read, 2008),
as well as increase host plant growth and yield.

Mycorrhizae colonize plant communities through spores present in the soil or added
through various treatments.

Soil microorganisms, especially mycorrhizal fungi, play a fundamental role in the
productivity and stability of ecosystems, since they facilitate nutrient absorption and
contribute to soil structure (Van der Heijden et al., 2008).

These fungi have shown a high incidence in the stability of ecosystems, especially in

extreme edaphic conditions (Martinez and Pugnaire, 2009).
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Most plant roots depend on the mycorrhizal system (Ortas, 2019), however, the
availability of mycorrhizal spores over large agricultural areas may not be sufficient in
high productivity systems (Klironomos, 2003). More consistent response has been achieved
by bio-fertilizing various selected species of the genus Glomus spp, such as G. mosseae and G.
etunicatium (Rafique and Ortas, 2018).

In general, the increase in demand for food without chemical fertilization has forced
the agricultural sector to develop new technologies to increase both yield per unit area,
and crop quality (Godfray et al. 2010). To achieve this, healthy and vigorous plants must be
considered, which depends on the conditions of the substrate (Hamed et al., 2019).

In this sense, the generation of technologies focused on improving seedling growth is a
priority need (Hartmann et al., 2002).

Soil is not only the physical support for plant growth but also plays a key role in the
regulation of water flow, decomposition of organic matter and release of nutrients. In
addition, it influences the emission of greenhouse gases (Stott and Taylor, 2016).

In this context, soil microorganisms play essential roles by actively participating in these
ecological processes (Aislabie and Deslippe, 2013). Their highest concentration is found in
the rhizosphere, where they interact with the organic exudates of plants, which influences
the composition of microbial communities and their positive, neutral or negative impact
on plant development (Massenssini ez al., 2014; Wolfe and Klironomos, 2005).

Given the need to reduce the use of chemical fertilizers and minimize their environmental
impact, alternative strategies have been proposed to maintain efficient and sustainable
production (Arias Mota et al., 2019). Among these strategies, the use of mycorrhiza-forming
fungi has proven to be a viable alternative to improve the biological balance of the soil and
reduce dependence on inorganic fertilizers (Diaz Franco et al., 2014). Biofertilization with
these microorganisms allows greater efficiency in nutrient absorption, thus reducing the
amount of fertilizers needed and reducing soil and water contamination (Cruz Hernandez
etal.,2014).

In this sense, biofertilizers have gained relevance as a sustainable option to partially
or totally replace conventional mineral fertilizers (Kennedy and Smith, 1995; Shah et al.,
2006). The growing understanding of the interactions between microorganisms, soil and
plant is crucial for the sustainable development of agroecosystems, ensuring soil fertility
and crop productivity (Johansson et al., 2004; Maldonado ez al., 2010).

Arbuscular mycorrhizal fungi represent a biotechnological alternative that optimizes
the use of agricultural resources, offering multiple benefits. Their functions include
improved tolerance to abiotic stress factors (Porcel et al., 2012), bioremediation capacity
through the accumulation of heavy metals (Pérez et al., 2019) and bio-protection against
pathogens (Mohamed et al., 2019). Their root system makes them key allies for the
natural fertilization of crops (Duran et al., 2013). In addition, they contribute to improve
soil structure and aggregation (Barbosa et al., 2019), increase plant growth and generate
changes at morphological, physiological and nutritional levels (Mufioz, 2018).

The use of arbuscular mycorrhizal fungi not only represents an effective strategy to
improve agricultural production in a sustainable manner but also has a positive impact on

soil health and ecological stability. Their integration into agricultural systems could be key
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to meet the challenges of jalapefio pepper and other crop production in a context of climate

change and increasing demand for food free of chemical fertilization.

Benefits of mycorrhizal symbiosis for jalapefio peppers

Among the benefits of the endomycorrhizal fungus host plant symbiosis, several crucial
aspects stand out. Growth promotion and increased plant mineral nutrition are some of
the most notable effects (Carpio et al., 2005; Diaz et al., 2013).

The endomycorrhizal fungi improve the absorption of essential nutrients, such as
nitrogen (N) and phosphorus (P), which directly contributes to a better development of
jalapefio peppers. In addition, this symbiosis also confers greater tolerance to soil pathogens,
resulting in a decrease in the negative effects caused by diseases, significantly protecting
plant health (Graham, 2001; Tahat et al., 2010).

Another equally important aspect is that endomycorrhizal fungi enhance plant
tolerance to adverse abiotic conditions, such as drought or salinity, which is especially
relevant in an agricultural context marked by the effects of climate change (Davies et al.,
2002; Rabie, 2005).

In addition to these benefits, some of the endomycorrhizal fungi have been used
as biofertilizers in agriculture, which has proven to be an effective strategy to increase
agricultural productivity. This practice has had positive impacts on the production of
various crops, including horticultural crops (Jeffries e al., 2003).

In the case of jalapefio chili, mycorrhizal biofertilization has been a promising tool for
improving yields and fruit quality. Endomycorrhizal fungi, when applied as biofertilizers,
can be considered a key biotechnological component that contributes to increasing
horticultural productivity and at the same time reducing dependence on synthetic
fertilizers, promoting more sustainable agricultural practices (Azcén and Baera, 1997;
Vosatka et al., 1999; Ikiz et al., 2009).

Therefore, mycorrhizal biofertilization represents a practice that should be incorporated
into horticultural production systems, especially in those seeking ecological and efficient
management of resources (Davies et al., 2000; Carpio ¢t al., 2005; Oseni et al., 2010).

Mycorrhizal fungi increase the root surface of plants through the growth of their
hyphae, which explore the soil more efficiently than roots (Wang et al., 2020).

Most agricultural crops respond to mycorrhizal symbiosis; however, the degree of
response of plants to mycorrhizal colonization differs significantly between species (Ortas,
2019). The pepper plant is highly colonized in field conditions (Almaca et al., 2021).

On the other hand, the interaction between plant growth promoting rhizobacteria and
endomycorrhizal fungi also plays a key role in optimizing the growth and yield of various
crops. This interaction, which can be selective and depends on the bacterial and fungal
species involved, has shown positive results in improving the nutritional characteristics
of the plant (Azcén, 2000). It has been observed that the combined bio-fertilization of
Rhizophagus intraradices with bacteria such as Azospirillum brasilense have favored the growth
of various crops, with significant increases in nitrogen (IN) and phosphorus (P) levels in
plant tissue (Aguirre Medina, 2006; Aguirre-Medina et al., 2012). This not only improves
vegetative development but also increases the nutritional quality of the fruit.
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In addition to nutritional benefits, Pseudomonas, an important group of microorganisms
in the rhizosphere, have the ability to promote plant growth and protect against pathogens.
These bacteria, when interacting with endomycorrhizal fungi, could offer additional
protection against various diseases affecting jalapefio chili, improving plant resistance and
reducing the need for chemical treatments (Unno et al., 2005).

In terms of production conditions, these can vary widely, from highly technical systems
such as greenhouses to more economical systems such as shade mesh or bio spaces
(Castellanos, 2004; Mufioz, 2004).

However, regardless of the technological level of the greenhouse, what is clear is that
there are various factors related to agronomic practices of cultivation that impact both plant
nutrition, and production quantity and quality (Munoz, 2004). The joint implementation
of management strategies that favor the plant’s mycorrhizal nutrition can, consequently,
improve the efficiency of the jalapefio chili cultivation.

The contemporary horticultural industry demands agricultural practices that reduce
production costs, minimize the use of agrochemicals and optimize water use. In this sense,
advances in the use of biological technologies, such as bio-fertilization with endomycorrhizal
fungi and plant growth promoting rhizobacteria, are presented as a sustainable alternative
that can help achieve these goals. According to Montero et al. (2010), it is essential to
continue developing research that defines effective biological fertilization strategies that

support sustainability and increase productivity in cropping systems.

CONCLUSIONS

Chili has been part of the culture and tradition in Mexico and there is a wide diversity
adapted to various culinary styles and continues to be a symbol of the gastronomic richness
of Mexico.

The symbiosis established between endomycorrhizal fungi and Capsicum spp. is effective
and induces a positive impact on the photosynthetic activity of the plant and consequently
on its growth and yield.

Radical colonization by the fungus increases its transport system of relatively motionless
nutrients and water to the host plant, also favors tolerance to abiotic stress factors, soil
remediation and protection against root pathogens.

Mycorrhizal biofertilization can be used in Capsicum annuum L. as an alternative to

current practices to increase production in a cost-effective and sustainable manner.
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