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Preface

Plants make life possible because they produce oxygen during photosynthesis while they
absorb carbon dioxide from the atmosphere and they provide essential nutrients for human and
animal consumption which serve as raw materials for various industrial products. The declining
water resources that affect agricultural regions now restrict farmers from growing crops in
those specific areas. The book focuses on two main topics which include drought-related
vegetable production and technological and biotechnological methods developed to
accomplish this critical objective. The first chapter presents the fundamentals of vegetable
production. The second chapter examines the effects of drought on vegetable crop growth,
yield, and product quality, as well as the procedures used to mitigate these effects, through the
implementation of advanced water management techniques, biostimulant applications, and
breeding methods that focus on developing more resilient plant varieties. The third chapter
addresses the use of biotechnological approaches such as micropropagation and somatic
embryogenesis as tools for propagation and in vitro studies of drought stress, transgenesis and
the study of genes involved in tolerance, and research on the role of secondary metabolites in
defense responses to drought stress in vegetable crops. The fourth chapter explains drought-
related crop protection mechanisms which fungi and bacteria use to safeguard vegetable crops
from drought damage. The research results presented here help to create better methods for

using drought-affected regions to grow vegetables under challenging climatic conditions.

Dra. Sandra Pérez Alvarez

Dr. Eduardo Fidel Héctor Ardisana
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ABSTRACT

Vegetable production is one of the most important agricultural activities, generating numerous
food, pharmaceutical, and industrial products, as well as millions of jobs worldwide. Drought
stress is one of the problems that most strongly affects vegetable production, due to the
alterations it causes in different physiological processes. The consequences of drought stress
include reduced yields and, in many cases, plant death, which limits cultivation in affected
areas. The study of the mechanisms involved in drought stress has led to the adoption of
strategies aimed at mitigating its effects, including soil management, the use of biostimulants
and beneficial microorganisms, and genetic improvement through different approaches. In
addition to conventional breeding based on the identification of tolerant genotypes and genes
involved in tolerance, the use of biotechnological tools such as plant tissue culture,
transgenesis, RNA interference, and CRISPR/Cas-based genome editing has gained relevance.
The development of phenotyping tools and genomics has expanded the possibilities of
achieving useful results. Additional efforts have focused on the study of secondary metabolites
involved in the response to drought stress, both because of their role in this process and because
many of them are valuable for human nutrition, industry, agriculture, and pharmacology. From
these advances, new opportunities are emerging for the management of vegetable crops aimed

at their production in drought-affected areas.
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CHAPTER 1

Fundamentals of Vegetable Production

Yaritza Rodriguez Llanes'", Marco Antonio Magallanes Tapia?, Victor Hugo

Villarreal Ramirez?

"Postdoctoral Researcher, Universidad Autonoma de Chihuahua, Km 2.5, Carretera Delicias-

Rosales, Campus Delicias, CD. Delicias, Chihuahua, México, CP: 33000, cvu945005@uach.mx

(*corresponding author)

*Instituto Politécnico Nacional (IPN), Centro Interdisciplinario de Investigacion para el Desarrollo
Integral Regional (CIIDIR), Unidad Sinaloa, Juan de Dios Batiz Paredes 250. Col San Joachin,
Guasave, Sinaloa, México, CP: 81101

*Universidad Auténoma de Chihuahua, Km 2.5, Carretera Delicias-Rosales, Campus Delicias, CD.
Delicias, Chihuahua, México, CP: 33000.

1. INTRODUCTION

For any human being, vegetables are an essential source of nutrition that allows the body to
rebuild tissues, generate energy, maintain physiological functions, and sustain life. Because
vegetables are a source of carbohydrates, minerals, fiber, and vitamins—essential elements
for human nutrition, the preservation of life, and the prevention of numerous diseases—their
importance is fundamental (Ocampo, 2010).

Vegetables are highly important because they represent a food source and provide
employment throughout the production process (due to the number of laborers needed in
both urban and rural areas), meet food demand across all social strata, and have significant
economic value, both processed and fresh, in local, regional, and national markets. The wide
variety of products they offer makes them a very attractive option for small and medium-
sized farmers. This provides them with greater security when selling, as they can benefit
from sales at markets or fairs (Guangasig-Chango, 2022).

Today, there is widespread interest in food quality issues, which has created a global trend
toward increased vegetable consumption due to a growing concern for a more balanced diet.
To some extent, this is based on the reduced caloric demands of modern life, characterized
by greater comfort and a more sedentary lifestyle (Pérez et al., 2021).

The eight agroecological regions of the Earth are recognized as the places of origin for
horticultural crops: Central China (turnip, cucumber, onion, cabbage, and broccoli); India
(celery and eggplant); Central Asia (garlic, peas, broad beans, spinach, carrots, and chard);

Asia Minor (radish and lettuce); the Mediterranean (parsley, cilantro, asparagus, beets,



celery, and artichoke); Ethiopia (melon, watermelon, and okra); Mexico (tomato, chayote,
chilacayote, serrano or jalapefio peppers, zucchini, corn, sweet potato, tomatillo, and green
beans); and South America (potato). The countries that produce the most vegetables are
Italy, Spain, Egypt, Brazil, Japan, Mexico, India, France, the United Kingdom, and the
United States (Cardenas-Zorro et al., 2012).

Vegetables are a key part of global agriculture and drive economic growth in any country.
According to the FAO (2023), global fruit and vegetable production reached 1,966 million
tons, based on the latest data from FAOSTAT for 2023. The current data shows a 1.5%
increase which compares to the previous year. China, India, and the United States lead as
the main producers while Spain holds the 11" position in worldwide production with 29.1
million tons. China maintained its position as the top producer in 2023 by generating 769
million tons which represents 40% of worldwide production. India occupies the second
position in global production with 213 million tons which represents 11% of total output.
The production volume decreased from 2022 when 245 million tons were produced. The
United States holds the third position with 65 million tons which constitutes 3% of total
output and matches the 2022 production level. Turkey ranks fourth among the leading
countries with 53.4 million tons, down from 55.6 million tons in 2022, representing a 4%
decrease. Brazil is fifth with 46.3 million tons, marking a 3.5% increase from 2022.
Following them are Mexico with 37.4 million tons; Russia with 34.9 million tons; Egypt
with 33.9 million tons; Indonesia with 33.8 million tons; Ukraine with 29.2 million tons;
and Spain with 29.1 million tons, including fresh fruits and vegetables, wine grapes, and
processing tomatoes.

With a production of nearly 70 varieties and a diverse climate that favors their cultivation,
Mexico is positioned as one of the world's leading producers (Vera-Sanchez et al., 2016).
National vegetable production is concentrated in several states, including Sinaloa, Sonora,
Baja California, Chihuahua, Guanajuato, Jalisco, the State of Mexico, Puebla, Hidalgo, and
Oaxaca (SADER, 2022).

Hoyos et al. (2012) states that, before beginning vegetable production, it is essential to keep
in mind that average winter temperatures range from 2 to 19 °C, and can even drop below
freezing. These temperatures make it impossible for most common crops to thrive, as they
are very likely to fail to grow and may even die from sudden freezing. However, some
vegetables can develop within this temperature range. In particular, it is possible to cultivate
some legumes (such as broad beans and peas), flowering vegetables (such as cauliflower

and broccoli), bulb vegetables (garlic and onions), and leafy vegetables (chard, lettuce, and

2



cabbage) during the winter. These types of vegetables could die if temperatures remain

below 0°C for an extended period and the ambient humidity is low; for this reason, it is

essential to provide them with some type of structure to protect them from extreme

temperature conditions, such as veils, PVC covers, or plastic sheeting that allows light to

pass through. The harvest date for each type of vegetable will vary depending on when it

was planted, its type (leaf, stem, flower, or fruit), and the care it receives throughout its

development. Generally speaking, leafy vegetables grow the fastest, followed by stem

vegetables, and then flower and fruit vegetables (Guangasig-Chango, 2022).

2. TYPE OF VEGETABLES

According to Mondragdon-Sosa (2014) vegetables they are specified as follows (Table 1).

Table 1: Classification of vegetables

Classification of vegetables

According to the edible Fleshy roots
part

Leaves

Beet, sweet potato, jicama, radish, potato,
turnip, and carrot.

Chard, celery, watercress, cilantro, cabbage,
spinach, epazote, lettuce, parsley, turnip
greens, quelite quintonil, romerito, and

purslane.

Fruits

Eggplant, zucchini, chayote, chilacayote, chili
pepper, bell pepper, strawberry, tomato, melon,
cucumber, watermelon, tomatillo, and

xoconostle.

Seeds

Bulb vegetables

Pea, green bean, corn, okra, and fava bean.
Stems: asparagus and prickly pear cactus.

Garlic, onion, shallot leek.

Seed vegetables

Pea, green bean, corn (sweet corn), okra, and

fava bean.

Stem vegetables

Asparagus and cactus pad (nopalito).

According to their Cool-season vegetables (0°C
behavior in response to to 18°C)
temperature

Swiss chard, garlic, broccoli, onion, cilantro,
shallot, cauliflower, cabbage, epazote,
asparagus, spinach, lettuce, turnip, parsley,

leek, and radish.

Temperate-season

vegetables (6°C to 24°C)

Artichoke, celery, watercress, beetroot,
zucchini, chayote, chilacayote, green bean,
corn, huazontle, cactus pad (nopalito), potato,
turnip greens (quelite nabo), quelite quintonil,

romerito, tomato, xoconostle, and carrot.




Warm-season vegetables Eggplant, sweet potato, chili pepper, jicama,
(12°C to 30°C) strawberry, tomato (jitomate), melon, okra,

cucumber, and watermelon

According to their Long-day vegetables: These require more than 14 hours of light
response to photoperiod (long-day conditions): Spinach and carrot.
Short-day vegetables These require 10 or fewer hours of light (short-

day conditions): Potato.

Day-neutral vegetables Flowering is not influenced by day length:

Eggplant, tomato, and chili pepper.

According to taxonomic Amaryllidaceae Onion, garlic
family Asteraceae or Compositae Lettuce
Brassicaceae or Cruciferae Cabbage, radish
Cucurbitaceae Squash, pumpkin, cucumber
Solanaceae chili pepper, tomato, bell pepper, and eggplant

3. CHARACTERISTICS OF VEGETABLES AND THEIR MANAGEMENT

Vegetables are defined as herbaceous plants cultivated for both personal consumption and
sale in domestic and international markets, thereby generating additional household income.
These biennial or annual plants are grown using intensive agricultural practices, and their
products, whether consumed raw (fresh) or processed (cooked or preserved), are considered
vegetables. They have a high water content, ranging between 75% and 95% of their
composition, as well as fiber, vitamins, and minerals; they have a low energy content (less
than 100 kcal/100 g); and a short postharvest shelf life. Additionally, they exhibit high yield
per unit area and generally have a high economic value in the market (Cardenas-Zorro et
al., 2012).

Natalini et al. (2021) state that vegetables are characterized by being very delicious and
flavorful. Although they do not provide significant sources of macro and micronutrients in
the human diet, they offer specific benefits to different parts of the human body as well as
to animals. On the other hand, Ocampo (2010) mentions that for the body to maintain high
immunity, a daily intake of a variety of vegetables is necessary, containing the vitamins and
minerals required to reactivate the body's immune system.

Likewise, each vegetable contains a wide variety of different nutrients, which possess
specific qualities that promote better functioning of different parts of the body (Pérez et al.,
2021). For example, broccoli aids in eliminating bacteria that infect the lungs because it
contains a compound called sulforaphane; tomato contains fibers and nutrients that
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positively affect blood flow and help control healthy cholesterol levels, thus preventing
heart diseases; carrot is characterized by its high content of carotene, provitamin A, and
vitamins C and K; its consumption protects the visual organ by preventing macular
degeneration and cataracts, also slows aging, helps prevent cancer, and contributes to skin
care by maintaining a tan due to its high concentration of beta-carotene; chili peppers
increase the body’s immunity; lettuce helps protect bones due to its high vitamin K content,
prevents anemia because it contains folic acid, stimulates good intestinal function by
providing fiber that increases satiety, and helps reduce the glycemic index of meals by
lowering carbohydrate absorption.

Additionally, according to Natalini et al. (2021) and studies by food scientists
(bromatologists), vegetables contain macro and microelements (Table 2) that benefit the
nutrition of both humans and animals.

Table 2: Macro and microelements, nutritional components, and general composition of

vegetables.
Category Component Examples / Description
Minerals Iron Turnip, radish, squash, spinach, cabbage,
lettuce, mushrooms, artichoke.

Magnesium Onion, green beans, beans.

Phosphorus Carrot, tomato, broccoli.

Calcium Lettuce, cabbage, spinach, watercress,
spinach, chard, cucumbers.

Potassium Artichoke, beetroot, mushrooms.

Trace elements Zinc, manganese, chromium, iodine,
cobalt, selenium, copper, sodium (present
in smaller quantities).

Proteins — Lentils, broad beans, green beans, garlic,
peas.

Nutrients — Onion, locoto (a type of chili),
cauliflower, cabbage, beetroot, chard.

Fiber — Oats, grain.

Starches — Beetroot, onion, carrot.

Energy — Vegetables have a low caloric content.

Composition — The majority are sugars, polysaccharides,

and, to a lesser extent, proteins and fats.

General properties

Vegetables are rich in solvent content and
insoluble fiber.




Cholesterol — They do not contain cholesterol, being of
plant origin.

Vitamins Vitamin A (as carotene) Carrots, tomato, spinach, red cabbage.
L-ascorbic acid Bell pepper, cauliflower, Brussels sprouts.
Folic acid Green vegetables, cabbages.
B-complex vitamins All vegetables.

Cooking effects — Water-soluble  nutrients  (B-complex

vitamins and L-ascorbic acid) are lost due
to breakdown; vitamins A and C may also
be lost due to heat.

Generally speaking, for vegetable roots to grow properly, they need soft, loose, and well-
draining soil. They require fertile, well-drained soil to prevent waterlogging, which can
hinder root development by impeding oxygen circulation. To grow vigorously and healthily,
they need adequate levels of moisture and nutrients. They prefer sandy loam soils because
these offer optimal drainage and aeration; conversely, they do not like clay or heavy soils.
An adequate amount of water should be maintained, but not excessively, to achieve a
balance between moisture and aeration. The soil should also contain macronutrients and
micronutrients (for example, phosphorus, nitrogen, and potassium). Fertilization plays an
important role in routine care (Tapia-Naranjo et al., 2015; Mondragon-Sosa, 2014).

Most vegetables need direct sunlight for their growth because this provides the vital energy
needed for their photosynthesis process. Also, many horticultural crops need to be grown in
temperatures that range from 20 to 30°C but this standard temperature range shows
significant variability. Extreme cold and extreme heat conditions will disrupt the processes
of flowering, plant growth, and fruit production. The plant needs continuous water supply
from the time of its initial planting until it reaches its complete growth stage. The system
provides regular watering which maintains soil moisture at a level that enables plants to
absorb water and nutrients without experiencing waterlogging. The two main irrigation
methods used in agriculture are sprinkler and furrow irrigation which both enable farmers
to manage their water resources. Excessive soil moisture creates conditions that prevent
proper aeration while it stops roots from growing properly. The microorganisms present in
water can transmit diseases to crops which makes water quality protection essential
(Mondragon-Sosa, 2014; Sién-Macias and Carvajal-Mera, 2014).

Farmers have two methods available to plant vegetables which include transplanting and

direct sowing. Direct sowing involves planting seeds directly into their permanent growing



spots which is recommend for planting short-cycle species and large seeds. The method
provides multiple options for seed distribution which include broadcasting, row planting,
mound planting, and single seed placement. The substrate needs to maintain moisture while
the seeds should be sown at a depth of 0.5 to 1 cm (Tapia-Naranjo et al., 2015). The
successful establishment process requires bed or furrow preparation through proper leveling
methods. The factors that determine vegetable production include three elements which are
soil type, vegetable varieties, and production system. Transplanting moves germinated
plants from their initial growth zones which include seedbeds and greenhouses to their final
growing sites which will support their complete vegetative growth cycle. The soil fertility
together with the crop genetic composition will determine the suitable plant population and
density for farming (Sién-Macias and Carvajal-Mera, 2014).

Consistent with Ali et al. (2024) a nursery or seedbed is an area where plants undergo their
initial growth phase until they reach the proper stage for transplanting. The trays, boxes,
pots, and other small containers that have a minimum depth of 10 centimeters should receive
coverage to protect their internal conditions of humidity and temperature. The containers
must be designed to enable water to flow out of them. The substrate needs to have a
lightweight and fertile and consistent and well-draining property. Transplanting is normally
done about 30 days after sowing, when the seedling has developed true leaves and healthy
roots. The seedling is carefully removed from the nursery, protecting the stem and roots
(root ball), and transplanted into the garden bed or container, in which the substrate has been
loosened and moistened beforehand.

Kumar-Verma et al. (2023) recommend planning the desired production throughout the year
before sowing, whether directly or in seedbeds, considering both the species and the
quantity, and taking into account the crop's optimal planting season. A planting calendar
aims to achieve continuous production through staggered sowings. Cultural practices
include irrigation, weeding, fertilization, staking, and monitoring for pests and diseases,
which manifest as changes in leaf color or physical damage such as defoliation, broken
plants, or damaged stems. Plants have varying nutrient requirements depending on the
species, which they absorb from the land. In order to avoid nutrient loss and maintain soil
productivity, applying organic matter such as compost, vermicompost, composted manure
is recommended.

Ali et al. (2024) argue that the most important nutrients are the macronutrients (N, P, K, Ca,
Mg, and S), and that micronutrients such as iron, copper, and zinc are also required. Nitrogen

promotes growth, but in excess it delays ripening; its deficiency causes yellowing.
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Phosphorus improves fruit development and quality, and it lack causes reddish spots.
Potassium aids in ripening and protects against diseases, and its deficiency causes leaf burn.
Organic fertilizers improve soil structure, increase moisture, reduce erosion, and promote
the activity of microorganisms, contributing to sustainable agriculture.

Regarding fertilization, researchers such as Kumar-Verma et al. (2023) and Tapia-Naranjo
et al. (2015) recommend that growing leafy and flowering vegetables requires higher
amounts of nitrogen during their development compared to other nutrients; for fruiting
vegetables, a greater amount of nitrogen is needed after transplanting until flowering, after
which their demand for calcium, potassium, and phosphorus increases compared to other
nutrients; with respect to the root, bulb, and rhizome vegetables, proper development require
good fertilization during soil preparation and add compost or vermicompost during the
development stage.

Among the main pests affecting vegetables are: Empoasca spp. (leathoppers, they eat the
foliage of vegetables), Diabrotica speciosa (diabrotica beetle, the larvae emerge from the
soil and feed on the foliage; the adults feed on the stigmas of the flowers), Phyllobrotica
limbata (sage beetle, the adults feed on the styles of the flower and therefore affect fruit set),
Phyllophaga spp. (white grub, it feeds on the root or sucks the sap, causing galls or
perforations in the root), Conoderus spp. (wireworms, they feed on the roots of plants; this
manifests as stunted growth; root, bulb, and tuber vegetables are the most affected),
Trichoplusia ni (cabbage looper, the larvae feed mainly on the foliage, producing irregular
holes of considerable size, reducing the leaf area), Spodoptera frugiperda (armyworm, it
feeds and causes considerable damage to the foliage and fruit), Liriomyza spp. (leafminer,
they produce continuous mines in the leaves, which are linear and irregular, whitish or
greenish in color, when the population is large; large insects that can damage the entire leaf
and cause defoliation), Bemisia tabaci (whitefly, identified by flying in the crop when it is
shaken, they measure around 2 mm; they suck sap and are a virus vector), Pieris rapae
(cabbage caterpillar (larva and adult), this pest mainly attacks brassicas (cabbage, broccoli
and cauliflower), it feeds on the foliage and if the population is allowed to grow it can cause
total loss of the plant), Plutella xylostella (cruciferous moth (larva and adult), the adults feed
on the nectar of brassica flowers and the larvae on the foliage, they defoliate the plant),
Mpyzus persicae (aphid, identified as a curling on the leaves; it feeds on the sap of stems and
leaves and the main problem is that it is a virus vector), Frankliniella occidentalis (thrips,

scrapes and sucks the cellular contents of the tissues, it produces superficial whitish lesions



on the epidermis of the leaves and fruits) (Mondragon-Sosa, 2014; Garcia-Hernandez et al.,
2009).

Diseases are triggered by fungi, bacteria, and viral pathogens. Definitive control of these
organisms is difficult because most control products are contact fungicides that attack plant
tissues. Once an attack begins, the best course of action is to remove the infested plants.
Therefore, all actions taken to prevent disease are preventative. The most common
symptoms of disease include plant necrosis, rot, the appearance of white or black mold, and
changes in the color of stems or leaves. The most common fungal diseases are powdery
mildew, downy mildew, early and late blight, botrytis, rhizoctonia, and fusarium. The most
common bacterial diseases are Xanthomonas and Erwinia. To prevent bacterial and fungal
attacks, composting crop residues, removing diseased plants, avoiding excessive moisture,
and avoiding handling plants after visiting other production areas are recommended. For
virus prevention, it is recommended to have good control of aphids such as whiteflies and

lice, which are the main transmitters (Kumar-Verma et al., 2023).
4. VEGETABLE PRODUCTION METHODS

The fundamental methods for growing vegetables are traditional agriculture, which uses soil
and may require the application of pesticides and fertilizers; organic agriculture, which
employs natural practices to achieve sustainability and avoids synthetic chemicals;
hydroponics, which consists of growing vegetables in nutrient-rich water instead of soil;
and aeroponics, a hydroponic technique that grows plants with aerial roots to which a
nutrient solution is applied through misting (Table 3) (Albuja et al., 2021).

Table 3. Methods of vegetable production

Methods of vegetable production

Traditional agriculture The most widely used technique, which involves cultivating plants in soil

while practicing crop rotation.

Organic agriculture A production approach designed to achieve sustainability through the

exclusion of synthetic pesticides and fertilizers.

Hydroponics A soilless cultivation system in which plants grow in an aqueous solution

enriched with all the essential nutrients for their development.

Aeroponics A hydroponic system where plant roots are suspended in the air and

periodically sprayed with a fine mist containing water and dissolved nutrients




Next, each of the aforementioned methods will be described in detail:

e Traditional agriculture

The vegetable production method is based on combining and rotating crops, using organic
fertilizers (such as manure), applying organic matter to the soil, and irrigating by flooding.
Its level of mechanization is quite low, as it relies on ancestral knowledge passed down from
parents to children and on local resources. Crop rotation in a given area is essential to
conserve soil fertility, and control pests and diseases. A combination of plants with different
properties is used to attract beneficial insects and keep others away. The land is prepared to
ensure good drainage, and organic matter is added to improve its fertility. For certain
vegetables that require special attention during germination, seedbeds or trays with fertilized
soil are used. Local seeds, that is, those adapted to local conditions, are prioritized. Ripe
vegetables are harvested manually, using simple tools such as a knife or simply by pulling
them up by hand. It can be described as a low-tech system, as it does not employ modern or
advanced technology. Also, it is dependent on local resources and is based on the use of
materials and knowledge existing in the community. Similarly, it promotes practices that
benefit sustainability, such as crop diversification and avoiding burning plant waste (Ali et

al., 2024; Victor et al., 2024).
e Organic farming

Organic vegetable farming is based on integrated management and the avoidance of
synthetic pesticides and genetically modified organisms. It relies on sustainable practices
such as crop rotation, the use of organic fertilizers and manure to improve soil fertility,
biological pest control through natural enemies (such as beneficial insects), disease
prevention strategies, and intercropping to protect the ecosystem and optimize resource use.
Crop rotation in an area preserves soil fertility and breaks pest and disease cycles. On the
other hand, utilization of well-rotted manure, compost, and other organic components
augments moisture retention, provides nutrients for soil enrichment, and improves soil
structure. Manually removing weeds, mechanical weed control, and mulching cover the soil,
thereby preventing weeds from competing. Conversely, water cycle disposal techniques are
employed for erosion prevention and conservation of soil moisture. Here, this system yields
food without any genetically modified organisms or agrochemicals, minimizing soil and
water pollution and rehabilitating healthy ecosystems. Organic practices contribute to the

regeneration and conservation of soil fertility over an extended period. Natural resource
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management aims to be holistic, minimizing the use of external and non-renewable inputs
(Martinez-Sanchez et al., 2019; Alcivar-Cobeiia et al., 2018).

e Soilless cultivation

Hydroponics is a technique for cultivating plants without soil, but rather aqueous solutions
containing essential nutrients. Plants develop when the roots are submerged in water or an
inert medium, allowing them to directly absorb all the necessary nutrients. To grow, plants
require water and mineral nutrients, as well as pH and salinity regulation. The most common
hydroponic systems are those that use substrates and those that employ the Nutrient Film
Technique (NFT). The first option is suitable for leafy greens, such as lettuce, as it nourishes
the roots with a thin layer of solution; the second method, on the other hand, involves using
inert materials, such as coconut fiber or perlite, to provide support for the plants and aeration
for the roots.

Depending on the procedure, inert substrates like coconut fiber, perlite, vermiculite, or
rockwool are used to provide structure for the plants. Nutrient Film Technique (NFT) relies
on placing plants in sloped channels where a thin stream of nutrient solution continuously
flows over the roots. It is an effective method for growing herbs and strawberries. The plants
are grown in a substrate, such as rockwool or fiber. They are watered continuously using a
drip irrigation system that keeps the substrate moist. The substrate periodically stimulates
root growth. This method allows for multiple harvests and shorter growing cycles. Water is
recycled and reused, which reduces overall consumption. Since no soil is used, pest
problems are minimized, lowering the need for pesticides. However, handling the
equipment and nutrient solution requires technical knowledge, which is a disadvantage

(Panzo et al., 2025; Albuja et al., 2021).
e Aeroponic

Aeroponics is a technique for growing plants without soil, which enhances water and oxygen
uptake. This allows plants to grow faster and more efficiently in controlled environments.
The roots are suspended in a fine mist or spray of water and nutrients, which provides them
with high levels of oxygen. The roots contain a combination of water, nutrients, and oxygen

that accelerates the plant growth cycle.

There are different types of aeroponic systems: high-pressure systems, which use pumps
and nebulizers to generate a very fine mist, facilitating efficient nutrient absorption; and
low-pressure systems, which use lower-pressure nozzles and pumps to create larger

droplets. Aeroponics consumes significantly less water than conventional growing methods.
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When nutrients are applied correctly, their effectiveness increases. Faster plant growth and
a greater number of plants in the same space result in higher productivity. It can be grown
almost anywhere, making it perfect for urban areas and places where space or water is
limited. One disadvantage is that the system requires energy for irrigation and pumps,
making it vulnerable to power outages. When the substrate is inadequate, roots are prone to
stress and desiccation during system failures. Therefore, continuous monitoring of both the
irrigation system and the nutrient solution is crucial (Ali et al., 2024; Torres-Hernandez,

2016).

5. CONCLUSIONS

Agriculture is one of the world's most important economic activities needed to feed millions

of humans. Increased vegetable productivity results from new production areas plus the

application of the latest technologies throughout the production cycle, from irrigation

systems to mechanization.

Vegetable production within less than a span of a decade has been transformed from

tradition to high-tech. This change is vital to ensure food security and global trade.

Vegetables have intrinsic importance in the human diet, providing essential nutrients. They

are valuable for producers and exporters worldwide, from the kitchen garden scale on up

through to heavy industries employing facilities such as greenhouses.

In realizing health and well-being and supplying labor, diversifying rural economies, and

feeding fresh and healthy food into cities, this sector, farmers' livelihoods, is at the same

time involved in vegetable production. Vegetable production is significant in a larger global

trend involving concepts like sustainability, organic farming, and technological

development that are aimed at some level at mitigating the challenges of climate change,

resource scarcity, and building stronger economic food systems.
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1. INTRODUCTION

The range of environmental conditions that plants encounter during their growth, such as
extreme temperatures, salinity, and particularly water deficit, limits their ability to reach
optimal agricultural yield (Jiang et al., 2025; Lamaoui et al., 2018). The agricultural industry
faces its most severe challenges from drought because this condition directly reduces plants'
ability to perform photosynthesis, absorb nutrients, and maintain their production capacity
(Guptaetal., 2020; Fahad et al., 2017). Climate change will lead to more frequent and severe
drought events because rising temperatures will change precipitation patterns and increase
the rate of water loss through evapotranspiration (Lesk et al., 2022).

Drought occurs when a region experiences extended periods without sufficient water
because of two main factors: decreased rainfall and increased demand for water evaporation
which causes soil moisture to diminish and harms both plant growth and agricultural output
(Mukherjee et al., 2023). The high-water requirements and shallow root systems of
vegetable production systems make them extremely vulnerable to drought stress, which
results in significant reductions in both yield quantity and quality. Consequently, this
chapter is aimed to analyze how drought affects vegetable crop yield and quality, together
with research on sustainable water management methods, which improve water usage
efficiency and the development of drought-resistant vegetable crops through scientific
research that combines physiological studies with genomics, CRISPR technology and

advanced breeding techniques.
2. DROUGHT IMPACTS ON VEGETABLE YIELD AND QUALITY

Weather variability plays an enormous role in helping determine both crop productivity and
quality in the market. Climate change has induced irregular rainfall patterns in recent
decades, as a result of the increase in levels of atmospheric CO2. These disturbances in the

precipitation cycle are programmed to lead to changes in every manner possible,
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consequently impacting spatio-temporal distributions (Yang et al., 2019). Water deficits
usually grow out of rainfall deficits. Nevertheless, severe drought occurrences can also
result from intense solar radiation, persistently periodic high temperatures, and excessive
dry winds that triggering soil moisture loss (Cohen et al., 2021).

Most developing countries are particularly susceptible to shifting weather patterns. Changes
in low and erratic rainfall patterns are severely reducing agricultural productivity, further
exacerbating food insecurity and threatening people whose livelihoods depend on crop
production (Dinko and Bahati, 2023; Warner and Afifi, 2014).

Drought stress adversely affects plant growth and development at multiple levels, which
include seed germination and morphological traits, as well as essential plant functions like
water balance, photosynthesis, respiration, and overall metabolic processes (Zhao et al.,

2020; Tiwari and Yadav, 2020; Saux et al., 2020; Seleiman et al., 2019) (Figure 1).

Seed germination
There is no imbibition.
The seed organelles are not
hydrated.
There is no enzyme activation.

Transpiration
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Root systems may expand.
Stomatal  close  (defense
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"l Yield & affected i both
leaf curling, chloresis, marginal necrosis (tip s
quantity and quality.
bumm), and permanent wilting,

Photosynthesis Respiration
¢ The intemal level of carbon e  The processbegins with glucose
dioxide is reduced. produced during
*  Photosynthesis decreases. photosynthesis.
e  Carbohydrate production e  This process is disrupted.
decreases. e ATP production is affected, and
e Growth and development are consequently, the  active
affected. processes are disrupted.

Figure 1. Influence of drought conditions on plant growth and developmental processes.

Drought acts as a vital environmental factor which restricts agricultural development
because it affects crops during their initial period of seed germination and their early growth
stage (Igbal et al., 2020). The germination of seeds functions as an essential growth period
for terrestrial plants, which determines whether their seedlings will exist through to
adulthood (Chakma et al., 2019). Water deficit conditions prevent plants from taking up

water, which results in impaired germination and reduced seedling strength during their first
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growth period because they experience drought stress during this time (Lu et al., 2022;

Hussain et al., 2018).

During the early phase of germination, the lack of water prevents proper imbibition, which
leads to failure in organelle hydration and metabolic process activation. Moreover, drought
conditions restrict the mobilization and translocation of reserve nutrients from the
cotyledons or endosperm to the growing embryo, resulting in a decrease in both plumule
length and biomass growth (Bahar et al., 2025). Drought stress has been widely recognized
to decrease percentage germination and hinder the early growth of plants in different
vegetable crops. During germination, red chili (Capsicum annuum L.) seeds are highly
vulnerable to environmental stresses like pathogen attack, salinity, and drought, which can
lead to poor stand establishment, followed by greatly reduced yield. Clawing is, therefore,
extremely detrimental to seedling development; some seed-trays have been reported to
promote best growth performance on chili seedlings at 80% field capacity (FC)
(Maphalaphathwa and Nciizah, 2025).

Kurniawan et al. (2025) also stated, that as a result of water deficit, seed germination and
seedling growth in tomato (Solanum lycopersicum L.) were hampered. Nevertheless, these
negative effects could be ameliorated through mature seed priming with salicylic acid (SA);
thus, higher concentrations (100 uM) resulted in good germination rates and enhanced
seedling performance under drought stress conditions.

Steiner and Zuffo (2019) studied drought effects caused by polyethylene glycol (PEG) on
germination and early seedling development of four horticultural crops which included
carrot (Daucus carota L., cv. Nantes), arugula (Eruca sativa Miller, cv. Cultivada),
watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai cv. Crimson Sweet], and eggplant
(Solanum melongena L., cv. Emb0). Their findings demonstrated that watermelon and carrot
show higher drought vulnerability than eggplant and arugula, while germination rates
decrease through all osmotic potential increases. The water stress tolerance of eggplant and
arugula crops reaches -0.2 MPa, which allows them to maintain seed germination, yet their
shoot and root development face restrictions. The germination process of watermelon and
eggplant seeds reaches total inhibition at an osmotic potential of -0.8 MPa, while carrot seed
germination reaches total inhibition at an osmotic potential of -0.4 MPa. Severe drought
conditions restrict both seed germination and early seedling development in vegetable crops.
Beyond germination, drought also disrupts physiological processes in mature plants. A key

response is stomatal closure, which is a vital plant drought avoidance mechanism for

18



limiting transpiration. When crops experience drought conditions, this response may or may
not trigger stomatal closure in these plants, resulting in the reduction of transpiration rates.
Consequently, CO- uptake is restricted, which affects the supply of carbohydrates, and
reduces the net photosynthesis rates of plants (Bhargava and Sawant, 2013). Drought stress
also affects chlorophyll content through photo-oxidation and degradation processes (Yang
etal., 2014). The decrease in photosynthesis with a diminution in sugar production hampers
plant growth and reproductive development and eventually lowers the yield (McLaughlin
and Boyer, 2004). A notable example of these effects was reported by Khamis et al. (2025)
on Amaranthus (Amaranthus caudatus Speg) and wheat (Triticum aestivum L.) subjected to
drought. These findings established a profound decrease in stomatal conductance by 43.9%
and 55.5% in Amaranthus and wheat, respectively, and transpiration rates by 40.1% and
60.4%, respectively. The Fv/Fm ratios in the parameter determining photosynthetic
efficiency declined by 26.4% and 52.4% in Amaranthus (4dmaranthus L., 1753) and wheat
(Triticum L., 1753), respectively. These results therefore infer some facts: that wheat, being
a C3 species, tends to show stronger stomatal and photochemical constraints under drought
as mitigation measures relative to those in Amaranthus, an ad hoc C4 species. Also, C4
plants are characterized by an energy-requiring carbon-concentrating feature, which limits
photorespiration, thereby enhancing photosynthetic capabilities and productivity when
compared with C3 plants [Karami et al., 2025; Guidi et al., 2019; Tsutsumi et al., 2017].

Drought conditions lead to reduced respiration rates across various plant parts, which
include roots, leaves, shoots, flowers, and whole plants (Hussain et al., 2019). This stress
also causes major changes to plant metabolic pathways, which include the processes of
photosynthesis and respiration. The process of photosynthesis gets blocked when water
supply decreases, but plants show more complicated patterns of breathing their needs.
Respiration occurs as a constant ongoing biological function which generates both ATP and
carbon skeletons needed by cells to sustain their functions and handle environmental
challenges (Mazahery-Laghab et al., 2003). Drought causes plants to increase their
respiration-to-assimilation ratio, which shows that plants need to spend more carbon
resources to stay alive (Ayub et al., 2014). Mitochondrial electron transport shifts to the
alternative oxidase (AOX) pathway because this pathway produces less ATP but prevents
oxidative damage by decreasing reactive oxygen species (Singh and Agrawal, 2015).
Research shows that different species display different respiration patterns because wheat
and maize maintain their respiration levels or increase them during drought conditions (Fang

etal., 2022; Xu et al., 2022), while other species completely stop breathing during their mild
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stress period. Root respiration decreases during extended drought because plant roots lose
their capacity to breathe, which leads to decreased ATP production and growth restrictions
(Kim et al., 2020). Drought response studies show that respiration plays an important role
through its various effects, while respiration remains essential for understanding how plants

deal with environmental pressures.

2.1 Drought effect on growth and yield

Drought is undoubtedly the stress that has most affected crops over time, and this has a
direct impact on food production. This stress directly affects plant morphology, from
reducing its size to reallocating biomass from stems and leaves to the roots (Eziz et al.,
2017).

As deduced by research, the longer the drought, the more severe its impact on plants is.
Especially in a non-linear manner, plant biomass and the rates of survival decline as the
duration of drought increases. Garssen et al. (2014) found that substantial reductions in plant
size started to occur once droughts surpassed 30 days. In a number of the reviews conducted
in collaboration, drought durations of between 40 and 80 days resulted in over 50% of the
loss of plant biomass. Long-term droughts significantly decrease plant survival rates,
especially when they exceed one month in duration and are high in severity. A plant that
had undergone a 30-day mild drought has a 75% survival probability compared to a plant
that had not undergone any drought, and this probability reduces to 32% under severe
famine conditions.

Drought effects on aboveground crop biomass, as a notable agent of their growth, impacts
agricultural production and food security. For example, rice (Oryza sativa L.) and wheat
(Triticum L.) suffered 27.5% and 25% loss of biomass, respectively, during a single severe
drought event, while corresponding reductions in yield were reported to be 25.4% and
25.2% (Zhang et al., 2018).

One of the essential biological activities that get most affected by drought is cell expansion,
especially with respect to reduced cell turgor pressure (Ozturk et al., 2021). This results in
an impaired level of plant growth due to the affected water distribution from the xylem to
adjacent elongating cells (Dietz et al., 2021). Water stress has been previously shown to
affect electron transport across membranes, reduce the rate of photosynthetic assimilation,
increase the level of oxidative damage due to reactive oxygen species, reduce light

absorption, and reduce water-use efficiency (Kumar et al., 2022).
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Several data summarized by Khan et al. (2025) clearly demonstrate that drought stress
incidence causes a significant decline in crop productivity through various stages in crops
like Zea mays L., O. sativa, and Triticum aestivum L. There is a huge difference in the
percentage range of yield losses from one crop to another due to the mentioned mechanism
at different growth stages. Zea mays L. shows yield losses reaching from 17% to 92%,
especially during the vegetative growth, reproductive, and grain-filling phases; O. sativa
exhibits a decrease of 30% and 92% in yield in the reproductive and grain-filling stages,
respectively, while producing up to 63.5% losses in its reproductive stages. For 7. aestivum,
yield reductions range from 20% to almost 73% during the reproductive and grain-fill
stages, indicating that drought spells during critical periods of plant growth result in reduced
grain production. Neck out the fact that this type of inconformity betrays the three major
cereal crops as not-so-resilient cultivars against the worst enemy of drought, which is
another call for drought-tolerant lines.

Compared to wheat, rice is very sensitive to drought because it is grown under water-
demanding conditions. Water deficiency in rice means less grain quality, fewer tillers, and
incomplete grain filling. Drought stress results in significantly reduced total yield and
elevated sterility in the spikelet (Arouna et al., 2023; Ding et al., 2020). The high sensitivity
to the availability of water is a great challenge in regions susceptible to erratic rainfall and
limited water resources.

Some examples of how drought affects growth in primary crops are: In rice (O. sativa),
drought stress unfavorably disturbs vegetative growth by the reduction of parameters like
plant height, biomass, and leaf area. It also induces physiological changes, like stomatal
closure, leaf-tip drying, and root shortening (Ghouri et al., 2022; Ganie and Ahammed,
2021; Mishra and Panda, 2017); Maize (Z. mays) under drought exhibits various growth
limitations, including reduced plant height, diameter, dry and fresh weight (Balbaa et al.,
2022; Naghavi et al., 2013), shortened stem (Ahmad et al., 2021), and root-system
modifications occurring along with stunted growth (Ranjan et al., 2022; Hussain et al.,
2020). Delayed silking affects both grain yield and kernel development (Notununu et al.,
2022).

Some examples, specifically in horticultural crops, highlight the harmful effects of drought
on the growth development, and therefore the yield of these crops. Inadequate water supply
during crucial growth stages of chili peppers (C. annuum) leads to plant development
problems, which make the plants more susceptible to diseases and pests while producing

smaller fruit, which results in reduced crop yield (Islam et al., 2023).
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Red onions are plants that require sufficient water for their growth and development, making
them susceptible to drought (Ginting et al., 2024). The main impact of this stress leads to
reduced water potential, which prevents the growing cells from developing the essential
turgor pressure required for their growth. Furthermore, drought stress causes a decrease in
the growth of roots, stems, leaves, and fruits (Bekele et al., 2023). In a study by Purbajanti
et al. (2025), the authors reported that drought stress affected agronomic parameters like,
number of leaves, plant height, number of tillers, tuber weight, and crop yield, as well as,
physiological parameters like water use efficiency (WUE), relative leaf water content
(RLWC), and growth rate (GRC). Another study conducted on tomato (Solanum
lycopersicum L.) again demonstrated the adverse influence of drought on yield, with a
decrease of approximately 28%, and increased drought intensity also reduced plant height,
stem diameter, and the number of fruits and leaves, likely due to impaired water and nutrient
transport (Permatasari et al., 2026). Similar results demonstrate drought-induced reduction
in productivity and growth of tomato (Turan et al., 2023; Kazemi et al., 2021; Petrovi¢ et
al., 2019).

The studies presented demonstrate that drought stress has a severe impact on horticultural
crops because it interrupts their vital physiological functions and developmental pathways.
The observed reductions in plant height, fruit number, and biomass together with yield,
across various species underscore the urgent need for developing drought-resilient cultivars
and implementing efficient water management strategies to ensure stable crop productivity

under increasingly arid conditions.

3. METHODOLOGIES TO MITIGATE DROUGHT TOLERANCE IN
VEGETABLE

Drought stress represents one of the most critical environmental constraints which affects
vegetable production throughout the world particularly, under the increasing variability of
climate patterns. The root systems of vegetables run shallow while their water needs
remain high, which creates a special risk for water shortages during their most important
growth periods. The agricultural industry needs to develop effective methods which will
help them reduce drought stress because this issue directly impacts their ability to produce
high-quality nutritional crops. The methodologies include physiological mechanisms
(changing the photosynthetic rates, increasing Water-Use Efficiency (WUE) and osmotic
potential), conventional breeding and biotechnological tools, biostimulants, and plant

growth regulators (Ain et al., 2025). The combination of these approaches leads to
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improved physiological resilience, which achieves better water utilization and creates
Multiple levels of adaptive responses including changes in morphology and biochemical
composition and molecular components. This section will provide information about
methods to enhance drought tolerance in vegetable crops.

3.1 Water-Use Efficiency (WUE) and osmotic potential

Under water deficit conditions, water use efficiency (WUE) becomes a critical
physiological parameter to consider because plant biomass production depends on water
consumption. Crops that exhibit higher WUE will produce more biomass from each unit
of water they consume which enables them to endure drought conditions better. The higher
WUE plants show better dry condition productivity together with greater economic returns
than the lower WUE plants (Stanhill, 1986).

Certain plant species have evolved C4 or CAM photosynthetic pathways instead of the C3
that predominates in most crops, resulting in greater WUE. The C4 and CAM pathways
decrease water loss through transpiration while plants maintain their current level of
photosynthesis or improve it, which enables plants to endure drought conditions in desert
regions (Kumar et al., 2017). Plants develop these physiological characteristics because
they help their WUE by enabling them to create biomass under conditions of restricted
water supply.

Under drought conditions, plants will use osmotic adjustment mechanisms to survive.
Osmoregulation involves the accumulation of compatible solutes, including proline and
glycine betaine, which help preserve cell turgor and stabilize cellular functions during
water deficit. The two methods work together to help plants withstand water scarcity while
they continue to grow in challenging situations (Ain et al., 2025).

The process of soil aeration functions as a vital component which impacts WUE during
periods of drought. The process of adequate soil aeration enables plants to develop root
systems that reach greater depths and wider areas, which allows them to access water from
deeper soil layers, thus increasing their overall WUE. The combination of better soil
structure and increased oxygen levels enables roots to breathe and absorb water, which
proves vital for sustaining agricultural output during times of water scarcity (Andrade et
al., 2009).

Drought stress causes Amaranthus cruentus L. to decrease its relative water content
(RWC), which leads to reduced gas exchange and lower WUE and decreased leaf nitrate
levels (Cechin et al., 2022). The water-deficit conditions lead Amaranthus caudatus L. to

develop better water use efficiency and maintain its stomatal conductance while it
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produces more carotenoids and continues growing. The organism displays adaptive
responses which result from its C4 metabolic pathway providing it enhanced
photosynthetic efficiency (Pulvento et al., 2022).

3.2 Osmotic adjustment

Osmotic adjustment has emerged as a major adaptive mechanism to resist drought stress, in
which the accumulation of solutes within plant cells assists in upholding turgor pressure and
hence continuing turgor-based physiological processes in low water potential situations
(Kumar and Elston, 1992).

Furthermore, plants regulate intracellular ion levels and preserve osmotic equilibrium
through a mechanism known as osmoregulation, which improves their physiological
flexibility and enhances their ability to survive under stress conditions (Ozturk et al., 2021).
The mentioned osmotic adjustment is aimed at sustaining stomatal conductance,
photosynthesis, and leaf-life-span, besides saving the appearance of water-impaired shoot
tip. The osmotic process will also help to decrease flower abscission, make roots stronger,
and perhaps upgrade the plant's ability to withdraw water from the soil (Turner et al., 2001).
This process involves the accumulation of compatible osmolytes within the cells in response
to diminished external water potentials. The greater the solute concentration, the more
negative becomes the cellular osmotic potential, which therefore produces a more
concentrated saline system, allowing water to automatically flow into the cells, thereby
preserving turgor pressure. With the basic version, osmotic adjustment in fixation is critical
for crucial physiological activities, such as the opening of stomata, carbon assimilation,
higher growth, and root-elongation into deeper-layer soil. The continuous growth of roots
imparts soil exploration, thereby giving an opportunity to gain water at greater depths during
drought. In this connection, the present observation of varied osmotic adjustment potential
in vegetable crop genotypes implies an indirect tool for their future breeding program for
greater drought tolerance (Chatterjee and Solankey, 2015).

The process of osmotic adjustment is accompanied by the accumulation of osmolytes,
including proline, glycerol, mannitol, and glycine, betaine, among others, in plants
(Jogawat, 2019; Dikilitas et al., 2020). According to Nahar and Ullah (2017) the proline
concentration, and also the content of sucrose, glucose, ascorbic, fructose, citric acid, and
malic acid increased significantly in tomato under water stress.

Stresses like drought, cold, heavy metals, and salinity cause an accumulation of proline.
Several plant species have been described throughout the literature for having better drought

tolerance on account of the accumulation of proline, such as soybean (Glycine max L. Merr.)
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(Igbal et al., 2019), lettuce seedlings (Lactuca sativa L.) (Shin et al., 2021), pepper
(Capsicum spp.) (Mahmood et al., 2021), and eggplant (Solanum melongena L.) (Plazas et
al., 2022).

Recent research has shown that osmolytes—glycine betaine (GB) and mannitol—are a
highly effective strategy in reducing the effect of drought stress in tomato crops (Solanum
lycopersicum L.). These also accumulate in the cytosol and help in osmotic adjustment and
in maintaining cell turgor, in addition to shielding the photosynthetic apparatus (Decutt et
al., 2025).

Fundamentally, osmotic adjustment is a prime physiological process that helps the plants in
their fight against drought. It helps the plants by maintaining cellular turgor and keeping
essential metabolic processes intact when water potential by the cells is low. Osmolyte
accumulation, like glycine betaine, proline, mannitol, and soluble sugars, further increases
the ability of crops to remain functional in stomatal conductance, photosynthesis, root
growth, and overall productivity while facing macro-environmental water stress. The wide
range of osmotic adjustment within a particular vegetable genotype suggests the usefulness
of this trait as regards drought resistance and highlights the importance of plant breeders
who focus on selection and development under drought stresses. Exploration of the
osmoregulation system is one of the greatest promising areas for crop development under
severe drought conditions.

3.3 Biostimulants and plant growth regulators

Plant-associated microorganisms play a crucial role in establishing plant tolerance to abiotic
stress through close biological interactions. These beneficial microbes may inhabit internal
tissues of plants as endophytes or remain in the root-surrounding soil as rhizosphere-
associated organisms (Cruz et al., 2022). Endophytic microorganisms colonize various plant
organs, either locally in the root system or systemically throughout the plant, including
roots, stems, leaves, fruits, and underground organs. This kind of organism is one of the
drivers of plant growth and hardiness against environmental stress through several
mechanisms: improved nutrient and water uptake, improved water use efficiency, alteration
of hormonal balance, increased plant vigor, and overall competitiveness (Kumar and Verma,
2018; Lata et al., 2018).

On the contrary, rhizosphere microorganisms are those living in the soil zone directly
influenced by root activities. In other words, there is a symbiotic relationship in this region:
plants release root exudates that provide carbon sources and energy to soil microbes, while,

in turn, microbes contribute to various growth processes by synthesizing growth-promoting
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compounds, providing nutrients, or breaking down chemicals hostile to microbes living in
soil. Thus, the interdependent relationship of these interactions actually helps endophytic
and rhizospheric microorganisms improve plant adaptation to a more intolerable host
environment (Lynch and Moffat, 2005).

A variety of strategies are used by microorganisms to alleviate or minimize the undesirable
effects of drought on crops. Table 1 provides a synthesis of the role of selected microbes
and their function in the mitigation of drought stress (Feng et al., 2025).

Table 1. Microbes and their function in the mitigation of drought stress (Modified from
Feng et al. (2025).

Microorganism Experiment Main results References
and crop characteristics
Enterobacter Osmotic stress was induced The treatment improved proline, Hami et al.
aerogenes by supplementing the soluble sugars, and protein levels, (2025)
LMR696, medium  with  different helping to maintain membrane
Rhizobium concentrations of PEG stability and water status, with V.
laguerreae 6000 (5%, 10%, 20%, 30%, faba exhibiting the strongest
LMRS575, and and 35%). response. Inoculated plants
Bacillus LMR698 exhibited higher chlorophyll (a, b
were applied to P. and total) and  carotenoid
vulgaris,  Pisum concentrations compared to non-
sativum L., and inoculated or KNOs.treated plants.
Vicia faba L.
Arbuscular The  stress  treatments Improves root colonization, water (Khan et al,

mycorrhizal fungi consisted of  different use, and hydraulic conductivity, 2024)
(AMF) were percentages of field water- enhancing nutrient uptake in both
applied to Maize holding capacity (35%, roots and shoots of corn.
(Z. mays) 55%, and 80%). The

concentration of AMF

applied was 10 mL of a

suspension containing 1 X

108 CFU mL™.
Salinicola The stress  treatments Improved the efficiency of the PS- Lamaizi et al.
endophyticus consisted of  different II apparatus and reduced the (2023)

EL13, Bacillus  percentages 35% of field ethylene stress by producing the
methylotrophicus water-holding capacity. ACC deaminase enzyme.

SMT38, Bacillus

aryabhattai

SMT48, and
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Aeromonas
aquariorum
SDT13 were
applied to S

Iycopersicum

Glomous mosseae The stress treatment Reduces Na*and CI- accumulation, Ravanbakhsh et
was applied to consisted of 10% PEG, and enhances K* uptake, increases al. (2018)
Chinese wildrye 5 g of the AMF strain was proline levels, and strengthens
(Leymus chinensis  applied. antioxidant enzyme activity.
(Trin.) Tzvelev)
Chaetomium The stress level was set at  Stimulates early root and shoot (Cong et al,
globosum  ND35 30% of the maximum growth in winter wheat seedlings, 2015)
was applied to water-holding capacity, and accelerates progression to the
Wheat (7. the microorganism was three-leaf stage, enhances drought
aestivum) applied at a concentration avoidance, and improves root

of 1 x 10° CFU mL™". activity and overall drought

tolerance.

Six major mechanisms of action of microorganisms to enhance plant stress tolerance to

drought stress have been identified, including:

a) Regulation of pathways for sensory perception and transmission of stress signals:

Plants have created advanced systems which enable them to detect environmental
changes and transmit information and generate suitable reactions to those changes.
Their interaction with microorganisms relies on intricate chemical communication
networks that operate through multiple paths instead of following direct routes
(Conway et al., 2022). Certain microbial groups acquire new abilities to sustain their
energy production while increasing their capacity to handle environmental stress
during extended periods of abiotically induced stress (Meena et al., 2017)). The
interaction among microbes and plants depends on root exudations which serve as
energy sources and signaling substances. Plants produce various exudates which
change during different growth stages, while stress conditions lead to additional
changes in their composition and quantity (De Vries et al., 2020). Microorganisms
can detect these changes, respond to stress-related signals, and recruit additional
beneficial microbes, which strengthen their symbiotic relationships that support
survival and development during adverse conditions (Williams and De Vries, 2019).

A recent study demonstrated that inoculation with a consortium of five Glomus
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b)

d)

species (G. macrocarpum, G. invarmaium, G. intraradices, G. xanthium, and G.
mosseae) significantly enhanced drought tolerance in tomato plants. AMF-treated
plants exhibited greater root colonization, increased biomass accumulation, elevated
chlorophyll and phosphorus content, higher levels of osmolytes, reduced oxidative
damage, and lower canopy temperatures, collectively reflecting improved
physiological performance under water-deficit conditions (Said et al., 2025).

Stimulation of gene expression and protein production: Scientists use gene

regulatory techniques to develop new methods which create crops that can better
withstand environmental stressors. The researchers implement these techniques by
controlling how native genes respond to stress through their activation and
termination from the active state. For example, endophytes provide plants with
useful genetic material which includes genes that enable plants to use atmospheric
nitrogen for growth through natural nitrogen-fixing processes (Khokhar-Voytas et
al., 2023; Rosenblueth and Martinez-Romero, 2004).

Activation of antioxidant defense systems: Reactive oxygen species (ROS) are

essential regulators of plant physiological processes including signaling, growth, and
development (Castro et al., 2021; Farooq et al., 2019). Nevertheless, the unnecessary
accumulation of ROS as a result of abiotic stresses such as drought initiates oxidative
injury in lipids, nucleic acids, and proteins, thereby disturbing metabolism and
subsequently inhibiting plant development (Castro et al., 2021; Mittler, 2002). The
beneficial microorganisms attenuate oxidative stress by maintaining the antioxidant
system of plants by producing extracellular antioxidant molecules, including
superoxide dismutase (SOD), to neutralize the ROS within the rhizosphere or
apoplast; and by the stimulation of plants antioxidant defense, activating stress-
related signaling pathways (e.g., salicylic acid pathway) and upregulating
antioxidant genes (Gul et al., 2023). This collaboration affects the development of
both enzymatic antioxidant and non-enzymatic antioxidant systems to deliver
protection to plants from ROS-induced cellular damage (Arora et al., 2020).

Regulation of phytohormone balance: During the interactions between plant and

microorganisms, stress tolerance can be improved by hormones that work within the
indole-3-acetic acid (IAA), abscisic acid (ABA), ethylene (ETH), salicylic acid
(SA), and jasmonic acid (JA) pathways (Bastias et al., 2022). For example, in
Pseudomonas malodorata, an upregulation in stress hormones in response to stress

in root and shoot occurs, along with hormone level changes uncovered in the form
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of increased gibberellins (GA), IAA, cytokinins (CTK), and ABA to reduce the
effects of stress (Ghosh et al., 2019).

e) Improvement of nutrient uptake and assimilation: AMF greatly contribute to

increasing the plant's water absorption capacity under conditions of stress by
enhancing the development of lateral roots and increasing the root surface area
(Contreras-Cornejo et al., 2009). Another way in which AMF contributes to
enhanced nutrient uptake is the spread of external mycelium, magnifying the overall
surface area through which nutrients can be taken up (He et al., 2022). Likewise,
many types of microorganisms such as Rhizobium, Pseudomonas, Penicillium,
Aspergillus, and Bacillus are considered as phosphate-solubilizing bacteria (PSBs)
(Sharma et al., 2016). These microbes emit organic acids, which acidify the soil
around them, thus enabling the solubilization of mineral-bound phosphate to
enhance its availability for uptake by plants (Rodriguez and Fraga, 1999).

f) Enhancement of photosynthetic efficiency: Exogenous microorganisms enhance

photosynthetic performance by improving water uptake efficiency and reducing
oxidative stress through ROS scavenging (Khan et al., 2024). Also, they help to
harmonize the plant's water balance and photosynthesis by regulating stomatal
conductance so that excessive transpiration can be minimized by an inoculated crop

(Huot et al., 2014).

In summary, biostimulants together with plant growth regulators function as effective tools
which help plants withstand drought conditions. The compounds enable plants to grow and
produce more during water scarcity because they modulate physiological, biochemical, and
molecular processes—including antioxidant activity, osmotic adjustment, hormone balance,
and photosynthetic efficiency. Their integration into sustainable agricultural practices offers
a strategic approach to mitigate the adverse effects of climate variability while reducing
dependence on intensive inputs. However, further research is needed to optimize application
strategies, understand genotype-specific responses, and validate their effectiveness under
field conditions.

3.4 Conventional breeding

The development of a single target trait resistant variety through conventional breeding
requires more than ten years to complete because the process involves multiple time-

consuming steps. The process of identifying and selecting desirable phenotypic and
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genotypic characteristics requires extensive time and effort because multiple favorable traits
must be combined into a single cultivar (Tabasum et al., 2025).

The primary goal of plant breeding programs is to improve crop performance during drought
conditions. Breeders need to understand genetic mechanisms that control drought tolerance
because this knowledge enables them to create better genotypes through traditional breeding
methods. The traditional method for dealing with environmental stress requires scientists to
choose genotypes which show consistent performance across different agricultural
conditions after conducting multiple field tests and using statistical methods to assess their
results. The evaluation of drought-affected environments requires the measurement of traits
which decrease the difference between potential yield and actual crop output (Kumar et al.,
2012).

Levitt (1972) defined drought tolerance as the ability of crops to sustain their vital functions
during periods of water shortage when their plant tissues maintain low water content.
Abundant genetic variation should be present in plant germplasms targeted toward the
occurrence of breeding programs and improvement in drought, given that high genetic
variability serves as a tool toward the best achievable selection outcome (Rauf and Sadaqat,
2008). However, the primary goal of any breeding program is to maximize economic yield.
Nevertheless, the traits that determine economic yield have different impacts on enhancing
yield under irrigated conditions and drought stress. Those traits that increase productivity
under adequate conditions may not necessarily confer a survival advantage in water-stressed
environments. Furthermore, direct approaches to increase grain or fruit yields under drought
have a low amount of heritability and restricted genetic potential. Thus, breeders are keen
to select secondary traits associated with drought tolerance like root architecture, water use
efficiency, osmotic adjustment, and phenological plasticity, which have an indirect
contribution to increasing the stability of yield in drought-prone situations (Kumar et al.,

2023). Figure 2 shows a generality of conventional breeding in vegetable crops.
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Figure 2. General framework of conventional breeding in vegetable crops.

Several cultivars of globally significant horticultural crops have been identified as drought-
tolerant genotypes and species according to Kumar et al. (2023), and some examples are: in
tomato, S. habrochaites, S. esculentum var. cerasiforme, S. Pimpinellifoloium, S.
cheesmanii, S. hirsutum, S. chilense, S. sitiens and S. habrochaites; in chili, C. baccatum
var. pendulum, C. eximium, and C. chinense; in water melon, Citrullus colocynthis (L.)
Schrad, and in onion, Allium fistulosum, A. munzii. Other result was the identification by
Lazcano-Ferrat and Louatt, (1999) of drought tolerance traits using interspecific
hybridization of Phaseolus vulgaris L. with Phaseolus acutifolius A. Gray. P. acutiflous
offers drought stress resistance traits; viz., morphology and functional adjustments allow it
to finish its life cycle successfully and maintain crop yield under hot and arid environmental
conditions.

Compared to other genotypes tested, the potato genotypes Alpha, Bintje, Solanum acaule
Amargo, Solanum demissum Lindl. and Solanum stenotonum Juz. & Bukasov were
significantly more drought tolerant. In particular, S. acaule and S. demissum also displayed
a high level of drought resistance under both in vitro conditions and greenhouse pot

experiments (Arvin and Donnelly, 2008).
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In brief, conventional breeding is a priority for developing drought tolerance in vegetable
crops. The effectiveness of conventional breeding in this regard depends on available
sources of genetic variability within cultivated and wild germplasm, selection of appropriate
adaptation-related traits, and identification of these traits in testing. Although selection for
drought yield is usually limited by limited heritability in water-limited conditions, there
have been significant achievements from selecting for the secondary traits associated with
stress tolerance. However, conventional breeding requires a large amount of time and effort,
and therefore in order to accelerate the breeding programs, increase selection precision and
make breeding for drought-tolerant vegetable varieties faster, more efficient and able to give
good results, the integration of biotechnological tools, for instance molecular markers,

marker-assisted selection, and genome editing are equally essential.

4. BUILDING DROUGHT-RESILIENT VEGETABLES: FROM
PHYSIOLOGY TO GENOMICS, CRISPR, AND SMART BREEDING

The development of drought-resistant vegetable crops has become essential because of
climate change and rising water shortages. The solution to this problem needs a
comprehensive method that starts with research on how plants react to water shortages and
ends with the deployment of cutting-edge genomic techniques, CRISPR genome editing,
and contemporary breeding methods. The combination of traditional agricultural practices
with the latest technological advancements enables the rapid creation of vegetable crops that
can withstand environmental stress, which guarantees ongoing agricultural output and food
safety during times of worsening climate conditions.

Building on these advanced approaches, transgenic methods to study plant responses to
environmental challenges have been widely used. Scientists have used mutant strains with
enhanced and reduced gene activity to study essential genes that control drought resistance
(Yang et al., 2022; He et al., 2021; Li et al., 2021; Zhao et al., 2021). Cross-species gene
transfer has become a common method used to enhance crop stress tolerance through the
transfer of these particular genes. Some results about transgenic methods include the study
by Yang et al. (2022) in which a functional analysis of GmNACI2 in soybean (G. max) was
performed by overexpressing and knocking down lines, and gene overexpression resulted
in a marked enhancement in drought tolerance, while knocking out GmNACI2 practically
abrogated survival, thereby confirming that GmNACI2 acts to positively regulate drought
stress factors. In another example conducted on broccoli (Brassica oleracea var. italica

Plenck, 1794), the resulting transgenic plants overexpressed the bo/TLPI gene, which
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encodes a thaumatin-like protein (mainly associated with defense responses). Consequently,
the lines ultimately exhibited drought resistance, associated with alterations in stress-related
pathways, including ABA-dependent signaling and antioxidant responses. These results
demonstrate the potential of targeted genetic manipulation to improve tolerance to water
stress and encourage the use of hybridization and genomic tools for the development of
drought-tolerant plant varieties (He et al., 2021).

Based on these strategies, methods of stress tolerance-related transgenic methodologies
have also been applied using genes from other species. For example, the model plant
Arabidopsis thaliana L. was used to carry the carrot (Daucus carota L.) carotenoid
hydroxylase gene (DcBCH1), and the resulting transgenic plants showed drought tolerance
through influencing carotenoid biosynthesis, augmenting antioxidant capacity, and
increasing abscisic acid (ABA) levels. The results suggest that DcBCH-transgenic plants
display increased drought survival rates, reduced malondialdehyde (MDA), elevated lutein
and B-carotene levels, thus making it a good choice to confer drought tolerance to crops as
a promising target (Li et al., 2019).

Moreover, similar improvements in drought tolerance have been reported in crop species
such as tomato. Overexpression of the transcription factor SIGATA17 in transgenic tomato
(S. lycopersicum) enhances drought tolerance by activating the phenylpropanoid pathway
and increasing phenylalanine ammonia-lyase (PAL) activity. This modification promotes
metabolite accumulation, strengthens stress resistance, and represents a promising approach
for developing drought-tolerant, high-quality tomato germplasm (Zhao et al., 2021).
Complementary to gene overexpression strategies, gene silencing efforts through antisense
RNA technologies, RNA interference (RNA1), or other similar technologies have frequently
been used to discern between gene functions under stressful conditions following severe
stressors generated by the introduction of particular environmental factors. These
applications involve targeting the expression of a given gene by interfering with the delivery
or production of mRNA, which requires a vital gene product for the specific structure of the
cellular process (Deleavey and Damha, 2012). For instance, Chen et al. (2025) showed that
silencing the SIERF. F5 gene (an ethylene response factor) in tomatoes increases drought,
salt, and cold stress tolerance, resulting in the negative regulation of the regulatory system.
Thus, the knockdown plants showed higher chlorophyll content and better water retention,
in addition to a lesser extent of lipid peroxidation (lower MDA content) as compared to wild

plants when exposed to stress.
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Similarly, another study showed that the tomato gene SIGRAS4 was functionally
characterized as a key regulator of drought tolerance. Silencing induced by RNAi increased
sensitivity to drought, while over-expression lent tolerance towards such stress. As a result,
transgenic plants over-expressing SIGRAS4 (regulates drought response through the ABA
signaling pathway) had less drastic ROS accumulation and up-regulation of antioxidant
genes in stressful conditions. It is, hence, reasonable to infer that SIGRAS4 enhances drought
tolerance prior to its induction of an up-surged ROS removal and the SnRK2-AREB
signaling pathway (Liu et al., 2021).

In another example, functional analysis of the tomato (S. /ycopersicum) gene SINAC1 I using
RNAI transgenic plants revealed that the drought resistance of a gene-silenced plant was
indeed diminished considerably, owing to decreased and altered concentration of
chlorophyll, reduced germination, and increased oxidative damage from throttling. These
results show that SINAC11 functions as a positive controller for drought stress resistance,
thereby affirming the importance of gene-silencing techniques to bring success in
enhancement efforts towards stress tolerance in crops (Wang et al., 2017).

Besides transgenic methods and RNAi approaches, the development of genome editing
tools, exemplified by CRISPR/Cas, has emerged as a powerful tool for detailed gene editing
of genes modulating stress responses. RNAi studies have proved that gene silencing
accelerates drought sensitivity and helps differentiates between their role in regulating ROS
homeostasis or ABA signaling. A much more precise and reliable gene targeting platform,
CRISPR/Cas entails knockout or activation within genes in an organism. Such technologies
consider the importance of targets of stress regulation in defining the range of expression
work according to RNAi and overexpression, thus facilitating the building of drought-
resistant crops (Tabasum et al., 2025).

Recent studies on horticultural crops have shown the successful editing of the genome by
CRISPR/Cas to improve drought tolerance. The application of a reverse genetics approach
for generating loss-of-function mutants by silencing Bna49.NF-YA7 has been evaluated by
Wang et al. (2024) with the help of CRISPR/Cas9 in canola (Brassica napus L.). It was
revealed that NFYA7 is a negative regulator in drought resistance, as it influences ABA
signaling by blocking stomatal closure and preventing water regulation. An interaction
network analysis of the drought-responsive and ABA genes (BnaABF3 and BnaABF4) and
BnaA9.NF-YA7 depicts that BnaA9.NF-YA7 functions as a key player in sustaining ABA
signaling during water stress. Also, Ramirez-Gonzales, et al. (2021) recently showed that

overexpression of the long non-coding RNA StFLORE in the potato (Solanum tuberosum
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L.) collectively enhances drought tolerance through the regulation of stomatal density and
guard cell functions, while, in contrast, CRISPR/Cas9 editing of StFLORE results in
increased drought sensitivity. Similarly, the CRISPR/Cas9-induced GIDla mutation
(GIBBERELLIN-INSENSITIVE DWARF1a) functioned well as the GA receptor in tomato
and further strongly affected plant growth and germination, reducing transpiration; the
increase in leaf water content under water-deficit conditions enhanced drought tolerance
(Illouz-Eliaz et al., 2020; Illouz-Eliaz et al., 2019).

Additional research demonstrated that SINPRI functions in drought resistance by using
tomato plants with CRISPR/Cas9 mutations. The expression analysis confirmed that
drought conditions strongly activate SINPRI expression, which indicates that this gene
functions in stress response mechanisms. The functional tests demonstrated that sinprl
mutants showed less ability to withstand drought conditions because they maintained wider
stomatal openings and suffered more electrolyte loss and total malondialdehyde and
hydrogen peroxide levels while showing less antioxidant enzyme activity than wild-type
plants. The mutants displayed decreased expression levels of important drought stress-
related genes SIGST SIDHN and SIDREB which demonstrated that SINPRI positively
controls drought resistance mechanisms (Li et al., 2019).

The combination of transgenic techniques, RNA interference (RNAi) technology, and
CRISPR/Cas genome editing methods has enhanced scientists' understanding of how plants
respond to drought conditions. These technologies have enabled researchers to discover and
control essential genes that regulate reactive oxygen species (ROS) and abscisic acid (ABA)
signal transduction and plant stress response mechanisms. The transgenic and RNAi
approaches have helped investigators understand plant functions, yet CRISPR/Cas provides
superior accuracy and effectiveness for advancing agricultural research. The combination
of these tools establishes a solid base for creating drought-resistant plant breeds varieties,
which will serve as effective methods to support environmentally sustainable farming

practices in response to climate change.
5. CONCLUSIONS

In conclusion, drought stress is one of the most pressing problems for vegetable yield and
quality on a global scale, given its disruption of such crucial plant physiological processes
as photosynthesis, water relations, and nutrient uptake. The understanding of these effects
has spurred the search for mitigation strategies, including interventions in the field, by way

of biostimulant products and/or beneficial microorganisms. Progress in plant physiology
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and molecular biology has determined a number of stress-signaling pathways up-regulated
in response to abiotic stress by two stresses, namely ABA-dependent stress signal
transduction cascades and ABA-independent pathways regulated by ROS.

Besides, state-of-the-art biotechnological methods such as transgenics, RNA interference,
and CRISPR/Cas genome editing have greatly enhanced the discovery and manipulation of
genes for drought tolerance. The possibility of engineering better-performing vegetable
crops that perform well in water-limited environments has been triggered by these and
previous tools, in addition to genomics, phenotyping, and smart breeding strategies.
Ultimately, the integration of physiological understanding with genomics will have potential
to achieve to achieve sustainable vegetable cropping systems to serve food security in the
context of growing climate stresses.
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1. INTRODUCTION

Plants that are able to grow under adverse conditions, such as drought, achieve this through
the synthesis of secondary metabolites that act as physiological mechanisms of stress
tolerance. Among the substances involved in drought tolerance are phenolic compounds,
terpenoids, flavonoids, and nitrogen-containing compounds (Zahedi et al., 2019). An
important proportion of these metabolites have applications in human nutrition,
pharmacology, industry, agriculture, and other areas. For this reason, the conservation,
propagation, and genetic improvement of drought-tolerant plants goes beyond purely
biological and environmental purposes and have attracted increasing interest over the last

two decades.

The environments in which drought-tolerant plants usually grow do not provide favorable
conditions for their large-scale propagation. In addition, the seeds of many species show
low germination rates or are difficult to propagate vegetatively by cuttings (Custddio et al.,
2022). To overcome these limitations, accelerated micropropagation through in vitro culture
techniques has been successfully applied. Among the in vitro approaches that have gained
relevance in recent years is somatic embryogenesis, which has been used not only as a
propagation method (Spinoso-Castillo and Bello-Bello, 2022) but also as a technology for
metabolite production in bioreactors (Murthy et al., 2023). At the same time, the need to
increase the yield of useful products and to select plants with outstanding performance has
promoted studies based on conventional breeding as well genetic engineering tools

(Martignago et al., 2020).

The fact that stress conditions stimulate the synthesis of these compounds has led to the use
of stress itself, or of stress-related molecules, as elicitors to enhance the production of
biological compounds of interest (Thakur et al., 2019). Recent advances in these topics,

together with their future prospects, are reviewed below.
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2. IN VITRO MICROPROPAGATION

The micropropagation of drought-tolerant species has gained importance as a means of
multiplying these plants, either for the restoration of eroded soils or for the establishment of
plantations with commercial interest. Different explant sources and growth regulators have

been used for the multiplication of these species.

Cyamopsis tetragonoloba L. (Taub) is a legume from which a gum is obtained that is useful
in food production, cosmetics, pharmaceuticals, and is even employed as a gelling agent in
culture media (Babbar et al., 2005). Ahmad et al. (2013) developed a complete protocol for
its multiplication using axillary buds, inducing shoot formation with thidiazuron (TDZ) and
rooting with indolebutyric acid (IBA), which resulted in an acclimatization success rate of

80% for the regenerated plants.

In contrast, Rashmi and Trivedi (2014) obtained callus cultures from Nerium odorum L., a
species resistant to high temperatures, salinity, and drought, using 2,4-
dichlorophenoxyacetic acid (2,4-D) alone or combined with 6-benzylaminopurine (BAP).
In addition to its use in soil recovery, this species synthesizes flavonoids and terpenoids
with applications in medicine. Similarly, the propagation of Anthyllis barba-jovis L., a
Mediterranean fabaceous species useful for soil restoration, has been achieved using
seedlings obtained from seeds germinated in vitro, with benzyladenine (BA) during the

multiplication stage and IBA for rooting (Trigka and Papafotiou, 2017).

In woody species such as Jatropha curcas L., the use of seeds or seed-derived tissues as
explant sources has been explored as an alternative to increase micropropagation efficiency.
Jokotola et al. (2025) tested seeds cut in two different ways (cut with back and cut plain) as
well as embryos dissected from the seeds; the latter showed the best results, with a survival

rate of 4.58 explants out of 5 (91.6%).

In addition to the presence of cytokinins in the culture medium, which stimulate shoot
formation, some species require a certain amount of auxin to ensure caulogenesis.
Pourhassan et al. (2023) successfully multiplied Zamioculcas zamiifolia (Lodd.) Engl. using
0.5 mg L' naphthaleneacetic acid (NAA) combined with 2 mg L' BA. This species is
valued for its ornamental use, its ability to purify indoor air, and because its tissues contain
metabolites of pharmacological interest with anti-inflammatory, antioxidant, and anxiolytic

properties, such as apigenin, rosmarinic acid, and caffeic acid (Le Moullec et al., 2015).
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The growth regulators used to stimulate organogenesis, as well as their concentrations, may
vary among species and even among genotypes of the same species. For example, five
almond genotypes responded differently to combinations of BA (0-4 mg L"), TDZ (0-2
mg L), IBA (0.05-1 mg L"), and gibberellic acid (GAs) (0—1 mg L") (Rezaei et al., 2023).

Naturally occurring plant growth regulators have also been tested in the micropropagation
of drought-tolerant plants, with satisfactory results. Mogilevskaya et al. (2025), working
with Prunus, found that 24-epibrassinolide performed better than BAP in terms of shoot
length, number of shoots per explant, and number of nodes of in vitro plants. This effect
may be related to the protective role of this brassinosteroid analog against drought stress
(Wang et al., 2019) and to the ability of plants of this genus to synthesize brassinosteroids
(Ma et al., 2024).

The acclimatization stage of micropropagated plants largely determines the final outcome
and success of the protocol; therefore, efforts have been made to increase the proportion of
plants adapted to ex vitro conditions, for example by the use of mycorrhizae to stimulate
plant establishment. Gomes et al. (2021) observed that the addition of 2 pM quercetin
stimulated mycorrhization with Tuber borchii of in vitro plants of Arbutus unedo, a
Mediterranean species with edible fruits that is highly tolerant to drought. The role of
quercetin as a signaling molecule that promotes the association between mycorrhizae and

roots has also been recognized (Tian et al., 2021).
3. SOMATIC EMBRYOGENESIS

Somatic embryogenesis has wide applications in increasing the efficiency of in vitro plant
propagation systems; in addition, somatic embryos represent an excellent material for the
insertion of foreign genetic information (Martinez and Corredoira, 2024), for providing
material for genetic improvement through different techniques (Yuan et al., 2025), and for
the study of processes such as abiotic stress. Under in vitro culture conditions, drought is
simulated by adding substances that induce osmotic stress to the culture medium, such as
polyethylene glycol, mannitol, and sorbitol, and the response to this condition is mediated

by abscisic acid (ABA) (Spinoso-Castillo and Bello-Bello, 2022).

This idea is supported by the results obtained from experiments in which osmotic stress was
induced during somatic embryogenesis. In date palm (Phoenix dactylifera L.), a species
tolerant to salinity, heat, and drought, the addition of osmotic stress—inducing substances,

such as polyethylene glycol and sorbitol, to the culture medium increases the multiplication,
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germination, and rooting of somatic embryos (Hassan and Taha, 2012; Taha, 2017).
Similarly, Valencia-Lozano et al. (2021) observed that the induction of osmotic stress
enhanced the vigor of root and apical meristems in Coffea arabica L. and promoted the

maturation of somatic embryos.

The role of ABA has also been described by Walther et al. (2022) during the induction of
somatic embryogenesis in Douglas fir (Pseudotsuga menziesii [Mirb.] Franco), a drought-
tolerant species. In huizache (Vachellia farnesiana [L.] Wight & Arn.), a xerotolerant
species that grows in highly arid systems, the addition of 3% polyethylene glycol increased
the frequency of somatic embryos, while 1 mg L' ABA promoted their maturation (Ibarra-

Lopez et al., 2026).

Mannitol and sorbitol have also been used as in vitro selective agents to obtain drought-
tolerant plants from somatic embryos of Oryza sativa L. The frequency of somatic
embryogenesis was significantly reduced when high concentrations of these compounds
(150 mM) were added to the culture medium (Rajalakshmi and Vikrant, 2025), causing high

lethality and, as a consequence, increasing the likelihood of recovering tolerant individuals.
4. TRANSGENIC AND GENETIC STUDIES

The polygenic nature of drought tolerance complicates both its understanding and its use in
crop improvement efforts (Khan et al., 2019). Nevertheless, numerous studies have been
conducted to obtain tolerant genotypes, both through transgenic approaches and through

conventional breeding procedures.

Recently, substantial research has been devoted to the identification of drought tolerance—
related genes and to understanding how they function. The WRKY gene family comprises
numerous transcription factors involved in responses to diverse biotic and abiotic stresses,
including drought tolerance (Chen et al., 2019). Consequently, their expression has been

examined across multiple species.

In Arabidopsis, the overexpression of ZmWRKY40, a transcription factor from Zea mays
L., confers drought tolerance, manifested as increased activity of the ROS-scavenging
enzymes peroxidase (POD) and catalase (CAT) (Wang et al.,, 2018). By contrast,
overexpression of the wheat gene TaWRKY 133 in Arabidopsis results in diminished
drought tolerance, while its silencing increases tolerance (Lv et al., 2022). Similarly, in
Arabidopsis, the genes IgWRKYS50 and IgWRKY32, derived from [ris germanica L.,

increase drought tolerance (Zhang et al., 2022). In all cases, the phenotypic expression of
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susceptibility is observed as reduced germination and growth, together with decreased
activity of ROS-detoxifying enzymes, such as superoxide dismutase (SOD), peroxide

(POD), and catalase (CAT).

Genes not belonging to the WRKY family have also shown a role in drought tolerance. Cui
et al. (2018) identified a peptide (OsDSSR1) associated with tolerance to abiotic stresses in
rice (Oryza sativa L.), including drought. Transgenic plants overexpressing this peptide
show increased drought tolerance and reduced sensitivity to ABA, which is consistent with
the close relationship between this phytohormone and water stress responses. In transgenic
wheat plants (7riticum aestivum L.), overexpression of GmDREBI1 from soybean (Glycine
max) is associated with higher yields, reduced membrane damage, improved osmotic
adjustment, and higher photosynthetic efficiency even under conditions of water deficit
(Zhou et al., 2020). In this same species, improvements in drought tolerance had previously
been reported through the introduction of genetic material from other species like soybean

(Gao et al., 2005) and sunflower (Gonzalez et al., 2019).

In transgenic Arabidopsis and wheat, TaFDL2-1a from wheat improves drought tolerance
through the regulation of ABA synthesis and ROS-scavenging enzyme activity (Wang et
al., 2022). Overexpression of MdFRK?2, also derived from wheat, produces similar effects
in transgenic apple plants (Yang et al., 2023). In the drought-tolerant soybean mutant JB18,
Liu et al. (2022) identified the gene GmsHSP26, cloned it, and generated transgenic plants
by transforming cotyledon nodes of the susceptible cultivar JN18 with A. tumefaciens.
Overexpression of GmsHSP26 was associated with enzymatic responses and proline
accumulation related to tolerance; in contrast, in JN18 plants in which GmsHSP26 was

edited using CRISPR/Cas9, these responses were not observed.

Gene regulation of drought tolerance can also be negative, meaning that it is controlled by
genes that determine susceptibility. The gene TaMpcl-D4, present in wheat (and not
belonging to the WRKY group), increases susceptibility when overexpressed in transgenic
Arabidopsis plants; conversely, silencing this gene in wheat increases drought tolerance (Li
et al., 2020). Similar results had been reported for GhWRKY25, a member of the WRKY
group from cotton, whose overexpression in Nicotiana benthamiana increases susceptibility

(Liu et al., 2016).

Exploration of the genomes of drought-tolerant species is therefore an essential strategy for
identifying genes useful for crop improvement. In forest species, advances have been
achieved in genera such as Quercus, Eucalyptus, and Pinus, many species of which are
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drought tolerant; in contrast, much less is known about other genera such as Prosopis, in
which several species show different degrees of tolerance, including P. glandulosa Torr.

and especially P. cineraria (L.) Druce (Rai et al., 2021).

More conventional approaches have also focused on the identification of tolerant individuals
through evaluation under greenhouse and field conditions (Sari et al., 2020; Viljevac Vuleti¢

et al., 2022) or under in vitro conditions (Hajizadeh et al., 2023; Bektas et al., 2024).
5. OBTAINING METABOLITES AND OTHER PROCESSES

Secondary metabolites present in plants (Yeshi et al., 2022) are classified into three main

groups (Table 1).

Table 1. Groups of secondary metabolites found in plants

Group Metabolites Examples
Plant volatiles, sterols,
Terpenoids carotenoids, saponins,  [B-carotene, licopene, lutein
glycosides
Flavonoids, phenolic  acids, )
i o ) ) Kaempferol, quercetin,
Phenolic compounds lignin, lignans, coumarins,
. . resveratrol
stilbenes, tannins
Nitrogen-contaning Alkaloids, glucosinolates, . L i
) ] Morphine, sinigrin, amygdalin
compounds cyanogenic glycosides

Some authors also include polyamines (putrescine, spermine, and spermidine), which are
ubiquitous compounds, present in all plant cells. Although they may be considered primary
metabolites because of their role in the regulation of cell division, their involvement in stress
defense-particularly in drought tolerance-is well established (Blazquez, 2024; Roy et al.,

2024). Some examples from each group are discussed below.

5.1. Terpenoids

Mibei et al. (2017) analyzed pigment profiles in 19 accessions of eggplant (Solanum
aethiopicum and Solanum macrocarpon) subjected to drought conditions. Although
carotenoid content increased under water stress in two accessions, drought generally caused
significant reductions in both carotenoid and chlorophyll contents. This result should be

considered when establishing extraction protocols for these compounds.
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Within this group, ursolic and oleanolic acids, which are triterpenoids involved in plant
protection against drought (Gudoytite et al., 2021), have shown anti-inflammatory,
antioxidant, and anticarcinogenic effects in experimental animal and human models

(Giinther et al., 2026).

5.2. Phenolic compounds

Rodrigues et al. (2020) detected more than 20 phenolic compounds in chaya (Cridoscolus
aconitifolius Mill.) leaves, with kaempferol, quercetin, and myricetin being the most
abundant. Among the extraction methods tested, Subcritical Water Extraction (SWE) and
Microwave-Assisted Extraction (MAE) were the most efficient. Quercetin, among other
compounds present in Tartary buckwheat (Fagopyrum tataricum Gaertn.), contributes to

intestinal health, improved digestion, and cholesterol reduction (Luthar et al., 2021).

Neoglaziovia variegata (Arruda) Mez, native to the Caatinga region in Brazil, is an excellent
example of a drought-tolerant plant with multiple potential uses. Its ability to grow in very
dry and arid soils makes it suitable for the restoration of eroded areas. During the rainy
season it produces berries that, although not an important part of the human diet, are edible;
its leaves can be used as emergency forage for animals, and its fiber is useful for the
production of different industrial and artisanal products. In addition, it contains phenolic
compounds with antinociceptive, antioxidant, and photoprotective properties (Ibrahim et al.,

2019; Miranda et al., 2025).

5.3. Nitrogen-containing compounds

Berberine is an isoquinoline alkaloid present in several species, particularly in the genus
Berberis spp., from which it takes its name. It has important pharmacological applications
as a hypoglycemic, antimicrobial, and anticarcinogenic agent, among others, and for this
reason it has received considerable attention in countries such as Ukraine (Lykholat et al.,

2019) and Turkey (Bostanci and Akalin, 2023).

Sophora alopecuroides L. is a fabaceous species native to Asia that is used in traditional
medicine for its anti-inflammatory and anxiolytic properties. More recently, extracts
obtained from its seeds have been shown to reduce opioid withdrawal symptoms, an effect
associated with their content of alkaloids such as sophocarpine, matrine, and sophoramine
(Kianbakht et al., 2020). Drought conditions stimulate alkaloid synthesis in this species
(Huang et al., 2024), so the induction of this stress may contribute to increasing the yields

of these biologically valuable products.
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5.4. Polyamines

Spermidine is involved in protecting maize plants against water stress through its effect on
increasing antioxidant compounds, that reduce oxidative processes induced by drought (Li
et al., 2018). Similar results for spermidine, as well as for putrescine and spermine, have
been reported in wheat, supporting the idea that the effect of polyamines on stress tolerance
is not direct but rather related to a signaling role that enhances defense responses (Marcinska

et al., 2020).

These are only a few examples; as noted by Yeshi et al. (2023), more than 200,000
secondary metabolites have been identified in plants, and given that more than 390,000 plant
species are known, it is clear that much remains to be discovered and applied. For example,
plant tissue culture, through different techniques such as callus, seedling, root, and cell
cultures, combined with the use of bioreactors, is beginning to be applied for the large-scale
production of useful metabolites (Espinosa-Leal et al., 2018) to increase production

efficiency.
6. CONCLUSIONS

Drought is one of the main limiting factors for horticultural production on a global scale,
with direct effects on crop growth, yield, and quality. Plants respond to this stress through
a network of physiological, biochemical, and molecular mechanisms, including the
modulation of water balance, regulation of stomatal opening, activation of antioxidant

systems, and the synthesis of secondary metabolites.

The need to produce crops under drought conditions, as well as to restore soils affected by
this stress, has driven research aimed at improving species to increase drought tolerance. In
this context, special attention has been given to the study of genes that regulate the
expression of defense mechanisms and to their incorporation into genetically modified

plants with this trait through transgenic approaches.

A wide range of secondary metabolites participate in the response to water stress by
reducing oxidative damage, acting as signaling molecules, or influencing cellular stability.
The differential accumulation of phenolic compounds, flavonoids, terpenoids, and other
bioactive molecules reflects a metabolic plasticity that varies according to species,
genotype, and stress intensity. Many of these metabolites also display properties that make

them relevant for human nutrition, pharmacology, industry, agriculture, and other fields.
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Based on current knowledge, new opportunities have emerged for the development of more
sustainable agricultural production strategies under climate change scenarios. The
identification of physiological and metabolic traits associated with drought tolerance,
together with their incorporation into breeding programs and adaptive agronomic practices,
represents a promising approach to reduce crop vulnerability. At the same time, the
integration of knowledge from genetics, biochemistry, and physiology will increase the
efficiency of industrial and biotechnological processes used for the production of bioactive

compounds.
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1. INTRODUCTION

Climate change causes a gradual increase in global climate variability, and the
intensification, frequency, and severity of hydrometeorological phenomena such as
droughts and floods severely damage practices used for human development (Landa et al.,
2008; Ortega et al., 2018). Drought, in particular, is a natural phenomenon that is an essential
part of the climate and to which all places on the planet are exposed. It is characterized as
an inevitable and unpredictable event; it has no epicenter or defined trajectory, its advance
is slow and gradual, and it can cover large geographical areas. For this reason, it is difficult
to define its spatiotemporal boundaries and mitigate the damage caused by this phenomenon
(Ortega, 2013). In Mexico, rainfall anomalies have been projected up to 2039. Simulations
indicate a decrease in rainfall of 10 to 20% in most of the northern part of the country, and
0 to 10% in the rest of Mexico (INECC, 2025). In this regard, droughts are predicted to
increase and cause greater devastation across most of the country, especially in the north,
where rainfall fluctuates between 300 and 500 mm/year due to low precipitation and high
temperatures (Ortega et al., 2018). This raise concerns that agricultural production will be
severely affected, consequently impacting the circular economy and food security (Troyo et

al., 2014).

Horticultural production is valued at over $11 billion; however, most of these crops are
highly sensitive to water scarcity. This vulnerability stems primarily from the plants'
anatomy, as they possess large leaf areas and high transpiration rates, in addition to being
subjected to intensive growing cycles. Water stress reduces CO. assimilation by causing

stomatal closure, disrupts carbon and nutrient partitioning, and impairs growth, flowering,
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and fruit set. Furthermore, it significantly impacts yield and quality. In addition, drought
increases reactive oxygen species (ROS) levels and lipid peroxidation (MDA), disrupts

membranes, and alters ionic homeostasis (Herrera-Flores, 2014).

Therefore, traditional strategies such as precision fertigation, mulching, and genetic
improvement are essential, but their implementation is slow and costly. For this reason, the
use of beneficial microorganisms emerges as a viable alternative capable of buffering the
effects of drought (Figure 1), and they can achieve this through direct mechanisms such as
the production of phytohormones, ACC deaminase, phosphorus (P) solubilization, nitrogen
(N) fixation, and indirect mechanisms such as the induction of systemic tolerance, root
remodeling, and improvement of soil physical properties through exopolysaccharides (EPS)

and aggregation (Ahluwalia et al., 2021; Liu et al., 2025; Parastesh et al., 2025).

2.

Figure 1. Shows the interaction of different microorganisms that benefit the plant. From
left to right: beneficial bacteria, arbuscular mycorrhizal fungi, beneficial fungi,

endophytic bacteria, Trichoderma spp., and Rhizobium spp.

In different investigations, the use of microorganisms to mitigate the adverse effects of
drought has been reported in crops such as tomato, chili pepper, cucumber, lettuce, and
aromatic plants, in which increases in biomass and yield, greater fruit set, and improvements

in quality have been observed (Ganugi et al., 2021; Zhu et al., 2022).

70



2. GENERAL MECHANISMS USED BY PLANTS AND ASSOCIATED
MICROORGANISMS TO MITIGATE DROUGHT

Several studies have reported that, regardless of the microbial group, the mechanisms of

action against drought stress are grouped into five axes:

2.1. Hormonal regulation and stress signaling. In response to drought, a systemic signal is
triggered that increases the production of abscisic acid (ABA), which travels from the roots
to the leaves and stems, closing the stomata (stomatal adjustment). Another defined strategy
is based on the enzyme ACC deaminase; when the plant is stressed, it initiates ethylene
production. Bacteria associated with the plant produce this enzyme and reduce ethylene
levels. It is important to note that ethylene reduction is not always entirely advantageous, as
ethylene participates in the plant's adaptive responses, such as stomatal closure, allowing
the stress signal to be completed and potentially inducing water conservation and tolerance
(Hecht et al., 2024). The interaction between auxins and cytokinins may also be present.
Auxins promote the growth and formation of adventitious roots for greater exploration of
the soil and access to deeper water. Simultaneously, the concentration of cytokinins is

minimized as much as possible so as not to impede root growth (Alogi et al., 2025).

2.2. Osmotic adjustment. This physiological mechanism allows the accumulation of solutes

in the cytosol to reduce the osmotic potential of cells, increasing water uptake and retention;
in this way, turgor pressure is maintained and essential metabolism remains active (Furtak
and Gawryjotek, 2025). The plant also activates proline biosynthesis (via glutamate) (Yu,
2025). The function of this osmolyte is to stabilize membranes, maintain protein structure,
and modulate redox balance (Xu et al., 2025). It is essential to mention that if proline
accumulates in large quantities, it inhibits growth; therefore, it is important that this
osmoprotectant remains in balance (Dabravolski and Isayenkov, 2025; Munné-Bosch,
2025). Glycine/betaine (GB) is an osmoregulator known to protect cellular enzymatic
activities and membrane integrity in plants (Singh et al., 2022). While glycine/betaine
accumulators are unable to synthesize this compound in wheat and maize, the combination
of commercial products and genetic engineering can manipulate normal biosynthetic
processes to enable the enhancement of plant responses such as for PSII protection, water-
saving, productivity, among others (Kumar et al., 2018). The accumulation of sugars and
polyalcohol in osmotic adjustment not only helps create a water potential gradient but also
allows the construction of carbon structures and affords energy for other vital processes,

supporting basic metabolism processes (Sun et al., 2015). Another notable stabilizer relates
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to trehalose, protecting proteins and water retention to a great extent. Trehalose-6-phosphate
(T6P) is a signal for trehalose-6-phosphate synthase (TPS) genes' overexpression that in turn
stabilizes enzymes and membranes in response to dehydration (Prakash et al., 2025).
Osmotic adjustment aims to uphold tissue turgor by bringing water into the cell (Gutiérrez
et al., 2023). All of the metabolic support are vital to prevent cell collapse and to keep the
plant alive until this is further supported by other environmental adaptations (Shehab et al.,

2026).

2.3. Redox protection. According to Hasanuzzaman et al. (2017) the cellular homeostasis in
the plant is getting disarranged under water stress, leading to enhanced production levels of
reactive oxygen species (ROS), hydroxyl radicals (OH), superoxide anion (O2-), and
hydrogen peroxide (H202). All these molecules are generated in mitochondria, chloroplasts,
and peroxisomes and serve a dual purpose. When present in controlled concentrations, they
act as molecular signaling molecules to activate adaptation and defense pathways; however,
when this balance is disrupted, they become oxidative agents and damage nucleic acids,
proteins, and lipids (Cannea and Padiglia, 2025). The plant counteracts this imbalance by
activating its antioxidant system, which comprises both enzymatic and non-enzymatic

mechanisms, to maintain cell integrity and plant survival (Alaswad, 2025).

The first line of defense against ROS consists of specialized enzymes that detoxify cells
(Rao et al., 2025). The first enzyme is superoxide dismutase (SOD), which can break down
the superoxide anion into molecular oxygen and hydrogen peroxide. Its different forms are
Cu/Zn-SOD, Mn-SOD, and Fe-SOD, present in mitochondria, cytosol, chloroplasts, and
peroxisomes. It reduces the formation of hydroxyl groups, which are highly toxic (Renu et
al., 2023). Similarly, the enzymes catalase (CAT) and ascorbate peroxidase (APX) eliminate
hydrogen peroxide by transforming it into water and oxygen (Rao et al., 2025). Another key
enzyme is peroxidase, it breaks down peroxide into water through its use of ascorbate from
the ascorbate-glutathione cycle while producing monodehydroascorbate (MDHA). The
enzyme glutathione reductase (GR) is essential because it helps restore reduced glutathione
which protects against oxidative damage while maintaining redox balance (Ozyigit et al.,
2016). Bioindicators of oxidative damage need to be used which include malondialdehyde
(MDA) to evaluate how well the oxidative system operates. MDA is the end product of
membrane lipid peroxidation caused by excess reactive oxygen species (ROS). ROS attack
polyunsaturated fatty acids and destabilize membrane function and structure (Alaswad,

2025). In addition to antioxidant defense, plants also regulate water transport through

72



aquaporins. These membrane proteins form specialized and selective channels for water and
very small solutes. Plasma membrane isoforms (PIPs) and tonoplast isoforms (TIPs) are

primarily responsible for the hydraulic conductivity of the cell and tissues (Byrt et al., 2023).

2.4. Hydraulic properties and root architecture. Roots are a dynamic interface between the
plant and the soil; their morphological adaptations and symbiotic interactions with
rhizospheric microorganisms are key to adaptation to drought (Shoaib et al., 2022). Studies
by Paul et al. (2024) indicate that biofilms and exopolysaccharides (EPS) are the basis for
rhizospheric resilience to drought stress. These two substances, with their own physical,
chemical, and biological properties, form a hydrated matrix surrounding microbial cells,
constituting the structural basis of biofilms. The EPS matrix is crucial for the survival of
rhizospheric microorganisms, as it creates a microhabitat that protects them from
fluctuations in humidity, temperature, and osmotic potential (Rana et al., 2020). EPS are
hydrophilic and retain large amounts of water, therefore acting as reservoirs that release
water as the soil dries out (Khan and Bano, 2019). Fetsiukh et al. (2021) demonstrated that
there was greater water availability with the presence of EPS, and a greater osmotic pressure
in the biofilm. It is important to highlight that the root response to water stress is not an
isolated phenomenon, but rather is closely linked to the hydraulic properties of the soil-
plant-microorganism system (Agee et al., 2021). The plasticity of the root allows the plant
to modify the density, angle, distribution, and depth of roots to capture water, and this

capacity is significantly enhanced by microorganisms (Shoaib et al., 2022).

2.5. Soil/rhizosphere modification. In addition to water retention, EPS plays a key role in

soil particle aggregation. The polymers act as cementing agents that bind mineral particles
and organic matter, forming stable micro- and macro-aggregates. This modification of the
soil's physicochemical properties has direct hydraulic consequences, such as improved
porosity and aeration, increased structural stability, and enhanced permeability (Bhagat et
al., 2021). EPS-producing rhizobacteria, therefore, not only directly benefit the plant but
also improve the substrate in which it grows, increasing its capacity to store and supply
water in the long term (Shoaib et al., 2022). For this reason, the presence of biofilms and
stable aggregates in the rhizosphere modifies local moisture conditions, creating
microhabitats with greater water availability than the surrounding soil. This phenomenon
influences root exploration patterns, favoring lateral root growth in areas with greater water
resources (Fitzpatrick et al., 2019). Likewise, the EPS matrix also acts as a reservoir and

trap for nutrients, capable of chelating ions and capturing particles rich in essential elements
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(Timmusk and Zucca, 2019). This creates a chemically and physically differentiated
microhabitat in which biological activity intensifies during periods of drought, and
communication via molecular signals between microorganisms and the plant is facilitated.
This environment also protects nitrogen-fixing bacteria and mycorrhizal fungi, which
enhance soil exploration capacity (Shoaib et al., 2022). Alharbi et al. (2022) found that
rhizobacteria control their exopolysaccharide production through their interactions with soil
particles which especially include silica. The research demonstrates that bioproducts can be
developed through the combination of microorganisms with essential minerals which

enhance their hydroprotective properties (Xu et al., 2018).

3. PLANT GROWTH-PROMOTING BACTERIA AND BENEFICIAL
RHIZOBACTERIA

Plant growth-promoting rhizobacteria (PGPR) establish their presence in the rhizosphere
through their relationship with plants. Agricultural scientists study these organisms because
they can multiply quickly, they kill target organisms effectively, and they can easily be used
to create bioproducts. These bacteria produce or can induce mechanisms for the reduction
of ethylene (ACC deaminase), EPS and biofilms formation, phytohormones (gibberellins,
IAA, and cytokinins), and the activation of the antioxidant system (Ahluwalia et al., 2021;
Liu et al., 2025).

3.1. Bacillus spp.

This genus is one of the most widely used in horticultural production. In tomato cultivation
under drought stress, Gowtham et al. (2020) demonstrated that Bacillus subtilis Rhizo SF48
produced ACC deaminase, increased proline and soluble sugar content, and activated the

antioxidant enzymes SOD, CAT, and APX, while simultaneously reducing MDA and H20-.

It is important to note that Bacillus subtilis produces surfactin, iturin, and fengycin, which
are cyclic lipopeptides that act as signaling molecules inducing systemic resistance in plants.
All of these compounds promote biofilm formation, cell membrane stabilization, and
activate jasmonate, abscisic acid, and ethylene-regulated signaling pathways, thus favoring
drought tolerance and protection against pathogens (Ongena and Jacques, 2008; Hashem et

al., 2019; Parastesh et al., 2025).

Bacillus subtilis therefore triggers an integrated response known as induced systemic

tolerance (ISR). This is a metabolic reprogramming of the plant that allows it to respond
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quickly and effectively to adverse conditions, reducing damage and maintaining

productivity (Vurukonda et al., 2016).

3.2. Pseudomonas spp.

Among them are Pseudomonas fluorescentes and Pseudomonas putida, and Pseudomonas
spp. These bacteria can modulate the expression of EPS, siderophores, and can regulate the

redox state (Mekureyaw et al., 2026).

Pseudomonas spp. produce EPS, which are water-retaining compounds that also signal
systemic responses. A particular example is Pseudomonas chlororaphis O6, which produces
EPS associated with drought tolerance, specifically through changes in gene expression and
physiological preparation in distal tissues. These studies reinforce the idea that the
protection provided by microorganism manifests in an integrated manner (Mehmood et al.,
2023). Mekureyaw et al. (2026) suggest that EPS biofilms can initiate various metabolic
adjustments. For example, they improved ecophysiological parameters in tomatoes grown
under water stress when the plants were inoculated with Pseudomonas putida KT2440.
Furthermore, they observed that plants without EPS biofilms lacked the protective effect
and exhibited lower enzymatic and antioxidant activity, as well as reduced transcriptional
programming. This clearly connects the microbial effect with the metabolic reconfiguration

of the plant under water stress conditions.

Pseudomonas spp. also synthesize siderophores, which capture iron from the rhizosphere
even under drought conditions, thanks to their high affinity. They capture it before
competitors and pathogens, allowing the plant to use it for electron transport,

photosynthesis, and antioxidant defense (Chieb et al., 2023).

3.3. Azospirillum spp.

These beneficial bacteria colonize roots quickly and efficiently, fix atmospheric nitrogen,
and produce phytohormones and signaling molecules that contribute to drought tolerance
(Sun et al., 2025). One of their major effects on plants is root modification, promoting
branching and the formation of root hairs. These modifications increase soil exploration and
improve water and nutrient uptake; they are mainly associated with the bacterial production
of auxins such as indoleacetic acid, lipopolysaccharides, and volatile metabolites that act as
regulatory signals for root development (Pelagio-Flores et al., 2025). The research
experiments showed that plants which received Azospirillum brasilense inoculation

developed longer roots and bigger root systems together with increased total biomass and
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plant functions that matched the performance of plants without stress. The results
demonstrate that the system achieved a significant advancement in its capacity to extract
and distribute water throughout its operations. The structural changes to the plant system
result in better hydraulic performance because they enhance the plant's ability to move water

while sustaining its flow to the plant's upper sections (Marques et al., 2023).

Furthermore, Azospirillum spp. bring about physiological changes which support water
status; here they alter xylem-induced hormones such as abscisic acid (ABA), jasmonates,
and other signals related to stomatal control and water deprivation. Such effects were found
in purple basil inoculated with A. baldaniorum Sp245. The Azospirillum inducing of
beneficial effects of water use efficiency, improvement in photosynthesis, and maintenance

of cell turgor (Mariotti et al., 2021).

The influences of Azospirillum spp. are further extended to plant metabolism, and their
interaction with plant aids in the activation of metabolic pathways related to nitrogen
nutrition, osmoprotectant synthesis, and antioxidant defense. Additionally, these bacteria
bring forth alterations in gene expression, cell division, and developmental processes related
to water, and nutrient absorption, thus implying a decisive metabolic reprogramming of the
host harbor (Mancilla-Alvarez et al., 2025). At the same time, the accumulation of
osmolytes in plants, such as trehalose, in inoculated Azospirillum, leads to better desiccation
tolerance in plants and bacteria themselves. In that sense, improves plant growth and
establishes relationships with dry plant survival and increased total biomass by the action
of the trehalose-accumulating strains under drought stress, suggesting much deeper

protection conferred by microbial interaction (Rodriguez-Salazar et al., 2009).

For all the above, Azospirillum spp. can be applied not only as a biofertilizer but also as an
integral modulator of the soil-plant system capable of optimizing, improving, and activating
metabolic and systemic mechanisms of drought tolerance, making them strong candidates
for the development of key bioinoculants for sustainable agriculture under climate change

conditions.
4. BENEFICIAL FUNGI

Beneficial soil fungi, especially arbuscular mycorrhizal fungi (AMF), which are obligate
symbiotic associations, Trichoderma spp., which promote plant growth and have a
biostimulant and biocontrol role, and fungal endophytes, have proven to be highly effective

biological tools that improve plant drought tolerance. They are capable of activating

76



integrated physiological, metabolic, and molecular mechanisms that increase water and
nutrient uptake, promote photosynthesis, maintain hormonal balance, and reduce the
accumulation of reactive oxygen species, thereby reducing oxidative damage and improving

yield (Begum et al., 2019; Zhu et al., 2022).

4.1. Arbuscular mycorrhizal fungi (AMF)

Arbuscular mycorrhizae form a network of extraradical hyphae that increases the effective
absorption surface area and improves access to water and nutrients in soil that is inaccessible
to roots. Hyphal expansion maintains leaf hydration and photosynthesis, even during
prolonged periods of drought. It increases the absorption of macro- and micronutrients that
sustain metabolic function (Zhu et al., 2022). In research conducted by Leventis et al. (2021)
on tomato cultivation, the fungi Funneliformis mosseae and Rhizophagus irregularis,
through water regulation mechanisms and enhanced transpiration control, improved growth

under both normal and deficit irrigation (Leventis et al., 2021; Zhu et al., 2022).

Furthermore, arbuscular mycorrhizal fungi activate the synthesis of osmoprotectants such
as proline, soluble sugars, and phenolic compounds, which maintain cell turgor and protect
macromolecular structures. Simultaneously, the enzymes superoxide dismutase, catalase,
and peroxidases are activated, reducing the accumulation of reactive oxygen species (ROS)
and oxidative damage (Begum et al., 2019). Studies conducted by Soussani et al. (2023) on
drought- stressed tomatoes showed that arbuscular mycorrhizal fungi, along with compost
and organic amendments, enhanced colonization, improved soil structure, and increased
water retention. These results demonstrate that resilience depends on soil biology and

agronomic management.

4.2. Trichoderma spp.

Fungi of the genus Trichoderma have become established as a group of beneficial fungi that
play an important role in mitigating the effects of water stress. They are capable of
simultaneously modulating the rhizosphere, plant metabolism, and systemic signaling
(Akbari et al., 2024; Contreras-Cornejo et al., 2024). These species can colonize the
rhizosphere and root tissues, promoting plant growth through the production of bioactive
metabolites, phytohormones, and volatile compounds. Trichoderma spp. have been shown
to induce changes in root architecture, increase water absorption, and improve water use
efficiency, in addition to activating defense responses and metabolic pathways associated

with stress (Guzman-Guzman et al., 2019).
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From a biostimulation perspective, Trichoderma spp. can stimulate growth and resource
utilization without necessarily requiring continuous contact with the plant, because they are
capable of releasing signaling metabolites that impact the plant's endogenous hormonal
network. It has been documented that, during interaction with roots, Trichoderma produces
or induces compounds with activity similar to growth regulators (IAA-related indoles) and
volatile organic compounds (VOCs) such as 6-pentyl-2H-pyran-2-one (6-PP), in addition to
other signals that ultimately adjust root development, nutritional status, and water use

(Contreras-Cornejo et al., 2024).

A distinctive feature for which Trichoderma spp. is used is its ability to induce priming, a
process of preconditioning. Under this process, the plant enters a "ready" state that does not
imply a permanently high constitutive defense, but rather a faster and more efficient
response when stress occurs. This priming can involve protein accumulation, sensitization
of signaling pathways (redox/Ca**/MAPKs), and more efficient activation of antioxidants
and osmoprotection during drought. Furthermore, it has been discussed that certain priming
responses induced by Trichoderma spp. may exhibit heritable or physiological memory
components, relevant for bio-priming strategies in seeds and agronomic management
(Moran-Diez et al., 2021). In line with this, omics studies in a model plant Arabidopsis
thaliana show that Trichoderma-based biostimulants can reorganize the metabolome under
stress (including nitrogenous compounds, phenylpropanoids, terpenes, and hormones),
supporting the idea of a metabolic reprogramming compatible with systemic tolerance

(Senizza et al., 2023).

Similarly, recent studies emphasize that the efficacy of Trichoderma spp. is not universal,
but rather exhibits marked genotype-by-strain plasticity. This means that a strain can be
highly effective in one genotype (or environment) and moderately effective in another, and
that the magnitude of the benefit depends on host traits (basal tolerance capacity, root
architecture, hormonal sensitivity, etc.) and isolate traits (colonization capacity, desiccation
tolerance, metabolite profile, etc.). A clear example was presented by Rawal et al. (2022),
who applied different isolates, including various species and commercial strains, to tomato
plants under water stress. These showed significant differences in their ability to alleviate
water deficit, and the results also depended on the tomato genotype. This type of evidence
justifies, from an applied perspective, the selection of strains with consistent performance

and multi-genotype/multi-environment validation.
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4.3. Fungal endophytes and Serendipita indica

Fungal endophytes are fungi that colonize plant tissues without causing disease and have
emerged as key modulators of drought tolerance. Among them, the basidiomycete
Serendipita indica (formerly Piriformospora indica) stands out for its ability to establish
itself in a wide range of hosts, its capacity for in vitro cultivation, and its effectiveness in
improving plant growth and resilience to multiple abiotic stresses (Gill et al., 2016; Saleem

et al., 2022).

One of the most relevant mechanisms by which fungal endophytes increase tolerance to
water deficit is the improvement of the plant's water status through changes in root
physiology and hydraulic conductivity. Colonization by S. indica promotes root
development, increases water and nutrient uptake, and favors the regulation of membrane
proteins related to water transport, such as aquaporins. These changes maintain water
content and photosynthesis (Gill et al., 2016). In contrast to the hydrological function, these
organisms stimulate major modifications in primary and secondary metabolism. S. indica,
for instance, upregulates the accumulation of osmoprotectants proline, soluble sugar, and
phenolics; simultaneously contributes in activating the total antioxidant machinery to
counter oxidative damage (Jogawat et al., 2016; Saleem et al., 2022). Under such an
influence, substantial hormonal reprogramming occurs, S. indica balances aquaporin
channel levels, stomatal conductance, photosynthetic efficiency, and cellular carbon and
nitrogen availability. In addition, the endophyte establishes resource acquisition (Gill et al.,
2016) and triggers transporters necessary for the performance of essential metabolic
functions. Thus, endophytes function as an agri-biotechnological tool that can substantially

enhance the resistance of agricultural systems to water scarcity govern by climate change.
5. CONCLUSION

One of the modern biotechnological strategies that can reduce vulnerability under water-
limited conditions is the use of beneficial microbes. The plant-microbe interaction is
significant in terms of preservation of photosynthesis, sustainable water use, the growth of
the engineered plants, and yield. The use of specific microbial consortia or bioinoculants
will characterize a vital tool for maintaining the sustainability of horticulture and adaptation

of these types of agriculture in the face of climate change.
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