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Abstract. Drought stress has serious repercussions for agri-
culture, affecting crop growth with low yield effects concerning
food production and food security. The main objective of this
research is to conduct a scientific literature review of the physical
methods used to generate tolerance to water stress in crops. (i) The
most widely applied physical method to counteract the effects of
drought stress is UV radiation, magnetic field application (18%),
He-Ne and CO, laser (18%), gamma radiation (9%) and plasma
(6%). (ii) Treatments with ultraviolet light and magnetic fields
have been applied mainly in cereals, vegetables, legumes, medici-
nal plants, and trees. Also, He-Ne, CO, laser, and plasma in seeds
in cereals and medicinal plants in the pre-sowing stage to seed lev-
el. Finally, gamma radiation has been applied to plants and seeds
(grass, flowers, sugar plant). (iii) The reported physical methods
can increase or decrease the biochemical variables under water
stress depending on the physical method and radiation parameters
applied, as well as the crop, level of drought and the environment
in which the plants develop. Thus, UV radiation, magnetic fields,
gamma radiation, and He-Ne and CO, lasers are physical methods
that produce seed and plant improvement effects.

Keywords: physical methods, drought stress, seed condi-
tioning, tolerance to water stress

INTRODUCTION

Global food demand continues to grow, and there is
a global challenge to feed 10 to 11 billion people by 2050
and 2100 (Azadi et al., 2018; Dillard, 2019). Moreover,
global warming and the irrational use of natural resources

*Corresponding author e-mail: clauhaj@yahoo.com

has an impact on food security (Saccon, 2018; Azadi et al.,
2018). For example, one problem associated with global
warming is drought, which affects agricultural production
systems and, consequently, food-bearing plants for human
consumption (Ali et al., 2020; Murray-Tortarolo et al.,
2018; Mardero et al., 2018). Likewise, water stress pro-
moted by drought in plants leads to reactive oxygen species
(ROS) production, generating wilting in leaves, oxidative
damage to proteins and cell membrane instability (Wang
etal.,2018).

Also, climate change has generated alterations in
hydrological patterns, which has led to a higher incidence
of droughts and flooding which has affected the production
of temporary crops (Ali et al., 2020; Arreguin et al., 2019;
Murray-Tortarolo et al., 2018). Furthermore, the climatic
phenomenon has generated changes in the behaviour of the
agricultural system, which are manifesting themselves in
the form of erosion, salinization, and a general decline in
soil quality, leading to the abandonment of farmland.

At present, Mexico is experiencing changes in tem-
perature and precipitation, resulting in a 25% decrease
in crop yields such as corn production. Comparable data
have reported a decrease (100 mm year') and an increase
(2000 mm/year), in precipitation in the north and south of
the country respectively, during the period of 1901-2009
(Murray-Tortarolo et al., 2018). Additionally, significant
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losses of 45 and 83 mln t of corn and soybeans have also
been reported in the United States due to severe drought
during 2012 (Rodriguez-Calzada et al., 2019). Similarly,
North Africa has suffered a 33% decrease in precipitation
compared to the situation 40 years ago and it now repre-
sents one-tenth of the world’s average water supply (FAO,
2014).

According to some authors, climate change will result
in drought episodes causing a devastating impact on agri-
cultural production systems, this may occur in Africa, Asia,
Europe, China, and the Middle East, where many people
would be threatened by a scarcity of this water resource as
10% of their agricultural land would be affected (Fitton et
al., 2019). That is why it is vital to innovate using afford-
able and environmentally friendly techniques that would
allow for an increase in the tolerance to drought stress
without reducing agricultural yields, emphasize the respon-
sible use of resources, especially natural resources, and
support sustainable agriculture (Ali et al., 2020; Mardero
et al., 2018; Rodriguez-Calzada et al., 2019). Among the
environmentally friendly methods proposed to mitigate the
aforementioned problems are those corresponding to seed
conditioning as reported by (Thomas and Puthur, 2017).

Seed conditioning is a pre-sowing treatment that works
as a stimulator of the plant’s defence system and increas-
es tolerance to drought stress (Hernandez-Aguilar et al.,
2006; 2010; Damalas et al., 2019; Thomas and Puthur,
2017; Waqas et al., 2019). Sustainable methods designed
to improve this tolerance have been reported by several
authors. These include physical methods such as ultraviolet
(UV) radiation (three types are defined below), laser, mag-
netic (B) and electric fields (E), X-rays, ionizing radiation,
microwaves and magnetically treated water (Hernadndez-
Aguilar et al., 2009a; 2009b; 2016; 2021a; Thomas and
Puthur, 2017; 2019; Rifna et al., 2019; Gudkov et al., 2019;
Wagqas et al., 2019).

Particular studies have been published in the scientific
literature describing these methods, providing evidence for
their possible usefulness in agricultural applications. The
methods may be of the ionizing, non-ionizing and conven-
tional type and so on.

Gudkov et al. (2019) analysed the effects produced by
ionizing radiation at the physiological level, which among
other effects, stimulates hydrogen peroxide production,
emphasizing the point that it does not act as a causative
agent of oxidative stress but rather as an intracellular mes-
senger that interacts with different signalling mechanisms.
Wagqas ef al. (2019) studied conditioning methods through
the use of osmosis, nutrients, chemicals, water and bio-
logical agents to improve the germination percentage and
stimulate the defence system of the plant. Radhakrishnan
(2019) addressed the importance of using the B field to
mitigate the effects of climate change and the inadequate
use of agricultural resources for production, highlighting
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the conclusive evidence for using the B field to improve
seed germination at specific concentrations and radiation
parameters.

Thomas and Puthur (2017) describe the use of UV
radiation as a seed conditioning method to stimulate germi-
nation and the production of bioactive compounds which
are beneficial in overcoming both biotic and abiotic stress
conditions. Also, laser applications have been reported as
a biostimulator element of seeds and plants, finding differ-
ent applications for the improvement of the physiological,
microbiological parameters and also the nutritional quality
(Hernandez-Aguilar et al., 2010; 2016).

Rifna et al. (2019) discuss the methods of high pressure,
pulsed E field, ultrasound, ozone, UV radiation, B field,
microwave radiation, non-thermal plasma, electrolysed
water and plasma-activated water, focusing on the positive
and negative impacts of these technologies on the germina-
tion process.

The Helium-Neon (He-Ne) laser has been used to
irradiate the seeds of Celosia and scarlet sage in order
to counteract the effects produced by water stress, there-
by obtaining favourable results at the plant level and an
increase in the production of antioxidants (El-Salami et al.,
2019; Ali et al., 2020). On the other hand, the CO, laser
used on wheat seeds reduces oxidizing compounds that
affect the plant system (Qiu ef al., 2008). In the same way,
UV-B light used on bean seeds, lettuce plants, and wheat
seedlings promotes the production of antioxidant com-
pounds. These antioxidants help to decrease the damage
caused by water stress. Furthermore, due to the tolerance of
a lack of irrigation, plant growth is affected (Balakumar e?
al., 1993; Basahi, 2014; Alexieva et al., 2001).

The B field is another method that has been studied to
mitigate the damage caused by drought; it has been used
in tomato and soybean seeds, to obtain beneficial results in
plant growth and in the production of bioactive compounds.
Additionally, it decreases the production of oxidative stress
markers (Mohammadi and Roshandel, 2020; Selim and
El-Nady, 2011; Baghel et al, 2018). In the same way,
gamma-ray radiation diminishes the production of oxida-
tive compounds and increases the amount of antioxidants in
sugar cane plants and grass (Mirajkar et al., 2019; Lu et al.,
2008). Finally, the use of plasma in Nasturtium seed and
wheat, apart from increasing the water absorption capac-
ity, also increases both the percentage of germination and
antioxidant concentration (Guo et al., 2017).

There are specialized literature reviews concerning
physical methods and their effects on seeds and plants,
however, despite this, to date there are no articles review-
ing these methods in applications designed to precondition
seeds and plants in a drought situation. This thorough liter-
ature review highlights the physiological and biochemical
effects of applying physical methods (UV light, B field,
He-Ne, and CO, laser, gamma irradiation, and plasma
application) during the different phenomenological stages
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Fig. 1. Articles published per year related to biophysics methods used to enhance crop water stress tolerance.

of crops under drought stress conditions. All of these meth-
odologies are proposed to address the problem of drought
stress prevalent in the agricultural field, since it is well
known that climate change alterations have caused drought
problems that compromise crops which are grown in the
interest of humanity.

MATERIALS AND METHODS

The literature review was conducted from February —
May 2021. The MDPI, Wiley, ScienceDirect, Nature and
Springer link databases were reviewed as was the academic
Google search engine. The logical descriptors used in the
search process were (Priming, radiation, drought, ,,water
stress”, ,,Physical methods”, alone and associated, exclud-
ing ,,elicitor”). Similarly, Boolean operators were used such
as (,,water stress” OR “drought” OR , hydric stress””) AND
(,,physical methods” OR “laser” OR “radiation” OR “mag-
netic”) and (,,water stress” OR “drought”) and (“radiation”
OR ,,physical methods” OR “laser”).

The selection criteria were related to drought stress in
crops, seed conditioning, food safety and biophysical meth-
ods applied to agriculture, without any publication date
restriction. Furthermore, the snowball method was used to
select other articles related to seed and plant conditioning.
For the classification of the literature found, a Python pro-
gram was created, which extracts descriptors such as the
year of publication, author, method, the subject of the study
and the type of publication. Mendeley Desktop software,
version 1.19.4, was used to generate citations and reference

lists of the articles reviewed.

RESULTS AND DISCUSSION

In this documentary research, 76 scientific articles were
found, of which 18 were review-type articles, and 58 were
experimental articles. After filtering the information, only
13 review articles and 49 articles concerning experimen-
tal activity were selected. Figure 1 shows an increasing
trend in the number of studies concerning the subject, with
a greater number of articles in 2019. Likewise, the method
of most significant interest used to mitigate the effects of
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Fig. 2. Article classification according to the physical treatment
used. He-Ne laser means Helium-Neon laser, CO, laser means
carbon dioxide laser, DBD — means dielectric barrier discharge.

water stress is UV radiation (Fig. 2), this represents 48%
of the articles reviewed, followed by B field (18%), He-Ne
laser (15%), gamma irradiation (9%), plasma (6%), and
CO; (3%).

The most relevant findings concerning the biophysical
methods applied to seeds and plants to generate tolerance to
drought stress are discussed below. Firstly, the mechanisms
of plant response to water stress are included, starting
with the current understanding of water stress and the
response of plants at different stages of their development.
Subsequently, the physical methods that have been applied
to increase tolerance to drought stress are presented.

Stress is a restriction imposed on metabolic patterns
originating from factors that disrupt the plant’s equilibrium
thereby generating a condition of physiological alteration,
injury, or disease (Shao et al., 2009a; 2009b). Other authors
have referred to the presence of an external factor that has
an adverse influence on the plant, this may be divided into
biotic and abiotic stress. Biotic stress is the damage gener-
ated by a biological agent such as insects, fungi, bacteria
and nematodes among others and abiotic stress is the phys-
ical damage imposed by the environment such as light,
temperature, humidity, water, or chemical agents (Nejat
and Mantri, 2017).
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Drought stress is an abiotic stress factor caused by
a water deficit that can generate drought (Thuoma and
Madramootoo, 2017). In response to this stress, plants
are affected by biochemical and morphological chang-
es, generated by dehydration in the cell structure. In this
way, increased ROS production generates decreased pho-
tosynthetic activity, changes in stomatal conductance, it
affects pigment content and decreases plant growth. All
of these conditions are reflected in a low agricultural pro-
duction yield (Qiu et al., 2018; Thomas and Phutur, 2019;
Sangtarash et al., 2009). Cellular dehydration or desic-
cation results in far more extensive water losses that can
generate irreversible damage thereby compromising plant
development (Plancot ef al., 2019).

As an initial biochemical response to water stress,
plants produce ROS thereby generating a wilting of the
leaves, oxidative damage to proteins and cell membrane
instability (Wang et al., 2018). Also, many phytochemical
compounds are induced by ROS, ethylene, and abiotic fac-
tors (Surjadinata ef al., 2017). In this multitude, flavonoids
stand out as a group of phenolic compounds, and one of their
main characteristics is that they function as antioxidants
which allows for favourable plant development despite the
challenges of different forms of stress (Rodriguez-Calzada
et al., 2019). Other compounds such as carotenoids, help
to neutralize ROS through their antioxidant function, they
also protect the photosynthetic apparatus and its associated
pigments (Thomas and Puthur, 2019).

Water deficit or salinity stress in plants develop due
to the increased production of ethylene and abscisic acid
(ABA), this generates networks sensitive to abiotic stress
(Rifna ef al., 2019; Thomas and Puthur, 2017; Gudkov et
al., 2019). Nonetheless, many antioxidant enzymes have
been studied for their efficient regulation of ROS and the
mitigation of the adverse effects caused by droughts. Such
is the case with carotenoids, flavonoids and superoxide dis-
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mutase (SOD) which aid in the detoxification of superoxide
radicals, peroxidases (PODs) that produce the oxidation
of phenols, malondialdehyde (MDA) as a product of lip-
id peroxidation is considered to be an index of injury by
oxidative damage (Lu et al., 2008). Hydrogen peroxide,
tannin compounds, catalases (CATSs), ascorbate peroxidases
(APXs), glutathione (GSH) and ascorbate which plays an
essential role in catalysing and dissociating hydrogen per-
oxide to protect the cells from oxidative damage (Fig. 3),
and at the same time aiding the reduction of ROS (Feng et
al., 2007; Qiu et al., 2018; El-Sallami et al., 2019; Wang
et al., 2018; Rajabbeigi ef al., 2013; Thomas and Puthur,
2017). As mentioned above, these antioxidant enzymes
help to combat the adverse effects of ROS, however, the
oxidative damage alone produces an inadequate response
in the plant defence system (Qiu et al., 2008).

Light has been used to control morphogenesis, photo-
synthesis and growth and to promote resistance to photon
flux damage in plants as they receive light at different wave-
lengths, intensities and exposure times (Anders and Essen,
2015). This light is identified by different colour segments
of the electromagnetic spectrum such as UV (A: 315-380
nm, B: 280-315 nm, and C: 100-280 nm), blue (400-500
nm), green (500-600 nm), red (600-700 nm) and near red
(700-800 nm) light.

Plants use different photoreceptors for each band of the
electromagnetic spectrum, such as phytochromes for red
and near red light and cryptochrome and phytochrome for
the UV-B and UV-A ranges (Kang et al., 2020; Paik and
Hug, 2019; Rodriguez-Calzada et al., 2019). Solar UV-A
and UV-B radiation are natural stressors that generate bio-
active compounds in plants such as carotenoids that protect
chlorophyll (Chl) molecules from the excess energy pro-
duced by photosynthesis (Mariz - Ponte et al., 2018). With
regard to this and other types of stresses, the usefulness
of different seed conditioning methods has been found to
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increase the tolerance of the plant to the types of stresses
that may occur in plants. Methods to generate seed condi-
tioning for drought stress will be addressed.

Seed conditioning is a pre-sowing and early germina-
tion stage treatment that stimulates physiological processes
including the defence system of the plant. It is currently
being used to improve survival and overcome the adverse
effects caused by abiotic stress (Damalas et al., 2019;
Thomas and Puthur, 2017; Waqas et al., 2019). This effect
is induced because plants undergoing conditioning remain
in a positive response state, and as the dose level leaves that
threshold, damage or inhibition of the biological response
(i.e., hormesis) occurs. Given its importance, it has been
studied in a significant number of organisms (Agathokleous
etal.,2019).

Seed conditioning has been used throughout history
to improve the characteristics and germination of plants.
When humankind finally managed to settle in a single place,
they knew of and experimented with seeds to produce their
food. Later they realized that not all seeds germinated, for
those that did germination depended on the season of the
year, for some it depended on temperature, for others on
the humidity, the kind of substrate, among other factors
(Evenari, 1984). In such an era, they looked for ways to
promote germination. Such was the case with the naturalist
Plinius Secundus (B.C. 23-79), who emphasized pre-sow-
ing treatment with honey and water to increase germination
in cucumber seeds. Also, the philosopher Theophrastus
(371 - 287 A.D.) experimented with milk and water to treat
cucumber seeds and increase germination (Paparella et al.,
2015).

On the other hand, Democritus said that before sowing
the seeds, it was necessary to soak them with the “juice of the
plant that grows on the shingles” (Thanos and Georghiou,
1988). Similarly, Oliver de Serres (1539-1619) described
a treatment used by farmers on wheat, rye, and barley seeds
where they were dipped in dung broth and subsequently
placed in the shade, dried, and sown. Over time, the interest
of several naturalists in seed treatment increased, as was the
case of Charles Darwin (1809-1882), who osmotically con-
ditioned the seeds of garden cress (Lepidium sativum L.)
and lettuce (Lactuca sativa L.) to increase the germination
percentage (Paparella ef al., 2015).

The effects of the physical methods were studied start-
ing at the end of the first third of the 20th century. Such
was the case with Savostin’s (1964) research, who reported
an increase in the percentage of elongation in wheat seed-
lings when he applied a B field. Similarly, Murphy (1942)
applied a B field for short periods on seeds and observed
an acceleration in germination time and seedling growth.
Other authors have reported the effects of the B field on
plant growth and development (Florez et al., 2007; Hussein
etal.,2012).
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The effects of light on seeds have been studied since
the last century (Hernandez-Aguilar et al., 2010). Flint and
Mcalister (1935) observed that the germination of lettuce
(Lactuca sativa L.) seeds was promoted by red light and
inhibited by far-red light. From this process, Flint proposed
the existence of two photoreceptors (phytochrome and
cryptochrome). Sometime later, Borthwick et al. (1952)
observed that the inhibition of germination due to far-red
light could be reversed by applying red light. From this
point on, a range of possibilities was opened for the appli-
cation of physical methods at the seed and plant level to
improve their quality.

Physical methods are a type of seed conditioning consi-
dered to be adequate, safe, easy, efficient and sustainable
(Hernandez-Aguilar et al., 2009b) which could be poten-
tially useful for improving drought stress tolerance.
Chemical methods that cause damage to the environment
and consumers remain an undesirable option for plant
breeding (Thomas and Puthur, 2019; Velichko et al., 2019;
Mohammadi and Roshandel, 2020).

Currently, various physical methods have been reported
which generate water stress tolerance in seeds and plants,
such as UV radiation, B field, He-Ne, and CO, lasers,
gamma rays, X-rays, ionizing radiation, microwaves, a die-
lectric barrier discharge and magnetically treated water
(Hernandez-Aguilar et al., 2016; Kornarzynski et al., 2018;
Selim and El-Nady, 2011; Thomas and Puthur, 2017).
These methods generate a positive biochemical response
like that of abiotic stress. The difference is that there is lit-
tle or no alteration at the level of growth parameters which
is positive in yield (Thomas and Puthur, 2017). In toma-
to (Lycopersicum esculentum L. cv. Strain) seeds irrigated
with magnetically treated water and subjected to water
stress, their physiological parameters include increased
proline and photosynthetic pigments and also growth
parameters like plant height and stem thickness improved
(Selim and El-Nady, 2011).

Numerous studies have shown the effects of physi-
cal methods used to increase the water stress tolerance of
plants. Experimental laboratory and field trials have been
conducted and reported in the scientific literature, show-
ing the effects on different seeds, seedlings and plants. This
review addresses the physical methods that have been stud-
ied using different irradiation parameters (dose, exposure
time, intensity, among others, depending on the method
applied) to increase crop tolerance to drought stress: UV
light, B field, laser, gamma, and plasma application (Fig. 4).

UV light is divided into UV-A (320 — 390 nm), UV-B
(280-320 nm), and UV-C (values below 280 nm). This radi-
ation works as a natural elicitor with a physiological and
biochemical impact on plants (Danon and Gallois, 1998;
Rajabbeigi et al., 2013). Also, UV-B radiation and water
stress promote ethylene production, limiting plant growth
and reducing leaf area and dry weight, among other effects.
These conditions have a direct impact on agricultural yields,
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Fig. 4. Biophysical methods to generate drought stress tolerance:

and finally, on consumers since they affect the nutritional
properties of the food (Sangtarash et al., 2009). The effects
associated with UV-B light on Hordeum vulgare L. plants
have been counteracted by treatment with UV-A light at an
intensity of 3 W m™ for 16 h per day throughout a 6 day
period, thereby resulting in an increase in the assimilation
of CO,, Chl, and carotenoid content (Stroch et al., 2015).

UV light in region B (280-320 nm) has been applied
during different exposure times of 2.2-2 160 h using fluo-
rescent or mercury lamps, and LEDs. Scientific evidence
indicates that the treatment of seeds utilizing UV light
in their different phenological stages, under water stress,
allows for the reduction of the adverse effects produced.
Such an effect develops as the application of the radiation
influences the functional processes of plants (Basahi et al.,
2014). Thus, there are positive and negative effects due
to UV light treatment, depending on the electromagnetic
region applied.

Mariz-Ponte et al. (2018), applied UV-A light (0.8 J
m?) and UV-B (2.94 W m™) using fluorescent lamps for
four hours and five minutes on plants, respectively. In this
way, stress was produced in tomato plants (Solanum cv.
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irradiation parameters.

MicroTom), which led to the stimulation of oxidative stress
mechanisms, leading to an increase in SOD activity and
H,0,. Rodriguez-Calzada et al. (2019) irradiated “chili”
plants (Capsicum annum, cv. ‘coronel’) with UV-B fluo-
rescent lamps at an intensity of 80 mW m™, for four hours
per day in order to evaluate the response to drought stress.

It was found that the application of UV-B light led to
a reduction in stem length, dry stem weight and in the num-
ber of flower sprouts. Studies have shown that UV-B light
treatment does not lead to gene expression associated with
an oxidative response such as SOD and POD but rather,
directly affects plant development. Other authors have con-
firmed that water stress and UV-B radiation in plants limits
leaf growth as a part of their protection mechanism against
these stress conditions (Basahi et al., 2014).

In an experiment conducted by Alexieva et al. (2011)
pea seedlings (Pisum sativum L.) and wheat (Triticum)
were subjected to drought after day 7 and day 10 of growth.
Subsequently, they were treated with a mercury lamp UV-B
(280-320 nm) for two hours a day. Both UV-B treated seed-
lings showed effects in terms of plant height as well as dry
and fresh weight.
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Fig. 5. Physical methods, their parameters and their positive or negative effects on variable response.

Otherwise, CAT, POD and SOD activities increased
in pea and decreased in wheat for three enzyme activities.
Seedlings subjected to water stress reduced their relative
water content (RWC) in leaves. Pea seedlings increased in
POD activity and decreased in SOD and CAT. In wheat,
CAT and SOD activity increased. Finally, when both stress-
ors were combined, the negative effects were balanced in
both crops, and the enzyme activities did not represent sig-
nificant changes.

Likewise, Basahi ef al. (2014) conducted experiments
with lettuce seedlings (Lactuca sativa L. Romaine), apply-
ing two irrigation regimes (saturated and unsaturated soil)
and light UV-B (300 nm) with a fluorescent lamp at doses
of 5 kJ m™ for 10 h per day. Subsequently, the plants were
subjected to drought stress, a decrease in RWC and photo-

synthetic content of 80 and 23% were observed. With the
application of UV-B, these variables decreased by 90 and
13%.

By contrast, the anthocyanin content had increased by
114% compared to the control. Similarly, the carotenoid,
phenol, anthocyanin and flavonoid variables increased
due to drought stress. Therefore, it is crucial to note that
when both conditions (drought and UV-B) are applied,
they induce a lower increase concerning those obtained in
drought conditions or UV-B than the control. Also, there
was an increase in anthocyanins (33%), carotenoids (25%),
flavonoids (120%) and phenols (20%).

Other authors, such as Rajabbeigi ef al. (2013), studied
the effects of UV-B light on drought using lettuce (Lactuca
sativa L.) plants. They applied three irrigation regimes
(100% irrigation (control), 45 and 25% soil water) during
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the entire crop cycle and UV-B light (305-310 nm) at a dose
of 0.11 kJ] m” using a fluorescent lamp for 5 days, two
weeks before harvest. The reported findings were that when
water stress and UV-B radiation were combined, there
was an increase in Phenylalanine Ammonia-Lyase (PAL)
activity (43%), and an increase in dry weight (8%), proline
(35%), lutein (8%) and anthocyanins (33%) as compared to
the control plants. Even so, a decrease in quercetin (18%)
and biomass (40%) is observed.

Another study conducted by Shen et al. (2010) showed
that the application of 5.4 kJ m™ of UV-B radiation (290-
320 nm) together with moderate water stress in soybean
(Glycine max L.) plants increased the production of CAT
(100%), POD (300%), SOD (33%), hydrogen peroxidase
(68%) and lipid peroxidation (33%) as compared to the
control plants. However, a decrease in Chl content (30%)
was also found.

UV-C light is mainly used in sterilization systems and
safety management (Danon and Gallois, 1998; Hernandez-
Aguilar et al., 2021b). In addition, it generates ROS-
mediated mechanisms that promote the production of
secondary metabolites. This mechanism is due to alterations
in the metabolic enzymes triggered, these are triggered by
photochemical reactions during the breaking of chemical
bonds (Mishra et al., 2020).

An example of the abovementioned phenomenon is the
case of experiments in which an accumulated dose of UV-C
radiation (10.2 kJ m?) is applied to strawberry plants and
a hormetic region is established where the expression of
phenols, terpenes and genes associated with plant-pathogen
interaction is induced, which generated a defence response
to Mycosphaerella fragariae (Xu et al., 2019). This region
was also irradiated with a single dose of UV-C (0.85 kJ
m?) in tomato plants before harvest, with a 51% decrease
in infection caused by Botrytis cinerea L. This decrease is
associated with increased Phenolic lipid (PL) and phenols
produced in response to hormesis (Vasquez et al., 2020).

Other experiments have also demonstrated this result,
such was the case with Martinez-Sanchez et al. (2019),
who observed an increase in the total phenol content
when applying five radiation regimes of UV-C (0.3 kJ
m?) in spinach leaves (Spinacia oleracea). Conversely,
Surjadinata et al. (2017) conducted an experiment where
they applied UV-C light to carrot (Daucus carota) slices
using a mercury-vapour lamp at an intensity of 11.8 W m™
for 15 min. The results showed an increase in total phenol
content (111%) and antioxidant activity (>100%) compared
to the control samples (Surjadinata et al., 2017).

On the contrary, Martinez-Hernandez (2020) found that
the application of UV-C light at doses of 4 kJ m™ together
with 60% water availability with the requirements of the
sweet cherry crop increased the production of phenolic
compounds and antioxidant capacity by 21 and 36% during
the shelf life of the harvested fruits when compared to the
control samples.

R. ROMERO-GALINDO et al.

The UV-B region seems to be the range of UV light
with the most favourable effects on the plant. Positive
effects on the production of CAT, POD anthocyanins, pro-
line and relative water content in all crops may be attributed
to growth restricted by stress factors, which activate radical
scavenging mechanisms that prevent irreversible damage
(Rajabbeigi et al., 2013). Nevertheless, Pisum sativum L.
and Lactuca sativa L. crop phenols decrease (Alexieva et
al., 2001; Rajabbeigi et al., 2013). However, they increase
in Oryza sativa L., Brassica oleracea L., Glycine max L.,
Triticum aestivum L., and Vigna unguiculata L. (Thomas
and Puthur, 2019; Yoon et al., 2020; Shen et al., 2010;
Alexieva et al., 2001).

UV-B radiation modifies both phenols and other pig-
ments. The modification is attributed to plant protection
against drought. However, some authors argue that this
improvement may be attributed to leaf thickening and the
accumulation of pigments such as anthocyanins, carot-
enoids and phenols induced by UV-B radiation (Alexieva
etal.,2001; Feng et al., 2007).

Furthermore, Basahi et al. (2014) state that UV radi-
ation and drought affect the apparent quantum efficiency,
damaging electron transport in the photosystem II. This
response acts as a defence mechanism to prevent the radi-
ation’s penetration into plant tissues and thus protect the
photosystem. Notwithstanding, irreversible damage occurs
when these fail, affecting Chl content and other compounds
(Alexieva et al., 2001; Feng et al., 2007). For this reason,
some authors suggest using Chl content as an indicator of
induced stress in plant leaves (Basahi et al., 2014).

In the case of SOD, it increases in all reported crops
(Table 1) except for Rosularia elymaitica (Habibi and
Hajiboland, 2011) and certain crops MDA (Triticum aes-
tivum L., Oryza sativa L.) and H,0, (Triticum aestivum L.)
and decreases in Lactuca sativa L. and Pisum sativum L.,
respectively (Alexievaetal.,2001; Fengetal.,2007; Basahi,
2014; Thomas and Puthur, 2019). Similarly, for phosphatid-
ic acid (PA), the same behaviour as for H,O, was observed
for the species mentioned above. In other studies, APX, and
Chl increase in Rosularia elymaitica (Crassulaceae) and
Glycine max L. (Habibi and Hajiboland, 2011; Shen et al.,
2010), respectively. Similarly, other metabolites are mod-
ified, as is the case with quercetin, the content of which
decreases in Lactuca sativa L. (Rajabbeigi et al., 2013)
and the content of flavonoids increases (7riticum aestivum
L., Brassica napus L., Capsicum annuum L. and Brassica
oleracea L.) and decreases (Lactuca sativa L. and Betula
pendula Roth) according to several authors (Feng et al.,
2007; Sangtarash et al., 2009; Basahi, 2014; Robson et al.,
2015; Rodriguez-Calzada et al., 2019; Yoon et al., 2020).

Specific authors have reported that increased H,O, is
a consequence of abiotic stress and is utilized by APX, SOD
and CAT enzymes due to a response of both stressors, i.e.,
UV+B and water stress (Basahi ef al., 2014). Furthermore,
water stress-induced proline synthesis has been shown to
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Table 1. Biophysical methods used at seed and seedling level to stimulate water stress tolerance in different crop species

Experimental criteria Biochemical effects Physiological effect Reference
UV Light
Vigna unguiculata L. Walp. Cv. Co4  Seedling A: 300 nm, t: 15 d. Irradiance: 5 kJ m™ d'
Sterilized seeds (HgClL,), WS+UV: 1 SOD (96%), WS+ UV: 1 leaf area (2%),  Balakumar et al. (1993).
3 treatments (WS, UV-B, CAT (50%), anthocyanin (19%) and plant height (13%), RWC
WS+UV-B) and 1 control). phenol (37%). | proline (53%) compared (10%) and leaf weight (8%)
to WS. compared to WS.

Pisum sativum L. Seedling A: 280-320 nm, t: 7 d, Irradiance: 49kJ m™d’'

3T: WS, UV-B, WS+UVB, WS+UV: 1 SOD, CAT, and anthocyanin =~ WS+ UV: 1 RWC (16%), Alexieva et al. (2001) in
and control. PEG6000 was (108, 140 and 107%). | H,O,, phenol and DW and leaf area (7%). | that both stresses provoke

used to induce drought PA plant height and FW (6 and  an oxidative burst. The

stress. (7,9 and 11%) compared to EH. 7%) compared with WS. purpose of this
investigation was to

Triticum aestivum L. Seedling A: 280-320 nm, t: 7 d, Irradiance: 49kJ m™d" compare the effects and

3T: WS, UV-B, WS+UV: 1 CAT (163%), SOD (200%), ~ WS+UV: 1 Plant height, interaction of drought and

WS+UV-B, and control. anthocyanin (142%), phenol (79%), H,0, DW, FW, leaf area and RWC UV-B in wheat and pea.

PEG6000 was used to (12%), (2, 10, 4, 8, 16 %) compared  The absence of changes in

induce drought stress. PA (44%) compared to WS. with WS. relative leaf water content
(RWO).

Myrsinifolia Seedling A: 280-320 nm, t: 136 min, Irradiance: 3.6, 7.2 kJ m”d"

4 T:2levels UV-B (Solar - | Biomass, stem length, root  Turtola et al. (2006).
filtered and artificial), and leaf area in all

2 water regimes (100 and treatments compared with

50%). WS.

Triticum aestivum L. Seedling A: 300 nm, radiation: Irradiance: 13.1 kJ m? d"!

ED completely randomized WS+UV: 1 Flavonoids, MDA WS+UV: | Plant height, leaf Feng et al. (2007).
with 3 cultivars, 3 T: 2 in the three cultivars compared area and yield of the three

irrigation levels and 1 of to EH. cultivars in comparison with

radiation with 8 repetitions. WS.

Brassica napus L. Seedling  A: 300 nm, Irradiance: 0, 5, 10 kI m>d’, T: 9.5 h d"

Treated plants 7 DAT: 2,3  UV-B: 1 Carotenoids, flavonoids, UV-B: | Leaf'size and area  Sangtarash ef al. (2009).
and 2 irrigation levels, chlorophyll, and ethylene compared to and stem length in
irradiation UV-B and AA.  plants not stressed with UV-B. comparison to unstressed

plants with UV-B.

Glycine max L. Seedling A: 300 nm, Irradiance: 5.4 k] m” d'

T completely randomized, = WS+UV: 1 Anthocyanin, POD, phenol, 1 DW of root (10%) and Shen et al. (2010).
induction to WS with 20%  SOD, H-POD (50, 168, 13, 82, 11%). | RWC (8%) compared to WS.
of PEG, 8 T, 4 repetitions.  CAT, Chl (34, 48%) compared to WS.

Rosularia elymaitica (Crassulaceae) Plant ): 300, 320 nm, t: 6 h d"' during 20 d, radiation:30 kJ m™

CP watered twice a week UVA+B: | Activity SOD (13%), 1 APX  UVA+B: | Dry weight, fresh Habibi and Hajiboland
and plants with WS and CAT compared to WS. weight. 1 RWC, WH and leaf (2011)

watered every 20 d with area compared to WS.

distilled water.

Lactuca sativa L. Plant  A:305-310 nm, 0.11 kI m™>, t: 5d

Randomized block design, WS+UV: | Quercetin, anthocyanins, WS+UV: | Biomass (22%)  Rajabbeigi et al. (2013)
T (WS, no WS, V-B and no phenols, lutein and dry weight (5%)

UV-B 2 weeks before (21, 14, 13, 26%). 1 proline, PAL compared to WS.

harvest). (15, 49%) compared to WS.

T: Treatment, A: Wavelength, WS: Water Stress, DAT: d after transplantation, MDA : Malondialdehyde, PA: Peroxidase activity, SOD:
Superoxide dismutase, DW: dry weight, FW: fresh, AA: Abscisic acid, weight, POD: Peroxidase, APX: Ascorbate peroxidase, CAT:
Catalase, CP: Control plants, RWC: Relative water content, ED: Experimental design, |: Decrease, 1: Increase, WH: Water potential.
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Table 1. Continuation

R. ROMERO-GALINDO et al.

Experimental criteria

Biochemical effects

Physiological effect

Reference

Factorial arrangement with
completely randomized blocks, 4
replications, two factors: UV-B
and WS with 2 regimes.

3 UV-B filters in greenhouse,
4 random replicates, 3 hydric

regimes.

irradiation for 14 d,
4 h daily.

Plants induced to stress by NaCl

and PEG, UV-B

(0,1,2,2,3,4and 5 h)

and three replicates.

4 d before harvest.

Randomized complete design, T
(UV-B, and water regime)

(100 and 30%).

Experiment in vitro, T with 3
concentrations of PEG 0, 3

and 6%.

5 replicates for each irrigation

level and 1 control.

Lycopersicum esculentum L. cv StrainB  Seed Magnetron model U.T.I.

MF/water+WS (40%): 1Chl
(36%) and carotenoids (29%)
compared to WS (40%).

Divided plots with 16 T: 4 MF,
4 irrigation regimes (100, 80, 60,
60, 40 %) and 4 replicates.

Lactuca sativa L. cv. Romaine Plant

WS+UV: 1 Anthocyanins (39%),
SOD (56%), CAT (70%). |
flavonoids (33%), carotenoids
(24%), phenols (8%), proline
(28%), MDA (9%) compared to

Betula pendula Roth  Seedling

UV+WS: | Flavonoids at low
concentrations of UV-B light
compared to WS.

Capsicum annuum L. Plant

comparison with WS.

Brassica oleracea L. var. Acephala Plant

T with WS (4, 3, 2, 2, 1 d without
irrigation), UV-B and in
combination for 2, 3 and

Ficus carica L. Tissues

MF+PEG (6%): 1 proline
compared to PEG (6%).

Oryza sativa L. Seedling \: 280 nm, Irradiation: 6 kJ m™

1 SOD (>300%), CAT (>300%), -
PA (>300%), MDA (20%),
phenols (>200%) and proline

1 phenols, flavonoids, and -
antioxidant capacity as WS days

Morus alba L. Plant Irradiation: 3.43 y 3.78 kJ m” d”', t: 3 months

1 CAT (94%), POD (83), SOD
(64%) and anthocyanins (158%).  (85%).

Magnetic field

Seed Magnetic induction: 30 mT, f: 50 Hz,t=30s

Humidity (7.78%)+MF:| Chl a -
(13%), | Chlb (19%), |
carotenoids (7%).

A: 290-320 nm, t: 10 h d', Trradiance: 5 kI m™ d”

WS+UV: 1 CRA (16%), number of
leaves (13%), fresh weight (11%)
and dry (27%) and leaf length no
difference compared to WS

1:2.72,0.07,0.13,3.18 mW m?, t = 56 d

UV+WS: | leaf size (18%), biomass
(60%) compared to WS.

A: 300 nm, I: 80 mW m™, t: 4 h d

4 T with 2 irrigation levels, UV-B UV+WS: 1 Flavonoids (100%) in UV+WS: | Stem length (8.5%), leaf
area (18%) compared to WS.

A:280nm, 1: 42 Wm?Z t: 4hd’

| Dry weight, and root length

Magnetic induction: 170 mT, t: 0, 15, 30, 60 min d’'

MF+PEG (6%): 1 Fresh weight, 1
dry weight 1 RWC, | leaf area
compared to PEG (6%).

MEF/seed + WS (40%): 1 Root
length (70%), plant (37%), No. of
leaves (16%) and fresh weight
(100%) compared to WS (40%).

Basahi (2014).

Robson et al.
(2015).

Rodriguez-Calzada
etal. (2019).

Thomas and
Puthur (2019).

Yoon et al. (2020).

Zhang et al.
(2020).

Karimi et al.
(2012).

Kornarzynski et al.
(2018).

Selim and El-Nady
(2011).

T: Treatment, A: Wavelength, WS: Water Stress, MF = Magnetic field, DAG: Days after germination, MDA: Malondialdehyde, ABA:
Abscisic acid, PA: Peroxidase activity, SOD: Superoxide dismutase.
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Experimental criteria Biochemical effects Physiological effects

Reference

Magnetic field

Glycine max L. Seed Magnetic induction: 200 mT, t: 60 min

Seeds treated with Bevistin and MF+WS: 1 Chl (37%) and MF + WS: 1 Plant height (49%),

Diathone and inoculated with ~ carotenoids (26%) compared leaf area (50%), root dry weight

Rhizobium. to WS at flowering stage. (30%) compared to WS at pod
filling stage.

Carum copticum Seed Magnetic induction: 10 MT

Divided parcels completely at - MEF: 1 Seeds per plant (15%),
random, 2 irrigation levels, seed weight (8%) and
1 MF and 3 replications. inflorescences (32%).

Baghel et al. (2018).

Seghatoleslami et al.
(2015).

H. officinalis Seed Magnetic induction: 45, 90, 200, 250 mT, t: 5,10, 20, 30 min

Randomized design with CM (200 mT) + WS: 1 phenols MF (200 mT) + WS: 1 Dry
factorial arrangement, 4 MF, (43%) Chl (76%), carotenoids weight (94%) compared to WS.
8 d irrigation interval with (45%) and | lipid peroxidation

3 replications. (33%) and DPPH (18%) in

comparison with WS.

He-Ne laser
Triticum aestivum L. cv. Seed A: 632.8 nm, t: 3 min, I: 5.43 mW m™

Sterilized seeds (0.01 % ),3 T  T3: 1 Chla (20%) and b (40%), T3: 1 Plant height plant height

(T1: EH 50%, T2: He-Ne laser, RWC (12%). | MDA (15%) in (21%), root (35%) and dry

T3: EH 50% + He-Ne Laser) comparison with T1. weight (11%) in comparison
with T1.

Triticum aestivum L. cv Seed \: 632.8 nm, t: 3 min, I: 5.43 mW m?

Sterilized seeds (0.01 % ),3 T  T3: 1 SOD (68%), CAT (16%), -
(T1: EH 50%, T2: He-Ne laser, POD (28%), APX (31%) and |
T3: EH 50% + He-Ne Laser). miR160 (68%), miR164, miR398

miR408 (>100%) in comparison

to T1.

Amaranthus Seed I:3mWm?2t: 10 s
5 replicates for each humidity ~ H (7.78%) + RL: |Chl a (33%), -
level (H), one control. | Chl'b (31%), | carotenoids

(20%) in comparison to H
(7.78%).

Salvia coccinea Seed \:632nm,I: ] mW m? t: 5, 10,15, 20 min

Divided plots with 16 T: 4 D (40%) + RL: | TSPC. D (40%) | Plant height, number of shoots

irrigation levels D (100, 80, 60, + RL (5-10 min): 1PA. D (40%) + and leaves in all the T.
and 40%) and 4 t of radiation =~ LR (15-20 min): | AP compared

(LR). to D (40%).

Celosia argentea Seed A: 650 nm, :50 mW, t: 0, 5, 10, 15 s
Random blocks with 12 T and 1 Unsaturated fatty acids, LR (5s) + D (7 d): 1 plant
S repetitions: 3 Irrigation phenols, phenols (51%) and height, LR (5s) + D (10 d): 1
intervals D (4, 7, and 10 d) flavonoids (44.5%), DPPH axillary buds, LR (10 s) +
with 4 t of laser radiation (LR). (40%). D (4 d): 1 root size, RL (5 s) +

D (7 d): 1 sheet diameter.

Mohammadi and
Roshandel (2020).

Qiu et al. (2017).

Qiu et al. (2018).

Kornarzynski et al.
(2018).

El-Sallami et al. (2019).

Ali et al. (2020).

T: Treatment, A: Wavelength, WS: Water Stress, MDA: Malondialdehyde, TSPC: Total Soluble Phenolic Compounds, ABA: Abscisic
acid, PA: Peroxidase activity, SOD: Superoxide dismutase, POD: Peroxidase, APX: Ascorbate peroxidase, CAT: Catalase, TSS: Total
soluble sugars, Chl: Chlorophyll, RWC: Relative water content, ED: Experimental design, I: Intensity, LR: Laser radiation, |: Decrease,

1: Increase.
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Experimental criteria Biochemical effects

Physiological effects References

Laser

Triticum aestivum L. Seed I:20.1 mW mm? t: 0, 1, 3, 5 min

40 sterilized seeds (at 0.1%)
and 5 replicates. Induction to
WS with PEG in seedlings
with 12 d DAG.

LR (1 min) + WS (10 d): |
1 (37%) in comparison with

exposure time.

38%), LR (3 min) + WS (10 d):

LR (5 min) + WS (10 d): 1 Plant
height (13%). LR (3 min) + WS
(10 d): 1 dry weight (47%) in

Qiu et al. (2008).

WS; POD, SOD and CAT 1 with comparison with WS.

Gamma-radiation

Bermuda grass Stolon Dose: 70-100 Gy

Randomized experimental
design (ED), 3 crop lines and
a control.

ASA, GSH and APX. | MDA.

70-100 Gy + EH: 1 SOD, CAT,

70-100 Gy+WS: 1 RWC in
comparison with EH.

Lu et al. (2008).

Salvia coccinea Seed Dose: 5, 10, 15, 20, 25 K.rad

Divided plots with 5 T,
transplanting at 40 d and 4
moisture levels 40, 60, 80 and
100%.

5-25 K.rad + EH: | phenolic
compounds, proline, ABA, AP,
K.rad + EH 1 CAT.

5-25 K.rad + EH: 1 plant size,
leaf and RWC, 15 K.rad + WS:
1 buds (50%). 5 K.rad + WS: 1
leaf area (57%) compared to
EH.

El-Sallami et al. (2019).

Saccharum officinarum Plant Dose: 100 KGy

Plants treated with chitosan 100 KGy + WS + chitosan: |

100 KGy + WS + Chitosan: 1 Mirajkar et al. (2019).

(pretreated with gamma photosynthesis, absence of RWC..
radiation) with 1% acetic acid.  electrolytes, MDA, Proline,
H,0, 1 stomatal resistance.
Plasma

Triticum aestivum L. Seed Method: DBD, Gas: NO, V: 13 Kv c.a.

DBD + WS: 1 SOD (7%), CAT  DBD + WS 1 germination
(13%), POD (13%), ABA 62%),
proline (12%) y | MDA (13%),
H,0, (23%) in comparison with

4 T (WS, WS + Plasma,
without WS, without WS +
plasma).

WS.

f: 50 Hz, t: 4 min

Guo et al. (2017).
(27%), root length (20%) and
plant (32%), compared to WS.

Tropaeolum majus Seed Method: Vacuum, Gas: He, f: 16 kHz, t: 10 —300's, V: 20 kV

132 Seeds for each T with
DBD (10, 30, 120, 300 s) in
combination with WS.

DBD (10 s) + EH (750 ml) 1
germination (48%) compared to
WS (750 ml). WS (750 ml).
Water absorption T when DBD 1.

Molina et al. (2018).

T= Treatment, WS = Water Stress, A: Wavelength, NWS = No Water Stress, DAG= Days after germination, MDA = Malondialdehyde,
SOD= Superoxide dismutase, DBD: Dielectric Barrier Discharge, POD= Peroxidase, CAT=Catalase, Chl= Chlorophyll, MF= Magnetic
field, RWC= Relative water content, ED: Experimental design, [= Intensity, LR: Laser Radiation, |: Decrease, 1: Increase.

reduce H' excess, which could mitigate UV-B damage in
pea and wheat (Alexieva et al., 2001). The accumulation
of this compound functions as a solute that regulates the
osmotic potential between cells under water stress, which is
caused by oxidative stress and UV-B radiation (Feng et al.,
2007; Basahi et al., 2014). Thus, UV-B radiation could be
responsible for activating enzymes with antioxidant capac-
ity and reducing damage to the photosynthetic system by
accumulating absorbing compounds (flavonoids) and thick-

ening wheat leaves. These alterations protect wheat plants
under drought conditions, as the plant defence mechanism
is activated by UV-B radiation (Feng et al., 2007).

UV-B radiation has affected some growth variables, leaf
area, plant height, stem height, and fresh and dry weight.
For example, leaf area is increases in Vigna unguiculata L.,
Pisum sativum L., Triticum aestivum L. and Rosularia ely-
maitica (Crassulaceae) (Balakumar et al., 1993; Alexieva
et al., 2001; Habibi and Hajiboland, 2011). Decreases in
Mpyrsinifolia, Triticum aestivum L., Brassica napus L. and
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Capsicum annuum L. (Turtola et al., 2006; Feng et al.,
2007; Sangtarash et al., 2009; Rodriguez-Calzada et al.,
2019).

Plant heights increase in Vigna unguiculata L. and
Triticum aestivum L. (Balakumar et al., 1993; Alexieva et
al., 2001) and decrease in Pisum sativum L. and Triticum
aestivum L. (Alexieva et al., 2001; Feng et al., 2007). Fresh
weight increases in Triticum aestivum L. and Lactuca sati-
va L. (Alexieva et al., 2001; Basahi, 2014) and decreases in
Pisum sativum L. and Rosularia elymaitica (Alexieva et al.,
2001; Habibi Hajiboland, 2011). Concerning dry weight, an
increase was noted in Pisum sativum L., Triticum aestivum
L., Glycine max L. and Lactuca sativa L. plants (Alexieva et
al., 2001; Shen et al., 2010; Basahi, 2014). However, other
growth variables are also diminished in some crops, such as
Rosularia elymaitica (Crassulaceae), Lactuca sativa L. and
Morus alba L. (Habibi Hajiboland, 2011; Rajabbeigi et al.,
2013; Zhang et al., 2020). Finally, the variable stem length
decreased in Myrsinifolia, Brassica napus L. and Capsicum
annuum L. cultivars (Turtola et al., 2006; Sangtarash et al.,
2009; Rodriguez-Calzada et al., 2019).

A consequence of water stress has been the reduction
of leaf area and combining both stressors (UV + drought)
results in an improvement in the increase of leaf specif-
ic weight due to its thickening by UV (Balakumar et al.,
1993). Besides, UV radiation increases the RWC factor,
which may be related to the induction of osmolytes and
dehydrin proteins (Alexieva et al., 2001). As mentioned
above, leaf thickening, increased osmolytes, decreased leaf
size, among others, lead to decreased plant transpiration,
generating an increase in relative water content (Feng et
al., 2007).

Thus, it is relevant to mention that UV-B light could
be used to restrict cell transpiration and, consequently,
counteract the adverse effects of drought in semi-arid agri-
cultural areas, mainly in summer, when these two stressors
are combined (Feng ef al., 2007). Furthermore, the synergy
between water stress and UV-B light improves the charac-
teristics of the plant as opposed to single stress (Basahi et
al., 2014). Therefore, according to the literature research
carried out, UV radiation treatments of the seed, seedling
and/or plant could be a potentially useful method to help
with the problem of drought stress in the agricultural field.

Organic matter maintains a polar structure where var-
ious chemical bonds are linked to water molecules and
salts that confer magnetic properties, which produces an
electrostatic balance at the cell membrane level (Wever,
1968). Some authors have relied on this principle to coun-
teract the adverse effects of drought by applying magnetic
fields to plants (Radhakrishnan, 2019). Other authors like
Kornarzynski et al. (2018) used a 50 Hz magnetic alter-
nator to generate a B field of 30 mT, which was used to
expose amaranth (Amaranthus) seeds for 30 s and found
that the production of essential fatty acids and the levels
of Chl a and b are increased. Therefore, the production of
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saturated fatty acids was inhibited. Similarly, Karimi et al.
(2012) applied a 170 mT B field generated by two Alnico
(AINiCo) magnets measuring 100 x 30 x 20 mm on fig
(Ficus carica L.) tissues, and even though it was under
drought conditions, proline accumulation and leaf thicken-
ing were promoted, as well as water absorption.

In another study, Baghel et al. (2018) applied a static
B field of 200 mT on soybean (Glycine max L.) seeds for
one hour. The magnetic stimulus employed two cylindri-
cal polar structures of 9 and 16 cm in diameter and length.
These authors found an increase in plant height (5%), leaf
area (14%), root length (3%), but root dry weight decreased
(8%). Mohammadi and Roshandel (2020) applied a B field
with intensities of 45, 90, 200 and 250 mT with exposure
times of 5, 10, 20 and 30 min. For this study, they used
two magnetic coils wound around an iron core. The seeds
were placed in the centre of these two coils. The authors
reported that the application of 200 mT of B field for 5 min
increased dry weight by 94%, Chl a and b (63%), and carot-
enoids (35%) and reduced MDA levels (33%) compared to
plants subjected to water stress. Conversely, all plant spe-
cies have survival mechanisms, specifically to water stress,
since when seeds are hydrated below what is permissible,
they go into a state of dormancy, postponing germination
until they have the necessary conditions for germination
(Kornarzynski et al., 2018).

In this sense, the B field has been used on seeds to
increase germination percentage (Karimi et al., 2017).
Some studies have used seed conditioning by a magnetic
field to potentiate water uptake and improve germination
conditions. The cell membrane permeability is affected
by the effect of the B field, reflecting on the ion exchange
capacity (Kornarzynski et al., 2018). Similary, Selim
and El-Nady (2011) used a B field to generate tolerance
to water stress in tomato (Solanum lycopersicum) plants.
For this purpose, the effects were evaluated under mag-
netic treatments conditions on seeds, water, and both. The
effects of seeds irrigated with magnetically treated water
showed an increase in root length, plant height, number
of leaves, number of branches, fresh and dry weight at the
three irrigation levels (80, 60, 40%) concerning the control
groups. Inversely, Seghatoleslami et al. (2015) demonstrat-
ed that water stress and 10 mT of B field stimulation used
30 x 10 mm magnetic strips as a pre-sowing treatment of
ajwain (Carum copticum) does not generate any significant
effect on plant development. However, it does promote an
increase in nutrient uptake in plants. On the other hand, an
increase of Chl was observed in Lycopersicum esculen-
tum L. and Glycine max L. and a decrease in Amaranthus
(Kornarzynski et al., 2018; Selim and El-Nady, 2011;
Baghel et al., 2018). Similarly, there is an increase of carot-
enoids in Lycopersicum esculentum L., Glycine max L. and
H. officinalis and decrease in Amaranthus (Kornarzynski
et al., 2018; Selim and El-Nady, 2011; Baghel et al., 2018;
Mohammadi and Roshandel, 2020). Furthermore, an
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increase in proline has also been reported in Ficus carica
L. (Karimi et al., 2012) and a decrease in lipid peroxidation
and 2,2-diphenyl-1-picrylhydrazil (DPPH) radical in H.
officinalis (Mohammadi and Roshandel, 2020).

In any case, variables of the crop have been observed
with increase and decrease using B field pre-sowing.
Fresh weight showed an increase in Ficus carica L. and
Lycopersicum esculentum L. (Karimi et al., 2012; Selim
and El-Nady, 2011) and dry weight in Ficus carica L.,
Glycine max L., H. officinalis (Karimi et al., 2012; Selim
and El-Nady, 2011; Baghel ef al., 2018; Mohammadi and
Roshandel, 2020) crops have been observed. An increase in
leaf area of Glycine max L. and decrease in Ficus carica L.
(Karimi et al., 2012; Baghel et al., 2018) and increase in
plant height and root length in Lycopersicum esculentum L.
(Selim and El-Nady, 2011). Leaf area as a function of
crop and type of radiation source with their respective
applied parameters were negatively and positively affect-
ed. This finding could be explained due to changes in
mineral absorption and increased photosynthetic activity
(Selim and El-Nady, 2011; Baghel et al., 2018), having
a better perception of light and nutrients available for veg-
etative development (De Souza-Torres et al., 1999, 2006).
The B field has also affected Biomass and Chl, sometimes
without changing leaf area (Selim and El-Nady, 2011;
Baghel et al., 2018; Mohammadi and Roshandel, 2020).
Thus, preconditioning employing low-intensity variable
or constant B fields affects plant growth (Dominguez et
al., 2010). Some authors have reported that in conditions
without water stress, this affectation of plants is due to the
production of auxins, a hormone that functions as a growth
regulator that promotes cell division in tissues (Hirano et
al., 1998; Leelapriya et al., 2003; Esitken and Turan, 2004;
Hernandez Aguilar et al., 2009). Other authors, Leelapriya
et al. (2003), also noted that the B field generates changes
in growth hormones due to a change in the electrostatic bal-
ance at the cell membrane level. In this sense, the transport
of hormones from the synthesis site to the fruit growth zone
could be stimulated by low B field intensities (Esitken and
Turan, 2004; Hirano et al., 1998).

Improvements in other growth variables in crops with-
out water stress have been reported, e.g., germination
speed. This variable is associated with increased water
uptake capacity (Karimi et al., 2017; Garcia and Arza-
Pascual, 2001). Due to changes in the levels of minerals,
such as Ca’" in the cell membrane, they are causing changes
in calmodulin protein, increase osmosis capacity, and reg-
ulate circadian activity and phytochrome A (Leelapriya et
al., 2003; Hernandez-Aguilar ef al., 2009). In this way, the
plant’s physiological and biochemical characteristics from
seeds or seedlings treated with a B field (within the window
of optimum levels) are improved. This is due to the fact
that the stimulation improves the absorption of moisture at
the seed and plant level, as has been pointed out by some
authors (Florez et al., 2007). Thus, the B field could be an
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alternative to drought stress due to its capacity to induce
water absorption in the seed. It is necessary to determine
the parameters that positively stimulate the variables of
interest, such as growth, which are also a favourable conse-
quence of the biochemical changes triggered by the B field.

Over the years, this laser has diversified its use in the
agricultural field (Hernandez et al., 2010; 2016). The laser
bio-stimulation in seeds and plants has been shown to
increase tolerance to drought stress. This process involves
biochemical, physiological, and morphological changes
(Thomas and Puthur, 2017), improving plant development
and metabolism, photosynthetic activity, the number of
stems, and root length, among other changes (Qiu ef al.,
2017). Laser irradiation increases the expression of genes
encoding antioxidant enzymes such as ascorbic acid (AsA),
GSH, SOD, CAT, POD, and APX, which enhance the
tolerance to different forms of stress in plants by decreas-
ing oxidative damage (Qiu ef al., 2018; 2017). In wheat
(Triticum aestivum L.) seed embryos have been exposed
to CO, laser radiation (10600 nm, 20.] mW mm? with
a 5 mm beam) to generate resistance to drought stress. The
exposure times with the highest positive effects on the pro-
duction of SOD, POD, CAT, GSH, Glutathione Reductase
(GR) enzyme, APX, and a decrease in oxidizing agents
such as MDA, O,, H,0, were of 1 and 3 min. In terms of
morphological changes, the highest dry weight of the seed-
lings was found in the 3 min exposure time for 2, 4, 6, 8,
and 10 days (Qiu et al., 2008).

A He-Ne laser (633 nm, 50 mW) has been used to gen-
erate tolerance to water stress in amaranth seeds (Celosia
argentea) using exposure times of 5 and 10 min and
drought regimes of 4 and 7 days. An increased number of
axillary buds, root sizes, fatty acids, phenolic compounds,
flavonoids, and tannin compounds were found (Ali ef al.,
2020). Other studies suggest that the He-Ne laser irradia-
tion decreases miRNA expression (miR160 and miR164)
in wheat seedlings under water stress conditions. These
miRNAs lead to the regulation of the expression of oth-
er genes involved in this process (Rajabbeigi ef al., 2013).
Conversely, Scarlet Sage (Salvia coccinea) seeds have been
irradiated with He-Ne laser at 633 nm and at an intensity of
1 mW cm™ with exposure times of 5, 10 and 20 min. These
exposure times and intensities negatively affect plant size
and the number of axillary buds (El-Sallami et al., 2019).
This discovery emphasizes the need to find a window of
values in which there could be a favourable response to
drought tolerance, since other studies have shown that
the effects of laser light can be positive, negative, or null,
depending on the radiation parameters and the characteris-
tics of the biological objects are highlighted by Hernandez
-Aguilar et al. (2009b; 2010; 2016).

Finally, the use of laser CO, in experiments under water
stress conditions has shown that it promotes plant growth
and dry weight gain. Nevertheless, it decreases MDA and
H,0,. On the contrary, POD, SOD, and CAT increase with
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increasing exposure time. The decrease in H,O, may occur
due to the laser positively effects of enzyme GR (Qiu et
al., 2008). This enzyme GR catalyses reactions to maintain
high concentrations of GSH in the H,O, removal pathway
(Smith ef al., 1989). Some authors attribute this decrease in
MDA and H,0, to the effect generated by CO, on ROS (Qiu
et al., 2008), which decreases the effect of free radical tox-
icity and oxidative damage caused by water stress (Soares
et al., 2019). Conversely, the accumulation of SOD, POD
and CAT mediate the production of MDA and H,0, since
it is known that SOD is the primary regulator of O,- reduc-
ing it to H,O, and O, (Azevedo et al., 2006). Another
method of great interest which has been widely studied as
a pre-planting treatment is laser treatment (Hernandez et al.,
2010, 2016). For the specific problem of plant water stress,
the type of laser which is mainly used is the He-Ne laser. It
is noteworthy that, according to the literature review, when
the He-Ne laser is applied, Chl a and b increases in Triticum
aestivum L., and decreases in Amaranthus as well as in
carotenoids (Qiu et al., 2017; Kornarzynski et al., 2018).
The result is possible because the speed of plant emer-
gence is accelerated (Herndndez et al., 2006), generating
plants with a greater height, allowing them to absorb more
light, which favours an increase in Chl and carotenoid
production (Pérez-Galvez et al., 2020). Likewise, some
authors have reported an increase in dry weight (7riticum
aestivum L.) and root size of Triticum aestivum L., Salvia
coccinea and Celosia argentea (Qiu et al., 2017; El-Sallami
etal.,2019; Ali et al., 2020). Emergence speed is related to
plant growth, some authors have noted in Salvia coccinea
that this variable is negatively affected when water stress is
applied in conjunction with laser treatment and positively
in Triticum aestivum L. and Celosia argentea (Qiu et al.,
2017; Ali et al., 2020). With regard to the negative effect
on plant height, it is directly associated with a water deficit
in the early stages of the crop, thereby preventing proper
cell division (Dichio et al., 2004). Nonetheless, in some
crops such as Celosia argentea, the increase in plant height
may be associated with the stimulation of cell division
(Metwally et al., 2013). In experiments with Salvia coc-
cinea and Celosia argentea cultivars using laser treatment
and axillary buds are decreased and increased, respective-
ly (El-Sallami et al., 2019; Ali et al., 2020). This increase
may happen since the He-Ne laser promotes the activation
of phytochromes (Hernandez-Aguilar et al., 2010) which
trigger growth hormone production mechanisms thereby
generating cell division (Dichio et al., 2004) and conse-
quently the emergence of axillary buds. However, when
they decrease in number, which may happen due to water
stress which generates small plants with apical dominance
in the axillary buds (Wilson, 2000; El-Sallami et al., 2019).
In this literature review, with the application of a He-Ne
laser as a method for seed improvement under drought
conditions, experimental findings have shown that this
treatment affects several biochemical variables. Thus, it has
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been reported that some of these variables increase when
applying a He-Ne laser under water stress conditions (CRA,
SOD, POD, CAT, and APX) and decrease (MDA, miR160,
miR164, miR398 and miR408) in Triticum aestivum L.
(Qiu et al., 2018). Some authors associate the He-Ne laser
with the expression of genes associated with enzymes such
as SOD, POD, CAT and APX, favouring their production.
This gene expression process generates ROS detoxification
which is produced by low humidity levels (Nawaz et al.,
2015; Qiu et al., 2017).

Several authors have reported other recent studies
related to secondary metabolites in the sense that the use
of a He-Ne laser increases the production of these bioac-
tive compounds (Qiu et al., 2017, 2018). Such is the case
with phenols and flavonoids in Celosia argentea (Ali et al.,
2020), which have been associated with the production of
PAL, Cinnamic Acid 4-Hydroxylase (C4H), 4-Coumarate-
CoALigase (4CL), and Chalcone Synthase (CHS) (Cohen
and Kennedy, 2010). In this way, crop disorders caused by
oxidative damage in the face of a water deficit could be
decreased (El-Sallami ef al., 2019). In this sense, laser con-
ditioning (at its optimal radiation parameters) is conducive
to a kind of homeostasis to decrease ROS (Qiu ef al., 2017).
With regard to the laser radiation of seeds, another critical
parameter that has been reported is fatty acids. In Celosia
argentea, their concentration increased, and some authors
have related this to the activation of the enzyme Delta-9-
Desaturase through the effects of He-Ne laser radiation
(Mckeon and Stumpf, 1982; Ali et al., 2020). Thus, more
research is required to validate these hypotheses since, as
may be seen in this literature review, few studies have been
carried out to condition seeds using laser light and increase
their tolerance to drought (Ali et al., 2020).

With regard to other biochemical variables, it should be
noted that the laser light conditioning method allows for
an increase in parameters such as the levels of triple super-
phosphate (TSP) and alkaline phosphatase (AP), among
others, depending on the radiation parameters, drought
level, crop type, seed characteristics and environmental
conditions (El-Sallami et al., 2019). It seems that this type
of laser treatment is another promising physical method
to ameliorate the problem of drought, in addition to the
potential benefits for plants that have been reported in other
reviews and investigations (Hernandez et al., 2006, 2009b,
2010, 2016). Although it does not solve the severe problem
of water shortage that exists, it adds to the methods that
contribute to the improvement of plant variables, despite
water stress conditions.

Gamma rays are a type of ionizing radiation and are
an energetic form of electromagnetic radiation which has
been used to counteract the effects caused by drought
(El-Sallami ef al., 2019). Several authors have shown that
gamma radiation induces slow growth and causes muta-
tions that have been used to generate genetic diversity and
improve tolerance to water stress (Lu et al., 2008). Gamma



404

radiation was applied by El-Sallami et al. (2019) with irra-
diation values of (5, 10, 15, 15, 20, 20, 25 K rad) at different
drought levels (100, 80, 60, 60, and 40%) on Jericho flow-
er seeds (Salvia coccinea). The authors have reported that
the growth variables: plant size, axillary buds, root size,
and leaf diameter tend to increase when seeds are subjected
to different radiation regimes, and depending on the lev-
el of radiation, these variables decrease, demonstrating
a non-linear behaviour and as the level of drought increas-
es, the variables tend to decrease.

Conversely, Mirajkar et al. (2019) found that spraying
chitosan at a concentration of 200 ppm, irradiated with
100 KGy of gamma rays on broccoli plants (Brassica
oreracea L.) subjected to drought stress, decreased the pro-
duction of MDA (31%), proline (< 100%) and total soluble
sugars (7%), and increased the production of SOD (25%),
RWC (100%) and photosynthetic activity (116%) represent-
ing an increase in tolerance to water stress. In the case of
gamma irradiation in seed, seedling and or plant treatment
processes; some reports have indicated that the variables of
(SOD, CAT, ASA, GSH and APX); CAT; (stomatic resis-
tance; CRA) increases in Bermuda grass, Salvia coccinea
and Saccharum officinarum, respectively (Lu et al., 2008;
El-Sallami ef al., 2019; Mirajkar et al., 2019). The expla-
nations that have offered concerning this phenomenon is
that this type of ionizing radiation generates mutations at
the chromosome level, altering the antioxidant enzyme
activity of SOD, CAT, and APX, which was demonstrated
before the drought condition (Lu et al., 2008; Hamideldin
and Eliwa, 2015).

In contrast, MDA; proline; (ABA and AP); H,O,
decreases in Bermuda grass and Saccharum officinarum;
Alvia coccinea and Saccharum officinarum; Alvia coccinea
and Saccharum officinarum; Bermuda grass and Saccharum
officinarum, respectively (Lu ef al., 2008; El-Sallami et al.,
2019; Mirajkar et al., 2019). Although, other studies indi-
cate that in Zea mays L., proline concentrations increase
(Hamideldin and Eliwa, 2015). Some authors have attribut-
ed the decreases to a mutation caused by ionizing radiation
being applied before subjecting the plants to drought stress.
Thus, gamma radiation increases seed and plant tolerance
to water stress situations due to decreased oxidative stress
markers (Lu et al., 2008). Therefore, the proline level is
modified due to the production of antioxidant agents gener-
ated by gamma radiation and this change may increase crop
tolerance to water stress (Hamideldin and Eliwa, 2015).
In this sense, the gamma radiation activity mechanisms as
a seed conditioner, established under water stress con-
ditions, still require further exploration to elucidate their
possible mechanisms of action. It is essential to mention
that some authors have pointed out that the decrease in pro-
line helps to improve tolerance to drought stress and vice
versa (El-Sallami et al., 2019).
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With regard to growth parameters, plant and leaf size,
the number of shoots and leaf area are all increased in the
Salvia coccinea crop, which was established under water
stress conditions and pre-sowing treatment with gamma
rays (El-Sallami et al., 2019). Some authors have report-
ed that phenols promote plant growth and development
(Datta and Nanda, 1985) and protect crops from oxidative
damage caused by different types of stress (Petridis et al.,
2012). However, more research is required concerning the
phenolic content of plants treated with gamma radiation
(El-Sallami et al., 2019).

Other authors have stated that plant height depends on
the dose of gamma radiation, where at low doses, plants
tend to increase their height; nonetheless, at high doses,
these are decreased (El-Khateeb et al., 2017; El-Sallami
et al., 2019). Among the physical methods reviewed, it is
worth mentioning that the effects produced in the different
stages of plant growth are a function of the internal and
external parameters of it, and in addition, to the methods
applied and their respective parameters. Another essen-
tial aspect to mention about this physical method for seed,
seedling or plant conditioning is that the technological
infrastructure required for gamma radiation is undoubtedly
more complex than that required for laser light, B field, and
UV light treatments.

The dielectric barrier discharge (DBD) method consists
of two electrodes being placed at the ends of a ceramic
plate inside an isolation chamber, with an electrical pow-
er input and nitrogen mixed with air as the separation gas
(Park et al., 2018). It is activated at atmospheric pressure
at room temperature. DBD can generate a vacuum and
ultraviolet radiation (V-UV) given the electronic transition
of the plasma discharge, an E field, electrons and various
active species such as free radicals, molecules, and atoms
acting on the seed (Guo et al., 2017). This stimulation pro-
cess could represent an improvement in tolerance to water
stress, as pointed out by some authors (Molina et al., 2018).

Dielectric barrier discharge plasma with a frequency of
50 Hz and an AC voltage of 13 kV (peak voltage) was used
by Guo et al. (2017) where for four minutes, they treat-
ed wheat seeds (Triticum). Subsequently, the seeds were
subjected to water stress and demonstrated an increase in
germination percentage (17.3%), root length (20%), stem
length (31.9%), and in the contents of proline (12.7%),
SOD (4.83%), CAT (22%) and POD (34%), and a decrease
in MDA production (12.8%). Sera et al. (2010) used plasma
as a conditioning method in oat (Avena sativa) and wheat
(Triticum) seeds to accelerate root emergence and increase
the production of phenolic compounds using a plasma
generator equipped with a cylindrical vacuum chamber
(10 L) drained by a rotary pump. The working gas (flow
rate = 200 ml min') was introduced through a corundum
tube (mineral resistant to high temperatures). This tube
passed through a 2.45 MHz microwave resonator (where
the plasma is generated) until it reached the reactor chamber
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where the seeds were placed. The results showed that the
highest germination rate in wheat and oats occurred on the
fourth and third day, after three and 40 min of treatment. As
for the growth variables: fresh root weight, root length and
seedling length, a decrease was reported as exposure time
increased.

In Nasturtium (7ropaeolum majus) seeds without plas-
ma treatment, the germination percentage increases as the
irrigation level increases (750, 100, 1250, 1500, 2000, and
2500 ml). When plasma treatment is applied at low irriga-
tion levels (750 ml), the germination percentage increases
at 10 and 30 s exposure times. For plasma treatments of 30
and 300 s, the percentage of water absorption increases by
260% during the first 25 h of seed imbibition (Molina et
al., 2018). Several investigations have reported that plas-
ma as a pre-sowing treatment under water stress conditions
increases the concentrations of bioactive compounds with
antioxidant capacity resulting in a decrease in oxidative
stress markers and damage to the tissue and at the cellu-
lar level (Gudkov et al., 2019; Thomas and Puthur, 2017,
Qiu et al., 2018). These findings may be due to the expo-
sure time and type of gas used, as the plasma penetrates the
seed through its pores to generate a physiological reaction
(Velichko et al., 2019). In addition, this method has also
been shown to modify the surface and chemical composi-
tion of organic materials (Molina et al., 2018).

Plasma generated with NO, gas under vacuum condi-
tions has been described which increased SOD, CAT, POD,
ABA, proline, and germination in Triticum aestivum L.
seeds (Guo et al., 2017). Also, research by some authors has
shown some relationship between proline accumulation and
the plant defence system. For example, plants accumulate
proline as a first defence mechanism against osmotic stress
situations under stress conditions, thereby protecting mem-
branes from dehydration (Selim and El-Nady, 2011). This
mechanism was explained through the water stress condi-
tions being conducive to proline accumulation, one result of
which is the accumulation of proline biosynthesis enzyme
(P5CS) and the reduction of proline oxidation to glutamate
(Amini et al., 2015; Guo et al., 2017). Additionally, ABA
also has the function of regulating plant osmotic process-
es (Sharp et al., 2004) and inducing genes associated with
plant dehydration (Desikan et al., 2010), which may help
to activate the antioxidant system to mitigate the damage
caused by ROS under water stress (Hu et al., 2008, 2010).
On the other hand, it is known that SOD catalyses the con-
version of the O,- radical, and CAT converts H,O, into O,
and H,O. In this way, oxidative damage produced by ROS
is decreased (Guo et al., 2017).

The germination variable is also affected by the physi-
cal treatment of this type; in the case of the plasma method,
if generated by dielectric barrier discharge with He and
NO, gas, it has been reported that increased germination
and water uptake occurs in Tropaeolum majus and Triticum
aestivum L. seeds, respectively (Guo et al., 2017; Molina
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et al., 2018). Some authors have stated that this could be
the case because the seeds become more permeable due
to the ionized gas degrading the cell membrane and pen-
etrating the seed through its pores, resulting in improved
germination percentages (Park et al., 2016; Ito et al., 2018;
Velichko et al., 2019). Thus, it is vital to be aware of the
biochemical processes generated within the plant system
since these are stabilized due to ROS reduction by increas-
ing concentrations of antioxidant agents, which could
help to improve plant growth under water stress situations
(Molina et al., 2018). Furthermore, it has been reported
that prolonged plasma exposure times negatively affect
plant height (Velichko et al., 2019). In this regard, as is
the case with other physical methods, the apparent effects
of some plant micro- or macro-variables directly depend
on the plasma emission parameters. Therefore, it is nec-
essary to continue to gather scientific evidence to gain an
understanding of the method’s effectiveness and evaluate
the conditions that may be more suitable for treating certain
types of seeds exposed to water stress conditions in order
to establish valid protocols.

Table 1 describes the synthesis of the biophysical meth-
ods used in this literature review to generate tolerance to
water stress in seeds and plants. It is possible to observe the
plant material used in this experiment, its experimental cri-
teria, the radiation parameters used, intensities and powers,
exposure times and the effects produced in the biochem-
ical parameters and physiological aspects of the different
seeds, tissues, seedlings, and plants treated using different
methods.

The use of physical methods, such as those addressed
in this literature review, could be potentially helpful in the
years to come, in the current context of ecological solu-
tions to the ongoing environmental crisis, and therefore,
following the trend of ecological solutions in the protection
of the environment and human beings without sacrificing
resources required by future generations, i.e., proposals for
sustainable agriculture. We have found conclusive evidence
that the use of certain physical methods has the potential
to ameliorate crop growing problems, that is, issues with
limited water supply and drought in different parts of the
world. Furthermore, many mechanisms remain to be elu-
cidated concerning future and technological developments
with a more inventive approach to the agricultural field.
Among these methods addressed in this literature review,
the main limitations are: 1) the development of technology
that can treat large areas and/or large volumes of seeds; 2)
the importance of defining the favourable response window
that improves biochemical variables to benefit from bet-
ter plant establishment. These are the challenges that are
being subjected to research by the scientific community to
understand and simulate the radiation parameters that could
favourably stimulate seeds with different types of stimula-
tion and different origins in the various coordinates of the
world where there is agricultural production.
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Given the current trend of ecological production that
allows for organic food to be obtained, free from chemicals,
at a greenhouse level, under a protected form of agricul-
ture; the global trend will be to overcome the weaknesses
of these physical methods. Due to technological advances,
it will become possible to overcome and even develop por-
table systems to treat seeds and seedlings and plants in an
open field or greenhouse conditions in situ. It would seem
to be a worldwide tendency to use these physical methods
in a hybrid way, i.e., in a combined way, laser light and B
field or laser light and LED technology, plasma and B field,
among other combinations. A synthetic perspective of the
applied physical methods with their radiation parameters
and the corresponding response concerning different eval-
uated variables are presented in Figs 4 and 5. It is possible
to observe that the evaluated response variables increased
or decreased with the physical conditioning method used
depending on the plant species concerned.

CONCLUSIONS

1. According to the literature review, most authors agree
that physical methods (ultraviolet light, magnetic field,
He-Ne, and CO, lasers, gamma-rays, plasma) can be used
to counteract the effects of drought on crops. The methods
which are most studied and accessible are those involv-
ing UV light, He-Ne laser, and magnetic fields, followed
by plasma. Several authors have focused their studies on
cereals, vegetables, ornamentals, grasses, legumes, trees,
fruits, and medicinal plants. Each method is characterized
by specific parameters such as intensity, radiation, wave-
length, frequency, type of gas used, and applied magnetic
induction, which, when used to treat seeds and plants, gen-
erate effects at the biochemical and physiological level and
may be positive, negative, or null. It is essential to note that
these effects are a function of the parameters of each meth-
od, the induction to drought (environmental or generated),
and the characteristics and phenological stage of the seeds
and plants.

2. The ultraviolet light method increased the produc-
tion of compounds that improve plant performance under
water stress (catalase, peroxidase, anthocyanins, and pro-
line). Magnetic fields increased proline and decreased lipid
peroxidation and antioxidant activity in the studied crops.
In the case of the Helium-Neon laser, most authors report
an increase in carotenoids, phenols, and chlorophyll. With
gamma radiation, the results are a decrease in proline and
malondialdehyde and an increase in catalase. The physical
plasma method increased peroxide dismutase, superoxide
dismutase, catalase, proline and abscisic acid, and the vari-
ables that decreased were malondialdehyde and hydrogen
peroxide. Finally, the application of a CO, laser increases
peroxide dismutase, superoxide dismutase and catalase and
decreases malondialdehyde and hydrogen peroxide.
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3. With regard to physiological parameters, when apply-
ing ultraviolet light to seeds, plants, and seedlings under
water stress conditions, the relative water content increased
in all crops where this variable was measured. However, the
authors have described negative impacts concerning plant
height, fresh weight and dry weight, biomass, leaf area,
root length in some other species. Conversely, through the
application of a magnetic field to seeds and plants under
water stress conditions, an increase in root length, plant
height and dry and fresh weight was generated in the crops
reported by the authors. He-Ne lasers improve plant height,
root length, dry weight, number of leaves and axillary buds
in most of the crops studied except for Salvia coccinea
where plant height, shoot size and leaf number are affect-
ed. For the gamma radiation method, relative water content
increases in all treatments and plant height, leaf size, axil-
lary buds and leaf area improve as conditioning parameters
are adjusted. Furthermore, in crops grown under drought
conditions, plant height, root length, and water absorption
are improved when plasma is applied, and the germination
percentage improves in all of the articles reviewed. Finally,
when CO, is applied to seeds, dry weight and plant height
are increased.

4. In general terms, physical methods may improve
plant tolerance to the drought stress of plants; the meth-
ods that are most studied and accessible are those utilizing
UV light, He-Ne lasers, and magnetic fields, followed by
plasma.
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