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GENERAL ABSTRACT
Morphometric and molecular properties of Aloe vera (L.) under water

deficit and salinity conditions

Aloe vera (L.) is a well-known plant with valuable properties attributed to the
polysaccharides present in its gel, particularly acemannan. However, the structure
and composition of these polysaccharides can be influenced by environmental
factors prevailing in arid regions. This study aimed to compare the morphometric
and molecular behavior of A. vera under semi-controlled conditions of shade
netting in response to water deficit and salinity. A randomized block design with
four replications was used, featuring large plots with two soil moisture contents
(20.7% field capacity and 12.3% permanent wilting point) and small plots with five
salinity levels (0, 20, 40, 60, and 80 mM NaCl). Results showed a reduction in leaf
width and thickness, fresh biomass, and gel percentage, but an improvement in
gel quality. Additionally, an RNA extraction method suitable for samples with high
polysaccharide content is described. Finally, RT-gPCR (Reverse Transcription
Quantitative Polymerase Chain Reaction) analysis revealed a positive regulation
of a glucomannan mannosyltransferase (GMMT) gen of A. vera induced by

salinity and salt-water stress combination.

Keywords: acemannan, RNA, abiotic stress combination, RT-qPCR.
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RESUMEN GENERAL
Propiedades morfométricas y moleculares de Aloe vera (L.) en

condiciones de déficit hidrico y salinidad

El Aloe vera (L.) es una de las plantas mas renombradas debido a sus
propiedades benéficas asociadas a los polisacéridos presentes en el gel, como
el acemanano. Propiedades que dependen de la estructura y composicion de
estos polisacéaridos, y que pueden ser afectadas por factores ambientales
presentes en zonas aridas. El objetivo de este estudio fue realizar un analisis
comparativo del comportamiento de los parametros morfométricos y moleculares
de A. vera en respuesta al déficit hidrico y salinidad en condiciones
semicontroladas de malla sombra. Se utilizé un disefio de bloques al azar en un
arreglo de parcelas subdivididas con cuatro repeticiones, donde las parcelas
grandes fueron los contenidos de humedad del suelo: capacidad de campo (20.7
%) y punto de marchitez permanente (12.3 %). Las parcelas pequefias fueron
salinidad a cinco niveles: 0, 20, 40, 60 y 80 mM NaCl. Se encontrd una reduccion
en el ancho y grosor de la hoja, biomasa fresca y porcentaje de gel, pero mejoré
la calidad del gel. En cuanto a las propiedades moleculares de A. vera, se
describe un método de extraccion de RNA. Puede utilizarse en muestras con alto
contenido en polisacaridos, ya que estos ultimos dificultan la extraccion de acidos
nucleicos. Finalmente, mediante RT-gPCR (Reverse Transcription - Quantitative
Polymerase Chain Reaction) se encontré una regulacion positiva de un gen de
glucomanano manosiltransferasa (GMMT) de A. vera, inducida por salinidad, asi
como por una combinacion de estrés hidrico-salino.

Palabras clave: acemanano, RNA, combinacion de estrés abidtico, RT- gPCR,
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UNIVERSIDAD AUTONOMA CHAPINGO Unidad Regional Universitaria de Zonas Aridas
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CHAPTER I: GENERAL INTRODUCTION

The use of plants in food, medicinal and industrial areas dates back several
millennia. Today, strategies are being studied to identify the most effective plant
compounds with the highest yields (Akaberi et al., 2016). Such is the case of Aloe
vera (L.) or aloe vera (Aloe barbadensis M.), which is recognized for providing
many of health benefits. Since, it is one of the most used herbal remedies in the
treatment of different diseases, which has been mainly associated with
polysaccharides and phenolic compounds, the main bioactive components
present in this plant (Borges-Argéez et al., 2019; Guo & Mei, 2016). Most of the
pharmacological properties attributed to A. vera can be explained by the storage
polymer known as acemannan, which is its key component (Minjares-Fuentes et
al., 2017). Its therapeutic uses include arthritis, asthma, candidiasis, intestinal
digestive disorders, skin problems, and ulcers (Sahebnasagh et al., 2017). In
addition to therapeutic applications, A. vera has applications in the cosmetic
industry (Djiobie Tchienou et al., 2018), veterinary (Sharma et al., 2018), food
industry (Khaliq et al., 2019) and tissue engineering (Liu et al., 2019).

Aloe vera plant has crassulacean acid metabolism (CAM), therefore it is naturally
adapted to drought conditions and high temperatures (Delatorre-Herrera et al.,
2010). These plant species usually develop in arid and semi-arid regions, which
are characterized by frequent periods of drought and intensive use of water in
agricultural irrigation areas, causing soil salinity problems (FAO, 2007), as well as
heavy metal contamination. The latter is fundamentally related to human activities
(Trejo-Calzada et al., 2015). Aloe vera or sabila, as it is also known, is being
considered an alternative crop in marginal agricultural areas, due to its plasticity
to resist various types of stress. For these conditions and their consequences on
their properties, A. vera has been the subject of different studies (Delatorre-
Herrera et al., 2010; Moghbeli et al., 2012; Xu et al., 2015). However, some causal
processes that result in a better response in the quantity and quality of the gel

production of A. vera, which is the main industrially used organic compound, still
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need to be explored. Thus, the objective of the present study was to identify the
impact of saline and water stress on the polysaccharide content, the
morphometric properties of A. vera, as well as the genes expression induced by

these external abiotic factors.

1.1 Justification

To understand the potential that dry lands offer, it is necessary to identify the
specific practices that allow greater yields and benefits in the use of natural
resources. In the study area of this project, known as the Comarca Lagunera in
the states of Coahuila and Durango, the pressure on water resources has
increased in recent decades due to a greater demand in the production of fodder
for the dairy industry and other industrial uses. In addition to human consumption,
having to satisfy the demand of a population of about 1.3 million people (Estrada-
Avalos et al., 2014). As a consequence, the groundwater withdrawal rate is
approximately twice the total annual hydrological recharge. This excessive
extraction has led to a reduction in the water table and the deterioration of water
quality (CONAGUA, 2020). The use of alternative crops tolerant to these adverse
factors, such as A. vera, may be a feasible choice for reconversion and productive

profitability in arid lands with sustainable production systems.

1.2 General objective

To evaluate the response of growth and productivity of A. vera under conditions
of water deficit and salinity; also analyze the gene expression involved in the
synthesis of acemannan precursors of stressed plants. This to contribute to its

positioning as an alternative crop with high potential in arid areas.

1.2.1 Specific objectives

* Identify the behavior of growth and development of the A. vera plants under

conditions of water deficit in interaction with salinity.
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» Optimize an effective RNA extraction procedure for isolation of high quality RNA
from A. vera tissues that have been subjected to salinity and water deficit.
* Identify the molecular mechanisms involved in the synthesis of acemannan

precursors from A. vera under water deficit and salinity.

1.3 Hypothesis

The water deficit in interaction with salinity negatively affects the productivity of A.
vera, in terms of its growth, development, molecular properties of the mucilage

and some bioactive compounds, such as acemannan.
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CHAPTER II: THEORETICAL-CONCEPTUAL FRAMEWORK

2.1 Aloevera(L.)

Aloe vera (Aloe barbadensis M.) belongs to the group of plants classified as CAM
(Crassulaceae acid metabolism), which are commonly known as "succulents" due
to the ability to accumulate higher amounts of water inside their leaves and stems.
This has been mainly attributed to the presence of different types of
polysaccharides, such as glucomannans, and its photosynthetic metabolism that
allows greater efficiency in the use of water (Nobel, 1997). This plant belongs to
the Liliaceae family, and can grow in any soll, but it is best adapted to light, sandy

soils and does not require a lot of water (Radha & Laxmipriya, 2015).
2.1.1 Chemical composition

According to Tyler (1993 ), the A. vera leaf is mainly composed of three layers.
The cortex, within which the vascular bundles occur as the xylem and phloem.
The xylem helps in the transport of water while the phloem is involved in the
transport of sucrose and other small organic molecules. The middle layer contains
bitter yellow sap with anthraquinones and C-glycosides as the main compounds.
Aloe vera is composed by more than 70 active components, including
anthraquinones, vitamins, minerals, enzymes, lignin, phytosterols, non-essential
amino acids, inorganic compounds, and salicylic acids (Minjares-Fuentes et al.,
2018; Vogler & Ernst, 1999). Aloin, aloesin, aloenin, aloeresin, aloe-emodin, and
chrysophanol are some examples of such bioactive compounds (Amoo et al.,
2014). In A. vera mucilage there is approximately 98.5 - 99.5% water, and more
than 200 different components have been identified in the remaining solids
fraction, polysaccharides being the most abundant compound (Femenia et al.,
1999).
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2.1.2 Beneficial properties

Among the properties of A. vera, it has been displayed that chemical compounds,
such as aloin, emodin, barbaloin, isobarbaloin, and chrysophanic acid, have
antibacterial, fungicidal, diuretic, laxative, antiviral, hepatoprotective, and
vasorelaxing activities (Lindsey et al., 2002; Salah et al., 2017). The mucilage is
rich in polysaccharides, which are responsible for immunostimulating and anti-
inflammatory properties which have been attributed to the occurrence of an
acetylated mannose-rich polysaccharide, commonly named as acemannan,
followed by pectins present in smaller amounts (Alvarado-Morales et al., 2019;
Campestrini et al., 2013; Minjares-Fuentes & Femenia, 2019). It is important to
point out that acemannan has been considered as the storage polysaccharide of
A. vera, located within the protoplast of the parenchymatous tissue (Femenia et
al., 1999).

2.1.3 Applications

From the industrial point of view, the use of A. vera mucilage is very important in
the manufacture of topical ointments, tablets and capsules. In the cosmetics
industry, A. vera mucilage has been used as a base material for the preparation
of creams, lotions, soaps, shampoos, face creams, and a wide variety of toiletries
(Dominguez-Fernandez et al., 2011; Pedroza-Sandoval et al., 2015).
One of the uses of A. vera mucilage is in the food industry, mainly as a functional
ingredient, commonly used for the preparation of healthy food drinks among
others (Alvarado-Morales et al., 2019).
Perhaps the most important use of A. vera is in the area of medicine. Among the
reported medicinal plants, A. vera is used as folk medicine throughout the world
(Arunkumar & Muthuselvam, 2009). It is traditionally used as a laxative agent and
to relieve pain. It is frequently used to treat wounds, sores, rashes, and burns
(Wyk et al., 1997). Also, it is used in veterinary medicine with good results, like a
study done by Drudi et al. (2018) where they verified the efficiency and speed with
which A. vera helps to heal wounds in dogs and cats. As well as, the A. vera plant
has been used successfully in tissue engineering. Liu et al. (2019) found that this
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plant promotes the intrinsic regeneration of skin tissues, as it led to accelerated
healing and regeneration of skin tissue, in Wistar rats.

2.2 Glucomannans

Glucomannans (GM) are neutral polysaccharides that act as a source of soluble
dietary fiber (Tester & Al-Ghazzewi, 2017). They are characterized by having an
exceptionally high viscosity, unlike other soluble fibers (McCarty, 2002). These
hydrophilic polysaccharides are found in different parts of some plants and have
been studied for their desirable quality and health characteristics (Shi et al., 2020).
The GM structure shows a backbone mainly composed by glucose (60%) and
mannose linked by B-1-4 glycosidic linkage with some galactose units forming
side chains. In some cases, mannose from GM is often acetylated. Usually, GM
has a high molecular weight, generally of 200-2000 kDa (Khanna, 2003). The
most studied GM is that of Amorphophallus konjac, its isolation, structural
properties, as well as its beneficial effects on health (Cao et al., 2022; Chua et al.,
2010; Gille et al., 2011). Acemannan, the storage glucomannan of A. vera, has
also been the subject of numerous studies due to its potential health benefits. It
is a polysaccharide known to be biodegradable, biocompatible, and could also
induce a beneficial immune response, making it attractive for numerous
biomedical applications (Kumar & Tiku, 2016).

Acemannan contains a unique acetylated mannose as the main sugar residue
(Chow et al., 2005; Femenia et al., 1999). The occurrence of acetylated mannose
has been considered as a fingerprint from Aloe polysaccharides (Minjares-
Fuentes et al., 2018). The acetyl groups from acemannan play key role for most
of the properties associated with this polymer, enhancing its potential ability to
interact with other biomacromolecules (Chokboribal et al., 2015; Kumar & Kumar,
2019).

Studies carried out in this regard indicate that acemannan has a molecular weight
in the range of around 40 to 190 kDa (Chokboribal et al., 2015; Femenia et al.,
2003; Minjares-Fuentes, Medina-Torres, et al., 2017; Thunyakitpisal et al., 2017).
It is composed primarily of a backbone of partially acetylated mannose (>60%)

21



and glucose (~20%) units with side chains consisting of galactose units (<10%)
attached to C-6 mannose (Chokboribal et al., 2015; Femenia et al.,, 1999;
Rodriguez-Gonzélez et al., 2011; Tai-Nin Chow et al., 2005) as shown in figure 1.
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Figure 1. Structure of acemannan (Salinas et al., 2019)

On the other hand, the acemannan content in A. vera plants can be affected by
various factors, both internal and external. There are few studies that document
changes in the architecture and functionality that abiotic stress causes in the
acemannan polysaccharide. Minjares-Fuentes, Medina-Torres, et al. (2017)
carried out an investigation on the influence of water deficit on the main
polysaccharides and rheological properties of A. vera mucilages. Their results
show that the content and chemical characteristics of the acemannan storage
polymer were modified due to water deficit, mannose decreased by 41% and
acemannan did not undergo deacetylation, only up to 60% water deficit. They
found that the high-water deficit (60%) promoted a significant increase in the dry
matter content of A. vera mucilage. In accordance with Femenia et al. (2003),
most of the dry matter of A. vera is made up of polysaccharides. Likewise, the
water deficit promoted an apparent increase in the molecular weight of
acemannan. Salinas et al. (2019) carried out a study with A. vera plants subjected
to water stress, their results found an insignificant amount of galactose in the
acemannan. This is contrary to what was reported by other authors who refer to
the important presence of galactose in the structure of this polysaccharide
(Femenia et al., 2003; Minjares-Fuentes, Medina-Torres, et al.,, 2017; Tai-Nin
Chow et al., 2005). The possible explanation for the absence of galactose in

acemannan given in the study is that drying methods may affect the degree of
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acetylation and the loss of galactose side branches (Minjares-Fuentes,
Rodriguez-Gonzalez, et al., 2017), since the samples were lyophilized. Other
variables that can explain the presence or lack of galactose are the age of the
plants, the plant tissue from which the gel is obtained and, mainly, the
environmental conditions of plant cultivation, including abiotic stress.

Regarding abiotic stress due to salinity, Jiang et al. (2014) found that when A.
vera is irrigated with seawater, the 42% seawater stress treatment only reduces
the concentration of polysaccharides in the base leaves, without decreasing the
concentration of polysaccharides in the upper and middle parts. Other factors, in
addition to water stress and salinity, that influence the polysaccharide content in
A. vera are the harvest season and light stress (Lucini et al., 2013; Ray et al.,
2015).

2.3 Abiotic stress

Stress in plants is a physiological condition induced by an alteration in the
environment or when normal environments are aggressive, altering the
physiological and adaptive pattern of plants. In particular, the variation
temperature, humidity, aqueous saline solution, soil pH, radiation, and pollutants,
such as heavy metals, and mechanical damage are propably the most important
factors responsible for the abiotic stress in plants (Ahuja et al., 2010). Plants
respond to adverse environmental stressors through physiological, morphologic,
biochemical, and molecular variations. For instance, they use different types of
phytochemical compounds to overcome biotic stresses (Chinnusamy et al., 2007).
Short-term changes in environmental factors can lead to cumulative reactions,
while gradual changes can lead to plant adaptation. The response to
environmental stressors depends on many factors, such as the type and duration
of the stress, as well as the plant species (Bahuguna & Jagadish, 2015).

According to Jaspers and Kangasjarvi (2010), plants usually respond to abiotic
stress by producing reactive oxygen species (ROS). The synthesis of ROS alters
cellular redox homeostasis and leads to oxidative stress (Asada, 2006). Likewise,

the overproduction of ROS can damage cells and cause necrosis in plant species
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(Petrov et al., 2015). Nevertheless, plants have developed different defense
mechanisms, such as the activation of antioxidant systems which can be
mediated by several enzymes such as superoxide dismutase, peroxidase,
glutathione peroxidase, catalase, ascorbate peroxidase among others, or by non-
enzymatic antioxidants as ascorbate, glutathione and phenolic compounds.
Simultaneously, plants accumulate water by synthesizing osmolytes such as
oligosaccharides and proline to adjust the osmotic balance (Ma et al., 2016).
Individually, stress conditions such as drought, salinity, heat or cold have been
the subject of intense research. However, few studies have been conducted
investigating plant responses to environmental stress applied in combination. This
research is particularly important since, in nature, simultaneous abiotic stresses
are common, such as, heat stress is often accompanied by water deficiency and
drought by salinity (Ahuja et al., 2010).

2.3.1 Response to salt stress

Approximately, 19.5% of irrigated agricultural land is considered saline (Dos Reis
et al., 2012). Plants under salt stress have less dry matter, leaf area and yield
(Amirjani, 2011). It has also been reported by Zadeh (2007) that salinity changes
the morphological characteristics of plants. In accordance with FAO (2013),
increasing soil salinity, aquifer depletion and land degradation reduce achievable
yields, jeopardizing farmers' ability to bridge production gaps and improve food
security.

High soil salinity is one of the environmental factors that limits the distribution and
productivity of crops, causing yield losses. This is because it reduces the ability
of plants to absorb water, leading to a reduction in the growth rate, due to a
hormonal signal generated by the roots (Munns, 2002). To combat this problem,
an important strategy for the use of salinity-affected lands is salt-tolerant crops.
This strategy is considered the most efficient, economical and permanent to the
problem (Dos Reis et al., 2012).

Salt stress results in a wide variety of physiological and biochemical changes in

plants, such as the activation of salt-inducible genes and the large-scale
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production and accumulation of osmolytes. Plants accumulate derivatives of
these low molecular weight solutes to mitigate the detrimental effects of salt stress
by reducing the water potential of cells (Jha et al., 2011; Kishor et al., 2005). In
addition, plant species can reduce the harmful effects of this type of stress through
the compartmentalization of toxic ions such as Na* in the vacuole and the
adjustment of photosynthetic processes (DeFreitas et al., 2018)

In A. vera, some studies have been done subjecting it to saline stress (Moghbeli
et al., 2012; Murillo-Amador et al., 2015; Xu et al., 2015), finding affectations in
the morphometric properties of the plant. However, it is necessary to know how
this type of stress affects the structure and composition of its polysaccharides,

which are responsible for its medicinal properties.

2.3.2 Response to water deficit

Stress caused by water scarcity has a negative impact on plant products and
medicinal plants. Evidently, this stress occurs in arid and semi-arid environments,
currently more common due to the phenomenon of global warming. Drought
stress can induce biochemical, physiological and genetic responses, depending
on the plant species (Zhou et al., 2017).

Drought has several important effects on plants, such as poor seed germination
(Farooq et al., 2009), reduced seedling growth (Okgu et al., 2005) and a decrease
in nutrient availability and photosynthesis (Manickavelu et al., 2006). In addition,
drought can also affect the number of leaves and the size of each leaf, as well as
the fresh and dry weight of the plant (Zhao et al., 2006), among other effects.
Water stress increases the synthesis of bioactive molecules to face water scarcity
(Khan et al., 2011). Furthermore, this type of stress creates a secondary
metabolism, called oxidative stress, which reduces the rate of photosynthesis and
produces some phenolic compounds. These compounds help the plant in its
defensive mechanism (Jaafar et al., 2012). In accord with Van Den Ende et al.,
(2004) plants stressed by water deficiency synthesize protective molecules, such
as fructans, which mitigate the detrimental effects induced by water deficit. These

polysaccharide molecules are synthesized in plants exposed to very dry and/or
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very cold environments, increasing cellular osmotic pressure by rapidly releasing
oligofructans from polyfructans (Van den Ende et al., 2004).

Particularly, the CAM, crassulacean acid metabolism of A. vera optimizes water
use efficiency and allows the plant to tolerate water deficit. The changes in fresh
weight and leaf thickness are probably due to a decrease in the water content of
the leaves, specifically the water stored in the leaf mucilage (Silva et al., 2010).
Acemannan is the main water-retaining molecule in the leaf mesophyll. Since the
length of the leaves is affected by water stress, it is very likely that the
photosynthetic area will also be reduced. Silva et al., (2014) found that
photosynthetic cells decrease in length and mesophyll thickness is reduced with
water stress in A. vera leaves; therefore, the amount of mucilage is also reduced.
Hence, it is known that A. vera plants can suffer water stress despite being
drought tolerant.

2.3.3 Molecular response to abiotic stress

When environmental stimuli act on a plant, signals are produced that trigger a
biological response. These responses are mainly mediated by genes and
transcription factors, which are activated in response to stimuli. In addition,
environmental factors can also generate reactive molecules, which activate
signaling cascades in the organism, leading to the activation of genes that encode
useful products, such as proteins and metabolites. These products can help the
plant to survive or resist stress conditions (Imran et al., 2021).

Plant responses to abiotic stresses occur at all levels of organization. Cellular
responses include adjustments of the membrane system, changes in cell wall
architecture, changes in the cell cycle, and cell division. In addition to the
synthesis of specific endogenous molecules of low molecular weight that mainly
regulate the protective responses of plants, such as salicylic acid, jasmonic acid,
ethylene and abscisic acid (Fujita et al., 2006). At the molecular level, this
response also includes the expression of stress-inducible genes involved in the
direct protection of plants against stress (Shinozaki & Yamaguchi-Shinozaki,
2007).
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Different types of environmental stress generate a similar response in plants. For
instance, it has been observed that many genes that are activated in response to
drought are also activated when the organism is exposed to salt and low
temperatures (Chinnusamy et al., 2007). Likewise, these genes may also be
involved in multiple responses to different abiotic conditions. For instance, genes
that are activated during drought stress not only protect cells from dehydration,
but also activate the production of metabolic proteins that regulate signal
transduction after drought stress (Rudrabhatla & Rajasekharan, 2002; Shinozaki
et al., 2003).

In A. vera, Jaiswal et al. (2021) reported that among the abiotic stress response
genes, there are four categories: a) water-related stress response genes, b) DNA
damage response genes involved in the reactive oxidative species (ROS) stress
response, c) of the nuclear pore complex involved in the stress response by
regulating cytoplasmic trafficking and d) genes related to the biosynthesis of
secondary metabolites dealing with different types of biotic and abiotic stresses.

In A. vera, the G6PD5 gene showed positive selection protecting plants against
different types of stress such as salinity stress by producing a nitric oxide (NO)
molecule, which leads to the expression of defense genes (Agarwal & Jha, 2010).
Also, BASS6, a sodium cotransporter/metabolite gene, was found to be positively
selected in A. vera. This gene is differentially expressed under drought and other
abiotic stress and alters the expression of the specific target gene by binding to
ABRE (abscisic acid response element), the characteristic element of ABA-
inducible genes (Feng et al., 2019). ABA also regulate stomatal closure and solute
transport and therefore have implications for tolerance to drought and water stress
(Yamaguchi-Shinozaki & Shinozaki, 2006). The trehalase 1 (TRE1) gene was
also positively selected, and overexpression of this gene causes better drought
tolerance through ABA-guided stomatal closure (Van Houtte et al., 2013). The
closure of stomas is a direct response also in the water deficit typical of CAM
metabolism in plants such as A. vera (Habibi, 2020).

In general, the sensitivity of a plant to salt stress is based on the modulation of

gene expression belonging to the families of functional genes (HKT (high-affinity
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K* transporter), SOS (global response to deoxyribonucleic acid damage), NHX
(sodium/hydrogen antiporter) and HAK (high-affinity K+)). In addition, in
halophytes, both ion exclusion strategies and tissue tolerance strategies play an
important role, since these plants can use Na* as an osmoregulator, as is the case
with A. vera (Chakraborty et al., 2022b).

2.3.4 Response to a combination of abiotic stress

In nature, plants often experience a combination of two or more types of abiotic
stress, such as salinity and water stress, which can activate specific molecular
stress responses in the plant. During exposure to a combination of stresses,
plants can integrate two different systemic signals generated at the same time.
The way plants perceive different stresses and the plant parts affected can
influence how quickly and effectively systemic signals such as reactive oxygen
species (ROS), transcriptomic, hormonal and stomatal responses, as well as plant
acclimatization (Zandalinas et al., 2020).

Although the interaction of different types of abiotic stresses in plants is becoming
more common due to climate change and its effects on the environment, studies
analyzing the effects of these combinations are rare (Xue et al.,, 2021). An
illustration of this interaction is the coincidence between water and saline stress,
which can occur in irrigated agricultural areas in arid regions of northern Mexico,
due to irrigation with brackish water and the accumulation of salt after water
evaporation.

When plants are faced with combinations of stresses, they activate specific
physiological and molecular responses and adjust their metabolic pathways to
counteract the negative effects on their growth, development, and reproduction.
To achieve this, plants produce various metabolites that regulate different aspects
of their growth and development, as well as their response to stress. (Zandalinas
et al., 2022). On the other hand, it has been shown in several studies that
photosynthesis is very sensitive to the combination of different abiotic stresses,

such as lack of water, salinity and heat together. As a result of these combined
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stress conditions, the efficiency of photosynthesis decreases, as do transpiration
rates (Chakraborty et al., 2022a).
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WATER DEFICIT AND SALINITY MODIFY SOME MORPHOMETRIC, PHYSIOLOGICAL, AND PRODUCTIVE
ATTRIBUTES OF ALOE VERA (L.)
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Abstract

Background: Water deficit and salinity arc common conditions in arid agro-ccosystems.

Hypothesis: Salinty increascs the hydric stress effect on the yicld and gel quality of Aloe vera.

Study species and data description: In A. vera plants the variables meassured were: plant height, leaf length, width, and thickness, fresh bio-
mass, the relative content of water, total solids, gel percentage, and harvest index.

Study site and dates: The study was conducted from spring to summer 2020 in Bermgjillo, Durango, Mexico.

Methods: A split-block experimental design with four replications was used. The large plots were two soil moisture contents: field capacity
(18.5 = 2.5 %) and permanent wilting point (12.5 = 2.5 %). The small plot was the salinity, with levels: 0, 20, 40, 60, and 80 mM of NaCl.
Results:Water deficit and salinity reduced the width and thickness of leaves and, consequently, the fresh biomass and gel percentage were re-
duced, but gel quality increased.

Conclusions: Watcr deficit and salinity, mainly the latter, reduced plant growth and lcaves, and therefore, the yicld of fresh biomass and gel.
Although gel yield was reduced, its quality was enhanced, in terms of high total solids content.

Keywords: abiotic stress, fresh biomass, plant growth, gel quality.

Resumen

Antecedentes: El déficit hidrico y la salinidad son condiciones en los agroecosi: de zonas aridas.

Hipétesis: El estrés salino incrementa los efectos del estrés hidrico sobre el rendimiento y calidad de gel de Aloe vera.

Especies de estudio y descripcion de datos: En A. vera se midicron las variables: altura de planta, longitud, ancho y grosor de hoja, ¢l con-
tenido relativo de agua, solidos totales, biomasa fresca, porcentaje de gel e indice de cosecha.

Sitio de estudio y fechas: El cstudio sc llevé a cabo durante ¢l periodo primavera-verano de 2020 en Bermgjillo, Durango, México.

Métodos: Se uso un disefio experimental en parcelas divididas con arreglo en bloques completos al azar con cuatro repeticiones. La parcela
grande fue el contenido de humedad en el suelo: capacidad de campo (18.5 + 2.5 %) y punto de marchitez permanente (12.5 + 2.5 %). La parcela
chica fue la salinidad con cinco niveles: 0, 20, 40, 60 y 80 mM de NaCl.

Resultados: El déficit hidrico y la salinidad del agua, redujeron ¢l ancho y grosor de hojas, biomasa fresca y porcentaje de gel, pero mejoré la
calidad de este altimo.

Conclusiones: El déficit hidrico y la salinidad, principalmente este ultimo factor, redujeron el crecimiento de la planta y hojas y, por ende, la
di de gel fue reducido, la calidad de éste mejoro, en términos de alto contenido de sélidos totales.
Palabras clave: estrés abidtico, biomasa fresca, crecimiento de planta, calidad de gel.
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rid zones are regions of low rainfall, high evaporation rate, and extreme temperatures (Mazuela 2013).
In irrigated agricultural lands, water is an increasingly scarce resource due to drought, aquifers overex-
ploitation, soil salinity, and contamination of water with heavy metals (Azpilcueta-Pérez et al. 2018).

4 A Furthermore, climate change is exacerbating these situations, with low water availability for agriculture
production (Zarate & Miranda 2016).

In the last decades, the problem of soil salinization in agricultural areas by irrigation using water with a high salt
content has become more acute (Kopittke et al. 2019). In arid and semi-arid zones, the salinization of agricultural
soils due to intensive use of chemically contaminated water is caused by the accumulation of soluble salts that are
deposited on the soil surface by capillary action and high evaporation rates. The problem of soil salinity in these
regions is exacerbated by inappropriate water management practices, such as the inefficient application of irrigation
water and inadequate soil drainage systems (ibrahimova ef al. 2021).

Degradation of resources due to extreme natural and anthropic processes, and the need to maintain agri-food pro-
duction make relevant the application of more sustainable production strategies (Balvanera ef al. 2017). An alterna-
tive to this production approach is productive reconversion through the performance of profitable alternative crops
(Mattas et al. 2015), which mitigate the environmental problems in marginal lands of arid zones.

Aloe vera is a crop of high acclimatization capacity to different environments and tolerance to extreme biotic and abiotic
conditions. So, it is a productive alternative for marginal areas where traditional crops are no longer economically competi-
tive (Davis et al. 2019). In addition, aloe leaves products, such as gel, juice as well as powdery are in high demand in the in-
ternational market due to multiple benefits in the food, medical, and cosmetic industries (Sifuentes-Rodriguez et al. 2020).

More than 200 active chemical compounds have been reported in Aloe vera gel, such as vitamins, minerals, enzymes,
simple and complex polysaccharides, phenolic compounds, and organic acids (Boudreau et al. 2013). Most of these
chemical compounds are produced by secondary metabolism, which is activated when the plant is stressed (Isah 2019) .

Aloe vera responses to water deficit (Delatorre-Herrera et al. 2010, Silva et al. 2010, Espinoza-Garrido 2011, Haz-
rati et al. 2017, Minjares-Fuentes et al. 2017) and salinity (Moghbeli et al. 2012, Murillo-Amador et al. 2015, Xu et
al. 2015) have been studied at length. Plant responses to water deficit and salinity are diverse and complex. Some of
them are, for instance, cell membrane and cell wall adjustments, changes in the metabolic cycle, and cell division. In
addition, the latter involves the synthesis of specific endogenous compounds of low molecular mass such as salicylic
acid, jasmonic acid, ethylene, and abscisic acid (Fujita ez al. 2006). Also, salt and water stresses cause an increase in
reactive oxygen species (ROS) levels which may produce oxidative stress (Ahanger ef al. 2017).

Some studies have shown that 4. vera can tolerate moderate salt and water stresses. Murillo-Amador et al. (2015)
found that 4. vera maintains dry mass production under moderate concentrations of NaCl. Sifuentes-Rodriguez et
al. (2020) found that A. vera is tolerant to certain levels of salinity by keeping biomass and gel production. Habibi
(2018) reported that leaf thickness, biomass, and gel production of 4. vera are not affected by moderate water stress,
which may even improve plant growth. However, most studies have examined individual stress factors. The joint ac-
tion of these stressors could trigger more complex response effects that need to be analyzed and, where appropriate,
used for the knowledge and technology generated (Mittler 2006).

The joint occurrence of water deficit and salinity is frequent in agricultural regions where intensive water use, soil,
and inputs are made, which presents a high risk in agri-food production (Mittler et al. 2001). Simultancous study of
both abiotic factors is imperative to deepen knowledge of the response to growth, development, and production of
A. vera plants. This will make it feasible to design technological mitigation strategies in marginal agricultural lands.
The objective of this study was to evaluate the effect of water deficit and soil salinity on some indicators of plant and
leaf growth, physiology, and productivity of 4. vera.

Materials and methods

Geographic location of the experimental area. The study was conducted at the University Regional Unit for Arid
Zones of the Autonomous University of Chapingo in Bermejillo, Durango, Mexico. The region is located at lat. 23°
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54°N and long. 103° 37°W and elevation 1,130 m. It has a dry climate with summer rains, an average annual rainfall
of 239 mm, a winter rainfall percentage < 5 %, and a thermal oscillation from 7 to 17 °C (Cano-Villegas et al. 2021).

Experimental design and treatments. The experiment was carried out under controlled shade-mesh conditions, during
the spring to summer of 2020. A split-block experimental design with four replications was used. The large plots were
the soil moisture contents at field capacity (FC) and permanent wilting point (PWP), corresponding to 20.7 and 12.3
% of soil water content, respectively. Soil moisture constants (FC and PWP) were determined using the membrane pot
(Richards 1948) (Table 1). To maintain moisture content, irrigation was applied in ranges of 16 to 21 % and 10 to 15
%, respectively. The upper level of the first range corresponded to FC, while the lower level of the second range cor-
responded to a moisture content around PWP, to induce a water stress condition, due to the high drought tolerance of 4.
vera (Pedroza & Gomez 2006). Only two treatments of water content in the soil were carried out to study the response
to extreme ranges (optimal and suboptimal) of water availability for the plant combined with five NaCl concentrations.

The subplots varied in NaCl concentration: 0, 20, 40, 60, and 80 mM dissolved in the irrigation water to induce
soil salinity. After four months of standardized irrigation at FC, irrigation was cut off until the soil moisture reached
the lower limit of 16 or 10 %. Recovery irrigation brought each plot up to the corresponding upper limits of 21 and
15 %, respectively. Irrigation was made with a manual sprinkler and the water application to each treatment was
based on daily monitoring of soil moisture using a digital sensor with a real-time readout (Soil Moisture Meter Mod.
MO750, manufacturer Extech, Taiwan, China).

Six-month-old 4. vera plants of sizes from 25 to 30 cm were used, which were obtained in the form of suckers
from the mother plant. The experimental unit was one plant per pot containing 10 kg of soil. The soil was collected in
the study region and according to the physical and chemical analysis is a soil with a slightly alkaline pH and an elec-
trical conductivity (EC) of 3.48 dS m "' equivalent to a non-saline soil (Mahdy 2011), among other features (Table 1).
Variables of plant growth and leaves. Plant height and leaf length were measured with a flexometer, the first variable

Table 1. Initial physical and chemical characteristics of the soil used in the study.

Physical characteristics* Chemical characteristics*

Texture sandy loam Cation exchange capacity (ECC) 18.2
Field capacity (%) 20.7 pH (paste) 7.92
Permanent wilting point (%) 123 Electrical conductivity (Paste, dS m™) 348
% Saturation 30.57 Extractable sodium (mg kg™') 297.3
Apparent density (g cm™) 1.56 Sodium adsorption ratio (SAR) 1.47

Exchangeable sodium percentage (ESP) 6.1

Percentage of total carbonates (CaCO,) 21.6

* Determinations carried out by the Centro Nacional de Investigacion Disciplinaria en Relaciones Agua Suelo Planta Atmosfera
(CENID-RASPA) of the Instituto Nacional de Investigaciones Forestales Agricolas y Pecuarias (INIFAP), Gomez Palacio, Du-

rango, Mexico.

was measured from ground level to the end of the largest leaf, and the second variable was measured at the outermost
leaf of the bud; while the width and thickness of the leaf were measured with a vernier (Truper, model 14388, China).
All variables were measured at intervals of 22 days during 110 days after starting the treatments (DAST).

Physiological attributes. Plant water status was determined monthly, in terms of relative water content (RWC)
(Yamasaki & Dillenburg 1999). At the end of the experiment, total solids (TS), which are defined as the organic
and inorganic matter that remains as a residue after evaporation and dried at 103 - 105 °C to constant mass, were
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determined (Calzada & Pedroza 2005). This variable was determined by weighting five g gel with an analytical
balance (model SHIMADZU AY220) and then each sample was placed in a porcelain crucible to achieve the con-
stant mass. These variables were determined at 14, 42, and 80 DAST. The dates of sampling were based on finding
possible differences in response due to a change in the sunshine and seasonal temperature during the experimental
period.

Productivity and performance attributes. The fresh biomass (FB) production, including the aerial part and roots, was
determined using a gravimetric balance, while the percentage of gel was estimated using the following equation:

Gel mass

% gel = ] x (100) )

Total leaf mass
For this determination, the leaves of the plant were cut from their base and filleted with a knife, cutting the tip and the
lateral parts to subsequently detach the cuticle from the beam and the underside with the use of a spatula and obtain
the crystalline gel separated from the cuticle.

The harvest index (HI) was defined as the ratio of the weight of gel and the weight of fresh biomass, and was
calculated following the equation:

Gel mass
Hl = ]

Fresh biomass

(2)

Data Analysis. The information was analyzed with a split-block experimental model with a factorial arrangement in
treatments with the GLM procedure of the statistical analysis system (SAS Institute v. 9.0, Cary, NC, USA). In the
separation of means, the minimum significant difference of Tukey’s test was used (P < 0.05). The regression models
for gel production and harvest index versus salinity levels were fitted in Microsoft Excel.

Results

Plant growth and leaves. Growth of the aloe plant and leaves was slightly affected by the soil moisture content,
mainly in the width and thickness of the leaf and, less consistently, in the height of the plant, without any measurable
effect on leaf length. The effect of soil moisture content and levels of salinity on plant height was not consistent,
with a trend to decrease at 60 mM NaCl and above at either soil moisture content. Salt stress affected leaf width only
at the highest NaCl concentrations (80 mM) in plants under FC. However, there were significant effects at 60 mM
NaCl in plants under PWP. Control plants had leaf width values of 3.1 cm and 3.0 cm for FC and PWP, respectively.
Leaf thickness was more sensitive to salinity, a decrease in this trait was observed since 40 mM NaCl in plants under
FC and PWP. The higher leaf thickness was shown by plants under 0 mM NaCl with values of 1.26 cm and 1.02 cm
under FC and PWP, respectively (Table 2).

Relative water content and total solids. The relative water content (RWC), an indicator of the water status of the
leaf tissue, was not affected by either soil moisture or salinity (P > 0.05) (Table 3). Total solids (TS) showed a
significant effect (P < 0.05), which depended on soil moisture content, salinity level, and monitoring sampling.
There was a non-consistent response at the first two monitoring dates, corresponding to 14 and 42 DAST at both
soil moisture contents. There was a trend toward a significantly lower concentration of TS in the control, com-
pared to salinity treatments from 20 to 80 mM, mainly under PWP conditions, where the greatest concentrations
of TS were obtained at 60 and 80 mM. The TS values for 80 mM NaCl were 5.2 and 5.3 % compared to 3.1 and
3.8 % for the control, respectively. There was a consistent treatment effect of significantly higher values (P <0
.05) at 80 DAST at both soil moisture contents with a TS concentration of 8.9 % for plants under PWP and 40
mM NaCl and 8.8 % plants under FC plus 80 mM NaCl, while control plants showed 3.8 % at both soil moisture
contents (Table 4).
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Table 3. Effect of salinity and two soil moisture contents on different monitoring dates on the relative water content (RWC) in Aloe vera

leaves.
Salinity Relative water content (%)
(mM) 14 DAST 42 DAST 80 DAST
FC PWP FC PWP FC PWP

0 94.3+ 0.46 a* 94.6=0.38 a 96.4+2.17a  95.8+0.15a 92.7+0.90a  92.8+0.25a
20 95.6+0.10 a 94.8£0.53 a 94.140.27a 933t 145a 90.3+0.75a  92.3+2.61 a
40 97.0+0.14 a 96.7£2.02 a 93.540.79a  93.5£0.79a 89.4+£0.001a 91.3+£1.49a
60 93.6+0.22 a 94.8=1.26 a 94.2+0.003a 91.8+0.11 a 88.5+1.28a 86.6+1.81a
80 95.6+0.55 a 92.0=0.71 a 929+ 1.64a 91.9£0.10a 89.1£1.10a  89.1£0.71a

*Mecan values (+ standard deviation) with the same letters within columns, are statistically equal according to the mini-
mum significant difference of Tukey’s test (P < 0.05). DAST: days after starting treatments; FC: field capacity (20.7%);
and PWP: permanent wilting point (12.3%).

Table 4. Effect of salinity at two soil moisture contents on different monitoring dates on the concentration of total solids (TS) in Aloe

vera leaf.
Salinity Total solids (%)
(mM)
14 DAST 42 DAST 80 DAST
FC PWP FC PWP FC PWP
0 274033 c*  3.1+0.27 ab 49+1.53a 3.8+0.11¢ 3.8+£0.63 b 3.8+0.18 b
20 3.840.07 b 2.8+ 0.37 ab 4420.19a 59£1.02a 7.3£0.53 a 6.8+ 1.85 ab
40 4.6£0.1 a 2.6x1.42b 4.1£0.55 a 4.5£0.56 be 8.5+0.0008 a 8.9+ 1.05a
60 4.6£0.15a 4.8+ 0.89 ab 5.540.002a  5.7+0.08 ab 8.1£0.90 a 7.5+1.28a
80 3.7+0.39b 5.2£0.50 a 55t 1.16a 5.3%0.07 ab 8.8+0.78 a 7.8+0.50 a

*Mean values (+ standard deviation) with the same letters within columns are statistically equal according to the minimum
significant difference of Tukey’s test (P < (.05). DAST: days after starting treatments; FC: field capacity (20.7 %); and PWP:
permanent wilting point (12.3 %).

Fresh biomass (FB), gel percentage (GP), and harvest index (HI). FB was affected by both water deficit and salin-
ity, but to a lesser extent in FC than in PWP. In both irrigation treatments, the negative impact on productivity was
above 20 mM salinity (40, 60, and 80 mM). The latter effect was more severe in PWP at any salinity level (Figure 1).

Percentage of gel showed a negative relationship with salinity, the effect was slightly greater in PWP (B, = -4.41;
R*=0.98) than in FC (8, = -4.63; R*= 0.95), respectively (Figure 2). The maximum gel production (73.1 %) was
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found in the salinity control at FC. The plants under PWP and 0 NaCl produced 63 % gel . The harvest index (HI)
behaved similar to gel production. The values for FC and PWP were #, = -1.40 and R*= 0.75 and B, =-1.50 and R*
=0.71, respectively (Figure 3).
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Figure 1. Effect of treatment on fresh biomass production in Aloe vera grown with two soil moisture contents and different salinity levels. Values with

the same letters on each line are statistically equal according to the minimum significant difference of Tukey’s test (P < 0.05). FC: field capacity (20.7
%); and PWP: permanent wilting point (12.3 %).
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Figure 2. Aloe leaf gel production in Aloe vera grown with two moisture contents and different salinity levels. FC: field capacity (20.7 %); and PWP:
permanent wilting point (12.3 %).
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Figure 3. Relationship of the harvest index in Aloe vera plants grown with two soil moisture conditions and difTerent salinity levels. FC: field capacity
(20.7 %); and PWP: permanent wilting point (12.3 %).

Discussion

Plant growth and leaves. The minimum soil moisture content in this study was 10 %, corresponding to moisture
below the PWP (12.3 %), but this was not enough to induce a stress condition within the 4. vera plant tissues and
reduce growth. Tolerance to water stress in A. vera is widely recognized and is associated with tissue succulence and
the photosynthetic pathway of crassulacean acid metabolism (CAM) (Pedroza & Gomez 2006).

Salinity affected the width and thickness of the leaf, with a tendency to reduce both at 40 mM salinity on average.
This suggests a moderate tolerance to this stress factor at both soil moisture contents, without drastically reducing
leaf width and thickness, which are directly related to fresh biomass production. This confirms the high tolerance of
A. vera to water stress conditions in the growth of the plant and leaves, but there was a negative impact of salinity, in
the thickness and width of the leaves and, inconsistently, in plant height. This is supported by Asghari & Ahmadvand
(2018), who found that salinity did not affect A. vera plant height consistently; however, other authors reported that
salinity does inhibit plant growth (Aziz et al. 2008, Said-Al & Omer 2011).

This negative effect of salinity is recognized as a product of stress, which triggers physiological and biochemical
changes in plant metabolism that determine their survival and productivity (Samadi et al. 2019). Salinity damage
is associated with a toxic effect of ions such as sodium (Na®), chlorides (CI'), and sulfates (SO, "), although sodium
is an essential micronutrient in plants with C,and CAM photosynthetic pathways; hence, its intermediate-range of
tolerance to salinity (Lamz & Gonzalez 2013). Another effect of salinity in irrigated soils with saline water is a nutri-
tional imbalance in the plant from reduced assimilation of other mineral nutrients, such as K, Ca, and Mn (Karimi et
al. 2009). To soil salinity must be added poor management, which reduces water permeability and soil aeration and
compacts the soil structure (Singh et al. 2012).

The width and thickness of the leaf suggest that salinity has a negative effect, somewhat independent of the soil
moisture content, due to the parallel but differentiated response, with an inhibition effect on both variables from 20
mM, but a greater impact on leaf thickness in FC and 40 mM salinity. This is important since these variables are
directly related to gel production, the main commercial product in the international market (Sanchez 2016). The
moderating effect of salinity on these morphometric variables may be related to an acclimatization process due to
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the gradual accumulation of NaCl in the soil. Therefore, a moderate initial exposition to a stress factor can induce
protection mechanisms that allow plants to tolerate a subsequent drastic stress factor (Janda ef al. 2016).

Plants previously treated with a low concentration of NaCl, turned out to be effective in inducing greater tolerance
to salinity, throughout an acquired tolerance process (Pandolfi et al. 2016). Plant height and leaf length were not af-
fected by either soil moisture content or salinity, suggesting that the total plant water potential remained high enough
to allow cell division and growth of aloe plants (Rodriguez et al. 2019).

Relative water content (RWC) and total solids (TS). The RWC is the most commonly measured indicator of
plant water status and is directly related to the water potential since its components, turgor potential and
osmotic potential, are a function of the volume of water in the protoplasm (Argentel et al. 2006). The null
effect of water deficit and salinity in the RWC shows high aloe plants’ tolerance to these stress factors,
as levels applied in this study were insufficient to modify tissue water status, which is determinant to the
survival, the growth, and productivity of plants (Bacarrillo-Lopez et al. 2021). These results are supported
by Moghbeli et al. (2012) and Murillo-Amador ef al. (2015), who found no effect on RWC under saline stress con-
ditions. Although there were no significant differences in this variable under the soil moisture and NaCl conditions
evaluated in this study, some authors reported that average RWC values > 90 % are acceptable to maintain the growth
and productivity of aloe plants (Minjares-Fuentes et al. 2017).

TS increased in a more defined way after 80 DAST, somewhat independent of the soil moisture content,
but strongly, starting at 20 mM salinity. This is of great relevance for gel quality, which requires a higher
concentration of Total solids that leads to increased high and low-molecular-mass polysaccharides, and
other products, which are greatly valued in the international market according to the International Aloe
Science Council (IASC 2008). These results matched with other studies where an increase of TS concentration in
A. vera gel was obtained by an increase in soil salinity. According to Sifuentes-Rodriguez et al. (2020), the concen-
tration of sugars and percentage of total soluble solids was the highest as so did the soil salinity, even when aloe leaf
production was reduced.

Fresh biomass (FB), gel percentage (GP), and harvest index (HI). The variable most affected by both water deficit
and salinity was the FB, mainly in PWP at high salinity levels; while at FC, the plants maintained adequate productiv-
ity of FB. This suggests that, although there was a moderate effect on leaf width and thickness at low or no salinity,
regardless of the moisture ranges evaluated in this study, the overall FB is reduced. This could be probably due to
less water availability for metabolic activity and its final products and great concentration of solutes (osmotic pres-
sure), where water in the plant’s tissues plays a role more for survival than physiological availability for productivity
(Sifuentes-Rodriguez et al. 2020). This could also be associated with the effect of osmotic adjustment in extreme
environments and reduction in the cytosolic and vacuolar volumes of the cells (Flower et al. 2015). These results
disagree with those of the Delatorre-Herrera et al. (2010) report, who indicates that, at a moderate water deficit, the
production of FB increases. However, the results of our study were consistent with those reported by Choudhury et
al. (2017), who found that a combination of two or more abiotic stresses produces greater yield loss than single stress.

The responses of gel reduction were directly related to FB production, most notably when going from FC to
PWP, but with similar rates of decrease in both soil water treatments as salinity increased. The stress-induced by the
combination of salinity and water deficit increased the severity of productivity reduction in Aloe vera. Rodriguez-
Dorantes et al. (2003) mentioned that the first and most sensitive response to water deficit is a decrease in turgor and,
consequently, the FB and gel production. Silva et al. (2013) found that plants usually react to extreme water stress
by favoring the photosynthesis maintenance and reducing gel yield. Plants in general trend to reduce growth and
productivity under conditions of biotic and/or abiotic stress (Cramer et al. 2011).

The HI of a crop determines yield under drought conditions (Deguchi et al. 2010). The decreased HI in this study
was lesser than that of gel production and FB, which confirms the tolerance to stress that Aloe vera has compared to
other crops that are more drastically affected by water deficit (Schafleitner ef al. 2007, Ruttanaprasert et al. 2016).
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Finally, water deficit and salinity, mainly the latter, moderately affected the width and thickness of the Aloe vera
leaf, which reduced FB, gel content, and HI, but increased gel quality through increased TS, an integral quality at-
tribute demanded in the international market since reach high values of organic and inorganic matters as minerals as
well as diverse types of polysaccharides of high and low molecular weight, among other types of residues. Aloe vera
showed a high tolerance to water stress and moderate tolerance to salinity in the width and thickness of leaves, FB,
and gel production. This allows focusing on managing low soil moisture content close to PWP, without negatively
affecting FB, while using irrigation water with moderate salinity to maintain a balance between quantity and quality
in the gel production of 4. vera.
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CHAPTER IV. An improved method for RNA isolation from
Aloe vera (L.) under abiotic stress and validation with RT-
gPCR

Abstract

The initial process to analyze gene expression is to extract high-quality RNA.
However, RNA extraction protocols are limited in their efficiency by the
physicochemical characteristics of plant tissues that grow under environmental
stress. Under these conditions, plants respond by producing secondary
metabolites, such as polysaccharides and polyphenols, which can bind or co-
precipitate with nucleic acids, acting as inhibitors. Aloe vera, a drought-
resistant plant, produces polysaccharides and phenolic compounds as part of
its secondary metabolism in response to stress. This study aimed to compare
and evaluate five total RNA extraction methods from Aloe vera tissues, which
have been subjected to salinity and water deficit. The final aim is to use the
extracted RNA to analyze gene expression in future experiments. Aloe vera
plants were treated with 20 and 80 mM NaCl solutions to induce salinity.
Simultaneously, two soil moisture levels were maintained, field capacity (FC)
and permanent wilting point (PWP), corresponding to 20.7 and 12.3 % of soil
water content, respectively. A total of four treatments were obtained: M1 (FC
and 20 mM), M2 (FC and 80 mM), M3 (PWP and 20 mM), and M4 (PWP and
80 mM). Five extraction methods evaluated: Plant RNeasy QIAGEN® Kit
(hereinafter Kit); protocol proposed by Li et al. (2014) with modifications, using
Trizol (hereinafter Trizol); protocol proposed by Salinas et al. (2019) with
modifications, using CTAB (hereinafter CTAB2); protocol proposed by Rubio-
Pifia and Zapata-Pérez (2011) with modifications, using CTAB (hereinafter
CTAB3). Finally, the proposed CTAB3a method is optimized for the
characteristics of the study sample. The quality of the extracted RNA was
evaluated through RT-gPCR. Arabidopsis thaliana was used as a control.
Thus, the RNA concentration (ng pL™1) showed significant differences among

treatments and protocols (P < 0.05). Low RNA concentrations and purity
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indicators below the expected value were obtained in the Kit. Trizol, CTABZ2,
and CTAB3 protocols. In the RT-gPCR analysis, the threshold cycle (Cr) values
were taken as a measure of the efficiency of the extracted RNA, finding higher
efficiency in the CTAB3a protocol. With the optimization of the CTAB3a method
was possible to increase the quality and efficiency of the extracted RNA, for

use in gene expression analysis.

Keywords: RNA extraction, recalcitrant tissues, real-time PCR, plant stress.

Resumen

El proceso inicial para analizar la expresion génica es extraer RNA de alta
calidad. Sin embargo, los protocolos de extraccion de RNA estan limitados en
su eficiencia por las caracteristicas fisicoquimicas de los tejidos vegetales que
crecen bajo estrés ambiental. En estas condiciones, las plantas responden
produciendo metabolitos secundarios, como polisacéaridos y polifenoles, que
pueden unirse o0 co-precipitar con los acidos nucleicos, actuando como
inhibidores. El Aloe vera, una planta resistente a la sequia, produce
polisacaridos y compuestos fendlicos como parte de su metabolismo
secundario en respuesta al estrés. El proposito del estudio fue comparar y
evaluar cinco métodos de extraccién de RNA total de tejidos de Aloe vera, que
han sido sometidos a salinidad y déficit hidrico. El objetivo final es utilizar el
RNA extraido para analizar la expresion génica en futuros experimentos.
Plantas de Aloe vera fueron tratadas con soluciones de NaCl 20 y 80 mM para
inducir salinidad. Simultdneamente, se mantuvieron dos niveles de humedad
del suelo, 20.7 % (capacidad de campo, FC) y 12.3 % (punto de marchitez
permanente, PMP). Se obtuvieron un total de cuatro tratamientos: M1 (FC y
20 mM), M2 (FC y 80 mM), M3 (PWP y 20 mM) y M4 (PWP y 80 mM). Se
evaluaron cinco métodos de extraccién: Plant RNeasy QIAGEN® Kit (en
adelante Kit); protocolo propuesto por Li et al. (2014) con modificaciones,
utilizando Trizol (en adelante Trizol); protocolo propuesto por Salinas et al.
(2019) con modificaciones, utilizando CTAB (en adelante CTAB2); protocolo
propuesto por Rubio-Pifia y Zapata-Pérez (2011) con modificaciones,

utilizando CTAB (en adelante CTAB3). Finalmente, se propone el método
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CTAB3a, optimizado para las caracteristicas de la muestra de estudio. La
calidad del RNA extraido se evalu6 mediante RT-gPCR. Arabidopsis thaliana
se utilizé como control. La concentracion de RNA (ng pL*) mostré diferencias
significativas entre tratamientos y entre protocolos (P <0.05). En los protocolos
Kit, Trizol, CTAB2 y CETABS3, se obtuvieron bajas concentraciones de RNA e
indicadores de pureza por debajo de los valores esperados. En el analisis de
RT-gPCR, los valores de Cr (threshold cycle o umbral de ciclo) se tomaron
como medida de la eficiencia del RNA extraido, encontrando una mayor
eficiencia en el protocolo CTAB3a. Con la optimizacién del método CTAB3a
fue posible incrementar la calidad y eficiencia del RNA extraido para su uso en

analisis de expresion génica.

Palabras clave: Extraccion de RNA, tejidos recalcitrantes, PCR en tiempo

real, estrés en plantas.

Introduction

The physicochemical characteristics of plant tissues grown under
environmental stress conditions, such as salinity and water stress, limit the
efficiency of total RNA extraction protocols.

This is mainly due to the increased accumulation of high-molecular-weight
polysaccharides and secondary metabolites that interfere with RNA isolation
(Vennapusa et al., 2020). Secondary metabolites in oxidized form act as
inhibitors for downstream applications, as they irreversibly bind to nucleic acids
(Rezadoost et al., 2016). In addition, residues of some reagents used during
extraction, such as phenol, guanidinium thiocyanate, salts used to catalyze the
deposition of nucleic acid molecules during precipitation, and residues of
organic compounds, decrease the quality of the isolated RNA (Afifah et al.,
2021). The importance of RNA extraction lies on its wide use in several
molecular biology assays, including gene expression analysis via quantitative
reverse transcription polymerase chain reaction (RT-gPCR) and next-
generation (Li et al., 2021). However, accurate and reliable gene expression

data relies on the proper extraction of high-quality RNA.
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CTAB-based nucleic acid extraction methods have been used in many plant
species, especially those containing a high level of phenolic compounds and
polysaccharides (Gehrig et al., 2000; Mushtaq et al., 2022; Prasad et al., 2022;
Ramachandran et al., 2022).

Some of the most popular RNA isolation protocols are those that contain
guanidine salts, such as commercial kits such as RNeasy (QIAGEN, Germany)
and Trizol reagent (Invitrogen, USA). These have been used successfully on a
variety of plants (Blanca et al., 2011; Sundell et al., 2017). However, for some
species with high polysaccharide content, these protocols have resulted in poor
quality and low yield RNA, compared to other methods (Liu et al., 2018;
Vennapusa et al., 2020).

The main objective of the present study was to optimize an efficient RNA
extraction method to obtain high-quality RNA from Aloe vera tissues exposed
to salinity and water deficit (for details on culture management and stress
imposition, see Mota-ltuarte et al. (2023)). The protocol proposed in this paper
was the result of the individual evaluation of four RNA extraction protocols,
where the quantity and quality of the extracted RNA were compared.

Two commercial methods were evaluated, the RNeasy Kit (QIAGEN, Hilden—
Germany), with the manufacturer's protocol, and Trizol (Invitrogen, USA), with
the Li et al. (2014) protocol with modifications. Additionally, three methods
based on CTAB were evaluated: the protocol proposed by Salinas et al. (2019)
with modifications (CTABZ2); the protocol proposed by Rubio-Pifia and Zapata-
Pérez (2011) with modifications (CTAB3) and finally the proposed method
CTAB3a. The latter optimized for the characteristics of the study sample. The
modifications made to these extraction protocols were mainly in the reduction
of the volume of the reagents used. RNA isolated by these methods was
evaluated by RT-qPCR.

Materials and methods

Stress conditions applied to A. vera

The A. vera plants were cultivated in the University Regional Unit for Arid Zones

of the Autonomous University of Chapingo (Durango, Mexico), during the
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spring and summer of 2020. The plants were treated with solutions of 20 and
80 mM NacCl to induce salt stress. In addition, together with the saline stress
conditions, water stress was maintained, which was established with two soil
moisture levels, field capacity (FC) and permanent wilting point (PWP),
corresponding to 20.7 and 12.3 % of soil water content, respectively. The
following treatments were obtained: M1 (FC and 20 mM), M2 (FC and 80 mM),
M3 (PWP and 20 mM), and M4 (PWP and 80 mM). After the treatments, the
plants were thoroughly washed with distilled water and the leaves were
sectioned separately. Samples were immediately frozen in liquid nitrogen and
stored at -70 °C until analysis. The tissue used for the RNA extraction assays
was the leaf bark, for which it was separated, avoiding contamination with plant
mucilage. The tissue was ground to an opaque green fine powder using a
mortar and pestle, and liquid nitrogen. For each protocol, four samples were
evaluated. Arabidopsis thaliana, grown under normal conditions, was used as

a control.

RNA extraction

In all protocols, the same amount of sample was used, 200 mg of A. vera bark,
in 1.5 mL Eppendorf-type microtubes. Additionally, all extraction buffers and
materials were treated with DEPC distilled water and sterilized in an autoclave.
In addition, the buffers were passed through sterile filters with a 0.22 um pore
and 25 mm diameter. Table 5 shows the differences among the extraction

methods used in this study.

Kit method. Protocol of Plant RNeasy mini QIAGEN® kit. The supplier-
recommended protocol was used for samples with a high content of
polyphenols and polysaccharides. At the end of the procedure, the pellet was
resuspended in 25 pL of DEPC water. The method uses a guanidium
thiocyanate-based lysis buffer and RNA purification was performed using a

silica membrane column.
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Table 5. Comparison of total RNA extraction methods. Four published methods (Kit, Trizol, CTAB2, CTAB3) versus the improved
protocol (CTAB3a).

RNA isolation

Kit

Trizol

CTAB2

CTAB3

Haornogenize in MBL solution, B-

mercaptoethanal and PSS solution

Hornogenize in Trizol, B-mercaptoethanl
and Kac.
Incubate at room ternperature and
cenirifuge.

Hornogenize in CTAB and B-
mercaptoethanol

Wortex and incubate at 65 °C.

Hornogenize in CTAE and -
mercaptoethanol

Wortex and incubate at 65 °C.

Hornogenize in CTAB and B-

rmercaptoethanol

Yartex and incubate at 65 °C.

Yartex and centrifuge.

Transfer the upper aqueous phase.

Add IRS solution

Wortex, incubate and centrifuge.

Transfer the upper aqueous phase.

Add PM3 and P4 solution.

Colurnn and centrifuge.

Transfer the upper aqueous phase.

Add KAc and chloroform: isoamyl
alcohol

Wortex, incubate and cenlrifuge.

Transfer the upper agueous phase.

Add chlorof P 1 aleohal

WVortex, incubate and centrifuge.

Transfer the upper aqueous phase.

Add chloroform: i 1 aleohol

Vortex and centrifuge.

Transfer the upper aqueous phase and
put onice

To the lower phase:

i the two previous supernatants

Add chloroform

Yortex and centrifuge.

Transfer the upper aqueous phasze.

Add phenol: chloroform

Waortex and centrifuge.

Transfer the upper agqueous phase.

Add chloroform: isoamyl alcohol
Waortex and centrifuge.

Transfer the upper aqueous phase.

Add chloroform

Wortex and centrifuge.

Transfer the upper aqueous phase,

Add phenol: chloroform: isoamyl
alcohol

Yortex and centrifuge.

Transfer the upper aqueous phase.

Add chloroform: isoamyl alcohol
Wortex and centrifuge.

Transfer the upper aqueous phase.

Frecipitate in isopropanol at -20C
For 45 min. s . e . PR ]
Precipitate in LiCl at 4 *C overnight Precipitate in LiCl at 4 *C overnight Precipitate in LiCl at 4 “C avernight
Add PMS solution to the col
RNA precipitation soiiante e somn.
Certrifuge and put colurnn in new tube. Cenlrifuge. Centrifuge. Centrifuge. Certrifuge.
Washing Add P4 solution. Wash with 7034 ethanol Wash with 9624 ethanol Wash with 9624 ethanol Wash with 962 ethanol
Centrifuge. ‘Wash with 7024 ethanol Wash with 702 ethanol Wwhash with 7022 ethanol
ENA solubiliza Add BhAse free water, incubate, Dry at roomn temperature and resuspend | Dry at room temperature and resuspend | Dry at room temperature and resuspend | Dry at roomn ternperature and resuspend
solubihzation
centrifuge and discard colurnn. in DEPC water. in DEPC water. in DEPC water. in DEPC water.
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Trizol method. Li et al. (2014) with modifications. The modifications made to
this protocol were mainly in the volumes of the reagents. A total of 500 pL of
Trizol (Sigma-Aldrich), 100 yL of B-mercaptoethanol (Sigma-Aldrich), and 100
puL of 2.5 M KAc pH 5.2 were added to the sample. It was homogenized using
vortexing. It was incubated at room temperature for 10 min, then centrifuged at
10,000 rpm for 5 min, at 4 °C. The aqueous phase was transferred to a new
tube and 300 pL of 2.5 M KAc pH 5.2 and an equal volume of the recovered
supernatant of chloroform: isoamyl alcohol (24:1) were added. The mixture was
vortexed at maximum speed. Subsequently, it was incubated for 10 min at room
temperature and centrifuged at 10,000 rpm for 10 min at 4 °C. The supernatant
was carefully transferred to another tube, and again an equal volume of
chloroform: isoamyl alcohol (24:1) was added. Again, the upper agueous phase
was recovered and two-thirds of the volume of isopropanol was added to the
tube. The tube was kept at -20 °C for 45 min and centrifuged at 10,000 rpm for
10 min. The supernatant was discarded and the pellet was washed with 70%
ethanol. Subsequently, it was allowed to dry at room temperature and the pellet

was resuspended in 25 pL of DEPC water.

CTAB2 method. Salinas et al. (2019) with modifications. Extraction buffer
CTAB 800 pL (2% w/v CTAB, 2% w/v PVP, 100 mM Tris-HCI pH 8, 25 mM
EDTA, 2 M NaCl, 0.05% spermidine) and B-mercaptoethanol 100 pyL were
added to the sample. The mixture was shaken for 30 seconds and then
incubated at 65 °C for 10 minutes, inverting the tube four times during the
incubation, avoiding the formation of lumps. Subsequently, 500 pL of
chloroform: isoamyl alcohol (24:1) was added and vortexed at maximum
speed. Then, it was centrifuged at 10,000 rpm for 15 min at 4 °C. The
supernatant was transferred to a new 1.5 mL Eppendorf-type microtube, placed
on ice, and set aside. One volume of chloroform: isoamyl alcohol (24:1),
equivalent to the recovered supernatant, was added to the pellet and vortexed
again at full speed for 30 s. Then, it was centrifuged at 10,000 rpm for 10 min
at 4 °C. The supernatant was combined with the supernatant from the first

centrifugation. Finally, to precipitate the RNA, 10 M LiCl was added in a volume
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equivalent to a quarter volume of the total supernatant obtained, gently shaken,
and incubated overnight at 4 °C. Subsequently, it was centrifuged at 10,000
rpom for 15 min at 4 °C. Finally, the pellet was resuspended in 20 pL of DEPC

water.

CTAB3 method. Rubio-Pifia and Zapata-Pérez (2011) with modifications.
Extraction buffer CTAB 700 uL (2% w/v CTAB, 2% w/v PVP, 100 mM Tris-HCI
pH 8, 20 mM EDTA, 1.4 M NaCl) and 100 uL of B-mercaptoethanol were added
to the sample. The mixture was shaken for 30 seconds and then incubated at
65 °C for 10 minutes, inverting the tube four times during the incubation. Then,
500 pL of chloroform was added and the mixture was shaken for 30 seconds.
Subsequently, the mixture was centrifuged at 10,000 rpm for 10 min at 4 °C.
Then, the supernatant was transferred to a new tube, and 500 pL of phenol:
chloroform (1:1) was added and shaken for 30 seconds. The mixture was
centrifuged at 10,000 rpm for 10 min at 4 °C. The supernatant was transferred
to a new tube and an equal volume of chloroform: isoamyl alcohol (24:1) was
added. Samples were shaken for 30 seconds and centrifuged at 10,000 rpm
for 10 minutes at 4 °C. The final supernatant was transferred to a new tube and
1/3 volume of 10 M LIiCl was added and kept at 4 °C overnight. Next, the
samples were centrifuged at 10,000 rpm for 20 min at 4 °C. The pellet was
washed with 96% and 70% ethanol. After drying at room temperature, the pellet
was resuspended in 25 pL of DEPC water.

CTAB3a method. Extraction Buffer 700 pL (2% w/v CTAB, 2% w/v PVP, 100
mM Tris-HCI pH 8, 25 mM EDTA, 2 M NacCl, 0.05% spermidine) and 100 pL of
B-mercaptoethanol were added to the sample. Then, it was shaken for 30 s in
a vortex at maximum speed. It was incubated for 10 min at 65 °C, inverting the
tube 4 times during the incubation. 500 pL of chloroform was added and
vortexed again for 30 s at maximum speed. Afterward, it was centrifuged for 10
min, at 4 °C at 10,000 rpm. The supernatant was transferred to a new tube and
350 pL of phenol: chloroform: isoamyl alcohol (25:24:1) was added to it. It was
vortexed for 30 s at maximum speed and centrifuged for 10 min at 4 °C at
10,000 rpm. The supernatant was transferred to a new tube and an equal

volume of the recovered supernatant of chloroform: isoamyl alcohol (24:1) was
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added to it. It was shaken for 30 s in a vortex at maximum speed and
centrifuged for 10 min, at 4 °C and 10,000 rpm. Again, the supernatant was
transferred to a new tube and 1/3 volume of 10 M LiCl was added. It was then
allowed to precipitate overnight at 4 °C. Afterward, it was centrifuged for 20 min
at 4 °C at 10,000 rpm, decanted, and the pellet was washed with 800 pL of
96% ethanol. It was shaken gently and centrifuged for 5 min, at 4 °C at 10,000
rpom. Additionally, the pellet was washed with 800 pL of 70% ethanol and gently
agitated. It was centrifuged for 5 min at 4 °C at 10,000 rpm and decanted.
Finally, the pellet was dried at room temperature and resuspended in 20 pL of
DEPC water.

Evaluation and quantification of the extracted RNA

RNA integrity was verified by electrophoresis on a 1% agarose gel, composed
of DEPC water, MOPS, and 37% formaldehyde. Electrophoresis was
performed at 50 V for 45 min. The gel was visualized under ultraviolet light on
a UVP® MultiDoc It Imaging System photo documenter. Degraded band and
lack of 28S and 18S RNA intensity indicate low RNA quality. RNA was
guantified in a NanoDrop® 2000 Thermo Scientific spectrophotometer. RNA
concentration (ng pL') was determined and Azeoi280 and Azeo/230 ratios were
used to assess RNA quality, where low Azeorzso (<1.8) and Azeorz3o (< 2.0)
indicate contamination by the presence of proteins or phenolic compounds.
Subsequently, a DNase treatment was carried out using DNase | RNase free

(Ambion Life Technologies) with the supplier protocol.

RT-gPCR

A total of 40 ng of pure RNA per reaction, obtained by each of the protocols
described above, were used to estimate the expression levels of the actin gene

in plants, using specific primers:

gActin-F: 5'- AGCCGTCGATGATTGGGATG -3’ with a melting temperature of
60 °C.
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gActin-R: 5- CCACTGAGCACAATGTTGCC -3' with a melting temperature of
60 °C, designed based on conserved regions of sequences previously reported
for other species (Salinas et al., 2019). The primers were synthesized by the
Sigma-Aldrich company.

The RT-gPCR was carried out in triplicate using the Power SYBR® Green
RNA-to-CT™ 1-Step kit, following the manufacturer's instructions, which were
performed on the Applied Biosystems Step One™ with real-time PCR
equipment. A negative control without RNA was used for RT-gPCR. The
thermocycling program was as follows: reverse transcription at 48 °C for 30
min, followed by Taqg polymerase activation at 95 °C for 10 min. Subsequently,
an initial denaturation at 95 °C for 15 s, followed by alignment at 60 °C for 1
min. This for 40 cycles, followed by an analysis of the melting curve: 95 °C for
15 s, 60 °C for 1,5 s and 95 °C for 15 s. The value of Ct(Cycle Threshold) was
taken as an indirect measure of efficiency. After RT-gPCR, melting curves were

generated to verify the specificity of the amplification.

Statistical analysis

Statistical analyzes were performed using SAS 9.0 software (SAS Institute Inc.,
Cary, NC, USA.). Comparisons among groups were analyzed by one-way
ANOVA, with the Least Significant Difference (LSD) test as a post hoc test.
Differences were considered significant at P < 0.05. All data are reported as

means + standard deviation (SD).

Results and discussion
RNA integrity

RNA integrity was validated using the formaldehyde gel electrophoresis
technique with MOPS-based agarose gels. A single band or two faint bands
indicate a low RNA quality of the extracted samples. All the samples (100 %)
from RNA isolated with the optimized method CTAB3a had better integrity
characterized by sharp bands for 28S and 18S rRNA (Fig 1 Protocol: CTAB3a).

In contrast, other methods produced faint RNA bands, with higher impurities in
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the gel and a blurred background during the run, even with the control used in
the extraction (Fig. 1 Protocol: Kit, Trizol, CTAB2, and CTAB3).

In accordance with Schoor et al. (2003), gene expression assays obtained from
partially degraded RNA samples, with ribosomal bands still visible, exhibit a
high degree of similarity compared to intact samples. So, this could still lead to
significant results if used carefully.

One of the most important challenges in the use of total RNA from plants with
a high polysaccharide content, such as A. vera, is the low amount of RNA
obtained and its degradation. Therefore, high-quality extraction is essential. In
this study, it was observed that the storage conditions of the samples, the
temperature during the extraction, the processing and precipitation time, the
centrifugation speed, the repetitions of the extractions and the elution volume
are parameters that can be optimized in the RNA extraction processes from
plants grown under abiotic stress conditions.

RNA integrity is directly related to RNA performance (Fleige & Pfaffl, 2006).
That is, establishing an efficient RNA isolation protocol and introducing a
method with minor modifications may maximize the amount of RNA recovered
for downstream applications.

Afifah et al. (2021) found similar results to those of the present study, in the
electrophoresis bands of plant RNA, with samples of Solanum lycopersicum,
using a method based on Trizol. On the contrary, the bright bands indicate the
presence of RNA of good quality, which could be seen in the gel of the CTAB3a
method (Fig. 1).

These results are consistent with what was done by Deepa et al. (2014), who
found that methods based on guanidine salts, such as Trizol and commercial
kits, were not effective for extracting RNA from species of plants rich in
secondary metabolites.
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Figure 1. Agarose gel electrophoresis of A. vera RNA extracted by five extraction
methods. The plants were grown under abiotic stress conditions. The agarose gel
electrophoresis images used in this figure were autocorrected for the same brightness
and contrast, using ImageJ software. Samples: M1 (FC and 20 mM), M2 (FC and 80
mM), M3 (PWP and 20 mM) and M4 (PWP and 80 mM), control A. thaliana.
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RNA concentration

The RNA concentration (ng pLt) showed significant differences among
samples and protocols (P < 0.05) (Table 6). Total RNA isolated with the
CTAB3a method produced a yield statistically equal to the obtained with the Kit
method. The other methods, Trizol, CTAB2, and CTAB3, were on average
68.64% higher compared to the CTAB3a method. However, during the
extraction with these three methods, the handling of the sample was difficult
since mucilage residues of the sample were still present in the washing and
solubilization stages. The highest concentration values were found in the A.
thaliana control sample for most of the protocols, except for the Trizol method.
Previous studies reported a low RNA concentration in samples subjected to
abiotic stress (Sajeevan et al., 2014; Shahrokhabadi et al., 2008). In this study,
we observed a lower RNA concentration in A. vera samples subjected to water
deficit and salinity stress, compared to the control A. thaliana. In accordance
with Chang et al. (1993) and Shahrokhabadi et al. (2008), the reduced
concentration of RNA and the interference of secondary metabolites in its
extraction depend on the severity of the stress and the type of tissue.
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Table 6. Comparative evaluation of the RNA concentration (ng pL?) extracted, using five different isolation methods, from Aloe vera
grown under abiotic stress conditions.

_ Sample
Extraction M1 M2 M3 M4 Control*
Method
Kit 19.37 * 558 pcd 943 + 394 g 2157 * 988 pcd 2053 + 331 peg 107.60 = 0
Trizol 7293 + 11.76 pcd 56.60 + 14.80 ped 91.83 + 2095 ped 10413 + 1151 pe 7840 + 0 ped
CTAB2 49.80 + 1256 pcd 108.80 + 1216 p 3163 + 954 ped 3573 + 6.69 ped 24330 = 0 2
CTAB3 1167 + 350 cd 51.10 + 972 ped 23.17 + 848 ped 72.63 * 1252 ped 27540 + 0 g
CTAB3a 1573 + 3.80 ped 10.33 + 258 ¢ 10.37 + 3.48 2030 + 7.81 ped 7940 * 0 ped

Values presented are the mean + SD of three replicate technical samples. Values with the same literal, are statistically equal according
to the LSD test (P < 0.05). Samples: M1 (FC and 20 mM), M2 (FC and 80 mM), M3 (PWP and 20 mM), and M4 (PWP and 80 mM). *
A. thaliana
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In accordance with Roy et al. (2020), there is a correlation between RNA
recovery and the initial mass of a sample; in this study, the same amount of
sample was used for all extraction methods to avoid discrepancy. Farrell Jr
(2009) considers that changes in precipitation conditions affect performance,
SO overnight precipitation was recommended for samples containing high
secondary metabolites to ensure RNA recovery. This coincides with what was
done by Vasanthaiah et al. (2008) in grape tissue rich in polyphenols and
polysaccharides. In the present study, the CTAB-based methods were carried
out with precipitation in LiCl, overnight at 4 °C, which is reflected in a higher
recovery of nucleic acids.

The Kit method tested in this study has a procedure that requires little time to
carry out, however, it demands a considerable investment. The latter can be a
limitation when it is intended to process many samples.

On the other hand, the Trizol method is one of the most common methods for
RNA purification due to its simplicity and economic feasibility. However, the
drawback of this method is often the low quality of the extracted RNA due to
phenol residue and guanidinium thiocyanate contaminants from the reagents
(Afifah et al., 2021).

The modified CTAB3a protocol was developed for the extraction of RNA from
plant tissue with high polysaccharide and polyphenol content, as it is one of the
main obstacles challenging functional studies involving plants under abiotic
stress conditions (Samec et al., 2021). This protocol is cost-effective compared
to commercially available kits and was successful in obtaining quality RNA from
A. vera, whereas Trizol and other kits generally failed. This was demonstrated
by the RT-gPCR assay. The protocol standardized here has been modified to
be reliable, using basic laboratory chemicals that researchers can access

without relying on expensive reagent Kits.
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RNA quality

The proportions Azeozso showed significant differences among samples and
protocols (P < 0.05) (Table 7). For the Trizol and Kit protocols, the mean Azsorzso
ratios were <1.8 (1.69 and 1.79, respectively). While for the CTAB2, CTAB3,
and CTAB3a protocols, Azsorzso were >1.8 (1.84, 2.13, and 1.93, on average,
respectively). The Azeor230 ratios also showed significant differences among
samples and protocols (P < 0.05) (Table 7).

In accordance with Imbeaud et al. (2005), a ratio Azesor2so greater than 1.8
indicates minimal protein contamination. With the CTAB2 and CTAB3 methods
were obtained quality indicators on average, Azsozso > 1.8 (Manchester, 1996).
However, visualizing the integrity of the RNA in the gel, the presence of swept
bands was verified, indicating degraded RNA for CTAB2. For CTAB3, the
presence of bands was not observed. Unlike the CTAB3a method, where the
two typical bands, 28S and 18S, of a well-defined RNA sample can be seen.
This makes it evident that the assessment of the quality and purity of the isolate
must be evaluated by means of spectrophotometry and electrophoresis
together. Nucleic acid quality and purity assessments are more reliable with
direct visualization on an electrophoresis gel, according to Kasajima et al.
(2013).

Most of the samples extracted in all the extraction methodologies, used in this
study, had a ratio Azso2s0 below 1.8, which indicates the presence of
contamination with salts, polysaccharides, and residues of extraction reagents
(Table 7).

Other studies have reported this same problem, with values of Azeo/230 of 0.51
and 0.94, with samples of seeds from Triticum aestivum (Vennapusa et al.,

2020) and leaf samples of Glycine max (Bilgin et al., 2009).
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Table 7. Comparative evaluation of proportions Azsozso Y Azsorzzo Of RNA extracted,
using five different isolation methods, from Aloe vera grown under abiotic stress
conditions.

Extraction

Method Sample A260/280 A260/230
M1 163 + 0.2  bed 079 £+ 0.1 bcd
M2 176 + 0.2 bcd 0.66 = 0.1 bcd
Kit M3 167 + 0.1 bcd 0717 £+ 0.2 bcd
M4 161 + 0.3  bcd 0.69 £+ 0.3 bcd
Control* 1.80 =+ bed 098 = 00 bcd
M1 192 + 0.2 abed 03 + 03 d
M2 149 + 03 d 016 + 00 d
Trizol M3 172 + 0.2 bcd 033 + 01 d
M4 181 + 0.1 abcd 046 + 02 d
Control* 200 = abcd 016 + 00 d
M1 176 + 04 bcd 034 + 01 d
M2 154 + 04 041 + 01 d
CTAB2 M3 1.89 + 0.5 abcd 032 + 01 d
M4 199 + 0.4  abcd 029 =+ 01 d
Control* 204 = abcd 151 £+ 0.0 abc
M1 203 + 0.1 abcd 016 + 01 d
M2 239 £+ 01 a 019 + 01 d
CTAB3 M3 209 + 0.2 abc 033 + 01 d
M4 196 + 0.2 abcd 048 + 03 dc
Control* 2.18 = ab 223 = 00 a
M1 205 + 0.3 abcd 061 + 01 d
M2 191 + 0.1 abcd 058 £+ 0.2 ab
CTAB3a M3 180 + 04  bcd 05 £ 01 d
M4 184 + 0.2 abed 0.64 £+ 0.3 bcd
Control* 204 + 0.0 abcd 252 = 00 a

Values presented are the mean £ SD of three replicate technical samples. Values in
the same column with the same literal are statistically equal according to the LSD test
(P < 0.05). * A. thaliana. Samples: M1 (FC and 20 mM), M2 (FC and 80 mM), M3
(PWP and 20 mM), and M4 (PWP and 80 mM).
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Alike, some authors have reported low-quality of RNA isolated using Trizol, due
to contamination with polysaccharides in sunflower seeds (Ma & Yang, 2011)
and fungi (Schumann et al., 2013). Sanchez-Rodriguez et al. (2008) reported
contamination by the presence of residual sugars at the end of the RNA
extraction from fungi, explaining that it can occur when extraction kits are used.
These ones kits contain a glass fiber matrix with which the carbohydrates in
the sample can interact since it has oligo dT groups necessary for the capture
of the terminal sequences polyA+ of RNA.

The use of the CTAB3a protocol showed better performance, decreasing the
presence of polysaccharides (Azeso230 = 0.98 on average), compared to the
other protocols used in this study. However, the low A2zso/230 ratio is due to
contamination of the RNA with polyphenols contained in the samples. Since,
according to Pavokovic¢ et al. (2012), polyphenols absorb light in the spectrum
at 240-290 and 340-380 nm.

Regarding the use of CTAB and LiCl in RNA extraction, it has been reported
that they are ideal for increasing the quality of samples with a high content of
contaminants (Sanchez-Rodriguez et al., 2008; Vasanthaiah et al., 2008).
Clarke (2009) explains that this is because CTAB, under conditions of high salt
content, binds to polysaccharides, removing them from the solution. While the
function of LiCl is to facilitate the precipitation of RNA, free of DNA, proteins, or
carbohydrates (Barlow et al., 1963).

The differences between the CTAB3 and CTAB3a protocol is the spermidine
in the lysis buffer and the phenol-chloroform isoamyl alcohol in the extraction
step, used in the CTAB3a method, which may have contributed to the
improvement in the CTAB3a protocol in the parameter Azso230. Ludyga et al.
(2012) reported nucleic acid extraction protocols using phenol chloroform
isoamyl alcohol, where higher purity was obtained in the isolated RNA and
yielded the longest amplicons for downstream applications, compared to
commercial extraction kits. A mixture of phenol and chloroform has also been
shown to increase RNA vyield and stability (Farrell Jr, 2009). On the contrary,
Gallagher (2000) reported that the bass Azeo/230 is caused by polysaccharides

and residual contamination with the phenol reagent used in the extraction. In
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accordance with Rodrigues et al. (2009), phenol extraction is based on the
separation of macromolecules into organic and aqueous phases. The aqueous
phase dissolves nucleic acids, carbohydrates, and cellular debris, while the
phenolic phase transports proteins and lipids. At the end, the proteins in the
phenolic phase are precipitated with methanol.

Given the difficulty in the RNA extraction due to the physical and chemical
characteristics of the samples used in this study, it was necessary to add
polyvinylpyrrolidone (PVP) reagents (Deepa et al., 2014) and spermidine
(Nashimoto, 1992), to optimize RNA recovery. In addition, 3-mercaptoethanol
was used to prevent oxidation of the sample (Gonzalez-Mendoza et al., 2008).
Regarding the differences between the CTAB2 and CTAB3a protocols, they
are mainly the addition of mechanical steps in the CTAB3a method. The
repetition of mechanical steps with the use of chloroform in the extraction stage
and the washing of the RNA with ethanol increase its recovery both in quantity
and quality (Roy et al., 2020). The repetition was also carried out in the final
washing step, to remove residues of extraction reagents and salts used during
precipitation (Afifah et al., 2021). A CTAB-based methodology has also been
used successfully by Favreau et al. (2019) for high-quality RNA extraction and
gene expression analysis of Eucalyptus grandis cultivated under water deficit.

RT - gPCR

The quality of the total RNA was further examined by RT- gPCR. All samples
of total RNA extracted from A. vera were successfully amplified using an actin
gene. Threshold Cycle values (Cr) were taken as an indirect measure of the
efficiency of the extracted RNA, and statistical differences were found among
protocols (P < 0.05). The absolute values of Cr obtained individually for each
sample are graphically represented in a box plot (Fig. 2), where the median of
Cr raw is represented by lines. The values of Ct were lower (higher sensitivity)
as expected for RNA samples isolated with the CTAB3a method (23.14 + 4.91),
which corresponds to quality RNA. Extraction methods Kit (26.29 + 3.21), Trizol
(29.11 + 3.80), CTAB2 (27.98 + 2.35) and CTABS3 (24.40 £ 4.98) had values of
Cr 13.47% higher than the CTAB3a method, on average.
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Assessing the integrity and quality of RNA is a critical factor before validation
of gene expression data (Fleige & Pfaffl, 2006). In this sense, RT-gPCR is very
sensitive to impurities, so it is convenient to evaluate the functional integrity of
the RNA isolated through this analysis, as a prior analysis of gene expression
(Ghangal et al., 2009).

RNA extraction, optimization, and validation in this study were aimed at
enabling optimal performance of RT-gPCR experiments in samples grown
under abiotic stress conditions. A more suitable method for the extraction of
RNA from A. vera cortex was implemented, which produced RNA with high
integrity for this purpose. The difference in the value of Cr among the samples
of each extraction protocol could be related to the differences in the purity of
the total RNA (Deng et al., 2005).

Particularly, RT and PCR can be inhibited by many factors that have been
shown to be present in the samples, in addition to exogenous contaminants.
Some of these factors are derived from the tissue removed or may be the result
of inefficient or haphazard laboratory handling. For instance, cell constituents,
Ca?* and the high concentration of genomic DNA are important factors (Fleige
& Pfaffl, 2006; Wilson, 1997).
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Figure 2. Quantitative real-time PCR assay (RT-gPCR) using RNA extracted from Aloe
vera grown under abiotic stress conditions, using five different isolation methods. A.
thaliana, grown under normal conditions, was used as a control. The bars show the values
of Cr were used as an indirect measure of efficiency (n = 4 biological replicates). Bars
with the same literal are statistically equal according to the LSD test (P < 0.05). Samples:
M1 (FC and 20 mM), M2 (FC and 80 mM), M3 (PWP and 20 mM) and M4 (PWP and 80
mM).
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The specificities of the RT-gPCR amplification were confirmed by the melting
curves. A single peak corresponds to a single amplification (Fig. 3) and
indicates the purity and specificity of the amplified PCR fragment. The results
showed that the specific amplification of the total RNA extracted from the A.
vera plants was achieved in all the samples with the CTAB3a method. With the
remaining four protocols (Kit, Trizol, CTAB2, CTAB3), it is possible to observe
other peaks, in addition to the main one that represents the Tm; these extra
peaks per curve represent non-specific products or dimers of primers (Li et al.,
2021). Some various inhibitors or contaminants influence the presence of these
non-specificities, such as pulp, polysaccharides, and polyphenols, among
others (Li et al., 2021). No melting curves were detected in the negative control,
so the extra peaks do not correspond to the inefficiency of the primers or poor
handling of the samples. The negative control is the one that does not contain
RNA and the volume is replaced with water (nuclease-free), it is the so-called
«control without sample». This control makes it possible to detect

contamination of the reagents.
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Figure 3. Melting curves of the RT-qPCR assay. A single peak corresponds to a single
amplification. Specific amplification of total RNA extracted from A. vera using five
extraction protocols: Kit, Trizol, CTAB2, CTAB3, and CTAB3a.
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Conclusions

The RNA samples extracted using the CTAB3a method, ratios of purity Azeo/2so
close to two. Also, these RNA samples displayed sharp and strong bands in
the electrophoresis agarose gel, showing a good integrity and high efficiency
in the RT-gPCR assay. They show that the RNA extracted by this method has
better quality compared to other RNA isolation methods evaluated, even for
samples grown under higher stress conditions. The CTAB3a allowed an
optimization in the amount of reagents, which is useful when it is required to

process a large number of samples.
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CHAPTER V. Key genes regulating a glucomannan
production of Aloe vera (L.) under salinity and salt-water
stress combination

Abstract

Although the combined effects of different types of abiotic stress on plants are
becoming more common due to climate change and its environmental
consequences, studies that analyze them jointly are rare. This study aimed to
identify the mannose-rich polysaccharide content and the expression of
glucomannan mannosyltransferase (GMMT) gene, xanthoxin dehydrogenase
(ABA2) gene, and abscisic acid-glucosyltransferase (AOG) in Aloe vera under
salinity and salt-water stress combination. The experiment consisted of
applying different concentrations of salt (0, 20, 40, 60, and 80 Mm NaCl) and
two levels of soil moisture (field capacity (FC) and permanent wilting point
(PWP), corresponding to 20.7 and 12.3 % of soil water content, respectively),
to create ten treatments. Five of the treatments were with salinity (S) and
irrigation at FC (S0, S20, S40, S60 y S80), while the other five included salinity
and water deficit (WD) with irrigation at PWP (SOWD, S20WD, S40WD,
S60WD y S80WD). By means of RT-gPCR, the relative expression of the
GMMT, ABA2, and AOG genes was measured. The sugar composition was
measured by means of gas chromatography. Both, salinity and saltwater stress
combination, differences were found in the sugar content. In salinity, an
upregulation of GMMT and AOG, and a downregulation of ABA2 were found.
In the salt-water stress combination, upregulation of GMMT and ABA2, while
there was a downregulation of AOG. To conclude, in A. vera, the transcriptional
regulation of ABA-related gene expression, as well as the content of mannose-
rich polysaccharides, are factors that control tolerance to salt stress and a

combination of salt-water stress.

Keywords: abiotic stress, combined stress, real-time PCR, acemannan
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Resumen

Aungue los efectos combinados de diferentes tipos de estrés abiotico en las
plantas son cada vez mas comunes debido al cambio climatico y sus
consecuencias ambientales, los estudios que los analizan en conjunto son
escasos. El objetivo de este estudio fue identificar el contenido de
polisacéaridos ricos en manosa y la expresion de los genes glucomanano
manosiltransferasa (GMMT), xantoxina deshidrogenasa (ABA2) y abscisico-
glucosiltransferasa (AOG) en Aloe vera en salinidad y una combinacion de
estrés hidrico-salino. ElI experimento consisti6 en aplicar diferentes
concentraciones de sal (0, 20, 40, 60 y 80 mM) y dos niveles de humedad del
suelo (capacidad de campo (FC) y punto de marchitez permanente (PWP),
correspondientes a 20.7 & 12.3 %, respectivamente) para crear diez
tratamientos. Cinco de los tratamientos fueron con salinidad y riego a FC (SO,
S20, S40, S60 y S80), mientras que los otros cinco incluyeron salinidad y déficit
hidrico con riego al PWP (SOWD, S20WD, S40WD, S60WD y S80WD). La
composicién de azucares se midié por medio de cromatografia de gases. Por
medio de RT-gPCR, se midio la expresion relativa de los genes GMMT, ABA2
y AOG. Tanto para salinidad como combinacion de estrés salino-hidrico se
encontraron diferencias en el contenido de azlcares. En salinidad, fue
encontrado un incremento la transcripcion de GMMT y de AOG, y disminucion
en la transcripcion de ABA2. En combinacion de estrés salino-hidrico,
incrementd la transcripcion de GMMT y ABA2, mientras que hubo una
disminucion en la transcripcion de AOG. Para concluir, en A. vera, la regulacion
transcripcional de la expresién génica relacionada con ABA, asi como el
contenido de polisacaridos ricos en manosa, son factores que controlan la

tolerancia al estrés salino y a una combinacion de estrés salino-hidrico.

Palabras clave: estrés abidtico, estrés combinado, PCR en tiempo real,

acemanano
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Introduction

Studies to analyze the effect of a combination of abiotic stresses on plants are not
very common, even though, with climate change and its effects on the
environment, the interaction of various types of stress is increasingly. Water and
salt stress often coincide due to brackish water irrigation and the salt left after the
water evaporates in irrigated agricultural areas (Xue et al., 2021). In the
combination of salinity and drought stress, its main impact is through the osmotic
effect, so the immediate downstream signaling process in response to these
stresses is similar; however, it differs substantially at the end of a long period of
stress. There is a large amount of evidence showing that the excessive
accumulation of sodium (Na*) and chloride (CI) leads to irreversible damage.
However, NaCl-mediated enhancement of plants is also reported to resist extreme
drought and salt stress, enhance plant photosynthesis and metabolism
(Chakraborty et al., 2022). Assessing the individual and combined effects of water
deficit and salt stress on plant establishment, growing and develompment can help
inform plant production management in terms of yield stabilization (Ors et al.,
2021).

Abscisic acid (ABA) is a plant hormone involved in the control of a wide range of
physiological processes, including adaptation to environmental stress (Audran et
al., 1998). Expression of the abscisic acid-glucosyltransferase AOG or ABA-
GTase gene regulates the conversion of ABA to its glucose ester, an inactive
storage form of ABA (Jieyang et al., 2021). On the other hand, the ABA2 gene of
xantoxin dehydrogenase is involved in the biosynthesis of ABA (Chen et al., 2022).
Moreover, Salinas et al. (2019) carried out a study where they found that the
expression of the glucomannan mannosyltransferase (GMMT) gene, which
codes for skeletal precursors of acemannan, the storage glucomannan of A.
vera, increases with the water stress to which the plant is subjected.

These three genes, GMMT, AOG, and ABA2, were chosen in this study for their
role in the pathways that are induced under abiotic stress conditions, and their
reliability as stress indicators in A. vera. The objective of this study was to
identify the mannose-rich polysaccharide content and the expression of
GMMT, AOG, and ABA2 in Aloe vera under salinity and salt-water stress

combination.
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Materials and methods

Sample

The experiment was carried out in the University Regional Unit for Arid Zones
of the Autonomous University of Chapingo (Durango, Mexico), during spring to
summer 2020. Salinity and water deficit treatments in A. vera plants, as well as
morphometric, physiological and productive attributes, have been previously
published in Mota-Ituarte et al. (2023). Five saline concentrations were applied:
0, 20, 40, 60, and 80 mM NacCl; and two levels of soil moisture were field
capacity (FC) and permanent wilting point (PWP), corresponding to 20.7 and
12.3 % of soil water content, respectively. Resulting in ten treatments; five with
salinity (S) and irrigation at FC (S0, S20, S40, S60, and S80) and five more
with a combination of salinity and water deficit (WD), with irrigation at PWP
(SOWD, S20WD, S40WD, S60WD, and S80WD). SO was the control treatment.

At the end of the stress treatments, the plants were thoroughly washed by
means of a sprinkler with distilled water. For RNA extraction and subsequent
RT-gPCR, the third leaf from the inside out of the rosette of each plant was
sectioned separately. Samples were immediately frozen in liquid nitrogen and
stored at -70 °C until analysis.

After separating the leaves for RNA extraction, the samples were prepared to
evaluate the polysaccharide content. The fillets containing the gel were
separated from the leaves as described by Femenia et al. (1999). The leaves
were cut, and the rind was separated from the fillet. Subsequently, the fillets
were cut into small cubes and crushed, to later be homogenized. Approximately
500 g of homogenized fillets were frozen and freeze-dried in a LABCONCO
FreeZone Triad Cascade Benchtop Ilaboratory-scale freeze-dryer
(LABCONCO, Kansas City, Missouri, USA) operated at 70 x 10-3 mBar with a
condenser temperature of -40 °C. The lyophilized Aloe vera gel was packaged

and stored in anhydrous conditions until analysis.

Extraction of water-soluble polysaccharides
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First, the Alcohol Insoluble Residues (AIR) of the A. vera samples were
obtained as described by Femenia et al. (1999). Subsequently, the isolation of
water-soluble polysaccharides was carried out as described by Minjares-
Fuentes, Rodriguez-Gonzalez, et al. (2017) with some modifications. The AIR
suspension (500 mg AIR/L) was centrifuged at 13,000 g for 1 h at 20 °C and
the supernatant, containing water-soluble polysaccharides, was lyophilized.

Sugar composition

For the samples of the soluble fraction, which mainly contains reserve
glucomannan, acemannan, hydrolysis was carried out according to what was
reported by Minjares-Fuentes, Rodriguez-Gonzalez, et al. (2017). The soluble
fractions were dispersed in H2SO4 1 M and hydrolyzed at 100 °C for 2.5 h. The
neutral sugars released from the hydrolysis were derivatized as their
corresponding alditol acetates and separated isothermally at 220 °C by gas
chromatography (Hewlett-Packard 5890A, Waldbronn, Germany) with an FID
detector, equipped with a 30 m DB column -225 (J&W Scientific, Folsom, CA,
USA) with 0.25 mm ID and 0.15 um film thickness.

RNA extraction

The bark was separated from the frozen leaves and stored at -70 °C, avoiding
contamination with plant mucilage, due to the presence of polysaccharides that
interfere with RNA extraction. The tissues were ground to an opaque green fine
powder using a mortar and pestle and liquid nitrogen. RNA extraction was
made as follows.

Extraction Buffer 700 pL (2% w/v CTAB, 2% w/v PVP, 100 mM Tris-HCI pH 8,
25 mM EDTA, 2 M NacCl, 0.05% spermidine) and 100 pL of B-mercaptoethanol
were added to the sample. The mix was shaken for 30 s at maximum speed in
a vortex. The next step was an incubation for 10 min at 65 °C, inverting the
tube four times. Chloroform 500 puL was added and vortexed again for 30 s at
maximum speed. After, it was centrifuged for 10 min, at 4 °C at 10,000 rpm.
The supernatant was transferred to a new tube and 350 pL of phenol:

chloroform: isoamyl alcohol (25:24:1) was added to it. It was vortexed for 30 s
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at maximum speed and centrifuged for 10 min at 4 °C at 10,000 rpm. The
supernatant was transferred to a new tube and an equal volume of the
recovered supernatant of chloroform: isoamyl alcohol (24:1) was added to it. It
was shaken for 30 s in a vortex at maximum speed and centrifuged for 10 min,
at 4 °C and 10,000 rpm. Again, the supernatant was transferred to a new tube
and 1/3 volume of 10 M LiCl was added. It was then allowed to precipitate
overnight at 4 °C. Afterwards, it was centrifuged for 20 min at 4 °C at 10,000
rpm, decanted, and the pellet was washed with 800 pL of 96% ethanol. It was
shaken gently and centrifuged for 5 min, at 4 °C at 10,000 rpm. Additionally,
the pellet was washed with 800 pL of 70% ethanol and gently agitated. It was
centrifuged for 5 min at 4 °C at 10,000 rpm and decanted. Finally, the pellet
was dried at room temperature and resuspended in 20 pL of DEPC water.
Subsequently, a DNase treatment was carried out using DNase | RNase free
(Ambion Life Technologies) with the supplier protocol.

Primers
An amount of 40 ng of RNA total per reaction was used to estimate the
expression levels of the GMMT, ABA2, and AOG genes, with actin as the

reference gene, using specific primers (Table 8). The primers were

manufactured by Sigma-Aldrich.
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Table 8. Primers used in the RT-gPCR assay.

m Expected
Primer Sequence R product Reference
O size (ob)
5'-

GMMT-F GTC':CAGATCCCCATGTTCAACGA Salinas et
G-3 60 107 al. (2019)
CCAACAGAATTGAGAAGGGTGAT '

GMMT-R 3

ABA2F O 55 80
GGACAGTACAGAGGTCCAATTC-3' Rodriquez

ABA2-R 5- TCCTCAGCAACCTCCAAATC-3' 9t

-Gonzélez
' et al.,
AOG-F g'- GGTGCCCACCCTCTTATTATC- o o7 (2023)*
AOG-R g'— AAGGTGAAGGAGGAGGAGAA-
5- AGCCGTCGATGATTGGGATG -
Actin-F 3' 60 116 Salinas et
. 5- CCACTGAGCACAATGTTGCC - al. (2019)
Actin-R 3

Tm: melting temperature, pb: base pairs. *Article in progress

Quantitative analysis RT-qPCR

RT-gPCR was carried out in triplicate, using Power SYBR® Green RNA-to-
Cr™ 1-Step Kit in a real-time PCR system Step One™ of Applied Biosystems,
with the manufacturer protocol, for a reaction volume of 10 yL. Negative control
was used for RT-qPCR. The thermal cycle used was as follows: reverse
transcription at 48 °C for 30 min, followed by activation of the tag polymerase
at 95 °C for 10 min. Subsequently, an initial denaturation at 95 °C for 15 s,
followed by alignment at 60 °C for 1 min. This process is for 40 cycles, followed
by an analysis of the melting curve: 95 °C for 15 s, 60 °C for 15 s, and 95 °C
for 15 s. Relative expression levels were determined using the Quantitation —
Comparative Ct (AACt) method (Schmittgen & Livak, 2008):

Normalized level of expression of the target gene in the sample = 2" (—44C(7)

After real-time PCR, melting curves were generated to verify the specificity of
the amplification. The sizes of the PCR products were verified by agarose gel

electrophoresis.
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Statistical analysis

ANOVA and Fisher LSD post hoc test were performed to determine significant
differences among the results obtained from each quantitative analysis.
Statistical analyzes were performed using SAS 9.0 software (SAS Institute Inc.,
Cary, NC, USA).

Results and discussion

Sugar composition

The carbohydrate composition (g sugar/kg plant) showed significant
differences among treatments (P < 0.05) for mannose and galactose. For
glucose, no significant differences were found (P < 0.05). Table 9 shows the
content of sugars present in the different soluble fractions obtained from the
AIRs. All samples were characterized by the predominant presence of
mannose, followed by minor amounts of glucose and galactose. These results
are consistent with those obtained by Kumar and Kumar (2019) and Minjares-
Fuentes, Rodriguez-Gonzalez, et al. (2017).

Some trends can be observed, such as that the samples subjected to salinity
with abundant irrigation (S20, S40, S60, and S80) were statistically equal to
the control in the three sugars reported in this study. For manose, the samples
with the highest levels of salt-water stress combination, with PWP irrigation
(S60WD, and S80WD) were statistically equal to the control, whereas,
treatments S20WD and S40WD had a decrease. This response of the plants
may be because when the plant is under salinity conditions, it needs to store
water to maintain constant hydration levels, since salt retains part of the
irrigation water and, therefore, can cause dehydration. Hence, the
glucomannan which has the reserve function, remains constant in
concentration as the plant experiences salinity stress, since the amount of
available water is abundant and constant, at FC in all plants. This could have

been through ion exclusion strategies, as well as tissue tolerance, which plays
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an important role since A. vera plants can use Na* as an osmoregulator
(Chakraborty et al., 2022).

The polysaccharides content of A. vera is directly related to the culture
conditions. Irrigation affects the amount of polysaccharides (Liu et al., 2019).
Separately, salinity and water stress decrease the glucomannan content,
according to what has been reported by some authors. In the case of irrigation
with seawater at 42%, Jiang et al. (2014) reported that the concentration of
polysaccharides decreases in the leaves at the base of the plant, but it is
maintained in the upper and middle leaves. Minjares-Fuentes, Medina-Torres,
et al. (2017) found that, with a water deficit of 60%, the mannose content
decreases up to 41%. Quezada et al. (2017), reported that glucomannan
increases in quantity under water stress.

In stress combination, plants may prioritize an acclimatization/adaptation
strategy over the other, using a combination of the two responses, and/or using
an entirely new strategy (Rivero et al., 2022). In this study, the effects of salinity
on the sugar content were statistically equal to those obtained at extreme levels
of combined salt-water stress (S60WD and S80WD). Therefore, A. vera plants
could be using a synergistic response to salinity and water deficit. Production
of polysaccharides under stress combination, a response driven by extreme
drought, allowed the A. vera plants to enhance the overall response to the
stress combination.

During stress combination, the main problem plants face is that the two types
of stress can demand different and sometimes opposite metabolic and
physiological responses (Rivero et al., 2022). Plants are generally stressed by
salinity due to high osmotic pressure inhibiting water uptake, and crop
symptoms are generally the same as those of water stress. In a salt-water
stress combination, the response required of A. vera was to store as much

water as possible since both, salinity and water deficit, cause water scarcity.
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Table 9. Carbohydrate composition of the water-soluble polysaccharides isolated from
Aloe vera under salinity and salt-water stress combination.
(g sugar/kg plant)

Treatment Manose Galactose Glucose

SO* 2079 + 0.31 ab 0.064 + 0.02 abc 0.189 =+ 0.04
S20 2599 + 0.28 a 0.077 = 001 a 0.194 + 0.01
S40 1801 = 018 b 0.055 + 0.00 abcd 0.170 = 0.01
S60 1964 + 0.11 ab 0.077 £ 0.02 ab 0.195 = 0.02
S80 1748 = 0.11 b 0.036 + 0.00 cde 0.157 = 0.02
SOWD 1652 = 054 b 0.048 + 0.01 bcde 0.153 = 0.03
S20wWD 0.616 + 048 c 0.024 + 0.01 e 0.057 = 0.03
S40WD 0.875 =+ 035 ¢ 0.040 £+ 0.01 cde 0.090 = 0.02
S60WD 1659 =+ 027 b 0.035 £ 0.01 de 0.149 *= 0.02

S80WD 1.727 + 023 b 0.055 * 0.00 abcd 0.205 + 0.01

Values presented are the mean + SD of three replicate technical samples. Values in the same
column with the same literal are statistically equal according to the LSD test (P < 0.05).
Treatments: SO (salinity 0 mM NaCl & FC, *control treatment), S20 (salinity 20 mM NaCl & FC),
S40 (salinity 40 mM NaCl & FC), S60 (salinity 60 mM NaCl & FC), S80 (salinity 80 mM NaCl &
FC); SOWD (salinity 0 mM NaCl & PWP), S20WD (salinity 20 mM NaCl & PWP), S40WD
(salinity 40 mM NaCl & PWP), S60WD (salinity 60 mM NaCl & PWP) and S80WD (salinity 80
mM NaCl & PWP).

GMMT expression in A. vera plants

The GMMT gene encodes the enzyme for the synthesis of acemannan (Salinas
et al., 2019), the water reserve polysaccharide of A. vera. The relative
expression GMMT/Actin showed significant differences among treatments (P <
0.05) (Figure 1). Expression was quantified using the RT-qPCR technique. The
relative expression of GMMT was upregulated in A. vera plants under salinity,
on average more compared to plants under salt-water stress combination.
These results agree with those of other authors, who report that under salinity
conditions, A. vera plants maintained adequate productivity in terms of gel

production (Mota-Ituarte et al., 2023; Sifuentes-Rodriguez et al., 2020).
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It is worth highlighting the SOWD treatment, with severe water restriction and
no salinity, where the relative expression of GMMT is statistically equal to the
control. In the research carried out by Salinas et al. (2019), where they
identified the GMMT of A. vera, they found that its expression increased in the
leaves of the plants with water deficit (50% FC), but not with the most severe
water restriction treatment (25% FC), compared to control.

On the other hand, no significant difference was found in most of the salt-water
stress combination levels, except in the highest level of stress where, as in the
treatments with only salinity, the relative expression increased, up to four times
more than the control. This is explainable since the water content in the tissues
of plants classified as succulents plays a role more for survival than
physiological availability for productivity (Sifuentes-Rodriguez et al. 2020).
Under a combination of salt-water stress, A. vera prioritizes survival, thus
reducing its photosynthetic activity and water storage.

Salinas et al. (2019) found, by means of an in-silico analysis, that GMMT
belongs to the cellulose synthase-like A type-9 (CSLA9) subfamily. Cellulose
synthase-like A (CSLA) family genes have previously been reported to be
involved in the plant response to abiotic stress and the biosynthesis of bioactive
mannan polysaccharides (Davé & McCarthy, 1997; Goubet et al., 2009; He et
al., 2015; Speicher et al., 2018). In addition, several investigations have shown
the participation of members of the CSLA family of various plant species in the
synthesis of 1,4-B-mannan and glucomannan skeletons. (Dhugga, 2012; Gille
etal., 2011; Goubet et al., 2009; Liepman et al., 2007; Suzuki et al., 2006). The
results of the expression of the GMMT gene in this study provide more
information about the biosynthetic capacities of CSLA proteins in A. vera plants

under salt-water stress combination.
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Figure 1. GMMT expression levels in Aloe vera plants subjected to salinity and salt-
water stress combination. Treatments: SO (salinity 0 mM NaCl & FC), S20 (salinity 20
mM NacCl & FC), S40 (salinity 40 mM NaCl & FC), S60 (salinity 60 mM NaCl & FC),
S80 (salinity 80 mM NaCl & FC); SOWD (salinity 0 mM NaCl & PWP), S20WD (salinity
20 mM NacCl & PWP), S40WD (salinity 40 mM NaCl & PWP), S60WD (salinity 60 mM
NaCl & PWP) and S80WD (salinity 80 mM NaCl & PWP). *S0 treatment was used as
a calibrator and the expression levels of ACTIN as normalized. Mean values + SD.
Different letters represent significant differences among treatments (LSD test, P <
0.05). Four biological replicates and three technical replicates were used.

ABA2 expression in A. vera plants

The relative expression ABA2/Actin showed significant differences among
treatments (P < 0.05) (Figure 2). Expression was quantified using the RT-qPCR
technique. The relative expression of ABA2 showed a higher presence in A.
vera plants with salt-water stress combination treatments. The medium level
(S40WD) of this stress combination is the one with the highest positive
regulation, up to four times more than the control. The most severe stress
combination treatments tend to decrease the expression of ABA2. As for the
plants under salinity conditions, most showed lower relative expression values
with respect to the control.

The ABAZ2 biosynthetic enzyme xanthoxin dehydrogenase is a member of the
short-chain dehydrogenase/reductase family, whose function is to catalyze the

conversion of xanthoxin to the abscisic aldehyde in the ABA biosynthetic
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pathway (Chen et al., 2022; Cheng et al., 2002; Jia et al., 2022). As is known,
the importance of ABA lies in the fact that it is the main hormone that regulates
the response of plants to abiotic stress (Brookbank et al., 2021; Jia et al., 2022;
Li et al., 2022).

The action of ABA2 is determinant for a basal level of ABA in plants (Léon-
Kloosterziel et al., 1996). Lin et al. (2006) reported that ABA2 expression in A.
thaliana (AtABA2) slightly increased ABA levels and promoted salt stress
tolerance. Endo et al. (2014) identified a xanthoxin dehydrogenase called
OsABAZ2 in rice and found that OsABA2 mRNA expression did not change in
response to dehydration treatment. In A. thaliana, AtABA2 is expressed
constitutively, at a relatively low level, and is not induced by dehydration stress
(Cheng et al., 2002; Gonzalez-Guzman et al., 2002). Zhang et al. (2022) using
genetic analysis showed that OSABA2 can improve the sensitivity of rice to
ABA and the tolerance of rice to drought and salt stress.

In this study, the expression of ABA2 in A. vera plants under salinity conditions
is lower than in plants in salt-water stress combination. Previously, it has been
proposed that there are other minor ABA biosynthetic pathways or other genes,
such as SDRs (short-chain dehydrogenases/reductases), which could replace
the absence of ABA2 with low efficiency (Gonzalez-Guzman et al., 2002; Seo
& Koshiba, 2002).

In multifactorial stress combination of six different types of stress, Zandalinas
et al. (2021) found that the function of ABA2, among other genes, was
necessary for plant survival. That research was carried out on wild-type
seedlings and different Arabidopsis mutants. The results of those investigations
and the obtained in the present study reaffirm ABA2 as one of the main actors
in the response of plants to abiotic stress, and more importantly, its determining

role when there is a combination of several stress factors.
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Figure 2. ABA2 expression levels in Aloe vera plants subjected to salinity and
combination salt-water stress. Treatments: SO (salinity 0 mM NaCl & FC), S20 (salinity
20 mM NaCl & FC), S40 (salinity 40 mM NacCl & FC), S60 (salinity 60 mM NaCl & FC),
S80 (salinity 80 mM NaCl & FC); SOWD (salinity 0 mM NaCl & PWP), S20WD (salinity
20 mM NaCl & PWP), S40WD (salinity 40 mM NaCl & PWP), S60WD (salinity 60 mM
NaCl & PWP) and S80WD (salinity 80 mM NaCl & PWP). *S0 treatment was used as
a calibrator and the expression levels of ACTIN as normalizer. Mean values + SD.
Different letters represent significant differences among treatments (LSD test, P <
0.05). Four biological replicates and three technical replicates were used.

AOG expression in A. vera plants

The relative expression AOG/Actin showed significant differences among
treatments (P < 0.05) (Figure 3). Plants under salinity conditions show an
important presence of AOG expression; increased expression can be observed
in the first levels of stress, up to three times more than the control;
subsequently, its decreases for the last two levels, still being double that of the
control.

In plants under salt-water stress combination (SOWD to S80WD), it is observed
a tendency to decrease the AOG expression. The salt-water stress
combination represses the expression of the AOG gene, as the stress
increases in severity.

The gene encoding ABA glucosyltransferase was initially identified in adzuki
bean (Vigna angularis), and named AOG, it was also reported that its

expression increased by water stress, so its expression is regulated by
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environmental stress (Xu et al., 2002). When ABA is no longer required in an
abiotic stress response, it can be degraded, catabolized, or stored in a bound
ABA-glucosyl-ester (ABA-GE) form, catalyzed by ABA-glucosyltransferase
(Sun et al., 2010; Zeevaart & RA, 1988). ABA in its glycosylated form has been
identified in many plant species and is known to be a way to catabolize and
reduce its levels. In this glycosylation process, ABA-glucosyltransferase (ABA-
GTase or AOG) plays a key role (Sagar & Singh, 2019).

Felix et al. (2019) found that some genes involved in ABA
activation/deactivation, including AOG, were subsequently elevated with
osmotic stress applied to Medicago sativa. Pharmacological experiments have
shown ABA catabolism may be beneficial for de novo ABA synthesis and
critical for rapid early adaptation under abiotic stress (Yang et al., 2015).

In maize, the rate of ABA catabolism increases eleven-fold in response to water
stress (Ren et al., 2006). Xu et al. (2002) analyzed the expression level of the
AOG gene in adzuki beans and found that it was very low under normal
conditions, while drought treatments increased its expression level.

Abiotic stress can not only cause an increase in ABA synthesis but can also
promote the metabolism of the plants to lower its level. Consequently, both
ABA biosynthesis and metabolic pathways and environmental stress have
different degrees of effect on the ABA level in plants (Castellarin et al., 2007).
In the combination of salt-water in this study, a decrease in the expression of
AOG is explainable since the glycosylated form of ABA is stored in the vacuoles
to be used as energy in other functions of the plant. A characteristic of CAM
plants, such as A. vera, is that under severe stress conditions, they prioritize
survival over productivity, thus entering a state of dormancy where energy
expenditure is minimal (March & Espinosa, 1988; Raven et al., 2005), where

the presence of AOG is no longer required.
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Figure3. AOG expression levels in Aloe vera plants subjected to salinity and
combination salt-water stress. Treatments: SO (salinity 0 mM NaCl & FC), S20 (salinity
20 mM NaCl & FC), S40 (salinity 40 mM NacCl & FC), S60 (salinity 60 mM NaCl & FC),
S80 (salinity 80 mM NaCl & FC); SOWD (salinity 0 mM NaCl & PWP), S20WD (salinity
20 mM NaCl & PWP), S40WD (salinity 40 mM NaCl & PWP), S60WD (salinity 60 mM
NaCl & PWP) and S80WD (salinity 80 mM NaCl & PWP). *SO0 treatment was used as
a calibrator and the expression levels of ACTIN as normalizer. Mean values + SD.
Different letters represent significant differences among treatments (LSD test, P <
0.05). Four biological replicates and three technical replicates were used.

Acemannan biosynthesis from A. vera

The main biological processes overrepresented in this study are associated
with cellular carbohydrate metabolism and its relationship with ABA synthesis,
including the metabolic process of acemannan, a mannose-rich
polysaccharide, both under salt stress (Fig. 4A) and under salt-water stress
combination (Fig. 4B). ABA seems to be involved in the control of GMMT
expression in A. vera plants subjected to water deficit.

For the two soil moisture levels, no statistical differences were found in the
acemannan content (P < 0.05). GMMT, ABA2, and AOG did show statistical
differences for the two moisture levels (Fig. 4A). On the other hand, the

acemannan content showed a substantial increase at the highest salinity levels
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(Fig. 4B), showing statistical differences in both, acemannan content and in the
relative expression of GMMT, ABA2, and AOG (P < 0.05).

Figure 4A shows that there is no statistical difference in the acemannan content
in plants under water stress as compared to plants well irrigated. Therefore, we
cannot conclude if the AOG and ABA2 genes have any relationship with
acemannan accumulation. However, it can be seen in Fig. 4B that at moderate
salt stress levels (0, 20, and 40), ABA2 expression increases. Indicating
increased production of this hormone, since ABA2 product participates in the
early stages of ABA synthesis. Similarly, AOG, which participates in ABA
catabolism, increases at these stress levels. The average level of stress (40)
is the one with the highest presence for these two genes. This same level
produced the lowest acemannan content. Measures of ABA-GE at a stress
level of 60 may detect a significant presence of this compound stored in the
vacuoles. This is possibly used as an energy source to produce other
compounds, such as acemannan, which leads to a better response of A. vera
to severe stress. Thus, at this level, a greater presence of GMMT is observed,
as well as an increase in the acemannan content.

There are no previous reports on ABA regulation in CSLA family genes. The
study carried out by Salinas et al. (2019) found that GMMT expression
correlates with increased endogenous ABA levels in A. vera under water
stress. Rai et al. (2016) found a positive regulation by ABA of a xyloglucan
galactosyltransferase encoded by a cellulose synthase-like C (CSLC) in
Sorghum bicolor.

High levels of ABA are critical to initiate signaling in the response to salt and
water stress. Therefore, ABA levels should have some influence on
acemannan content. Indeed, most genes involved in de novo ABA biosynthesis
are upregulated by dehydration and salt stress (Jaiswal et al., 2021; Vafaei et
al., 2023). Evidence to date indicates that various cell wall polysaccharides
catalyzed by members of the CSL gene family are crucial for plant development
and tolerance to biotic or abiotic stress. Several members of the Arabidopsis

CslA family function in the synthesis of mannose-rich polysaccharides
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(Dhugga, 2012; Goubet et al., 2009; Liepman & Cavalier, 2012; Liepman et al.,
2007).

Further biochemical and molecular research on how A. vera components are
synthesized and assembled under abiotic stress conditions will undoubtedly
lead to a more complete understanding of the functions and properties of these
bioactive components, such as acemannan. On the other hand, ABA metabolic
genes are promising targets for molecular breeding work on tolerance to a

combination of several simultaneous stress factors in crops.
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Figure 4. Expression of GMMT, ABA2, and AOG and mannose-rich polysaccharides
content (mg sugar / g fresh sample) in A. vera. Values represent means = SD.
Asterisks indicate statistical significance (LSD, P < 0.05). The same test was applied
to compare the mannose (Man) content in (A) two soil moisture levels (FC and PWP,
corresponding to 20.7 & 12.3 % of soil moisture, respectively) and (B) five salinity
levels. Salinity treatment O was used as a calibrator and ACTIN expression levels as
normalizer. Four biological replicates and three technical replicates were used.
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Conclusions

Upregulation of a glucomannan mannosyltransferase (GMMT) gene of A. vera
was induced by salinity, as well as by salt-water stress combination.

For the xantoxin dehydrogenase (ABA2) gene a downregulation in salinity
conditions, whereas that upregulation in salt-water stress combination was
observed. Regarding abscisic acid-glucosyltransferase (AOG) gene, it was
found upregulation in salinity conditions and a downregulation in salt-water
stress combination. Therefore, the transcriptional regulation of ABA-related
gene expression is a factor controlling tolerance to salt stress, as well as a
combination of salt-water stress, in A. vera. The polysaccharide content shows
a high tolerance of Aloe vera to abiotic stress, since no statistical difference
was observed, even for the highest levels of salinity and combination of stress.
The role of ABA-mediated polysaccharides and the mechanisms underlying
their long-distance transport to the parenchyma require further clarification.
These results could serve as a basis for further research on genes of interest
that could be involved in the biosynthesis of A. vera acemannan. Studying the
structure, function, and synthesis of acemannan will help to improve the quality

of A. vera and increase the content of this polysaccharide.
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VI. GENERAL CONCLUSIONS

The productivity, as well as morphological and molecular characteristics of Aloe
vera grown under water deficit and salinity was studied. Thus, the statistical
evidence confirmed the hypothesis that water deficit in interaction with salinity
negatively affects the productivity of Aloe vera, in terms of crop yield and growth
as well as some molecular properties.

As a consequence of salinity, fresh biomass, gel content, and harvest index
were moderately reduced, affecting the width and thickness of the A. vera
leaves. However, the gel quality increased therefore the increase of total solids.
Total solids are valued by the international market since polysaccharides and
other bioactive compounds, such antioxidant compounds, which have been
considered as the responsible for the beneficial properties attributed to A. vera
plant, mainly compose these. Aloe vera showed high tolerance to water deficit
and moderate tolerance to salinity in leaf width and thickness, fresh biomass,
and gel production.

On the other hand, the total RNA extracted by the optimized method in this
study showed acceptable purity values, good integrity level, and high efficiency
in the RT-gPCR assay. Thus, the total RNA extracted from plants grown under
salinity and water deficit conditions, by the optimized method in this study, had
better quality compared to the isolate with the other methods evaluated. Also,
this method minimized the use of reagents during the RNA extraction
procedure, which could be considered as an important advantage from an
environmental point of view.

Moreover, Aloe vera showed high tolerance to salinity in polysaccharide
content, as no statistical difference was observed, even at the highest stress
levels. Further, glucomannan mannosyltransferase (GMMT) gene showed
positive regulation as consequence of salinity and the combination with water
stress/deficit on Aloe vera while the xanthoxin dehydrogenase (ABA2) and
abscisic-acid glucosyltransferase (AOG) genes showed opposite relative
expression. In fact, the ABA2 gene showed downregulation under salinity

conditions and upregulation under the combination of salt-water stress,
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whereas AOG gene revealed positive regulation under salinity conditions and
downregulation under the combination of salt-water stress. Therefore, the
transcriptional regulation of gene expression related to ABA could be a key
factor involved in stress tolerance by salt, as well as a combination of salt-water
stress in A. vera.

Further studies are required in order to evaluate the role of ABA-mediated
stress tolerance mechanisms and their relation to polysaccharides and their
long-distance transport to the parenchyma. These results could serve as a
basis for future research on genes of interest that could be involved in the
biosynthesis of Aloe vera acemannan. Finally, the results of this study suggest
that moderate abiotic stress, given by salinity or a combination of salinity and
water deficit, may be a strategy to obtain A. vera gel with good quality and
polysaccharide content for different agro-industrial purposes in arid and semi-
arid areas. The relative expression of the genes observed in the present study
has great potential to be used in the study of A. vera response to different types
and combinations of stress factors.

These findings may support the development of similar studies in arid areas
and may be useful for the proper management of future experiments with the
combination of two or more types of stress. As in other studies, it is proposed
that moderate stress can be an interesting and useful tool to implement in the

agriculture of plant species with bioactive components and stress tolerance.
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