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Preface

Historically, humans have used plants for medicinal purposes, sometimes serving as the only
alternative to treat diseases, formerly because the pharmacological industry did not exist, but
even today, in communities without access to commercial medicines, and in some cases due to
lack of trust in them or lack of financial resources to purchase them. Even so, most of the drugs
that are manufactured today have the extract of a plant as their active compound.

The knowledge that different cultures have developed on the use of medicinal plants is part of
an invaluable cultural wealth that, both in Eastern and Western societies, form links between
different peoples and the natural resources that surround them, but also, establish ethnic or
traditional health systems that have allowed these societies to face their main diseases and
illnesses.

Plants in arid and semi-arid environments have, over time, developed adaptation mecha-
nisms for the adverse conditions of these ecosystems. In addition to generating spines in some
species, they also produce substances that help them keep predators away or carry out impor-
tant biochemical and physiological processes for the survival of the plant. These substances are
those that have biomedical and pharmacological potential once they are isolated, identified and
medicinal properties verified at the laboratory level.

It is of the utmost importance that plants that have medicinal use are conserved in their natu-
ral environments. Unfortunately many of them are in danger of extinction because of very differ-
ent factors. It is necessary not only to understand the functioning of the active compounds that
these plants generate in nature but also to propose sustainable use systems that allow future
generations to obtain a benefit from these organisms. Knowledge generated at the molecular,
cellular, physiological, biochemical and genetic levels have a conservation impact on the popula-
tion, community and ecosystem level.

In this book, the case of the medicinal plants of the deserts in Mexico and other countries is
treated in a particular way, from its biological and ecological generalities to its ethnobotanical
history, passing definitely through the biochemical analysis of its most relevant compounds and
its biomedical applications. In the book, there are collaborations by authors from different insti-
tutions in northern Mexico, which is where the arid and semi-arid ecosystems of the country are
found. Although the subject of medicinal plants has been treated from different angles, this book
offers a holistic and comprehensive vision of these important organisms of the Mexican desert,
thus resulting in an updated work for specialized readers and for those who are beginning in this
exciting theme.
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Chapter 1

Introduction to Plant Taxonomy: Vascular
and Non-vascular Plants with Medicinal Use

Gisela Muro-Pérez, Jaime Sanchez-Salas, Omag Cano-Villegas,
Raul Lépez-Garcia, and Luis Manuel Valenzuela-Nufez
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1.1 THE ARID AND SEMI-ARID AREAS OF MEXICO

The American continent is known for the great breadth ofits desert surface. In North America, it
is estimated that one-third of the surface can be considered arid or semi-arid. Understanding arid
and semi-arid as the total rainfall expressed in millimeters (mm) per year, and considering some
socioeconomic indicators, the National Commission of Arid Zones (CONAZA, 1994) considers
that a little more than 40% of Mexico are arid and semi-arid zones in which approximately 18%
of the national population lives. There is an erroneous idea that these areas lack both plant and
fauna diversity. In the Mexican territory, the Sonoran Desert is distinguished, covering the lower
parts of the states of Sonora and Baja California Norte and Baja California Sur, extending into
part of the United States. The other is the Chihuahuan Desert Region (RDCH), which is located
in the states of SLP, Zacatecas, Coahuila, Nuevo Le6n, Chihuahua, Tamaulipas, Durango and
extends into part of the United States. The Tamaulipeca semi-arid zone encompasses the states
of Tamaulipas, part of Nuevo Le6n and Coahuila. Other semi-arid zones are the Hidalguense,
which encompasses the states of Querétaro and Hidalgo and the Poblano-Oaxaquefia, encom-
passing the states of Puebla and Oaxaca (Rzedowski, 1978). Many of the communities settled in
the arid and semi-arid zones have vast knowledge of the natural resources that surround them,
mainly of the flora of each place, including what plants grow in the area, what they can be used
for, where they can be found and how the plants can be consumed. However, there is also aloss of
this knowledge due to the lack of transculturation. In this sense, these communities have gradu-
ally changed part of their economy, and many of the needs are satisfied from outside their envi-
ronment; however, they still depend, to a large extent, on spontaneous plant resources for their
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economy, either directly or indirectly, through the exploitation of wild fauna or species under
domestication.

It is common that in many of the areas where agricultural activities were carried out, after
removal and cultivation (be it beans, corn, etc.), the growth of species such as the “gobernadora”
(Larrea tridentata) is normal, establishing a plant community where the dominance of this spe-
cies is almost absolute. Other species that appear immediately are the “Hojasen” (Flourensia cer-
nua), the “Sangre de Grado” (Jatropha dioica) and others.

There is a vast collection of different plants with different uses, which drastically affects the
natural populations. As we well know, “lechuguilla” (Agave lechuguilla) in northern Mexico is
exploited for the extraction of “ixtle” that is used for the manufacture of sacks, brooms, rope,
etc.; from “candelilla” (Euphorbia antisyphilitica), wax is extracted for use in the food industry
to give shine to fruits and in the pharmaceutical industry for the production of capsules, etc.;
from “guayule” (Parthenium argentaum), a latex is extracted that is known as “natural rubber”
and is used to make car tires, gloves, condoms, tubes, etc. Guayule resins are used to make wood
preservatives, pesticides and plasticizers, and the latex extraction residues are used as fuel in
mixtures to produce paper.

1.2 PLANT TAXONOMY

Also known as taxonomic botany, some authors restrict the field of plant taxonomy to the study
of species classification; however, we will approach taxonomic botany as the study that deals
with the diversity of plants and their identification, nomenclature and classification (Jones &
Luchsinger, 1986). According to Jones and Luchsinger, taxonomic botany is based on five objec-
tives: 1) inventorying the flora of each region, 2) providing a method for the identification of plant
species, 3) producing a universal classification system, 4) demonstrating the evolutionary impli-
cations of plant diversity and 5) providing a scientific name for each group of plants through
nomenclature.

“Flora” is understood as the set of plants that grow in a certain area. “Identification” is the
recognition of certain characteristics of a plant and its application. Recognition occurs when a
floristic specimen is similar to a previously known plant. If the characteristics of the specimen
coincide with those of the studied specimen, we are talking about the same species, and if it
differs in some of the characteristics, we are talking about a new one. This is where the term
“classification” comes from, which is nothing more than the orderly arrangement of plants in
groups that share common characteristics (Chiang, 1989). Therefore, a hierarchical system of
ranks or categories results, which we commonly know as families, genera, species, subspecies,
varieties, etc.

1.3 PLANT RESOURCES IN ARID AND SEMI-
ARID ZONES AND LEVELS OF USE

The arid and semi-arid zones of Mexico occupy a little more than 40% of the country’s total. Plant
diversity and the genetic richness of plants is reflected in the large number of endemisms rep-
resented in families such as Cactaceae, Asteraceae and Fabaceae. Many of the substances pro-
duced by some of the desert plants are resins, latex, waxes and rubbers, which are concentrated
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in some part of the plant such as fruits, seeds, stems, roots, etc. The inhabitants of these areas
take advantage of them in different ways:

a) Collection and direct use (edible, ornamental, medicinal, fodder).

b) Collection and incipient transformation of use (producers of fibers, other plant species
are soaked, carved or dyed for handicrafts).

¢) Collection and more processed treatment (such as that required by the “cerote” process
of candelilla wax, making basketry, hat making or jarceria).

d) Industrialization of the product, as in the case of “jojoba” for the extraction of oil for
shampoo.

1.3.1 Medicinal Uses of Vascular Plants

According to Villasefior (2004), there are 23,424 species of vascular plants registered in Mexico
that are grouped into 2,804 genera included in 304 families. In addition, 618 introduced and nat-
uralized plant species are recognized (Villasefior & Espinosa-Garcia, 2004). The exploitation of
plant species in the arid and semi-arid zones of northern Mexico, such as oregano, mesquite,
lechuguilla, sotol, candelilla, “queen of the night” (also known as “deer egg”), “chamiza” (or “cow
rib”), lagrima de San Pedro (or “thunderstorm”), guayule, granjeno, among others, is carried out
intensively, which places the country in first place of use of plants.

Lippia graveolens, commonly known as oregano, belongs to the Verbenaceae family; it is a
shrub with aromatic leaves, and when the leaves are dried, it is used as a condiment. There are
many wild plant species considered as oregano (Robledo, 1990). Almeida (1991) mentions that the
fundamental importance of the species known as oregano lies mainly in their organoleptic prop-
erties derived from their attributes as flavorings or food seasonings. Other species that are also
important in Mexico, from an economic point of view, are Lippia berlandierii and Lippia palmeri.
Martinez (1997) reports that the 16 most commonly used species in Mexico belong to different
families such as Verbenaceae, Labiadas, Compuestas and Legumiosas (Maldonado, 1991).

Prosopis sp., known as mesquite, has been a valuable resource since ancient times for the
inhabitants of arid zones, as multiple benefits were found in the species because all parts of
the plant can be used. The species has been considered a common cultural denominator
for the nomadic hunter-gatherer peoples who inhabited northern Mexico and the southern
United States (CONAZA, 1994). The most common species in northern Mexico are Prosopis
laevigata, P. glandulosa, P. juliflora, among others. The irrational and excessive exploitation to
which it has been subjected has led to the accelerated degradation of mesquite communities,
which is reflected not only in the loss of the resource but also in the deterioration of the soil.
Therefore, these phenomena have led to the alteration of the ecological balance of the thickets
known as mosqueles, which, in turn, has greatly affected the rural communities of those sites
(CONABIO, 2000).

Agave lechuguilla is an agave or maguey from which the “ixtle” (fiber obtained from the leaves
of the lechuguilla) is extracted to make brushes for industrial use, cords, furniture padding and
car seats, rugs and carpets, ropes, hats, fabrics, among others (Rossel et al., 2003). When mixed
with resins, it is used in the manufacture of doors, ceilings, walls, sheets, shelves and furniture
(Mayorga et al., 2004). In addition, due to its detergent properties, it is used in the manufacture
of liquid soaps or shampoo (Zapien, 1981). According to Sheldom (1980) in Baca (2000), archae-
ological finds are documented in different regions of northern Mexico (mainly in Coahuila).
Lechuguilla fiber (ixtle) is exported to Europe, Asia and North and South America. The plant is
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bushy in shape, composed of a crown of 20 to 30 thick and fibrous leaves arranged in a whorled
shape, giving a rosette appearance (Martinez, 2013; De la Garza, 1985; De la Cruz & Medina,
1988). It is a semelparous species, as it presents a single sexual reproductive event (it flowers only
once) during its life cycle (Begon et al., 1986). It is distributed in xeric scrub in the Chihuahuan
Desert at altitudes below 1,000 meters above sea level and up to 24,000 meters above sea level
(Rzedowski, 1978).

Dasylirion leiophyllum, known as “sotol”, is a plant that lives in the Chihuahuan Desert and
blooms in spring or early summer (Benson, 1981) and bears fruit in the months of August-
September (Cano, 2006). It is a species used in an artisanal alcoholic beverage known as “aguardi-
ente” (Melgoza & Sierra, 2003). The distribution area of Dasylirion is reported in the physiographic
zone of the Mexican Altiplano, in the range of 1,000-2,000 meters above sea level. Its inflores-
cence is used in construction as fencing to demarcate property lines, on roofs for shade and as
fodder for livestock (Cano, 2006). It is also possible to extract inulin sugar, which is of great value
to the pharmaceutical industry (Ibave et al., 2001). It is a common species in rosetophilous desert
scrub, in grassland areas and in submontane scrub. Henrickson and Johnston (1977) report nine
species in Mexico. According to Olivas and Rivera (1984), sotol plants are selected by their weight
(10 to 12 kilograms for extraction), and the foliage is first removed with a “Bowie knife” and then
the pineapple is removed from the ground.

Euphorbia antisyphilitica, commonly known as “candelilla”, was exploited around 1905, when
Connek and Landress investigated the composition, whitening and properties of candelilla wax.
It is a plant with a wide range of distribution in the region of the Chihuahuan Desert. The impor-
tance of this species lies in the waxy covering of the stems, which is made up of hydrocarbons,
esters, lactones and resins. It is mainly used in the cosmetic, food and textile industries as a coat-
ing for chocolates, sweets and chewing gum as well as for the manufacture of candles, leather
products, paints, polishes, matches, spark plugs, tires, etc. (CONABIO, 2000).

Peniocereus gregii known as “queen of the night” or “deer egg” (due to the shape of the root tuber),
has between 18 and 20 known species (Guzman et al., 2003; Gomez-Hinostrosa & Hernandez, 2005).
It is distributed in northern Mexico and part of Texas in the United States at elevations from 1,200
meters above sea level (Sdnchez-Salas et al, 2009; Herndndez & Gomez, 2005). It is common to find
the species with associations of Prosopis laevigata (Perroni, 2007). The illegal collection of this spe-
cies is taking it to brink of disappearance and has been classified as needing special protection
according to NOM-059-SEMARNAT-2010 (SEMARNAT, 2010). It is highly sought after by foreign
collectors for its nocturnal and beautiful flowering, is also collected by locals because they attribute
medicinal properties to the root of this plant with benefits for kidney problems.

Atriplex canescens,commonlyknown as “cowrib” or “chamizo”, belongs to the Chenopodiaceae
family. It is distributed in northern Mexico and the southeastern United States. It is a branched
bush of 1 to 1.5 meters (m) with ash green leaves. In some indigenous populations of southwest-
ern Texas and New Mexico, they chew the leaves with a pinch of salt, followed by a drink of water
to relieve stomach pains. The leaves are also cooked and used as an emetic (disgorge) (Grajales,
2015). The plant is also used as fodder for sheep and goats (Kearney et al. 1960).

Tecoma stans also known as “tronadora” or San Pedro’s tear, belongs to the Bignoniaceae fam-
ily. It is considered a shrub, although it also has the growth form of a tree. It has compound leaves
elongated with serrated margins and funnel-shaped flowers arranged in clusters. It is distrib-
uted from central Mexico to the southern United States. The leaves are used for the treatment of
syphilis and diabetes. Made into an infusion, the leaves also help to calm cough and asthma and
respiratory problems as well as stabilize temperature. It is considered a natural analgesic and
anti-inflammatory (Gonzalez, 1998; Adame & Adame, 2000; Naranjo et al., 2003).
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Parthenium argentaum, known as guayule, belongs to the Asteraceae family, this family
includes about 16 species that are distributed in Mexico (Rollins, 1950). The leaves are grayish
with yellow flowers, it has been used as a source of natural rubber since the nineteenth century.
By extrusion of the plant material, the fibrous material is separated from the latex, which is of
high quality for the manufacture of medical products such as surgical gloves, catheters and con-
doms. It is known as a plant that produces natural rubber and is considered hypoallergenic. The
presence of latex in the cells of the guayule plant has been demonstrated (Wood, 2002; Coffelt et
al., 2009; Rodriguez, 2011).

Celtis palida, better known as the granjeno, belongs to the Ulmaceae family. It is a deciduous
shrub that grows up to 3 m with small, rough leaves and small, white flowers. Its fruit is fleshy,
ovoid, orange in color and edible. The leaves are used as poultices on pimples or inflammations.
In northeastern Mexico, the ground leaves are applied to alleviate headaches. It is found at alti-
tudes of 1,000 to 2,300 m above sea level. It is distributed in Mexico from Baja California, Baja
California Sur, Chihuahua, Coahuila, Durango, Guanajuato, Hidalgo, Jalisco, Michoacan, Nuevo
Le6n, Oaxaca, Querétaro, San Luis Potosi, Sonora, Sinaloa, Tamaulipas, Veracruz and Zacatecas
(Merla, 1990).

1.3.2 Medicinal Uses of Non-vascular Plants

Given the general lack of commercial value, their small size and their inconspicuous role in eco-
systems, many bryophytes seem to have no use. However, there is evidence of Stone Age men
living in present-day Germany collecting the moss Neckera crispa (Grosse-Brauckmann, 1979). A
few other bits of evidence suggest a variety of uses by cultures around the world (Glime & Saxena,
1991). Barnett (1987) cited evidence indicating that wounds covered with a dressing of Sphagnum
sp. moss recovered much faster than wounds that were not covered by the moss.

There is evidence of some moss species, such as Polytrichum commaune, that, in ancient times,
was mixed with an oil with calyptra extract to beautify the hair (Crum, 1973; Smith, 2007). The
use of bryophytes as medicinal plants has been common in China and India as well as among
Native Americans since time immemorial. Numerous compounds, including oligosaccharides,
polysaccharides, polyols, amino acids, fatty acids, aliphatic compounds, prenylquinones and
phenolic and aromatic compounds occur in bryophytes, but few links between medical effects
have been established (Pant & Tewari, 1989, 1990).

In North American and Indian cultures, the use of bryophytes, such as Bryum, Mnium,
Philonotis and Polytrichum, is common. Bryophytes are used as indicators, have medicinal uses,
control pollution and fix nitrogen in the substrate among others. The liverwort Marchantia poly-
morpha is known to treat liver diseases and, in countries such as China, jaundice from hepatitis
and is used as a topical ointment to reduce inflammation (Rachna & Vashishtha, 2015).
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2.1 INTRODUCTION

Medicinal plants are of great importance in human history. When the first humans learned
to use the resources of their environment and took advantage of the biodiversity to satisfy
their primary needs, such as food and shelter, plants were considered as an ecosystem service
(Caballero-Serrano et al., 2019). Upon finding the healing properties of plants, humans have used
the resources of the environment to relieve and cure diseases or pain. From ancient times to the
present, there has been constant interest in learning about and finding properties of medicinal
plants (Petrovska, 2012).

As plant use increased, people began to create different drinks (fermented drinks) and local
dishes (gastronomy) and made use of them in their rituals and religious beliefs, but the most
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important was the use of plants as medicine (Tamang, 2010). The latter use developed into tra-
ditional herbal medicine (Pascual-Casamayor et al., 2014) and beliefs in each culture around the
world, thus laying the foundations for the pharmaceutical industry. Many medicinal plants have
various uses from which we can benefit through food or drink, baths, inhalations, ointments,
gargles, massages and/or plasters (Magaia et al., 2010).

It is well known that communities have the greatest knowledge about their resources and
their various uses, as this knowledge has been passed from generation to generation by the peo-
ple of different cultures around the world (Magaiia et al., 2010). It is important to understand that
the knowledge of plants is developed to solve local problems within each community or culture,
and this knowledge evolves as new plants and uses are incorporated and the use of others is dis-
continued because of side effects, toxicity, or inefficiency in solving the problems.

The semi-arid ecosystems of northern Mexico have their own importance and specific char-
acteristics in terms of endemic and medicinal plants, covering more than 70 million hectare (ha)
(Villavicencio-Gutiérrez et al., 2021). The arid and semi-arid regions of Mexico contribute to the
richness of the Mexican flora with about 6,000 species of vascular plants, of which about 60% are
endemic (Rzedowski, 1978, 1991, 2005).

Mexico and the United States form the most important xeric scrub region in the world: the
Sonoran Desert and Chihuahuan Desert. The first region includes Sonora and Baja California,
and the second region includes Tamaulipas, Nuevo Le6n, Coahuila, Chihuahua, Durango,
Zacatecas, and San Luis Potosi. Another arid area, called Tehuacan Valley matorral, is located in
the center of the states of Puebla and Oaxaca (Dinerstein et al., 2017)

Despite Mexico’s vast biocultural biodiversity, there are numerous regions, such as the north
of the country, where the knowledge and use of medicinal plants are not recorded and have not
yet been studied in-depth (Lara-Reimers et al., 2018). In addition, traditional knowledge of our
plant resources that, for years, has supported the health of all those people who came to popu-
late the semi-desert is fading because of patterns related to migration, poverty, loss of cultural
identity, access to medicine, new health strategies applied by the Mexican government, industri-
alization and the lack of interest of younger generations.

The aim of this chapter is to document, describe, analyze and preserve traditional knowl-
edge of the uses and applications of some of the most important medicinal plants used in the
drylands of Mexico. The desert has many important plants that are used not only economically
but also medicinally, industrially, gastronomically, religiously and culturally. These ecosystems
are characterized by their high vulnerability to desertification and by the presence of extremely
marginalized rural populations who exploit non-timber forest resources of various species for
the production of raw materials.

2.2 CURRENTLY ACCEPTED SCIENTIFIC NAME ACACIA SP.
2.2.1 Biology

Acacia is a pantropical genus (second largest in the Fabaceae family) represented by 1,250 spe-
cies, of which more than 950 are exclusively Australian, 120 African, and the rest American.
In Mexico, we can find 85 species (commonly named huizaches) of which 46 are endemic, with
the majority found in the arid and semi-arid regions of the country, which gives a clear idea of
the ecological tolerance of the genus (Rico, 1984). A. farnesiana is present throughout the terri-
tory, encompassing a wide variety of climates and ecosystems (altitudes of 0-2,600 meters (m),
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Figure 2.1 Acacia plant in the flowering period in the town of Buenavista, Saltillo, Coahuila.

temperatures of 5 °C -30 degrees Celsius (°C), and rainfall of 100-900 millimeters (mm) per year
on average), also presenting great morphological variability. A. schaffneriislocated mainly in the
northern and eastern region of the country, commonly found together with A. farnesiana, so it is
frequently confused with the latter (Rico, 1980) (Figure 2.1).

2.2.2 Active Principles or Bioactive Compounds

Trees are also known for their ethnopharmacological properties, and a number of scientific stud-
ies have been carried out previously. For example, the bronchodilator and anti-inflammatory
effect of glycosidal fraction of Acacia were reported by Letizia et al., (2000). The root contains
diterpenes and flavonoids (Mors, 2000).

Acaciabark contains a methanolic extract that exhibited antidiarrheal activity against castor
oil and magnesium sulphate induced diarrhea along with antimicrobial activity against com-
mon pathogens responsible for diarrhea in vitro. Relatively simple alkaloids have been found
in most species of the Acacia genus. From one of the most studied species, Acacia berlandieri,
the presence of N-methyl-p-phenylethylamine (19) and nicotine (20) has been reported, and
2-methyl-1,2,3 was also isolated from Acacia simplicifolia 4-tetrahydro-p-carboline (Demole et
al., 1969; Kjaer et al., 1961).

Further analysis indicated the presence of small amounts of more than 33 additional amines
and alkaloids, including amphetamine, methylamphetamine, mescaline, mimosine methyl
esters, nornicotine and isoquinoline alkaloids (Joshi et al., 1979).

2.2.3 Ethnobotanical Uses or Traditional Uses

Acacia is cultivated in several countries for its floral nectar which is used as an active ingredient
in the production of cassie perfume (Lapornik, 2005). The branches and trunks of Acacia trees
are widely used as fuelwood and for construction materials, particularly fence posts (Purata et
al., 1999). Furthermore, the bark of some species has commercially useful tanning agents, and
the root is reputedly an effective snake antivenom (Morse et al., 2000).

Acacia species are associated with many myths and religious beliefs among ancient peoples.
They were conceived as plants highly valued for their healing properties and were considered
extremely important and effective in driving away bad luck and evil spirits. A. schaffneri trees
are used to treat gastric ulcers with infusions of the bark. It is also used to cure skin infections
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by directly applying the fresh fruit without the shell or by directly washing the affected part with
the decoction of the dried fruit (Anderson, 1984).

2.2.4 Ecology and Distribution

Acacia trees are sparsely distributed in a number of xeric habitats such as deciduous forests,
thorn scrub and savanna from Mexico to Colombia (McVaugh, 1987; Rzedowski, 1978; Siegler
& Ebinger, 1988). Cattle are the principal factor for the formation of Acacia stands. The animals
eat the seeds and spread them via their dung around the edges of existing patches of Acacia.
There exists a very close association between Acacia and cattle, and this may have an evolution-
ary basis. The grazing and browsing of large mammals may favor the growth of this spiny tree
over the rapid growth of other pioneer species (Brown, 1960). In addition, grazing reduces fire
frequency which may favor the spread of Acacia in a fire- adapted grassland system. The inde-
hiscent pods of Acacia trees are similar to those Acacia trees in Africa, which are dispersed by
large mammals in natural savanna (Coe & Coe, 1987; Gwynne, 1969). Not long ago, the existing
Acacia savannas were probably dominated by oaks until recent increases in wood cutting and
the arrival of cattle, factors that ultimately favor the shift toward an acacia-dominated savanna.
Acacia may also have been dominant during earlier periods with higher grazing and browsing
pressures by the megaherbivores (Figure 2.2).

2.3 CURRENTLY ACCEPTED SCIENTIFIC NAME
AGAVE SALMIANA OTTO EX. SALM-DICK

2.3.1 Biology

The Agave salmiana, or green maguey, belongs to the family Agavaceae. The plant has alarge
rosette of thick, fleshy leaves, each ending generally in a sharp point (Escamilla-Trevifio,
2012). The plants have dark green leaves that distinctly valleculate toward the apex, the
inflorescences are pyramid-shaped, and the bracts are rounded and appear fleshy (Smith &
Figueiredo, 2012).

The Agave salmiana plants in northern Guanajuato present morphological variations such
as different rosette diameters, leaflength or penca (Castaiieda-Nava et al., 2019), indicating that
there are different subspecies and varieties of this maguey (Chavez-Giiitron et al., 2019).

Agave salmiana is a specie with crassulacean acid metabolism (CAM) in which the leaves in
arosette arrangement use carbon dioxide (CO,) fixation to allow maximal absorption of photo-
synthetically active radiation and other vital biochemical reactions during periods of drought
(Stewart, 2015).

Asexual propagation by young rhizome suckers is the most common natural way of prop-
agating Agave; however, sexual reproduction increases genetic variability (Diaz et al., 2011)
(Figure 2.3).

2.3.2 Active Principles or Bioactive Compounds

The Agave salmiana sap mainly contains saponins and gentrogenin pentaglycoside, which has an
apoptotic effect on colon cancer cells (Santos-Zea et al., 2016).
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Figure 2.3 Agave salmiana on the campus UAAAN in Buenavista, Saltillo Mexico.

The sap of Agave contains prebiotic and probiotic activity with the presence of Leuconostoc
sp., Leuconostoc gelidum, Lactococcus lactis, Enterococcus casseliflavus, Pediococcus sp.,
Trichococcus sp., Leuconostoc, Lactococcus, Kazachstania zonata, Kluyveromyces marxianus and
Saccharomyces cerevisiae and with the concentration of fermentable sugars such as sucrose,
fructose and glucose (Villarreal Morales et al., 2019).

The edible flowers of Agave salmiana contain carbohydrates (71.58 + 0.92), protein (11.58 +
0.70), macronutrients, microelements and a high content of carotenoids and ascorbic acid, and
their consumption can contribute potential benefits to human health because they also contain
antioxidant compounds (Pinedo-Espinoza et al., 2020).

2.3.3 Ethnobotanical Uses or Traditional Uses

Historically and currently, all parts - leaves, stems and sap - of the Agave salmiana are used.
Non-distilled, it is used to make aguamiel and pulque. When distilled, it is used to make the alco-
holic beverage mescal and syrup or sweeteners. Its potential uses include medicine and as bioen-
ergy from soluble carbohydrates and lignocellulose (Stewart, 2015). This Agave is well known for
its use for the production of pulque and mescal (Alvarez-Rios et al., 2020).

The maguey is a Mexican plant that has been employed empirically for cancer treatment. Its
popular use is for inflammatory diseases, dermatological conditions and skin tumors (Alonso-
Castro et al., 2011). The penca, or leaf, is used for the treatment of tumors. The maguey has anti-
cancer properties (Popoca et al., 1998).

The sap or aguamiel of Agave salmiana helps control obesity, reduces weight and fat mass and
lowers serum glucose, insulin and LDL-cholesterol levels because the saponins and bacterial
species modify the intestinal microbiota (Leal-Diaz et al., 2016).



2.4 Currently Accepted Scientific Name Cucurbita foetidissima

The green maguey is used for pulque production, a typical Mexican fermented drink made
from its sap or aguamiel (Muiiiz-Marquez et al., 2015). In Saltillo, Coahuila and the communities
of Nuevo Leon, Mexico, Agave syrup or aguamiel is used to make bread and produce a beverage
(Estrada et al., 2007).

2.3.4 Ecology and Distribution

The green maguey is widely distributed in the highlands, the center and the south of Mexico
and the southern United States in an arid and semi-arid ecosystem (Lara-Avila & Alpuche-Solis,
2016). It is distributed in the highlands from an altitude of 1,800-2,400 m, in a dry steppes (BS)
climate, with an average annual rainfall of 325.8 to 502.9 mm and average annual temperatures
from 16 °C to 18.7 °C (Tello-Balderas & Garcia-Moya, 2017).

The natural population of Agave salmiana in Zacatecas has densities of 653 to 3,064 magueys
per ha in the municipalities of Pinos, Villa Hidalgo, Noria de Angeles, Loreto, and Villa Garcia
(Martinez Salvador et al., 2005) (Figure 2.4).

2.4 CURRENTLY ACCEPTED SCIENTIFIC NAME
CUCURBITA FOETIDISSIMA

2.4.1 Biology

Cucurbita foetidissima, known as buffalo gourd, is a semi-xerophytic plant native to semi-arid
lands of the southwestern United States and northern Mexico. It grows primarily as a weed in
disturbed soils and in low areas (Dittmer & Talley, 1964). It is also known as Missouri gourd,
chili coyote, calabacillaloca and fetid gourd. Its distribution is from the northern Great Plains to
central Mexico in elevations of 1,000-7,000 feet (ft) (Scheerens et al., 1978).

The plant develops large and wide storage roots containing substantial quantities of starch
(Berry et al., 1976). It is a plant with good yields that increase over the years and with good agri-
cultural management, reaching up to 270 kg/ha in five years from planting (Bemis et al., 1978).
It produces a dense groundcover vine growth and an abundant crop of fruit (Bemis et al., 1979).
The fruits are 5-7 centimeters (cm) in diameter and contain 200-300 seeds. Each plant produces
more than 270 fruits. The seeds contain 30%-40% edible oil and from 30% to 35% protein depend-
ing to seasonal growth fluctuations and competition (Bemis et al., 1978).

It has lanceolate leaves 12 to 25 cm long and 10 to 13 cm at the base with a high photosynthesis
rate (Gomez-Gonzdlez et al., 2019). Its flowers are found at the nodes of the vines, and the most
abundant flowers are male. Its asexual mode of reproduction is probably the major reason for its
dense colony formation in areas of summer rainfall. Every node of the runner has the potential
to develop an adventitious root if the moisture content of the soil is sufficient and coincides with
an appropriate physiological stage of development (Beims et al., 1978) (Figure 2.5).

2.4.2 Active Principles or Bioactive Compounds

The fatty acid distribution of the seeds’ oil content is as follows in percentages: palmitic 7.8%,
stearic 3.6%, oleic 27.1% and linoleic 61.5%. About 30% of the seeds are protein with an amino
acid content similar to other oilseeds (Scheerens et al., 1978). Nevertheless, both, amino acid
supplementation and blending with complementary protein sources would be desirable for use
in cattle feeding. The seed coats show a digestibility of 23%, which is similar to that of sunflower
and cottonseed (Dreher et al., 1980). Further, mineral nutrients in the whole seeds compare
favorably with those of dry cow rations (Lancaster et al., 1983).
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2.4 Currently Accepted Scientific Name Cucurbita foetidissima

Figure 2.5 Cucurbita foetidissima fruit in the winter of 2022.

The seed meal contains about 45% protein with a comparable amount of fiber to of that of
deoiled meal used in animal feeds (Bemis et al., 1978). Furthermore, seed flour contains 70%
protein, and protein concentration of 80%-85% protein might be produced for the food industry
by standard protein-fiber separation techniques.

The starch content varies from 50% to 65% on a dry-weight basis (Bemis et al., 1978; Berry et
al., 1975, Nelson et al., 1983).

2.4.3 Ethnobotanical Uses or Traditional Uses

Plants are found primarily on disturbed land (roadsides and old agricultural fields), and it has
been observed that they may have become dependent upon their long association with human
populations (Whitaker & Bemis, 1975).

The whole plant has been used as soap and food (Niethammer, 1974). The fruit and the root
have been used not only as hand and laundry soap as well as shampoo but also as stain remover
(Hogan & Bemis, 1983). The seeds, when roasted, boiled, or cooked, are used to make a form of
mush (Niethammer, 1974; Cutler & Whitaker, 1961). The bitter taste of the fruit pulp and seeds
can be removed using calcium carbonate (Nabhan, 1980). Adding water reduces the presence of
bitter cucurbitacins in the fruit, foliage, and roots for consumption. Fruits must be boiled repeat-
edly before consumption (Cutler & Whitaker, 1961).

This plant has potential biomedical properties that are currently being investigated at a
medicinal plant research institute in Mexico (Nabhan, 1980). Roots of the buffalo gourd have
been used for medicinal purposes. Juice extracted from roots that have been pounded and boiled
is used as a disinfectant and to treat toothaches (Niethammer, 1974). Pieces of the root are still
sold in the southwestern United States.
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This specie has the potential of a cultivated plant with the purpose of food crop, having seeds
rich in oil and protein. It also produces an extensive storage root system rich in starch. It has
evolved in the arid regions of North America and is adapted to growing on arid to semi-arid
lands, which constitute much of the world’s land mass - lands now marginal for crop production.

2.4.4 Ecology and Distribution

It is a native perennial plant considered a weed, widely distributed in northern Mexico and the
southern United States (Wallace & Quesada-Ocampo, 2015) (Figure 2.6).

2.5 CURRENTLY ACCEPTED SCIENTIFIC NAME DYSPHANIA
AMBROSIOIDES (L.) MOSYAKIN & CLEMANTS

2.5.1 Biology

The common name of this species is Epazote (from the Nahuatl epatl, meaning “skunk,” alluding
to its unpleasant smell). In Mexico there are 24 species that belong to the genus Chenopodium
(Blanckaert et al.,2012).

It is a summer annual plant that flowers from May to November and reproduces only by seed
(Dembitsky et al., 2008). It is characterized by being an upright, glandular plant, 20-30 cm tall.
Its stem is simple or branched, sometimes reddish and striped. Its leaves are yellow on the under-
side and are oval or oblong, 2—-6 cm long by 1-3 cm wide, covered with glands, sinuate-pinnatifid,
with a thin petiole and oblong or deltoid lobes, without hairs or sticky covering (viscid) on the
upper side. It has a loosely dichotomous inflorescence, with numerous axillary cymes arranged
in long panicles with sessile flowers and pedicels. The fruits are surrounded by the perianth (a
utricle), which is small with a thin wall, about 0.10 cm in diameter; horizontally, the seeds are
0.05 mm in diameter, dark brown or black and have an adherent pericarp. The seedlings are
cylindrical hypocotyl, up to 22 mm; cotyledons with ovate to elliptic blades that are 2-4 mm long
and 1.3-2 mm wide, without hairs; epicotyl that are 1.5-9 mm long and quadrangular; and have
opposite leaves (Espinosa & Sarukhan, 1997).

2.5.2 Active Principles or Bioactive Compounds

The Amaranthaceae have a largely worldwide distribution. Members of this family are rich in
bioactivity, such as D. ambrosoides which possesses antifungal, antibacterial and anti-inflam-
matory properties (Khan & Javaid, 2019; Khan & Javaid, 2020). Epazote oil has been reported
to contain four hydroperoxides monoterpenes in addition to ascaridole (Kiuchi et al., 2002).
Ascaridole is known to have an analgesic effect at doses of 100 mg/kg and at doses of 300 mg/kg
to produce convulsions and lethal toxicity in mice (Okuyama et al., 1993). Likewise, fatal cases
are recorded to have happened because of the misuse of this plant. D. ambriosoides’toxic amount
of ascaridole is the main reason for poisoning in children in registered fatal cases (Marinoff &
Urbina, 2009). In addition, epazote contains limonene (an important antioxidant) and camphor,
among other compounds (Sagrero-Nieves & Bartley, 1995).

The chemistry has been little studied, and, in fact, there is only one study carried out in
Mexico. It describes the presence in the aerial parts of the sesquiterpenes cryptomeridiol, its
alpha-acetoxylated derivative and hydroxy-elemol; the flavonoids chrysin, pinocembrin, and
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pinostrobin; the sterols daucosterol, stigmasterol, and stigmas-2-en-3-beta-ol and the monoter-
pene geraniol acetate. The in vitro anthelmintic activity of D. ambriosoides leaf, stem, flower and
seed extracts (fresh and dry) against freshly excysted Fasciola hepatica was verified, which were
lethal to parasites at concentrations of 2.5mg plant/ml and 5.0plant/ml. Anthelmintic activity
against Fasciola hepatica, Ascaridia galli and Stomoxys calcitrans larvae of the active compound
pinocembrine (5,7-dihydroxiflavanone), isolated by fractionation in thin layer chromatography
(TLC) of an extract of aerial parts of the plant, obtained with acetone and its essential oils of D.
ambrosioides, are rich in monoterpenes, hydrocarbons and tannins (Camacho, 1991; Zarate &
Xolocotzi, 1991; Calzada et al., 2003; Castillo-Juarez et al., 2009).

2.5.3 Ethnobotanical uses or Traditional Uses

It is classified as a medicinal plant because it has anthelmintic properties, and it turns out to
soothe some stomach pains, intestinal worms (hookworm, roundworm), cramps, healing action
inflammation in the belly, cough, cold, pneumonia, regulation of menstrual cycle, and fever
(Gheno-Heredia et al., 2011; Grassi et al., 2013). It is also used for ceremonial and religious pur-
poses as a condiment and to relieve infections in animals (Vibrans, 2009).

2.5.4 Ecology and Distribution

It is native to Mexico and grows in a weedy and ruderal habitat. It has been recorded in most of
the states in Mexico (Villasefior & Espinosa, 1998) (Figure 2.7).

2.6 CURRENTLY ACCEPTED SCIENTIFIC NAME
EUJPHORBIA ANTISYPHILITICA ZdCC

2.6.1 Biology

Candelilla is the common name of Euphorbia antisyphilitica Zucc, which means “little candle”
(Barsch, 2004). The candelilla belongs to the Euphorbiaceae family, which is characterized by the
presence of latex metabolite in its tissues (Hua et al., 2017). The Euphorbia genus is composed of
more than 1,000 species in the world; while there are 138 accounted for in Mexico (Gordillo et al.,
2002), it is estimated that there are 241 species (Steinmann, 2002).

It is a small plant less than 1-m tall that forms extensive colonies with multiple photosyn-
thetic stems with small pink and white flowers. Vegetative reproduction is the most common
form of underground shoots or root division (IBUNAM, 2019).

Euphorbia antisyphilitica is laticiferous, which means that extended cells found in tissues
such as the roots and stems, where wax and hexane are extracted, produce latex (Mehrotra &
Ansari, 2000). Candelilla is part of the Euphorbiaceae family and is considered toxic and can
cause irritation of skin, eyes and mucous membranes (Barsch, 2004) (Figure 2.8).

2.6.2 Active Principles or Bioactive Compounds

The extracts and wax are an important source of phytochemicals, such as lipids, saponins, qui-
nones and phenolic compounds, including ellagic acid, hydrolysable and condensed tannins,
gallic acid and candelitannin (Rojas et al., 2021).
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Figure 2.8 Specimens of Euphorbia antisyphilitica collected to extract the wax.

The extracts from dehydrated residues of candelilla stems act against phytopathogenic fungi
such as Alternaria alternata, Fusarium oxyzporum, Colletotrichum gloeosporoides and Rhizoctnia
solani. The extracts are rich in polyphenol components because of its ellagic acid content and
its precursor ellagitannin, giving them antimutagenic, antiviral and anticarcinogenic effects
(Ascacio-Valdés et al., 2013).

Candelilla wax is used in the food industry, as it is an eco-friendly input that is used in micro-
emulsions, biodegradable packaging and oleogels and edible films for fruits (Aranda-Ledesma
et al., 2022). The metabolites of residues have bioactivity as antioxidants such as flavonoid and
polyphenolic compounds (Rojas et al., 2021)

2.6.3 Ethnobotanical Uses or Traditional Uses

This plant extracts the wax used in the food industry in the northern states of Mexico, mainly
Coahuila, Durango, Zacatecas, and Nuevo Ledn (Brailovsky Signoret & Hernandez, 2010). This
endemic plant is considered a natural source of cerote and wax in Mexico (Steinmann, 2002). The
cerote is extracted from the sap of the stems by heating a large steel frying pan and applying sul-
furic and other acids (Estrada-Castillon et al., 2018).

The leaves and stems of candelilla have traditionally been used as a purgative and to treat
tooth pain, syphilis and urinary infections (Mariacute et al., 2013). The traditional use for the
treatment of syphilis is where the species’ name, antisyphilitica, is derived (Barsch, 2004).

Candelilla wax can inhibit bacterial growth as a result of its phytochemical content such as
saponins and quinones. Plant stems also contain phenolic compounds with antibacterial activ-
ity, associated with the presence of antioxidants such as ellagic acid and gallic acid (Rojas et al.,
2021).



2.7 Currently Accepted Scientific Name Jatropha dioica Sessé ex Cerv.

2.6.4 Ecology and Distribution

The candelilla is a plant of the arid zones and belongs to the type of vegetation named desert
shrub, which is associated with Agave lechuguilla, Opuntia spp., Prosopis spp., and Larrea triden-
tate (Miller et al., 2018).

The Euphorbia antisyphilitica Zucc is the more important plant of the scrub rosette vegeta-
tion, characteristic of regions with little rainfall (500 mm) in a semi-arid climate (Barrientos-
Lozano & Rocha-Sanchez, 2013). It is a species that is also found in soils with the presence of
gypsum, as in Cuatrocienegas, Coahuila (Ochoterena et al., 2020).

Its habitat is thin soils less than 50 cm deep, with abundant stoniness and good drainage, where the
geological material is calcium carbonate (Hernandez-Herrera et al., 2019). This plant prefers the soils
leptosol, regosol and xerosol, with a medium texture (Hernandez-Centeno et al., 2020) (Figure 2.9).

2.7 CURRENTLY ACCEPTED SCIENTIFIC NAME
JATROPHA DIOICA SESSE EX CERV.

2.7.1 Biology

Generally known as “Sangre de drago,” “sangre de grado” or “sangregado,” it is a species endemic to
Mexico (Martinez-Calderas et al., 2019). This plant grows naturally in arid and semi-arid regions. It
is a shrub of 50-150 cm high and owes its common name to the fact that it has a colorless astringent
juice that changes on contact with air, turning reddish and resembling blood (Araujo-Espino et al.,
2017). They generally form colonies because their rhizomes have thick roots and semi-woody stems
that grow outward. The root can measure up to 5 m around the plant; it also has healing properties,
which is why it was used in traditional medicine. Its branches are flexible and dark reddish in color.
The leaves are deciduous and are grouped in fascicles that only appear during the rainy season. Its
flowers develop on one side of the leaves; they are small and white with pink, grouped in fascicles.
Its fruits are globular, 1.5 cm long and contain a brown seed inside (Flores-Torres et al., 2021). The
flowering season is during the months of April and May. The plant is obtained by harvesting and is
available throughout the year (Martinez-Calderas et al., 2019) (Figure 2.10).

2.7.2 Active Principles or Bioactive Compounds

Jatropha dioica has been described as a rich source of various phytochemicals of interest, which
exhibit antitumor, gastroprotective, antibiotic, antiviral, antifungal and chemoprotective prop-
erties (Pérez-Pérez et al., 2020a; Gutiérrez-Tlahque et al., 2019), in addition to its antioxidant,
chemopreventive and hyperglycemic properties. It is widely used in traditional medicine for the
control of hair loss, kidney pain, digestion problems, eye irritation, caries, periodontal disease,
toothache and skin cancer (Castro-Rios et al., 2020). Its medicinal effects are associated with its
phytochemical components; it has been identified as containing three biologically active diter-
penes (rhyolozatrione, citlalitrione and jatrophone), a sterol, ellagic acid and oxalic acid, in addi-
tion to secondary metabolites, such as flavonoids and polyphenols (Araujo-Espino et al., 2017).

2.7.3 Ethnobotanical Uses or Traditional Uses

This species’ main uses are medicinal, such as the use of latex in small doses to control cold
sores and relieve dental pain. The seed oil extract is used as a purgative. To prevent hair loss,
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2.7 Currently Accepted Scientific Name Jatropha dioica Sessé ex Cerv.

Figure 2.10 Set of individuals of Jatropha dioica.

dandruff and styes, the stems are boiled or the whole plant or root is crushed and applied
as a hair tonic; it is also used as an infusion for the treatment of varicose veins and bruises,
for which the plant is boiled and applied to the affected area. The fruit is used to treat irri-
tated eyes by placing a drop of the juice in the fruit; for gingival bleeding and tooth mobil-
ity, the roots and stems are chewed. The aqueous extract of the root has also been found to
have antibiotic activity against Staphylococcus aureus (Can-Aké et al., 2004). It is also com-
monly used in the agricultural sector for crop protection, as a live hedge and as food and
feed. J. dioica has been used for biodiesel as fuel and biopesticide production (Pérez-Pérez
et al., 2020Db). Its potential use as a phytoaccumulator of heavy metals in soil has also been
reported (Flores-Torres et al., 2021).

2.7.4 Ecology and Distribution

The genus Jatropha of the Euphorbiaceae family has 175 species, 45 of which are found in
Mexico, of which 77% are endemic. They are native to Central America and the Caribbean
and are also distributed in North America, Asia and Africa in tropical and subtropical areas
(Pérez-Pérez, 2020a, b). They are shrubs characterized by an exudate that emanates when
the plant suffers damage. These plants are used in traditional medicine in several countries
such as India, Africa and Mexico as the presence of active principles such as carbohydrates,
alkaloids, terpenes, lignans and cyclic peptides, phenols, saponins, camarins, tannins, fla-
vonoids and phytosterols have been described (Thomas et al., 2008; Can-Ake et al., 2004).
J. dioica is distributed from northern to central Mexico. It predominates in dry, warm and
semi-warm climates, from 1,100 to 2,500 m above sea level (Martinez-Calderas, 2019). It can
be found in dry climates such as hillsides, grassland, tropical deciduous forest and stony soil
(Cordova-Tellez et al., 2015). The months in which the plant is found in greatest abundance
are March, July and October and in smaller quantities during May and November (Barba et
al., 2003) (Figure 2.11).

25



Mexican Desertic Medicinal Plants

26

"o101p PYdo.jvf Jo souasaid ayy jo dejy  [1'g danSig

Fid R ] = e — ™

009 oS 00€ oSk S 0

Ao
Yy,
w

|eliojew As|jeA ueoenyal

e|gand

Znioelap |eynbzaw uedijnewe]
|esioyew uedinewe]

|eJiojew |esjua) ejess|\

ne

|eliojew UBDIXa [elus)
pasap uenyenyiyd
Jasap uelouos

qnJos oLaX elulojie) Jo Jn9

gnJos dusX uednT ueg

w W Hasap eluioyle) eleg
spue|qnIysS oY R Suasag
t g 5 U o i eololp eydosjer aoussald v
v je
v
" &
v <

essapo zoenfo0sed.I3

pueipIng

1q ues

e| X1



2.8 Currently Accepted Scientific Name Heterotheca inuloides Cass.

2.8 CURRENTLY ACCEPTED SCIENTIFIC NAME
HETEROTHECA INULOIDES CASS.

2.8.1 Biology

The Heterotheca genus is widely distributed in North America, being found from Canada to cen-
tral Mexico, for which four species are recognized: H. grandiflora Nutt. H. subaxilaris (Lam.)
Britton & Rusby, H. inuloides Cass. and H. leptoglossa DC., the latter two being endemic in Mexico
(Nesom, 1990; Semple, 2008).

In Mexico, H. inuloides is generally known by the folk name of “drnica” or “drnica mexicana.”
This herb is one of the most commonly used native species in Mexico, it is a perennial or annual
plant, often flowering in its first year (McVaugh, 1984; Rzedowski, 2001; Monroy-Ortiz & Monroy,
2004). Depending on its stage of development, it measures 25-30 cm and in its flowering stage,
70-100 cm tall. During its nonflowering stage, the plant is made up of only leaves and a tender
stem, while in its flowering stage, it has an erect and woody stem, little branches with short villi,
and its leaves have an ovate limb shape that are widened at the base, 3-10 cm long and 1-3.5 cm
wide. As for its inflorescence, the flowers are grouped in a head (150 flowers), these measure 8-15
mm long (Maldonado, 2004; Maldonado-Lépez et al., 2008). H. inuloides grows wild as a weed or
secondary succession pioneer mainly in the cooler and temperate regions of Mexico in highlands
at altitudes between 2,000 and 3,000 m above sea level, as well as, it has been found, in tropical
forests, natural grasslands and xerophilous shrublands (Veldzquez et al., 2003; Rojas et al., 2013;
CONANP, 2014; Rodriguez-Chavez et al., 2017).

2.8.2 Active Principles or Bioactive Compounds

The bioactive compounds identified in both species of arnica have anti-inflammatory proper-
ties and belong to the family of sesquiterpene lactones such as chamissonolide, helenalin and
hydrohelenalin (Lyss et al., 1998; Kos et al., 2005; Klaas et al., 2002; Garcia-Pérez et al., 2016).
The antimicrobial and antioxidant activity of Mexican arnica is due to the presence of phenolic
compounds and flavonoids (quercetin and kamferol) (Garcia-Pérez et al., 2016) that act synergis-
tically with chamissonolide, helenalin and hydrohelenalin (Rodriguez Chavez et al., 2015). The
presence of fatty acids in arnica oil favors the penetration through the skin of bioactive and anti-
inflammatory compounds (Bilia et al., 2006).

The plant was used in homeopathic formulations to treat inflammatory conditions in humans
with good results (Iannitti et al., 2016; Seeley et al., 2006; Fioranelli et al., 2016). On the other
hand, this plant has been shown to activate cells of the immune system including neutrophils,
which are cells that attack harmful bacteria (Olioso et al., 2016). Studies on the effect of arnica
on edema (excess fluid in some tissue) induced by blood were also carried out, and it was shown
that they were significantly reduced in rats (Conforti et al., 2007).

2.8.3 Ethnobotanical Uses or Traditional Uses

Arnica is used to treat inflammatory conditions or as antimicrobials (Staphylococcus aureus,
Eschericha coli) and antioxidants (Lyss et al., 1998; Garcia-Pérez et al., 2016) as well as for the
treatment of bruises, sprains and rheumatic problems (Kamatani et al., 2014), wounds, bruises,
pain and angina (Lannitti et al., 2016). Topical methods of use require the plant to be boiled
in water and used to reduce wounds, pain, rheumatism, contusions, and ailments related to
inflammatory processes and are more efficiently applied in cataplasm; orally, the plant is made
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into a tea or infusion to help ulcers, gastritis, diarrhea, and stomach-ache (Rodriguez-Chévez et
al.,2017). All parts of the plant are used for medicinal purposes, from the stems, flowers, leaves,
branches and roots. Preparation methods vary widely, including infusion, decoction, maceration
and soaking, while the preparations are usually taken orally and topically. The most common
form of preparation is with flowers, leaves and parts of the stems which are immersed in boiling
water and ingested as a tea (Gonzalez-Stuart, 2010)

2.8.4 Ecology and Distribution

H. inuloides is usually distributed in pine-oak forests, grasslands, and tropical deciduous forests
(McVaugh, 1984; Rzedowski & Rzedowski, 2001). Its habitat is ruderal and adverse, disturbed
grasslands, and clearings in forests as well as a weed in crop fields, pastures fields and disturbed
areas (Rodriguez-Chavez et al., 2017).

The main distribution of H. inuloides is in the center of Mexico; it’s found in the states of
Colima, Federal District, Durango, Guanajuato, Hidalgo, State of Mexico, Michoacan, Morelos,
Nuevo Le6n, Oaxaca, Puebla, Querétaro, San Luis Potosi, Tlaxcala and Veracruz (Villasefior &
Espinosa, 1998) (Figure 2.12).

2.9 CURRENTLY ACCEPTED SCIENTIFIC NAME
LIPPIA GRAVEOLENS KUNTH

2.9.1 Biology

This plant is of the aromatic type and a non-timber forest species that grows wild in the arid and
semi-arid zones of Mexico (Villavicencio-Gutiérrez et al., 2018).

It is also cultivated in several regions of the world and is harvested commercially for its char-
acteristics as a spice, condiment and medicinal properties. There are numerous varieties of oreg-
ano for cultivation, mainly varying by the intensity of its aroma, the quality of the essential oil
and the growing areas (Ocampo et al., 2009).

Lippia graveolens is a short-cycle shrubby perennial plant that is slender and aromatic, with a
height that varies from 0.2 to 2 m, although it can reach up to 3 m in height. It has woody stems
that are highly branched from the base and, therefore, it looks like a small shrub. The stems are
reddish in color and can reach heights of up to 40 cm. Its leaves are oblong or elliptical, finely
crenulated, very tomentose and hairy, are placed oppositely, show an oval shape and are very
small, usually measuring between 5 and 15 mm. The leaves of this plant are hairy on the under-
side (Granados et al., 2013) (Figure 2.13).

2.9.2 Active Principles or Bioactive Compounds

Lippia graveolens contain an essential oil fraction that generates most of its economic value as
a flavoring and additive for food products. Furthermore, fresh leaves and wasted plant material
have been suggested as a bioactive fraction and alternative source of bioactive compounds such
as polyphenols (flavonoids) and terpenes (Bautista-Herndndez et al., 2021).

Flavonoids such as apigenin, luteolin, aglycones, aliphatic alcohols, terpene compounds and
phenylpropane derivatives have been identified (Rassem et al., 2018).

Essential oils of the Lippia species contain limonene, b-caryophyllene, p-cymene, camphor,
linalool, apinene and thymol, which may vary according to the chemotype (Rehman et al., 2016).
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Figure 2.13 Specimens of Lippia graveolens in Rancho San Juan, Monclova, Coahuila.

In methanolic extracts of L. graveolens leaves, seven minority iridoids, known as loganin, secolo-
ganin, secoxyloganin, dimethyl secologanoside, loganic acid, 8-epi-loganic acid and caryopto-
side, and three majority iridoids, such as caryoptosidic acid and its derivatives 6™-O-p-coumaroyl
and 6-Ocaffeoyl (Arias et al., 2020), have been found. It also contains flavonoids such as narin-
genin, pinocembrin, lapachenol and icterogenin (Bautista-Herndndez et al., 2021).

2.9.3 Ethnobotanical Uses or Traditional Uses

The collection of wild oregano is an essential activity for most of the rural communities where
this shrub grows because it represents an opportunity for additional income and development
for these groups whose economic activity is for survival (Garcia-Pérez et al., 2012).

Due to its medicinal properties, both the leaf and the oil are used as an analgesic, anti-inflam-
matory, antipyretic, sedative, antidiarrheal, treatment of skin infections, antifungal, diuretic,
remedy for menstrual disorders, antimicrobial, repellent, antispasmodic, treatment of respira-
tory diseases and abortifacient (Calvo-Irabién et al., 2014; Soto-Armenta et al., 2017).

2.9.4 Ecology and Distribution

Lippia graveolens is a variable and polymorphic species, consisting of populations with different
morphological, phenological and phytochemical characteristics. It is mainly distributed in the states
of Chihuahua, Durango, Tamaulipas and Coahuila, where 50% of the harvesting permits are con-
centrated, followed by Jalisco, Zacatecas, Querétaro, Hidalgo and Baja California. However, natural
populations are also found in Tamaulipas and Sinaloa (Martinez-Natarén et al., 2018) (Figure 2.14).

2.10 CURRENTLY ACCEPTED SCIENTIFIC NAME
LOPHOPHORA WILLIAMSII

2.10.1 Biology

The peyote plant is in the Cactaceae family, which has its natural distribution area in the
Chihuahuan Desert of Mexico and the United States (Ermakova et al., 2021).



31

2.10 Currently Accepted Scientific Name Lophophora williamsii

-dds v1ddi7 jo 9ouasaad ayy jo dejyy  $1°g 2aAnSig

R S e — ™

009 (0514 00g oSk S 0

|esjojew As|leA ueoenys|
|leynbzaw uediinewe]
|esjojew uediinewe|
|ellojew [eua) BIS3SIIN
|elI0jewW UBDIXa [eljus)
uasap uenyenyiyd
}asap uelouos

QnJos oLaX Eeluloji[eD JO NS

® QqnJos dl8X uednT uesg
. ~.-- yasap elulojie) eleg
v . . + Spue|gnuyg oudX @B SMasag
it ,\ dds eiddi] soussald e
.
PR P}
Y L]

oluoUY UES

& st
Zaseny E} -

seleq  uvom uod

s 80y



32

Mexican Desertic Medicinal Plants

Figure 2.15 Specimens of Lophophora williamsii in Marte Estacion, Coahuila.

Lophophora williamsii is a small, spineless cactus approximately 2-12 cm in diameter with
a flat to dome shape and is distributed singly or in colonies (Newbold et al., 2020) (Figure 2.15).

2.10.2 Active Principles or Bioactive Compounds

Peyote contains dopamine that helps to tolerate the stress of the desert environment and pro-
vides an immune response against diseases. Its content of phenylalanine is hydroxylated to tyro-
sine, which is further hydroxylated to L-dopa or decarboxylated to tyramine.22 (Liu et al., 2020).

Peyote is a plant capable of accumulating high levels of alkaloids (Ibarra-Laclette et al., 2015),
the best known is mescaline 3,4,5-trimethoxyphenethylamine, which has analgesic effects
(LeBlanc et al., 2021).

2.10.3 Ethnobotanical Uses or Traditional Uses

Lophophora williamsii is a medicinal plant, but its harvest or possession of live specimens is not
legal (Castle et al., 2014).

Peyote is a plant used by native peoples for their traditional ceremonies and rituals (Jones,
2007). Actually, in the United States, peyote is considered a Schedule 1 Controlled Substance
(Terry & Trout, 2017), while in Mexico, it is a psychotropic substance with little or no therapeutic
value, has a high addictive potential and is considered a health risk (Genet Guzman & Labate,
2019). Peyote is harvested from the green crowns of the plant to avoid killing the whole plant to
be used in medicine as pomada containing mescaline (Klein et al., 2015).

According to archaeological evidence, the native peoples of Coahuila and Texas have used
peyote for the treatment of arthritis or joint inflammation (Feeney, 2018).

2.10.4 Ecology and Distribution

Peyote is a species that is at risk or vulnerable because of illegal extraction for its use in medicine,
coupled with scarce existing populations found only in calcareous soil (Castle et al., 2014).
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Its presence is limited to the Chihuahuan Desert. Its populations have an aggregate pattern
in distribution and require nurse plants to survive, like Larrea tridentata, Acacia sp. and Cordia
parvifolia (Naranjo et al., 2010) (Figure 2.16).

2.11 CURRENTLY ACCEPTED SCIENTIFIC NAME
OLNEYA TESOTA A. GRAY

2.11.1 Biology

It is a monotypic genus of phanerogamous plants belonging to the Fabaceae family; its only
species, Olneya tesota, is native to Mexico (Zuiiiga-Tovar & Suzan-Azpiri, 2010). This tree is
endemic to the Sonoran Desert and is considered one of the largest trees in the sarcocaules-
cent and xerophytic scrub communities; it is possible to find individuals over 15 m tall (Suzén
et al., 1996). Mature trees may have a simple or branched trunk that produces shoots from the
roots. It rarely loses its leaves, as these are continually replenished, and when they fall, they
form layers of organic matter in varying degrees of decomposition that settle at the base of
the trees. Flowering of O. tesota begins in March, and the fruits ripen in early summer; it has
elliptical green leaves and white to pink flowers (SEMARNAT, 2014). The pods contain one
to four large seeds that germinate after the first rains. Most seedlings die after germination
due to lack of moisture, so the development of new individuals is sporadic and can take sev-
eral decades. Ironwood is a slow-growing, long-lived species that can exceed 800 years of age
(Suzan et al., 1996) (Figure 2.17).

2.11.2 Active Principles or Bioactive Compounds

The O. tesota seeds contain three lectins named PF1, PF2 and PF3; particularly, PF2 is a tet-
ramer formed by 33 kDa subunits and is the most abundant molecule in the seeds with 3% of
the total protein. This lectin is inhibited only by glycoprotein complex carbohydrates (Urbano-
Hernéndez et al., 2015). The sequence of the amino-terminal end and some internal sequences of
PF2 show high homology with the Phaseolus vulgaris lectin, which recognizes complex oligosac-
charide structures of the bisected bistranded type, present in the cell membrane of erythrocytes
(Lagarda-Diaz et al., 2017). Other authors point out that O. tesota contains high levels of metha-
nol and hexane, substances with antibacterial properties, with derived uses for gastrointesti-
nal diseases (Moreno-Salazar et al., 2008), as well as tannins, which have astringent properties
(Waizel-Bucay & Martinez-Rico, 2011).

2.11.3 Ethnobotanical Uses or Traditional Uses

The plant parts of O. tesota have been put to many uses. Its hard, dark-colored wood is used as
a raw material for some communities in the Sonoran Desert (Suzan et al., 1996). The flowers are
used in infusions to alleviate various ailments associated with stomach and kidney ailments
(Felker, 1981). The active compounds in the inflorescence have been reported to respond favor-
ably to gastrointestinal disorders or infectious diseases (Rosas-Pifién et al., 2012). Traditionally,
flower infusions in aqueous media with ethanol have been used (Sharma et al., 2017). Other stud-
ies indicate that O. tesota is very important for the diet of cattle, especially in times when the
Gramineae family is scarce for foraging (Toyes-Vargas et al., 2013).
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2.11 Currently Accepted Scientific Name Olneya tesota A. Gray

Figure 2.17 Specimens of Olneya tesota in Bermejillo, Durango.

2.11.4 Ecology and Distribution

The vegetation types of O. tesota are scattered in areas with warm and arid or semi-warm and
very arid climates. In shrublands, known as arbosufrutescent, arborescent and arbocrasicaules-
cent, it is found mainly in plains and on low and medium-size hillsides (SEMARNAT, 2014); it
grows in soils of moderate depth, with sandy, sandy-gravelly and sandy-loamy texture and in
desert soils that are poor in organic matter. It is also a species that is very resistant to frost and
high temperatures (Sadufio et al., 2009).

Although there are areas where its density and percentage in the floristic composition is very
important, such compact stands of trees are not found. Thanks to its great longevity and the
perennial nature of its leaves, the microhabitat formed under its shade is stable. All these charac-
teristics make ironwood a nurse species, i.e. it gives protection to other plants (Suzan et al., 1996)
and provides shade, food and shelter for small wildlife mammals (Coronel-Arellano & Lopez-
Gonzélez, 2010); in particular, some authors report that species such as the desert mule deer
(Odocoileus hemionus eremicus) and the desert bighorn sheep (Ovis canadensis weemsi) depend
on the branches and foliage provided by this legume (Marshal et al., 2004; Guerrero-Céardenas et
al., 2018).

It is considered a unique species within the genus Olneya and is distributed in the Sonoran
Desert in the states of Arizona and California in the United States and in Mexico on the Baja
California peninsula (Suzan et al., 1997). In the species present in the Mexican state of Sonora, it
is mainly associated with mesquite and sarcocaulescent scrub, occupying a distribution gradi-
ent from 0 to 80 m above sealevel. It is abundantly distributed in the center of the state of Sonora
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as well as near the coast and plains; it has been reported that the minimum winter temperature
is an important factor for its distribution (SEMARNAT, 2014) (Figure 2.18).

2.12 CURRENTLY ACCEPTED SCIENTIFIC NAME
OPUNTIA FICUS-INDICA (L.) MILL., 1768

2.12.1 Biology

Opuntia specimens are a very common genus of the Cactaceae family on the American con-
tinent (J. A. Reyes-Agiiero et al., 2006). The specimens are bushy plants, with a maximum
height of 6 meters, with erect growth made up of stems or cladodes (Porras Florez et al.,
2018). A cactus pear has a cladode as a base, whereas lanceolate cladodes branch out with
a length of 39 cm and a thickness of 1.5 cm (IBUNAM, 2019). Vegetative reproduction of
Opuntia ficus-indica is the most common form, with cladodes or stems, but it is also sexu-
ally propagated by seeds (J. Antonio Reyes-Agiiero et al., 2005). The fruit is known as cactus
pear or tuna in Mexico and has a thick shell with very fine spines, pulp, and abundant seeds
(Ramirez-Rodriguez et al., 2020).

The Opuntia ficus-indica is a cacti plant with CAM that has the capacity to store water in its
cladodes (Scalisi et al., 2016). Plants with CAM close their stomata in the day when the air tem-
perature is high and open at night to take in CO,, allowing them to manage scarce water in the
arid regions (Chen & Blankenship, 2021) (Figure 2.19).

2.12.2 Active Principles or Bioactive Compounds

In nutrition, it has been found that cactus pear cladodes, processed, dehydrated and ground,
have a high antioxidant potential and were an important source of flavonoids, phenolics, alka-
loids and terpenoids, which have anticarcinogenic functions, such as the flavonoids protect cells
against the consequences of oxidative stress (Msaddak et al., 2017).

The prickly pear or tuna gives fiber, vitamins and minerals and is also an important source of
bioactive nutraceutical substances, such as some fatty acids, amino acids, sterols, carotenoids,
phenolics and betalains, that have antioxidant, antibacterial, anti-inflammatory, antiprolifer-
ative and neuroprotective effects (Silva et al., 2021). Also, the seeds of the prickly pear are an
excellent source of nutrients and have high amounts of phenolic compounds that have strong
antioxidant properties. Generally, the seeds are eliminated after extraction of pulp or when con-
sumed by people (Kolniak-Ostek et al., 2020).

2.12.3 Ethnobotanical Uses or Traditional Uses

The Oputia ficus-indica has been used by indigenous communities since before the pre-Hispanic
period and has been used in many ways, such as nutrition from the fruit and cladodes (Ramirez-
Rodriguez et al., 2020) and traditional medicine for patients with diabetes in rural communities
(Estrada-Castillon et al., 2021).

In Mexico, adding the cladodes or fruit into daily diets has traditionally helped diabetic
people (Silva et al., 2021). Consuming dehydrated cladodes helps patients with type 2 diabetes
to reduce blood glucose, serum insulin and plasma glucose-dependent insulinotropic peptide
peaks (Lopez-Romero et al., 2014).
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Figure 2.19 Fruit and cladodies of Opuntia ficus-indica.

The presence of CAM in Opuntia ficus-indica makes it a widely used species with a high poten-
tial for forage production in arid and semi-arid regions, as in the case of India and Brazil (Kumar
et al., 2022). This nopal has been used for the production of grana cochineal, a natural dye widely
used in colonial times that turned Mexico into a producer of the textile dye (Ervin, 2012).

Nopals’ efficient use of water makes cladodes and fruit a good option for feeding animals in
the production of biomass (Reis et al., 2018).

2.12.4 Ecology and Distribution

Opuntia is a native plant of America, currently distributed in many parts of the world, such as
Europe, Africa and Asia, where it is considered an invasive plant (Shackleton et al., 2011).

The plantations were established with this native plant since pre-Hispanic times. It is cur-
rently an important species in agriculture in many arid regions (Ervin, 2012) (Figure 2.20).

2.13 CURRENTLY ACCEPTED SCIENTIFIC NAME
PARTHENIUM INCANUM KUNTH

2.13.1 Biology

The genus Parthenium contains approximately 16 species of shrubs, herbaceous perennials and
annuals (Ebadi,2006). The mariolaisagreyish-greenshrubthatrangesfrom30-120cmtalland has
astrongscent,manybranches,andstriatedbark.Ithasalternateleaveswithirregularlobesthatare
5-10cmlongand thelower surface oftheleaves have dense, pale green tomentum (McVaugh, 1984).
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Figure 2.21 Parthenium incanum in the town of Buenavista, Saltillo, Coahuila.

Heads of small creamy-white flowers are arranged in terminal cymose panicles above the leaves,
and the achene fruits are 2 mm long. It is closely related to guayule (Parthenium argentatum)
with which it can hybridize (Allred & Ivey, 2012) (Figure 2.21).

2.13.2 Active Principles or Bioactive Compounds

Various biological activities from related species (P. hysterophorus) have already been
reported, such as antimicrobial, antioxidant, antihemolytic, cytotoxicity and lipid per-
oxidation inhibition (Kumar, 2013). The medicinal uses of this plant include treatment of
indigestion, sluggish liver and mild constipation (Kane, 2006). The antimicrobial activity of
parthenin was demonstrated against the growth of enteric bacterial pathogens, including
Salmonella typhi, S. typhimurium, Enterobacter aerogenes, Klebsiella pneumoniae, Escherichia
coli, Proteus vulgaris, Pseudomonas aeruginosa, Staphylococcus epidermidis, S. aureus, and
Shigella flexneri (Siddhardha et al., 2012).

2.13.3 Ethnobotanical Uses or Traditional Uses

The whole plant is used except the root. It is consumed in infusions for bile, infections and other
stomach diseases. The leaves and branches are boiled then taken as a tea (McVaugh, 1984). There
are no records of toxicity or adverse reactions. It is used in the northern states of Mexico to treat
gastric diseases, including constipation, diarrhea, poor digestion and stomach pain as well as to
treat liver conditions (Kane, 2006). Gonzalez (1988) mentions that, in the field, it is taken as tea
for stomach pain, while it is smelled for dizziness. Gonzalez (1998) explains that the infusion of
this plant is used to combat stomach pain, diarrhea and fever. In Coahuila, this plant is reported
as a remedy for liver conditions.

2.13.4 Ecology and Distribution

It is distributed from the southwestern United States from Nevada to southwestern Texas
(McVaugh, 1984). In Mexico, it has been recorded from Sonora to Hidalgo and Querétaro
(Villasefior & Espinosa, 1998). Mariola is an important source of food for grazing animals in des-
ert shrub lands (Villalobos, 2007).



2.14 Currently Accepted Scientific Name Pinus cembroides

The shrub occurs on low stony limestone slopes, deep soils with xerophytic scrub and grass-
lands. Its altitudinal distribution in western Mexico is from 800 to 2,000 m (Allred & Ivey, 2012).
It flowers and fruits from May to September (McVaugh, 1984) (Figure 2.22).

2.14 CURRENTLY ACCEPTED SCIENTIFIC NAME PINUS CEMBROIDES
2.14.1 Biology

The trees are of a medium size, branching at low height, slow growing, and their wood is mainly
used as fuel (Wolf, 1985; Bailey & Hawksworth, 1992; Romero et al., 1996). P. cembroides is dis-
tributed in Arizona, Texas and New Mexico in the United States and in 14 states of central and
northern Mexico above 20° N, and as far south as the states of Querétaro and Hidalgo (Farjon &
Styles, 1997). The importance of these species is ecological, economic and cultural; their adaptive
potential is high, as it grows in places with little rainfall. This specie is useful for reforestation in
degraded ecosystems in arid and semi-arid zones with altitudes of 800 to 2,800 m (Mohedano-
Caballero et al., 1999), but birds and rodents consume the seeds (Romero et al., 1996). The seed
(pifion) is collected for commercialization and self-consumption. It is a source of income for the
owners of these forests and represents a source of pine nuts for the preparation of typical dishes
and sweets (Fonseca, 2003; Hernandez et al., 2011) (Figure 2.23).

2.14.2 Active Principles or Bioactive Compounds

Various investigations highlight the nutritional importance of this product, as it is an excellent
source of protein, antioxidants, monounsaturated fatty acids, vitamin Bl (thiamin) and miner-
als, especially potassium and phosphorus. Both oleic and linolenic acid make up more than 85%
of the total fatty acids contained in this seed, which are directly involved in the regulation of
blood lipid levels, including total cholesterol and low-density lipoproteins (LDL), as well as the
reduction of blood pressure (Sagrero-Nieves, 1992; Sen et al., 2016).

'The Mexican pinion is a product highly appreciated by the cosmetic industry because of its high
content of unsaturated fatty acids. Pine seeds are rich in oil (31%-68%) and contain polymethylene-
interrupted unsaturated fatty acids with acis-5 ethylenic bond: cis-5, cis-9 18:2, cis-5, cis-9, cis-12 8:3,
cis-5, cis-11 20:2 and cis-5, cis-11, cis-14 20:3 acids, with a trace of cis-5, cis-9, cis-12, cis-15 18:4 acid.
Their percentage relative to total fatty acids varies from of 3.1% to 30.3%. The major cis-5 double bond-
containing acid is generally the cis-5, cis-9, cis-12 18:3 acid (pinolenic acid). inoleic acid represents
approximately one-half of the total fatty acids, whereas the content of oleic acid varies in the range of
14% -36% inversely to the sum of fatty acids containing acis-5 ethylenic bond and pinolenic represents
about 15% of total fatty acids (Wolf & Bayard, 1995).

2.14.3 Ethnobotanical Uses or Traditional Uses

Pine nuts were very important in the diet of the indigenous tribes in northeastern Mexico and
southern United States (Menniger, 1977). Actually, pine nuts are used in the production of candy,
as ingredients in cooking lamb, pork, chicken and fish and combined in cakes, puddings and
sauces (Rosengarten, 1984). P. cembroides is one of the smaller pines with edible nuts. Pine nuts
have a nutritional value similar to that of other nuts sold worldwide (L6pez Mata, 2001). Once
collected and husked, it is generally used as an ingredient in sweets and salads.
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2.15 Currently Accepted Scientific Name Prosopis spp.

Figure 2.23 Forest of Pinus cembroides in the Sierra El Astillero, Durango

2.14.4 Ecology and Distribution

The distribution of P. cembroides is restricted to the low-lying mountains that surround the arid
highlands of Mexico. Pines of this specie are found in Arizona, southwestern New Mexico, Texas,
northern and central Mexico, up to Puebla (Romero Manzanares et al., 1996). P. cembroides pre-
fers the dry climate of the Altiplano (BS of the Koppen climatic classification). Passini (1982,
1983) and Malusa (1992) indicate that area where the P. cembroides grows has a mean annual
temperature from 12 °C to 18 °C, in which the hottest month is June and the coldest is December
or January, and the annual rainfall is between 300 and 700 mm. Passini (1983) indicates that
P. cembroides tolerates a warmer climate. It is drier and warmer in the Sierra Madre Oriental
than in the Sierra Madre Occidental. According to Passini (1996) and Malusa (1992), this specie
is found on the threshold of “cold winter” areas, and cold winters are necessary for the pines to
produce, and there must be periods of moderate drought to favor the setting of the cones (Flores
Diaz, 1989) (Figure 2.24).

2.15 CURRENTLY ACCEPTED SCIENTIFIC NAME PROSOPIS SPP.
2.15.1 Biology

The genus Prosopis constitutes important natural resources in arid and semi-arid regions of
the world. Species of the genus Prosopis are shrubs or small trees in the family Fabaceae. They
grow to a height of up to 12 m with a stem diameter of up to 1.2 m. It has deciduous, bipinnate,
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2.15 Currently Accepted Scientific Name Prosopis spp.

light green, compounded leaves with 12 to 20 leaflets. The flowers are in 5-10 cm long clusters of
green-yellow cylindrical spikes at the ends of branches. Pods are 20 to 30 cm long and contain
between 10 and 30 seeds per pod (Patel et al., 2018) (Figure 2.25).

2.15.2 Active Principles or Bioactive Compounds

Chemicals extracted from the wood include sugars, resins, volatile oils, fatty acids, tannins, alco-
hols and phenols. The main alkaloid juliflorine in P. juliflora was isolated and reported by Ahmad
and Mahmood (1979), and Ott Longoni et al. (1980) reported the complete structure of juliflorine
(juliprosopine) from P. juliflora. Juliflorine has been reported to possess antidermatophytic and
antibacterial activities (Khursheed et al., 1986; Ahmad, 1986). Leaves contains alkaloids such
as tryptamine, piperidine, phenethylamine and juliprosopine, which have antifungal and plant-
growth inhibiting properties and might induce neuronal damage in animals (Tapia et al., 2000).
Seeds contains fatty acids and a pentacyclic triterpenes (hexadecanoic, octadecanoic acids, glu-
copyranose, hydroquinone, glucopyranosides and galactose sugars) with antibacterial and anti-
fungal activities (Sirmah, 2000).

Prosopis trees contain alkaloids that can intercalate with DNA: prosopinine, prosopine, tyra-
mine and harman (Aqeel, 1989). Also, caffeic acid derivatives and quercetin 3-o-glucoside and
quercetin 3-o-galactoside have been found, which bind with extracellular and soluble proteins
and complexes to bacterial cell walls (Harzallah-Shhiri & Jannet, 2005). Caffeic acids have anti-
biotic properties against viruses, bacteria and fungi (Cowan, 1999).

Furthermore, Sirmah (2000) found gallocatechins, catechin, methylgallo-catechins, epicat-
echin, free sugars and fatty acids in P. juliflora’s bark. Pods contain galactomannans, mannoses,
saturated and unsaturated fatty acids and free sugars that are used as food and medicine for
both animals and humans. P. juliflora contains mesquitol (located in the heartwood), which was
able to slow down the oxidation of methyl linoleate induced by 2, 2-azobis 2-methylpropionitrile.

2.15.3 Ethnobotanical Uses or Traditional Uses

The growth and survival of man has depended upon the use of natural resources. Prosopis tree
products are economically important sources of food, fodder, firewood, timber and soil fertility
enrichment. Smoke from the leaves is used to tread eye troubles. Pods are eaten as a fresh fruit
by humans in some areas for their sweet pulp and pleasant taste. The bark is used in leather tan-
ning and yields an edible gum. The flowers are valuable for honey production. Bark and flowers
are used medicinally, and, in some cases, the powdered bark is mixed with flour to make biscuits.
Dried pods are a rich animal feed, which is liked by all cattle in dry seasons. Some extracts of
the stem bark have anti-inflammatory properties. Aqueous and alcoholic extracts are markedly
antibacterial. The bark is used as an anthelmintic, a tonic and as a cure for leukoderma, bron-
chitis, asthma, leprosy, dysentery, piles and tremors of the muscles. Any part from the tree is
recommended for the treatment of snakebites and scorpion strings. Fuel and charcoal from the
tree have high calorific value and burns well even when freshly cut.

2.15.4 Ecology and Distribution

Natural distribution of the 44 species of Prosopis (Leguminosae) occurs in arid zones in North
and South America (European and Mediterranean Plant Protection Organization, 2019), north-
ern Africa, southwestern Asia and the Indian subcontinent (Leakey & Last, 1980).
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Figure 2.25 Prosopis spp. fruits in Rancho Los Angeles, Saltillo, Coahuila.

'The Prosopis genus is very important to arid environments because of their survival capacity and
multipurpose uses; furthermore, they tolerate drought situations and improve soil fertility and are
an important constituent of the vegetation system. The trees are well adapted to arid conditions and
stand up well to the adverse vagaries of climate and browsing by animals, as cattle and wild ani-
mals readily browse it. In areas open to cattle browsing, the young trees assume a cauliflower-shaped
bushy appearance. The adult trees demand light, and dense shade kills the seedlings.

Prosopis trees have a very deep tap root system (up to 50 m or more) (Mahoney, 1990) and does
not generally compete with crops in agroforestry systems. Trees are not believed to compete for
moisture or nutrients with crops grown close to the trunk. The improved physical soil conditions
as well as the higher availability of nutrients under Prosopis canopy explain the better growth of
the crops associated with it (Figure 2.26).

2.16 CURRENTLY ACCEPTED SCIENTIFIC NAME QUERCUS SPP.
2.16.1 Biology

The oaks belong to the Fagaceae family, which includes six to nine genera and approximately
600 to 900 species of plants and belong to the genus known as Quercus. The species is among
the most widespread and species-rich tree genera in the northern hemisphere (Kremer & Hipp,
2019). The highest diversity is exhibited in Mexico and East Asia (Nixon, 2010; Galicia et al., 2015).

All oaks share a number of common biological characteristics: woody stems, leathery or
tough leaves and the presence of acorns. Its growth form is commonly as a tree (with a height
of 3-40 m) and some as shrubs (with heights of 10-60 cm). They are slow growing, so they have
considerable longevity and grow mainly in temperate forests, although they can also be found
in scrublands, grasslands and, in an intercalated form, in some dry forests (Scareli-Santos et al.,
2013) (Figure 2.27).

2.16.2 Active Principles or Bioactive Compounds

The Quercus genus contains various classes of compounds such as glycosides, terpenoids, fla-
vonoids (particularly flavan-3-ol), phenolic acids, fatty acids, sterols, and tannins (Vihna et al.,
2016).
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Figure 2.27 Forest of Quercus spp. in the Sierra El Astillero, Durango.

The bark of Quercus bark has the potential to combat and control bacteria and fungi, from
which they have been isolated compounds such as quercuschin, with six other compounds which
were identified as quercetin, methyl gallate, gallic acid, betulinic acid, (Z)-9-octadecenoic acid
methyl ester, and B-sitosterol glucoside (Gul et al., 2017).

Gentisic acid is the main compound found in the methanol leaves extract of Quercus suber
(Custodio et al., 2015).

2.16.3 Ethnobotanical Uses or Traditional Uses

For medicinal use, almost all the organs of the plant are used: bark, leaves, flowers, roots and
gills. Uses to treat 31 diseases related to the different apparatuses and systems of the human
body have been recorded, and those related to the digestive system and the skin are use the larg-
est number of species and whose recipes include mainly the bark and leaves (Taib et al., 2020).

For food use, acorns, leaf buds, flowers, leaves and galls are used to enrich the diet of indig-
enous communities with proteins, lipids and carbohydrates (Uddim & Rauf, 2012).

Forage comprises the structures of oak plants or acorns used to feed livestock, specifically
swine or goats (Garcia-Gomez et al., 2017).

2.16.4 Ecology and Distribution

Worldwide, oaks grow widely and naturally in temperate forests, tropical and semi-tropical forests
and dry climate shrublands in the northern hemisphere. In contrast, very few oaks are found in tropi-
cal and semi-tropical ecosystems in the southern hemisphere (Aldrich & Cavender-Bares, 2011).

Oaks have evolved into two large areas or centers of diversity. The first is located in southeast
Asia, with about 125 species, while the second center of diversification is located in the Americas,
with about 250 species distributed from Canada to Colombia (Fried & Sulla-Menashe, 2019). The
Quercus genus is very diverse in Mexico with more than 160 species, many of them endemic and
distributed in different climates and soil types. They prefer temperate and subhumid environ-
ments at elevations from 1200 to 2600 m (Galicia et al., 2015) (Figure 2.28).
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2.17 CURRENTLY ACCEPTED SCIENTIFIC NAME SELAGINELLA SPP.
2.17.1 Biology

Selaginella species resist drought periods because they have poikilohydric properties (Mickel
& Valdespino, 1992) and high contents of trehalose, which provides a protection mechanism
against drought (Richards et al., 2001). In the dry season, their branches curl inward and look
like golden balls 10 cm in diameter; in the humid season, their branches extend into a green
rosette-like appearance (Korall et al., 1999; Korall & Kenrick, 2002). Several species of Selaginella
grow in various Mexican states. They are commonly named “doradillas,” “resurrection ferns,”
“resurrection plants,” “much-kok,” “texochitl yamanqui” and “flor de piedra” (Argueta et al., 1994;
Martinez, 1989).

Plants are herbaceous, terrestrial, epilithic or occasionally epiphytic, evergreen or sometimes
seasonally green. Rhizome erect, creeping, ascending or scandent, rhizophores are present at
the lower part of rhizome, which bear roots. Two different leaf sizes are present on their dichoto-
mous branch, which are simple and very small in size (~10 mm). The stem of the small Selaginella
species grows up to approximately 3 cm, whereas stems of large species grow up to approxi-
mately 50 cm to 1 m long (Mukhopadhyay, 2001) (Figure 2.29).

2.17.2 Active Principles or Bioactive Compounds

Various species of Selaginella have medicinal potential because they are sources of bioactive
compounds, mainly bioflavonoids (Queiroz et al., 2016; Zhao et al., 2017). Several reported
chemical studies have identified bioflavonoids, such as amentoflavone, robustaflavone, (S)-2,3-
dihydrorobustaflavone, (S)-2,3-dihydro-5-methoxy- robustaflavone, isocriptomerin, heveafla-
vone, hinoquiflavone trimetil eter and 5,5”- dihydroxy-7,7",4’4"-tetramethoxy-amentoflavone,
as main components of these medicinal plants (Quasim et al., 1985; Aguilar et al., 2008).
Animmensenumber ofstudieshaverevealed thatthe Selaginellagenusisrich withbiflavonoids,
steroids, alkaloids, alkaloidal glycosides, secolignans, lignans, neolignans, phenylpropanones

Figure 2.29 Specimens of Selaginella spp. in a dry period.



2.18 Currently Accepted Scientific Name Simmondsia chinensis (Link) C.K. Schneid

and caffeoyl derivatives (S4 et al., 2012). Most bioactive compounds isolated from various species
of Selaginella belong to the class of flavonoids, alkaloids, lignans, pigments, phenylpropanoids,
steroids, benzenoids, quinoids, carbohydrates, coumarins, chromones and oxygen heterocycle
(Almeida et al., 2013)

2.17.3 Ethnobotanical Uses or Traditional Uses

The Selaginella genus is used in folk medicine as an antidepressant, aphrodisiac, diuretic, anal-
gesic and anti-inflammatory agent as well as a female fertility enhancer (Agra et al., 2008).
Traditional treatments with Decoction of the whole plant are traditionally used to treat urinary
obstruction, cystitis, renal calculus, kidney inflammation and waist and back pains (Vazquez et
al., 2005, Aguilar et al., 2013). Treatments also include digestive problems, cough, bronchitis and
parasitic infections (Argueta et al., 1994; Marquez et al., 1999; Martinez, 1989).

Different species of the genus Selaginella are exploited for various ethnomedicinal purposes,
mainly to cure fever, jaundice, hepatic disorders, cardiac diseases, cirrhosis, diarrhea, cholecys-
titis, sore throat and cough as well as to promote blood circulation, remove blood stasis and stop
external bleeding after trauma and separation of the umbilical cord (Singh & Singh, 2015; Adnan
et al., 2021). Different species of Selaginella have been used as food, medicine, in handicrafts and
as ornaments from time immemorial. As the distribution of Selaginella species is seen world-
wide, usage of these plants has been observed in traditional ways by people around the world for
various purposes (Adnan, 2021).

2.17.4 Ecology and Distribution

The Selaginella genus comprises about 700-800 species (Hirai & Prado, 2000). Approximately
270 species of Selaginella are found in America, of which 61 occur in Brazil, and the genus is
widely distributed throughout America, Africa and Europe (Tryon & Tryon, 1982).

Tropical and subtropical areas have maximum diversity in which plants can grow in various
types of soil and climate. Some of the species are also found in extreme climates such as dry des-
ert, cool alpine and tundra (Judd et al., 1999; Tryon & Tryon, 1982) (Figure 2.30).

2.18 CURRENTLY ACCEPTED SCIENTIFIC NAME
SIMMONDSIA CHINENSIS (LINK) C.K. SCHNEID

2.18.1 Biology

This is a shrubby plant native to the Sonoran Desert, mainly in the southeastern United States
and adjacent areas in northwestern Mexico. It is a dioecious perennial shrub that reaches 1-3.5
meters tall and is stiff, leafy and many-branched. It is usually a long-lived plant, and its wood is
hard and pale yellow in color (Benzioni, 2010). It occurs in different soil types, geology, climate,
vegetation and altitude, which influences seed production, phenology and population dynamics.
In particular, wild populations of S. chinensis are subject to the influence of biotic and abiotic
environments, which can be determined in the seed production, which is the species’ main prod-
uct of importance for the inhabitants of the abovementioned regions (Maldonado et al., 1995).
It is an obligate cross-pollinated plant; therefore, it exhibits a high variability in its phenology,
morphological parameters and yield (Hassanein et al., 2012).
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2.18 Currently Accepted Scientific Name Simmondsia chinensis (Link) C.K. Schneid

Furthermore, there are records indicating that less than 1% of plants from the seed of wild pop-
ulations have the potential to produce economically acceptable yields (Reedy & Chikara, 2010).

2.18.2 Active Principles or Bioactive Compounds

The uniqueness of the jojoba plant stems from the unusual presence, quantity and chemical
structure of liquid wax in its seeds, which consists of approximately 50% of the seed weight
(Al-Widyan & Al-Muhtaseb, 2010). The wax is composed of long-chain esters. These can be
exploited in various industrial applications, the most prominent being pharmaceuticals and
cosmetics, because of the similarity of their structures and properties to human skin sebum
(Tietel et al., 2021). Jojoba oil is a mixture of long-chain esters (C36-C46) of fatty acid and fatty
alcohol, distinguishing it from other vegetable oils, which are based on triglycerides (Mokhtari
et al., 2019; Agarwal et al., 2018).

In addition, tocopherols and phytosterols are two other groups of bioactive molecules that
have been observed in §. chinensis oil. Tocopherols are common in oil crops and serve as lipo-
philic antioxidants and oil stabilizers, which also possess health-promoting properties. In the oil
obtained from this plant, relatively high concentrations (417 ppm) of antioxidants were recorded,
with gamma-tocopherol as the main component at 79.2%, and alpha-, beta- and delta-tocopherol
at lower concentrations (El-Mallah & EI-Shami, 2009).

2.18.3 Ethnobotanical Uses or Traditional Uses

It is widely used in pharmaceutical and cosmetic formulations because of its unique structural
characteristics and health benefits, and a large number of studies have been reported on the
beneficial effects of the antioxidant activity of the oil obtained from this plant on human health
(Tietel et al., 2021). Likewise, the uptake capacity of methanolic and ethanolic extracts of both
jojoba seed and leaf by the 2,2'-diphenyl-1-picrylhydrazyl (DPPH) method has been demon-
strated; under this methodology it was found that S. chilensis extracts possess similar scaveng-
ing efficacy (approximately 40% at 500 pg ml-1) (Kara, 2017). Other studies (Abdel-Wahhab et al.,
2016) reported the hepatoprotective impact of an ethanolic seed extract with positive results at
doses of 0.5 and 1 mg kg-1, showing that hepatic oxidative stress was attenuated in the induced
mycotoxin damage model.

Also, the plant has been used as an antimicrobial agent. S. chinensis extracts have been shown
to have antibacterial properties through a formulation with 80% methanol, ethanol, acetone,
isopropanol and ethyl acetate (Wagdy & Taha, 2012). Finally, jojoba oil has long been used in
dermocosmetological products. Among its main applications, jojoba is a key component of the
oil phase used in numerous topical formulations, as well as serving as a carrier and enhancer of
active compounds (Di Berardino et al., 2006).

2.18.4 Ecology and Distribution

It grows in areas of lower rainfall, on mountain slopes and valleys, and much of its distribu-
tion is confined to the Sonoran Desert (Reddy & Chikara, 2010). The largest and fastest growing
populations are in frost-free areas with an annual rainfall of 200-400 mm. It grows in a diver-
sity of preferably well-drained and aerated desert soils, from porous rock to clay, from slightly
acidic to alkaline (Maldonado et al., 1995). It is distributed in semi-dry temperate, warm dry and
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warm semi-dry climate types, all with summer rainfall and a winter rainfall of more than 10.2%
(Figure 2.31).

2.19 CURRENTLY ACCEPTED SCIENTIFIC NAME
TAXODIUM MUCRONATUN TEN

2.19.1 Biology

Taxodium mucronatum, “ahuehuete” or “sabino” has a straight shaft that sometimes presents
irregular bulges and is frequently divided into two or three at the base. Its bark is smooth, grayish
or reddish brown, from whose fibrous structures are detached in longitudinal shapes (Enriquez-
Pefia & Suzan-Azpiri, 2011).

The tree has a wide and irregular crown, with twisted, extended and robust branches, with
dark green, simple, alternate, scaly leaves that measure 10— 22 mm long and 0.5 to 1 mm wide.
It is a monoecious species with male and female flowers. Its aromatic fruit is oval to globose and
green in color with internal resin glands (Suzan-Azpiri et al., 2007) (Figure 2.32).

2.19.2 Active Principles or Bioactive Compounds

The flavonoids cryptomerin A and B, isocryptomerin, hinokiflavone, hyperoside, podocarpus fla-
vone A, quercetin glycoside and sciadoptin have been isolated in the leaves of 7. mucronatum.
The diterpene 8-beta-hydroxy-pimar-15-en-19-oic acid was found in a sample of leaves and fruit.
The essential oil of 7. mucronatum contains 72.21% monoterpenes, 10.70% sesquiterpenes and
16.80% other compounds (Lujan-Hidalgo et al., 2012).

2.19.3 Ethnobotanical Uses or Traditional Uses

The resin produced by 7. mucronatum was used in pre-Hispanic times to cure wounds, ulcers,
skin diseases, toothache and gout. The resin obtained by burning wood chips relieves bronchitis
and chest ailments. The bark is used as an emmenagogue (which causes or promotes menstrua-
tion) and a diuretic. For the treatment of sores and circulatory problems, a decoction of the bark,
leaves, fruit and shoots is taken on an empty stomach (Cortés-Arroyo et al., 2011).

This tree has great beauty, favors the diversity of flora and fauna and has recreational ben-
efits (Enriquez-Pefia & Suzan-Azpiri, 2011). The ahuehuete is also of great historical and cultural
importance in Mexico (Suzan-Azpiri et al., 2007).

2.19.4 Ecology and Distribution

The I mucronatum has high water requirements and grows in riparian habitats located in
permanent or semi-permanent streams and occasionally in sites without direct contact with
water, but with a superficial water level to which it has direct access (Cortés-Barrera et al., 2010).
The species has a wide distribution in Mexico except for the peninsulas of Baja California and
Yucatan (Villanueva-Diaz et al., 2020).

It has been estimated to grow in an area of 48,958.5 ha in Mexico. The state of Oaxaca has the
largest area (14,341.8 ha, 29.2 %), followed by Chiapas (4,791.9 ha, 9.7 %), and Michoacan (4,711.2
ha, 9.6 %) (Martinez-Sifuentes et al., 2021).
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Figure 2.32 Taxodium mucronatun in the Cafién de Fernandez, Lerdo, Durango.

The species has been used for dendroclimatic and hydrological studies, as it is the longest-
lived species in Mexico (Correa-Diaz et al., 2014; Osorio-Osorio et al., 2020; Villanueva-Diaz et al.,
2020) and one of the millennial species in the eastern United States where it reaches more than
2,600 years of age (Stahle et al., 2019) (Figure 2.33).

2.20 CURRENTLY ACCEPTED SCIENTIFIC NAME
TECOMA STANS (L.) JUSS EX KUNTH

2.20.1 Biology

The Tecoma genus derives its name from the Nahuatl word tecomaxochit! which means “cup-
shaped flower,” although the ancient Mexicans also knew it as nixtamaxochitl (Sinchez de
Lorenzo-Céaceres, 2015; Ramirez, 2017).

Tecoma stans (L.) Juss. ex Kunth is a species belonging to the Bignoniaceae family, popularly
known as yellowing, yellow bell and garden little ipe. This plant is considered to be a shrub or
low tree and usually reaches 3.0 m tall and 20.0 cm in diameter. Its trunk has brown, teretiform,
ribbed bark and irregularly puberulent, lepidote branches. It has imparipinnate leaves, 1.0-9.0
cm long or absent petioles, 2.0 mm long or absent petiolules, 3-9-foliolate or sometimes simple
1-foliolate leaves in young branches and opposite, lanceolate, base cuneate, apex acute, toothed
or serrated, terminal leaflets that range from 2.0--5.0 cm long and 1.0-6.0 cm wide. The later-
als are longer toward the distal end, often attenuate, and both surfaces are sparsely lepidote,
with simple trichomes on the main vein. Secondary veins are often puberulous at the base and
sometimes over the entire surface. Inflorescences are terminal or subterminal in racemes of up
to 20 yellow flowers. Capsules are 7.0-21.0 cm long, 5.0-7.0 mm wide, linear, tapering toward the
ends, teretiform when immature, surface lenticelate and almost glabrous to slightly lepidote.
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Figure 2.34 Flowers of Tecoma stans in Lerdo, Durango.

The seeds are 3.0-5.0 mm long, 2.4-2.7 cm wide and have hyaline-membranous wings (Martinez
& Ramos, 2012) (Figure 2.34).

2.20.2 Active Principles or Bioactive Compounds

This species exhibits antibacterial, antioxidant, antinociceptive, anti-inflammatory, antidiabetic
and larvicidal activities, and these effects are correlated to presence of alkaloids, anthraqui-
nones, phenolic compounds, steroids, glycosides, hydrocarbons, essential oils, tannins, terpenes
and saponins (Alonso-Castro et al., 2010; Prasanna et al., 2013; Salem et al., 2013).

In most of the treatments, the leaves, stems and/or branches, bark, flowers or roots are used.
They are usually prepared in an infusion that is administered as a tea. The leaves of the plant
contain the monoterpene alkaloids actidin, boschniakinin, tecomanin, tecostatin, and tecosti-
din; alkaloids such as indole, eskatol and tryptamine; monoterpenes, including aucubin, plan-
tarenal0side, stanside, stansioside, alpha-stansioside, beta-stansioside and 5-deoxystansioside;
the benzyl components caffeic, paracoumaric and ferulic acids; and the flavonoid syringic acid.
In the flowers, two flavonoids have been identified: the glucoside and the rutinoside of cyanidin
(Medicinal Plants of Mexico, 2011).

2.20.3 Ethnobotanical Uses or Traditional Uses

A total of 54 different medicinal uses and 56 chemical components are reported for this plant
(Ramirez, 2017), so it has a wide use in the herbal medicine of Mexico and Central America,
mainly for diabetic, urinary and digestive disorders (Anburaj et al., 2016; Dewangan et al., 2017;
Kumar, 2017). Likewise, it is used in Mexico to treat different digestive ailments such as stomach
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pain, dysentery, gastritis, poor digestion, indigestion, heartburn (gastroesophageal reflux),
intestinal atony and liver problems. To treat empacho (indigestion), an infusion to which rose
de Castilla and viuxita (spp. n/r) are added is recommended to make, and against dysentery only
tapacola (Waltheria americana L.) is added (BDMTM, 2009a). The flowers and bark are used to
treat various types of cancer (Anburaj et al., 2016).

2.20.4 Ecology and Distribution

Tecoma spp. belongs to the botanical family Bignoniaceae. The members of this family are char-
acterized as being rare woody trees, shrubs or climbers times herbaceous, they are rarely her-
baceous with sarmentose growth. It has a mostly pantropical geographic distribution, although
some species can be found in temperate zones. However, its center of diversity is tropical America
(Mokche et al., 2008; Castillo & Rossini, 2010; Laboratory of Vascular Plant Systematics, 2017).

It is native to Mexico and is currently found from the southern part of Florida, Texas and
Arizona (United States), through all of Mexico and Central America, reaching northern
Venezuela and along the Andes to northern Argentina. It is widely distributed throughout the
Mexican Republic (CONABIO, 2018).

It is native to North America, although it is an invasive species in various regions of Africa. It is
the official flower of the Virgin Islands and a symbol of the Bahamas (Gallardo-Alba, 2019). It lives in
low and medium subdeciduous forests, preferably in secondary vegetation (Secretaria de Desarrollo y
Medio Ambiente [SEDUMA], 2012). It is found in open and sunny areas as well as in secondary vegeta-
tion. Itis frequently found on the edge of paths and highways or on walls (Zamora, 2011). Its altitudinal
distribution varies from 0 to 2,000 meters above sea level in places with rainfall of 600-2,000 mm, but
it grows well in dry sites with poor but well-drained soils and is intolerant to frost (Salazar & Soihet,
2001). It occurs in warm, semi-warm, dry, very dry and temperate climates (Olivas, 1999). Flowering
occurs during the months of July to August in Mexico and Nicaragua, from November to May in El
Salvador and throughout the year in Costa Rica and Puerto Rico. Pollination is carried out by honey
bees (Salazar & Soihet, 2001). The fruits have been observed in February and March (Zamora, 2011).
It is a species widely used as an ornamental in parks and gardens. In traditional medicine, the leaves,
root and bark are used to control diabetes (SEDUMA, 2012).

Of a wide distribution in tropical America (Rsedowski & Calderén de Rzedowski, 1993), it
thrives mainly in tropical forests, oak forests, xerophytic scrub and in disturbed areas.

Its distribution extends from the southernmost parts of Florida, Texas and Arizona (United
States) and is widely distributed in almost all the states in Mexico and in Central America to
the north of Venezuela, along the Andes, to the north of Argentina, it is also widespread in the
Antilles (Rzedowski & Calderén de Rzedowki, 1993) (Figure 2.35).

2.21 CURRENTLY ACCEPTED SCIENTIFIC NAME
TURNERA DIFFUSA WILLD. EX SCHULT

2.21.1 Biology

Turnera diffusa is a plant used in folk medicine as a natural stimulant (Zhao et al., 2007). The
genus Turnera belongs to the family Passifloraceae and comprises about 135 species from the
warm and tropical parts of the Americas and two from Africa (one from the southwest and one
from the east) (Arbo & Espert, 2009; Thulin et al., 2012).
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Plants vary from sub-shrubs, shrubs, or, rarely, to trees (Alvarado-Cardenas, 2006). T. diffusa
is generally known as “damiana” and “yerba del venado.” This species is a robustly growing and
spreading plant that consists of herbaceous stems and is indigenous to southwestern Texas and
Mexico (Perez et al., 1984; Hoffman, 1991). This species is a small shrub, between 0.30 to 2.00
m, deciduous, highly branched, reddish-brown and woody. Its alternate leaves are aromatic,
pale green or yellow green in color, broadly lanceolate, serrate margin, sweet smelling and dis-
plays showy flowers with 5 yellowish petals in 5 styles that appear during the summer (Alcaraz-
Meléndez et al., 2007, Zhao et al., 2007) and fruits in small capsules (Alvarado-Céardenas, 2006).

2.21.2 Active Principles or Bioactive Compounds

The genus Turnerais known for the presence of important secondary metabolites (Szewczyk & Zidorn,
2014). The economic importance lies in its industrial use as an infusion beverage, flavoring, liqueur
ingredient and use in traditional Mexican herbal medicine, for which it is attributed to stimulating
nervous, aphrodisiac and diuretic effects (Osuna-Leal & Meza-Sénchez, 2000). Likewise, antimicro-
bial effects and possible hypoglycemic properties have also been reported (Zhao et al., 2007).

A phytochemical investigation identified 35 compounds in Turnera diffusa, including fla-
vonoids, terpenoids, saccharides, phenolics and cyanogenic derivatives (Zhao et al., 2007) and
24 isolated structures to investigate the antiaromatase activity of Turnera diffusa (Zhao et al.,
2008). It is also used to improve the flavor of desserts, ice cream, sweets and beverages (Garza-
Juérez et al., 2011). In addition, it has antioxidant activity similar to quercetin (Salazar, 2008).

Essential oils are commercially employed for the preparation of liquors, cosmetic products
and food flavoring (Alcaraz-Meléndez et al., 2004). Its chemical composition includes flavonoids,
phenolic compounds and terpenoids among others (Zhao et al., 2007), most of which are known
as antioxidants.

2.21.3 Ethnobotanical Uses or Traditional Uses

The effects of Turnera diffusa as a tonic, a stimulant, an aphrodisiac, and generally as a tonic in
neurasthenia and impotency were already scientifically recorded in the early twentieth century
by Manuel Pio Correa (Otsuka et al., 2010). Recently, in the (Argueta, 1994) Atlas de las Plantas
de la Medicina Tradicional Mexicana, damiana is attributed the same set of ethnopharmaco-
logical applications. Moreover, usages as a remedy against stomachache, lung diseases related
to tobacco abuse, bladder and kidney infections, rheumatism, diabetes, and scorpion stings are
recorded. According to Martinez (1969), damiana was used, in particular, by the native people of
northern Mexico as a tonic and aphrodisiac.

In traditional Mexican medicine, damiana is used as an aphrodisiac, for liver diseases, depression,
anxiety, neurosis and as expectorant stimulant (Alcaraz-Meléndez et al., 2004). Turnera diffusa is
used extensively as an anticough, diuretic, and aphrodisiac agent. It has antibacterial activity against
the most common gastrointestinal diseases in Mexico (Osuna-Leal & Meza-Sénchez, 2000).

Popular knowledge recognizes the aphrodisiac properties of Turnera diffusa (Estrada-Castillon,
2014; Dominguez & Hinojosa, 1976). According to Estrada-Castillon et al. (2021), it is used for circula-
tory ailments in the Cuatrocienegas valley in Coahuila, Mexico, and most people mentioned that is
an excellent remedy against body weakness. Some people use it daily to obtain better physical perfor-
mance at work in the fields. Both virtues of this plant have been detailed in studies in which at least
20 different chemical compounds have been detected (Dominguez & Hinojosa, 1976); however, it is
still unknown which compound is responsible for the aphrodisiac activity (Spencer & Seigler, 1981),
although the aphrodisiac effect has been demonstrated in rats (Arletti, 1999).
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The Guarijios de Sonora (Chihuahua, northern Mexico) use Turnera diffusa against influenza
and pain and as an aphrodisiac (Aguilar et al., 1994). In the southern part of Nuevo Ledn (north-
ern Mexico), it is used as an aphrodisiac (poor man’s Viagra) and to treat gastrointestinal and
skin disorders (Estrada-Castillon et al., 2012). In Monterrey (Nuevo Ledn, Mexico), preparations
made from this plant are used as a remedy against impotence, as an aphrodisiac and to promote
ovulation (Gonzalez-Stuart, 2010).

2.21.4 Ecology and Distribution

According to Alvarado-Cérdenas (2006) and Villaseflor (2016), T. diffusa is distributed from the
southern United States to northern South America (northeast Brazil), including the Antilles. In
Mexico, this plant is found in the northern and northeastern states, from Baja California to the
southeastern Yucatan and Quintana Roo. It grows in arid and semi-arid areas in the northwest-
ern region of Mexico in brushy hills, sandy soil (Alcaraz-Meléndez et al., 2011), in xeric scrub,
tropical deciduous forest and secondary vegetation at elevations of 150-1,500 m. Flowering
occurs from February to November and fruiting from May to November (Figure 2.36).

2.22 CURRENTLY ACCEPTED SCIENTIFIC NAME
YUCCA FILIFERA CHABAUD

2.22.1 Biology

The species Yucca filifera belongs to the Agavaceae family, generally known as “palma china”
or “palma corriente” and is native to North America, northern Mexico and central Mexico
(Cambron-Sandoval et al., 2013). The flowers of this species are edible and highly nutritious
(Pellmyr, 2003). It can reach more than 10 m in height; the stem is monopodic and robust in
its initial part, later branching, covering and protecting itself largely with dead leaves. It has
the capacity to reproduce sexually and vegetatively by budding on the same tree (Knox, 2010;
Granados-Sanchez & Lopez-Rios, 1998) (Figure 2.37).

2.22.2 Active Principles or Bioactive Compounds

Y. filifera seeds contain oils, linoleic acid and steroidal sapogenin in the leaves (Castillo et al.,
2012). The crude protein content of the flower is 113-275 g kg DM and crude fiber 104-177 g
kgt (Sotelo et al., 2007). Castillo-Reyes et al. (2015) reported a total polyphenol concentration in
Y. filifera of 5.28 X 10* ppm.

2.22.3 Ethnobotanical Uses or Traditional Uses

The main uses of Y. filifera are in human food from the flower and fruit and in livestock fodder
using the inflorescence (Flores, 2001; Pacheco-Pantoja et al., 2021). Saponins, steroids important
for the agrochemical industry, have also been reported (Arce-Montoya et al., 2006). In the phar-
maceutical industry, edible oil is also produced from the seed or used for the pulp industry in the
manufacture of Kraft paper, a paper resistant to wear and tear (Garcia-Berfon, 2021). The fibers
of the leaves are used in rigging and cordage, its roots contain saponins, and its fruits, called
“dates,” are edible. In addition, this plant has drought-resistant characteristics, which is why it is
used in plantations and reforestation in arid areas (Cambrén-Sandoval et al., 2013).
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Figure 2.37 Specimen of Yucca filifera in the town of Gémez Farfas, Saltillo, Coahuila.

Yucca are one of the genera of ornamental plants and representative flora of the arid zones of
Mexico. The leaves are used to make thread, ropes and cloth, and the flowers in buds and flower
stalks, both raw and cooked, are used for human consumption (Pellmyr, 2003). The fruits also serve
as food for some insects and other wildlife (Granados-Sanchez & Lopez-Rios, 1998). Freshly cut Y. fil-
ifera flowers can be purchased in local markets and, before being used in a variety of dishes, the flow-
ers detached from stems and pistils are cooked in salted water. In order to avoid bitterness, in some
places, the water is usually changed several times during the cooking process (Sdnchez-Trinidad,
2017). When cooled, the cooked flowers are combined with tomatoes, lemon juice and salt to create
a simple but nutritious salad that can be used as a garnish for thick stews. Other traditional uses
include various stuffings and stews, sometimes combining Y. filifera flowers with egg, pork, shrimp,
or vegetables. They can also be battered and fried (Mulik & Ozuna, 2020).

2.22.4 Ecology and Distribution

The genus Yucca is represented by 35-40 species that are cultivated in Central America, North
America and southern Canada. The species Yucca filifera belongs to the Agavaceae family and is
native to North America and northern and central Mexico (Oumama, 2014). It grows in arid areas
in generally shallow, stony soils of calcareous origin at altitudes varying from 1,500 to 1,800 m
where rainfall totals from 200 to 400 mm per year (Granados-Sanchez et al., 2011). This species
grows in the upper and middle parts of the slopes. Under these conditions, the species entails
interspecific competition with some species of different sizes; in addition, the habitat where it
thrives is in xeric sites (Renteria & Cantt, 2003; Briones & Villarreal, 2001) (Figure 2.38).
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2.23 CURRENTLY ACCEPTED SCIENTIFIC NAME YUCCA
CARNEROSANA (TREL) MCKELVEY

2.23.1 Biology

The samadoca palm (Y. carnerosana) is a specie of phanerogamous plant belonging to the
Asparagaceae family (Pellmyr, 2003); it is a very slow-growing, shrubby perennial plant with an
average height of 3 m, although some individuals reach up to 10 m. The trunk is thick and scaly
with a diameter of 15-40 cm; it rarely branches at the top. The flowering stem grows in the cen-
tral part of the rosette, completely overhanging the foliage. The floral stem branches with 15-30
pedicels with white bracts. The flower is white and perfumed; the fruit is indehiscent with thick,
flat, half-round black seeds (Sheldon, 1980) (Figure 2.39).

2.23.2 Active Principles or Bioactive Compounds

Y. carnerosana contains good quality sapogenin in adult fruits. The presence of cholesterol was
identified in the seed of unripe fruits, indicating the possible preceding nature of these substances
in the formation of steroidal saponin. An aqueous extract has been found to have inhibitory activ-
ity against the development of R. stolonifer, C. gloeosporioides, and P. digitatum (Jasso de Rodriguez
et al., 2011). In addition, the fibers contain cellulose, lignin and hemicellulose that have various
functional groups that increase the bioadsorption of heavy metals (Medellin-Castillo, 2017).
Lopez-Ramirez et al. (2021) reported the presence of 27 compounds in cultivated Y. carnerosana
plants, suggesting that this species is a promising source for the study and production of biomass

Figure 2.39 Yucca carnerosana on the campus of UAAAN in Buenavista, Saltillo, Mexico.
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and plant metabolites. On the other hand, the antifungal activity of Y. carnerosana against the
development of fruit postharvest fungi, such as Rhizopus stolonifer, Colletotrichum gloeosporioi-
des and Penicillium digitatum, has been demonstrated (Jasso de Rodriguez et al., 2011). Similarly,
evidence has been found that Y. carnerosana possesses biosorption capacity to remove Pb(II) ions
present in aqueous solutions related to its phenolic acids and lignans (Medellin-Castillo et al.,
2017).

2.23.3 Ethnobotanical Uses or Traditional Uses

The samandoca palm is used for the extraction of a hard fiber known as ixtle, which is used
to make ropes and brushes. It is also used for local construction, cleaning and dietary needs
(Sheldon, 1980). From an edible point of view, its flowers are prepared as stewed food and can
also be made into flour and used to prepare an alcoholic beverage (Estrada et al., 2013). Likewise,
inflorescences have been used as feed for goats because of their chemical composition, digest-
ibility of organic matter and energy content (Mellado et al., 2009; Trenti-Very et al., 2021). It has
also been reported that the dried leaves of Y. carnerosana serve as shelter for the flat-headed bat
(Myotis planiceps), which is distributed in northwestern Mexico (Sil-Berra et al., 2022).

2.23.4 Ecology and Distribution

Y. carnerosana is a common succulent plant in the arid and semi-arid zones of north-central
Mexico (zona ixtlera) and the southwestern United States (Pellmyr, 2003). It is a typical plant
of the rosetophytic-izotal desert scrub, adapted to survive in conditions of low water availabil-
ity (Granados-Sanchez & Lopez-Rios, 1998). Natural populations develop in alluvial soils, com-
monly found on slopes, hills and well-drained shallow soils. They are distributed in an altitudinal
range of 1,000-2,200 meters above sea level. At lower elevations, it can be mixed with Yucca fil-
ifera, forming part of the rosetophytic and microphilous desert scrub (Maksimov et al., 2019)
(Figure 2.40).
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3.1 INTRODUCTION

Drylands (arid, semiarid, and dry sub-humid environments) cover one-third of the Earth’s land
surface and are the livelihood for more than 2 billion people. Mexico is a hotspot of biodiversity
characterised by the variety of ecosystems in which drylands are the predominant environments
because they cover nearly 60% of the country’s territory (SEMARNAT) 2019). Mexican drylands host
awide variety of flora in which Cactaceae are dominant, followed by Agavaceae and Leguminosae,
among others. Cacti in Mexican deserts became forests that dominate the landscape matrix.

Cacti are important for the ecosystem as well as humans. For instance, cacti exist in various
shapes and sizes, from arboreal, shrubby, globular, columnar, crawlers, tall, or dwarf. Their flow-
ers are large, and the spines and branches grow out of areoles. They are often used as ornamen-
tal plants, but many have been cultivated to obtain fodder vegetables and fruits (Secretaria de
Medio Ambiente y Recursos Naturales (SEMARNAT) 2016).

Cultivated cactus, such as Opuntia spp. and Hylocereus spp. are highly technologically pro-
duced and industrialised. However, there are other cacti that are underutilised, which are found
throughout the Mexican drylands, and they could be sustainably utilised in several industries,
principally with the application for human goods.

This chapter describes the health and biotechnological properties of some Cactaceae.
Currently, in Mexico, the Opuntia ficus indica is the most heavily commercialised (Torres-Ponce
et al. 2015). However, there are other cacti of cultural and socio-economic importance with
potential applications in health, food, cosmetic, agricultural, and bioenergy industries. This
chapter represents a bibliographic review of the use, functional effects, and their application in
biotechnological.

3.2 DIVERSITY AND CONSERVATION STATUS OF MEXICAN CACTI

Members of the Cactaceae Juss (1,789) family are one of the most charismatic and fascinating
organisms because they occur in a wide range of shapes (e.g., cylindrical, globular, or flat (clad-
ode) stems) and sizes (see Figure 3.1); moreover, these plants present anatomical and physiologi-
cal characteristics that have adapted to live in dryland environments where humidity is scarce
(Hernandez-Hernandez et al. 2014). Accordingly, cacti have modified their tissues to accumulate
alarge amount of water in them (Pavon et al. 2016) and have reduced or are practically absent of
leaves and/or modified in spines to reduce evapotranspiration (Aliscioni et al. 2021), carrying out
photosynthesis on the surface of their stems. Photosynthesis follows a peculiar metabolic path-
way called as crassulacean acid metabolism (CAM), which saves water as gas exchange occurs at
night when the ambient temperature is lower (Miller et al. 2021).

Accordingly, Cactaceae is a highly diversified family of xerophytes that are dominant
throughout drylands of the Americas, which is its center of origin and diversification. Because
the distribution range of cacti is from Canada to Patagonia, there are species also distributed
across tropical and subtropical ecosystems (Hernandez-Hernandez et al. 2014). Cacti comprise
approximately 1,400-1,800 described species in the world (Anderson 2001; Hunt 2006; Guerrero
et al. 2019). Mexico is the country with the greatest diversity, with 52 genera and 850 species
(Guerrero et al. 2019; Gonzalez Medrano 2012). Cacti are plants of various shapes and sizes, suc-
culent stems, and wide edible fruits. These plants are used as ornamental crops, in human food,
and as fodder for animals, thus, guaranteeing food/nutritional security, economic development,
and the livelihood of the local population (Ramirez-Rodriguez et al. 2020).



3.2 Diversity and Conservation Status of Mexican Cacti

The state of San Luis Potosi has the most incredible diversity, with a record of 151 species. It is
followed by the states of Coahuila with 126 species and Nuevo Le6n and Oaxaca with 118 species
each. San Luis Potosi is also the state with the most extraordinary richness of genera (33), fol-
lowed by Oaxaca (32) and Tamaulipas (31) (see Figure 3.2).

According to Goettsch et al. (2015), changes in land use, the introduction of exotic species,
and uncontrolled harvesting of these plants for use as food, raw material, and other purposes are
some threats (see Figure 3.3); moreover, many species of cacti are at risk because of the remark-
able endemism of their populations (Jiménez-Sierra 2011).

Consequently, nearly 31% of cacti are globally threatened (Goettsch et al. 2015) because of
several factors, and some of them are listed by the International Union for the Conservation of

Figure 3.1 Morphology of some cacti species: a) Lophophora williamsiiburied stem species, b) Ferocactus
pilosus, ¢) Echinocactus platyacanthus simple succulent stem species, d) Pelecyphora aselliformis buried
stem species, e) Coryphanta maiz-tablasensis gregarious species, f) Myrtillocactus geometrizans species
with branched stem. Photographs by Joel Flores Rivas, PhD.
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Figure 3.2 Mexican states with a high number of genus and cacti species. Source: Guzman et al. (2003).
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Figure 3.3 Percentage of threat process affecting cactus species (modified from Goettsch et al. 2015).

Nature (IUCN) under various threat categories (see Figure 3.4), which points to the need for con-
servation efforts.

In Mexico, 850 species have been described, of which an estimated 84% are endemic. However,
the higher the endemism, along with the narrow distribution range of some species, and the
more isolated its populations are from each other, each of them made up of a smaller number
of individuals, the greater the risk of extinction is. All these factors increase the probability of
loss of genetic diversity and, therefore, the probability that populations can adjust to biological
and environmental changes in their environment. In addition, the slow growth of cacti due to
CAM metabolism allows them to live successfully in environments with water scarcity, which
means that their populations recover very slowly from population disturbances caused natu-
rally or because of human activity. Notably, in Mexico the ‘Norma Oficial Mexicana NOM-059-
SEMARNAT-2010’ offers the legal framework for the protection, use, and trends of native wild
flora (SEMARNAT 2010).

3.3 ECOLOGICAL INTERACTIONS WITH MEXICAN CACTI

Despite investigations into the biology of many cacti species, the reproductive biology of only
2% of cacti species has been studied (Mandujano et al. 2010). It is likely that cactus diversified
because of the interaction with novel pollinators or the expansion of the Sonoran Desert (further
details in Herndndez-Herndndez et al. 2014) or the high prevalence of hybridisation and poly-
ploidisation (Majure et al. 2012). Several adaptations can be found in cacti flowers; for instance,
the Nopalea and Consolea clades contain species with flowers in which expanded floral nectaries
for hummingbird pollination (Majure et al. 2012). Generally, columnar cacti with flowers are
already differentiated for bats or hummingbirds (Mandujano et al. 2010; Tremlett et al. 2020).



3.3 Ecological Interactions with Mexican Cacti

m CR - Critically Endangered
= EN - Endangered
VU - Vulnerable
= NT - Near Threatened
m LC - Least Concern
DD - Data Deficient

Figure 3.4 Percentage of cacti species under some red list categories. Photo in the center of the graph
corresponds to Lophophora williamsii, an endemic species from Mexico under Vulnerable (VU) category,
according to the International Union for Conservation of Nature (IUCN). Source: The IUCN Red List of
Threatened Species (https://www.iucnredlist.org/). Photograph by Joel Flores Rivas, PhD.

Moreover, according to Mandujano et al. (2010), it can be found in mixed pollination systems
(e.g., birds, bees), whereas other cacti species exhibit a more specialised system, for instance,
Cleistocactus baumannii, which is predominately hummingbird pollinated.

Notwithstanding the economic, cultural, and medicinal importance of Opuntia spp., it is
a complex group because of interspecific hybridisation, polyploidy, and morphological vari-
ability (Majure et al. 2012). Asexual propagation in Opuntia cacti occurs naturally by stem or
cladode detachment (Rebman and Pinkava 2001). Nonetheless, sexual reproduction remains
necessary for generating viable genetic pools in wild populations as well as to produce ‘tunas’
(Reyes-Agiiero, Aguirre R., and Valiente-Banuet 2006). Sexual reproduction depends mainly on
insects (Mandujano et al. 2010) and has probably been crucial for the diversification and success
of Opuntia in colonising the American continent (Anderson 2001; Reyes-Agiiero, Aguirre, and
Valiente-Banuet 2006). Bees have been widely recognised as the main pollinators of Opuntia spe-
cies, for which mellitophilous syndrome dominates (Mandujano et al. 2010). Visitation by insects
depends on the flower’s color and scent (which is usually hermaphroditic), taste and quality of
the nectar, pollen production, the morphology of the visitors, and the spatio-temporal abun-
dance of both flowers and flower visitors. However, Tenorio-Escandon et al. (2022) revealed the
need for further research to understand the insect-pollination syndrome and to understand the
competition between insect species for conservation purposes. Further research must pay atten-
tion to pollination’s ecological and economic value because it is crucial for fruit production and
crop productivity (Tenorio-Escanddn et al. 2022; Tremlett et al. 2021).
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The entomophagy that has been practiced for thousands of years has also been described. This
activity, as well as the economic, nutritional properties of the use, preservation, and marketing
of insects that are associated with the asparagaceae genus (Agave salmiana Otto ex Salm-Dyck),
such as red agave worm (Comadia redtenbacheri), white maguey worm (Aegiale hesperiaris), and
escamoles (Liometopum apiculatum) (Molina-Vega et al. 2021; Espinosa-Garcia et al. 2018; Rostro
et al. 2012), have alimentary options with nutritional benefits for humans. These insects are widely
consumed in Mexico, the highest-ranking country worldwide in terms of insect diversity; although
some insect species are considered pests of cacti. These insects are consumed principally in their
larval stage for their exquisite, exotic flavor, high protein and lipids, easy digestion, and high con-
tent of essential minerals. Their production is seasonal and knowledge of their life cycle is scarce,
so production under greenhouse conditions is unfeasible to date. However, studies are ongoing to
generate mass reproduction strategies under sustainable greenhouse conditions that would pro-
mote the incorporation of these insects into functional foods and enact legislation that regulates
their production, consumption, and health benefits (Molina-Vega et al. 2021).

3.4 CACTI AND MICROBIOME

To think of drylands and deserts is to assume the presence of cactus plants, ecosystem services
such as oxygen production, carbon dioxide consumption, and transformation of heavy metals
(Guillen-Cruz et al. 2021; Grodsky and Hernandez 2020; Sarria Carabali et al. 2019); but despite
the cactus plants’ systems, today we know that microsystems help survival in this environment
are significant (Davis et al. 2019). This niche contains microbial communities which turn out to
be and have potential biotechnological uses where their principal associations are mutualists
(Taketani et al. 2017).

As stated above, cactus plant microbial communities are responsible for many ecological pro-
cesses and substantially impact agriculture, the pharmaceutical industry, and biotechnology
(Adeleke and Babalola 2021; Salazar et al. 2020).

Microorganisms directly affect the environment, and with the availability of metagenomics
technology today, we can know what inhabits cacti’s interior and surroundings.

Some of the main microorganisms reported in metagenomic analysis has allowed the char-
acterisation of the communities that inhabit cacti, for which the core microorganisms usually
belong to the Actinobacteria (25%-42%), Proteobacteria (15%-33%), Bacteroidetes (4%-30%),
Acidobacteria (5%-12%), Chloroflexi (2%-5%), Bacillota (1%-11%), Verrucomicrobia (1%-
4%) phyla for bacteria (De la Torre-Herndndez et al. 2020) and the Basidiomycota (3%-10%),
Ascomycota (1%-10%) phyla for fungi (Zygomycota, Glomeromycota, and Chytridiomycota data
not reported). However, their relative abundances can vary depending on soil type and use;
Table 3.1 compares the abundance of operatinal taxonomic units from seed, phyllosphere, rhizo-
sphere, and dryland soils according to the inhabiting phyla and their zones.

The genetic machinery available in metagenomes is the basis for the specificisolation of micro-
organisms that can help us solve problems (Rehman, Ijaz, and Mazhar 2019; Fonseca Garcia et al.
2018). Some potential uses of microorganisms associated with cacti are plant growth promoters,
antibiotics, antivirals, biocompounds, and dyes that may have a technological or biotechnologi-
cal use (De Medeiros Azevedo et al. 2021; Verma et al. 2020).

In this regard, in agriculture and forestry in developed countries, the molecules produced
by microorganisms are known as plant growth-promoting rhizobacteria (PGPR), e.g., amino
acids, siderophores, indoleacetic acid, phosphate solubilisers, fungal growth inhibitors, and



3.4 Cacti and Microbiome 95




96

Mexican Desert

organic acids, with biofertiliser properties or pest control agents, which promotes crops and
their productivity (Govindasamy et al. 2022; Flores-Nuflez et al. 2020; Bezerra et al. 2017).

Mexico has begun analyising composition, structure, and molecule characteristics that
can be used as PGPR from rhizospheric bacterial communities associated with wild and cul-
tivated Echinocactus platyacanthus and Neobuxbaumia polylopha; the predominant phyla is
Actinobacteria and Proteobacteria (De la Torre-Herndndez et al. 2020). Using strains such as
Enterobacter sakazakii M2Pfe, Azobacter vinelandii M2Per, and Pseudomonas putida M5TSA
allowed the growth of Mammillaria fraileana to improve its development, favouring the accu-
mulation of nitrogen and improving photosynthesis (Lopez et al. 2012). Furthermore, volatile
compounds of fungi belonging to classes Sordariomycetes, Eurotiomycetes, and Dothideomycetes
demonstrated their functionality as PGPR and the development of Arabidopsis thaliana, Agave
tequilana and A. Salmiana, and the identified molecules were mainly terpenes, alcohols, and ali-
phatic compounds (Camarena-Pozos et al. 2021).

Making cactus extracts and testing their antimicrobial or antiviral effect against crop patho-
gens is something that Rasoulpour (2018) did and showed significant activity against cucumber
mosaic virus. Also, this group showed the Opuntin B presence, an antiviral protein isolated from
prickly pear (O. ficus indica (L.) Miller) extract, concluding that it is responsible for such effects.
Nevertheless, the molecule’s origin is confusing, given that it could come from the microbiome-
metabolism plant and not from the extract (Rasoulpour et al. 2018).

The plant-microorganism interaction has led to studies at the biotechnological level related
to the food, pharmaceutical, and energy combustion industries.

3.5 ETHNOBIOLOGY OF MEXICAN CACTdS

Humans have been in touch with nature since ancient times. Thanks to the contemplation of their
surroundings, humans have obtained knowledge to establish methods for biodiversity management
and suitable exploitation of the resources to attend to their own local needs. Cacti represent a great
alternative because they provide fruits, pulp, seeds, peel, and roots for human food during the dry
season and as animal fodder, medicine, or biotechnological compounds used as biopolymers or bio-
fuels, among others. Accordingly, several benefits have been obtained from cacti (Anderson 2001).

Opuntia spp. are probably the most studied and used genus to obtain both goods and health
benefits for humans, and that could be partly true because this is the richest genus within the
Cactaceae family with nearly 200 described species (Anderson 2001). In Mexico, the genus has
a marked historical and cultural importance because of the production of ‘nopal’ (the Mexican
denomination for the edible young cladodes and developed by cacti species belonging to the gen-
era Opuntia and Nopalea). The English name for the edible fruit of the cacti of these genera is
called ‘prickly pear’ and ‘tuna’ is the Mexican name.

Indigenous communities have consumed fresh or fermented cactus fruits. Fermented bever-
ages are considered nutritional sources and functional beverages with the presence of multiple
compounds of biological importance (Robledo-Marquez et al. 2021) because of their bioactive
product content, such as polyphenols, phytosterols, betalains, carotenoids, antioxidants, vita-
mins, and minerals, among others (Ramirez-Rodriguez et al. 2020; Bergantin et al. 2017). For
example, ‘colonche’ (as well known as ‘coloche’ and ‘nochoctli’) is abeverage produced by ferment-
ing the fruits of different cactus species in drylands, mainly prepared with fruits of Opuntia spp.
and several columnar cacti species such as Pachycereus weberi, Escontria chiotilla, Stenocereus
spp., and Polaskia spp. (further details in (Ojeda-Linares et al. 2020)).
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According to Fray Bernardino de Sahagiin (1577), Mexican farmers developed a complex pattern
of ‘nopal’ (Opuntia spp.) cultivation that provided essential sustenance to the valuable dye-pro-
ducing insect (Sahagiin 1577). Dye production became an activity of great economic importance
in New Spain, particularly, in places where mining could not be carried out (Coll-Hurtado 1998).
Some Opuntia species were introduced to other continents after the Spanish conquest because
of their traditional uses as medicinal plants, fruits, vegetables, dyes, food ingredients, and for-
age, among others. Therefore, cacti species became a valuable genetic resource with promising
potential applications in the cosmetic, pharmaceutical, and food industries as well as bioenergy
production (Ciriminna et al. 2019; Le Houerou 2000).

In this regard, it has been estimated that the exploitation of Opuntia plants could generate
jobs for approximately 2,000 families in rural areas (INEGI 2007). Opuntia species represent
one of the most important crops because they cover about 30% of the country’s land area, and
they are mainly distributed throughout arid and semiarid regions (Gallegos-Vazquez, Méndez
Gallegos, and Mondragén Jacobo 2013). Mexico is the primary producer of ‘prickly pears’, sup-
porting 43% of annual world production, estimated at 1,060,000 tonnes (t) in an area of 100,000
hectares (ha) (Potgieter and D’Aquino 2018). The area planted with ‘nopal’ in Mexico in 2019 was
45,746 ha, mainly in the Mexican high plateau (central Mexico).

Other ethnobiologically important cacti are Echinocactus Platyacanthus, Ferocactus sp.,
Hylocereus sp., Mammillaria sp., Myrtilocactus geomettizans, and Stenocereus sp. because their
stems, root, seeds, flowers, peel, and fruit are widely eaten and used in several purposes, e.g., ani-
mal forage, ornamentation, and a source of water and food. They are used for brines, alcoholic and
nonalcoholic beverages, jelly, yogurt, jam, ice cream, popsicles, dried fruits (similar to raisins),
tamales, tortillas, preserves, natural colorants, and encapsulating agents. Also, some are used
for medicinal benefits for conditions including diabetes, menstrual pain, headaches, earache,
chest pains, heart stimulant, painkiller, wound disinfectant, diarrhea, dysentery, inflammation,
rheumatism, insect bites, snake bites, hemorrhages, and hemorrhoids. These are ailments are
treated as infusions, gum, hot compresses, or as boiled, roasted, burned, or scorched plant parts
(e.g., roots, peel, or stem) (Ramirez-Rodriguez et al. 2020).

3.6 PHYTOCHEMISTRY OF SOME CACTACEAE WITH
ECONOMIC IMPORTANCE: BIOLOGICAL ACTIVITIES

3.6.1 Hylocereus spp.

Known as ‘dragon fruit’ or ‘pitaya) it is native to southern Mexico (Mercado-Silva 2018). There
are several genera of pitaya of which H. undatus and H. polyrhizus are the most widely cultivated.
Research has reported that the fruit and seed of H. polyrhizus show mainly antioxidant activity
(Luo et al. 2014) in addition to anti-inflammatory and antimicrobial activity (Tenore et al. 2012).

Mainly steroids and triterpenoids have been identified in the exocarp of H. polyrhizus and
H. Undatus; they also contain octadecane, oleic acid, squalene, stigmasterol, and campesterol
(Luo et al. 2014). Betalains are compounds identified in these species, found in a more signifi-
cant proportion in the exocarp than in the pulp, concluding that the antioxidant potential in
pitayas is due to the presence of betalains (Suh et al. 2014). H. polyrizhus pulp and exocarp
have been reported to have anxiolytic effects and could, therefore, be used as an auxiliary in
anxiety treatment. Some isolated compounds from this species are shown in Figure 3.5 (Lira
et al. 2020).
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Figure 3.5 Isolated compounds of Hylocereus polyrhizus.

3.6.2 Opuntia Genus

Opuntia is one of the most commonly used plants in traditional medicine to treat cardiovascular
diseases, gastric ulcers, and diabetes, among others (El-Mostafa et al. 2014). Various secondary
metabolites have been identified from the different species of Opuntia, such as derivatives of
pyrone and flavonoids such as rutin, kaempferol, orientin, isorhamnentin, vitexin, and myric-
etin, among others (Astello-Garcia et al. 2015).

Aqueous extracts of Opuntia spp. have been reported to protect against liver damage caused
by diclofenac, reducing oxidative stress (Villa-Jaimes et al. 2022). The polyphenols present in the
cacti have been attributed to different therapeutic effects, e.g., the gallic acid found in their flow-
ers shows antioxidant activity, which is responsible for reducing DNA damage (Khan et al. 2000).
Gallic acid has also been attributed to cytotoxic activity against lung, leukemia, and prostate
cancer tumor cells (You and Park 2010). The polyphenol family of molecules is widely distributed
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among different plants. Interest in these compounds has grown because of their antioxidant
activity related to health benefits such as reducing inflammation and helping in the treatment of
cancer and neurodegenerative diseases (Laughton et al. 1991).

Some therapeutic benefits of the cactus have been scientifically supported, showing that its
metabolites help treat metabolic syndrome (including obesity and type 2 diabetes), bacterial and
virological infections, rheumatism, different types of cancer, and cerebral ischemia (Ahmad et
al. 1996).

3.6.2.1 Opuntia ficus indica
O. ficus indica is characterised by the presence of flavonoids and betalains, which show anti-
inflammatory, hypoglycemic, and antioxidant activity (Gémez-Maqueo et al. 2019).

3.6.2.2 O. ficus indica Fruit

The fruits are usually 7 cm long and have a wide range of yellow, green, purple, white, and reddish
colors. Flavonoids, phenolic acids (caffeic acid, ferulic acid, syringic acid) and betalains have
been identified in the fruits (Aruwa et al. 2018). Betalain isolated from the pulp of O. ficus indica
fights degenerative disorders that affect endothelial function, such as stroke, atherosclerosis,
ischemia of the lower limbs, and atherothrombosis (Jang et al. 2008). It also has hepatoprotec-
tive, antidiabetic, anti-inflammatory, and neuroprotective properties (Serra et al. 2013). Extracts
of ethyl acetate from the fruit suppresses human cervical cancer cell line proliferation (HeLa
cells) (Hahm et al. 2015), and purple-red, purple, and green fruit have been reported to diminish
liver, colon, and prostate cancer cells (Chavez-Santoscoy, Gutierrez-Uribe, and Serna-Saldivar
2009).

The fruit of O. ficus indica has various beneficial health effects, such as antioxidant, hypo-
glycemic and lipid-lowering (Osorio-Esquivel et al. 2011), antiulcerogenic, antiproliferative
(Galati et al. 2003), antioxidant (Sreekanth et al. 2007), hepatoprotective (Kuti 2004; Galati et
al. 2005), anticancer (Zou et al. 2005), and neuroprotective activity. This has been attributed
to the different secondary metabolites it offers, such as antioxidant compounds (betacyanin,
phenols, betaxanthin, and flavonoids), ascorbic acid, betalamic acid, amino acids, vitamin E,
fiber, and carotenoids (see Figure 3.6) (El-Mostafa et al. 2014; Osorio-Esquivel et al. 2011). The
prickly pear has antioxidant properties, serving as antibacterial and antifungal agents. It has
been reported that the phenolic compounds present in the plant are what give it its antioxidant
activity (Bargougui et al. 2019).

3.6.2.3 O. ficus indica Flowers

It has been shown that O. ficus indica flower infusions exhibit diuretic activity in vitro and in vivo
assays related to the potassium content in the flower (Galati et al. 2002). The presence of flavonols
in the flowers has been associated with anti-inflammatory (Benayad et al. 2014), antiatheroscle-
rotic (Fuhrman et al. 2005) and anticancer properties (Piao et al. 2006). Studies carried out on
the methanolic extract of O. ficus indica flowers showed that it contains flavonol glycosides (De
Leo et al. 2010) (see Figure 3.7)

3.6.2.4 O. ficus indica Cladodes

The cladodes of O. ficus indica have a high content of nicotiflorin, which reduces the incidence of
cerebral infarction (Li et al. 2006). In mice with multi-infarction dementia, nicotiflorin helps pre-
serve spatial memory as well as protecting against oxidative stress and failure in energy metabo-
lism (Huang et al. 2007).
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It has also been reported that cladodes can lower cholesterol levels and have antiulcer,
anti-inflammatory, and healing activity (Galati et al. 2003). Research has reported that
isorhamnetin carbohydrates (see Figure 3.8) isolated from cladodes of this species exhibit
cytotoxic activity in human colorectal adenocarcinoma cells (Caco-2 cells and HT-29 cells)
(Antunes-Ricardo et al. 2017).

1 R=OH R,=Rha(1-6)Gle
2 R=H R,=Rha(1-6)Gle
3 R;=OH R,=Gle
4 R;=OCH, R,=Rha(1-6)Gle
5 R,=0CH; R,=Gal
6 R;=OCH, R =Gle
7 R=H R,=Ara

Figure 3.7 Flavonol glycosides isolated from the flowers of Opuntia ficus indica
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Figure 3.8 Chemical structures of isorhamnetin glycosides found in Opuntia ficus indica extract. Pen =
pentose; Rha = rhamnose; Glc = glucose.

Non-alcoholic fatty liver disease is a pathology related to oxidative stress, inflammation, and
cell death. When feeding obese rats with O. ficus indica for seven weeks, the rats decreased the
concentration of liver triglycerides, observing a higher concentration of adiponectin and an
increase in the genes involved in lipid peroxidation. In addition, treated animals showed a low
concentration of postprandial serum insulin (Mordn-Ramos et al. 2012).

Campylobacter is the most common cause of bacterial gastroenteritis. O. ficus indica extracts
have been found to have antibacterial activity, inhibiting the growth of Campylobacter jejuni
and Campylobacter coli (Castillo et al. 2011). The antimicrobial activity of polar extracts of O.
ficus indica against Vibrio cholerae has been evaluated, showing that the methanol extract is
the most efficient in preventing the growth of this microorganism, as it causes the rupture of its
membrane (Sanchez et al. 2010).

3.6.2.5 O. ficus indica Exocarp

The exocarp, or peel, of the fruit of O. ficus indica contains high amounts of isorhamnetin
(3-methoxy-3.4, 5,7-tetrahydroxyflavone), which has anticancer activity; this compound has also pre-
sented a cardioprotective effect (Kim et al. 2011). Antioxidant metabolites such as gallic acid, oleide,
epicatechin, and pyrogalol, among others, have also been isolated (Aruwa et al. 2018).

3.6.3 M. geometrizans

Also known as the ‘blue candle’ or ‘blueberry’ cactus, this species is native to Mexico’s arid and
semiarid regions, from which phenolic acids, flavonoids, betacyanins, and betaxanthins have
been identified. Its fruit, which is known as the ‘garambullo’, contains various secondary metab-
olites such as vanillin, ellagic, caffeic, and gallic acid as well as quercetin and epicatechin, among
others (Herrera-Hernandez et al. 2011; Ramirez-Rodriguez et al. 2020). Its pulp has shown anti-
oxidant activity due to its ability to absorb oxygen radicals, in addition to anti-inflammatory
activity. Pulp and exocarp extracts inhibit the a-glucosidase enzyme by 85%, which could help
reduce the digestion of starch and sucrose, thereby contributing to a better control of hypergly-
cemia (Montiel-Sanchez et al. 2021).

3.7 CURRENT APPLICATION IN THE DEVELOPMENT OF FOOD
INDUSTRY AND BIOTECHNOLOGY FROM CACTACEAE

Studies have shown that Cactaceae members are good sources of nutrients and bioactive com-
pounds. In addition, they are a resource that has a high agro-biotechnological potential, both as
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a food crop and as a base element for derivative products used in the food (human and animal),
pharmacology, medicine, and agricultural industries (de Aratjo et al. 2021; Ramirez-Rodriguez
et al. 2020; Torres-Ponce et al. 2015).

3.7.1 Pharmaceutical Applications

The increased incidence of chronic diseases such as diabetes has represented a global and essen-
tial problem in recent years. That is why it is necessary to develop and explore alternative treat-
ments to help reduce serum glucose levels. Among these treatments are medicinal plants with
hypoglycemic effects. Nopal® (Opuntia spp.) is the most common plant used to control glucose
because it has a high content of soluble fiber and pectin, affecting glucose uptake in the intestine
it is, therefore, considered hypoglycemic. In animal studies, it has been reported to decrease
postprandial glucose synergistic with insulin (Yeh et al. 2003). An ethnobotanical study that
interviewed patients with diabetes and herbalists from Mexico confirmed that Opuntia spp. is
traditionally used to treat non-insulin dependent diabetes (Andrade-Cetto and Wiedenfeld 2011).
The medicinal parts are the tender cladodes, from which the spines are withdrawn, washed and
cut, and eventually liquified with water to make a drink that is ingested before breakfast. The
result is a decrease in postprandial glucose levels (Torres-Ponce et al. 2015).

Opuntia spp. is also known for its antioxidant capacity because of the presence of phytochem-
icals such as carotenoids, flavonoids, and other phenolic compounds as well as vitamin C and
E (Torres-Ponce et al. 2015). The combination of dietary fiber associated with the phytochemi-
cals described in the ‘nopal’ allows it to be used as a dietary supplement and food ingredient. In
recent years, the commercialisation of dried nopal’ fiber as an auxiliary in digestive disorders
started. The dried pulp of ‘nopal’ is a fibrous material whose medicinal function is based, like
any other natural fiber, on favoring the digestive process, reducing the risk of gastrointestinal
problems, and helping in treatments against obesity (Bensadon et al. 2010).

Regarding the interaction of cacti with microorganisms, interestingly, the potential for
obtaining antibiotics from cacti endophyte has also been described, as is the case of flavo-
noids from Euphorbia caducifolia (Singariya et al. 2018), metabolites in methanolic extracts
from Pachycereus marginatus (Ramirez-Villalobos et al. 2021), and Lophocereus marginatus and
Metarhizium anisopliae with cytotoxic activity against murine and human carcinogenic cells
(Ramirez-Villalobos et al. 2021).

3.7.2 Food Applications
3.7.2.1 Supplement

The development of diverse foods with low caloric value and high dietary fiber content has
occupied a preponderant place in the food industry in recent years because of the consumer’s
growing interest in healthy and nutritious diets. Pre-cooked or quick-to-prepare foods are
attractive for the time they save; if such meals are nutritious, the attractiveness is even greater
(Sdenz et al. 2002).

Studies have indicated that cladode flour from ‘nopal’ (Opuntia spp.) has a high fiber con-
tent, so it can be a good alternative source of fiber to enrich diets deficient in this compound
(Maki-Diaz et al. 2015; Escobar Rodriguez 2017; Fernandes de Aratjo et al. 2021). Sdenz et al.
(2002) analysed different powder formulations to incorporate a dessert (flan) of 16%, 18%, and
20% of ‘nopal’ flour as a source of dietary fiber. It was observed that the flan with 16% of ‘nopal’
flour reached the best sensorial characteristics. More significantly, percentages of nopal’ flour
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negatively affected the sensorial characteristics, mainly flavor, color, and texture. The analysis
showed that the powder presented 5.7% of moisture, low water activity, as well as total recount
of microorganisms. The content of protein was high (27.2%), the caloric contribution was low (40
Kcal/portion), and the total dietary fiber was high (9.8%) compared to a flan without ‘nopal’ flour.
The contribution of dietary fiber in the selected formulation was more incredible than that of
other similar commercial products, which, together with low energy content, made it a food that
benefits human health (Sdenz et al. 2002).

While the ‘tortilla de maiz’ (Zea mays L.), a food consumed daily in a Mexican diet, has also
been one of the targets to enrich with nopal’ fiber. This food is the basis of a large part of the
food culture because of its high nutritional value; however, its high caloric content has led to the
search for alternatives that reduce this content; one of them is ‘nopal’ fiber (Ceja-Ledn et al. 2021).
A study carried out a bromatological analysis of the ‘tortilla de maiz’ 1:1 with nopal’ flour (by
cladodes dehydration). The results obtained in bromatological analysis indicated that the addi-
tion of ‘nopal’ flour decreased the caloric content and increased minerals (such as calcium) and
fiber crude contents, although fat and protein content did not show an increase concerning con-
trol. Nevertheless, given the high-water activity of the ‘nopal’, the shelf life of the tortilla consid-
erably decreases, causing significant deterioration in a few days (Hernidndez Hernandez 2003).

Due to the high demand for healthy products and the excellent qualities of nutrients in ‘nopal’,
among which its calcium and fiber content and its easy production, this has been used to enrich
other products such as energy bars (Escobar Rodriguez 2017), pancakes (Bautista-Justo et al.
2010; Marino 2018), ice creams, yogurt, sweets, and beverages among other products (Fernandes
de Aratjo et al. 2021), which suggests that, because of its low caloric intake, it can be consumed
without negative consequences to health (Bautista-Justo et al. 2010).

3.7.2.2 Natural Additive

The current demand for the consumption of minimally processed natural foods has launched
a search for new natural alternatives for its conservation through reducing microbial attack
and oxidation prevention. Mucilage is a compound in the cladodes, skin, and pulp of some spe-
cies of the Cactaceae family. Polysaccharide with a high molecular weight, with food industry
studies about changes in viscosity, elasticity, and water retention. Besides this, the polysac-
charide has a high gelling and emulsifying power (Martinez et al. 2016). The rheofluidising
or pseudoplastic behavior and viscosity of the mucilage in aqueous or saline suspensions,
depending on polysaccharide concentration, is like that of some gums, such as xanthan, locust
bean, guar, and others, which are used as thickening agents and to modify the rheology of
foods (L6pez-Palacios et al. 2016).

Buendjia et al. (2020), studied adding ‘nopal’ mucilage to a cream-type corn soup and evaluat-
ing its thickening and sensory acceptance. Mucilage was extracted from cladodes of the Atlixco,
Milpa Alta, Toluca, Tobarito, and Tuna Blanca variants of Opuntia spp. The evaluated concentra-
tions were 0.7% and 1.0% and with starch as the control (commercial starch). The results did not
show significant differences between treatments on their pH (6.09 and 6.32) and their viscos-
ity (1.623 and 6.043 Pa s) with respect to the controls. With regard to their chromaticity (17.47°
and 18.49°), it was similar to controls and tended to have higher luminosity (46.15° and 47.72°)
and lower tone (78.36° and 79.52°). The sensorial soup viscosity acceptability was like controls,
except with mucilage of Atlixco and Toluca variants (17% and 7% lower), and the overall senso-
rial acceptability of the soups with mucilage of the five variants was up to 19% lower compared
to controls. The authors concluded that the ‘nopal’ mucilage (Opuntia spp.) of the Atlixco, Milpa
Alta, Toluca, Tobarito, and Tuna Blanca variants is a candidate to add to cream-type corn soup
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because, in general, it equals physical characteristics, such as pH, color, and viscosity of com-
mercial starch thickened soup. Because of its functional characteristics, mucilage could be con-
sidered more suitable as a thickener than starch (Reyes-Buendia et al. 2020).

In another study, the effect of adding celery juice and ‘nopal’ mucilage to Hass avocado puree for
preservation was evaluated. Avocados with a maturity of three days were added to celery juice and
‘nopal’ mucilage at 2.5% and 5% p/p, respectively. Puree samples were stored at —18 °C for 50 days
and were evaluated for puree samples, assessing the oxidation, pH, and color. The best treatment
corresponded to avocado puree with nopal” mucilage at 5% p/p, which significantly modified the
natural color of the avocado; colorimetric measurements showed an increase in luminosity and a
decrease in chromaticity and the pH of the preparation during storage, and the titratable acidity
was not significantly affected by the treatment, a result that indicates that lipid oxidation was low.
In this study, the uses of natural vegetables for the conservation of avocados such as celery and
‘nopal’ mucilage, because of their properties, showed good conservation results in combination
with freezing, which increased the life of Hass avocados for 50 days, considering that this fruit
undergoes strong enzymatic oxidation in a matter of minutes (Martinez et al. 2016).

3.7.2.3 Alcoholic Beverages

Notably, the Cactaceae family has been described since pre-Hispanic times as a source of raw
material for fermentation of traditional Mexican beverages. The characterisation of the genomic
data from the microorganisms associated with the production of Mexican fermented beverages
and the development of high a quality product, or bioproducts with biotechnological applica-
tions in the food or the pharmaceutical industries, which will have an economic impact on all
producer communities and on the transmission of knowledge in our culture (Robledo-Mérquez
etal. 2021).

For example, the microbiota native to cactus and their bioactive metabolites produced during
the fermentation of the Agave spp. or Opuntia streptacantha sap (alcoholic beverages ‘pulque’ and
‘colonche,’ respectively). Such as agavins that promote iron and calcium absorption, alleviate
chest and gastrointestinal pain, and induce menstruation and milk production. In addition, bet-
alains have been associated with chain fatty acids production and leptin generation (Oleszek and
Oleszek 2020), besides containing other bioactive compounds. These compounds are produced
by several microorganisms such as Proteobacteria, Firmicutes, Acidobacteria, Actinobacteria,
Cyanobacteria, Fusobacteria, and Nitrospira (Robledo-Marquez et al. 2021).

3.7.2.4 Advanced Material: Biopolymers or Edible Films

Depending on the type of product, the Food and Agriculture Organization of the United Nations
has estimated that postharvest losses of fresh fruits and vegetables represent between 5% and
25% of production in developed countries and between 20% and 50% in developing countries
(Bello-Lara et al. 2016). Various techniques have been implemented to help solve the problem of
postharvest losses. An alternative that has gained acceptance in the fruit and vegetable market
is the application of biopolymers or edible films (Ferndndez Valdés et al. 2015).

These edible films can retard moisture migration and the loss of volatile compounds, reduce
the respiration rate, and delay changes in textural properties. Also, they are excellent barriers to
fats and oils and have a highly selective gas permeability ratio CO,/O, compared to conventional
synthetic films (Del-Valle et al. 2005). Their composition, based on carbohydrates, proteins, and
lipids, makes them edible and easy to apply directly to the surface of food products.

The ‘nopal’ (0. ficusindica), whose young cladodes (‘nopalitos’) are rich in polysaccharides of the
structural type. These macromolecules are monosaccharide units, which their physicochemical
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characteristics have grouped into mucilages, pectins, hemicelluloses, and celluloses (Bello-Lara
et al. 2016). ‘Nopal’ mucilage is considered a hydrocolloid, matrix-forming substance, a charac-
teristic necessary to obtain a coating (Pefia-Valdivia et al. 2012). Pectins are hydrocolloids with
a complex composition and an essential function as primary cell wall constituents. These sub-
stances function as a moisturising agent and cementing material of the cellulose networks. In
addition, one of the most attractive characteristics of pectin is that it is a non-toxic, biocompat-
ible, and biodegradable biopolymer (Bello-Lara et al. 2016).

Rambutan (Nephelium lappaceum L.) is a tree that offers an exotic fruit, native to Malaysia
and Indonesia, that is mainly marketed fresh because of its attractive color and shape.
However, its good appearance is preserved for a short time, mainly due to dehydration and
darkening of the epicarp. Brindis-Trujillo et al. (2020) evaluated the effect of coating this fruit
with ‘nopal’ mucilage (O. ficus indica). The factors were the type of container (polyethylene
bag and polystyrene container), coating (with and without coating), and time (0, 3, 6, 10, and
12 days). The coating consisted of mucilage obtained from developing cladodes (15-21 cm)
and applied by immersion. All treatments were stored at 5 °C. Total soluble solids, firmness,
and color were evaluated at each storage period. Likewise, 40 untrained judges (47% men
and 53% women) evaluated sensory acceptability, consumption intention, and acceptance/
rejection. The coating and the polyethylene container at 5 °C, had a significant effect on the
color and acceptability of the product. The intention to consume was greater, and they were
maintained for 10 days compared to the 6 days of the fruits without coating (Brindis-Trujillo
et al. 2020).

The preservation of the parameters of color, firmness, and shelflife because of the coating with
edible films of ‘nopal’ mucilage or pectin has also been reported in strawberries (Del-Valle et al.
2005), Hass avocados (Bello-Lara et al. 2016), blueberries (Ginez Povez and Godoy Hernandez
2018), guavas (Ferndndez Paredes 2019), and ‘nopal’ (Gonzélez-Gonzilez 2011).

3.7.2.5 Animal Nutrition Application

The demand for food that can be used in both human and animal diets has increased recently.
Factors such as drought and climate change can affect the production of cereals and increase
their prices on the international market, thus, hampering access to this raw material (Fernandes
de Aratjo et al. 2021). Given this, the use of nutritious species such as cactus can be an alternative
for agribusiness, as these crops are multifunctional, resistant to drought conditions, and grow in
semiarid and arid regions (Abidi et al. 2009; Morales n.d.).

Within this context, the addition of O. ficus indica in Tifton 85 silage impacted the morpho-
metric measurements, carcass compactness index, loin eye area, and the weight of casting of
commercial cuts. They also observed a reduction in meat color parameters and pH and changes
in fatty acid composition in the muscle of lambs (do Nascimento Souza et al. 2020). Another
study found the ingestion of O. ficus indica reduced the fat concentration in the goat carcass;
however, it was responsible for a higher concentration of linoleic acid and a higher amount of
polyunsaturated fatty acids in the meat (Mahouachi et al. 2012).

Regarding milk composition, Catunda et al. (2016) evaluated the influence of supplying five
cacti species from the Brazilian semiarid northeast region on the physical-chemical sensory
characteristics and the profile of fatty acids of Saanen goat milk. The goats were supplemented
with 473-501 g/kg of a Cactaceae mix (Pilosocereus gounellei, Cereus jamacaru, Cereus squamo-
sus, Nopalea cochenillifera, or Opuntia stricta). The supplementation of the mix did not influence
the milk’s sensory characteristics and lipid profile, but there were changes in the levels of pro-
tein, lactose, non-fat solids, and cryoscopy point (Catunda et al. 2016).
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3.7.3 Water Treatment

Chemical coagulants, widely used in water treatment to remove colloids and fine particles,
despite being very efficient, can negatively impact the environment. Thus, some studies have
shown the potential of natural coagulating agents derived from plants to replace chemical
flocculating agents (Fernandes de Aratjo et al. 2021). The Cactaceae mucilage is a natural
polymer that is soluble in water, which forms a gel that can attract particles and/or metals,
forming biofilms (known as flocs). Through infrared spectroscopy, it was confirmed that the
‘nopal’ mucilage contains functional groups, such as hydroxyl and carboxyl groups, which
allow the biopolymer to be cross-linked, generating more resistance and being more help-
ful in the removal of heavy metals dissolved in water (Ovando Franco 2012). Bouaouine et
al. (2018) described that the ‘nopal’ mucilage (Opuntia spp.) treatment in the clarification
of wastewater reduces water turbidity by more than 90% (Bouaouine et al. 2019). Another
study revealed that mucilage treatment reduced the turbidity of wastewater by about 70%,
which was compared with aluminum sulfate, a metal coagulant, which reduced turbidity
by approximately 83%. However, although the effect was greater with the aluminum sulfate,
mucilage is an alternative to traditional coagulants and an environmentally friendly option
for treating turbid waters (Lisintuifia et al. 2020).

Currently, there are no studies on the use of mucilage from other cacti, specifically that use
the fruit peels or stems of cacti and with the properties discussed in this section.

3.7.4 Other Applications

Showing that biotechnological developments associated with cacti are relevant, and it is neces-
sary to promote the application of these biotechnologies sustainably in different industries such
as cosmetics, food, and pharmaceuticals. In a review, the authors used the terms Cactaceae,
cactus, palm fruit, O. ficus indica, among other words, to check the number of patent applica-
tions granted, observing a total of 15,184 inventions between 2001 and 2020 patented in Questel
Intellectual Property Portal on the internet. The technological domain is represented mainly
by basic materials in chemistry, biotechnology, medical technology, environmental technol-
ogy, food chemistry, fine organic chemistry, other particular machines, and pharmaceuticals
(Fernandes de Araijo et al. 2021).

Some of the applications related to these species involve the development of new food prod-
ucts (Akanni et al. 2014), production of polymeric material for application in the manufacture
of plastic parts (Villada et al. 2009) and natural dyes (Carmona Rodriguez 2020), development
of conservation of architectural finishes, objects, and mural works (Torres-Soria et al. N.d.), and
development of energy production (Morales n.d.), organic fertiliser (Medina Diaz and Borrero
Ortiz 2017), and cosmetics and skin moisturisers (Nazareno et al. 2013), among others.

A very peculiar case is Cochineal (Dactylopius coccus Costa). It is considered one of the main
sources of natural coloring (carminic acid) worldwide, which has a tremendous economic
impact. Nevertheless, insect behavior and coloring quality obtained until now from hosts of dif-
ferent geographic origins caused differential effects on survival, reproduction, and carminic acid
contents. So, there is a field of opportunities to carry out biotechnological studies and designs
in the future.

There is another trend for the benefit of the plant-microorganism interaction, and they are
bioenergy crops, in which they seek to generate crops for the creation of biomass for biofuels
(Howe et al. 2022). However, there is still a lack of depth in elucidating plant microbiomes. For
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example, Pectobacterium cacticida, a soil-derived eubacterium, is capable of degrading sugars
during cladode fermentation and efficient ethanol production (Blair et al. 2021). In the case of
biobatteries, the microbiome system of the plant is also involved; the efficiency demonstrated for
the microbial fuel of the Opuntia albicarpa plant was 285.2 J (Apollon et al. 2020).

3.8 CONCLUSION AND PERSPECTIVES

In this chapter, we have reported that some Cactaceae or their portions offer a wide variety of
uses that may contribute to the sustainable development of the drylands’ inhabitants. As we
have noted, these cacti have high fiber, protein, and mineral content and a low caloric intake,
which makes them an excellent food alternative for various at-risk populations. Their medicinal
properties can be attributed to their bioactive product content: polyphenols, phytosterols, beta-
lains, antioxidants, vitamins, and minerals, among others.

Nutritional and pharmacological research needs to be done to identify the specific molecules
with biological activity that will improve human well-being. Recent evidence has shown that con-
sumption of cacti portions (e.g., fruit, cladodes, ‘nopal’ juice, ‘nopal’ flour) confer antioxidant, lipid-
lowering, and hypoglycemic activity in experimental studies. Thus, their introduction into a daily
diet could be an alternative for reducing the progression or incidence of metabolic diseases.

As indicated in this chapter, Cactaceae opens a new scope for industrial applications, improv-
ing exploitation and sustainable production with multiple applications in the food, pharmaceutical,
chemical, and bioenergy industries. It will benefit the development of new edible products with high
nutritional value, fiber supplements, isolation and development of new drugs, and production of
natural colorants, among others, which will be advantageous for the people who live in the Mexican
drylands. Therefore, collaborations are needed in which researchers from multiple disciplines work
together with the members from local communities (ethnobotanical knowledge holders must pro-
vide permission and receive benefits) and from different sectors to generate projects for sustainable
production of these cacti in the food, pharmaceutical, and biotechnology industries.
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4.1 INTRODUCTION

Plants are producers of a wide variety of biological compounds. Among these substances, some
are a product of their metabolism, known as metabolites, and formed during the plant’s growth
cycle (Badui, 2006). The production of these compounds in the biochemical cycles of plants (gly-
colysis or Krebs cycle) is associated with genetics that determines the plant’s type of metabolism.
In addition, the climatic conditions to which the plant in question is exposed and the practices
carried out on it (irrigation, fertilisation, etc.) play an equally important role in determining this
profile (Badui, 2006).

A large number of substances participate in the formation of this complex mixture of compo-
nents (Rojas et al., 2009). These substances are called essential oils, volatile oils, or essences. This
range of compounds is synthesised through six main routes:
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1) Transformation of carbohydrates with an increase in the concentration of soluble sug-
ars and degradation of the cell wall.

2) Amino acid conversion.

3) Fatty acids are utilised to synthesise alcohols, esters, ketones, and acids.

4) Enzymatic oxidation of linoleic acid.

5) Conversion of L-phenylalanine to phenolic esters.

6) Synthesis of terpenes and carotenoid derivatives.

The process is focused on the synthesis of terpene and carotenoid derivatives. These compounds
are derived from isoprene and constitute an important group of essences. Geranyl pyrophos-
phate is abyproduct of isoprene and participates in the metabolic pathway of some plants, giving
rise to a wide range of terpenes by the action of oxidoreductase enzymes (Dergal, 2006).

Various methods of extracting these oils have been extensively studied to obtain high-per-
formance processes that generate a good quality product. Conventional methods such as steam
distillation, hydrodistillation, and extraction of oils in chemical solvents have been used. These
methods contribute to the largest amount of essential oil production currently marketed.
Although, emerging technologies that consist of conventional systems assisted by microwave
or ultrasound heating techniques or techniques with high specificity and performance, such as
enzyme extraction, usually have high implementation costs, making them complex options to
use on an industrial scale.

At present, various communities of the Coahuilense semi-desert base their livelihood on the col-
lection of plants; in the Sierra y Cafion de Jimulco Municipal Ecological Reserve, located in Torredn,
Coahuila, studies have been carried out and have concluded that the commercialisation structure
favors intermediaries and industrialists and leaves a very low-profit margin for collectors. This prob-
lem exists in various municipalities of Viesca, Coahuila, where the conditions of the semi-desert
prevent regular activities of agriculture and livestock, so revaluation of the value-added to products
such as essential oils from various plants, including Lippia graveolens Kunth (oregano), Flourensia
cernua DC. (hojasén), Allium sativum L. (ajo) and Larrea tridentata (Sessé & Moc. ex DC.) Coville
(Gobernadora), that are collected by the locals can increase rural communities’ economic income
(Orona Castillo et al., 2017; Torres Le6n et al., 2023). In this context, the objective of this chapter is to
present an overview of the extraction of essential oils from plants in arid areas of Coahuila.

4.2 METHODS OF OBTAINING ESSENTIAL OILS

A literature review revealed that various methods of obtaining essential oils have been studied.
Some methods are conventionally used, such as hydrodistillation, steam distillation, and solvent
extraction (Saldafia-Mendoza et al., 2022).

4.2.1 Steam Distillation and Hydrodistillation

Steam distillation is the most widely used on a large-scale; approximately 90% of the marketed
essential oils are produced using this technology (Radwan et al., 2020). It is a modified distillation
system in which steam is produced using a boiler, and later it is put in contact with the vegetable
matter; the high temperature of the water vapor generates interactions with the low molecular
weight molecules that make up the essential oils, which allows them to volatilise. Consequently,
a cooling system with recirculation is used, which allows the recovery of essential oils and the
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hydrolate, or residual aromatic water, which is later separated by decantation because of the
effect of the difference in densities (Estrada Jiron, 2015). It has been highlighted that two impor-
tant parameters that determine the efficiency and performance of the process are the flow of
steam supplied - that is, the heat transfer in the system - and the batch size of the vegetable
matter (Radwan et al., 2020; Kant and Kumar, 2021). This type of technology has multiple advan-
tages, such as the easy process instrumentation and the low cost of the extraction agent (steam).

On the other hand, in hydrodistillation processes, the raw material is directly combined with
the extraction agent without this being a solvent and is subsequently brought to boiling tem-
perature; the vapors produced by the boiling of the mixture contain the essential oils (Lahlou,
2004). This technique has been used for many years to obtain floral waters, so essential oils were
discarded as they were considered a byproduct. It is worth mentioning that this technique, like
steam distillation, can cause product degradation and odors due to high process temperatures
(Perino-Issartier et al., 2013). Furthermore, it consumes large amounts of energy, raw materials,
and time to obtain considerable yields.

4.2.2 Extraction by Chemical Solvents and Green Solvents

Solvent extraction is also a popular technique for obtaining essential oils. Plant cells tend to
increase the permeability of their cell walls, thus reaching a state of swelling that allows the
diffusion of the solvent inside the cell, releasing the active ingredients. This extraction process
depends directly on the raw material and the solvent used (Aguirre et al., 2012).

Some commonly used solvents are mainly petrochemical solvents, among which n-hexane
stands out, which has shown high efficiency and has been preferred for its high oil selectivity
and low boiling point. However, prolonged exposure has been associated with health problems
(Zhuang et al., 2018). Despite its relative simplicity, this process is not used on a large scale
because there are problems with the storage and disposal of solvents on an industrial scale
(Koubaa et al., 2016).

At present, efforts have been added in the formulation of green solvents, that is, solvents that
meet improvements in availability, price, recyclability, lower toxicity, simplicity of synthesis,
ease of storage, and renewability (Saldafia-Mendoza et al., 2022). Using these solvents reduces
the energy required during the separation process, improving biocompatibility and the extrac-
tion and nutritional value of oils compared to traditional chemical solvents (Zhuang et al., 2018).

4.2.3 Emerging Essential Oil Extraction Technologies

Today, various emerging technologies for essential oil extraction include supercritical fluid
extraction, ohmic-assisted steam distillation, microwave-assisted solvent extraction, ultrasonic-
assisted solvent extraction, and enzymatic extraction. These innovative technologies improve
the quality of the extracted product by keeping the volatile compounds’ molecular structures
intact. However, they suggest a greater technical complexity of the operation and a higher eco-
nomic cost of implementation (Saldafia-Mendoza et al., 2022).

4.3 POTENTIALLY USABLE COAHUILENSE SEMI-DESERT PLANTS

There is a wide variety of raw materials that could be used to extract essential oils; many of them
are present in the Coahuilense semi-desert; in this document, the medicinal properties of Lippia
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graveolens Kunth (oregano), Flourensia cernua DC. (hojasén), Allium sativam L. (ajo), Larrea tri-
dentata (sessé & moc. ex DC.) Coville (gobernadora) and Euphorbia antisyphilitica (candelilla)
will be described.

4.3.1 Lippia graveolens Kunth (Oregano)

L. graveolens is an aromatic plant that grows wild in semi-arid climates in the following states of
Mexico: Querétaro, Guanajuato, Hidalgo, Oaxaca, Jalisco, San Luis Potosi, Zacatecas, Chihuahua,
Sinaloa, Coahuila, and Durango. This plant has broad participation in the international and
national markets with a production of more than 4,000 tons per year. Coahuila falls within the
states that participate in a large proportion of the production that is exported annually.

L. graveolens, or Mexican oregano, is one of the highest quality raw materials in the aromatic
plant market, with a high market value because of the concentration of thymol and carvacrol. In
2002, a liter of essential oil from this plant cost 170 dollars.

Currently, the primary source of use of the essential oil of oregano could be found in the anti-
oxidant activity that it presents thanks to its content of polyphenols (secondary metabolites of
plants and vegetables with physiological importance). The polyphenols are mainly thymol and
carvacrol. Additionally, various studies have been published on the antimicrobial effect of differ-
ent types of oregano on pathogenic bacteria that affect the food industry and the health sector
because of thymol and carvacrol. Antimicrobial effect has been individually verified on micro-
organisms such as Alternaria alternata, Escherichia coli, Staphylococcus aureus, Staphylococcus
epidermidis, Enterococcus faecalis, Proteus vulgaris, Candida albicans, and Aspergillus niger
(Amadio et al., 2011).

Regarding the health sector, preparations using the essential oil have been proposed to com-
bat fungal infections caused by Candida albicans. It effectively inhibits the pathogenic fungus
that presents a recurring problem in humans and has begun to develop resistance to currently
available pharmacological treatments (Lopez-Rivera et al., 2018).

The effect of Mexican oregano extract was studied to evaluate its toxic activity (Soto-
Dominguez et al., 2012), and the results obtained for the extracts at different concentrations
proved to be non-toxic, which validates their safe use in the applications described above.

4.3.2 Flourensia cernua DC. (Hojasén)

F. cernua is a branched bush that can reach 2 meters in height. It has thin, resinous, light brown
to gray branches approximately 17-25 mm long and 6.5-11.5 mm wide (Gutierrez-Ortega, 2004).
The geographical location favors its growth in semi-arid areas and the deserts of Chihuahua and
Sonora, covering different Mexican states such as Coahuila, Chihuahua, Durango, Nuevo Le6n,
San Luis Potosi, Sonora, and Zacatecas (Alvarez-Perez et al., 2020). This plant is used to treat
common gastrointestinal discomforts such as stomach pain, indigestion, diarrhea, and dysen-
tery; it is also used as a purgative and expectorant to treat rheumatism (Mata et al., 2003).

The Asteraceae family contains an oil rich in terpenes, giving favorable properties against
pathogenic fungi with a high antioxidant capacity (Alvarez-Perez et al., 2020). Likewise, it has
the ability to inhibit the growth of S. aureus and infectious agents that cause tuberculosis (Castro
et al., 2012). Over time, the genus Flourensia has generated significant interest because their res-
ins have a potential economic value, and critical studies have characterised their chemical com-
pounds of interest to find possible uses (Delbon, 2014). Studies carried out by Salas-Méndez et al.



4.3 Potentially Usable Coahuilense Semi-desert Plants

(2019) showed that F. Cernua can be used to prepare nanolaminate coatings used to prolong the
life of tomatoes (Salas-Méndez et al., 2019).

4.3.3 Allium sativum L. (A jo)

A. sativum L. is a bulb belonging to the Amaryllidaceae family; this plant is used to prepare food
and treat diseases. It has a root system made up of a bulbous root composed of 6 to 12 bulbils
gathered at their base with a thin film to form the ‘garlic head’ (Juarez-Segovia et al., 2019).

A. sativum L. contains essential oil made up of aromatics such as diallyl disulfide, diallyl tri-
sulfide, and other sulfur compounds such as allicin (Casella et al., 2013). Studies show that allicin
is the most active compound in garlic (Rahman et al., 2012). Beneficial properties of antimicro-
bial and antimycotic capacity are attributed to garlic (Hernandez-Suarez, 2005).

The German chemist Wertheim first obtained the essential oil (1844) after steam distillation
of the volatile constituents. Because of his research, he proposed the name allyl for the hydro-
carbon contained in the oil, and today this term is still used to describe the group CH, = CH-CH,,
(Casella et al., 2013).

A study conducted by Cerda Morales (2018) showed that dry garlic essential oil has greater
antioxidant capacity when using the steam entrainment technique, as handling low tempera-
tures prevents the denaturation of the oil. The essential oil of garlic can be used to preserve meat
in the food industry (Nieto et al., 2012).

4.3.4 Larrea tridentata (Sessé & Moc. ex DC.) Coville (Gobernadora)

L. tridentata is a plant of the Zygophyllaceae family, widely distributed in the deserts of North
America, especially in the drier places of northern Mexico. The plant’s name comes from its abil-
ity to inhibit the growth of other plants around it to obtain more water, which is why it forms
exclusive and extensive communities. It grows like a bush from 1 to 3 meters high with small
leaves and, in its flowering (throughout the year, but more frequent between February and April),
it gives a yellow flower with five petals. All its characteristics make the governor plant highly
resistant to extreme conditions, which results in problems: Because it acquires invasive propa-
gation and, once established in a territory, it is difficult to control its density.

Different and very diverse uses have been attributed to all plant parts. The flower bud is used
as a condiment, and the branches, roots, and bark treat ailments such as kidney pain and bladder
inflammation. The leaf has been used as an adhesive, as food for animal consumption because
of its protein content, and for medicinal use to treat a wide variety of conditions such as urinary
tract infections, to dissolve kidney stones, as a treatment for dermatitis, fungal infections, and
as an antiseptic. Its resin is used to dye leather and produce paints and plastics in making fats,
oils, and rubber.

Among its components, L. tridentata contains thymol and carvacrol in high concentrations
that, as mentioned above, have diverse and essential functions; thymol is antibacterial, anti-
fungal, anti-inflammatory, antioxidant, antirheumatic, and antiseptic. Carvacrol is antibacte-
rial, antifungal, anti-inflammatory, antiseptic, antispasmodic, and expectorant. In this case,
the plant has antimicrobial activity against many bacteria, fungi, and intestinal parasites, in
addition to containing flavonoids (secondary plant metabolites) that act against viruses of great
medical importance such as polio and herpes (Delgadillo Ruiz et al., 2017). The antifungal activ-
ity of the extracts of L. tridentata has been proven in the inhibition of Fusarium oxysporum, one

123



124

Potential of Plants from Coahuila, Mexico

of the main causes of crown rot in the tomato plant, which is grown and exported in Mexico,
causing significant losses in production systems (Pefiuelas-Rubio et al., 2017).

4.3.5 Euphorbia antisyphilitica (Candelilla)

E. antisyphilitica is a bush with cylindrical stems covered with wax, no leaves, an approximate
diameter of 90 cm, and small roots. This plant is endemic to the semi-desert regions of Coahuila,
Chihuahua, Durango, Hidalgo, Nuevo Ledn, San Luis Potosi, Tamaulipas, Zacatecas, and Puebla.
In the twentieth century, the extraction of candelilla wax was one of the main economic activi-
ties in the semi-desert of Chihuahua. Currently, Coahuila is the primary producer of candelilla
wax. In the medicinal field, candelilla has been used as a laxative and to treat toothache.

E. antisyphilitica has good plasticising and essential oil retention properties because its chem-
ical structure is composed of esters of fatty acids and long-chain fatty acids, such as hydroxylated
esters, free acids, diesters, hydrocarbons, and free alcohols. Essential oils have disadvantages
such as degradation by oxidation, by the action of light, and loss by volatilisation, so strategies
are required to increase their shelf life and reduce degradation. To this problem, candelilla wax
nanoparticles as an encapsulating matrix have been shown to increase the encapsulation capac-
ity of essential oils to provide photo protection (Navarro Guajardo, 2019).

Additionally, little-used byproducts are obtained from the extraction of candelilla wax, a
source of bioactive compounds; examples are the polyphenolic compounds ellagitannins and
ellagic acid with antioxidant properties in the scavenging of free radicals. This suggests a new
window for the use of candelilla with industrial and cosmetic relevance, as it has potential
against skin damage induced by free radicals (Bautista-Hernéndez et al., 2021).

CONCLUSIONS

The essential oils of semi-desert plants represent an excellent potential for revaluating vari-
ous species collected by the communities of the Coahuila municipalities of Parras, Matamoros,
Torreén, and Viesca. The steam distillation plants are an economical and efficient option for pro-
ducing essential oils. Using instruments that are easy to operate and maintain, the antifungal
and antimicrobial properties and diverse applications of the essential oils of the species above
have been demonstrated. The management of the commercialisation of products could bring a
notable improvement in the income of collecting communities and directly impact their quality
of life.
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Brazil, with its continental dimensions (8,516,000 km?), occupies almost half of South America
and is the country with the greatest biodiversity in the world, with 15%-20% of the total number
of species of living beings, making it the most relevant among the 17 megadiverse countries and
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Figure 5.1 The Brazilian Biomes Map featuring the Amazon, Cerrado, Caatinga, Atlantic Forest,
Pantanal and Pampas. States - AC - Acre, AL — Alagoas, AP - Amapd, AM - Amazonas, BA - Bahia, CE
- Ceara, ES - Espirito Santo, GO - Goids, MA — Maranhdo, MT - Mato Grosso, MS - Mato Grosso do Sul,
MG - Minas Gerais, PA - Para, PB - Paraiba, PR — Parand, PE - Pernambuco, PI - Piaui, RJ — Rio de Janeiro,
RN - Rio Grande do Norte, RS - Rio Grande do Sul, RO — Rondonia, RR - Roraima, SC - Santa Catarina,
SP - Séo Paulo, SE - Sergipe, TO - Tocantins. Source: Authors (2022)

the largest remainder of tropical ecosystems. There are more than 116,000 animal species and
46,000 plant species known in the country, with high ecological, genetic, scientific, economic,
social, educational and cultural value spread over the six terrestrial biomes and three large
marine ecosystems (Brasil, 2018; Ulloa et al., 2017). According to Forzza et al. (2012), Brazil has
the highest global endemism rate (56%) of plant species.

Knowledge about the biodiversity of Brazil is still far from having a complete inventory of the
animal and plant species it harbors. An example of this is the marked evolution in the numbers
of new taxa described for groups of fauna every year (Varjabedian, 2010).

Brazil is not only rich in diversity of genetic resources but also in cultures (more than
200 indigenous peoples and several communities such as quilombolas, caicaras and rubber tap-
pers), different people who manage their environment, knowing it in detail and in the whole of
its connections and interrelationships (Posey, 1983; Brasil, 2017).

Figure 5.1 represents the geographical distribution of the six Brazilian biomes: Amazon, Atlantic
Forest, Pantanal, Cerrado, Pampa and Caatinga. These biomes are defined by a homogeneous area in
relation to its vegetational, climatic, pedological and altimetric characteristics, arranged on a regional
scale and influenced by the same formation processes (Coutinho, 2006; Nascimento & Ribeiro, 2017).

According to the online database of the Flora do Brasil website, 49,979 species are recognised as
species of Brazilian flora (native, cultivated and naturalised), of which 4,993 are algae, 35,539 are angio-
sperms, 1,610 are bryophytes, 6,320 are fungi, 114 are gymnosperms and 1,403 are ferns and lycophytes.

In this context, the semi-arid biome of Brazil that is the focus of this chapter. The name
caatinga is of Tupi-Guarani origin, and means “white forest”, which characterises well
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Figure 5.2 Caatinga biome, Paraiba State (PB), Brazil. Source: Photo by Jaime Dantas on Unsplash

the aspect of the vegetation in the dry season, when the leaves fall and only the white and
shiny trunks of trees and bushes remain in the dry landscape (Figure 5.1) (Albuquerque &
Bandeira, 1995).

The Caatinga (Figure 5.2) occupies about 11% of the country (844,453 km?) and is the main
ecosystem of the Northeast Region of Brazil. There are about 27 million inhabitants in the origi-
nal Caatinga area, and 80% of its original ecosystems have already been altered (Silva et al., 2004;
Brasil, 2002). This biome represents the fourth largest vegetation formation in the country, cov-
ering about 60% of the Northeastern territory, extending to a small part of the state of Minas
Gerais (Sampaio & Rodal, 2002; Castelletti et al., 2005).

Although Caatinga has a high level of environmental heterogeneity and endemic species and
genera with rare taxa, it has, in the past, been neglected by conservation policies in the face of
Brazil’s vast biodiversity, and its richness and importance have not been the target of policies for
the study and conservation of biodiversity in the country (Brasil, 2008a, 2008b, 2011; Teixeira,
2018; Sampaio, 1995).

Although the diversity of plants and animals in arid and semi-arid environments is lower
than in lush tropical forests, deserts have plants and animals adapted to their extreme condi-
tions, making them environments with a high rate of endemic flora and fauna (Craveiro et al.,
1994; Vieira & Martins, 1998; Leal, Silva & Tabarelli, 2003; Queiroz, Conceicdo & Giulietti, 2006;
Anon, 1995).

There is a mistaken view that the Caatinga is synonymous with poverty in biodiversity, which
certainly reflects how little is known about the region, as it is the Brazilian biome with the fewest
inventories and underestimated biological diversity (Barros, 2004; Brasil, 1998). According to the
online database of the Flora do Brasil website (JBR], 2022), there are currently 5,022 species of
angiosperms cataloged that are distributed in 177 families and 1,249 genera in this biome, with
2,677 species endemic to the Caatinga.

The idea of unproductivity is always associated with the arid and semi-arid areas of the
world, and because of this misconception, the conservation of the biome is relegated to the
background (Castelletti et al., 2005; Albuquerque & Andrade, 2002a, 2002b). Caatinga is not
a desert but a unique ecosystem, and, for this reason, it has animals and plants that only
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survive there. In fact, in this biome, there is a greater wealth of species than any other biome
in the world with similar environmental conditions (Castelletti et al., 2005; Silva, 2003;
Andrade-Lima, 1981; Brasil, 2011).

The harsh climate that dominates the region determines vegetation with a high frequency
of xerophytic elements, especially cacti and bromeliads, which defines the physiognomy Steppe
Savanna as the most characteristic of the Caatinga, with fascinating adaptations to semi-arid
habitats (thorns, aculus, succulent leaves and stems) (Zappi, 2009; Giuletti et al., 2009).

Data from 2010 revealed the floristic survey of the entire Brazilian territory, in which the
Caatinga biome presented a total of 4,322 species of seed plants, 744 of which are endemic to this
biome, corresponding to 17.2% of the total taxa recorded (Forzza et al., 2010).

The most frequent families in the Caatinga are Leguminosae, Euphorbiaceae, Cactaceae,
Asteraceae and Malpighiaceae (Andrade-Lima, 1981).

The unique and still little-known characteristics of the Caatinga, as well as the fragility of its
most arid system, have not been reflected in its protection. In 2008, according to the Brazilian
Environmental Office (Brasil, 2008b), in a collaborative map with The Nature Conservancy of
Brazil (TNC), the Caatinga had 7.12% of its area protected by Conservation Units (UCs), with only
0.99% in Full Protection and 6.04% in Sustainable Use, representing a very small number of UCs
between 2008 and 2014 (Brasil, 2008c; Hauff, 2010).

The Caatinga has been greatly modified by anthropic action, either by the advance of agricul-
ture or road construction, reducing the populations of native species (Trombulak & Frissell, 2000;
Castelletti et al., 2005; Giullietti et al., 2004). It is important to point out the intense desertifica-
tion process that the northeastern soils have been suffering mainly due to deforestation (which
reaches 46% of the biome area) by burning (Aradjo & Souza, 2011). The scenario of desertification
in Brazil, whether in the conceptual, scientific and combat scope of the problem, is still marked
by challenges (Albuquerque et al., 2020).

The conservation of the Caatinga is essential for the maintenance of climatic patterns, avail-
ability of drinking water, fertile and productive soils and part of the planet’s biodiversity (Brasil,
2011). For Kiill (2010), there are at least 19 threatened, vulnerable or endangered species in the
Caatinga. Water stress is one of the most limiting factors for productivity and geographical dis-
tribution of plant species (Costa et al., 2010; Holanda et al., 2015).

Tabarelli and Vicente (2002), when evaluating the geographic distribution of plant collections
and floristic and phytosociological studies developed in the Caatinga, estimated that 80% of the
biome’s area would be under-sampled, and for half of this area (40%) there were no records of col-
lections. Among the determining factors for this situation are indiscriminate deforestation for
the formation of new plantations, the trade in wood for improvements and charcoal production,
successive burnings, overgrazing and inadequate soil use. All these practices have contributed
to the compromising of its balance (Albuquerque, Lombardi-Neto & Srinivasan, 2001), reflecting
in the alteration of 80% of its original ecosystems and the susceptibility of 62% of its territory to
desertification processes (Brasil, 2011).

As in any dry forested region in the world today, the legacy of the northeastern semi-arid
region is far from being properly documented, appreciated and conserved. The trajectory of deg-
radation that has marked the region’s history since the arrival of Europeans in Brazil remains
unchanged, and the climate changes predicted for the region, particularly reduced precipitation,
indicate a bleak future (Tabarelli et al., 2018). Although it is, indeed, much altered, especially in
the lowlands, the Caatinga contains a great variety of vegetational types, with a high number of
species and also remnants of still well-preserved vegetation, which include an expressive num-
ber of rare and endemic taxa (Giulietti et al., 2004).



5.2 Ethnopharmacology in the Brazilian Northeast

The urgency to define a policy for the conservation of the Caatinga biodiversity becomes
evident when considering that the biome is one of the most populated semi-arid regions in
the world, thus making it a great challenge to promote the development of the region with
environmental protection (Tabarelli et al., 2018). The study and conservation of the biological
diversity of the Caatinga is one of the biggest challenges of Brazilian science, warns Leal, Silva
and Tabarelli (2003).

5.2 ETHNOPHARMACOLOGY IN THE BRAZILIAN
NORTHEAST AND THE IMPORTANT ROLE OF
PROFESSOR FRANCISCO JOSE DE ABREU MATOS

In Brazil, the use of medicinal plants in the treatment of diseases is influenced by African, indig-
enous and European cultures (Martins et al., 2000). Indigenous peoples, traditional peoples
and communities and family-based farmers are important holders of traditional knowledge, an
integral part of Brazil’s cultural heritage, and safeguard part of Brazil’s genetic heritage (Brazil,
2017). Many factors contribute to the expressive use of plants for medicinal purposes in Brazil,
notably the high cost of industrialised medicines, the difficult access of the population to medi-
cal and pharmaceutical assistance and the tendency to use products of natural origin (Badke et
al., 2012). Research shows that about 91.9% of the country’s population has already made use of
some kind of medicinal plant, and 46% cultivate some medicinal species at home (Abifisa, 2022).

5.2.1 The Economic and Socio-cultural Diversity of the Caatinga

The Caatinga biome, besides possessing rich biodiversity, is home to great socio-diversity — cow-
boys, ox-drivers, quilombolas, indigenous people, among other groups - that have vast knowledge
about local plant resources (Diegues, 2000; Gomes & Bandeira, 2012). The Brazilian semi-arid
region is densely populated and has the lowest life expectancy, lowest income per capita and
highest illiteracy rate in the country. The rural inhabitants of the Caatinga, called sertanejo, has
developed a peculiar socio-cultural structure and has a strong relationship with the use of natu-
ral resources (Giulietti et al., 2009).

Alarge part of the population living in the Caatinga area is poor and depends on the resources
ofits biodiversity to survive, and many of these species are found in the forest fragments explored
by the native population. Thus, the practice of using medicinal plants in self-care is deeply rooted,
sometimes incorporating sympathies and prayers, in a mixture of beliefs and faith, inherited
from the shamans and the Jesuits (Silva, 2003; Silva et al., 2004; Brasil, 2002; Gomes et al., 2008;
Jha, 1995; Gera, Blsht & Rana, 2003).

5.2.2 Ethnobotanical Studies on the Caatinga Biome: A Brief Synopsis

Ethnobotanical studies in the Brazilian semi-arid region are still relatively scarce, which reflects
the lack of interest of researchers in dry forests. The current forms of land use are extremely
precarious and do not respect the complexity of these delicate ecosystems (Albuquerque &
Hanazaki, 2006; Amorozo & Gely, 1988; Pereira-Jinior et al., 2014).

It is relevant to note that even though the state of Ceard has practically all of its territo-
rial area within the Caatinga biome, it is lagging behind in terms of published articles. One of
the greatest contributions occurred with the publication to the scientific community of the
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ethnopharmacopeia of Professor Francisco José Matos in 2019. This work brings the compilation
of data from the reports of ethnobotanical expeditions conducted by his team to the Caatinga
between the years of 1979-1982, including native species that are extinct or threatened with
extinction (Magalhaes et al., 2019). The number of species obtained in this study can be con-
sidered high when compared to other studies conducted in the Caatinga, with reports ranging
from 22 to 119 species (Albuquerque & Oliveira, 2007, Albuquerque & Andrade, 2002a, Alcintara
Janior et al., 2005; Almeida et al., 2005, Cartaxo, Souza & Albuquerque, 2009; Morais et al., 2005,
Silva; Andrade & Albuquerque, 2005).

5.2.3 A Brief Insight into the Ethnopharmacopeia of the
Late Prof. Francisco José de Abreu Matos

The aromatic medicinal plants discussed in this chapter were selected based on the ethnophar-
macopoeia of the late Prof. Francisco José de Abreu Matos. For the purpose of brevity, being
concise and in line with the book theme, we limited our selection to only aromatic medicinal
plants of the Caatinga.

The ethnopharmacopeia of Prof. Francisco José de Abreu Matos includes data on 272 plant
species. It describes botanical nomenclature revised by the Angiosperm Phylogeny Group IV
System (2016), popular names, origin, popular therapeutic uses, part used, preparation method,
form of use, voucher number, citations, number of therapeutic properties associated with the spe-
cies, number of body systems according to International Classification of Primary Care (WHO,
2012) and relative importance value. The term ethnopharmacopoeia by Professor Francisco José
de Abreu Matos was chosen to honor the unique scientific collection that portrays the associ-
ated traditional knowledge of the northeastern Brazilian people about medicinal plants from the
Caatinga (especially from the state of Cear4) in the 1980s.

For Matos (1999), in the Northeast Region, the use of medicinal plants and homemade prepa-
rations is of fundamental importance in the treatment of diseases that affect low-income pop-
ulations, given the deficiency of medical assistance, the influence of the oral transmission of
cultural habits and the availability of flora.

The flora of the Caatinga has a rich plant diversity, with multiple potentials for economic
exploitation in a sustainable way. However, in the case of medicinal or aromatic uses, this knowl-
edge is still fragmented and tied to popular knowledge. Thus, studies on the popular knowledge
about the native flora have deserved increasing attention, which contributes to the generation of
knowledge and clarification of science, especially with regard to plants of the dry forests (Agra et
al., 2008; Agra et al., 2007; Nunes et al., 2015; Pareyn, 2010).

5.3 AROMATIC AND MEDICINAL PLANTS FROM CAATINGA

Brazil stands out on the world stage as the fourth largest exporter of essential oils, after the
United States, France and the United Kingdom (U.K.) (OEC, 2022).

According to Mattoso (2005), the essential oil from citrus leaves and its terpenic derivatives
account for 90% of this export volume, and the rest is obtained from other species such as euca-
lyptus (Eucalyptus citriodora), pau-rosa (Anibarosea odora var. amazonica Ducke), limeira (Citrus
aurantifolia Swingle) and lemongrass (Cymbopogon citratus).

Despite the peculiarity and potential of Brazilian biodiversity, the production of essential oils
is still in its infancy to meet the world market (Amaral, 2010).



5.3 Aromatic and Medicinal Plants from Caatinga

Prospective studies, sustainable use of Brazilian biodiversity, domestication of exotic species
with commercial relevance, use of improvement techniques and development of new applica-
tions for essential oils are thematic lines, generally multidisciplinary, that have been driving the
expansion of research on essential oils in Brazil (Bizzo, Hovell & Rezende, 2009).

In the Northeast, the study of odorous plants resulted in the discovery of several essential oils
of potential economic importance (Craveiro et al., 1981).

Agra et al. (2007), Nunes et al. (2015) and Pareyn (2010) report that the flora of the Caatinga
presents rich plant diversity, with multiple potentials for economic exploitation in a sustainable
manner. However, in the case of medicinal or aromatic use, this knowledge is still fragmented,
and much of it is linked to popular knowledge.

Several aromatic and/or medicinal species native to the Caatinga contain essential oils that
are widely used as a source of raw material in the perfume and cosmetics, the pharmaceutical,
hygiene and cleaning products and the food and paint industries as well as in agriculture for the
biological control of diseases and pests (Biasi & Deschamps, 2009).

Despite the great economic importance of essential oils and their derivatives, until
1959 practically nothing was known about the chemical composition of the aromatic flora of the
Brazilian northeast and its potentialities. The creation of the Program for the Chemical Study of
Essential Oils from Plants of the Northeast (Programa de Estudo Quimico de Oleos Essenciais de
Plantas do Nordeste) in 1975 by the late pharmacist Dr. Francisco José de Abreu Matos and biolo-
gist Dr. Afrdnio Gomes Fernandes, boosted research in this area.

In this study program, about 500 essential oils were obtained from approximately 150 different
native and cultivated plant species, which resulted in the discovery of several essential oils of
potential economic importance (unpublished report).

Since the 1980s, there has been an awakening to the richness of the Caatinga flora and the
fascinating adaptations of plants to semi-arid habitats (Andrade-Lima, 1981, 1989; Giulietti et
al., 2004). The selection of matrices, irrigation and mechanisation of the crop are practices that
have been successfully applied in the northeast of the country for the production of essential oils
(Bizzo, Hovell & Rezende, 2009).

The flora of the Caatinga has a rich plant diversity, with multiple potentials for economic
exploitation in a sustainable manner. However, in the case of medicinal or aromatic use, this
knowledge is still fragmented and tied to popular knowledge (Kiill, 2010).

The ten aromatic plant species described below were selected from the ethnopharmacopeia
of Prof. Francisco José de Abreu Matos (Magalhdes et al., 2019). The criteria used were species
abundance, ease of cultivation, high yield of essential oil, chemical constituents of relevant eco-
nomic importance and therapeutic potential. The scientific and popular names, synonyms, phy-
tochemical composition, ethnobotanical and ethnopharmacological data are presented for each
aromatic medicinal plant.

5.3.1 Ageratum conyzoides L.

Taxonomic classification (APG 1V/2016): Asterids — Asteracea — Asterales

Botanical synonyms: Ageratum conyzoides L. subsp. conyzoides

Link to the taxon: http://servicos.jbrj.gov.br/flora/search/Ageratum_conyzoides
Origin: Native, non-endemic

Popular names: Mentrasto

Phytochemistry: The main composition of A. conyzoides is based on essential oils
with terpenes (salinene, pinene, eugenol, cineol, felandren, limonene, linalool,
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terpineol and caryophyllene), coumarin and benzofuran compounds, resins, alka-
loids, flavones, flavonoids and chromones. There is also the presence of chromenes,
especially precocenes I and II, which cause premature metamorphosis in sev-
eral insect species, leading to the formation of sterile adults (Momesso, Moura &
Constantino, 2009). The analysis of the essential oil from the leaves of A. conyzoides
from the state of Ceara revealed the presence of chromene class substances such as
precocene I (95.4%) and precocene II (4.5%) (Lima et al., 2005). Several studies point
to precocene I as a component in higher concentration compared to precocene II
in the essential oil of the species (Bayala et al., 2014; Menut et al., 1993; Patil et al.,
2010). However, in some investigations carried out in other locations in Brazil, as
well as other countries, a reversal in this proportion has been verified (Esper et al.,
2015; Liu & Liu, 2014). In addition, the presence of 3-caryophyllene (14.4%) and cou-
marin (5.05%) as significant volatile components of the leaves of the species have
also been reported (Nogueira et al., 2010; Zoghbi et al., 2007). In a study conducted
in the northern region of Brazil, it was found that the phytochemical composition of
the stems, roots and flowers are similar to each other, presenting as major compo-
nents B-caryophyllene (12.8%, 15.3% and 19.4%, respectively) and precocene I (71.6%,
67.4% and 55.5%, respectively) (Zoghbi et al., 2007).

Part used/method of preparation/form of use (I or E), according to Magalhaes et al.
(2019): Root - tea (I), maceration in water (I); leaf - tea (I) its most commonly used
extract forms are 2% and 5% infusion, 20% tincture and glycoholic extract.

Life form and substratum: Herb, sub-shrub/rupiculous, terrestrial

Ethnobotanical data: Painful ovulation (women’s colic), depurative (“cleanses impuri-
ties from the blood”), flu, incomplete abortion, nervousness, abdominal cramps (stom-
achache), anti-inflammatory, muscle distention

Ethnopharmacological/Biological data: There is evidence supporting the use of the
species as an antineuropathic pain agent (Sukmawan, Anggadiredja & Adnyana, 2021),
as antibacterial against Staphylococcus aureus and Enterococcus faecalis (Kouame et
al., 2018), antifungal, anti-inflammatory, anthelminthic and antitumor (Yadav et al.,
2019).

5.3.2 Cantinoa mutabilis (Rich.) Harley & J.F.B. Pastore

Taxonomic classification (APG 1V/2016): Asterids - Lamiaceae — Lamiales

Botanical synonyms: Hyptis polystachya, Hyptis rostrata, Hyptis singularis,
Hyptisspicata, Hyptis tenuiflora, Hyptis trichocaly, Mesosphaerum barbatum, Teucrium
rhombifolium, Hyptis mutabilis

Link to the taxon: http://servicos.jbrj.gov.br/flora/search/Cantinoa_mutabilis

Origin: Native, non-endemic

Phytochemistry: A phytochemical study of the essential oil obtained from the aerial
parts of the species (leaves and stem) was conducted in four different localities in the
Amazon region. A specimen collected in the locality of Lago Grande, Amapa state, pre-
sented thymol (37.4%), p-cymene (19.3%) and y-terpinene (16.6%) as major phytocon-
stituents. Phytochemistry analysis of an access from Retiro das Pedras municipality in
Amapa state revealed c-3-carene (25.5%), terpinolene (24.7%) and globulol (11.9%) as
major components. The essential oil from a sample from the city of Belém, capital of
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Para state, showed p-caryophyllene (18.4%), 1.8-cineole (16.8%) and bicyclogermacrene
as the most concentrated components (12.6%). The sample obtained from the Porto
Almendrada locality in Peru was rich in (E)- (70.0%) and (Z)-methyl cinnamate (9.8%)
(Aguiar etal., 2003). Analysis of the essential oil of the species occurring in southern Brazil
showed that both leaves (26.61% and 24.23%) and inflorescences (11.6%) had globulol
in their compositions. Other relevant constituents found in the leaves and flowers were
fB-pinene, germacrene D and E-caryophyllene (Silva et al., 2013). An investigation showed
that the essential oil from C. mutabilis leaves had spathulenol (14.2%), E-caryophyllene
(14.7%) and germacrene D (11.1%) as Eudicotyledoneae - Rosids - Fabids constituents
(Oliva et al., 2006).

Popular names: Sambacuité

Part used/method of preparation/form of use (I or E), according to Magalhaes et al.
(2019): Aerial part - juice (I, E); root — tea (I)

Life form and substratum: Shrub, herb, sub-shrub/terrestrial

® Ethnobotanical data: Stomach ailments and analgesic
® Ethnopharmacological/Biological studies: Evidence suggests that the species has

antiulcerogenic (Barbosa & Ramos, 1992), sedative, anesthetic (Silva et al., 2013) and
antimicrobial action against Mucor sp. (Oliva et al., 2006).

5.3.3 Croton echioides Baill.

Taxonomic classification (APG 1V/2016): major — Euphorbiaceae — Malpighiales
Botanical synonyms: Croton macrobothrys var. Microbotrys, Oxydectes echioides

Link to the taxon: http://servicos.jbrj.gov.br/flora/search/Croton_echioides

Origin: Native, endemic

Popular names: Quebra-faca, caatinga-branca, canela-de-velho

Phytochemistry: Phytochemical studies from the essential oil of the species are scarce.
In a phytochemistry analysis of C. Echioides leaves conducted in the state of Alagoas,
the following components were recorded: a-cubene (2), a-copaene (3), caryophyllene (4)
and B-cubebene (5) (Craveiro, 1981).

Part used/method of preparation/form of use (I or E), according to Magalhies et al.
(2019): Bark (stem) - in natura/ scraping (I); whole plant - in natura (I)

® Life form and substratum: Shrub, sub-shrub/terrestrial
® Ethnobotanical data: Kidney problems, anticoagulant (“thinning of the blood”).

Ethnopharmacological/Biological studies: Published data indicates that this species
is considered promising for the development of antileishmaniasis drugs (Novello et al.,
2020).

5.3.4 Croton grewioides Baill.

Taxonomic classification (APG 1V/2016): Eudicotyledoneae - Rosids - Fabids -
Euphorbiaceae - Malpighiales

Botanical synonyms: Croton zehntneri, Croton glycosmeus, Oxydectes grewioides

Link to the taxon: http://servicos.jbrj.gov.br/flora/search/Croton_grewioides

Origin: Native, non-endemic

Popular names: Alecrim-de-cabocla, canelinha, canela do mato
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Phytochemistry: In the state of Pernambuco, the essential oil from the leaves and
stems of the species showed a predominance of phytoconstituents from the phenyl-
propanoid group. The volatile phytoconstituents found in the leaves were (E)-anethole
(65.5%) and methyl eugenol (10.6%), while the essential oil analysis detected the pres-
ence of (E)-anethole (47.8%), (E)-methyl isoeugenol (30.0%) and cadalene (8.4%) (Silva
et al.,, 2008). Analyses conducted in the state of Paraiba revealed that the essential oil
from C. grewioides leaves was rich in mono- and sesquiterpenes, with a-pinene (47.43%)
and sabinene (12.09%) as major components (Medeiros et al., 2017). The analysis of the
essential oil of different genotypes of the species preserved in an active germplasm bank
in the state of Sergipe proposed different chemotypes, which are (Z)-isoosmorhizole +
(E)-isoosmorhizole (24.19% and 11.38%, respectively); methyl chavicol + eugenol (59.85%
and 29.51%, respectively); methyl eugenol (85.58%) and eugenol + methyl eugenol (42.68%
and 45.97%, respectively) (Oliveira et al., 2021).

Life form and substratum: Shrub, sub-shrub/terrestrial

Part used/method of preparation/form of use (I or E), according to Magalhaes et al.
(2019): Twigs - tea (I, E)

Ethnobotanical data: Sinusitis

Ethnopharmacological/Biological studies: The volatile fractions of C. grewioides dem-
onstrates antioxidant (Oliveira et al., 2021; Serra et al., 2019) and antispasmodic action
on the trachea musculature (Lima et al., 2020). In addition, the essential oil showed low
subacute oral toxicity (Coelho-de-Souza et al., 2019).

5.3.5 Croton heliotropiifolius Kunth.

Taxonomic classification (APG 1V/2016): Eudicotileddneas — Rosideas — Fabideas -
Euphorbiaceae — Malpighiales

Botanical synonyms: Croton conduplicatus, Croton albicans, Croton lachnocla-
dus, Croton moritibensis, Croton rhamnifolioides, Croton turnerifolius, Oxydectes
lachnoclada

Link to the taxon: http://servicos.jbrj.gov.br/flora/search/Croton_heliotropiifolius
Origin: Native, non-endemic

® Phytochemistry: The literature reports that the essential oils of Croton heliotropiifo-

lius showed bactericidal and fungicidal activity (Alencar-Filho et al, 2017). Essential
oils obtained from the species are rich in sesquiterpenes, mainly hydrocarbon sesqui-
terpenes. The essential oil extracted from the aerial parts (leaves and stem), presents
as main volatile components (E)-caryophyllene (23.85%), y-muurolene (10.52%) and
viridiflorene (8.08%). In a study conducted in the northeast of Brazil, it was observed
that the chemical constituents of the essential oil of the species were the same in all
seasons: P-caryophyllene, bicyclogermacrene, germacrene-D, limonene and 1,8-cin-
eole. However, there was variation in the content of these, according to the season of
collection (Alencar-Filho et al, 2017). Analysis of the essential oil obtained from hydro-
distillation of the species stem revealed the predominance of oxygenated sesquiter-
penes, including substances such as guaiol (18.38%) and valerianol (10.62%). However,
in the volatile phytoconstituents profile of the leaves of the same specimen demon-
strated the presence of hydrogenated sesquiterpenes as being prominent, encompass-
ing B-caryophyllene (20.82%), spathulenol (16.37%) and p-elemene (6.81%). Analyses of
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its essential oil identified a mixture of monoterpenes and sesquiterpenes, with the as
main compounds being bicyclogermacrene (19.04%), Ecaryophyllene (18.51%), limo-
nene (15.65%) and a-pinene (13.24%) (Torres et al., 2021). One of the major compounds
described in three papers was a-pinene (Alencar-Filho et al, 2017; Brito et al, 2018;
Oliveira et al, 2016).

® Popular names: Velame
® Life form and substratum: Shrub, sub-shrub/terrestrial

Part used/method of preparation/form of use (I or E), according to Magalhaes et al.
(2019): Root - tea (I)

Ethnobotanical data: The Brazilian flora is well represented by this family, as 72 genera
and about 1,100 known species occur (Jinior et al, 2022). One of the genera of the
Euphorbiaceae family that has a wide variety of species rich in secondary metabolites is
the genus Croton (Bezerra et al., 2020a). Brazil owns a good diversity of this genus; there
are more than 350 native species (Trindade & Lameira, 2014). It is used as depurative
(“cleanses impurities from the blood”), to treat eczema, cancer, thrush and for bladder
ailments. The essential oil of the species is also used to combat Aedes aegypti mosqui-
toes (Alencar-Filho et al, 2017).

Ethnopharmacological/Biological studies: The investigations indicate that the vola-
tile fraction of the species has antibacterial potential mainly against gram-positive bac-
teria (Aradjo et al., 2017) and also demonstrates antinociceptive actions, (Oliveira Jinior
etal., 2017), anxiolytic, sedative (Oliveira Jinior et al., 2018), anti-inflammatory (Martins
et al., 2017), gastroprotective (Vidal et al., 2017) and antiparasitic actions (Alcintara et
al., 2022).

5.3.6 Croton jacobinensis Baill.

Taxonomic classification (APG IV/2016): Eudicots — Rosides - Fabids — Euphorbiaceae
- Malpighiales

Botanical Synonyms: Croton auriculatus, Croton sonderianus, Oxydectes sonderiana,
Oxydectes jacobinensis

Link to the taxon: http://servicos.jbrj.gov.br/flora/search/Croton_jacobinensis

Origin: Native, endemic

Phytochemistry: Analysis of the essential oils from the leaves and inflorescence allowed
the identification of 32 compounds, representing more than 90% of the chemical compo-
sition of each oil. The main constituents of the leaf oil were bicyclogermacrene (34.0%),
D-germacrene (19.0%) and trans-caryophyllene (17.8%), and the main components of the
inflorescence oil were caryophyllene oxide (27.9%), spatulenol (16.7%) and 1,8-cineole (8.0%).
C. Sonderianus has a high essential oil content that can vary from 0.5% to 1.5% (Santos, et
al., 2005). Several studies indicate that the essential oil from the leaves of the species native
to northeastern Brazil has a variable phytochemical composition, predominantly mono-
and sesquiterpenes, according to the time and place of collection. The essential oil of the
species showed as major components bicyclogermacrene (16.29%), p-phellandrene (15.42%),
f3-caryophyllene (13.82%) and a-pinene (9.87%) when collected 13:00 h, but the same indi-
vidual plant showed the presence of spathulenol (18.32%), p-caryophyllene (14.58%), caryo-
phyllene oxide (8.54%) and 1,8-cineole (8.38%) when collected at 21:00 h (Pinho et al., 2010).
The essential oils from the different parts of the same specimen were also analysed. The
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leaves (p-phellandrene, 20.4%), flowers (bicyclogermacrene, 29.1%), trunk bark (f-elemene,
22.8%) and roots (cyperene, 14.2%) showed distinct predominant components (Dourado
& Silveira, 2005). Seasonality plays an important role on the phytoconstituents content of
C. sonderianus essential oil occurring in Caatinga, as metabolites such as limonene (rainy
season: 18.8%, dry season: 28.7%), spathulenol (rainy season: 10.3%, dry season: 31.5%) and
1,8-cineole (rainy season: 18.8%, dry season: 28.7%) show considerable phytochemical varia-
tion (Souza et al., 2017).

Popular names: Marmeleiro preto, velame-de-nédea, marmeleiro-do-brejo

® Life form and substratum: Shrub, sub-shrub/terrestrial
® Part used/method of preparation/form of use (I or E), according to Magalhaes et al.

(2019): Bark (stem) — in natura (I); tea (I) — inner stem; bark - tea (I)

Ethnobotanical data: The leaves and bark are used as an infusion or simply chewed
as a medicine for the treatment of gastrointestinal disorders, rheumatism and head-
aches (Santos et al., 2005). The volatile oils produced by species of the genus Croton have
been the target of studies because of their biological activities, such as antimicrobial
(Andrade et al., 2015), acaricidal (Cimara et al., 2017), antitumor (Aratjo et al., 2017),
insecticidal (Lima et al., 2013), among others. It is also used as an astringent, for liver
diseases, diarrhea and intestinal ailments.

Ethnopharmacological/Biological studies: The essential oil of the species has antino-
ciceptive (Santos, et al., 2005) and bronchodilatory properties (Pinho et al., 2010).

5.3.7 Hymenaea courbaril L.

Taxonomic classification (APG 1V/2016): Eudicots — Rosides - Fabids - Fabaceae
- Fabales

Botanical Synonyms: Hymenaea stilbocarpa

Link to the taxon: http://servicos.jbrj.gov.br/flora/search/Hymenaea_courbaril
Origin: Native, non-endemic

Phytochemistry: Analysis carried out on the fruits of the species from Ceara state of
Brazil, demonstrated that the essential oil extracted by hydrodistillation was rich in
sesquiterpenes. However, the phytochemical composition varied according to the
stage of maturation. Phytoconstituents encountered were a-copaene (11.1%), spathu-
lenol (10.0%), p-selinene (8.2%), y-muurolene (7.9%), caryophyllene oxide (6.9%) and
germacrene-D (17.61%) from the ripe fruits (Aguiar et al., 2010; Sales et al., 2014). The
essential oil of unripened fruits contains as main substances germacrene D (31.9%),
f-caryophyllene (27.1%), bicyclogermacrene (6.5%), a-humulene (4.2%) and a-copaene
(4.2%) (Aguiar et al., 2010). The essential oil of the leaves of the species obtained by
hydrodistillation in the state of Pernambuco, showed caryophyllene oxide (29.55%) and
trans-caryophyllene (18.80%) as main components. (COSTA, 2017). In a study in the
state of Maranhao, the bark of the tree was shown to be rich in monoterpenes, contain-
ing p-ocimene (23.33%), a-pinene (12.33%), B-pinene (11.79%) and p-myrcene (11,38) as
the main volatile substances (Everton et al., 2021).

Popular names: Jatoba

Part used/method of preparation/form of use (I or E), according to Magalhaes et al.
(2019): Bark (stem) - tea (I), maceration in liquor (I); lick (I), in natura/powder (I); “green”
fruit - tea (I); bark - lick (I)

Life form and substratum: Tree/Terrestrial
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e FEthnobotanical data: Flu, convalescence (weakness), anemia, diarrhea (acute and
chronic), flu, expectorant (full cough), tuberculosis, fortifier, cough, sexual impotence
(“weakness in man”), bladder, lung, depurative (“cleans impurities from the blood”) and
convulsion.

® Ethnopharmacological/Biological studies: The essential oil of the species demon-
strates antimicrobial (Sales et al., 2014) and anti-inflammatory (Viveiros et al., 2017)
potential.

5.3.8 Lippia alba (Mill.) N.E.Br

® Taxonomic classification (APG 1V/2016): Asterids — Lamids - Verbenaceae - Lamiales

® Botanical synonyms: Camara alba, Lantana geminata, Lippia asperifolia, Lippia
carterae, Lippia citrata, Lippia crenata, Lippia geminata, Lippia globiflora, Lippia
havanensis, Lippia lantanifolia, Lippia lantanoides, Lippia lorentzii, Lippia obovata,
Lippia panamensis, Lippia rondonensis, Lippia tinica, Verbena globiflora, Verbena
lantanoides, Zappania geminata, Zappania lantanoides, Zappania odorata, Lantana
alba, Zappania globiflora
Link to the taxon: http://servicos.jbrj.gov.br/flora/search/Lippia_alba
Origin: Native, non-endemic

® Phytochemistry: Several investigations point to distinct majority component pro-
files in L. alba essential oils, and it is possible to group this species into chemical
classes or chemotypes. For example, linalool-chemotype, linalool + eucalyptol-che-
motype, geranial + carvenone-chemotype, piperitone-chemotype, tagetenone-che-
motype, citral-chemotype. However, in the Caatinga, three main chemotypes stand
out: myrcene + citral (chemotype I), limonene + citral (chemotype II) and limonene +
carvone (chemotype III) (Gomes et al., 2019; Blanco et al., 2013; Lorenzo et al., 2001;
Montero-Villegas et al., 2018). Among the metabolites described for L. alba are essen-
tial oils, sulfated flavonoids, tannins, geniposides (iridoids), triterpenic saponins,
resins and mucilages. The main constituents of L. alba volatiles are the monoterpe-
noids (borneol, camphor, 1,8-cineol, citronelol, geranial, linalol, myrcene, neral) and
the sesquiterpenoids, such as b-caryophyllene and cadinene (Pascual et al., 2001).
The composition of its essential oil presents quantitative and qualitative variation,
leading to the separation into chemotypes (Matos et al., 1996; Frigheto et al., 1998;
Zoghbi et al., 1998), which could present distinct pharmacological activities, as
well as morphological differences (Matos et al., 1996; Corréa, 1992; Vale et al., 1999).
Based on chemical, organoleptic and morphological studies, Matos (1996) classified
the plants known as “citron” in the Northeastern Region of Brazil into three funda-
mental chemotypes. The chemotype I, with high citral and myrcene values in the
essential oil, whose leaves are rough and large; chemotype II, with high citral and
limonene contents, in which delicate leaves and branches are observed; chemotype
III, whose essential oil is rich in carvone and limonene, being morphologically simi-
lar to chemotype II, but with a sweet citrus odor.

® Popular names: Erva-cidreira-de-Shrub, do-campo or brasileira, alecrim do campo or
selvagem, cidreira-brava, falsa-melissa, cidrd, cidrio, cidreira, carmelita (Biasi & Costa,
2003).

® Part used/method of preparation/form of use (I or E), according to Magalhaes et al.
(2019): Leaf - tea(I), decoction (I); twig — tea (I)
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® Life form and substratum: Shrub/Terrestrial
® Ethnobotanical data: Treatments of anxiety, diarrhea, sleep disturbances, abdomi-

nal cramps, bloody stools, digestive diseases, gastroenteritis, liver disease and heart
disease.

® FEthnopharmacological/biological data: Vale et al. (1999) observed in animal tests anx-

iolytic, sedative, hypothermic and myorelaxant effects for chemotype II in behavioral
evaluation tests. The sedative, myorelaxant and anxiolytic effects are similar to those
obtained by the action of benzodiazepines on the GABA receptor, which suggests that
both the components of the oils and the non-volatile fractions act on this receptor (Vale
et al., 1999; Zétola et al., 2002). The in vitro antioxidant activity using linoleic acid oxi-
dation to carbonyl compounds by the essential oil of L. alba exhibited similar effect as
vitamin E and 2-(tert-butyl)-4- methoxyphenol (BHA) at concentrations of 5-20.0 g/L
(Stashenko; Jaramillo & Martinez, 2004). Similarly, hydroalcoholic percolate showed con-
siderable free radical scavenging potential according to the tested parameters: reduction
of 1,1- diphenyl-2-picrylhydrazyl (DPPH) (IC50 < 30 pg/mL) and inhibition of lipid per-
oxidation in vitro (IC50 < 32 pg/mL). A methanolic extract of aerial parts showed IC50
values of 58.1ug/ml in Entamoeba histolytica (moderate) and 109.4 pg/ml in Giardia lam-
blia (weak). The positive controls were emetine (1.05 and 0.42 ug/ml) and metronidazole
(0.04 and 0.21pg/ml) (Calzada, Yépez-Mulia & Aguilar, 2006).

5.3.9 Lippia origanoides Kunth

Taxonomic classification (APG 1V/2016): Asterids — Lamids - Verbenaceae — Lamiales
Botanical synonyms: Lippia affinis, Lippia berteri, Lippia candicans, Lippia elegans,
Lippia glandulosa, Lippia mattogrossensis, Lippia microphylla, Lippia obscura, Lippia
pendula, Lippia polycephala, Lippia rigida, Lippia rubiginosa, Lippia salviaefolia, Lippia
schomburgkian, Lippia sidoides, Lippia velutina

Link to the taxon: http://servicos.jbrj.gov.br/flora/search/Lippia_origanoides

Origin: Native, Non-endemic

Phytochemistry: Several essential oil chemotypes are reported for the species which
include, among others, carvacrol-chemotype, carvacrol + thymol-chemotype, cin-
namate-chemotype, o- and f-phellandrenes + cymene + limonene-chemotype and
p-cymene + 1,8-cineole-chemotype (Sarrazin et al., 2015; Ribeiro et al., 2014; Stashenko
et al., 2010; Vicuna, Stashenko & Fuentes, 2010). However, several studies point out that
the main chemotype found in Caatinga is the thymol-chemotype (Oliveira et al., 2018;
Santos et al., 2015; Monteiro et al., 2007).

Popular names: alecrim-pimenta, alecrim-bravo, estrepa-cavalo e alecrim-grande
(Soares et al., 2017; Magalhies et al., 2019)

Part used/method of preparation/form of use (I or E), according to Magalhaes et al.
(2019): Leaf - tea (I, E)

Life form and substratum: Shrub/Terrestrial

Ethnobotanical data: Antiseptic for mucous membranes and skin (wound), mycosis of
the skin, rhinitis (sore throat), throat problems, “athlete’s foot” (chulé). Popularly, the
leaves are used for sore throats, gum inflammations, skin lesions and for preparing cos-
metics with the extract obtained from macerating the leaves with alcohol or from the
essential oil (Veras et al., 2017).
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Ethnopharmacological data: Lippia sidoides Cham (Verbenaceae) is an aromatic
plant of interest to the pharmaceutical, food and cosmetic industries for its proven
insecticidal, antibacterial, larvicidal, acaricidal and anti-inflammatory proper-
ties, among others (Baldim et al., 2019). Thymol and carvacrol are prominent com-
pounds in the essential oil extracted from the leaves of this vegetable popularly
called “rosemary pepper”. With positive effects on skin wound treatment, this oil
can be included in products as oral antiseptic and others with dermatological pur-
poses (Betancourt et al., 2019).

5.3.10 Mesosphaerum suaveolens (L.) Kuntze.

Taxonomic classification (APG 1V/2016): Asterids - Lamids — Lamiaceae — Lamiales
Botanical synonyms: Ballota suaveolens, Hyptis suaveolens, Bystropogon suaveolens,
Bystropogon graveolens, Gnoteris cordata, Gnoteris villosa, Hyptis congesta, Hyptis ebrac-
teata, Hyptis plumieri, Marrubium indicum, Schaueria graveolens

Link to the taxon: http://servicos.jbrj.gov.br/flora/search/Mesosphaerum_suaveolens
Origin: Native, Non-endemic

Phytochemistry: Analyses of the plant sample in the state of Maranhdo in the dry,
intermediate and rainy seasons, found that the essential oil from the aerial parts of
the species had 1,8-cineole as the main phytoconstituent in all periods. However, the
content of 1,8-cineole was higher in the intermediate period (64.44%) and dry season
(46.31%) than in the rainy season (30.15%) (Luz, 2020). Occurrence of bicyclogermacrene
(23.5%), germacrene D (17.2%) and (E)-caryophyllene (10.4%) were also recorded from
another access collected in the same state (Lima, 2022). The phytochemical analysis of
the essential oil from the leaves of the species collected in the state of Ceara detected
f-caryophyllene (18.57%), sabinene (15.94%) and spathulenol (11.09%) as major phyto-
constituents (Bezerra, 2020). The examination of the essential oil from the aerial parts of
the species collected in the state of Piaui, showed the presence of 1,8-cineole (35.77%),
sabinene (19.61%) and a-pinene (7.59%). Mesosphaerum suaveolens contains unique ter-
penoid metabolites, such as suaveolic acid, suaveolol, methyl suaveolate, beta-sitosterol
and ursolic acid, and phenolic compounds, such as rosamarinic acid, methyl rosamari-
nate, that have potentiality to substitute the traditional drugs as therapeutic agent
against the resistant and newly emerged bacterial and viral pathogens. Pentacyclic
triterpenoid and ursolic acid have been reported to have effective antiviral response
against the SARS-CoV2 responsible for the present COVID-19 pandemic and HIV virus
(Mishra, Sohrab & Mishra, 2021).

Popular names: Bamburral

Part used/method of preparation/form of use (I or E), according to Magalhaes et al.
(2019): Leaf - tea(l, E); whole plant - tea (I); root - tea (I)

Life form and substratum: Shrub, herb, sub-shrub/terrestrial

Ethnobotanical data: Amoebiasis, hoarseness, liver ailments, indigestion and throat
problems.

Ethnopharmacological/Biological data: Antimicrobial, antioxidant and anthel-
mintic potential have been reported for extracts obtained from the species (Bezerra-
Almeida et al., 2022; Bezerra et al., 2020c; Lima, Fernandes & Silva, 2022; Nantitanon,
Chowwanapoonpohn & Okonogi, 2007).
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5.4 CONCLUDING REMARKS

The pharmacotherapeutic potentials of aromatic medicinal plants native to the Caatinga biomes
are highlighted in this chapter. However, the majority of these medicinal species are lacking
experimental studies to verify their ethnomedicinal uses or even explore their potential pharma-
cological, cosmetological and biological potentials. Several important bioactive phytoconstitu-
ents are yet to be evaluated for pharmacological, biological and toxicological studies. This write
up would serve as an eye opener for researchers that might be interested in further exploring
these important aromatic medicinal plants and or their products.
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6.1 INTRODUCTION

There is a sizeable territorial extension with extreme climates, water scarcity, and nutrient-poor
soils called deserts. Days last on average 14 hours and reach temperatures of 43°C (Castillo-
Quiroz et al.,, 2014; Granados-Sénchez et al., 2011). Vegetation that manages to develop within
these territories suffers from desert stress. Desert stress refers to all the changes that plants
undergo to develop and grow in this environment. Extreme climates, intense heat during the day,
and low temperatures at night cause plants to develop changes to resist this environment and
retain and store water due to the great scarcity (Castillo-Quiroz et al., 2014).

The technique plants use to survive this type of desert stress is the segregation of chemical
compounds that help them develop. These compounds, also known as secondary metabolites or
bioactive compounds, help plants with self-care and preservation; tannins, flavonoids, phenols,
saponins, among others, are the compounds that have been identified as secondary metabolites
(Gonzalez & Arias, 2009; Tawaha et al., 2007). These compounds are of great importance because

DOI: 10.1201/9781003251255-6

151


http://dx.doi.org/10.1201/9781003251255-6

152

Plants for the Control of Phytopathogens

they have a great variety of activities that can be used as antioxidants, antimicrobial, anticancer,
antidiabetic, among others (Abdel-Zaher et al., 2005; Dudai et al., 2003; Harlev et al., 2012; Liu et
al., 2004; Sabu & Kuttan, 2002; Tawaha et al., 2007; Yamamoto et al., 2011).

These compounds have activities, but they have been shown to help in cardiovascular and
neurodegenerative diseases (Finkel & Holbrook, 2000; Harlev et al., 2012). However, in plants,
it happens differently. Besides helping self-preservation and care, they are also used to control
phytopathogens that reach the plant (Sampietro et al., 2016). The most common pathogens are
bacteria and fungi; however, they can also be attacked by nematodes or viruses. In addition,
phytopathogens take advantage of mechanical damage, or some insects penetrate the plant cells
and, thus, starting infection (Tournas, 2005). This is coupled with the fact that phytopathogens
are not only specific to desert plants but are also capable of infecting crop plants, as annual crop
losses of around 30% due to some of the phytopathogens mentioned above have been reported
(Hilder & Boulter, 1999). Therefore, one of the most practical solutions is the use of herbicides;
however, herbicides contain chemical compounds such as glyphosate (Woodburn, 2000), which
helps to control weeds, bacteria, fungi, among others, but can also cause harm to humans
because sometimes traces of herbicides can be found in vegetables (Bocker et al., 2019; Hynes &
Boyetchko, 2006). Therefore, an alternative is being sought to solve the problem, one option being
plant extracts. For example, it has been reported that aqueous extracts of Agave lechuguilla and
Larrea tridentata are practical and valuable for controlling phytopathogens (Abutbul et al., 2005;
Harlev et al., 2012; Teran Baptista et al., 2020).

6.2 SEMI-DESERT PLANTS

Deserts are significant territorial regions in which the environment and ecosystems can become
very dry, so the soil decreases vegetation because of the high altitudes and freezing nights that
can last 10 and a half hours (Granados-Sanchez et al., 2011). For such reasons, desert soils are
very difficult when it comes to plant growth and adaptability because of the desert stress caused
by the ecosystem, a consequence of growing in soils poor in nutrients and harsh climates, such
as, extreme temperatures that reach no lower than 43°C during the middle of the day, water
shortage due to the length of the day (13 and a half hours on average), which causes shortages in
cloud production and water evaporation (Castillo-Quiroz et al., 2014; Castillo et al., 2011), intense
solar radiation due to the sun hitting the soil surface, causing heating and radiation on vegeta-
tion, among other factors. This causes plants that manage to develop in this environment to be
susceptible to various attacks, both from animals and from the same reactive oxygen species,
which leads them to evolve by developing natural defenses with secondary metabolites that are
responsible for defending the plant, such as phenols, flavonoids, tannins, saponins, terpenes,
among others (Gonzalez & Arias, 2009; Tawaha et al. , 2007). These metabolites contribute to
their protection, but they can also have a curative role, even achieving resistance to the follow-
ing diseases, giving them great value in the medical, agricultural, and other industries; these
metabolites can be used for the treatment and/or prevention of cancer, diabetes, neurodegenera-
tive and cardiovascular diseases, and carcinogenesis, among others (Finkel & Holbrook, 2000;
Harlev et al., 2012).

Secondary plant metabolites are chemical compounds produced by plants at risk, i.e., when
they suffer mechanical damage or infection by phytopathogens, including damage caused by ani-
mals such as insects and mammals. Because of this, metabolites must constantly evolve to avoid,
prevent, or repair the damage caused by any of these factors; however, genetic modification also
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TABLE 6.1 PATHOGEN INHIBITION RELATIONSHIP WITH DESERT PLANT EXTRACTS

Type of

Extract Part of the Plant Pathogen Reference

Aqueous Flower and stem  Aeromonas hydrophila (Harlev et al., 2012; Teran
Baptista et al., 2020)

Aqueous Stem Photobacterium damselae (Abutbul et al., 2005; Harlev et
al., 2012)

Aqueous Flower and stem Streptococcus iniae (Abutbul et al., 2005; Teran
Baptista et al., 2020)

Aqueous Flower Vibrio Alginolyticus (Abutbul et al., 2005; Harlev et
al., 2012)

Ethyl acetate Flower and stem Varthemia iphinoides (Al-Dabbas et al., 2005)

Aqueous Flower, stem, and  Fusarium solani (Afifi et al., 1991)

root
Aqueous Flower and stem Candida tropicalis
Ethanolic Flower and stem  Aspergilus parasiticus

has much to do when the environment induces changes. These metabolites, being in constant
desert stress, cause a high concentration of compounds, which gives them the ability to have
antibacterial, antidiabetic (Abdel-Zaher et al., 2005; Sabu & Kuttan, 2002), antifungal, antioxi-
dant (Liu et al., 2004; Tawaha et al., 2007), antiviral, and anticancer properties (Dudai et al., 2003;
Harlev et al., 2012; Yamamoto et al., 2011). Due to the incredible capabilities of desert plant com-
pounds and their high adaptability, current science is focused on obtaining extracts and essen-
tial oils. These oils and extracts represent only 1% of the dried plant; however, despite their low
production, they are believed to inhibit specific pathogens, as shown in Table 6.1.

Mexico has arid and semi-arid regions with a large population of plants with excellent
resource potential (Alcaraz Meléndez & Véliz Murillo, 2006). Within desert plants, A. lechuguilla
(lechuguilla) (Castillo-Quiroz et al., 2014; Kaab et al., 2019), Glycine max (Soybean), L. tridentata
(Gobernadora) (Arteaga et al., 2005; Kaab et al., 2019), Schizandra chinensis (Bayas de cinco
sabores), Trichosanthes kirilowii Maxim (Tian hua fen), and Yucca schidigera (Yuca de Mojave)
(Harlev et al., 2012) can contribute bioactive compounds for help in different areas. L. tridentata
and A. lechuguilla are the most used plants in studies. Among the best-known compounds is
nordihydroguaiaretic acid, produced mainly by the desert shrub L. tridentata; this compound is
popular because of its high capacity for the treatment of diseases, as it has demonstrated effects
against tumor cells, which shows high cytotoxicity against these cells, which is of benefit for
treatment alternatives (Harlev et al., 2012).

The Chihuahuan Desert has high, dry, and hot climates where the plant population is divided
into three types: Microphyll desert scrub (M.D.M.), rosetophytic desert scrub (M.D.R.), and
crassicaule desert scrub (M.D.C.), which are characterised by the place where they are found,
alluvial soils, limestone, and rocks, respectively (Granados-Sanchez et al., 2011). M.D.M are char-
acterised by shrubs with small leaves, not always with thorns, and are found more in flat terrain,
such as valleys, where the soils are deep and have a layer of rocks. M.D.R. are a predominantly
shrubby and sub-shrubby species and have longer and narrower leaves. They are found in areas
called calcic desert scrublands and are also known as izotales magueyales and lechuguillas.
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TABLE 6.2 DESERT CACTI

Genre Species Reference
Ariocarpus Agavoides (Granados-Sanchez et al.,
Retusus 2011)

Fissuratus
Coryphanta Radians
Gladuligera
Speciosa
Echinocactus Horizontalonius
Parryi
Platyacanthus
Ferocactus Hamatacanthus
Histrix
Pilosus
Neobuxbaumia Macrocephala (Miguel-Talonia et al., 2014)
Mezcalaensis
Tetetzo
Pachycereus Fulviceps
Weberi
Stenocereus Stellatus

Dumortieri

Finally, M.D.C., also known as mesquite cactus and or nopalera are found in nopal areas and are
found in mesquite grassland (Granados-Sanchez et al., 2011; Aguero & Carranza Gonzalez, 2019).
Within this vegetation, the most predominant shrubs are L. tridentata, A. lechuguilla, Dasylirion
spp. and Yucca sp. (Granados-Sanchez et al., 2011; Sanchez Escalante, n.d.).

However, we find not only this type of vegetation but also, because of the extreme climates and
water scarcity, a great diversity of cacti. In Table 6.2, some of the many species are mentioned.

6.2.1 Generalities of Bioactive Compounds (Metabolites)

The bioactive compounds of plants are an essential source of research. Generally, bioactive com-
pounds are found in the aerial parts of plants, such as the flower, leaves, and the stem; there are some
reports of finding them in roots. The bioactive compounds from desert plants are potent because they
can survive and adapt to desert stress. After all, these compounds should be more potent because
they can survive and adapt to desert stress, which, in terms of their activities for use, make them
potent. Table 6.3 shows the compounds that have been identified in a general way.

These compounds not only have a healing capacity in plants but also a wide range of activi-
ties against pathogens, as well as activities against diseases such as cancer, and it has even been
demonstrated how these compounds can have therapeutic capacities in different treatments
and/or as medicines (Harlev et al., 2012).
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TABLE 6.3 BIOACTIVE COMPOUNDS OF DESERT PLANTS

Bioactive

Compound Activity Description Reference

Phenols Antioxidant Catalyzes lipid peroxidation (Al-Mustafa &
Al-Thenibat, 2008;
Schroeter et al.,
2002)

Flavonoids Antioxidant, although it Eliminates free radicals (Pier-Giorgio, 2000;

has not been as widely
reported as phenols.

Rice-Evans et al.,
1996)

Anticancer, cardiac (Gurfinkel & Rao,

immunostimulant

Saponins They have natural detergent
properties, which help plants 2003; Harmatha,
adapt to desert climatic 2000; Sen et al.,
conditions (water conservation 1998)
and resistance to extreme

temperatures, among others).

6.2.2 Agave Lechuguilla

A. lechuguilla belongs to the Agavaceae family and is one of more than 300 non-timber forest
species in this family. It is generally found in about 100,000 km? in arid and semi-arid regions, in
limestone and rocky terrain of northeastern Mexico in the states of Coahuila, Chihuahua, Nuevo
Leon, Durango, San Luis Potosi and Zacatecas (Castillo-Quiroz et al., 2014; Castillo et al., 2012;
Hernandez et al., 2005; Reyes-Aguero et al., 2017) as well as in part of Central America. Insects,
bats, and birds attack it because of its high concentration of nutrients in the leaves (Castillas
et al., 2012; Castillo-Quiroz et al., 2014). This plant can retain up to 60% of the water it receives;
has, on average, 11-30 leaves; can measure up to 40 cm wide and 70 cm long; and has long, thin
roots, which contain a substantial amount of fiber and can expand up to 12 cm below the soil.
The leaves have a light green and milky yellow color, can measure up to 50 cm high and 6 cm
wide, and, on average, have eight to 20 thorns per leaf. Since ancient times, this plant has been
used medicinally and for everyday objects such as making sandals, ropes, baskets, nets, bags,
and blankets (Reyes-Agiiero et al., 2017) as well as in the automotive industry, among other uses
(Grove, 2016). A. lechuguilla extract has been shown to have potential in several areas, includ-
ing bioethanol production (Castillo-Quiroz et al., 2014), inhibition of weed growth and germina-
tion (Kaab et al., 2019), and poison, among others, because of its high content of flavonoids and
steroids (Herndndez et al., 2005; Reyes-Agiiero et al., 2017). In addition, this plant has specific
properties that allow it to adapt to climatic changes and infertile soils and grow with little water
(Castillo et al., 2008, 2011, 2012).

6.2.3 Larrea Tridentata

L. tridentata, also known as creosote bush, governess, chaparral, or greasewood, belongs to
the Zygophyllaceae family and is one of the 250 species of this family (Jones, 1987; Skouta et
al., 2018). It covers about 19 million hectares, most commonly in North American deserts
(Chihuahuan semi-desert) (Arteaga et al., 2005). The thickets of this species are always green;
however, in extreme drought, the foliage turns yellowish (Granados-Sanchez et al., 2011). It can
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reach up to 3 meters tall in its branching stage, has leaves that are 1 cm long, and flowers with yel-
low petals and thorns. Since ancient times, it has been used as an infusion made with leaves and
branches. Although pharmaceuticals have already been presented in capsules and tablets, the
extracts have great potential for industries (Abou-Gazar et al., 2004; Skouta et al., 2018). By the
potential to inhibit the growth and germination of weeds (Kaab et al., 2019), antioxidant activ-
ity, and soap making, among others. Other ways Mexican ancestors have used it as a medicinal
plant, but are not all scientifically proven, include for infertility, rheumatism, arthritis, diabetes,
pain, inflammation (Arteaga et al., 2005), cancer, tuberculosis, menstrual pain (Lambert et al.,
2005), obesity (Del Vecchyo-Tenorio et al., 2016), infections, kidney problems, and tumor treat-
ment (Martins et al., 2012). This is because of the plant’s yield, as it can have up to 50% of extract-
able matter and only 0.1% of essential oils, from which compounds such as flavonoids (Arteaga
et al., 2005; Lambert et al., 2005; Martins et al., 2012), saponins, triterpenes, and triterpenoids
(Jitsuno & Mimaki, 2010; Martins et al., 2013) can be obtained. It is believed to have all these
qualities because it has been shown to have a wide variety of activities, such as antiherpes, anti-
oxidant, antifungal, anti-inflammatory (Arteaga et al., 2005; Bashyal et al., 2017; Gnabre et al.,
2015), antiparasitic, antibacterial (Martins et al., 2012, 2013) and antiviral (Brent, 1999) activity.

6.3 PHYTOPATHOGENIC BACTERIA

One of the biggest problems encountered are diseases caused by phytopathogenic bacteria, which,
being crop limiting, cause a tremendous annual economic loss worldwide (Sampietro et al., 2016).
Most of these diseases are caused by bacteria of the Gram-negative Bacillus genus, which infects
plants through leaves, stems, or roots that have suffered some mechanical damage, which allows the
bacteria to invade the plant tissue more quickly or, to the contrary, by insects that carry the bac-
teria and are phytophagous borers (Tournas, 2005). Once the bacteria have penetrated the plant
and infected it, they can cause a wide range of plant damage, among which the most common are
wilting, necrosis, softening, and tumors, among others, caused by bacteria such as Pseudomonas,
Xanthomonas, Erwinia, Agrobacterium, respectively (Sampietro et al., 2016).

For disease control treatment, chemical products containing copper, as well as some antibi-
otics, are constantly used. Today, scientists are interested in bioactives from plants to confront
the phytopathogenic bacteria (Kumar et al., 2005), as several bacteria have developed resistance
to traditional treatments, requiring increased doses and that can produce a high impact on the
environment (McLeod et al., 2017). Furthermore, as mentioned above, the use of bioactive com-
pounds from desert plants gives even greater viability for use in order to replace or reduce the
doses of commercial biocides (Sampietro et al., 2016). Plant extracts from desert plants, leaves,
and stems have been developed because of their high antimicrobial capacities, in which com-
pounds with this capacity have been found, such as quercetin, kaempferol, and this flavone, from
leaves (Teran Baptista et al., 2020).

Within phytopathogenic bacteria, there is a classification usually for phytopathogenic fungi
that has also been implemented in bacteria. They can be classified as biotrophs and necrotrophs.
Biotrophs feed on nutrients from living cells, while necrotrophs feed on dead cells. There are
times when necotrophic bacteria can have a biotrophic part; such bacteria are called hemibio-
trophs, which have a biotrophic part at the beginning of the infection. Table 6.4 shows some
examples of biotrophic and necrotrophic bacteria.

However, it has been demonstrated that it does not matter what type of characteristic the
bacteria have; at the moment of invading the plant tissue and suppressing the plant defenses, a
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TABLE 6.4 CLASSIFICATION OF PHYTOPATHOGENIC BACTERIA

Bacteria Classification Reference
Pseaudomonas syringae Biotrophic/hemibiotrophic (Kraepiel & Barny,
Agrobacterium Biotrophic 2016; Szczesny et al.,
Xanthomonas spp. Necrotrophic 2010)

Erwinia amylovora Necrotrophic/hemibiotrophic

Pectobacterium spp. Necrotrophic

Dickeya spp. Necrotrophic

Ralstoniaa solanacearum  Biotrophic/necrotrophic

necrotrophic phase occurs, which is when the bacteria enter to infect the plants, killing the plant
cells. In the same way, one phase depends on the other to induce the disease, regardless of how
long each bacterium lasts in the different phases (Kraepiel & Barny, 2016).

Once the bacteria manage to infect the plant, they prevent the passage of water from the root
to the leaves, which is commonly known as wilting; the degree of severity depends on factors
such as environmental temperature, soil moisture, bacterial load, the virulence of the strain, and
even the susceptibility of the plants (Gonzalez & Arias, 2009; Momol et al., 2008).

6.4 PHYTOPATHOGENIC FUNGI

Another of the most common problems affecting plants is phytopathogenic fungi, which, in
addition to invading plants, can cause crop losses between 20% and 30% (Hilder & Boulter, 1999;
Santamarina et al., 2017; Wang et al., 2014), which is a substantial economic loss worldwide (Pilar
Santamarina et al., 2015). For this reason, desert plants are of great importance, as they have
been shown to have biocidal activity, and extracts and essential oils of these plants have been
used to attack this problem (Santamarina et al., 2017). Among the applications of these oils and
extracts are antifungal activity (Bouabidi et al., 2015; Javed et al., 2012; Moghaddam et al., 2015;
Petretto et al., 2013). In addition, several fungi cause diseases in plants (see Table 6.5), in which

TABLE 6.5 CHARACTERISTIC SYMPTOMS OF FUNGAL DISEASES

Phytopathogenic Fungi Symptom Reference
Colletotrichum Circular lesions with black spots  (De Silva et al., 2017; Perfect et al.,
1999)

Fusarium Fusarium blight and wilt (Gale et al., 2005; Zhang et al., 2020)

Phoma Large spots on leaves (Bennett et al., 2018)

Botrytis Leaf necrosis (AbuQamar et al., 2017)

Rhizoctonia Brown stain, bare spot, rot (Keijer et al., 1997)

Sclerotinia White filaments, water-filled (Smoliriska & Kowalska, 2018)
lesions on stems

Botryodiplodia Chlorosis (Moreira-Morrillo et al., 2021)

Alternaria Small green/brown spots (Santamarina et al., 2017)

Penicillium Brown, white, and wet spots (Santamarina et al., 2017)
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wilting and softening have been demonstrated as the most characteristic (Wang et al., 2014). In
addition, the fungus infection cause deformities in plants and can affect the yield of plants and
lower their production of secondary metabolites, or in the case of harvest, decrease the nutri-
tional value of crops (Duniway, 2002; Liu et al., 2008). To combat this, many have resorted to
using of chemical fungicides that attack the fungus but, at the same time, damage the crops
(Agathokleous & Calabrese, 2021). Currently, the aim is to avoid this type of infection so that
yields increase in production and reduce annual losses due to phytopathogenic fungi, which
account for approximately 14% of losses (Ranjekar et al., 2003).

Plants can be infected by several factors, among which the main cause of infection is due to
poor handling of food at the time of preservation for sale (Sumalan et al., 2013).

6.5 PHYTOPATHOGENIC VIRUSES

Viruses are a significant problem in agriculture because there are some that attack crops, dam-
age production, and create a tremendous economic loss worldwide. However, unlike past patho-
gens, this one represents a significant challenge because the virus can quickly mutate, so there
is a great diversity among viruses that can attack plants, making the damage more extensive
(Jacquemond, 2012).

Infection can occur through different factors, among which are transmission by aphids
(aphids) and through infected plants, seeds, and fungi (Andika et al., 2017; Jacquemond, 2012),
among others. Through aphids, there are two main ways (Ng & Perry, 2004). As for infection by
plants, although it is a severe problem, unstable viruses may not remain viable when the infected
seed is sown (O’Keefe et al., 2007).

These viruses not only can attack crops but also desert plants and weeds, where a latent infec-
tion occurs. In the case of weeds and desert plants, despite being infected by the virus, they do
not develop apparent symptoms; however, they cause the highest percentage of crop infections
(Jones, 2004).

However, for viruses to replicate optimally, the plants must have what is needed so that, it
can attack the crops and plant shoots. For this reason, the relationship between transmission
efficiency and virus accumulation in plants has been studied (Ali et al., 2006; Betancourt et al.,
2008).

In terms of research, one of the most widely used viruses is the cucumber mosaic virus because
it is easy to handle and its infection has been shown to occur through fungi, plants, and insects;
therefore, it allows studies to acquire more knowledge about how viruses attack plants (Andika
et al., 2017; Jacquemond, 2012).

6.6 PHYTOPATHOGENIC NEMATODES

Nematodes are another global problem in agriculture because crop losses can become very large.
However, solutions, such as biocides, represent a problem because they attack the nematodes
and the nutrients in the same crops and plants. Furthermore, this type of nematode directly
interacts with phytopathogenic fungi, which infects the plant and transmits it to other plants
(Zhang et al., 2020). There are about 500,000 species, of which some are useful as food for fungi
(Neher & Weicht, 1998). However, 90% of these species help the environment with the nitrogen
cycle, generally inhabiting the rhizosphere of plants (Zhang et al., 2020). Unlike the others, this
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TABLE 6.6 CROPS AFFECTED BY NEMATODES

Nematode Cultivation Reference
Meloidogyne spp. Bean (Carneiro et al., 2010)
Potato (Khalifa et al., 2012)
Beans (Al-Hazmi & Al-Nadary, 2015)
Tomato (Hajji-Hedfi et al., 2018; Wanjohi et al., 2018)
Watermelon (Keinath et al., 2019)
Eggplant (Khan & Siddiqui, 2017)
Carrot (Ahmad et al., 2019)
Pratylenchus Potato (Bjorsell et al., 2017)

type of pest does not decompose organic material but feeds on living cells. Two factors cause
this type of infection: Through the soil and through infected plants. Once the nematodes reach
the plant, it must adapt to infect it so that the plant facilitates entry to the infection, which
causes deficiency in resistance to pathogens and susceptibility to infections (Zhang et al., 2020).
Infection by nematodes is due to their interaction with other plant pathogens. Some of the exam-
ples of crops attacked by nematodes are shown in Table 6.6.

6.7 HERBICIDES

Herbicides, being molecules of reduced size, target specific/selective processes in plants and
can be found in different presentations, solutions, powders, and emulsions, among others
(G6émez, 1995), which represent about 60% in volume, concerning all pesticides used world-
wide (Dayan, 2007). In recent years, pests have been creating resistance to the chemicals
used for this type of problem (Ahmed, 2018; Jabran et al., 2015; Liu et al., 2021), which is more
significant once the weeds begin the flowering process (Montoya et al., 2008). The actual
resistance by the herbicides is because the continuous use of chemical products in crops
over the years, which causes the doses to increase, also creating a tolerance to it (Papa et al.,
2004), so it has become of greater importance to start looking for new, green alternatives,
such as extracts from plants (Kaab et al., 2019; Morra et al., 2018; Sbai et al., 2016; Wang et al.,
2011). According to Jones and Burges (1998), herbicides must have specific characteristics:
Be stable for storage and processing, easy to apply, have protection against environmental
conditions, and have herbicidal activity.

6.8 CONCLUSION

Desert plants are of great importance because they must go through many processes to survive
in desert stress, making them a rich source of chemical compounds used to treat and diagnose
diseases, both human and plants, as well as for crop care. In addition, because plants can adapt
to extreme climates and water scarcity, they must protect themselves from these factors and
diseases and/or infections by phytopathogens, such as bacteria, fungi, or nematodes.
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7.1 INTRODUCTION

Agriculture is a pillar of human civilization that provides essential products such as food, fuel,
energy, wood, and others; this activity has allowed developers to establish current human soci-
eties (Tucuch-Pérez et al., 2021). Research and processes have been developed to enhance food
production to satisfy the food necessity to over 7.700 million people. Nevertheless, although food
production has been increasing, it is affected by phytosanitary problems such as plagues, weeds,
and diseases that put the food security of many countries at risk. There are four main types of
phytopathogenic organisms: Bacteria, fungus, viruses, and nematodes. The plant-parasitic nema-
todes (PPNs) are animals with a worm form that are generally microscopic that have a structure
known as a stylet that allows them to penetrate the plant tissue to obtain nutrients (Agrios, 1997).

The P.P.N.s are common in all cultivated soils worldwide. This group of phytopathogenic
organisms can devastate entire plantations when there is no efficient management; it has been
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estimated that the losses caused by PPNs around $157 billion per year (Ferreira-Barros et al.,
2021). This problem grows with increasing temperatures due to climate change and because
once PPNs are established, their eradication is complicated. Therefore, the primary strategy for
management is to reduce the population of nematodes to an economically acceptable level with
chemical nematicides (Maleita et al., 2017). However, due to the chemical products’ undesired
effect on environmental and human health, several nematicides have been removed from the
market, limiting the options to control PPNs (Burns et al., 2017).

Therefore, it is necessary to develop less toxic and sustainable alternatives, and plants with a
high number of phytochemical compounds present in their metabolism are an attractive option.
Desert plants have the potential to control plant diseases, which contain various phytochemical
compounds (PCs) with nematicidal activity such as terpenoids, alkaloids, flavonoids, and tannins
(Al-Saleem et al., 2018). These plants have developed different physiological processes due to the
extreme conditions that the desert presents, allowing the production of secondary metabolites
with high nematicidal effect, such as the species Argemone mexicana and Citrullus colocynthis,
which have PCs that inhibit the activity of PPNs such as Meloidogyne incognita (Khan et al., 2017).
Therefore, this research focused on collecting information about PCs from desert plants and their
nematicidal activity and the activity of some PCs against PPNs.

7.2 NEMATODES

Nematodes are a phylum of pseudocelomate organisms with long, narrow bodies that are
threadlike without segments; they are round or cylindrical worms due to the form of their body
(Kiontke and Fitch, 2013). Nematodes are aquatic organisms, although they also proliferate in
terrestrial environments where they represent 80% of pluricellular organisms and up to 90%
in marine environments. Many species of nematodes exist and the free-living species are the
most numerous, ubiquitous component with ecological importance in ecosystems because they
interfere in degradation and recycle organic matter for compliance of biologic cycles in ecosys-
tems. On the other hand, the parasitic species of nematode causes diseases to animals, including
humans, and plants. Nevertheless, the parasitic species are considered a minor group compared
to the free-living species (Danovaro et al., 2008).

7.2.1 Plant-parasitic Nematodes

Although the number of parasitic nematodes species is minor, the damage that they cause
to animals, humans, and plants can be devastating. The significant damage and adverse
effects caused by PPNs are related to agricultural production. PPNs are specialised para-
sites that infect plants through several strategies, with their principal objective being the
plant’s roots, although they can also be present on other plant organs. PPNs have a needle-
like structure called a stylet, which allows them to damage the plant’s cells as they feed.
However, the stylet is also used to introduce substances such as proteins and metabolites
to host tissue that allows the parasitism of plants (Haegeman et al., 2012). The stylet is con-
nected to the pharynx, a specialised muscle that allows expansion and contraction of the
esophagus. Muscular movements transfer the food of PPNs toward their intestine through
the stylet and expel substances from their salivary glands to the plant cells. After moving
through the intestine, the food ends in the rectum in the female and cloaca in male nema-
todes (Lambert and Bekal, 2002).
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Usually, male and female PPNs have different characteristics, although species with asexual
reproduction by parthenogenesis can exist. In females, the main visible reproductive organs are
the ovaries and the vulva, which can be used for species identification under the microscope,
in contrast, male nematodes reproductive structures include one or two testes and a structure
called a spicule that is a reproductive organ that guides the sperm into the vagina of females
(Lambert and Bekal, 2002).

The life cycle of PPNs species is similar; the cycle starts with the egg stage in which the embryo
develops until the first juvenile stage, or J1; depending on the specie, the J1 can hatch from the egg or
develop in the egg until the J2 stage and hatch. P.P.N.s usually wait to hatch until ]2 stage; the other
stages are ]3,J4, and adult, at which point they molt at each one (Lawrence and Lawrence, 2020). Most
P.P.N.s develop their life cycle in plant roots, although species grow and develop in other parts of the
plant, such as leaves and other aerial parts, depending on the type of feeding and life cycle.

There are four ways for PPNs to infect and develop their life cycle in plants; the first is the ecto-
parasites. This class of nematodes grows outside of the roots and uses the stylet to damage and
penetrate the plant’s roots to obtain nutrients; one example is the genus Xiphinema. The second
class is the semi-endoparasites; the PPNs with this feeding type grow outside of the plant’s roots,
and when they reach the infective stage, they penetrate the root cells and form a permanent feed-
ing cell where the nematodes will swell, losing their capacity to move (i.e., Rotylenchulus renifor-
mis, Tylenchulus semipenetrans). The third feeding type is the migratory endoparasites. This class
of PPNs hatch outside, and they can penetrate the root tissue in all developing stages; once inside
the roots, they migrate through them, destroying them and getting nutrients from the plant
cells, causing tissue necrosis. Some genus with this feeding type are Pratylenchus, Radopholus,
and Hirschmanniella. The fourth feeding type is the sedentary endoparasite. The nematodes with
this feeding class are embedded in roots where they hatch and develop to the first stage (J1), at
which point they leave the roots and molt in the soil, thus reaching the infective stage (J2). They
inject secretions into the roots to form a syncytial feeding cell where they continue in their life
cycle development stages until they become adults; the adult males leave the roots again, but the
females stay in roots where they take a saclike shape and lay a large number of eggs. The PPNs
with this feeding type are considered to be the most destructive to plants and include genus such
as Meloidogyne, Heterodera, and Globodera (Lambert and Bekal, 2002)

7.2.2 Main Species of PPNs in Agriculture

PPNs are a significant phytosanitary problem in agriculture that is present in all soils globally; it is
estimated that PPNs causes losses of $157 billion per year, affecting the yield and quality of agricul-
tural products (Ferreira-Barros et al., 2021). There are currently reports of more than to 4,100 spe-
cies of PPNs; nevertheless, some species are considered the main causes of economic losses on crops.
According to experts from around the world, the following species are the most critical in agriculture
around the world: Meloidogyne spp., Heterodera spp., Globodera spp., Pratylenchus spp., Radopholus
similis, Ditylenchus dipsaci, R. reniformis, and Aphelenchoides besseyi (Jones et al., 2013).

Meloidogyne spp., known as root-knot nematodes, are found worldwide. The genus consists of
98 described species; the hosts of these PPNs include a vast number of plant species, such as avocado,
alfalfa, cotton, amaranth, peanut, pumpkin, coffee tree, onion, chili, cabbage, peach, strawberry,
bean, chickpea, corn, apple tree, melon, banana, potato, papaya, watermelon, tobacco, tomato, and
vine. The females of these species lay the eggs in a gelatinous matrix into the roots galls or around the
roots. The main symptoms of PPNs in affected plants are the formation of giant cells, galls, necrosis,
a decrease of root growth, and decreased plant development (Cepeda-Siller, 1996; Jones et al., 2013).
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Heterodera spp. and Globodera spp. are another group of PPNs that affect many crops worldwide;
these genera are known as cyst nematodes, and their main characteristic is the capacity to form
cysts on the roots. Cyst formation occurs when the females insert their heads into cells and produce
a syncytial feeding cell. Once fixed, the females swell, and the males fertilise them to produce viable
eggs; finally, the females die and suffer a process that changes their cuticle. making it hard, form-
ing the cysts that can be viable for 10 years. The symptoms generally appear on plantations, and the
affected plants suffer chlorosis and dwarfism (Cepeda-Siller, 1996; Ibrahim et al., 2017).

Pratylenchus spp., R. similis, and D. dipsaci cause severe damage in plants, specifically on roots.
Pratylenchus spp., known as the root-lesion nematode, is a cosmopolite genus that attacks a vast
variety of plant species; juveniles and adults can enter and leave the roots damaging them. The
females lay the eggs into the roots or in the rhizosphere. the main symptoms of infection are
necrotic roots and reduced root growth (Cepeda-Siller, 1996). R. similis is an endoparasitic nema-
tode that parasitises peppers, citrus and banana crops, causing significant losses. All stages of
development for this species occurs within the roots. The females lay eggs in the roots or in the
soil if the roots are overcrowded. Usually, the reproduction is sexual, but in the absence of males
or females, nematodes can be hermaphrodites. The symptoms produced in roots consist of dark
lesions, and trees can fall due to the loss of their root system (Jones et al., 2013).

D. dipsaci, classified as stem and bulb nematode, can affect more than 500 plant species.
Nevertheless, the crops studied for economic problems are onion, garlic, potato, strawberry, oat, and
alfalfa. These PPNs are migratory endoparasites and are considered quarantined organisms by sev-
eral territories in the world. D. dipsaci develop their first stage within the egg, hatchingin the J2 stage;
the infective of this specie is the adult stage. In the adult stage, this species secretes enzymes that
smooth cells allowing feeding. The main symptoms of plant infection are discolored bulbs, twisted
stems, stunted growth, and rot of bulbs (Cepeda-Siller, 1996; Jones et al., 2013; Mimee et al., 2019).

R. reniformis and Xiphinema index are other species of PPNs that considered economically impor-
tant in agriculture because of the damage and losses they cause to crops. R. reniformis, also called the
reniform nematode, is a sedentary semi-endoparasite nematode that affects important vegetables,
ornamentals, and fruits. The reniform nematodes hatch from the eggs in the ]2 stage; once hatched,
the juveniles suffer three molts before reaching the J3 stage, at which point they are smaller than
when they entered into the J2 stage. Infection is caused only by juvenile females, which penetrate
the roots and insert their head in a root cell, forming a feeding site similar to the syncytial site of
cyst nematodes; subsequently, the posterior part of the body is swelled and stays outside of the roots,
assuming akidney shape. The males fertilise the eggs, and they are trapped into the female. The symp-
toms caused by these PPNs are root necrosis, decreased root growth, chlorotic leaves, and egg sacs
that may be on the root surface (Jones et al., 2013). On the other hand, A. besseyi is another essential
species of nematode that causes white tip disease on rice crops; this species is seed-borne and can
survive on stored seeds in anhydrobiosis for many years, reactivating when the seeds are rehydrated.
This species’ reproduction is amphimictic because the males are more numerous than the females,
although they can reproduce through parthenogenesis. An attractive characteristic of these PPNs
is that they can feed on fungi when their host is not present; the main symptom is chlorotic tips on
leaves and reduced grain production (Jones et al., 2013; Wang et al., 2014).

7.3 DESERT PLANTS

The desert is one of the more extensive ecosystems globally, accounting for one-third of the
global land surface. Although it is a biome with dry weather and scarce precipitation, around
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the world, 4% is considered highly arid, 15% arid, and 14.6% semi-arid. This classification may be
derived through several approaches including the aridity index, which is a widely used classifica-
tion developed by the United Nations Environmental Program (Laity, 2009; Pointing and Belnap,
2012). The aridity present in deserts causes extreme temperatures, where the diurnal tempera-
ture can exceed 45 °C but fall below 0 °C at night; such temperature variations have a destructive
effect on the desert soil, inducing an effect known as weathering, through which the rocks in the
soil rupture, creating small particles that form the desert dust and sand. These environmental
factors significantly influence desert organisms such as microorganisms, animals, and plants.

Desert plants present several strategies to adapt to their environment due to the problematic con-
ditions these plants have to survive. One of these strategies is known as drought escaping; plants with
this strategy generally are annual plants that are ephemeral and grow when there is sufficient envi-
ronmental water or moisture. Another strategy desert plants implement is drought evading. Plants
with this strategy modified their anatomical structures and physiological responses to avoid periods
of limited moisture. These plants, such as riparian trees (e.g., Acacia erioloba and Boscia albitrunca)
and stem succulents (e.g., Cactaceae and Agavaceae), develop deep roots and modify lost water by
stomatal control and crassulacean acid metabolism photosynthesis (Ward, 2016). The other strategy
that desert plants use is drought enduring. These plants make a rapid gas exchange and shed their
leaves when drought occurs. Drought resisting plants with this feature modulate their gas exchange
depending on water availability, small vertical leaves, and low hydraulic conductivity in xylem (e.g.,
Larrea tridentate, Zygophyllum dumosum, and Anabasis articulate) (Smith et al., 1997).

Desert plants structural and physiological adaptations allow them to survive and produce
secondary metabolites known as PCs. These compounds carry out critical cellular functions in
physiological processes and signal defense and stress responses (Isah, 2019). Desert plants, such
as those mentioned previously, offer a considerable number of PCs due to the challenging envi-
ronmental conditions that allow the biosynthesis of unique compounds that can be used in agri-
cultural diseases management caused by microorganisms such as PPNs (Ofir, 2020).

7.4 PHYTOCHEMICAL COMPOUNDS FROM DESERT
PLANTS WITH NEMATICIDAL ACTIVITY

Around the world, several studies have demonstrated desert plants’ capacity to produce a con-
siderable number of PCs as part of their metabolisms; these PCs are present when the desert
plants are processed and submitted to an extraction process to obtain plant extracts (Ofir, 2020).
Recently, the PCs have taken relevance in agriculture, as many studies have demonstrated their
biological activity, which may offer an alternative for organic farming.

In the study of PCs, the biosynthesis of compounds is an essential process due to existing
pathways through which the PCs can be produced. Phenols, tannins. and aromatic alkaloids are
produced by the shikimic acid pathway, while terpenes, steroids, and some alkaloids are gener-
ated through the mevalonic acid pathway (Dewick, 2002). PCs can be classified by their structure
in terpenoids (e.g., gibberellic acid, steroids, and carotenoids), which are derivate compounds
from isoprene and have insecticidal, allelopathy, and hormones functions in plants. Alkaloids
are nitrogen compounds that can act as enzyme inhibitors, ion channel blockers, or neurotrans-
mission interference. Phenolic compounds, which are the largest group of PCs synthesised by
plants, present diverse structures and have hydroxylated aromatic rings in common. Flavonoids
which can be monomers, dimmers, and higher oligomers, are compounds that can be divided
into three classes: Anthocyanins, flavones, and flavonols, and their main functions are to protect
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the plants from UV irradiation, chemical messengers, physiological regulators, and act as pig-
ments in diverse organs of the plants. Tannins are phenolics formed by oligomers and polymers
and are divided into two groups: Hydrolyzable tannins (e.g., ellagitannins, gallotannins, and
complex tannins) and condensed tannins. Saponins are compounds whose aglycone is a triter-
penoid or steroidal structure; because of the lipophilic sugars in their structure, the saponins
can act as a detergent on membranes. Within their biological properties are the capacity to act
as antioxidants, antimicrobials, and insecticides. Finally, glycosides, can be sulfur compounds,
alcohol, or phenol. Many plants that produce glycosides store inactive P.C.s and activate them
when interacting with enzymes (Kabera et al., 2014; Tiwari and Rana, 2015).

PCs can be obtained from desert plants using extraction techniques obtaining natural prod-
ucts with biological activities. For example, in the case of agriculture, plant extracts and essen-
tial oils that contain concentrated PCs can be obtained (Tucuch et al., 2021); in this context,
many researchers have identified PCs from desert plants with antimicrobial activity capable of
controlling PPNs that cause diseases and problems in many crops around the world. Table 7.1
presents some desert plants and the phytochemical with nematicidal activity.

TABLE 7.1 PHYTOCHEMICAL COMPOUNDS FROM DESERT PLANTS WITH NEMATICIDAL

ACTIVITY

Source of Phytochemical
Compound

Abutilon pannosum

Achillea fragrantissima
A. fragrantissima

Aloe vera
A. mexicana
Atriplex halimus

Brassica sinaica

Carduus getulus

C. colocynthis
Larrea divaricata
Origanum vulgare

Phoenix dactylifera

Quillaja saponari

Thymus vulgari

Trichodesma africanum

Compound

Alkaloids, phenolic compounds,
flavonoids, glycosides, and saponins

Flavonoids

Flavonoids, alkaloids, tannins,
saponins, phenolic compounds

Tannins, flavonoids, terpenoids, and
alkaloids

Alkaloids, flavonoids, saponins, and
tannins

Alkaloids, saponins, glycosides, and
flavonoids

Glycosides and phenolic compounds

Alkaloids, saponins, glycosides, and
flavonoids

Phenolic compounds
Phenolic compounds
Phenolic compounds

Glycosides, tannins, flavonoids,
alkaloids, and saponins

Saponins, glycosides, phenolic
compounds, and tannins.

Phenolic compounds

Phenolic compounds, flavonoids, and
alkaloids

Reference

Deora and Bano (2019)

Elmann et al. (2015)
El-Sherbiny et al. (2010)

Saadoon et al. (2019)
Khan et al. (2017)

Abdelnabby and
Abdelrahman (2012)

El-Sherbiny et al. (2010)

Abdelnabby and
Abdelrahman (2012)

Rizvi and Shahina (2014)
Gomez et al. (2021)

Oka et al. (2000)

Alam and El-Nuby (2019)

Insunza et al. (2001)

Oka et al. (2000)
El-Sherbiny et al. (2010)
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7.4.1 Biological Effectiveness Studies of Phytochemical Compounds
from Desert Plants with Nematicidal Activity

Biological effectiveness studies are necessary to develop alternatives for managing diseases
caused by PPNs to understand and determine how the tested substances act against the P.P.N.s.
Biological effectiveness studies determine how effective PCs can be, using many methods and
evaluating variables such as mortality percentage, hatching percentage, mobility of nematodes,
and nematostatic effect. The bioactive compounds from desert plants have a considerable poten-
tial to be an alternative against PPNs; therefore, researchers worldwide have carried out biologi-
cal effectiveness studies with PCs from desert plants against PPNs (see Table 7.1). For example,
El-Sherbiny et al. (2010) tested P.C.s obtained from A. fragrantissima, B. sinaica, and T. africa-
num against Meloidogyne javanica on common bean plants and observed reduction of disease
percentage of 68%, 61%, and 96%, respectively. In another study, Saadoon et al. (2019) used an
extract of A. vera to control M. incognita in cucumber plants; the result obtained demonstrated a
significant reduction of the number of nematodes. On the other hand, Khan et al. (2017) made an
extract from A. mexicana, and they applied it on M. incognita in vitro, determining the potential
of this extract to control M. incognita due to the high nematicidal effect and the effect on the
hatching of eggs.

In another study, Abdelnabby and Abdelrahman (2012) tested a methanolic extract from A.
halimus and C. getulus in vitro against M. incognita in the ]2 stage using the microwell process
and observed nematicidal activity of 20% and 34%, respectively. In Africa, specifically in Egypt,
there are many plants of interest, such as C. colocynthis, which was used by Rizvi and Shahina
(2014) to obtain a methanolic extract that was tested on Meloidogyne spp.; results reported mor-
talities of 60%, 80%, and 100% with the extract from the pulp, fruit, and creeper of C. colocynthis,
respectively. The resins from the plants can also be used in products with P.C.s. Gmez et al.
(2021) produced resin from L. divaricate and applied it on M. incognita and observed the nemati-
cidal effect of the resin. The P. dactylifera, known as date palm, is a common plant in the desert
that has been used to obtain PCs. Alam and El-Nuby (2019) obtained an aqueous extract from
this plant and tested it against M. incognita; the result was interesting as a mortality of 90% of M.
incognita in J2 stage was reported.

7.4.2 Action Mode of Phytochemical Compounds with Nematicidal Activity

The action mode of substances refers to how the molecules interact inside the organism
with receptors, enzymes, neurotransmitters, or other molecules that, when they are in con-
tact with PCs of interest, allow affecting vital physiological processes for the life of organ-
isms. Although elucidating the action mode of substances is complicated, as researching
proteomic, genetic, enzymatic, and other areas is necessary, many research centers and
companies invest in these studies because understanding the action mode of molecules in
organisms allows the development of new products and alternatives, such as PCs. In the case
of PCs with nematicidal activity from desert plants, there are not enough studies that elu-
cidate the action mode of PPNs; nevertheless, some studies try to elucidate the action mode
of other promising PCs with nematicidal activity (see Table 7.2). For example, a-terthienyl is
considered a promising control of PPNs, suggesting that it can reduce oxidative stress inhib-
iting detox enzymes such as glutathione-s-transferase and superoxide dismutase in the
hypodermis of PPNs (Hamaguchi et al., 2019). In several studies, carvacrol and thymol dem-
onstrated an effect on tyramine receptors in PPNs—explicitly interacting with the SER-2
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TABLE 7.2 ACTION MODE OF PHYTOCHEMICAL COMPOUNDS WITH NEMATICIDAL ACTIVITY

Phytochemical
Compound
a-terthienyl

Carvacrol and thymol

Geraniol and citronellol

Eugenol

Cinnamaldehyde
Phenylpropanoids

Tannins, flavonoid,
alkaloids, and saponins

Glucosinolates and

Action Mode

Induction of oxidative stress by inhibition of detox

enzymes

Affectation of tyramine receptors

Affectation of the cellular membrane and ionic
channels

Inhibition of free radicals and reactive species
involved in toxic effects, inhibition of
acetylcholinesterase, and affect octopamine
receptors

Ovicidal effect and in the hatching of eggs.

Induction of oxidative stress

Dissolution of the cytoplasmic membrane,
interference with the structure of enzymes and
electron flow of respiratory chain and the ADP
phosphorylation, and affectation of embryonic
development.

Inhibition of enzymes

Reference

Hamaguchi et al.
(2019)

Andrés et al. (2012)
Andrés et al. (2012)

D’Addabbo and
Avato (2021)

Ferreira-Barros et al.
(2021)

Eloh et al. (2020)

Saadoon et al.
(2019); Asif et al.
(2014)

Avato et al. (2013)

isothiocyanates
Naphthoquinones Induction of formation of reactive oxygen species Maleita et al. (2017)
with toxic effects
Ricin and ricinus Modification of behavior chemotactic due to the Arboleda et al.
agglutinin adhering of phasmids (2012)
Isothiocyanates Affectation of ADN by oxidative damage Wu et al. (2011)

receptor. In another way, geraniol and citronellol can affect the cellular membrane and ionic
channels, disrupting intracellular signaling pathways and altering proteins from the mem-
brane (Andrés et al., 2012). The eugenol and the cinnamaldehyde are also PCs with biological
activity. In the case of eugenol, the nematicidal effect is due to the allylic double bond and
the phenolic proton that interact with cellular systems as an antioxidant, inhibiting free
radicals and reactive species involved in toxic effects of acetylcholinesterase as a blocker of
octopamine receptors affecting the nervous system of PPNs. In addition, cinnamaldehyde
has an ovicidal effect and stops egg from hatching due to its effect on the permeability of the
membrane (D’Addabbo and Avato, 2021; Ferreira-Barros et al., 2021).

Other PCs are the phenylpropanoids synthesised from phenylalanine and tyrosine amino
acids. These compounds induce oxidative stress in PPNs, increasing lipid peroxidation levels and
reducing antioxidant activity (Eloh et al., 2020). Furthermore, the nematicidal effect of PCs is
attributed to lipophilic properties of oxygenated compounds such as tannins, flavonoids, alka-
loids, and saponins, which are capable of dissolving the cytoplasmic membrane of PPNs, inter-
fering with the enzyme protein structure and with the electron flow of the respiratory chain and
the ADP phosphorylation. Furthermore, these compounds destroy the egg masses, killing the
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eggs and affecting the embryonic development, preventing them from hatching (Asif et al., 2014;
Saadoon et al., 2019). Finally, the glucosinolates and isothiocyanates are PCs standard in the sec-
ondary metabolism of plants from the Brassicaceae family; the action mode proposed to these
compounds is that they can react with biological nucleophiles essential to PPNs, provoking the
inhibition of enzymes (Avato et al., 2013).

7.5 BENEFITS OF PHYTOCHEMICAL COMPOUNDS TO THE
MANAGEMENT OF PLANT-PARASITIC NEMATODES

PPNs are microorganisms that affect all crops around the world. Although an infestation is
rarely fatal for a crop, the presence of these organism reduces the yield and quality of agricul-
tural products. Because of the aforementioned reasons, farmers need alternative solutions to
manage PPNs, as the chemical products primarily in use are toxic to human health and cause
environmental damage. Therefore, the farmers and consumers are conscious of changing from
chemical to sustainable agriculture (Clemensen et al., 2020; Desmedt et al., 2020). This change of
paradigm can be achieved through many alternatives—the use of PCs to control PPNs, being an
ecofriendly and efficient option. Furthermore, the use of PCs to manage PPNs has benefits that
can improve the agroecosystem (Godlewska et al., 2021).

One of the main components in agricultural production is the soil; soil health is essential
because the balance of the soil components allows the plant to have optimal requirements for
them to develop. However, nematicides are applied directly in the soil, which is one cause of
component soil losses. Because of these problems, it is necessary to develop alternatives that do
not affect soil components and can improve their structure. Thus, PCs arise as alternatives with
benefits to the soil; an example is the flavonoids from Medicago sativa that induce the growth
of N-fixing bacterium as Sinorhizobium meliloti; also, PCs as tannins increase the moviliza-
tion of N in the soil or the alkaloids that induce resistance against water stress in plants that
develop in drought conditions (Clemensen et al., 2020; Sarker and Oba, 2018; Yang et al., 2018).
Plants treated with PCs obtain benefits such as the attraction of pollinators, induction of resis-
tance or direct protection against other phytopathogens, and protection against UV irradiation
(Clemensen et al., 2020).

All the benefits obtained from using PCs in agriculture allow food production to focus on
organic and sustainable agriculture, allowing healthy production without affecting the environ-
ment or human health. Furthermore, the resistance of PPNs to active ingredients is null when
they are treated with PCs, in that the control is equal or better than the chemical nematicides.
Therefore, several companies and research centers focus on resources to obtain a new alterna-
tive based on PCs each year in sustainable agriculture. Moreover, there is high demand from the
farmers around the world for organic products; also, many governments are enacting legislation
to lead to sustainable food production to obtain all the benefits of this kind of agriculture for the
human population (Dhakal and Singh, 2019).

7.6 CONCLUSION

Without good management, PPNs are a phytosanitary problem that can cause severe problems.
One problem with PPNs is the lack of information because most studies focused on controlling
other phytopathogenic microorganisms. Furthermore, the majority of farmers use chemical
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products to control the diseases caused by PPNs, but the problems of chemical agriculture have
caused them to opt for sustainable products, such as PCs from plants. The desert plants are a
source of many PCs due to the environmental conditions these plants tolerate, which has allowed
the development of several PCs as part of their secondary metabolism.

Thus, the exploitation of this kind of PCs is an option to develop new alternatives against
PPNs; likewise, elucidating the action mode of these PCs is also essential because it helps us
to understand how the bioactive compounds are acting in the PPN, so it is necessary to con-
tinue researching the action mode of PCs. Currently, organic farming is growing because of the
environmental problems caused by chemical products; this has brought a paradigm change that
involves a change in production systems to green technologies, which have less impact on the
environment. The natural and biological product market is increasing. It is estimated that the
biopesticides market has reached US$4 billion, Principal reasons for selecting organic farming
include getting a better yield and better resistance management, managing residues safety, bio-
degradability, reentry of workers in short times (Marrone, 2019). Hence, it is essential to continue
studying plants from the desert because these plants can be the alternatives that help in the
move to sustainable agriculture.
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8.1 INTRODUCTION

Crop production is an essential component of agriculture, as it is the primary human activ-
ity that provides food security in the world. Effective crop production begins with manag-
ing phytosanitary problems. However, one of the farmers main problems is controlling and
managing weeds. During the past 60 years, the excessive use of herbicides for the protection
of plants in agriculture has caused a negative impact at different levels, causing secondary
effects such as the presence of residues in food, high toxicity in humans, as well as in non-
target organisms, and the emergence of resistance in different weed species. These events
have helped reduce the inappropriate consumption of chemically synthesised herbicides in
developing nations, giving rise to new safe, and innovative strategies (Rob et al., 2020; Seiber
et al., 2014; Pvalea et al., 2019).

Various natural, plant-derived components have been accepted as an environmentally
friendly alternative. However, farmers have first relied on highly toxic synthetic herbicides. The
new alternatives in the control and management of weeds are based on bioherbicides, consisting
of phytochemicals and compounds derived from plants. Various chemical components in plants
have become an essential source for optimisation and research in discovering new products,
from essential oils to complex mixtures. Botanical herbicides are biodegradable, less persistent,
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and have low toxicity compared to chemicals (Ebadollahi et al., 2020; Magierowicz et al., 2020;
Yang et al., 2020;).

Some plants contain various phytochemical compounds with antioxidant activity in the
Chihuahuan semi-desert. This is due to the ability of these types of plants to grow in extreme
weather conditions (Tucuch et al., 2020). The phytochemical compounds of plants from semi-
arid regions are considered to develop potential products with secondary metabolites with a
mechanism against pathogens and phytopathogenic microorganisms present in the agricultural
and food industry and their everyday use in traditional medicine.

8.2 WEEDS

Plants thatinterfere with man’s purposesin aparticular place and time are considered weeds,
either in an agricultural crop or a stage. Weeds have adaptive conditions that allow them to
invade crops. These interferences are significantly associated with significant reductions
in crop yields and decreases in the harvested product’s quality (Gibson et al., 2008). They
present multiple morphological, physiological, and behavioral characteristics, which allow
them to be classified as broadleaf (dicots) and narrow-leaved (monocots) weeds. Broadleaf
weeds have unique characteristics in the veins of leaves because they are network-shaped or
reticulated, they have cotyledonary leaves with two seminal leaves in the seedlings, and the
roots show vertical growth. Narrow-leaved weeds (monocotyledons) are divided into grasses
and sedges; grasses have leaves in an alternate arrangement and parallel veins, a single seed
leaf in their seedlings, and a fibrous root system, while sedges have triangular stems and
leaves. They grow in the form of rosettes from the base of the stem and present inflorescence.
The life cycle of weeds is classified as perennial, annual, or biennial. The cycle of perennials
is more than two years, and under favorable conditions, they grow indefinitely. Their repro-
duction is by seed, often vegetatively, using tubers, stolons, bulbs, or rhizomes. The annuals
complete their life cycle more diminutive than a year, in summer (May-September) and win-
ter (October-April); biennials are not very common because they complete their life cycle in
two years—in the first year, the plant forms the rosette and a deep taproot, and in the second
year, they flower, mature, and die. Regarding their habitat, they can be aquatic or terrestrial.
(Cronquist, 1981; Novelli and Campora, 2015; Cimmyt, 2021).

Weeds are one of the tremendous phytosanitary problems that cause farmers significant pro-
duction and economic losses around the world, and it is widely known that these losses exceed
those caused by any other agricultural problem such as insects and diseases (Abouziena et al.,
2016). Its difficulty to manage and control is due to its genetic potential because weeds have
resistance to adverse conditions, crossing mechanisms that guarantee survival, and their ability
to spread over long distances (Bajwa, 2014).

It is estimated that direct losses in the agri-food sector caused by weeds are close to 10%
of global production (FAO, 2016). In México, the economic damage due to the emergence of
weeds or invasive species is on average 30% of crop yields. (Mexican Association of Weed
Science, 2010).

Weeds are the main challenge for producers because they cause direct and indirect damage
that affect crops in different ways, such as competition for nutrients, light, water, the release
of toxic allelopathic substances to crops, creation of favorable habitats for the proliferation of
phytopathogenic microorganisms and insects, and by making work on the farm difficult (L6pez,
2003; FAO, 2016).



8.3 Management and Control of Weeds Associated with Agriculture

8.2.1 Weeds Associated with Agriculture

In the agronomic sector, weeds represent plants that grow out of place, discontinuing crop activ-
ity and causing significant losses; therefore, they do not have a fair economic value for farmers,
they interfere with the production capacity and development of crops due to competition for
physical space, light, water, and, nutrients, or due to the production of substances harmful to the
crop (Fusagri, 1985; Pitty and Muiioz, 1991).

It indicates that weeds represent one of the significant agriculture problems globally because
of their invasive action that favors competition with crops, simultaneously behaving as hosts of
pests and diseases. Therefore, farmers must implement management and control models that
minimise their interference with the target crop and, in this way, avoid and reduce the exorbitant
increase in production costs. Under agricultural production conditions, man considers weeds
to be undesirable plants; however, they constitute the most outstanding economic element of
the entire pest complex, including plant pathogens, mites, insects, nematodes, and vertebrates
(Labrada and Parker, 1996). The Food and Agricultural Organization (FAO) estimates that the
annual losses caused by weeds in agriculture, mainly in developing countries, to be 125 million
tons in the agri-food sector, an amount capable of feeding 250 million people. Producers in the
field use more than 40% of their working day in weeding operations and even then they are prone
to extraordinary losses because of the weeds competition with the crops.

These interruptions are related precisely to the decrease in the quality of the harvested food
and the significant reductions in crop yields (Gibson et al., 2008) or to the contingent role of
weeds as hosts of pests that are harmful to the crop (Norris and Kogan, 2005).

However, despite both global (Dill et al., 2008) and local (Casafe, 2012) increases in the man-
agement and control of weeds, which is mostly the application of herbicides because of their
undeniable contribution to the management of productive systems, weeds continue to cause
numerous problems related to escape processes (Scursoni et al., 2007) or the development of
populations with resistance activity (Jasieniuk et al., 1996; Vidal et al., 2010; Ferraro and Ghersa,
2013). Furthermore, these deficiencies in control and management cause a feedback effect
(Chapin et al., 1996) in which the increase in the application of chemical products is increasingly
significant and necessary, thus worsening the effects of escape and resistance, which cyclically
lead to further increases in the applied doses.

8.3 MANAGEMENT AND CONTROL OF WEEDS
ASSOCIATED WITH AGRICULTURE

In agriculture, weed infestations and their behavior frequently change because of climate
change, ecological change, and intensive management practices (Chauhan et al., 2006, 2014).
As a guarantee, the existing management options must be modified to effectively control these
changes. The most frequently used method of weed management developing countries is manual
or mechanical, while in technologically developed regions, the dominant method is chemical
management (Chauhan, 2012; Chauhan and Gill, 2014). That depends on the differentiation of
management practices: The resources and the availability of labor (Zimdahl, 2013). Modern agri-
culture requires an updated and modified weed management regimen to solve the problems
associated with traditional techniques (Bajwa, 2014). Weed management mechanisms based on
ecology and traditional techniques can help aggravate problems of environmental pollution due
to the high residuality of chemical products, resistance to herbicides, biological invasion, yield
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losses, and weed diversification (Chauhan, 2013; Chauhan and Johnson, 2010; Chauhan et al.,
2010; Singh, 2012). Considering these potential problems and opportunities, unconventional and
non-chemical weed management strategies can be of great use to farmers, such as crop nutrient
management, improved tillage, weed seed predation, tolerant crops to herbicides, bioherbicide
allelopathy, and thermal techniques.

One of the management strategies research has focused on is crop-weed interaction, which
deeply studies crop yield losses caused by weed intervention and the population dynamics of
weeds (Ghersa et al., 2000). Although there are descriptive approaches to the behavior of specific
weed populations, the development of predictive models that cover the mechanical and func-
tional process of managing weeds is still rudimentary (Grundy, 2003). The inclusion of descrip-
tive measurement models of these processes would improve the estimates of the damage caused
by weeds, bearing in mind that the moments and magnitude of the emergence and competi-
tion of the different weed populations are vital aspects to define their potential damage to crops
(Vleeshouwers, 1997).

Population ecologists consider the abundance of weeds to analyse the practices that are car-
ried out to manage them. This work aims to know the relative magnitude of the regulatory fac-
tors of the size of the weed population. Knowledge of how these factors interact, whether natural
or manufactured, helps to evaluate alternative long-term and short-term weed-control practices
and also helps to define the particular role of biological traits of individual weed species. For most
crop-associated weed species, insufficient research has been done on their full-cycle dynamics
under various management regimes. The most common has been that research efforts have been
directed at particular stages of the weed cycle, depending on the influence of control technolo-
gies within agricultural management or based on an already accepted approach. If the goal is to
achieve integrated weed management, including biological control, all phases of the life cycle of
a weed species must be considered (Mortime, 1990). The probability of survival to maturity and
seed production of weeds depends on the competitive ability of cultivable plants and the effec-
tiveness of weed control practices. Mortality of established weeds can be substantial (>80%),
depending on the accompanying crop (Lotz, 1991). Selective herbicides can cause high mortality
levels, but the application rates and timing often require precise attention, particularly when
applying post-emergence treatments. Variation in age/growth stage within individual plants of
weed populations and climate may be factors that make the outcome of chemical control unpre-
dictable. From the little evidence, crop plant competition and herbicides often act synergisti-
cally, causing weed mortality and reducing the number of surviving plants (Powles, 1990).

8.4 MECHANISMS AND MODE OF ACTION OF HERBICIDES

Herbicide is a chemical that interrupts or inhibits growth and development. Herbicides are used
extensively in agriculture, industry, and urban areas because, if used correctly, they provide effi-
cient weed control at a low cost (Peterson et al., 2001). However, if they are not applied correctly,
herbicides can cause damage to cultivated plants, the environment, and even the people who
apply them.

There is often confusion when referring to the name of herbicide. An herbicide label contains
three names: The chemical name, the common name, and the trade name. For example, the herbi-
cide sold under the trade name of Gesaprim has the common name of atrazine, which is its active
ingredient, and the chemical name is 6-chloro-N-ethyl-N’-(1-methyl ethyl)-1, 3,5, triazine-2,4-di-
amine. The agrochemical company uses the trade name to promote the sale of its trademark and
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is commonly the best-known name of an herbicide. The common name is the generic name given
to the active ingredient. Appropriate authorities approve it, such as the Weed Science Society
of America (WSSA) and the International Organization for Standardization (IOS). The chemical
name describes the chemical composition of the compound—herbicide (Caseley, 1996).

Chemical weed control is carried out through herbicides and is one of the main tools in mod-
ern agriculture. However, using herbicides requires technical knowledge for the correct choice
and efficient and timely application of these products (Anderson, 1996).

Weeds, both annual and perennial, have specific anatomical and morphological charac-
teristics that determine the quality and the length of time an herbicide must be retained and
absorbed. Annuals are effectively controlled with a contact herbicide. On the other hand, sys-
temic herbicides are very advantageous against established perennial weeds.

The most helpful way of classifying herbicides is according to their mode of action (Duke and
Dayan, 2001; Schmidt, 2005). The mode of action is the sequence of events that occurs from the
herbicide’s absorption to the plant’s death. Herbicides with the same mode of action have the
same uptake and transport behavior and produce similar symptoms on treated plants (Gusolus
and Curran, 1996). In addition, the classification of herbicides according to their mode of action
makes it possible to predict, in a general way, their weed control spectrum, application time,
crop selectivity, and persistence in the soil (Ashton and Crafts, 1981). Finally, this type of clas-
sification allows for the design of the most efficient chemical weed-control programs and avoids
the possible adverse effects of the use of herbicides, such as residuality in the soil, the change
of weed species, and the development of weed biotypes resistant to herbicides (Regehr and
Morishita, 1989). The mode of action refers to the events that cause herbicides and the mecha-
nism of action to the site or specific biochemical process that is affected and can be reviewed in
Table 8.1 (Gunsolus and Curran, 1996).

TABLE 8.1 DIFFERENT MECHANISMS OF ACTION BY HERBICIDES

Type of Action Mode of Action Chemical Family

Growth Regulators  Altered hormonal balance act ~ Phenoxycarboxylic, benzoic, pyridine
on protein synthesis, cell carboxylic, and quinoline carboxylic
elongation, and respiration

Seedling Growth Inhibition of mitosis division Dinitroanilines, chloroacetamides,
Inhibitors in cells ticarbamates, and benzoic acids
Photosynthesis Interruption of electron flow Amides, Benzothiazolins, Phenylureas,
Inhibitors in photosystem II, induction Triazinones, Triazolinones, Nitriles, Uracils
of destruction of carotenoids
and chlorophyll
Pigment Synthesis Carotenoid inhibition, Benzoylpyrazoles, triazoles, pyridazinones,
Inhibitors induction of chlorophyll isoxazoles, isoxazolidinones, and triketones
destruction
Lipid Synthesis Inhibition of lipid synthesis by ~ Cyclohexanediones and
Inhibitors the enzyme acetyl aryloxyphenoxypropionates

coenzyme-a carboxylase
(ACCase)
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8.5 PHYTOCHEMICALS AS BIOHERBICIDES

The phytochemicals present in plants, with biological activity, are the main interests in the
development of compounds with potential for bioherbicides because the phytochemical mole-
cules present in plant extracts contain low toxicity concentrations and are effective and friendly
to the environment. In this context, México is a country recognised for its incredible biodiversity
of endemic plants; in the semi-desert regions, there is a great variety of plants that contain a
set of chemical compounds of secondary metabolites, as an environmental defense mechanism,
due to the capacity the plants have to grow under extreme weather conditions. The efficacy of
these compounds depends mainly on the organisms involved and the environment in which they
develop. The chemical compounds found in these plants consist of a complex mixture of esters,
ketones, alcohols, terpenes, aldehydes, polyphenols, carbohydrates (Wong-Paz et al., 2015).

As discussed above, natural products from plants offer an infinite source of chemical struc-
tures, as they have different modes of action because the chemical compounds they contain
come from organisms that have different chemical defenses, as they depend on an environment
in which skills are developed to cope with a wide variety of ecological situations. Therefore,
they are ideal clues for discovering new natural products for weed control and management in
this context. However, some drawbacks can be found in the development of new bioherbicides
because the structures of natural products are usually complicated, containing one or more ste-
reocenters, which can lead to complicated and expensive production on a large scale. Large-
scale elaborations are necessary to carry out bioassays at greenhouse and field levels, followed
by the design and commercialization of the final agrochemical product. A simplification of their
structures in search of the ‘active part’ of the molecule usually leads to a loss of the phytotoxic
effect (Duke et al., 2000).

Despite these drawbacks, some commercial herbicides using natural products are available
on the market. As mentioned above, an investigation familiar with the high efficacy of phyto-
toxins is that of phytopathogenic microorganisms, as natural products have been used and veri-
fied, coming from natural products for the confrontation of phytotoxins against them, obtaining
favorable results for the farmers. However, natural compounds can affect weeds and have rarely
received attention for obtaining new products, except for glufosinate, a synthetic version of phos-
phinothricin, a degradation product of bialaphos biosynthesised by Streptomyces hygroscopicus
and Streptomyces viridochromogenes. The nucleotide analog hydantoin, a natural compound of S.
hygroscopicus, is one of the most efficient natural products, as several studies of structure-activ-
ity relationships have been reported for it and its analogs with patents related to its herbicidal
effect (Nakajima et al., 1991; Agasimundin et al., 1998; Hanessian et al., 1999). On the side of plant
chemicals and their derivatives, some have been developed to the stage of commercial herbicide.
So is the case of cinmethylin, a natural derivative of monoterpene 1,4-cineole, benzyl group that
reduces its volatility (Grayson et al., 1987). In triketones, a group of natural herbicides includes
the sulcotrione, among others, which are structurally related to leptospermone, belonging to the
genus Callistemon. Triketones act through a mode of action not previously used for any herbicide
(Lee et al., 1997).

The systematic synthesis of plant chemical compounds, in which phytotoxic effects and physi-
cochemical properties can be observed for the search of new bioherbicide products, is currently
one of the most promising sources of alternative compounds for the control and management
of weeds. Furthermore, the information on the mode of action of natural phytotoxins leads to
the conclusion that they usually have modes of action different from those of traditional chemi-
cally synthesised herbicides (Duke et al., 1997). Therefore, experimental techniques have been
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developed to obtain herbicides based on natural products—the high throughput screening
(H.T.S.) method being one of the first remarkable methods used on several synthesised and tested
compounds.

Experimental work on the structure-activity relationship for the development of herbicides
from natural products has been carried out on compounds from microorganisms (Duke et al.,
1996) and plants (Macias et al., 2001). Several structural modifications were found to cause an
increase in phytotoxicity through the modulation of lipophilicity on sesquiterpene lactones
(Macias et al., 2005) and benzoxazine (Macias et al., 2006). In addition, several works generated
knowledge on biocommunication phenomena in benzoxazinone-producing plants and helpful
information for developing models of bioherbicides composed of benzoxazinone. These investi-
gations offer interest from the practical aspects of the knowledge of new natural chemical sub-
stances, as this will extend to the minimum use of uncontrolled amounts of chemical products,
which is a desirable alternative for agriculture, meeting the requirements of environmental and
quality regulations of the consumer and the food market.

Kaab and Rebey (2019) studied the herbicidal activity of two semi-desert Asteraceae plants
(Artemisia herba-alba and Cynara cardunculus), to which the plants inhibited seed germination
and weed seedling growth. The Asteraceae family has been found to harbor the most prominent
biocidal substances for agriculture and is a good source for isolating and purifying allelopathic
secondary metabolites (Bessada et al., 2015; Watanabe et al., 2014). In addition, the crude meth-
anolic extract of C. cardunculus had the best post-emergence herbicidal activity under green-
house conditions. C. cardunculusleaves are known to be a good source of polyphenols (Omezzine
et al., 2011; Falleh et al., 2008) and could inhibit the development of other invasive weeds such as
barnyard grass (Echinochloa crus-Galli) and Brachiaria sp. (Rial et al., 2014). Many authors have
shown that the phytotoxic effect of plant extracts was related to the presence of compounds.
Methanol seems to be the best solvent to extract phenols because of its good solubility (Ben Hadj
Ali et al., 2014).

8.6 CONCLUSION

Weeds are a phytosanitary problem; if there is no adequate control, they can cause significant
economic losses in the agri-food sector. Most studies have focused on chemical management and
control; however, this has brought multiple problems affecting the health of farmers. Therefore,
studies of semi-desert plants have been carried out to obtain phytochemicals for the develop-
ment of new alternatives for the management of phytosanitary problems, in this context, ade-
quate control of weeds, which requires scientific knowledge in the area because the effectiveness
of the search for chemical compounds, for economic, environmental, and social sustainability,
will largely depend on it.
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9.1 INTRODUCTION

Deserts provide many benefits that can meet the demands of the local inhabitants and other sur-
rounding communities. These benefits include water, food supply, medicines, and raw materials
(Bidak et al., 2015). Deserts have great importance because of the large area that they occupy in
the world and their specific characteristics as well as the diversity of interesting species they
present (Serrano-Gallardo et al., 2017). Several studies have been conducted to understand the
chemical and bioactive components of desert plants that are important for their application in
folk medicine, from which humanity has benefited since ancient times. The therapeutic usage of
indigenous plant products for ethnomedical and nutritional objectives has attracted the inter-
est of researchers, focusing mainly on the search for bioactive compounds to which these effects
can be attributed (Radha et al., 2021). The outstanding metabolic machinery of desert plants
allows for the presence of metabolites of great chemical diversity, being their extracts, either as
standardized natural products or as pure compounds, that are unlimited sources for the devel-
opment of new drugs (Mustafa et al., 2017).

Phytochemicals are non-nutritive chemicals, which are responsible for the medicinal proper-
ties of plants, and according to the functions they play in their metabolism, they can be divided
into two groups: Primary and secondary metabolites, considered essential and non-essential
for the basic metabolic processes, respectively. Examples of primary metabolites are carbohy-
drates, amino acids, proteins, and chlorophylls (Mustafa et al., 2017). On the other hand, sec-
ondary metabolites, known as bioactive compounds, are commonly related to the protection
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mechanism of plants against phytopathogenic agents and extreme environmental conditions.
In general, the bioactive compounds can be classified as phenolic compounds, terpenes, and
nitrogen-containing compounds, and their functionalities and properties will depend on their
nature (Guia-Garcia et al., 2022). It could be considered that nature developed complex biosyn-
thetic pathways to produce phytochemicals during the evolution of plants as a chemical defense
against microorganisms (viruses, bacteria, protozoa) and herbivores (insects, worms, mammals)
(Efferth & Oesch, 2021). In recent years, 10,000 phytochemicals have been isolated from plants
that are used in traditional medicine systems worldwide. In this context, natural products give
a significant boost to drug discovery. In particular, the therapeutic areas of infectious diseases
and oncology have benefited from numerous classes of bioactive compounds derived from natu-
ral sources (Qiu, 2014).

Increasingly, studies are being conducted to identify the diversity and abundance of bioac-
tive compounds in wild plants in drylands and the influence of environmental factors on their
chemical variations (Monreal-Garcia et al., 2019). Recently, in a study conducted in the coastal
desert area of Egypt, 234 native plant species were identified, of which 73% were associated with
medicinal uses (Bidak et al., 2015). Al-Saleem et al. (2018) analyzed seven plant species growing
in the Saudi Arabian desert — Calendula tripterocarpa, Centarea sinaica, Centaurea pseudosina-
ica, Koelpinia linearis, Plectranthus arabicus, P. asirensis, and Tripleurospermum auriculatum
- finding in all investigated plants that lipids and phenolic compounds represent the highest
chemical percentage, and different doses of the alcohol extract, up to 5000 mg/kg, did not pro-
duce any toxicity. Another study carried out with Carya Illinoinensis, Selaginella lepidophylla,
Euphorbia antisyphilitica, and Jatropha dioica Sessé plants growing in the semi-desert zone of
Coahuila and Durango, Mexico, the phytochemical analysis revealed the presence of flavonoids,
lactons, quinons, triterpens, and sterols (Serrano-Gallardo et al., 2017). Quintanilla-Licea et al.
(2016) reported the extraordinary therapeutic potential of two plants from the Mexican desert:
Pachycereus marginatus and Ibervillea sonorae, traditionally used for cancer treatment, as they
exhibited good cytotoxic activity.

It is important to identify native plants in desert regions of the world, as well as to pre-
serve Indigenous peoples’ knowledge about them. In Mexico, due to its geographical loca-
tion, more than 60% of the territory is located between 20° N and 40° N, corresponding to
the belt in which the deserts of the world are distributed, which is the reason why a great
part of the country is arid. Mexico is covered by arid and semi-arid areas, which represent
75% of the national territory (Abd El-Ghani et al., 2017). The Mexican desert is characterized
by extreme environmental conditions throughout the year, with temperatures exceeding
50°C in summer and below zero in winter, as well as high levels of ultraviolet (UV) radia-
tion and drought (Conagua, 2022). In these areas, the native population identifies various
plants for their medicinal applications, among which, Acacia farnesiana (huizache), Agave
lechuguilla Torr. (lechuguilla), Ambrosia confertiflora DC (estafiate), Asclepias subulate
Decne (Rush milkweed), Bursera microphylla (elephant tree), Flourensia cernua (hojasen),
Fouquieria splendens (ocotillo), Lippia graveolens (Mexican oregano), Lophocereus schot-
tii (senita cactus), Prosopis glandulosa var. torreyana (honey mesquite), and Stegnosperma
halifolium (snake herb), among others, stand out. These plants have been reported for their
antimicrobial (Hernandez-Garcia et al., 2018), antidiabetic (Esquivel-Gutiérrez et al., 2021),
anticancer (Jiménez-Estrada et al., 2018; Rascon-Valenzuela et al., 2015; Rascon-Valenzuela
etal., 2016; Orozco-Barocio et al., 2022), and anthelmintic (Zarza-Albarran et al., 2020) prop-
erties. This chapter reviews some native plants of the northern desert regions of Mexico
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Figure 9.1 Classification of bioactive compounds by chemical groups and some examples of plants from
Mexico’s desert and semi-desert areas.

presented by chemical groups (Figure 9.1), identifying the medicinal uses that the native
population preserves. It also presents perspectives on extraction techniques and protection
systems to maintain chemical and bioactive properties of their phytochemicals.

9.2 PHENOLIC COMPOUNDS

Phenolic compounds are a diverse group of secondary metabolites produced by plants, character-
ized by having one or more phenol groups within their structure linked to aromatic or aliphatic
groups (Alara et al., 2021). This group of compounds is synthesized through the shikimic acid
and acetate-melonate pathway, and it has essential functions in plants to protect against dif-
ferent types of stress such as lesions, insect, and pathogen attacks, as well as protection against
UV low/high radiation, temperatures, and drought (Khoddami et al., 2013; Lopez-Romero et al.,
2022). Within the phenolic compounds, there are various groups such as flavonoids, phenolic
acids, anthocyanins, tannins, lignans, and lignins. These compounds have been associated with
a wide variety of biological activities such as antioxidant, antimicrobial, antifungal, antiviral,
antiproliferative, antitumor, anti-inflammatory, diabetes, among others (Soto-Herndndez et al.,
2017; Tanase et al., 2019; Juca et al. al., 2020).

In particular, the extreme conditions in the Mexican desert promote the synthesis of phenolic
compounds in many of the plants within this ecosystem, supporting the synthesis of phenolic
compounds (Naikoo et al., 2019; Sharma et al., 2019). In this context, several investigations have
been carried out focusing on identifying phenolic compounds in plants of the Mexican desert
(Table 9.1).
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In a first phase, the presence of phenolic compounds has been identified through phyto-
chemical screening in some plants, such as A. rzedowskiana, A. impressa, A. ornithobroma, A.
schidigera, A. angustifolia, A. lechuguilla, Annona muricata, A. farnesiana, Bromelina pinguin, B.
microphylla, B. hindsiana, Bucida buceras, C. illinoinensis, F. cernua, Gutierrezia microcephala, J.
cinerea, ]. cordata, J. dioica, Leucophyllum frutescens, Larrea tridentata, L. graveolens, Morinda
citrifolia, Opuntia ficus-indica, Olneya tesota, Phoradendron bollanum, Phoradendron califor-
nicum, P. glandulosa, P. laevigata, Parkinsonia aculeata, Quercus sp., Struthanthus quercicola,
S. lepidophylla, and Yucca filifera, which were found distributed in the deserts of Chihuahua,
Nuevo Leon, Coahuila, San Luis Potosi, Puebla, Durango, Sonora, Sinaloa, and Tepic (Pio-Ledn
etal., 2009; Mendez et al., 2012; Ahumada-Santos et al., 2013; Menchaca et al., 2013; Iloki-Assanga
et al., 2015; Salido et al., 2016; Sdnchez et al., 2016; Serrano-Gallardo et al., 2017; Assanga et al.,
2020; Tucuch-Pérez et al., 2020; Garcia-Garcia et al., 2021; Vega-Ruiz et al., 2021; Alcintara-
Quintana et al., 2022).

Different studies have focused on the analysis of these bioactive compounds in the Mexican
desert plants, with the goal of determining the profile and concentration of phenolic compounds
through different spectroscopic and spectrometric techniques. An example of this is F. splen-
dens, which has been characterized to establish its phenolic compounds profile. The studies
showed that the extracts ofleaves and stems of this plant had phenolic compounds (57.1 to 479.64
mg gallic acid equivalent (GAE)/g), flavonoids (6.81 to 29.68 mg quercetin equivalent (QE)/g), tan-
nins (1.37 to 2.82 mg epicatechin equivalent (EE)/g), and anthocyanins (0.27 to 1.46 mg cyani-
din-3-glucoside equivalent (C3gE)/g). Likewise, chromatography studies showed the presence of
flavonoids, such as apigenin, apigenin 4-methyl ether, catechol, epigallocatechin gallate, kaemp-
ferol, kaempferol-3-p-glucoside, kaempferol-3-methyl ether, kaempferol-3, 4’-dimethyl ether,
isoquercitrin, luteolin, luteolin-3"-methyl ether, myrecetin, quercetin, quercetin-3-p-glucoside,
quercetin 3-methyl ether, quercetin 3,3"-dimethyl ether, rutin, and scopolin, where apigenin,
myrecetin, rutin, quercetin-3-o-glycoside, and kaempferol-3,4’-dimethyl ether were the majority
compounds. Regarding phenolic acids, caffeic acid, chlorogenic acid, cinnamic acid, ellagic acid,
and gallic acid were identified, the latter being the most abundant. Regarding anthocyanins,
the presence of cyanidin-3-glycoside, pelargonidin-3-glycoside, and delphinidin-3-glycoside was
demonstrated. Studies focusing on analyzing biological potential showed that this plant has a
high antioxidant potential and the ability to inhibit the proliferation of cancer cell lines, such as
cervical cancer (Scogin, 1977; Scogin, 1978; Wollenweber and Yatskievych, 1994; Monreal-Garcia
et al., 2019; Lopez-Romero et al., 2022). Another species analyzed with a notable phenolic com-
pound profile is B. mycrophyila. Extracts obtained from different parts of this plant (leaves, fruits,
and resins) have presented a concentration of total phenols between 104.3 to 243.4 mg GAE/g.
In addition, the presence of some flavonoids and phenolic acids was identified: Kaempferol,
kaempferol glucoside, catechin, quercitin, quercitin glucoside, quercitin galloyl glucoside, rutin,
quinic acid, and ellagic acid. Other phenolic compounds identified were lignans, including
hinokinin, picropoligamain, hemiariensin, burseranin, burseran, ariensin, dihydroclusin diace-
tate, 5'-desmethoxy yatein, 3,4-dimethoxy-3’,4"-methylenedioxylignano-9,9"-epoxylignan-9’-ol,
7',8’-Dehydropodophyllotoxin, B-peltatin A-methyl ether, 7', 8'-dehydroacetylpodophyllotoxin,
7-0-podophyllotoxinyl butyrate, (8R,8'R)- dihydroclusin 9-acetate, dihydroclusin 9-acetate, and
dihydroclusin 9'-acetate. The compounds identified in these studies were associated with high
antioxidant and anti-inflammatory potential. An antiproliferative effect was also demonstrated
against cervical, lung, and colon cancer cell lines, as well as low cytotoxicity in non-cancer cell
lines (Gigliarelli et al., 2018; Vidal-Gutiérrez et al., 2020b; Torres-Moreno et al., 2022). P. glan-
dulosa is a widely distributed plant in arid and semi-arid areas of Mexico. Various studies have
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shown that extracts from stems and leaves of this plant are a source of phenolic compounds such
as total phenols (1.15 to 242.02 mg GAE/g), total flavonoids (75 to 190 ug/mg), flavanones and fla-
vanols (48.66 to 119.88 mg CE/g), and condensed tannins (100 mg CE/g). In addition, HPLC (high
performance liquid chromatography) analysis has allowed the determination of some flavonoids
(esculetin, kaempferol, kaempferol-3-O-rutinoside, kaempferol-3-0-glucoside, naringenin, nar-
ingenin-chalcone, quercetin, and rutin, the former being the most abundant) and phenolic acids
(caffeic acid, p-coumaric acid, chlorogenic acid, cerulic acid, gallic acid, hydroxybenzoic acid,
and vanillic acid). P. glandulosa presents a notable antioxidant potential, which is associated
with the high composition of phenolic compounds (Michel-Lépez et al., 2014; Gonzélez-Mendoza
et al., 2018; Assanga et al., 2020). L. schottii, an endemic plant from the Sonoran Desert, is recog-
nized as a great source of phenolic compounds (stem extracts), as about 80% of the phytochemi-
cal compounds belonging to flavonoids. In addition, it has been studied that the concentration of
phenolic compounds and flavonoids is 73 mg GAE/g and 5 mg CE/g, respectively. Detailed profile
studies showed the presence of flavonoids (apigenin 7.4’-dimethyl ether, epicatechin, cyanidin,
cyanidin 3-O-glucoside, 2',7-dihydroxy-4',5-dimethoxyisoflavone, gallocatechin, kaempferol,
kaempferol-3-neohesperidoside, kaempferol xyloside, kaempferol 3-O-glucoside, kaempferol
3-O-xylosyl-glucoside, myricetin, quercetin rhamnoside, and quercetin xyloside) and phenolic
acids (coumaroyl malic acid). These studies associated the effect of these compounds with the
antioxidant and antiproliferative potential against murine lymphoma (Morales-Rubio et al.,
2010; Orozco-Barocio et al., 2022).

F. cernua is a plant mainly distributed in the Coahuila and Chihuahua Deserts, for which
phenolic compound profiles have been widely characterized. In stem and leaf extracts, total
phenols (0.52 to 635 mg GAE/g) and total tannins (580 mg GAE/L) have been quantified. Among
the last group, hydrolysable tannins (0.018-4.76 mg/g of polyphenols) and condensed tannins
(0.0002-4.85 mg/g of polyphenols). Within the phenol profile, the following compounds have
been identified: Apigenin galactoside arabinoside, apigenin-6-arabinoside-7-glucoside, cat-
echin, 6-C-glucosyl-8-C-arabinosyl apigenin, dimethyl epigallocatechin gallate, isoschaftoside,
floretin, luteolin-7-O-rutinoside, luteolin-7-O-rutinoside, methyl gallate, pyrogallol, quercetin,
quercetin-3-0-glucoside-7-O-glucoside,  quercetin-3-O-glucoside-7-O-glucoside, scopoletin,
xanthohumol, coumarin acid, p-cumaric acid hexose, cinnamic acid, chlorogenic acid, ellagic
acid, hydroxycinnamic acid, and rosmarinic acid. Previous information may explain the high
antioxidant potential exhibited by this plant, demonstrating a high capacity to inhibit phyto-
pathogenic fungi of importance to agroindustrial food (Rhizopus stolonifer, Botrytis cinerea,
Fusarium oxysporum, and Colletotrichum gloeosporioides) (Ruiz-Martinez et al., 2011; Wong-Paz
et al., 2015a; Wong-Paz et al., 2015b; De Ledn-Zapata et al., 2016; Medina-Morales et al., 2017;
Jasso de Rodriguez et al., 2019; Alvarez-Perez et al., 2020). Another plant distributed around the
country, particularly in desert areas, is A. farnesiana. Studies have focused on the analysis of
extracts from pods, fruits, and leaves, which have shown values of total phenols between 39.9
to 213 mg GAE/g, hydrolyzable tannins between 0.72 to 5.02 mg GAE/g, and condensed tannins
between 9.52 to 45.28 mg CE/g. Analysis by chromatographic techniques have shown the pres-
ence of flavonoids, including acacetin, apigenin 6,8-di-C-glucoside, chrysoeriol, eriodictyol, cyan-
idin 3-0-(6"-malonyl-3"-glucosyl-glucoside), 3- hydroxyphloretin, isorhamnetin 3-O-glucoside
7-0O-rhamnoside, kaempferol, kaempferol 3-0O-(6"-acetyl-galactoside) 7-O-rhamnoside, naringin,
naringenin, naringenin 7-O-f-(4",6"-digalloylglucopyranoside), naringenin galloylglucopyrano-
side, (2S)-naringenin 7-O-f-galloylglucopyranoside, naringenin 7-0-p-51 (4”,6"-digalloylgluco-
side), naringenin 7-0-(4",6"-digalloylglucoside), naringenin 7-O-f- (6”-galloylglucoside), prunin,
patuletin  3-O-glucosyl-(1->6)-[apiosyl(1->2)]-glucoside, quercetin 3-O-rutinoside, taxifolin,
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and 2-O-xylosyl-glucoside; and phenolic acids: caffeoylmalic acid, coumaric acid, 3-p-cou-
maroylquinic acid, digalloyl glucose, digallic acid, ellagic acid, ethyl gallate, gallic acid, gallic
acid 4-0-glucoside, gallic acid 3-O-gallate, galloyl glucose, hydroxytyrosol acetate, methyl gal-
late, methyl digallate, and quinic acid. Recent research has shown an association between the
extracts and some biological activities, such as antioxidant and anti-inflammatory. Also, the abil-
ity to inhibit the growth of the pathogenic microorganism Mycobacterium tuberculosis has been
observed and a notable antiparasitic effect, showing the ability to affect the eggs and larvae of
Haemonchus contortus (Delgadillo Puga et al., 2015; Delgadillo Puga et al., 2018; Herndndez-Garcia
et al., 2019; Olmedo-Judrez et al., 2020; Zarza-Albarran et al., 2020; Zapata-Campos et al., 2020).

L. graveolens is a plant that is distributed in various ecosystems in Mexico, mainly in arid and
semi-arid areas. Studies of this plant have focused on the analysis of the aerial part, which has been
shown to contain total phenols (4.28-4.54 mg GAE/mL; 4.95-104 mg GAE/g), and total flavonoids
(0.43-97.5 mg QE/g). On the other hand, its phenolic compounds profile has been widely studied.
In this sense, flavonoids have been identified, such as acacetin, apigenin, apigenin 6,8-di-C-glu-
coside, cirsimaritin, dihydrokaempferol, 2’ -O-(3" ' "4’ ' "-dimethoxybenzoyl), eriodictyol, florid-
zin, galangin, genkwanin, hispidulin, 7-O-hexoside, 6-hydroxyluteolin-7-O-hexoside, ikarisoside F,
quercetin, quercetin O-hexoside, quercetin-3-O-glucoside kaempferide, kaempferol, kaempferol-
glucoside, luteolin, methyl 4,6-0-di-O-galloyl-p-D-glucopyranoside, 6-O-methylscutellarein, nar-
ingenin, neohesperidin, phlorizin, phloridzin, phloretin, pinocembrin, phloretin-2’-O-glucoside,
pentahydroxyfavone derivative, rutin, sakuranetin, scutellarein, taxifolin, trihydroxyfavone hexo-
side, tetrahydroxyfavone derivative 1, 3,6,2',3’-tetrahydroxyfavone, trihydroxy-methoxyflavone
derivative, tetrahydroxyfavone derivative 2, 5,7,8-trihydroxycoumarin-5-f-gl ucopyranoside,
(2R)- and (2S)-3'4',5,6-tetrahydroxyflavanone 7-O-f-glucopyranoside, (2R)- and (2S)-3'4',5,6-
tetrahydroxyflavanone 7-O-f-glucopyranoside, and (2S)-3'4’,5,8-tetrahydroxyflavanone 7-O-f-
glucopyranoside. Other identified phenolic compounds are phenolic acids, such as caffeic acid,
coumaric acid, 4-hydroxybenzoic acid, 2-hydroxybenzoic acid, protocatechuic acid, quinic acid,
and rosmarinic acid. The evaluated extracts of this plant showed a high antioxidant and anti-
inflammatory effect, and the extracts exhibited a-amylase and a-glucosidase inhibitory effect.
Additionally, isolated flavonoids showed the capacity to inhibit the growth of Entamoeba histo-
lytica (Martinez-Rocha et al., 2008; Flores-Martinez et al., 2016; Leyva-Lopez et al., 2016; Clarenc
Aarland et al., 2020; Quintanilla-Licea et al., 2020; Cortés-Chitala et al., 2021; Frias-Zepeda and
Rosales-Castro, 2021; Picos-Salas et al., 2021).

A different plant with a widely studied phenolic compound profile is A. lechuguilla, which has
shown that the content of total phenols varies between 2.69 to 37.45 mg GAE/g with total flavo-
noids between 1.47 to 19.62 mg QE/g. The chemical characterization ofleaves extracts, guishe, and
baggase, has shown a diversity of phenolic compounds, highlighting the presence of flavonoids
such as apigenin, apigenin-7-O-glucoside, apigenin-7-O-rutinoside, afzelequin 4p-8 quercetin,
catechin, epicatechin gallate, cyanidin, cyanidin-3-0-glucoside, cyanidin-3-O-rutinoside, cyan-
idin-3,5-0-diglucoside, cyanidin methyl diglycoside I, cyanidin methyl glycoside 11, delphinidin,
delphinidin-3-0-glucoside, delphinidin methyl glycoside, flavanone, gentiodelphin, procyanidin,
procyanidin tetramer, hesperidin, hesperidin methylchalcone, isorhamnetin, isorhamnetin-
glucoside, isorhamnetin-glycoside, isorhamnetin-glucosyl-pentoside, isorhamnetin3-O-rutin-
oside, isorhamnetin- hexosyl-hexosyl-pentoside, isorhamnetin-3-gentiotrioside, isorhamnetin
triglycoside, kaempferol, kaempoferol-3-O-glucoside, kaempferol-3-O-rhamnoside, kaempferol
3-O-rutinoside, kaempoferol diglycoside, kaempoferol triglycoside, kaempferol rhamnose-
malic acid, kaempferol-hexose-malic acid, afzelin O-gallate, kaempferol-3-O-rutinoside,
kaempferol-3-0-(6-p-coumaroyl)-glucoside, kaempferol-3-rhamnoside-7-xylose -rhamnoside,
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Kaempoferol-3,74-triglucoside, myricetin, dihydromyricetin, myricetin-3-O-rhamnoside,
myricetrin O-gallate, myricetin-hexoside-pentoside, naringenin, naringenin-7-O-rutinoside,
quercetin, dihydroquercetin, quercetin-3-O-xyloside, quercetin-3-O-rhamnoside, quercetin-3-0O-
glycoside, quercetin-3-O-rutinoside, quercetin-3-O-dirhamnoside, quercetin-3-O-diglycoside,
and quercetin-O-di-p-coumaroyl-rhamnopyranoside. Within the characterization, the main
compounds in the evaluated extracts are flavanone and isorhamnetin. Thus, an association
between the extracts and antioxidant activity has been observed, as well as a promising anti-
proliferative activity against different lines of lung adenocarcinoma, being the mechanism of
action associated with the induction of apoptosis (Anguiano-Sevilla et al., 2018; Morreeuw et al.,
2021a-c).

9.3 TERPENES

Terpenes are a class of bioactive compounds formed by isoprene units, a five-carbon building block
(Perveen, 2018; Masyita et al., 2022). Terpenes are classified according to isoprene units in monoter-
penes (two units), sesquiterpenes (three units), diterpenes (four units), triterpenes (six units) and tet-
raterpenes (eight units) (Aldred et al., 2009). In addition, according to their structure characteristics,
terpenes can be subdivided in acyclic (linear) — an example is the monoterpene -myrcene - and cyclic
(ring-shaped), such as p-cymene (Buckle, 2015). Meanwhile, terpenoids are a class of secondary metab-
olites derived from terpenes with different functional groups and oxidized methyl groups (Perveen,
2018; Masyita et al., 2022). Terpenes and terpenoids play a fundamental role in basic plant functions
such as growth and development. In addition, they regulate specialized functions such as interaction of
the plant with the environment, resistance/tolerance of the plant to environmental stress, and defense
against predators or pathogens. Furthermore, the pharmacological properties (antiviral, antidiabetic,
anticancer, antimicrobial, anti-inflammatory, and antioxidant, among others) of these types of metab-
olites are extensively recognized; therefore, they have been considered good prospects for the develop-
ment of new drugs (Cox-Georgian et al., 2019). Diverse investigations have established that the plants
of the Mexican desert are an important source of terpenes and terpenoids.

For its multiple pharmacological properties, the chemical composition of the famous cactus
L. schotii has been investigated (Bravo Hollis & Sanchez Mejorada, 1978; Orozco-Barocio et al.,
2013), leading to isolation and characterization of diverse terpenoids and triterpenoids, such as
Lophenol, lupeol, locereol, lathosterol, schottenol, spinasterol, 47-stigmasterol, 24-methylenelo-
phenol, 5a-campest-7-ene-3f-ol, and 5a-cholesta-7,14-dien-3-ol (Djerassi et al., 1958; Campbell
and Kircher, 1980). A study carried out by Orozco-Barocio et al. (2022) identified in the ethanol
extract from stems the sterols sitosterol glucoside, poriferasta-8,22,25-trieno, and schottenol
ferulate, as well as the terpenoid phytofluene; these compounds have been associated with the
antitumoral effect of the plant.

F. splendens is other medicinal plant from the Mexican desert that has attracted attention
for its multiple biological properties (Lopez-Romero, 2022). Chemical studies in F. splendens
have allowed the isolation and characterization of the saponin ocotillol (Warnhoff and Halls,
1965), which has been demonstrated to have antitumor activity (Wang et al., 2013). Due to the
great interest for large-scale production of ocotillol, Morales-Cepeda et al. (2021) established an
expensive method to isolate ocotillol from ocotillo logs using a batch reactor. On the other hand,
the terpenoids fouquierol and isofouquierol have been isolated from ocotillo flowers (Nevarez-
Prado et al., 2021). A study carried out by Monreal-Garcia et al. (2019) showed that the flowers of
F. splendens subsp. splendens had the highest concentration of total carotenoids in comparison
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to F. splendens subsp. campanulate, which is related to the effect of environmental conditions on
the chemical composition of ocotillo subspecies.

Due to its multiple medicinal properties and its agro-industrial uses, the terpene composition
of the F. cernua has been investigated (Jasso de Rodriguez et al., 2022). Through chromatogra-
phy-gas spectrometry, diverse mono- and sesquiterpenoids compounds have been identified in .
cernua leaves: -myrcene, 3-carene, limonene, 1,8-cineole, borneol, cis-jasmone, -caryophyllene,
caryophyllene oxide, and globulol (Estell et al., 1994). Estell et al. (2016) demonstrated that
the UV-light restriction modifies the concentration of santolina triene, tricyclene, a-thujene,
a-pinene, camphene, and other terpene compounds in F. cernualeaves. Also, it was demonstrated
that the profile and the concentration of these compounds varies according to the position of the
leaves, the age of the plant (Estell et al., 2013), and its growth stage (Fredrickson et al., 2007).

In the search of new anticancer agents, plants from the Mexican desert such as A. subulate, S.
halimifolium (Benth, 1844), and Jacquinia macrocarpa Cav. spp. pungens (A. Gray) B. Stahl have
been investigated. Bioguided fractionation of A. subulata methanolic extract led to the isola-
tion and characterization of the cardenolide glycosides 12,16-dihydroxycalotropin, calotropin,
corotoxigenin 3-0-glucopyranoside, and desglucouzarin, which effectively reduced the cancer
cell proliferation via apoptotic cell death (Rascon-Valenzuela et al., 2016; Rascén-Valenzuela et
al., 2015). Recently, Meneses-Sagrero et al. (2017) isolated and characterized spinasterol from
methanol extract of S. malifolium stems, a triterpene with antiproliferative effect on cancer cells.
Vidal-Gutiérrez et al. (2020a) isolated and characterized, for first time, primulasaponin from the
methanol extract of the fruit shells of /. macrocarpa. In addition, in this investigation, the antip-
roliferative effect of the compound against cancer cells was demonstrated.

Because of the outstanding potential of A. confertiflora to inhibit the growth of Mycobacterium
tuberculosis (Robles-Zepeda et al., 2013), a study carried out by Coronado-Aceves et al. (2016)
aimed to isolate the responsible compounds of the mycobactericidal activity of the plant,
which led to purified and characterized sesquiterpene lactones reynosin, santamarine, and
1,10-epoxyparthenolide from dichloromethane extract from aerial parts. /n vitro assays showed
that these compounds have great activity against clinical strains of M. tuberculosis, particularly
reynosin and santamarine.

To enhance the use of L. palmeri S. Wats (Verbenaceae) as a food flavoring and preservative, its
antimicrobial properties and the composition of its essential oils have been investigated. Ortega-
Nieblas et al. (2011) reported that two chemotypes, p-cymene/thymol and carvacrol chemotypes,
from the state of Sonora, Mexico, present different profiles of essential oils. Among the most abun-
dant compounds that were reported for both chemotypes are p-cymene, thymol, carvacrol, and
y-terpinene, in addition to another series of compounds reported for both chemotypes (Table 9.2).

9.4 NITROGEN-CONTAINING COMPOUNDS

Nitrogen-containing medicinal compounds have been used since ancient times, as they are
constituents of many drugs (e.g., morphine, quinine, and taxol) (Puri et al., 2018). Betalains
are the main group of nitrogen-containing compounds; they are the yellow and violet pig-
ments that substitute anthocyanins in plants belonging to the family Caryophyllales
(Achatocarpaceae, Aizoaceae, Amaranthaceae, Basellaceae, Cactaceae, Chenopodiaceae,
Didiereaceae, Halophytaceae, Hectorellaceae, Nyctaginaceae, Phytolaccaceae, Portulacaceae,
and Stegnospermataceae) (Gandia-Herrero, 2013). The most common and widely known source
of betalains are those belonging to the Amaranthaceae (namely, Beta vulgaris L. and Amaranthus
sp.) and Cactaceae families (namely, Opuntia sp. and Hylocereus sp.) (Gengatharan, 2015).
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The term betalain was introduced to describe these pigments that are immonium derivates from
betalamic acid (Wohlpart, 1968). Betalamic acid is the chromophore common to all betalain
pigments (Strack et al., 2003). The betalamic acid addition residue determines the pigment clas-
sification as betacyanin or betaxanthin (Azeredo et al., 2009). The condensation of this structure
with amines or their derivatives generates yellow betaxanthins (Latin: beta = beet; Greek: xan-
thos = yellow), whereas the condensation of betalamic acid with cyclo-dopa [cyclo-3-(3,4-dihy-
droxyphenylalanine)] or its glucosyl derivatives gives rise to violet betacyanins (Latin: beta =
beet; Greek: kyaneos = blue) (Khan and Giridhar, 2015). The resulting glycosides of betacyanins
can be linked to acylation groups, leading to several structures (Sigurdson et al., 2017). Four
structural classes of betacyanins have been reported: Betanin, gomphrenin, amaranthine, and
bougainvillein. These structures differ in the attachment of glucosyl groups to oxygen atoms at
the o-position on the cyclo-dopa radical (Belhadj Slimen et al., 2017). To date, about 70 betalains
have been identified in nature, including about 50 betacyanins and 20 betaxanthins. They are
found in fruits and seeds such as beetroot (B. vulgaris), amaranth (Amaranthus spp.), pears
(Opuntia spp.), and dragon fruit (Stenocereus spp.), among others (Cai et al., 2005; Stintzing and
Carle, 2007). They are water-soluble nitrogenous pigments located in the vacuoles of plant tissues
responsible for the red-violet (base form, betacyanins, where the betalamic acid appears con-
densed with cyclo-dihydroxyphenylanine or cyclo-DOPA) and yellow-orange (acid form, betax-
anthin derivates from betalamic acid) colors, which display stability over the pH range of 3-7
(Stintzing et al., 2006).

Although betalain’s biosynthesis and regulatory pathways are currently only partially
understood, and their origins are unknown, both betalain and anthocyanin compounds
are functionally interchangeable, resulting in complex evolutionary relationships (Li,
et al, 2019). Betalains are secondary metabolites derived from the amino acid L-tyrosine
(Tzin, 2010). The pathway involved in betalain biosynthesis begins with the hydroxylation
of L-tyrosine to 3, -dihydroxyphenylalanine or L-DOPA (Dawson, 2009) through the mono-
phenolase activity of the enzyme tyrosinase (or polyphenoloxidase) (Grandia-Herrero and
Garcia-Carmona, 2013). Betalains play an important role in human health because of their
biological and pharmacological properties, such as antioxidant, anticancer, antilipidemic,
antibacterial, etc. (Gengatharan et al., 2015; Vuli¢ et al., 2013; Gandia-Herrero et al., 2016;
Khan, 2016; Belhadj et al., 2017; Miguel, 2018; Yong et al., 2018).

Some studies are concerned with the betanin isolation, involving comprehensive mecha-
nisms to extract the pure compounds from plant sources. Among betanin purification studies,
chromatographic methods, including HPLC using reverse phase columns, are found to be the
most effective (Strack et al., 2003). However, studies about the stability of these molecules or their
antioxidant capacity after purification and storage are limited (Tonon et al., 2010). One of the
main limitations that prevent the potential use of betanins has been their instability. Therefore,
in recent years, several studies have sought to stabilize them and increase their commercial
applications (Castro-Enriquez, 2020).

The Cacteaceae family is a betalain plant source with high potential. Prickly pear (Opuntia)
and pear (Cereus, Hylocereus, and Selenicerus) are the most common betalain sources for food
coloring (Mizrahi et al., 1997; Stinzing et al., 2006). Opuntia is characterized by its tolerance
to different soils, temperatures, and humidity. Mexico has great genetic variation, with a wide
variety of fruit pulp tones (red, white, and yellow) and with a wide harvest period including
early (May), intermediate (August), early ripening (August), and late (November) (Nobel & De la
Barrera 2003). Betalains represent a good source of pigments, vitamins, minerals, amino acids,
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and sugars in the mucilage fraction (Frati et al., 1992), while the cactus fruit is widely used in the
food industry (Mobhammer et al., 2005).

Alkaloids are a group of nitrogen-containing compounds that have been used medici-
nally since ancient times. Alkaloids possess a wide range of pharmacological and therapeu-
tic effects (Al-Safi, 2021). They are mainly represented by nitrogenous organic compounds
in plants, fungi, bacteria, and organisms (Dang, 2012), which are an important group with a
variety of biological activities (Uzor, 2020). Alkaloids can be classified by their source com-
bined with their chemical structure (Qiu, 2014). They represent one of the most important
types of natural products because of their large number and structural diversity and com-
plexity (Yang, 2021). The presence of nitrogen in their structure is the peculiar chemical fea-
ture of alkaloids. However, because of the huge structural diversity, alkaloid classification
is extremely challenging. More recent classifications are based on carbon skeletons and/
or their biochemical precursor (Chiocchio, 2021). There are various classifications for alka-
loids, but the most popular classification divides whole alkaloids into three parts. The first
are called true alkaloids, which are derived from amino acid and heterocyclic compounds
with nitrogen (e.g., tropanes, plyamines, piperidines, quinolizidineas, indolizidines, iso-
quinolines, tetrahydroisoquinolin, phenylethylamines, indoles, and p-carbolines). Second
are protoalkaloids; these types of alkaloids have nitrogen, and they are derived from amino
acids, and on this basis, they are subsequently divided into phenylethylamino alkaloids, pyr-
rolizidine alkaloids, and terpenoid indole alkaloids (Roy, 2017). And third are pseudo alka-
loids - those that do not originate from amino acid aromatic alkaloids, ephedra alkaloids,
purine alkaloids, or sesquiterpene alkaloids, such as isoprenoid alkaloids including mono-
(from geraniol), di- (from geranylgeranyl-PP), and triterpene (from cholesterol) derivatives.
The latter are called steroidal alkaloids (Aniszewski, 2015).

Alkaloids are widely distributed in the plant kingdom and exist mainly in higher plants, such
as species of the family Ranunculaceae, Leguminosae, Papaveraceae, Menispermaceae, and
Loganiaceae (Wang, 2009). They play an essential role in human medicine and in the natural life
of an organism’s defense. Alkaloids account for about 20% of the known secondary plant metab-
olites (Kaur et al., 2015). In plants, alkaloids protect them from predators and regulate their
growth (Doak et al., 2014). Therapeutically, they are especially known to be anesthetic, cardio-
protective, and anti-inflammatory. Some alkaloids used in clinical settings include morphine,
strychnine, quinine, ephedrine, and nicotine (Kurek, 2019). Recently, interest has returned to
biologically active natural products, spurred on by very active developments in the field of tradi-
tional medicine and their potential in drug discovery (Atanasov et al., 2021). However, alkaloids
are not presented as lead compounds to explore the commercialization and licensing of new
drugs (Amirkia and Heinrich, 2015).

There are many reports of plants distributed around the world that show the presence of alka-
loids with pharmacological effects, including ajmaline (antiarrhytmic), colchicine (anti-irritant),
emetine (antitoxin, emetic), ergot alkaloids (vasoconstrictor, hallucinogenic, inotropic, glaucine
(antitussive), morphine (analgesic) nicotine (nicotinic ecetylcholine receptor agoinst), phy-
tostigmine (acethylcholinesterase inhibitor), quinidine (antiarrhytmic), quinine (antipyretic,
fever), resperpine (lower blood pressure), tobocuraine (muscle relaxant), vinblastine, vincristine
(antitumor), and many other healing effects (Cushnie et al., 2014; Qiu et al, 2014). Recently, a
sleep-inducing effect was reported for Lophophora diffusa (peyote), a plant used in rituals and
ceremonies in Mexico, which was associated to the presence of isoanhalamine, isoanhaldine,
isoanhalonidine, and isopellotine (Chan et al., 2021). It is important to point out that this plant
is regulated for its exploitation and consumption; therefore, its research is also limited. The
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TABLE 9.3 IDENTIFIED NITROGEN-CONTAINING COMPOUNDS PRESENT IN SOME PLANTS
FROM MEXICO DESERT AND SEMI-DESERT AREAS AND THEIR ACTIVITIES

Identified
Plant Compounds Activity Reference
Opuntia ficus Betanin Antiproliferative activity Sreekanth (2007)
indica in K562 cells
Opuntia robusta ~ Betanin, isobetanin, Source of pigments Castellanos-Santiago
Wendi betanidin, and (2008)
(Camuesa) isobetanidin
Opuntia spp. Betalain Anticancer Sreekanth (2007); Serra
(Chronic myeloid (2013)
leukemia cell line K562);
and antiproliferative
(Human colon cancer cell
line HT29).
Opuntia Betalain Antibacteria (E. coli Hayek (2012)
matudae 0157:H7)
Pachycereus Isoquinoline alkaloids ~ Anticancer Shetty et al. (2012)
marginatus lymphoma L5178Y-R
(DC) Britton &
Rose
Ibervillea Cucurbitacines Hypoglycemic activity Andrade-Cetto and
sonorae (8. Heinrich (2005)
Watson) Zapata-Bustos et al. (2014)
Greene
Lophophora Isoanhalamine Sleep-inducing effect Chan et al. (2021)
diffusa Isoanhaldine
(peyote) Isoanhalonidine
Isopellotine

Mexican desert could represent an important source of alkaloids for medicinal uses; however,
studies are still required in this regard. Examples of different activities of nitrogen-containing
compounds present in some desert plants are shown in Table 9.3.

9.5 PERSPECTIVES ON EXTRACTION AND BIOACTIVITY PROTECTION

The interesting medicinal properties of plants from desert areas, particularly in Mexico, have
led to the generation of various lines of research focused on the design of extraction techniques
in addition to seeking alternatives to increase and protect the properties of their bioactive
compounds.

To obtain pure compounds or plant extracts (a mixture of bioactive compounds), tech-
niques classified as conventional or non-conventional are used. Conventional extrac-
tion techniques, such as hydrodistillation and Soxhlet extraction, have been successful in
recovering essential oils from aromatic plants (Avila-Sosa et al., 2011; Wright et al., 2013).
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Non-conventional techniques (e.g., microwave and ultrasound) usually guarantee higher
recovery yields, in addition to better bioactivity, as they use less aggressive conditions and
shorter extraction times (Guia-Garcia et al., 2022). Non-conventional techniques can be
useful to isolate phenolic compounds for which more specific procedures are required. For
example, Guia-Garcia et al. (2021) reported higher values of ellagic acid from R. microphylla
fruits only when ohmic heating extraction was used compared to conventional agitation.
Ultrasound-assisted extraction has also been reported to be effective for extracting phe-
nolic compounds from the Mexican desert plants J. dioica, F. cernua, Turnera diffusa, and
Eucalyptus camaldulensis, which showed good antioxidant activity (Wong-Paz et al., 2015a).
Recently, supercritical fluid extraction (SFE) has become one of the most advanced tech-
niques for obtaining bioactive compounds and plant extracts. It is based on the fact that
the solvents used for the extraction retain the properties of gas and liquid at the same time
(supercritical state); in this way, the solvent diffuses as a gas and dissolves the content as a
liquid. CO, is the most common solvent for SFE, as it is cheap, environmentally friendly, and
generally recognized as safe (GRAS), but other solvents are also investigated to extract com-
pounds that cannot be recovered using CO, alone (Al-Maqtari et al., 2021). To date, there are
few studies using SFE to extract bioactive compounds from Mexican desert plants, mainly
because its implementation requires high investment costs. However, recent works have
shown the potential of this technique to efficiently extract oleoresins from L. graveolens
HBK, which exhibited outstanding antimicrobial activity against two multidrug-resistance
strains (Enterococcus faecalis and Staphylococcus aureus) (Calva-Cruz, et al., 2022).

On the other hand, the susceptibility to degradation of bioactive compounds is widely
known, especially under certain conditions of temperature, humidity, and light, among oth-
ers. In this context, the encapsulation in micro- or nanosystems of pure compounds and
plant extracts can protect of their bioactivity while allowing a controlled release, leading to
a prolonged effect (Kavetsou et al., 2019). During the encapsulation process, the target com-
pounds (core) are trapped within a wall material (e.g., polysaccharides, lipids, and proteins),
forming capsules or fibers, thus improving their physical and chemical stability (Zhang et
al., 2016). The shape, size, and functionality will depend on the technique and conditions
(e.g., wall materials and concentration) used. Some of the simplest and most economical
techniques for encapsulation of bioactive compounds are coacervation, solvent displace-
ment, and layer-by-layer (LbL). While techniques such as spray-drying, freeze-drying, and
electrospraying can be more expensive, they are very effective for the formation of micro- and
nanostructures (Gufa-Garcia et al., 2022). Even though encapsulation has been successfully
applied for the protection of bioactive compounds from several natural sources (Fabra et al.,
2016; Rodrigues et al., 2020), there are few works focused on plants of the Mexican desert.
One of these is the recent work reported by Jasso de Rodriguez et al. (2019), in which plant
extracts of F. cernua, F. microphylla, and F. retinophylla were encapsulated using coacerva-
tion technique and alginate as wall material. The produced capsules had spherical-shape
and were classified as microcapsules (size range of 2.1-68.8 um), which showed improved
stability during release in an in vitro gastrointestinal digestion system, as well as strong
antioxidant activity compared to unencapsulated extracts.

Given the great potential of Mexican desert plants, novel extraction and encapsulation tech-
niques should be investigated to achieve higher yields, functionality, and broader bioactivity of
their bioactive compounds and extracts. This represents an area of opportunity for the develop-
ment of new drugs with prolonged effects (Figure 9.2).
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Figure 9.2 Extraction and encapsulation of pure compounds and extracts from Mexico’s desert and
semi-desert areas for the development of new drugs.

9.6 CONCLUSIONS

Plants from Mexico’s semi-desert and desert areas are an excellent source of chemical com-
pounds, such as phenolic compounds, triterpenes, and alkaloids, and their = presence and pro-
duction are associated with the extreme conditions of growth and development. Extracts or pure
compounds isolated from these plants have several biological activities. Thus, these plants could
represent a feasible alternative for the development of new pharmacological therapies through-
out the compound’s extraction or semi-purified fractions; however, it is necessary to carry out
toxicity studies to guarantee their possible application.
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10.1 INTRODUCTION

The agri-food industry suffers important product losses due to several biotic and abiotics factors,
reaching the highest losses in fruit and vegetables during the postharvest stage (up to 40%) (Flores-
Lopez et al., 2016). Cucumber (Cucumis sativus L.) is one of the fruits with the highest margin of
loss because of its high water content, and this promotes microbial attack with an average shelf life
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between 5 to 7 days (Mohammadi et al., 2015). In Mexico, this crop occupies the fifth place in exports,
representing an important market for the country, making development of new strategies to main-
tain its quality and extend its shelflife relevant (Trejo Valencia et al., 2018).

A novel alternative is the use of edible coatings, which act as a barrier against water loss,
thus extending the postharvest quality and shelf life of the produce (Medeiros et al., 2012). In
addition, edible coatings can act as vehicles of bioactive compounds or extracts from plants,
leveraging their antioxidant and antimicrobial properties which could enhance the benefits of
fruit and vegetables (Cai et al., 2020; Yin et al., 2019). Different materials can be used to pro-
duce coatings, but natural materials such as biopolymers (e.g., gums, alginates, mucilages.) are
preferred (Hassan et al., 2018). The use of mucilages has become relevant because of their high
fiber content; besides, these materials have a high water-retention capacity and solubility, which
gives them viscous properties (Waghmare et al., 2021). In this regard, mucilage extracted from
chia seeds has been used as edible material to enhance the shelf life of strawberries, reducing
the enzymatic browning of the fruit (Mousavi et al., 2021). Moreover, the mucilage has showed
remarkable properties when it is combined with essential oils, enhancing their antifungal prop-
erties against Aspergillus spp. and Penicillium spp. (Mufioz-Tébar et al., 2022).

On the other hand, the interesting activities of Mexican desert and semi-desert plants (e.g.,
antioxidant and antifungal) are the result of their tremendous metabolic machinery adapted
to survive extreme climatic conditions (De Ledn-Zapata et al., 2016). For example, the ethanol
extracts of Juglans spp. and Carya sp. have been effective in inhibiting the growth of Fusarium
oxysporum on tomato crops under greenhouse conditions (Jasso de Rodriguez et al., 2019). In
addition, nanolaminate coatings based on chitosan and alginate were used as carriers of etha-
nol extracts of Flourensia cernua, proving to be an important barrier to fungal attack, as well as
reducing the weight loss during postharvest storage of tomato fruits (20 °C for 15 days) (Salas-
Méndez et al., 2019). The authors associated the results to the antioxidant and antimicrobial
activities of the extracts of F. cernua. The functionalization of edible coatings for the develop-
ment of postharvest technologies is an area of research receiving great interest, especially with
the incorporation of bioactive compounds or extracts from Mexican desert and semi-desert
plants. This chapter reports, for the first time, the effect of an edible coating based on chia muci-
lage containing R. microphylla fruit extract on the shelflife of cucumber fruits.

10.2 MATERIALS AND METHODS
10.2.1 Reagents

Chia seeds and cucumber fruits were purchased from a local market in Saltillo, Coahuila,
Mexico. Peptone water and count plate agar were acquired from BD Difco (Spain). The
2,6-Dichlorophenolindophenol and ascorbic acid were obtained from Sigma-Aldrich (USA). All
reagents used were analytical grade.

10.2.2 Mucilage Extraction

The mucilage extraction was performed following the method described by Charles-Rodriguez
et al. (2020), with some modifications. Briefly, chia seeds were hydrated with distilled water (1:10,
w/v) for 60 minutes (min) under continuous stirring at room temperature. The mixture was lig-
uefied and centrifuged to separate the phases. The resulting mucilage was lyophilized (Labconco
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Freezone 6.0, Expotech, Houston, TX, USA) at -55°C and 0.133 mbar for 24 h and stored in a dry
place until use.

10.2.3 Shelf-life Assay in Cucumber Fruits

The fruits were washed with distilled water and dried in an oven. Then, the cucumbers were
immersed in the coating solution (0.24% w/v lyophilized chia mucilage, 0.15% w/v sodium chlo-
ride, and 0.05% w/v glycerol) containing R. microphylla extract (C+R) (2500 mg/L) for 10 seconds
(s) to apply the coating on the surface of the fruit. The coated cucumbers were placed in alumi-
num trays and dried at 30°C for 20 min in a convection oven (Biobase Biodustry Shandongo Co.,
Ltd., Jinan, China) to dry the coating. For control, uncoated fruits were used. Finally, the cucum-
bers were stored at 18°C for 15 days (d) at 85% relative humidity (RH), and the physicochemical
and microbiological tests were performed at regular intervals (0, 3, 6, 9, and 15 d).

10.2.4 Weight Loss

The weight loss of cucumbers during storage was evaluated by the mass change. The results were
expressed as percentage (%) and calculated using Equation 10.1.

Weightloss(%)= leoo (10.1)

0

where W, is the initial weight, and W, is the respective weight of every 3 d.

10.2.5 Total Soluble Solids (TSS) and pH

The juice of cucumbers was obtained by weighing and liquefying 10 g of fruit pulp. For the deter-
mination of TSS, a juice droplet was placed on a refractometer (PROCKET-ATAGO, USA). The pH
value was directly determined from juice using a potentiometer (HANNA, China).

10.2.6 Vitamin C

Vitamin C content was evaluated by the method of 2,6-dichlorophenolindophenol using an
ascorbic acid standard curve (AOAC, 1990). The results were expressed as mg of vitamin per 100 g
of fresh weight.

10.2.7 Color

The surface color was analyzed using a colorimeter (Minolta, USA). The luminosity (L*), blue/red
color (a*), and yellow/blue tone (b*) were evaluated. In addition, the hue angle (°H) was calcu-
lated according to Equation 10.2:

Hueangle(°H)=tan™" b* (10.2)
a

10.2.8 Microbiological Analysis

The microbiological assay followed the methodology described by Sogvar et al. (2016) with minor
modifications. Briefly, 10 g of a sample were homogenized and diluted in 90 mL of sterile peptone
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water. Serial dilutions were poured on Petri dishes, then plate count agar was added, and the
mixtures were homogenized. Subsequently, they were incubated at 30°C for 2 d for the determi-
nation of total mesophiles. The assay was performed twice, and the results were expressed as
logarithm of colony forming units per gram (log CFU/g).

10.2.9 Statistical Analyses

All assays were made in triplicate, and the results were expressed as means + standard devia-
tions. One-way analyses of variance (ANOVA) were used to detect significant differences in each
assay followed by Tukey’s mean comparison test (p < 0.05) using Minitab software version 17.0
(State College, PA, USA).

10.3 RESULTS AND DISCUSSION
10.3.1 Weight Loss

Figure 10.1 shows the weight loss during the storage period. Uncoated cucumbers presented the
highest (p < 0.05) water loss with a value of 5.1% at the end of the test, while coated cucumbers
with C+R had a weight loss of 2.6% at 15 d of storage. The decrease in weight is associated to
the loss of moisture and volatile compounds from the surface of fresh fruits, which cause some
physiological changes (Brasil et al., 2012). The results obtained agree with those reported by Patel
and Panigrahi (2019), in which cucumber fruits coated with 1.5 uM of starch and 2.5 uM with
D-glucose had lower weight loss than the control during the storage period of 20 d at 4°C. The
lower weight loss observed in fruits coated with C+R may be due to the barrier created by the
chia mucilage and components of the R. microphylla fruit extract. Polysaccharide-based coat-
ings have good barrier properties to O, and CO,, but one disadvantage is the lower moisture
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Figure 10.1 Weight loss (%) of uncoated (control) and coated (C+R) cucumber fruits. Significant differ-
ences between means (*p < 0.05) compared to uncoated cucumber fruits.
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barrier properties because of the hydrophilic nature of polysaccharides (Flores-Lopez et al.,
2016). However, it seems that the synergy between chia mucilage and R. microphylla fruit extract
can be more effective, as the intermolecular interactions between components are more stable
(Charles-Rodriguez et al., 2020).

10.3.2 TSS and pH

The TSS values showed significant differences between treatments, as the fruits treated with
C+R showed an increased value of 2.7%-3.1%, while the control showed values of 2.4%-2.9%
(Figure 10.2a). The increase in TSS values observed during storage on the coated cucumbers has
been reported for other fruits, such as goji fruit (Fan et al., 2019). This could be due by the hydro-
lysis of insoluble polysaccharides during the maturation process (Yang et al., 2019). A positive
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Figure 10.2 Total soluble sugars (a) and pH (b) values of uncoated (control) and coated (C+R) cucumber
fruits. Different letters (a, b) on the same day indicate significant differences (p < 0.05) between treatments.
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Figure 10.3 Vitamin C content throughout storage time of uncoated (control) and coated (C+R) cucum-
ber fruits. Significant differences between means (*p < 0.05) compared to uncoated cucumber fruits.

effect was shown in the pH values (Figure 10.2b), in which the higher pH values in the coated
cucumbers may be attributed to the formation of sugars from the organic acids and other com-
plex molecules present in the fruit, being used as an energy reserve for the metabolic ripening
process (Cenobio-Galindo et al., 2019).

10.3.3 Vitamin C

During the storage time, the cucumbers coated with C+R presented significant differences in the
content of vitamin C. In general, the vitamin C values were kept in the range 0f 9.3-10.0 mg/100 g
in coated cucumbers (Figure 10.3). A decrease in vitamin C was observed during storage because
of the action of oxidase enzymes, such as phenol oxidase and ascorbic acid oxidase. Nevertheless,
the use of extracts helps to reduce the activity of these enzymes by the extract’s antioxidant
capacities, which brings a minor decrease of vitamin C in the coated cucumbers (Guia-Garcia et
al., 2021; Oluwaseun et al., 2013).

10.3.4 Color

Color is an important attribute in the shelflife of fruits (Shahiri et al., 2013). The luminosity of the
coated cucumber remained similar to the L* value compared to the control; however, at 15 d of
storage, the L* value of the uncoated cucumber was significantly higher (Figure 10.4a). Advanced
ripening processes in uncoated fruits during storage conditions and the accelerated respira-
tion process can cause discoloration of cucumbers and accumulation of water on the surface
(Manjunatha and Anurag, 2014). Furthermore, °H values at 0, 3, and 6 d of storage showed (p <
0.05) differences between treatments (Figure 10.4b). The °H value represents the degree of green
color of the cucumber peel (Cosme-Silva et al., 2017). In this study, the coated fruits presented
values of 127°-131° indicating a green-yellow color as reported by Jia et al. (2018). The ripening
process significantly affects the fruit color by an accelerated respiration rate, which may cause
a discoloration in cucumbers and a higher water accumulation on their surface (Manjunatha
and Anurag, 2014). Green fruits suffer this process due to a decrease in their chlorophyll content
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Figure 10.4 [* =Luminosity (a) and H° = huge angle (b) of uncoated (control) and coated (C+R) cucumber
fruits. Different letters on the same day indicate significant differences (p < 0.05) between treatments.

by their erosion over time, promoting changes in the organoleptic properties (Moalemiyan and
Ramaswamy, 2012).

10.3.5 Microbiological Analysis

The C+R treatment applied to cucumbers was effective in the growth inhibition of total meso-
philic microorganisms. In control fruits, the total mesophilic count increased from 6.0 to 7.6
log CFU/g, and coated fruits were 5.3 to 6.6 log CFU/g at day 15 of storage (Figure 10.5). The
application of functionalized edible coatings has demonstrated their capabilities to reduce the
fungal decay and the growth of microorganisms in fruits (Chu et al., 2020; Correa-Pacheco et al.,
2017; Guerreiro et al., 2016). The antimicrobial effect detected in the functionalized edible coat-
ing evaluated in this work can probably be related to the presence of phenolic compounds (e.g.,
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Figure 10.5 Counts of total mesophilic microorganisms throughout storage time of uncoated (con-
trol) and coated (C+R) cucumber fruits. Significant differences between means (*p < 0.05) compared to
uncoated cucumber fruits.
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Figure 10.6 Uncoated (control) and coated (C+R) cucumber fruits on the day 15 of storage at 18 °C and
85% RH.

gallic acid, ferulic acid, ellagic acid, and epicatechin) previously reported in the R. microphylla
fruit extracts (Charles-Rodriguez et al., 2020), which are involved in the plant protection against
predators and microorganisms (Guia-Garcia et al., 2021; Jasso de Rodriguez et al., 2019).

Under storage conditions at 18°C, the coated cucumbers showed a healthy appearance until
15 d, while the uncoated fruits presented green-yellow spots and fungal growth at day 9 of stor-
age (Figure 10.6). The coated fruits maintained their dark green color during the test, mainly
associated with the interaction of C+R on fruit surface and, consequently, a barrier to the respi-
ration process (Capitani et al, 2016).

10.4 CONCLUSIONS

The edible coating based on chia mucilage functionalized with R. microphylla fruit extract
showed to be an effective barrier to the weight loss and microbial attack in cucumber fruits. The
C+R was able to retain the quality parameters of the cucumber fruits, as it prevented changes
in color, TSS, pH, and vitamin C during the postharvest storage for 15 d at 18 °C and 85% RH.
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This is the first scientific report on the functionality of R. microphylla fruit extract to extend the
shelf life of cucumber fruits using edible coating chia mucilage as a vehicle. This technology is a
promising postharvest tool to improve the postharvest quality of fruits and vegetables and can
be considered as a feasible alternative on an industrial scale.
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Larrea tridentata, commonly known as ‘gobernadora’, ‘arbusto de creosota’, and ‘hediondilla, is
distributed throughout the deserts of North America, extending from the southwestern United
States to central Mexico. In Mexico, this plant is distributed throughout desert areas in the
states of San Luis Potosi, Coahuila, Durango, Sonora, Zacatecas, and Baja California Norte. In
the United States, this plant can be found in the states of Arizona, California, Nevada, Texas, and

New Mexico (Balderas et al., 2018).

This plant has been widely used in traditional medicine for different purposes. Most com-
mon applications include the use of infusion preparations and consumed as capsules (leaves
or ground twigs) via oral consumption as natural treatments against varicella, tuberculosis,

DOI: 10.1201/9781003251255-11

231


http://dx.doi.org/10.1201/9781003251255-11

232

Larrea Tridentate

sexually transmitted diseases, menstrual pain, and snake bites, among others (Arteaga et al.,
2005; Gnabre et al., 2015).

Depending on the traditional use, different scientific studies have been carried out to val-
idate its empirical properties and guarantee its safety. Relevant biological activities reported
for this plant include antimicrobial, antifungal, antiparasitic, antiviral, antiproliferative, and
antioxidant activity. These biological activities have been attributed to the presence of chemical
compounds in the plant, such as phenolic compounds, terpenes, anthraquinones, alkaloids, and
saponins (Soriano et al., 1999; Craigo et al., 2000; Vargas-Arispuro et al., 2005; Favela-Hernandez
et al., 2012; Garza, 2014; Aguirre-Joya et al., 2018).

Despite the relevant activities shown by L. tridentata, current toxicological studies that
guarantee its safe application in humans are inconclusive and contradictory (Sheik et al., 1997;
Portilla-de Buen et al., 2008). Previous scenarios have made the study of different drug develop-
ment research levels possible, starting from the discovery phase, to the non-clinical phase, then
finally clinical assays, which will reveal the toxicological effects of the drug candidates obtained
from L. tridentata in order to guarantee the efficacy and safety of its products.

11.2 CHARACTERISTICS, DISTRIBUTION, AND MEDICINAL USES

Larrea tridentata (Sessé & Moc. ex DC.) Coville is a medicinal plant known by many common
names, such as ‘arbusto de creosota’, ‘hediondilla’, ‘guamis’, ‘gobernadora’, ‘sonora’, ‘tasajo’ and
‘jarilla’ In the Sonoran Desert in Mexico, the members of the Seri tribe also call it ‘hdaxat’ or
‘haajat’. The name of the genus, Larrea, is in honor of the scientist who first described it, J.A.
Hernandez de Larrea. The natives call the plant ‘gobernadora’ for its ability to inhibit the growth
of surrounding plants and ‘hediondilla’ for its bad smell, particularly noticeable after it has
rained (Gnabre et al., 2015; Garcia-Castillo, 2012).

L. tridentata is a perennial bush of 1-3.5 m tall with flexible stems. Its leaves are dark green
to yellowish green, 1 cm long by 5 mm wide, and covered with pubescents and a resinous mate-
rial with a penetrating odor. L. tridentata’s flowers are solitary with yellow petals. It presents
globose fruits with five carpels, and its seeds are elongated and curved. Its flowering period is
between February and April; however, it can flower with a minimum of 12 mm of precipitation
(Figure 11.1) (Seinet, 2020).

L. tridentata is the most common bush in the deserts of North America, especially on dry
pains and plateaus below 5,000 feet (1.576 m). It is not used to feed livestock (Seinet, 2020). It
is distributed from the southwestern United States to Central Mexico, being abundant in the
states of San Luis Potosi, Coahuila, Durango, Sonora, Zacatecas, and Baja California Norte. In
the southwestern United States, this plant is distributed in the states of Arizona, California,
Nevada, Texas, and New Mexico (Mata-Balderas et al., 2018).

The Pima and Maricopa Native American tribes of the southwestern United States use L. ¢ri-
dentata in the form of extracts or decoctions to empirically treat more than 50 diseases includ-
ing chickenpox, tuberculosis, sexually transmitted diseases, period pain, snake bites (Arteaga
et al., 2005; Gnabre et al., 2015), infections in the genitourinary and respiratory tracts, inflam-
mation of the musculoskeletal system, skin damage, kidney problems, and diabetes, among oth-
ers (Martins et al., 2013a). Traditional medicine also uses L. tridentata leaves for the treatment
of cold, flu, skin sores, arthritis, sinusitis, gout, anemia, fungal infections, and cancer (Gnabre
et al., 2015). Its antimicrobial and antiallergic properties as well as its effect on autoimmune
diseases have also been widely recognized in traditional indigenous medicine (Arteaga et al.,
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Figure 11.1 Characteristics and distribution of Larrea tridentata.

2005). Native healers in the southwest of North America use the aqueous extract of L. tridentata,
popularly known as ‘chaparral tea’, for the treatment of gallbladder and kidney stones (Arteaga
etal., 2005).

11.3 BIOACTIVE COMPOUNDS

Bioactive compounds are secondary metabolites produced by plants known as phytochemicals,
which generally do not take part in the plant’s growth and development (Bernhoft, 2010). These
chemical compounds present a great structural variety and can be classified into three groups
based on their structure: phenolic compounds, alkaloids, and terpenes/terpenoids, the latter
being the most abundant in natural products (Azmir, 2013). Historically, these compounds have
been associated with beneficial effects toward people’s health via the consumption of natural
products. In addition, several scientific studies have demonstrated that these compounds have a
broad range of biological activities (Cor et al., 2018; Debnath et al., 2018; Li et al., 2014). The stud-
ies previously mentioned have served as the foundation of the development of current pharma-
cological therapies (Serrano et al., 2006).

11.3.1 Phenolic Compounds Identified in L. tridentata

Phenolic compounds are a diverse group of compounds that have aromatic rings and can present
diverse complexity in their structure. Likewise, these structures may contain different groups as
well as glycosides (Asim et al., 2018; Shahidi and Yeo, 2018). These compounds are mainly synthetized
through proteins, tyrosine, and tryptophan, and currently, more than 8,000 types of these compounds
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have been identified (Chhikara et al., 2018). The most abundant group of these compounds are flavo-
noids, which are identified as flavonoles, flavones, flavanones, anthocyanins, chalcones, and isofla-
vones. The other group of phenolic compounds constitutes phenolic acids, which can be divided into
hydroxycinnamic acids and hydroxybenzoic acids (Cianciosi et al., 2018). Additionally, other types
of these compounds can be found synthetized by plants, which can be called tannins, lignans, and
stilbenes (Aguilera, 2016). These compounds have shown a wide spectrum of biological activity such
as antioxidant, antimicrobial, anti-inflammatory, antiviral, antiproliferative, and antifungal, among
others (Li et al., 2014; Tungmunnithum et al., 2018).

One of the most commonlyreported compoundsin extracts obtained fromleaves and above ground
parts of L. tridentata are phenolic compounds. In this regard, different studies have demonstrated
that the content of this type of compound varies between 68.55 to 487.13 ellagic acid equivalent/g of
dry sample (Aarland et al., 2015; Martins et al., 2012; Martins et al., 2010b; Martins et al., 2011; Martins
etal., 2013a; Sagaste et al., 2019; Skouta et al., 2018). Similarly, Hyder et al. (2002) analyzed the content
of phenolic compounds from different constituents of L. tridentata (flowers, seeds, leaves, stems and
roots). It was observed that the content of these compounds varied between ~8 to ~41 mg/g of dry
sample, with a more prominent concentration in the stems, leaves, and roots, respectively. Likewise,
another group of phenolic compounds quantified in L. tridentata are flavonoids, which have shown
values that range between 0.88 to 24 mg quercetin equivalent/g of dry sample (Aarland et al., 2015;
Martins et al., 2012; Martins et al., 2013a). Generally, the variations in phenolic compound and fla-
vonoid content can be associated to methodological differences between studies, the location from
which the plant was harvested, the harvesting season, the part of the plant used, the type of solvents
used in the extraction, and the extraction method.

On the other hand, other studies have aimed to identify the phenolic compounds present in the
plant (Figure 11.2). In this regard, one of the commonly found group compounds in extracts of L.
tridentata are flavonoids, in which quercetin, kaempferol, catechin and epicatechin, gossypetin,
herbacetin, quercetin-3-rhamno glucoside, quercetin-3-glucoside, quercetin-3-methylether, and
kaempferol-3-methylether have been identified (Bernhard, 1981; Chirikdjian, 1973; Martins et al.,
2012; Martins et al., 2011; Martins et al., 2013a; Sagaste et al., 2019). In this sense, Skouta et al. (2018)
obtained several factions of a hydroethanolic extract of L. tridentata, which were shown to contain
different flavonoids, such as juglanin, liquiritin, 3'4’,5,7-tetraacetoxyflavone and 3'4,5,7-tetrameth-
ylquercetin. Other investigations have focused on the isolation of these compounds, for example,
Sakakibara et al. (1975) isolated two 8-trihydroflavonols, known as dimethoxytrihydroxyflavone and
trihydroxytrimethoxyflavone (Abou-Gazar et al., 2004), and isolated and characterized six flavonoids
through a methanolic extract: herbacetin 3,8,4-trimethyl ether, 5,74-trihydroxy-3,8,3"-trimethoxy
flavone, apigenin, (+)-dihydroisorhamnetin, 5,74 -trihydroxy-3,8-dimethoxyflavone, and kaempferol-
3-methyl ether. In the same context, Favela-Hernindez et al. (2012) identified four new flavonoids in
L. tridentata, which were named 5.,4"-dihydroxy-3,7,8,3-tetramethoxyflavone, 54'-dihydroxy-3,7,8-
trimethoxyflavone, 54-dihydroxy-7-methoxyflavone and 5,8,4-trihydroxy-3,7-dimethoxyflavone.
In a study carried out by Schmidt et al. (2012), six new phenolic compounds were also isolated and
analyzed; they were named naringenin, 3-O-methyltaxifolin, apigenin-7-methylether, apigenin-7,4™
dimethyl ether, kaempferol-3,7-dimethylether, and herbacetin-3,7-dimethylether. Similarly, other
studies have demonstrated that extracts in this plant are the source of other flavonoid structures, for
example, (S)-4, 5-dihydroxy-7- methoxyflavanone and 3-methoxy-6, 7, 4-trihydroxyflavone (Bashyal
et al,, 2017; Lambert et al., 2005).

Another group of phenolic compounds identified in extracts of L. tridentata are phenolic acids
(Figure 11.2). In this regard, different investigations have demonstrated the presence of chloro-
genic acid, p-coumaric acid, ferulic acid, gallic acid, caffeic acid, and ellagic acid. In general, it
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Figure 11.2 Groups of bioactive compounds identified in Larrea tridentata.

has been observed that the latter two phenolic acids were the most abundant in the extracts
with 2.28 and 2.5 mg/g, respectively (Aarland et al., 2015; Aguilar et al., 2008; Sagaste et al., 2019;
Ventura et al., 2008).

Studies have also reported the presence of tannins, another type of phenolic compounds, in
the extract of L. tridentata. Hyder et al. (2002) determined the content of condensed tannins in
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flowers, seeds, leaves, stems, and roots extracts of L. tridentata, observing that the content varied
between 0.1 to 1.8 mg/g of dry sample and that flower extracts presented the highest concentra-
tion. In the same context, Trevifio-Cueto et al. (2007), Aguilar et al. (2008), and Ventura et al.
(2008) determined the content of hydrolyzed tannins and condensed tannins in extracts from
leaves of L. tridentata. It was observed that condensed tannins had a high concentration, which
was 41%-68% higher than the concentration of hydrolyzed tannins.

The most abundant group of phenolic compounds in extracts of L. tridentata are lignans
(Figure 11.2). Different studies have demonstrated that the mostly isolated and quantified lignan
in L. tridentata is nordihydroguaiaretic acid (NDGA), which has shown variations in its con-
centration, presenting amounts that range from 2.12 to 66.5 mg/g of dry sample (Downum et
al., 1988; Elakovich and Stevens, 1985; Hyder, 2002; Martins et al., 2010a; Martins et al., 2012;
Martins et al., 2010b; Martins et al., 2011; Martins et al., 2013; Skouta et al., 2018; Vargas-Arispuro
et al., 2005). Other studies have demonstrated that besides containing NDGA lignan, extracts of
this plant also contain the compound with substitutions by the methyl group in their structure
(Gnabre et al., 1996; Vargas-Arispuro et al., 2005). Likewise, other lignans have also been identi-
fied in this plant. For example, Konno et al. (1990) isolated six lignans from the extracts of leaves
and stalks of L. tridentata, which were identified as lerreatricin, 3’,3”-dimethoxylarreatricin,
4-epi-larreatricin, 3”-hydroxy-4-epi-larreatricin, larreatridenticin, and 3,4-dehy-drolarreatricin.
Abou-Gazar et al. (2004) utilized a methanolic extract from the leaves of L. tridentata, isolating
three lignans, which were named (7S,85,7’S,8°S)-3,3"4-trihydroxy-4-methoxy-7,7-epoxylignan,
meso-(rel 7S,85,7°R,8'R)-3,4,3"4-tetrahydroxy7,7-epoxylignan, and (E)-4,4-dihydroxy-7,7"-dioxol
ign-8(8’)-ene. In the same context, Lambert et al. (2005), isolated six lignans from a diethyl ether
toluene extracts from flowers: 3,4-dihydroxy-3’4-dimethoxy-6,7-cyclolignan, 3-demethoxy-
isoguaiacin, three butane-type di-O-methylated lignans, and one butane-type tri-O-methyl
lignan. Favela-Hernandez et al. (2012) purified and characterized three lignans from a chloro-
form extract from leaves of L. tridentata, which were named dihydroguaiaretic acid, 4-epi-lar-
reatricin and 3’-demethoxy-6-0-demethylisoguaiacin. Similarly, Schmidt et al. (2012), through
an extract of dichloromethane from L. tridentata, purified nine lignans known as meso-dihy-
droguaiaretic acid, meso-dihydroguaiaretic acid, 3-O-methyldihydroguaiaretic acid, 4,4-dihyd
roxy-8,8’-dehydro-7,7-epoxylignan, 3,4,4-trihydroxy-7,7-epoxylignan, 3,3’4"-trihydroxy-4-meth
oxy-7,7-epoxylignan, 3,34,4-tetrahydroxy-7,7-epoxylignan, 3,3-di-O-demethylisoguaiacin,
and 3-O-demethylisoguaiacin. A study carried out by Bashyal et al. (2017) demonstrated that
a methanolic extract of L. tridentata presented a high quantity of lignans, such as NDGA and
3’-O-methylnordihydroguairetic acid. Additionally, the following compounds were isolated and
characterized: 3-demethoxy-6-0O-demethylisoguaiacin, nor-isoguaicin, 3-demethoxyisoguai-
acin, 6,3-di-O-demethoxy-isoguaiacin, 3’-hydroxy-4-epi-larreatricin y (7R, 7'R)-7, 7-bis(4’, 3,
4-trihydroxyphenyl)-(8R, 8’S)-8, and 8-dimethyltetrahydrofuran. In other study, justicidin B
lignan was identified in nine different fractions obtained from a water-alcohol extract from L.
tridentata’s leaves (Skouta et al., 2018).

11.3.2 Triterpenes Identified in L. tridentata

Another group of compounds widely distributed in these plants are triterpenes (Figure 11.2),
which have a pentacyclic structure of 30 carbons comprised by isoprene units (Agra et al., 2015).
These compounds are synthetized in the plants via the mevalonate pathway, and currently more
than 2,000 different structures in natural products have been identified (Thimmappa et al.,
2014). Generally, these compounds can be classified in six groups based on their structure. They
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are known as euphanes, taraxanes, oleananes, lupaneps, ursanes, and baccharanes, which can
have glycoside units in their structure. Likewise, these compounds have presented a wide array
of diversity in their biological activities (Xia et al., 2014; Yin, 2012).

Hui-Zheng et al. (1988) identified two triterpenes from L. tridentata stem methanolic extract:
3p-(3,4-dihydroxycinnamoyl)-erythrodiol and 3p-(4-hydroxycinnamoyl)-erythrodiol. Similarly,
Jitsuno and Mimaki, (2010) isolated 25 triterpenes from aerial parts of L. tridentata and were
identified as: 3-[(0-(4-O-sulfo-b-D-glucopyranosyl)-(1—3)-a-L-arabinopyranosyl)oxy]olean-1
2-en-28-oic acid b-D-glucopyranosyl ester sodium salt, 3-[(O-b-D-glucopyranosyl-(1—3)-2-O-
sulfo-a-L-arabinopyranosyl)oxy]olean-12-en-28-oic acid b-D-glucopyranosyl ester sodium salt,
3-[(O-b-D-glucopyranosyl-(1—3)-a-L-arabinopyranosyl)oxy]olean-12-en-28-oic acid, 3-[(O-b-D-
glucopyranosyl-(1—3)-a-L-arabinopyranosyl)oxylolean-12-en-28-oic acid b-D-glucopyranosyl
ester, 3-[(O-b-D-=xylopyranosyl-(1—3)-b-D-glucuronopyranosyl)oxylolean-12-en-28-oic  acid
b-D-glucopyranosyl ester, 3-[(0-b-D-glucopyranosyl-(1-3)-O-[a-L-rhamnopyranosyl-(1—2)]
-a-L-arabinopyranosyl)oxylolean-12-en-28-oic acid, 3-[(0-b-D-glucopyranosyl-(1—-3)-O-[a-L-rh
amnopyranosyl-(1—2)]-a-L-arabinopyranosyl)oxy]olean-12-en-28-oic acid b-D-glucopyranosyl
ester, 3-[(O-b-D-glucopyranosyl-(1—3)-0-[a-L-rhamnopyranosyl-(1-2)]- a-L-arabinopyranosyl)
oxyJolean-12-en-28-oic acid O-b-D-glucopyranosyl-(1—6)-b-D-glucopyranosyl ester, 3-[(b-D-Xy
lopyranosyl)oxyJolean-12-ene-28,29-dioic acid 28-b-D-glucopyranosyl ester, 3-[(O-b-D-Gluco
pyranosyl-(1—3)-b-D-xylopyranosyl)oxy]olean12-ene-28,29-dioic acid, 3-[(b-D-xylopyranosyl)
oxyJolean-12-ene28,29-dioic acid, 3-[(O-b-D-Glucopyranosyl-(1—3)-a-L-arabinopyranosyl)oxy
]- 30-noroleana-12,20(29)-dien-28-oic acid, 3-[(a-L-Arabinopyranosyl)oxy]-30-noroleana-12,20(2
9)-dien28-oic acid b-D-glucopyranosyl ester, 3-[(O-(3-O-Acetyl-b-D-glucopyranosyl)-(1-3)-a
-L-arabinopyranosyl)oxy]-30-noroleana-12,20(29)-dien-28-oic acid b-D-glucopyranosyl ester,
3-[(0-(6-0-Acetyl-b-D-glucopyranosyl)-(1—3)-a-L-arabinopyranosyl)oxy]-30-noroleana-12,20(2
9)-dien-28-oic acid b-D-glucopyranosyl ester, 3-[(0-(4-0-Sulfo-b-D-glucopyranosyl)-(1—3)-a-
L-arabinopyranosyl)oxy]-30-noroleana-12,20(29)-dien-28-oic acid b-D-glucopyranosyl ester
sodium salt, 3-[(O-(4-O-Sulfo-b-D-glucopyranosyl)-(1—3)-0-[a-L-rhamnopyranosyl-(1-2)]-a-
L-arabinopyranosyl)oxy]-30-noroleana-12,20 (29)-dien-28-dioic acid b-D-glucopyranosyl ester
sodium salt, 3-[(O-b-D-Glucopyranosyl-(1—3)-O-[a-L-rhamnopyranosyl- (1—2)]-a-L-arabinopy
ranosyl)oxy]-30-noroleana-12,20(29)-dien28-oic acid O-b-D-glucopyranosyl-(1—6)-b-D-gluc
opyranosyl ester, 3-[(O-b-D-Glucopyranosyl-(1—3)-0-[a-L-rhamnopyranosyl- (1—2)]-a-L-arab
inopyranosyl)oxy]-20b-hydroxy-30-norolean-12- en-28-oic acid b-D-glucopyranosyl ester, 3-[(O
-b-D-Glucopyranosyl-(1—3)-0O-[a-L-rhamnopyranosyl- (1-2)]-a-L-arabinopyranosyl)oxy]-20
a-hydroxy-29-norolean-12- en-28-oic acid b-D-glucopyranosyl ester, 3b-hydroxy-30-noroleanal?2
,20(29)-dien-28-oic acid b-D-glucopyranosyl ester, 3-[(0O-b-D-glucopyranosyl-(1—3)-a-L-arabi
nopyranosyl)oxy]- 30-noroleana-12,20(29)-dien-28-oic acid b-D-glucopyranosyl ester, 3-[(O-a-
L-rhamnopyranosyl- (1—2)-a-L-arabinopyranosyl)oxy]-30-noroleana-12,20(29)-dien28-oic acid
b-D-glucopyranosyl ester, 3-[(0-b-D-glucopyranosyl-(1—-3)-O-[a-L-rhamnopyranosyl-(1—2)]
-a-L-arabinopyranosyl)oxy]-30-noroleana-12,20(29)- dien-28-oic acid y 3-[(O-bD-glucopyrano
syl-(1-3)-0-[a-L-rhamnopyranosyl-(1—2)]-a-Larabinopyranosyl)oxy]-30-noroleana-12,20(29)-di
en-28-oic acid b-D-glucopyranosyl ester.

11.3.3 Other Bioactive Compounds Identified in L. tridentata

Besides phenolic compounds and triterpenes, other chemical compounds have been identified in L.
tridentata. Aarland et al. (2015) analyze the phytochemical profile of hexane, ethyl acetate, and meth-
anol extracts from L. tridentata. The results demonstrated the presence of anthraquinones, alkaloids,
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and saponines in the analyzed extracts (Figure 11.2). In a more specific manner, Bafiuelos-Valenzuela
et al. (2018) managed to identify two terpenes (Figure 11.2) in an ethanolic extract of L. tridentata.
Mentioned bioactive compounds were thymol and carvacrol, whose concentrations varied between
0.30 to 4.30 mg/mL and 4.43 to 7.80 mg/mL, respectively. In the same context, Jardine et al. (2010)
observed the presence of different terpenes in L. tridentata; among those found were pinene, cam-
phene, limonene, ocineme, camphor, isoborneol, and cymene.

11.4 BIOLOGICAL ACTIVITIES
11.4.1 Antimicrobial Activity

One of the most relevant biological activities of L. tridentata is its antimicrobial effect (Figure
11.3), which has been evidenced against Gram-positive and Gram-negative bacteria (Table 11.1).
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Figure 11.3 Biological activities of Larrea tridentata.
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For instance, Dimayuga and Garcfa (1991) demonstrated that the pathogenic microorganisms
Staphylococcus aureus, Bacillus subtilis, and Streptococcus faecalis have a high sensitivity to the etha-
nolic extract of L. tridentata, producing halo inhibitors of between 15 and 20 mm for all microorgan-
isms at a concentration of 20 mg/mL of the extract. Itza et al. (2019) demonstrated that L. tridentata
ethanolic extract was able to inhibit the growth of Streptococcus pyogenes, S. aureus, Enterococcus
faecalis, B. subtilis, Klebsiella oxytoca, Escherichia coli, Salmonella enterica, and S. gallinarum. The
concentration of 35% of the extract was the most effective for bacteria inhibition, being S. aureus
(inhibition halo: 2.7 mm) and E. faecalis (inhibition halo: 2.33 mm) the most susceptible. Moreover,
different studies have shown that alcoholic and hydroalcoholic extracts have an inhibitory effect
against several microorganisms such as S. aureus, E. coli, Pseudomonas aeruginosa, Yersinia enteroco-
litica, Listeria monocytogenes, S. dysenteriae, Proteus vulgaris, Clostridium perfringens, Nocardia aster-
oids, and Nocardia brasiliensis. In general, it was observed that the extracts of L. tridentata presented
a strong inhibitory effect against S. aureus because they showed the lowest rates of minimum inhibi-
tory concentration (MIC), which ranged between 60 to 1250 pg/mL. Likewise, it was observed that L.
tridentata strongly inhibits the bacterial replication of S. aureus at concentrations of 620 pL/mL, as
it promotes 10° reductions (CFU/mL) in comparison to the control treatment (Verastegui et al., 1996;
Navarro et al., 1996; Snowden et al., 2014; Ruiz et al., 2017). In a similar context, Joublanc et al. (2008)
demonstrated that an ethanolic extract of L. tridentata exhibited inhibitory potential against the
following bacteria: E. coli, S. aureus, S. typhimurium, Serratia licuefaciens, P. aeruginosa, K. oxytoca,
Proteus mirabilis, and P. vulgaris where the MIC values were 100 ug/mL. Along with this, this author
reported that the extract of L. tridentata presented a lethal effect against the tested microorganisms,
whose minimum bactericidal concentration (MBC) values were of 200 pg/mL.

In order to understand features of the nature of bioactive compounds that provide antimi-
crobial potential in L. tridentata, Bocanegra-Garcia et al. (2009) investigated the antimicrobial
effect of L. tridentata associated with the type of solvent used in the extraction (hexane, chlo-
roform, methanol, and water) against pathogenic microorganisms related to lower respiratory
tract infections (clinical isolates). It was observed that the chloroform and methanol extracts
presented a greater antimicrobial effect against the clinical isolates, with S. preumoniae (MICy:
32.25 pug/mL, for both extracts), E. faecalis (MIC;,: 250 pug/mL, for both extracts), and S. aureus
(MICg,: 125 pg/mL, for both extracts) being the most sensitive to these treatments. To better
understand this biological activity, Martins et al. (2013b) tested the antimicrobial potential of
the methanolic extract of L. tridentata and its fractions (hexane, dichloromethane, ethyl acetate,
and ethanol). The testing was carried out against different Gram-positive and Gram-negative
microorganisms resistant to antibiotics and against clinical and reference isolates. Overall, it
was observed that the extract and factions presented a higher antimicrobial potential against
Gram-positive microorganisms, and it was likewise evidenced that dichloromethane and the
ethyl acetate fractions were the most active. The microorganisms with the highest susceptibil-
ity to the extract and active fractions (dichloromethane and the ethyl acetate) were S. aureus
(MIC: 31.3-125 pug/mL), coagulase negative Staphylococcus (MIC: 62.5-250 ug/mL), and E. faecalis
(MIC: 125-375 ug/mkL). In the same context, it was demonstrated that extract of L. tridentata was
an excellent source of chemical compounds with antimicrobial potential. Lignans (three com-
pounds) and flavonoids (four compounds) purified from the chloroform fraction were respon-
sible for the antimicrobial potential in the extract, as they showed strong antimicrobial activities
against clinical isolates of S. aureus, E. faecalis, Enterobacter cloacae, E. coli, and Mycobacterium
tuberculosis isolates, whose MIC ranged from 12.5 to <50 ug/mL. The lignan 3’-demethoxy-6-0O-
demethylisoguaiazine was the most active compound isolated from chloroform fraction, while
dihydroguayretic acid, 4-epi-larreatricin, and 5,4'-dihydroxy-7-methoxyflavone, were less active
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(Favela-Hernandez et al., 2012). In another study, Delgadillo-Ruiz et al. (2017) demonstrated that
the ethanolic extract of L. tridentata is a source of lower polarity compounds (thymol and carva-
crol), which suggests that terpenes may also influence the antimicrobial potential of the plant, as
the extract possessed an inhibitory effect against E. coli, Acinetobacter baumannii, Pseudomonas
sp., and 8. aureus, presenting halo inhibition of 17, 19, 15, and 12 mm, respectively.

The results described above demonstrate that L. tridentata could represent a good option
for the development of pharmacological treatments against bacterial infections of clinical rel-
evance, as their effect has been proven against clinical relevance bacteria which are resistant to
antibiotics and clinical isolates. The above may be feasible because different authors have estab-
lished that natural products with inhibitory effects in concentrations lower than 1000 pg/mL
may be considered as potential antimicrobial agents for the development of phytopharmaceuti-
cals or the purification or active compounds. Additionally, the antimicrobial action mechanism
in extracts of L. tridentata has not been established. Nevertheless, considering the bioactive com-
pounds identified in active extracts, it can be suggested that they can inhibit the bacterial growth
through different modes of action. The compounds identified are mainly phenolic compounds.
Part of these compounds are lignans, which have been demonstrated to cause damage to the
cytoplasmic membrane, affecting the proton-motive force and the proteins in the transportation
system of the ATP-binding cassette. In addition, lignans induce damage to DNA, altering the cel-
lular division in Gram-positive and Gram-negative microorganisms that lead to bacterial death
(Biirli et al., 2004; Maruyama et al., 2007; Hwang and Lim, 2015; Favela-Hernandez et al., 2015).
Another type of phenolic compound present in extracts of L. tridentata are flavonoids, which
have been shown to have the capacity to cause membrane disruption and inhibit the synthesis of
nucleic acid, the electron transport chain synthesis, and the ATP synthesis (Simoes et al., 2009;
Gorniak et al., 2019). The antimicrobial effect of phenolic compounds can be explained based
on their chemical structure, which presents amphipathic characteristics. Likewise, these struc-
tures present different functional groups, hydroxyl and methoxyl, which allow them to inter-
act with polar and non-polar components of bacterial structures, causing their deaths (Pandey
and Kumar, 2013; Gorniak et al., 2019). Additionally, another type of compound identified in the
active extracts of L. tridentata are terpenes. In general, these types of compounds have dem-
onstrated different effects against bacterial cells, such as degradation of the cell wall, altera-
tions to the cytoplasmic membrane, cytoplasm clotting, damage to the membrane proteins, an
increase in permeability with subsequent leakage of intracellular components, reduction of the
proton-motive force and the intracellular ATP, and interaction with the bacterial DNA (Nazzaro
et al., 2013; Lopez-Romero et al., 2015; Khameneh et al., 2019). This is attributed to the structural
characteristics of the compounds, which are of a non-polar nature. Likewise, these structures
may possess functional groups, such as hydroxyl groups, which increase their reactivity. The
above allows the interaction with lipids in the bacterial membrane, causing its destabilization.
Additionally, these characteristics, along with their low molecular weight, allow them to cross
the bacterial membrane by passive diffusion, causing damage to the intracellular components
(Swamy et al., 2016; Guimardes et al., 2019). Based on the above, it could be suggested that the
chemical compounds in L. tridentata perform different modes of antimicrobial action, which
leads to bacterial death.

11.4.2 Antifungal Activity

Other biological activity widely reported for L. tridentata is antifungal potential (Figure 11.3;
Table 11.1). In this sense, Osorio et al. (2010) carried out in vitro tests on eight pathogenic strains
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(Pythium sp., Colletotrichum truncatum, C. coccodes, Alternaria alternata, Fusarium verticilli-
oides, F. solani, F. sambucinum, and Rhizoctonia solani) and ten isolates of F. oxysporum using
the polyphenolic extract of L. tridentata leaves, with 70% acetone as the extraction solvent. The
extract at 0.70 mg/L, showed fungicidal effect (100%) on Pythium sp., C. coccodes, C. truncatum,
A. alternata, F. solani, and R. solani. On one hand, the extract showed fungistatic activity (75%
inhibition) against F. verticillioides. Also, the extract inhibited 100% the growth of eight clini-
cal isolates of F. oxysporum. Similarly, ethanolic extract of L. tridentata presented an inhibitory
effect of 97% on the mycelial growth of . oxysporumf. sp. radicis-lycopersici at 500 ppm (Pefiuelas
et al., 2017). Diaz-Diaz et al. (2013) evaluated the antifungal capacity of L. tridentata when using
fermented and non-fermented methanolic extract. Results showed that the one without ferment-
ing at 100 ppm was the most efficient, as it inhibited 100% of Phytophthora capsici growth. On the
other hand, the fermented methanolic extract was able to completely inhibit the growth of the
fungus at 1,000 ppm, which is consistent with the fact that fermentation of these extracts is not
necessary to maintain control of the in vitro mycelial growth of P. capsici. In addition, they sug-
gested that the Soxhlet method is the best for extracting bioactive substances from L. tridentata.
Galvén et al. (2014) evaluated the effect of aqueous extracts of L. tridentataleaves on the mycelial
growth of phytopathogenic fungi (P. capsici, Aspergillus flavus, Rhizopus sp., Alternaria solani,
and Botrytis sp.). The in vitro test was performed at two different concentrations (10% and 20%),
and mycelial growth was recorded at 24, 48, 72, and 96 hours (h). The most relevant results were
obtained on the first three fungi mentioned. At 48, 72 and 96 h, both concentrations inhibited
100% of the mycelial growth of P. capsici and A. flavus. In contrast, with respect to the Rhizopus
sp. strain, at 48 h, the 20% extract inhibited 60.30% of the mycelium growth; at 72 h, the 10%
extract inhibited 59.33%; and at 94 h, the 20% extract inhibited 66.5%.

Several studies have demonstrated that antifungal potential of L. tridentata may vary depend-
ing on the plant location. For example, bioassays conducted by Mojica et al. (2011) showed that
collected samples from Nuevo Leén, San Luis Potosi, and Coahuila at 2, 5, and 10 mg/mL com-
pletely inhibited the mycelial growth of P. capsici, while one collected in Durango was only effec-
tive against fungus at 5 and 10 mg/mL. In the same regard, they highlighted that the lowest
mycelial growth occurred with the specimen from Coahuila at 0.5 mg/mL (11.16 mm) after six
days of incubation. Similar research compared the activity of L. tridentata ecotypes from the
Chihuahuan Desert and the Sonoran Desert. For that, methanolic and ethanolic extracts from
resins, leaves, and branches of L. tridentata were obtained. The greater inhibitory effect against
Pythium sp., was observed when evaluating the samples collected in the Sonoran Desert (85.07%)
compared to those of the Chihuahua Desert (80.92%). Thus, fungicidal effect of the L. triden-
tata extracts was efficient regardless of the solvent used; however, the methanolic extracts from
both deserts showed a notable effect, as they completely inhibited the in vitro mycelial growth of
involved phytopathogen at low doses (500 ul/L) (Lira-Saldivar et al., 2003).

A possible explanation for the considerable variations between specimens from the same
region is longevity of leaves and/or their thickness (Gisvold, 1974; Mabry, 1978). Firn and Jones
(2003) mentioned that even though plants store and produce various secondary metabolites, the
properties of each compound can be modified depending on their environment. Although the
content of bioactive compounds of L. tridentata, as well as its antifungal potential, are affected
by the location, which favors the conditions for its growth as well as the timing of collection, the
chemical nature of the solvent used for the extraction could play an important role in the type
and quantity of the extracted compounds (Castillo-Reyes et al., 2015).

Moreno et al. (2011) evaluated the antifungal activity of L. tridentata leaves, using four sol-
vents (hydroalcohol, acetone, methanol, and ethanol). Antifungal effect was evaluated by agar
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diffusion and agar extract dilution technique. In the first method, ethanolic extract inhibited the
growth of A. flavus, as it presented inhibition halos that varied between 12 and 21 mm of diam-
eter, while the methanolic extract showed inhibition halos between 7 and 20 mm. Additionally,
Penicillium sp. was affected by ethanolic extract, with inhibition halos between 8 and 18 mm
in diameter. The MIC of the hydroalcoholic extract were 7 mg/mL and 5 mg/mL for A. flavus
and Penicillum sp., respectively. In the same context, Castillo-Reyes et al. (2015) demonstrated
the ability of L. tridentata to inhibit P. cinnamomi in vitro using extracts with water, ethanol,
lanolin, and cocoa butter. In this study, ethanolic extract exhibited greater inhibition potential
on mycelial growth, showing MIC,, and MIC,, values for 6.96 and 11.19 ppm, respectively. In
another investigation by Vargas-Arispuro et al. (2005), crude extracts of leaves and branches of
L. tridentata on A. flavus and A. parasiticus were evaluated using fractions of ethanol, ethyl ether,
ethyl acetate, and n-butanol. Overall, crude extract of the leaves (500 pg/mL) presented the high-
est toxicity against both fungi (70%-90% inhibition, respectively), and the ethyl acetate fraction
showed better antifungal activity. Subsequently, this fraction was subjected to column chroma-
tography, and the activities of the new obtained fractions were evaluated. Fraction 4, obtained
with chloroform: acetone (90:10, v/v), inhibited 86% and 65% of the colonial growth of A. flavus
and A. parasiticus, respectively. The identified compounds responsible for the activity of the frac-
tion were NDGA and 3-methylnordihydroguaiaretic acid (methyl-NDGA). NDGA at 300 g/mL,
inhibited 81.92% of the mycelial growth of A. flavus, while at 500 g/mL, 100% inhibition of A.
parasiticus was achieved. On the other hand, methyl-NDGA at 300 g/mL promoted a complete
growth inhibition of both fungi. The information described above shows that L. tridentata could
be a viable source to obtain phytopathogenic inhibitors that can be used in agricultural crops.

Based on previous research, compounds from L. tridentata with the most influence on anti-
fungal activity of have been lignans; however, the antifungal mechanism of action of L. triden-
tata is not clearly defined. However, having access to the secondary metabolites present in the
plant can suggest a different mode of action. Terpenes have the property of damaging biomem-
branes, which are attributed to their lipophilic characteristics. Other compounds, such as alka-
loids, interact with DNA and cause mutations in microorganism. On the other hand, flavonoids
and tannins form nucleophilic complexes with proteins, causing their inactivation. Similarly,
phenolic compounds can inactivate fungal proteins, through the interaction with amino or sulf-
hydryl groups of amino acids (Rodriguez-Guadarrama et al., 2018). It should be noted that the
bioactivity of the layer probably interferes with the permeability of the fungal cell membrane and
allows interaction with membrane proteins, which causes structural and functional deforma-
tion. This event can lead to dysfunction and subsequent membrane disruption. In turn, research
has reported that phenolic compounds could fade the pH gradient and the electrical potential
components of the proton motive force, interfering with the cell’s energy generation and conser-
vation of the ATP system, inhibiting the binding of enzymes to the membrane, and avoiding the
use of the substrate for energy production (Hapon et al., 2018). Based on the above, it is suggested
that the compounds present in L. tridentata provide biocidal properties capable of inhibiting
fungal growth throughout several mechanisms of action.

11.4.2 Antiparasitic Activity

The antiparasitic effect of L. tridentata has been reported by several authors (Figure 11.3;
Table 11.1). In vitro tests carried out by Camacho-Corona et al. (2015) reported the antipara-
sitic capacity of L. tridentata against strains of Entamoeba histolytica, Giardia lamblia, and
Trichomonas vaginalis using extract from the leaves with dichloromethane:methanol (1:1) as a
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solvent, which presented a moderate inhibitory activity against the protozoa with IC,, values
that ranged between 100 and 118 pg/mL. Similarly, the methanolic extract of L. tridentata (300
pg/mL) inhibited E. histolytica, G. lamblia, and T. vaginalis by 95.21, 95.52, and 91.26%, respec-
tively with IC,, values 0f 90.38 pg/mL, 98.47 pg/mL, and 130.57 pg/mL (Garza, 2014). On the other
hand, Schmidt et al. (2012) used the stem and leaves of L. tridentata, with dichloromethane as
a solvent to evaluate its antiparasitic activity against Trypanosoma brucei rhodesiense, T. cruzi,
Leishmania donovani, and Plasmodium falciparum, for which an IC,, 0of 2.8, 14.6, 5.2, and 2.9 mg/
mL, respectively, were obtained. In this research, the active components - nine lignans (three
dibenzylbutanes, four epoxylignes, two aryltetralines), six flavonoids, and one ferulic acid ester
(3-Oxohexylferulated) — were identified. The most effective was NDGA, with IC,, values between
4.5 and 33.1 pM, while the epoxylignanes obtained IC, values of 12.0 to 183 pM, the aryltetra-
lines IC;, = 11.4 to 185 pM, and the flavonoids IC;, = 8.0 to 199 pM. In another study, the activity
of L. tridentata against the pathogens E. histolytica, G. lamblia, and Naegleria fowleri in their
trophozoite phase was evaluated. To this matter, Bashyal et al., (2017), fractioned an aqueous
methanolic extract with hexane, ethyl acetate, and n-butanol. The ethyl acetate fraction exhib-
ited antiparasitic activity at 50 pg/mL, being selected for further study. The fractionation of the
extracts allows the isolation of nine pure compounds (eight lignans and one flavonol). NDGA was
reported to be active against all three pathogens, with EC;, values ranging from 36 to 103 pM.
3-0-methyINDGA exhibited high activity against N. fowleri (EC5,= 38 pM) and moderate activity
against E. histolytica (EC5,= 171 pM). Nor-3’-demethoxyisoguaiacine showed greater effective-
ness against G. lamblia (EC,, = 49 M) compared to the two remaining protozoa. Additionally,
norisoguaicin showed a similar activity against the three pathogens, presenting EC, values of
74 uM to 83 pM, while 3-methoxy-6,7,4-trihydroxyflavonol showed moderate activity against G.
lamblia (ECy, = 153 pM) and N. fowleri (EC;, = 235 pM). In turn, the authors investigated NDGA
and 3-0-methylnordihydroguaiaretic acid because of their potent antiparasitic activity against
N. fowleri, carrying out a cytotoxicity study on human umbilical vein endothelial cells, derived
from the endothelium of veins from the umbilical cord. These lignans were able to inhibit cell
viability with an EC;, of 86 and 59 pM, respectively, concluding that they are 2.4 and 1.6 times less
toxic to cells compared to N. fowleri (Bashyal et al., 2017).

The effectiveness of L. tridentata as an anthelmintic has also been demonstrated. Garcia et al.
(2018) carried out an in vitro study with hydromethanolic extracts from leaves at different concentra-
tions (12.5, 25, 50, 100, and 200 mg/mL) on sheathed and unsheathed larvae of Haemonchus contor-
tus. The plant was reported to possess dose-dependent anthelmintic activity, with 200 mg/mL of the
extract being able to reduce 32.1% and 68.4% of sheathed and unsheathed larvae, respectively. In turn,
the EC,, was determined to be 36 mg/mL. In addition to the above, it is important to mention that,
although H. contortus infection occurs mainly in ruminants, there is a possibility that the parasite
could be transmitted zoonotically to humans, as a clinical case of infection caused by this helminth
in a 60-year-old woman from Iran was reported (Ghadirian and Arfaa, 1973).

Based on the exposed investigations, the capacity of L. tridentata in the inhibition of certain
pathogenic parasites is evidenced; however, the specific compound or compounds that provide
this activity in all cases is unknown, as well as the mechanism of action. However, based on
the bioactive compounds identified in the active extracts, various authors have suggested the
possibility of exhibiting different mechanisms of action. Phenolic compounds interfere with
the mechanism of energy generation by uncoupling oxidative phosphorylation, causing altera-
tions in the glycoproteins found on the parasite cell surface, causing its death (Bauri et al., 2015).
Within the phenolic compounds are flavonoids, which have been reported to have antipara-
sitic activity. Sharma et al. (2007) reported activity against P. falciparum by catechin enzymes
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involved in fatty acid biosynthesis. A different study carried out by Bolaiios et al. (2014) reported
that (-)-epicatechin promoted protein changes on the cytoskeleton of E. histolytica, as well as
deregulation of enzymes that participate in energy metabolism (glyceraldehyde-phosphate and
fructose-1,6-bisphosphate aldolase), while affectation in T. cruzi has been involved in the activity
of arginine kinase (Paveto et al., 2004) and NADH-oxidase (Scotti et al., 2010). On the other hand,
licochalcone A has been shown to act in the inhibition of Leishmania species, causing structural
changes in the mitochondria. The probable mechanism of action of this compound is by inhibit-
ing mitochondrial dehydrogenase (Kayser et al., 2003; Ramirez et al., 2010).

Similarly, it has been demonstrated that for L. donovani, kaempferol promoted the inhibition
of the enzymes pyruvate kinase, dihydroorotase, and cytidine deaminase, which affected the
pyrimidine biosynthesis pathway and, consequently, contributed to the parasite’s death (Scotti
etal., 2015; Tiwari et al., 2016). Likewise, it has been reported that flavonoids with condensed tan-
nins showed anthelmintic activity (Klongsiriwet et al., 2015). For their part, tannins themselves
have the ability to interfere in parasites’ ability to generate energy through the uncoupling of
oxidative phosphorylation, which causes their death (Bauri et al., 2015).

Based on the compounds found in L. tridentata, the majority of identified compounds are
lignans, however, the mechanism of action of their antiparasitic effect has not been determined.
However, Gutiérrez-Gutiérrez et al. (2017) reported that four lignans -5 -desmethoxy- p-pel
tatin-A-methylether, acetylpodophyllotoxin, burseranin, and podophyllotoxin - isolated from
Bursera fagaroides var. fagaroides act on G. lamblia affecting the expression and stability of
tubulin polymerization, destabilizing the structure of microtubules, thus affecting the growth,
morphology, and adhesion of G. lamblia. This may suggest that the extracts made from L. ¢ri-
dentata could probably present a similar behavior depending on the structure of the chemical
compounds. Under this premise, L. tridentata could represent a viable alternative for the devel-
opment of new antiparasitic agents, as different modes of action are suggested in which its bioac-
tive compounds could inhibit the protozoa and helminths.

11.4.3 Antiviral Activity

L. tridentata could represent an alternative for the treatment of viral diseases, as various investi-
gations have shown its effectiveness against viruses of clinical relevance (Figure 11.3; Table 11.1).
Gnabre etal. (1995a) reported that the leaf extract (chloroform-methanol 1:1) showed effect against
human immunodeficiency virus type 1 (HIV-1) in vitro via inhibition of tat transactivation. Also,
the ability of this plant to inhibit the cytopathic effects of HIV-1 in human lymphoblasts (CEM-SS
cells) has been investigated. For this, an XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-car-
boxanilide-2H-tetrazolium) assay was carried out using crude fractions of L. tridentata leaves.
From the ethyl acetate soluble fraction, two fractions were identified that contained a mixture
of lignans, which showed the ability to reduce the cytopathic effect of HIV-1 at concentrations of
0.187 and 0.75 pg/mL, obtaining a cell viability of 7% and 58%, respectively (Gnabre et al., 1996).

Another study reported that one of the methylated derivatives of NDGA,
3’-0-methylnordihydroguaiaretic acid (3’-O-methyl-NDGA, Mal-4), has antiviral activity
(EC,, of 25 uM) against HIV via tat-transactivation inhibition (Gnabre et al., 1995b). It has
also been reported that by methylating NDGA with dimethyl sulfate, tetra-O-methylnordi-
hydroguaiaretic acid (M,N) is obtained, which has the potential to inhibit HIV tat-transac-
tivation (Gnabre et al., 2015).

Hwu et al. (1998) demonstrated that NDGA methylations, using dimethyl sulfate and
potassium carbonate in acetone, allow for various compounds to be obtained, among them
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3-0-methyl-NDGA and M,N; the first compound was able to inhibit the HIV tat-transactivation
with IC;, of 25 uM. Also, they described that each of the methylated NDGA (100 uM), except for
3’,3”-dimethyl-NDGA, inhibited by over 85%, a reporter gene regulated by the long-terminal pro-
moter repeat (LTR) of HIV, which is regulated by tat. Finally, it is reported that M4N (3 uM) was
11 times more effective in inhibiting HIV tat-transactivation compared to 4-O-methyl-NDGA,
and 3.4 times better than 3’-O-methyl-NDGA. Therefore, it is concluded that M,N acts as a better
inhibitor of tat-transactivation regulator than Mal-4.

In the same context, M,N showed inhibitory effect in the replication of the herpes simplex
virus (HSV). Chen et al. (1998) infected Vero cells with a plasmid containing the promoter of the
a-ICP4 gene, which is essential for HSV replication and is one of the first genes expressed during
lytic transcription of the virus. It was found that M,N was able to inhibit the promoter activity
of a-ICP4 with an IC, of 43.5 uM. At the same time, an electrophoretic mobility shift assay was
performed in the presence of M,N (100 uM), in which the binding of the Sp1 protein to the bind-
ing sites most proximal to the a-ICP4 promoter was examined, and the results showed a signifi-
cant inhibition of the fast- and slow-moving bands, with 88% and 45% inhibition, respectively.
Likewise, it was observed that M,N suppress the growth of HSV-1 and HSV-2 at a low concentra-
tion (IC,)= 4-11.7 uM), while in cells, the virus generates resistance against acyclovir.

Craigo et al. (2000) evaluated the effect of NDGA derivatives such as Mal-4, M,N, and tetra-
acetyl NDGA on the inhibition of gene expression of the P,;, promoter of human papilloma virus
type 16 (HPV16). To do this, they used the C-33 A cervical carcinoma cell line, which was infected
with arecombinant plasmid containing the promoter of the Py, gene and the luciferase gene as an
indicator of gene expression. The results showed that Mal-4 and M,N inhibited the P, promoter,
exerting a dose-dependent effect, while tetra-acetyl NDGA turned out to be more potent as an
inhibitor of HPV gene expression, as there was an initial fall on Py, activity at low concentrations.
The IC,, values for Mal-4, M,N, and tetra-acetyl NDGA were 37, 28, and 11 uM, respectively.

On the other hand, Maldonado (2016) demonstrated the antiviral activity of a series of purified
compounds (three flavonoids and two lignans) from the leaves of L. tridentata using an indirect
immunofluorescence assay in BHK-21 cells. The compounds Lt 1, Lt 2 (5,4-dihydroxy-3,7,8,3™
tetramethoxyflavone), Lt 3 (5,8,4-trihydroxy-3,7-dimethoxyflavone), Lt 5 (5 ,4-dihydroxy-3,7,8-
trimethoxyflavone) showed excellent activity against dengue virus (DENV) at concentrations of
120 ug/mL. Lt 1 was the most effective while Lt 4 (dihydroguaiaretic acid) was the least effective.

Also, the effect of NDGA on DENV infection in the hepatoma cell line Huh-7 has been inves-
tigated. For this, Huh-7 cells were infected with the DENV virus and treated with NDGA.
Subsequently the levels of secreted NS1-viral protein and viral yield were quantified in the super-
natant through ELISA. The levels of secreted NS1 showed a 92% of reduction after 24 h of treat-
ment with NDGA (100 uM). Similarly, NDGA effectively reduced the viral yield. However, after
48 h of treatment, the effect on NS1 secretion and viral yield was decreased, which is probably
associated with NDGA metabolization during prolonged incubation. Finally, they confirmed
that the inhibitory effect of NDGA on DENV infection occurs during replication (Soto-Acosta et
al., 2014).

The previous studies show that L. tridentata could represent a good alternative for the devel-
opment of pharmacological agents to treat viral diseases, as its effect on different viruses of
clinical relevance was evidenced, which have been reported to have generated resistance to anti-
virals currently available on the market. In addition, in the investigations carried out, the iso-
lated compounds to which the antiviral activity of L. tridentata has been attributed are phenolic
compounds, specifically lignans, which include NDGA and its methylated derivatives, for which
the molecular mechanisms of antiviral activity have not been fully established; however, several
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authors have reported the inhibition of viral transcription of the gene dependent on Specificity
Protein One (Spl). Spl is a crucial transcription factor, controlling more than 1,000 genes and is
found in one or more motifs in the promoters of various clinically important viruses, including
HIV (contains three Spl motifs), HSV (eight Spl motifs), and HPV (one Spl motif).

Regarding HIV - one of the most studied diseases - it has been reported that the Spl motifs
interact with the transactivator tat (Gnabre et al., 2015). Tat has the ability to be a vital regulator
of HIV gene expression, as it binds to the transactivation response (TAR) element, where it acti-
vates the transcription of the DNA long terminal repeat (LRT) promoter HIV-1 proviral (Gnabre,
1999). The lignans of L. tridentata bind to DNA sequences rich in GC boxes (guanine/cytosine),
and Spl has an affinity for these regions. Under this premise, Spl could be the main target for lig-
nans. Blocking this region with the compounds prevents Spl from binding to its corresponding
site in the HIV LTR promoter and, consequently, viral replication is inhibited. Therefore, these
lignans can inhibit the basal transcription of the HIV gene, as well as the transactivation of the
gene regulated by tat. It should be noted that, among the methylated lignans identified, the most
active have been Mal-4 and M,N. These suppress HIV basal transcription and tat-dependent and
-independent transactivation. These molecules present different degrees of methylation, which is
related to their lipophilicity; this allows them to more easily penetrate the host cell lipid bilayer
and the viral layer to disrupt specific viral replication (Gnabre et al., 2015).

In addition, it has been reported that the non-structural glycoprotein NS1 secreted by the
DEVN virus could play a role in its replication. In a DEVN-infected cell model, it has been shown
that the lack of glycosylation of NSI impairs its secretion and reduces the proliferation of infec-
tious virus (Fan et al., 2014). A study conducted by Maldonado (2016) concluded that some flavo-
noids isolated from L. tridentata act as antivirals against DENV, especially against serotype 2.
This could probably be associated with the ability of the compounds to interact with envelope
proteins of the virus, preventing its entry into the cell.

To date, there are no studies that demonstrate the antiviral activity of the bioactive ingredi-
ents of L. tridentata against SARS-COV2; however, because of its outstanding antiviral activity
against viruses of clinical relevance, it is an important candidate in the search for new agents
against this pathogen. It may be used in in silico studies to find out the inhibitory capacity of L.
tridentata compounds on molecular targets of SARS-COV-2 and subsequently carry out in vitro
tests to find out their potential.

11.4.4 Antioxidant Activity

Studies on L. tridentata have highlighted its antioxidant potential, which could represent a
good resource for the search for new options against oxidative stress (Figure 11.3; Table 11.1). By
1,1-diphenyl-2-picrylhydracil (DPPH) assay, Ramirez et al. (2016) studied the antioxidant activity
of the methanolic extract of L. tridentata. It was reported that the extract (0.1 mg/mlL) showed
82.87% DPPH inhibition, which highlights its high capability of capturing free radicals. Using the
phosphomolybdate method, Martins et al. (2013a) evaluated the antioxidant effect of extracts
obtained by solid state fermentation and the L. tridentata leaves methanolic extract. In general,
it was observed that all the extracts presented antioxidant activity, whose values were between
150 and 1300 nmol alpha-tocopherol/g of dry sample.

Moran-Santibaiiez (2019) analyzed the capability of extracts from L. tridentata leaves (eth-
anol-water, 6:4 v/v) to reduce the oxidative stress induced by H,0, in human SH-SY5Y human
cells. The extract (15 ug/mL) showed a cytoprotective effect via a decrease of ROS levels, activa-
tion of caspase 3 and 7, and cleavage of poly (ADP-ribose) polymerase (PARP), which reflects
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its antiapoptotic capability. This suggests L. tridentata extract could be used as a good natural
antioxidant. Another study analyzed the antioxidant activity of the ethanol-water leaf extract
(60:40 v/v), ethanolic extract, and aqueous extract. The authors reported that the extracts inhib-
ited the DPPH radical in the following way: ethanol-water extract IC,, = 111.17 ug/mL; ethanolic
IC,, = 135.4 pg/mL; aqueous IC,, = 572.7 ug/mL. While in the ABTS assay, the IC, values were as
follows: ethanol-water = 8.49 ug/mL; aqueous 9.75 ug/mL; ethanolic = 35.84 ug/mL.

Another study analyzed the antioxidant potential of the ethanol-water extract (60:40 v/v), eth-
anolic extract, and aqueous extract of L. tridentata leaves using different methods. In the DPPH
assay, the following IC;, values were obtained: ethanol-water = 111.17 pg/mL; ethanolic = 135.4
ug/mL; aqueous = 572.7 ug/mL. By ABTS (3-ethylbenzothiazoline-6-sulfonic acid), the following
IC, values were obtained: ethanol-water = 8.49 ug/mL, ethanolic = 9.75 ug/mL, aqueous = 35.84
ug/mL. In turn, the following IC,, values were obtained in the superoxide assay: ethanol-water =
0.43 g/mL, ethanolic = 2.1 mg/mL, aqueous = 10.1 mg/mL. In the nitric oxide assay, the IC,, values
were: 2304 mg/mL, 520.7 g/mL, and 551.3 pg/mL for the ethanol-water, aqueous, and ethanolic
extract, respectively. Additionally, the capability of the extracts to absorb UV-visible radiation at
330 nm was analyzed, reporting Al values of 1.7, 1.1, and 0.6 for the ethanol-water, ethanolic, and
aqueous extracts, respectively. On the other hand, in the ferric ion-reducing antioxidant power
(FRAP) assay, using the extracts at 250 pg/mL, it was reported that the ethanol-water, ethanolic,
and aqueous extracts presented values of 1.01, 0.95, and 0.44, respectively. Based on the results
described, it was concluded that the extract with the best antioxidant properties was ethanol-
water (Skouta et al., 2018).

In the same way, the antioxidant potential of various compounds isolated from the methano-
lic extract of L. tridentata leaves was investigated, finding three new lignans and 10 previously
reported flavonoids. All compounds were analyzed by the DFCH (2,7-dichlorodihydrofluores-
cein) assay using the HL-60 cell line, with the aim of knowing the effect on intracellular ROS
(Volk and Moreland, 2014). Epoxylignans 1 ((7S,8S,7°S,8’S)-3,3’4 - trihydroxy-4-methoxy-7,7-epox
ylignan) and 2 (Meso-(rel 7S,8S5,7'R, 8'R)-3,4,3 4"-tetrahydroxy-7,7-epoxylignan), and the flavo-
noids 5 (4-epi-larreatricin) and 12 (3”-hydroxy-4-epi-larreatricin) showed strong antioxidant
activity with 1C, values of 1.3, 7.5, 1.6, and 1.3 pg/mL, respectively. The compounds 3’-deme-
thoxy-6-0-demethylisoguaicin (IC,, = 1.6 ng/mL) and NDGA (IC;, = 0.7 ug/mL) were also potent
antioxidants (Abou-Gazar et al., 2004).

Martins et. al (2012) investigated the antioxidant capability of a series of L. tridentata leaves
obtained with methanol, ethanol, and acetone at different concentrations (90%, 70%, 50%, and
30% v/v). The obtained results showed that all the extracts exhibited antioxidant effect in the
DPPH and FRAP assays. In the DPPH, the extracts presented similar effects with inhibitions
between 93% to 95%. However, by FRAD, the extracts obtained with 70% and 90% of methanol
presented high FRAP values, being 2.55 and 2.73 mM FE (II)/g dry weight, respectively. Three
phytoestrogens were also isolated in this study: NDGA, kaempferol, and quercetin.

Aguirre-Joya et al. (2018) evaluated the antioxidant effect of the aqueous extract of L. triden-
tata leaves by ABTS, DPPH, lipid oxidation inhibition (LOI), and FRAP. The results showed that
the extract presented excellent antioxidant and free radical scavenging activity, as it inhibited
ABTS radical by 97% (4.11 pM trolox equivalent/g), DPPH by 92%, and LOI by 57%, while in the
FRAP assay, a value of 0.73 mM Fe (II)/g of dry weight was obtained. Furthermore, the main
antioxidants in the extracts were identified by HPLC-MS: the lignan NDGA and two flavonoids
(kaempferol and quercetin) (Aguirre-Joya et al., 2018).

The foregoing demonstrates the antioxidant capability of L. tridentata, as the extracts from
the leaves and stems showed relevant results. However, even though the mechanism of action
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by which the plant exerts its antioxidant effect is not fully defined, it has been observed that
this property could be associated with the compounds present in the plant, such as phenolic
ones. It has been shown that these compounds act as powerful antioxidants that have the abil-
ity to protect against oxidative damage because, due to their structure, they have the ability to
donate hydrogen atoms that interact with ROS and reactive nitrogen species (RNS) species. In
addition, it is known that the antioxidant activity of polyphenols is also associated with their
ability to chelate metal ions involved in the production of free radicals and to inhibit enzymes
associated with their production, such as cytochrome P450, lipoxygenases, cyclooxygenases, and
xanthine oxidase (Pereira et al., 2009; Ramirez et al., 2016). In turn, flavonoids are within the
phenolic compounds, which stabilize ROS through a reaction with the reactive compound, this
occurs because of the high reactivity of the hydroxyl group of the flavonoids, causing the inactiv-
ity of the radicals. In the same way, they act through interaction with various enzyme systems,
in which some effects may result from a set of radical scavenging and interaction with enzyme
functions. These reduce a-tocopherol radicals, inhibit oxidases, and mitigate nitrosative stress
(Nijveldt et al., 2001; Carocho and Ferreira, 2013).

Flavonoids are known to chelate iron, which prevents the development of free radicals. For
example, quercetin has iron chelating and stabilizing properties, which causes the inhibition of
lipid peroxidation. For their part, flavones and catechins seem to be the most potent flavonoids
against ROS, as they can directly eliminate superoxides, while others eliminate peroxynitrites
(Nijveldt et al., 2001). Similarly, phenolic acids (hydroxycinnamic and hydroxybenzoic) have been
reported as good antioxidants, exerting their effect as chelators and free radical scavengers,
especially on OH  and ROO" radicals, O,” and NO, anions (Carocho and Ferreira, 2013). On the
other hand, NDGA is one of the lignan-type compounds with the highest antioxidant potential
in L. tridentata; however, its mode of action is still unknown. Still, the antioxidant mechanism of
NDGA could be associated with the direct elimination of ROS and the induction of antioxidant
enzymes through the Nrf2 pathway, the latter being a factor that directs antioxidant and cyto-
protective responses to oxidative stress (Guzman-Beltran et al., 2013). Furthermore, NDGA has
also been shown to inhibit lipoxygenase enzymatic pathways (Fujimoto et al., 2004). In addition
to the above, the way in which various bioactive compounds of L. tridentata could act against
oxidative stress has been shown. Under this premise, L. tridentata could be used to generate an
antioxidant agent capable of inhibiting oxidative stress and mitigating its effects.

11.4.5 Antiproliferative Activity

Other biological activity reported for L. tridentata is antiproliferative potential (Figure 11.3,
Table 11.1). Salido et al. (2016) investigated the in vitro antiproliferative effect of the methanolic
extract of L. tridentata. By MTT assay, they demonstrated that the extract effectively inhibits the
proliferation of murine (RAW 264.7 macrophages) and human (A-549, LS-180, HeLa and 22Rv-1,
BxPc-3) cancer cells. The murine cell line was inhibited with an IC, of 19.85 ug/mL, while in
human cells, the IC,, values were between 64.28 and 163.73 ug/mL. On the other hand, the non-
cancerous cell lines L929 and ARPE-19 presented greater resistance to the extract. Additionally,
the extract was more selective than cisplatin, which was used as a positive control.

On the other hand, the potential of NDGA to inhibit the proliferation of cancer cells has been
extensively investigated. Leon et al. (2016) evaluated the antiproliferative effect of NDGA on
human leukemia cell lines HL-60 and U-937 using a neutral red assay and a colorimetric assay
(that allows monitoring the ability of cells to incorporate the dye in lysosomes). The results
show that NDGA (30 pM) almost completely decreased cell viability at 24, 48, and 72 h. At 24 h
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of treatment, IC;, values of 10.3 and 12.5 pM were obtained for HL-60 and U-937, respectively.
Additionally, the effect of NDGA on peripheral blood mononuclear cells (PMBC) was evaluated,
observing that the compound did not reduce the viability of these cells. This demonstrates that
NDGA has greater selectivity on leukemic cells.

In another investigation, the antiproliferative effect of NDGA against LAPC-4 prostate cancer
cells was evaluated. For this, the cells were deprived of androgens for three days, then 1 nM of
dihydrotestosterone (DHT) was added together with other androgens for seven days. After the
incubation time, the growth of LAPC-4 doubled. NDGA showed a rapid effect at inhibiting IGF-1
induced IGF-1R autophosphorylation. Whereas DHT increased IGF-1R protein expression as well
as mRNA levels. Furthermore, NDGA at 10 pM was reported to inhibit cell proliferation caused
by DHT (Ryan et al., 2008).

Using MTT assay, Soriano et al. (1999) evaluated the inhibitory effect of six agents —including
NDGA - on the in vitro growth of small cell lung cancer (SHP77, H69, and H345) and non-small
cell lung cancer (A549, H460, and H157). Results showed that NDGA was a potent inhibitor of
all cell lines, with IC;, values between 10 to 65 uM. In turn, the cell lines H69 (IC,, = 15 uM) and
H345 (IC50 = 10 uM) were particularly more sensitive. For their part, Zavodovskaya et al. (2008)
analyzed the in vitro effect of NDGA on MCF-7/neo cells, a human breast cancer cell line sensitive
to the antiestrogen tamoxifen, and on MCF-7/HER2-18 cells that overexpress the HER2 receptor
and is resistant to tamoxifen. When performing a CyQuant cell proliferation assay, NDGA was
effective in inhibiting the growth of both cell lines by 23% (MCF-7/neo) and 9% (MCF-7/HER2-
18) at a concentration of 10 uM, while at 15 uM it inhibited 55% (MCF-7/neo) and 38% (MCF-7/
HER2-18).

This evidences the antiproliferative potential of L. tridentata, mainly the lignan NDGA.
Although there are several studies on NDGA, its mechanism of antiproliferative action has not
been fully established. Various authors have reported that NDGA inhibits cell proliferation
through induction of cell cycle arrest (G, and S) (Zavodovskaya et al., 2008; Gao et al., 2010), sup-
pression of tumor growth by inhibition of metabolic enzymes (Manda et al., 2020) and blockage
of phosphorylation of receptor tyrosine kinases (RTKs), such as IGF-1R, and HER2 (Ryan et al.,
2008; Zavodovskaya et al., 2008). RTKs play a critical role in many cellular processes, including
cell proliferation, differentiation, metabolism, and survival (Hsu and Hung, 2016). Therefore, it is
suggested that, in the inhibition of HER2 autophosphorylation, NDGA acts directly on the enzy-
matic component of the receptor, unlike most RTK inhibitors, which block the ligand binding
site (Regad, 2015; Youngren et al., 2005). On the other hand, NDGA could act as a chemopreven-
tive by inhibiting the lipoxygenase activity (Nakadate et al., 1982).

Yoshida et al. (2007) have reported that NDGA increases the susceptibility of prostate and
colorectal tumor cells to TRAIL-induced apoptosis by regulating death receptor expression.
Likewise, Rowe et al. (2008) showed that NDGA can sensitize breast cancer cells to the thera-
peutic agent trastuzumab (monoclonal antibody against HER2). In a study with breast cancer
cells, NDGA was reported to induce apoptosis via a caspase-independent pathway involved
in the translocation of apoptosis-inducing factor (AIF) from mitochondria to the nucleus
(Zavodovskaya et al., 2008).

On the other hand, polyphenols are one of the most studied groups of compounds in L. triden-
tata. It is known that these compounds inhibit the development and promotion of cancer, inter-
fering in the four phases of carcinogenesis - initiation, promotion, progression, and invasion
(Quintana, 2015). In the appearance of tumors, polyphenols can intervene in their proliferation
routes, inhibiting the oxidizing agents that stimulate tumor development (Delgado, 2015); they
have been shown to inhibit enzymes important in tumor progression, such as xanthine oxidase
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(Chang et al., 1993) and cyclo-oxygenase (COX) (Mutoh et al., 2000). Similarly, flavonoids have
been shown to have antiproliferative activity via cell cycle inhibition (Delgado, 2015). In addition,
these compounds can induce cell death by apoptosis, which is associated with their ability to act
as pro-oxidants, causing an increase in intracellular levels of ROS, which leads to the formation
of H,0, (Yang et al., 2000). Other authors have reported that this could be related to an altera-
tion in the expression of heat shock proteins (Rong et al., 2000), as well as changes in molecular
signaling pathways (Yin et al., 1999).

The findings suggest that bioactive compounds from L. tridentata could be good candidates
for the development of new anticancer agents. However, more targeted studies are needed to
determine the potential of these compounds at in vivo cancer models.

11.5 TOXICITY AND GENERATION OF PHARMACEUTICAL PRODUCTS

The use of therapeutic drugs for the control or treatment of diseases has been documented
throughout history. However, any chemical entity in high enough doses can become toxic.
Therefore, during the drug generation process, the study of the toxicological effects of new drug
candidates becomes necessary (Dorato and Buckley, 2006).

The determination of the therapeutic index (TT) — which is defined as the relationship between
the highest exposure to the drug that does not produce toxicity and the exposure that produces the
desired efficacy — contributes to the characterization and optimization of the safety and efficacy of
drug candidates, thus allowing the identification of those chemical entities that have an adequately
balanced safety—efficacy profile for a given indication (Muller and Milton, 2012). Ideally, drug candi-
dates should be chemical entities that are safe and effective in treating the target condition. Therefore,
the toxic effects of drug candidates must be sufficiently defined to allow the initiation of clinical tri-
als. Naturally, toxicological studies have three main objectives: 1) determination of the toxicological
spectrum over a wide range of doses in laboratory animals, 2) extrapolation of responses to other
species, with special emphasis on the potential for undesirable effects in humans, and 3) determina-
tion of safe levels of exposure. To meet these objectives, during the pre-clinical phase, different cells
or animal models can be used, while during the clinical phases the safety and efficacy of the drug is
obtained from experimentation on humans (Dorato and Buckley, 2006).

During the drug discovery and development phases — early discovery phase, non-clinical
development, and in clinical trials - toxicology testing should be a must. During the discov-
ery phase, short-term toxicological trials should be evaluated. Whereas, during the preclinical
phases (non-clinical development), toxicokinetic parameters, genotoxicity, and toxicity <30 days
must be determined. In the clinical phase in humans, aspects such as drug metabolism, toxico-
kinetics, and toxicity <6 months should be explored during Phase 1. In clinical Phase 3, oncoge-
nicity, environmental assessment, and toxicity >6 months should be established. Finally, in the
launch phase, the study of new formulations and new delivery methods can be evaluated (Dorato
and Buckley, 2006). One of the most important factors contributing to the failure of pharmaceu-
tical products is the adverse effects observed in the preclinical and clinical phases. Therefore,
early identification of toxicity induced by new candidates avoids spending time and money on
compounds that are likely to fail in their development stage (Bendels et al., 2019).

The toxicological effects of compounds, formulations, or extracts of L. tridentata have been
reported; however, so far, the necessary data are still lacking to consider pharmaceutical prod-
ucts or formulations obtained from this plant as safe for administration in humans. Smith et al.
(1994) reported that chaparral tea consumption was associated with the development of renal
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cystic cell carcinoma and acquired renal cystic disease in a 56-year-old woman. Although the
patient claimed to have consumed three to four cups of chaparral tea daily for a period of approx-
imately three months, the exact doses consumed were unknown, and it was also unknown if the
patient was consuming any other substance or drug with renal toxic effects or with renal carci-
nogenic capacity. The only additional information reported was consumption of five to six cups
of taheebo tea (Tabebuia impetiginosa/avellanedae) per day for a period of six months.

Sheik et al. (1997) reviewed 18 Food and Drugs Administration (FDA) case reports of adverse
events associated with chaparral ingestion between 1992 and 1994. In 13 reports, evidence of
hepatotoxicity with increased serum values of the liver chemical test were registered. These
abnormalities were developed after three to 52 weeks of chaparral ingestion and resolved from
1 to 17 weeks after discontinuing consumption. Liver injury predominantly was presented as
drug-induced or toxic cholestatic hepatitis. In four of the 13 individuals in which hepatotoxicity
was recorded, there was progression to cirrhosis. In addition, in two individuals, acute fulmi-
nant hepatic failure was developed requiring liver transplantation. Although this study reports
liver toxicity caused by L. tridentata, the reports do not clearly indicate the doses used by indi-
viduals or the frequency of consumption, data that are necessary to know the toxic or permissive
doses more clearly of a drug or medicinal preparation.

NDGA is one of the bioactive compounds found in greater quantity in the leaves and twigs
of L. tridentata (up to 10% dry weight). In various studies, the ability of NDGA to induce cystic
nephropathy in rats has been reported (Goodman et al., 1970; Evan and Gardner, 1979; Gardner
et al., 1987). In addition, NDGA has been reported to induce hypersensitivity when administered
through the skin route, which is why it was withdrawn from the market by the FDA (Olsen et
al., 1991; Kulp-Shorten et al., 1993). Lambert et al. (2002) reported the toxicological potential of
NDGA in Balb/c rats, demonstrating that NDGA may contribute to L. tridentata-induced hepa-
totoxicity. In this study it was shown that intraperitoneal administration of NDGA induces 50%
lethality in mice (LDy,) at a dose of 75 mg/kg. This study also reports an increase in serum levels
of the liver damage marker alanine aminotransferase, which suggests possible damage to this
organ. Additionally, glucuronidation is reported to be a possible detoxification mechanism for
NDGA, via the formation of mono- and diglucuronides of NDGA after intravenous administra-
tion. The results reported in this study can be used as a basis for determining effective non-toxic
doses and the therapeutic index of NDGA, in addition to the study of pharmacokinetic param-
eters and the effect of long-term administration of NDGA.

On the other hand, inventor Sinnott R.A.’s patent (registration key US5945106A) makes refer-
ence to the method of making a non-toxic extract made from L. tridentata. This extract is made
from the extraction of plant material using an organic solvent and is subsequently saturated
with ascorbic acid to reduce the toxicity of the NDGA present in the plant material. Furthermore,
additional amounts of ascorbic acid are added to prevent the natural oxidation of NDGA. The
extract is useful for the treatment of viral diseases caused by viruses of the Herpesviridae fam-
ily or viruses that require the Spl class of proteins to initiate viral replication. Similarly, it can
be used to reduce inflammation in diseases where inflammatory reactions are mediated by the
effects of leukotrienes (Sinnott, 1996). The results reported in this study can also be considered
for the preparation of less toxic formulations from NDGA or products made from extracts or
active fractions of L. tridentata.

Portilla-de Buen et al. (2008) reported that the aqueous infusion prepared from 2.5 g of the
plant in 230 mL of drinking water of L. tridentata did not induce toxicity in Wistar rats that
received 1 mL of the infusion orally, three times a day for 95 days. No change in weight was
observed in the mice that received the aqueous infusion; in addition, the results of the blood
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counts and blood chemistries remained normal. There were no differences between groups for
weight gain or loss or water consumption at any time point. In addition, CBC and blood chemis-
try results remained within normal ranges throughout the study. This shows that, at low doses,
the extracts, preparations, or compounds of L. tridentata probably do not induce toxicity.

Heron and Yarnell (2001) reported that low-dose herbal formulation containing less than 10%
of L. tridentata tincture or topical application of Ricinus oil extract for topical use is safe for
use. In the study, patients were prescribed either formulation for use over a 22-month period.
Thirteen patients were prescribed the tincture, while another 23 patients (20 female and 3 male)
were prescribed the oil for topical use. None of the patients showed signs of organ damage during
the follow-up period. Therefore, it was concluded that the ingestion of low doses of tincture or the
topical application of extracts in Ricinus oil is safe.

Together, the results shown here demonstrate that the toxicological effect of compounds,
formulations, or extracts made from L. tridentata are little known and contradictory. For this
reason, it is necessary to explore the toxicological effects of drug candidates obtained from this
plant at each of the research levels —-from the discovery phase, non-clinical phase, and clinical
trials — to guarantee the efficacy and safety of the product under study.

CONCLUSIONS

L. tridentata is a medicinal plant that has demonstrated different biological activities that are
associated with the presence of bioactive compounds. In this sense, this plant can be used to
obtain fractions or purified active compounds that allow obtaining future pharmacological
therapies. However, an extensive evaluation of toxicological studies is required to guarantee its
safe and effective application in humans.
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Plants produce numerous organic molecules that fulfill various cellular functions essential for physi-
ological processes and for response mechanisms to various stimuli. The type of metabolite and its
concentration are determined by the species, the genotype, the physiological state, the stage of devel-
opment and the environmental factors present during the growth of the plant. Metabolism is defined
as the set of chemical reactions that cells perform to synthesize complex substances from simpler
ones or to degrade complex ones. Plants allocate a significant amount of carbon and energy to the
synthesis of a wide variety of organic molecules that do not have a direct function in basic processes,

which are called secondary metabolites (Buchanan et al., 2015).
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Secondary metabolites are synthesized in small amounts and include a wide variety of com-
pounds, including alkaloids, carotenoids, phenolic compounds, volatile compounds, steroids,
phytoalexins, phytohormones, flavonoids, cyanogenic glycosides, glycosylates, isoprenoids,
saponins, tannins and terpenoids that are particularly synthesized in very restricted groups of
plants: that is, not all secondary metabolites are found in all groups of plants, some are synthe-
sized only at the species level, while others at the genus level and very few at the level of taxo-
nomic families (Delgado, 2015).

Secondary metabolites intervene in different functions related with the ecological interac-
tions between the plant and its environment, among other functions they are known to act in
the protection against predators, mainly providing unpleasant flavors for animals (Mithofer and
Boland, 2012) as well as a defense against viruses, fungi and bacteria acting as natural pesticides
(Gorlenko et al., 2020); as attractants of pollinating insects or other animals that consume the
fruits and/or seeds either from the volatile compounds and pigments in the floral structures and
fruits (Stevenson et al., 2016); as animal repellents because metabolites can trigger toxic reac-
tions or an unpleasant taste for some animals (Madariaga-Mazon et al., 2019); and as part of the
regulation of processes such as avoiding water loss in plants (Gonzalez-Zamora et al., 2013).

12.1.1 Uses and Applications of Secondary Metabolites

Humans have used secondary metabolites to develop active ingredients of medicines, nutra-
ceutical products, insecticides, herbicides, perfumes or dyes, among other products (Erb and
Kliebenstein, 2020). So, their commercial importance is enormous, as a large number of meta-
bolic products of commercial importance are used in the pharmaceutical, food and cosmetic
industries and as sources of numerous substances of agrochemical interest (Chiocchio et al.,
2021). Tt is estimated that more than 100,000 secondary metabolites are produced by plants
(Teoh, 2016), so the technology for their identification, characterization and production are
increasingly sophisticated, to such a level that, in the past two decades, more than 1,600 chemi-
cal structures with biological activity have been described every year (Hussain et al., 2012).

12.1.2 Secondary Metabolites in Medicine

For millennia, plant species have been the main source of medicines to treat different diseases
and are currently the subject of study in different areas of scientific knowledge because of their
applications and uses. From the nineteenth century, with the discovery of salicylic acid from the
extracts of Salix alba L. (white willow), research into plant products used in traditional medicine
took a great boost. In the twentieth century, many drugs were developed from natural sources
in plants that have served to treat some diseases (Mesa, 2017); one of the most important is the
discovery and application of alkaloids, such as atropine and morphine, derived from the extracts
of Atropa belladonna L. that have stimulating and analgesic properties. Another strong field of
research was to find secondary metabolites for the development of anticancer drugs because
of the severity of the disease and the high mortality rates it presents so that about 60% of anti-
cancer compounds are natural products or derivatives (Seca and Pinto, 2018); other examples
of important secondary metabolites in the treatment of diseases are glycosides used as heart
stimulants. The trend in the twenty-first century is for research on the secondary metabolites of
plants to be accentuated due to the emergence of new diseases, as evidenced during the recent
pandemic triggered by the emergence of the SARS-Cov-2 virus coupled with new trends to con-
sume products of natural origin free of chemical processing (Bhuiyan et al., 2020).
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12.1.3 Secondary Metabolites in Agronomy

In agriculture, phytopathogenic bacteria and fungi, as well as insects, cause numerous economic
losses (Clemensen et al., 2020). The excessive application of antibiotics, insecticides, fungicides and
pesticides for the control of pests and pathogens has had an impact on the health of ecosystems and on
the people who participate in these types of activities (Garcia et al., 2017; Santillan-Sidén et al., 2020).
In this context, the secondary metabolites of plants have been studied as an environmentally friendly
alternative, some of the success stories that have been most widespread among people engaged in
agricultural activities include 1) the application of nicotine extracts (Nicotiana tabacum L.) to con-
trol the growth of various groups of insects; this secondary metabolite exerts an insecticidal effect
by interacting with acetylcholine receptors causing poisoning symptoms similar to those observed
when applying organophosphate insecticides (Schorderet et al., 2019); 2) the use of pyrethrins pro-
duced by Tanacetum cineraiaefolium (Trevir.) Sch. Bip. that blocks the sodium channels present in the
neuronal axons of a large group of insects and that causes them seizures and hyperactivity (Bekele,
2018); 3) the acetogenins of Annona muricata L. that have biopesticidal activity by blocking the energy
production of mitochondria in insect cells (Pérez, 2012); 4) azadirachtin, obtained from the seeds of
Azadirachta indicates A. Juss., which interferes with the reproduction of insects, altering sexual devel-
opment and gametogenesis processes both in the larva and in the adult stage and that also affects the
hormone-producing organs and the brain neurosecretory system (Bekele, 2018); 5) essential oils such
as eugenol, terpineol and cinnamic alcohol obtained from various species (i.e., Salvia rosmarinus (L.)
Schleid., Eucalyptus globulus Labill., Syzygium aromaticum (L.) Merr. & L.M. Perry, Thymus vulgaris L.,
Melissa officinalis L.), which have neuroinsecticidal activity by blocking binding sites to octopamine
receptors in species such as Camponotus pennsylvanicus (De Geer, 1773) (black carpenter ant) and
Blattella germanica Linnaeus, 1767 (German cockroach); citral, eugenol, farnesol and geraniol have
shown insecticidal activity against Musca domestica Linnaeus, 1758 (housefly) (Bekele, 2018).

12.1.4 Secondary Metabolites in Industry

One of the most important groups of secondary metabolites in the industry are plant pigments. These
are molecules that absorb light and reflect a part of the electromagnetic spectrum giving rise to a
wide variety of colors. Since ancient times, humans have used natural dyes that were extracted from
animals and minerals but mainly from plants, such as Indigofera tinctorea L., known in India for more
than 4,000 years, to dye clothes, skins, religious and recreational objects (Yusuf et al., 2017). The best
known pigments are chlorophylls, responsible for the photosynthesis process and give the green color
to the leaves and/or stems in some groups of plants. Another group of pigments are responsible for
the colors of flowers and fruits that act as attraction signals for various animals that facilitate the
pollination and dispersion of seeds, in addition to protecting plants from damage from sunlight, phy-
topathogens and heavy metals. In recent years, there has been an increase in the production and use
of natural dyes, such as food additives, medicines and cosmetic products, in order to reduce the side
effects of synthetic products (Brockington et al., 2011).

12.2 FACTORS AFFECTING THE QUANTITY AND
QUALITY OF SECONDARY METABOLITES

Most of the environmental factors, such as dryland or pollution, may produce stress in plants, inducing
the production of reactive oxygen species (ROS). In response, the plant triggers a protective effect that
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promotes the biosynthesis of secondary metabolites. The amount and type of secondary metabolites
synthesized by plants depends on the genetic variability and plasticity of the phenotypes; however,
this can vary drastically depending on the species, organ, tissue, stage of development and environ-
mental conditions (Lia et al., 2020). Different secondary metabolites can be synthesized through a
special regulatory pathway and a special transport pathway in certain organs, tissues and cells and
exert long-term effects on plant growth and survival in stressful environments (Kurepin et al., 2017).
The main storage organs of secondary metabolites are the roots and stems; however, this is affected
by the period, season and years of growth. Some structures in the leaves, such as glandular trichomes,
are also sites where secondary metabolites accumulate (Xu et al., 2018). Flowers and accessory struc-
tures, such as nectaries, give off terpenes and aromatic compounds that present variations related to
the stage of development of floral organs (Gupta et al., 2011). In the case of fruits and seeds, the stages
of development have a significant influence on the content and composition of secondary metabolites
(Gonzalez-Zamora et al., 2015).

12.2.1 Physical Factors

There are several environmental factors that affect the production of secondary metabolites, such as
water stress, the amount of radiation, seasonal variation, CO, concentration and the availability of
salts in the soil, among others (Cheng et al., 2018). In plants that grow in conditions of high tempera-
ture and low humidity, it has been determined that the amount of secondary metabolites increases
due to the level of aridity of the environment (Gonzalez-Zamora et al., 2013). One of the main effects
of water stress in plants is the accumulation of O,, which can be detected by the presence of malondi-
aldehyde (MDA), which is the end product of membrane lipid peroxidation (Rahimi et al., 2018). To
prevent further damage, plants activate their antioxidant system, which includes enzymes that can
convert O, into H,0, such as superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT), as
well as protective enzymes such as ascorbate peroxidase (APX) and glutathione reductase (GR), in
conjunction with phenols and flavonoids (Dumanovic et al., 2021).

In stress conditions, the concentration of ROS and the levels of MDA increase; in contrast, the
activity of the antioxidant enzyme system is inhibited (Huang et al., 2019). A study performed by
Selmar and Kleinwachter (2013) proposed a model to explain the effects of water stress on the
production of secondary metabolites. The model proposes that, in plants that inhabit conditions
of water scarcity, the stomata are closed to minimize the effect of stress on the leaves, which
allows there to be a lower concentration of CO, that is fixed through the Calvin cycle, while the
concentration of reduced equivalents, such as NADPH + H*, being lower are consumed and re-
oxidized, allowing for the accumulation of higher amounts of NADPH + H* and, thus, generating
an over-reduced environment. This promotes the biosynthesis of terpenoids and phenols in addi-
tion to other reactions to consume NADPH + H*. It has been determined that there are several
genes involved in the response of plants to water stress, for example, dehydrin (DHN) (George
et al., 2017), that increases their expression under conditions of water stress and activates other
molecular responses, including the activation of genes that encode enzymes involved in the bio-
synthesis of some terpenoids such as geranyl diphosphate synthase (GPPS), farnesyl diphosphate
synthase (FPPS), geranylgeranyl diphosphate synthase (GGPPS) and copalyl diphosphate syn-
thase (CPS) (Caser et al., 2019).

Temperature stress directly affects the metabolism of plants, as it allows the accumulation of
ROS and affects the folding of proteins. This effect is prevented by plants through the synthesis
of chaperones, which maintain the folding state of proteins. Heat shock proteins (HSP) are a
class of chaperones that are expressed during heat stress (Jacob, 2017); multiple families of genes
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involved in the expression of chaperones have been recognized. Among the effects of chaperone
expression are the synthesis of antioxidants - the induction of kinases that respond to the stress
of Ca-dependent protein kinases (Carra et al., 2017).

On the other hand, salinity stress causes changes that destabilize membrane function, redox
homeostasis and nutrient balance, affecting primary metabolism that provides precursors to sec-
ondary metabolites (Xu et al., 2016). In the case of organisms living in conditions of high salt con-
centration, the biosynthesis of secondary metabolites is high, induced by salinity stress. The main
secondary metabolites synthesized under conditions of high salinity are terpenoids, steroids, phe-
nols, flavonoids and alkaloids that correlate with the antioxidant capacity of plants (Sytar et al., 2018).
In dry areas, the low availability of water can generate an increase in soil salinity, so there may be two
stressors affecting the synthesis of secondary metabolites simultaneously (Isah, 2019).

12.2.2 Chemical Factors

One of the most important environmental problems in many regions of the world is the contami-
nation of the atmosphere, water and agricultural soils with heavy metals and other contaminants,
which has an impact on the health of ecosystems (Gonzélez-Zamora et al., 2020) and human popula-
tions that consume these products (Gandarilla-Esparza et al., 2021). Some heavy metals are essential
trace elements for plants such as zinc (Zn), copper (Cu), nickel (Ni), molybdenum (Mo), manganese
(Mn), chromium (Cr) and iron (Fe); however, some metals are toxic to plants, although they are in very
low concentrations, as they are not essential, such is the case of lead (Pb), cadmium (Cd), mercury
(Hg) and arsenic (As) (Shahid et al., 2017). The absorption and incorporation of heavy metals in plants
causes dysfunctions in metabolism, mainly the excessive production of ROS, which can be neutral-
ized by the enzymatic and non-enzymatic antioxidant pathways already explained above, which
cause a significant increase in secondary metabolites (Asgari et al., 2017).

One of the main polluting elements with an effect on the health of people who consume plants
is As. The presence of As is due to an increase in anthropogenic activities that generate it, as well
as natural processes (volcanic eruptions) that cause the contamination of aquifers and ground-
water (Al-Makishah et al., 2020). The absorption of As by plants causes phytotoxicity due to its
accumulation within plant cells that produce oxidative stress with physiological and metabolic
effects mainly due to the generation of ROS (Kalita et al., 2018), which cause damage at the cel-
lular level and interfere with the synthesis of secondary metabolites (Rasheed et al., 2018). The
stress caused by the high concentration of As alters enzymatic activity and levels of second-
ary metabolites, and changes occur in the enzymatic and non-enzymatic antioxidant system
in response to this contaminant. It has been reported that As can be translocated to different
parts of the plant; however, the roots function as phytochelating agents, so the greatest amount
of metal remains in this area (Suriyagoda et al., 2018).

12.2.3 Interactions with Other Organisms

'The microbiome associated with the root influences the induction of genes in plants that are involved
in the synthesis of secondary metabolites, keeping the roots healthy and allowing tolerance for envi-
ronmental stress (Jha and Subramanian, 2018). In the plant tissues, there is an association with sev-
eral species of endophytic bacteria that synthesize a wide range of bioactive secondary metabolites,
such as flavonoids, alkaloids, phenolic acids, steroids, quinones, tetraphyllones and xanthones (Tidke
et al.,, 2017), which in most cases, benefit plants by promoting their growth and increasing their resis-
tance to abiotic and biotic stress because the metabolism of plants interact with the metabolism of
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their associates contributing to the pathways of secondary metabolism partially or totally (Ludwig-
Miiller, 2015). The endophytic bacteria present in different plant organs can produce a broad spec-
trum of secondary metabolites (Zam et al., 2019) that include compounds with antibacterial activity
against pathogenic bacteria (Hagaggi and Mohamed, 2020).

The interactions of plants with other non-bacterial organisms stimulate the production of
secondary metabolites, as is the case of the monoterpenic indole alkaloids pathway that has
been observed in plants suffering attacks from herbivores (Dugé de Bernonville et al., 2020),
decreasing methylation levels, which also translates into a greater resistance capacity of plants
to pathogens (Gonzalez and Vera, 2019). Many of the secondary metabolites produced by plants
are stored in vacuoles, as some are precursors of active compounds that can be activated in
response to damage to the plant. Once damage occurs, lectin-type defensive proteins, protease
inhibitors or secondary metabolites that are toxic to other organisms begin to be produced; an
example of this is the production of isoflavonoid and sesquiterpene phytoalexins by a large num-
ber of plants as a defense response to microbial invasion (Zaynab et al., 2018).

12.3 EPIGENETIC REGULATION OF THE SYNTHESIS
OF SECONDARY METABOLITES

Elicitors are natural or mineral substances that, when applied preventively to plants, help reduce
or avoid damage caused by diseases, pests or adverse abiotic factors. The application of elicitors
induces changes in plant metabolism due to the reprogramming of genes related to metabolism
(Mejia-Teniente et al., 2013), increasing the synthesis of secondary metabolites in food and medic-
inal plants (Baenas et al., 2014). Gene reprogramming occurs primarily through methylation
and can be quantified by gene expression analysis (Eichten et al., 2014). It has been determined
that hypomethylation is associated with a higher level of gene expression as a plant response to
induced stress; in contrast, hypermethylated genes are silenced; therefore, they are not expressed
in mRNA and are not translated into functional proteins (Yang et al., 2018). Additionally, the
regulation of secondary metabolites within the same pathway occurs simultaneously by regula-
tory genes in trans or cis by loci of specific quantitative traits (Kooke et al., 2019), for which it has
been suggested that it has an important role in the evolution of secondary metabolism (Vidalis
et al., 2016). Epigenetic modifications have a great effect on morphological and genetic variation.
This epigenetic variation is important for plants in stressful environments, and these variations
can be reversed when the stressor is removed, which does not occur with variants in the DNA
sequence (Rando and Verstrepen, 2007); these mechanisms endow plants with broad phenotypic
plasticity and better adaptation to environmental conditions (Kooke et al., 2015).

12.4 ENVIRONMENTAL POLLUTANTS AND
THEIR EFFECTS ON PLANTS

12.4.1 Soil and Water Pollutants

The severity of soil deterioration depends on the pollution sources and whether the origin is
anthropogenic or natural, in addition to soil properties such as pH, clay mineral, organic matter,
texture and other conditions such as ionic strength, anions and bacteria that affect the adsorp-
tion of pollutants in soils (Nguyen et al., 2021). The presence of some contaminants in the soil,
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such as pesticides, is conditioned by their persistence and their sorption/desorption character-
istics; these parameters vary for the same pesticide from one geographic location to another and
with the depth of the soil (Katagi, 2013).

The presence of pesticides persists in different parts of the world. A study of agricultural
soils reported that more than 80% of the soils contained dicloro-difenil-tricloroetano (DDT);
the concentration of the sum of all metabolites and isomers ranged between 0.005 and 0.383
mg/kg; however, most of the collected plants growing in the soils sampled did not contain
detectable residues of DDT. According to these results, the authors suggest that the contami-
nation of these sites originated from the past use of DDT and not from impurities of other
recently formulated and applied substances (Malusa et al., 2020). On the other hand, the prob-
lem of contamination by metals still represents a latent problem. A report on mining areas in
Yunnan, China, shows concentrations of Pb and Zn ~50 times higher compared to the world
average (Li et al., 2019). While some areas in Mexico are the hottest and driest in the coun-
try, it is characterized by conserving the cultivation of corn, beans, chili, tomato, watermelon
and melon as well as beef production and dairy cattle. Additionally, mining is one of the most
important economic activities; therefore, in some regions, different types of soil and water
contamination can exist. Additionally, it has been documented that the high levels of con-
tamination are mainly due to the use of pesticides for decades, as organochlorine compounds,
organophosphates and phosphate fertilizers that favor the availability of As in the soil. Also,
hydroarsenicism is a consequence of overexploitation of aquifers, and other factors involved
in environmental deterioration, including poor management of waste in industries, which rep-
resents a danger to biodiversity, the environment, food security and human health (Ruelas-
Inzunza et al., 2013; Bhattacharyya et al., 2021).

One study reported the presence of dieldrin in different superficial layers of the soil (0-8 and
8-23 cm), where the content of organic matter, the percentage of clay and the pH had the greatest
influence on the concentration of this compound in the soil (Garcia et al., 2017). Other findings
reported that by adding phosphorus as a fertilizer to agricultural soils, the available As in the
surface layer (0-30 cm) increased up to 662%; however, the metalloid did not exceed the permis-
sible levels established in the normative standard (Herndndez et al., 2013). Other studies have
reported the presence of Cr, Ni, Cu, Zn, As, Cd, Hg and Pb in medicinal plant species and soil
samples where the presence of metals is possibly due to excessive fertilization applied and other
sources of contamination (Meng et al., 2022).

12.4.2 Pollutants Assimilated by Plants

During the past few decades, anthropocentric activity has caused a considerable increase in pol-
lution. Among the most characterized are pesticides and heavy metals in the air, soil or water.
Contamination by persistent pollutants allows plants to be exposed to them for long periods of
time and increases the probability that these compounds will be assimilated by plants and bioac-
cumulate in different plant structures, affecting the quality of secondary metabolites produced.
Accumulation of heavy metals in medicinal plants and spices has been reported, especially if
they are grown or harvested in polluted areas. The accumulation of heavy metals in plants has
been shown in various studies that report a low quality of secondary metabolites due to the con-
taminants present; however, it is important to consider the quality of the soil, the water used in
irrigation and the levels of metals accumulated in the plants (Glavac et al., 2017).

On the other hand, pesticides are toxic substances that contaminate soils, bodies of water and
crops; excessive use of pesticides can cause the destruction of biodiversity. In plants, pesticides cause
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oxidative stress, inhibit metabolic pathways, induce toxicity, prevent photosynthesis and negatively
affect crop yield, including secondary metabolites production. Pesticides increased the production of
ROS, such as superoxide radicals (O2), hydrogen peroxide (H,0,), singlet oxygen (0,), hydroxyl radical
(OH) and the hydroperoxyl radical (HO,") that damage proteins, lipids, carbohydrates and the DNA
of plants (Kim et al., 2017). Plants have response mechanisms, such as plant growth regulators (PGR),
that promote growth and development in optimal and stress conditions because they act as chemical
messengers that allow various physiological and biochemical responses for plants to survive in stress
conditions. This response reduces pesticide-induced toxicity. Exogenous applications of PGR, such
as brassinosteroid, cytokinins, salicylic acid, jasmonic acid, etc., mitigate the toxicity of pesticides
by stimulating the antioxidant defense system and increasing tolerance to stress conditions. They
provide resistance against pesticides by controlling the production of ROS, nutrient homeostasis,
increase the production of secondary metabolites and activate antioxidant mechanisms that activate
mechanisms of tolerance to pesticides (Jan et al., 2020).

The contamination of soil, water and air with toxic heavy metals due to various human activi-
ties is a crucial environmental problem in both developed and developing countries. Heavy
metals could be introduced into medicinal plant products through contaminated soil, water,
air resources, even by poor production practices. The cultivation of medicinal plants in envi-
ronments contaminated with heavy metals can eventually affect the biosynthesis of secondary
metabolites, causing significant changes in the quantity and quality of these compounds. Some
aromatic and medicinal plants can absorb and accumulate metallic contaminants in harvest-
able foliage and are, therefore, considered a feasible alternative for the remediation of contami-
nated sites. But plants use different strategies and enzymatic and non-enzymatic antioxidant
defense systems to deal with the overproduction of ROS caused by heavy metals that enter their
cells through the foliar and/or root systems; the accumulation of pollutants can be carried out in
the vacuoles of cells or in vesicles known as endosomes (Asgari et al., 2017).

12.4.3 Interactions between Secondary Metabolites
and Polluting Compounds

Environmental pollutants can affect the function of secondary metabolites by acting as agonists or
antagonists: in this sense an agonist is a substance that binds to a receptor and generates a specific
response, while the antagonist limits the action of another compound (for example, ion transporters).
It is also possible that contaminants have an additive effect - for example, in the case of cytotoxic
secondary metabolites and some environmental contaminants that also have this effect — or a syn-
ergistic effect in which the presence of a substance significantly increases the effects of a second-
ary metabolite. Although all these interactions are possible, it is very difficult to characterize these
effects in biological models or the human population; however, one approach is the quantification of
contaminating compounds and secondary metabolites, which determines their safety and quality.

A controlled study determined the effects of contamination with 25 or 50 mM Ni and analyzed
the synthesis and accumulation of bioactive molecules in Hypericum perforatum L., a medici-
nal plant used in the treatment of neurological disorders and recently identified as a possible
treatment for cancerous tumors. The pharmacological activity has been attributed to hypericin,
hyperforin and pseudohypericin. In this assay, seedlings grown in a Ni-supplemented environ-
ment lost the ability to produce or accumulate hyperforin and showed a 15- to 20-fold decrease
in the concentration of pseudohypericin and hypericin. These results demonstrated that metal
contamination can change the chemical composition of the plant and affect the quality, safety
and efficacy of natural plant products (Murch et al., 2003).
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Another study analyzed the physiology, oxidative stress and metabolite production in H. perfora-
tum exposed to moderate concentrations of Cd and/or La (10 pM), in which an increase in ROS and
MDA was observed as well as a decrease of growth, tissue water content, glutathione, ascorbic acid
and affected nutrient content. Additionally, a decrease in hypericin and the expression of its putative
gene (hyp-1) was observed as well as an accumulation of hyperforin, which shows that exposure to
metals affects the quantity and quality of secondary metabolites (Babula et al., 2015).

In a controlled study, Mentha piperita L. plants were grown in soil contaminated with 23.7
mg/kg of As, 5 mg/kg of Cd, 136 mg/kg of Ni and 95 mg/kg of Pb, and the transfer of metals to
the plants were evaluated, and their accumulation in roots, stems and leaves were compared to a
control group without the addition of metals. The accumulation of Cd, Ni and Pb was observed in
roots > stems > leaves, but no significant impact on growth, development and chlorophyll con-
tent was observed, compared to the control in the first month of exposure; however, after three
months of exposure, phytotoxic effects were produced. The authors mention that the values of
the transfer coefficients and the translocation factors were less than 1, which indicates that M.
piperitaimmobilized the metals in the root, so they conclude that, during a short period of time,
the plant has the ability to stabilize metals in the root (Dinu et al., 2021).

On other hand, a study determined the heavy metal content and nutrient status of some
medicinal plants. The concentrations of Al, B, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb and Zn
were quantified in commonly used parts of medicinal plants, such as the root, rhizome, seed,
resin, gall and fruit, collected at nearby industrial regions, mining and farming sites. Overall
heavy metal concentrations were found to be in slightly higher levels. This shows us that it is of
crucial importance that the areas where medicinal plants are collected are clean, especially by
means of heavy metals, as these plants can cause more harm than the benefits they may provide
if they are contaminated (Karahan et al., 2020).

12.5 CONCLUSION

The production of secondary metabolites can be affected by various environmental stimuli,
including water scarcity and exposure to environmental pollutants. Plants respond to both
stimuli by various rescue mechanisms such as root chelation, assimilation and sequestration
of the pollutant in vacuoles as well as the expression of the enzymatic and non-enzymatic anti-
oxidant system; however, the amount of the pollutant and the period of exposure determine
the effect on the production of secondary metabolites. The little availability of water, as well as
the contamination of the soil and water can be common in many agricultural areas destined to
the production of medicinal plants; however, the quantity, safety and quality of the secondary
metabolites, with biological activity of interest, can be modulated through good management of
possible contaminating compounds to avoid an adverse effect on the population that consumes
these products in different formulations.
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