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ABSTRACT: The cotton plant is cultivated mainly by the fiber, the oil that is extracted of the seed that can be used like
eatable oil and the use of the cotton cake like forage. This plant is resistant to conditions of drought and salinity of the soil.
However, it possesses some characters that limit their productivity. It is for it that requires of programs of plant breeding,
but the programs for traditional methods are limited by several factors in this cultivation, for what the biotechnical
techniques constitute alternatives to achieve these objectives. In the work was carried out a brief revision of the national
and international scientific literature about the origin, the distribution and the cultivation importance, as well as the
antecedents of the regeneration of plants and the methods of breeding, by means of the genetic transformation, in the
cotton cultivation. It seeks to put on to the reader's disposition a summary of results as preamble for the development of
future investigations in the regeneration of plants and breeding genetics of Gossypium spp. for biotechnical methods.
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RESUMEN: La planta de algodon se cultiva principalmente por la fibra, el aceite que se extrae de la semilla que puede
utilizarse como aceite comestible y el aprovechamiento de la torta de algodon como forraje. Esta planta es resistente a
condiciones de sequia y salinidad del suelo. Sin embargo, posee algunos caracteres que limitan su productividad. Es por
ello que requiere de programas de mejoramiento genético, pero los programas por métodos tradicionales estan limitados
por varios factores en este cultivo, por lo que las técnicas biotecnologicas constituyen alternativas para lograr los objetivos
de la mejora. En el trabajo se realizé una breve revision de la literatura cientifica nacional e internacional sobre el origen,
la distribucion e importancia del cultivo, asi como los antecedentes de la regeneracion de plantas y los métodos de
mejoramiento, mediante la transformacion genética, en el cultivo del algodon. Se pone a disposicion del lector un
compendio de resultados como preambulo para el desarrollo de futuras investigaciones en la regeneracion de plantas y
mejora genética de Gossypium spp. por métodos biotecnologicos.
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INTRODUCTION

Cotton (Gossypium spp.) is one of the most widely
grown oilseeds worldwide for oil extraction, with a total of
32.26 million tons of oil produced in 2020 (1). The cotton
plant is grown mainly for its fiber, the oil extracted from
the seed that can be used as edible oil, and the use of
cotton cake as fodder. The seed hull can be used as raw
fodder and bedding for livestock, as fertilizer or fuel (2).
This plant is resistant to drought conditions and soil salinity;
however, it has some unfavorable characteristics such as
the long vegetative period, the fiber is thick and of short
length, in addition to susceptibility to soil pathogens such as
Rhizoctonia solani, Pythium spp., Fusarium and Thielaviopsis
basicola, which cause seedling drop (3).

In view of this problem, it is necessary to develop genetic
breeding programs for this crop. Although it should be noted
that in cotton, the use of traditional methods of genetic
breeding is limited by several factors; among them, the
complexity of the character to be breeded, the influence of
the environment and the long periods of selection, aspects
that make them significantly more expensive (4). The use
of biotechnological methods constitutes an alternative for
the development of these crop breeding programs, although
in order to establish biotechnological breeding methods,
it is essential to have an efficient and reproducible plant
regeneration methodology (5).

This paper provides a brief introduction to the origin,
distribution and importance of cotton cultivation, the
background for in vitro plant regeneration and the methods
of genetic breeding in this species, with emphasis on
biotechnological techniques. It is intended to make available
to the scientific community a compilation of results as an
introduction for the development of future research in the
propagation and genetic breeding of Gossypium spp. through
the application of biotechnological methods.

DEVELOPMENT

Origin, taxonomic classification and distribution

The cotton genus (Gossypium spp.) includes
approximately 50 species distributed in arid and semi-arid
regions of the tropics and subtropics. It includes four species
that have been independently domesticated for their fiber, two
in Africa, and one in Asia and another in America (6).

Its taxonomic classification is as follows (7): Kingdom:
Plantae, Division: Tracheophyta, Class: Magnoliopsida,
Order: Malvales, Family: Malvaceae, Genus: Gossypium.

This parallel domestication process involved four species,
two from America: G. hirsutum and G. barbadense, and
two from Africa and Asia: G. alborean and G. herbaceum
(7). There are different criteria on the origin of cotton. The
discussion on the centers of origin, according to recent
studies, states that it has not been determined. However,
it has been described that the primary centers of biological
diversity for this genus are Central and South America with
18 species, among which 11 are found in west-central and
southeastern Mexico and two in Peru and the Galapagos

Islands (one species from Hawaii). In Northeast Africa
and Arabia 14 species are identified, while in Australia
17 species (8).

Importance of cultivation

Cotton is grown in more than 75 countries on five
continents, generating income and rural employment, which
is a vital source of income for the economy of rural
households and a contribution to the food security of
family farming. The cotton value chain generates agricultural
products, fibers, textiles and industrial and handcrafted
garments, as well as the use of co-products as business
opportunities for food, health, cosmetics, among others,
which boosts national and regional economies (9).

At the end of the 2020/2021 season, world cotton
demand totaled 25.5 million tons, an increase of 12.4 %.
In the 2021/2022 season, world cotton production reached
25 million tons, an increase of 3 % (10).

In vitro plant regeneration methods

Modern biotechnology involves the establishment of
tissue culture and gene transfer systems, which guarantees
the obtaining of specific desired characteristics, which
contributes to the breeding of the crop in question and
implies the ability to regenerate a large number of plants
(11). The main ways of in vitro plant regeneration in cotton
are: organogenesis (12) and somatic embryogenesis (13).

Organogenesis

Organogenesis is the formation of organs (leaves, stem,
and roots) from buds or primordia developed on the surface
of callus or explants; generally, it starts with the formation
of leaf and stem, and continues with the formation of roots
(14). Organogenesis involves the formation of monopolar
structures that establish a vascular connection with the
tissue from which they derive; their origin is multicellular.
Normally, stems and roots are formed independently and are
characterized by the lack of union between vascular elements
of both structures (15).

Organogenesis involves the regeneration of shoots directly
from meristematic cells or from tissues close to them. Shoots
can arise from explant tissues with or without the callus
phase. Moreover, it is less genotype-dependent compared to
somatic embryogenesis, as each plant has axillary meristems
capable of regeneration. However, the response is different
among cultivars, which depends on the vigor, level of growth
of explants in vitro and sensitivity to the components of the
culture medium (16).

In this sense, and during plant regeneration via
organogenesis in three cotton cultivars of Gossypium
hirsutum, and using apices as initial explant, the highest
range of shoot elongation was observed with 11.1 uM
6-benzylaminopurine (6-BAP) and 0.1 % (w/v) activated
carbon, as well as an increase in growth in the presence
of Kinetin (kin). In addition, high rooting efficiency was
obtained with 0.98 uM Indolbutyric acid (IBA) and activated
charcoal (17).
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Somatic embryogenesis

Somatic embryogenesis is a biotechnological technique
that makes it possible to obtain embryos from plant somatic
cells without the union of gametes. This technique and plant
tissue culture, in general, are based on the principle of cell
totipotency (18), which consists in the fact that all plant cells
have the capacity to regenerate complete plants.

There are two types of somatic embryogenesis: direct
and indirect. The direct route involves the formation of
embryos directly from a segment of the explant without prior
callus formation. The indirect pathway occurs through an
intermediate stage of callus formation (19) and is observed
more frequently than direct somatic embryogenesis (20). In
both cases, for monocotyledonous plants, somatic embryos
pass through stages similar to those observed in a zygotic
embryo: globular, heart-shaped, torpedo, cotyledon and
mature embryo (21).

In 1979, the first studies on somatic embryogenesis
in Gossypium koltzchianum were reported, but without
obtaining complete plants (22). Subsequently, and since the
first half of the 1980s, some methods of plant regeneration
by this route have been developed in Gossypium spp. in
this sense, for the species G. hirsutum L. cv. Coker, plant
regeneration by somatic embryogenesis was described for
the first time in 1983 (23). Since then, significant progress
has been made in the use of this regeneration pathway
in cotton tissue culture (24). Similar to other cultures, the
phases of induction and formation, proliferation, maturation,
germination and conversion of somatic embryos are very well
defined (25).

The induction of the process consists of the pattern
termination of the expression of genes present in the explant
tissue; and it is replaced by an expression program of the
gene or genes in the cells of the cultured tissue, which
can give rise to somatic embryos (26). These cells depend
on different factors to achieve a high frequency of callus
formation, among them, the genotype, the type of donor plant,
the age or developmental stage of the explant, the in vitro
environment that includes the composition of the culture
medium and the physical conditions (light, temperature,
relative humidity) (27). There are also references on
the influence of the type of explant in the formation of
callus, whether leaves, petioles, roots, seeds, cotyledons,
meristems, zygotic embryos, among others (28).

Factors influencing the development of somatic
embryogenesis in cotton

Genotype

The regeneration capacity of plants shows wide differences
among families, genera, species, and even among genotypes
of the same species. Generally, dicotyledonous plants
regenerate more easily than monocotyledonous plants.
The regeneration capacity in the family Malvaceae, and
particularly in the genus Gossypium, is considered very low
(29). Plant regeneration and genetic transformation of cotton
by genetic engineering techniques is closely associated with

genotype, and most protocols have been adjusted for model
varieties. However, many of the elite varieties of this crop
are recalcitrant and do not respond favorably to genetic
manipulation (17). Also, differences have been observed in
the regeneration and in vitro propagation ability of cotton
plants from various cultivars of G. hirsutum species (30).
These aspects corroborate the need to study each genotype
and to adjust or optimize plant regeneration protocols.

Explant

There is evidence that all tissues have the capacity
to form callus in vitro, although not all are embryogenic.
Embryonic tissues and very young tissues are the ones
that have an active embryogenic response. An important
aspect to consider for the establishment of an efficient plant
regeneration protocol is the type of initial explant (31). In
cotton cultivation, the use of different types of explants
for the development of somatic embryogenesis has been
described. Among the most commonly used are those
from sexual reproduction such as ovaries, ovules, zygotic
embryos, anthers, as well as roots, leaves, segments of
young seedlings (cotyledons, hypocotyls) (32), and stem
segments from in vitro germinated seed plants (3).

In addition, the use of young leaf segments of Gossypium
barbadense L. cultivar 'MSI', from seedlings grown under
in vitro conditions, as initial explant for callus formation
was recently reported (33). However, this type of explant
has been successfully used for the development of plant
regeneration protocols in species such as Secale cereale
L. (34), Handroanthus heptaphyllus (35) and Lavandula
angustifolia L. (36).

Oxidation of phenolic compounds

One of the factors that frequently affects the isolation
of explants in in vitro culture is the oxidation of phenolic
compounds released by damaged cells during the process
of dissection of the explant source organs. Some practices
to counteract this effect include the use of antioxidant
substances such as ascorbic acid, citric acid, cysteine,
activated charcoal, among others, or mixtures of some of
these compounds (37).

Ascorbic acid is one of the most widely used antioxidants
in plant tissue culture, it acts as a redox buffer in plants
and has an important role in their metabolism. This acid
is a cofactor of enzymes and is involved in several
physiological processes in plants, including cell division,
cell wall metabolism and cell expansion, apical meristem
formation, root development, photosynthesis, regulation of
flowering and leaf senescence (38).

In the national and international scientific literature, there
are few references to the use of antioxidants to control
the oxidation of phenolic compounds in cotton cultivation.
The authors of a study carried out on the cotton cultivar
'MSI' observed that, during the formation of callus with
embryogenic structures, these compounds were formed; this
was controlled with the addition to the culture medium of
60 mg L of ascorbic acid. The addition of this antioxidant
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to the medium, in the presence of 2,4-dichlorophenoxyacetic
acid (2,4-D), contributed to the formation of a greater number
of total callus and embryogenic callus (33).

Culture medium

The culture medium composed of Murashige-Skoog (MS)
salts (39) is the most commonly used medium for somatic
embryogenesis in dicotyledonous species (40). In general,
and particularly in cotton, several modifications have been
made to this culture medium for plant regeneration by this
morphogenetic route. In this sense, the MS medium has
been modified with the addition of Gamborg B5 vitamins.
Evidence of the above are the favorable results during callus
formation, using MS culture medium, in different cultivars
of Gossypium spp. (41). Also, callus formation has been
successfully achieved in this genus when using MSB culture
medium (MS salts plus Gamborg B5 vitamins) (40-43).

Growth Regulators

Plant growth regulators are compounds that have a
regulatory rather than a nutritional role in the growth and
development of plant tissues. In the callus formation process,
the growth regulator used plays a fundamental role (44).
2,4-D is one of the most commonly used in tissue culture
for these purposes (45). The regeneration potential is also
influenced by the presence of the regulatory compounds
in the culture medium. For this reason, various types and
concentrations of growth regulators are used in protocols for
plant regeneration.

With respect to cotton, there are different criteria on the
concentration of 2,4-D to be used in the callus formation
process. This auxin has been very useful for the induction
of callus with embryogenic structures, from leaves and
cotyledons, in G. arboreum cultivars 'BD-I' and 'BD-6', as
well as in G. hirsutum cultivars 'SH-131"' and 'LH-900' (46).
In these cultivars, 2,4-D was also found to be effective in
inducing callus from explants of different provenance (47).

The combination of auxins and cytokinins, in cotton
cultivation, stimulates the formation of callus with
embryogenic structures, thus, for example, it has been
pointed out that the incorporation of 2,4-D and kinetin in the
culture medium induces the development and proliferation
of somatic embryos. Some authors report that the formation
of callus, with embryogenic structures, was achieved when
using concentrations of 9.04 yM of 2,4-D combined with
0.46 uM of kin. Similarly, callus formation has been reported
in cultivars of this genus with the addition of only 4.52 yM
2,4-D and 2.32 pyM kin to the medium (41,42,47). Induction
of somatic embryos has been obtained by transferring
embryogenic callus to growth regulator-free culture medium
and subsequent subculture on MS medium enriched with
1.9 g L' KNO;, (42).

There are references on obtaining friable and green callus
in Gossypium klotzschianum, from hypocotyls cultivated
in medium with 0.9 pyM 2,4-D and 2.32 puM kin (48).
Likewise, embryo development and proliferation have been
achieved with 0.045 yM 2,4-D; 0.93 pM kin and 2.46 yM

AIB. On the other hand, embryo differentiation has also
been achieved in liquid medium with 0.226 yM 2,4-D and
0.93 uM kin, observing the different stages of the somatic
embryo: globular, heart, torpedo and mature cotyledonary
embryo (48).

In this sense, a protocol was developed for somatic
embryogenesis and plant regeneration of five recalcitrant
cultivars of cotton (G. hirsutum), allowing to expand the range
of genotypes manipulated in vitro for genetic breeding, and
the greatest formation of somatic embryos was achieved
by combining AIB (0.49 pM), kin (0.46 pM) and 2,4-D
(0.45 uM) (49).

In other protocols developed for the regeneration of cotton
plants of G. hirsutum and G. barbadense species, in the
presence of 10.74 uyM 2,4-D and 4.64 pM kin, callus with
pre-embryogenic structures were formed (50). The authors
observed the formation of friable callus, with small cells and
very dense cytoplasm, when transferred to maturation culture
medium. Also, high percentages of callus formation have
been achieved in G. hirsutum with 5.37 yM naphthalene
acetic acid (NAA) in combination with 0.46 yM Kin or
0.44 uM 6-BAP, callus formed with the addition of kinetin
were characterized by compactness and the presence of a
large number of roots (51).

These plant growth regulators have been very useful for
callus induction in cotton from cotyledons of G. arboreum
cultivars 'BD-I' and 'BD-6', as well as G. hirsutums cultivars
'SH-131" and 'LH-900', achieving callus formation with
concentrations of 9.04 uM 2,4-D combined with 0.464 uM
kin (46).

Other authors highlight callus formation when using two
combinations of growth regulators: 0.90 uyM of 2,4-D +
0.89 uM of 6-BAP and 4.92 uyM of 2,4-D + 0.89 uM of
6-BAP, under dark and light conditions, obtaining the highest
callus proliferation in the presence of light and with a higher
concentration of 2,4-D, in the presence of 6-BAP (52). On
the other hand, the formation of a granular, partially friable
and light brown callus was obtained in the presence of 2-
isopentyladenine (2iP) and 2,4-D; it was observed that, as
the concentrations of these regulators increased, the callus
presented a dark brown color and necrotic portions (53).

Some authors have reported 0.45 uM 2,4-D as the most
effective concentration for embryogenic callus formation in
cotton (4). In G. barbadense “native cotton”, the highest
induction of embryogenic callus (82.5 %) was obtained with
0.45 uyM 2,4-D and 100 mL L' of coconut water (3). Other
authors found with 11.31 and 13.58 uM of 2,4-D and the
addition of 60 mg L' of ascorbic acid the highest percentages
of total callus formation and with embryogenic appearance,
with 88.05 and 83.50 %, respectively (35). These callus were
characterized by being compact, bright yellow, very dense,
compatible with isodiametric cells. The results show that 2,4-
D is necessary for callus formation, at least for the explants
mentioned above, because in the culture medium without this
growth regulator, callogenesis cannot be induced (33).

Growing condition

Light is one of the environmental factors necessary in
the processes of photosynthesis and photomorphogenesis,
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which are facilitated by pigments present in the tissues that
absorb radiation of certain wavelengths (3). Photosynthesis
carried out in most plant tissues grown in vitro is relatively
low, so the cultures depend on an external source of sucrose.
In these circumstances, light is important for its effect on
photomorphogenesis, because it induces the rapid change
in gene expression that leads to the normal pattern of
development (20).

In Gossypium spp. embryogenic callus formation and
induction have been achieved under both continuous dark
and photoperiod conditions, the latter being the most
common. For example, in some investigations on this crop,
callus formation and proliferation was initiated with 16 h
light/8 h dark photoperiod (3,55,56), while in others it has
been achieved in continuous darkness (57).

Undefined organic supplements

Organic substances of undefined chemical nature are used
in the callus formation of different plant species. Among the
organic substances are coconut water, hydrolyzed casein
and yeast extract. Coconut water is the liquid endosperm
of the coconut fruit, and its components include amino
acids, organic acids, nucleic acids, purines, sugars, polyols,
vitamins, minerals and growth regulators, the concentrations
of which can vary (20).

Some authors have evaluated the use of coconut water
in callus induction, in combination or absence of other
supplements. For example, callus was obtained from ovules
of Gossypium hirsutum and G. barbadense, using MS
medium enriched with 100 - 120 mL of coconut water, 1 g
L of hydrolyzed casein, 1 g L' of yeast extract and different
concentrations of growth phyto-regulators (58).

The highest proliferation of friable callus (82.5 %) was
found in Gossypium barbadense L. “native cotton” brown
color, from explants obtained from seed plant segments
germinated in vitro and grown in MS medium enriched with
0.1 mg L' of 2,4-D and 100 mL L' of coconut water and
incubated under a photoperiod of 16 h light/ 8 h dark (3).

In vitro regeneration of cotton plants is difficult because,
among other things, the morphogenetic response is genotype
dependent. Somatic embryogenesis is the most commonly
used method, because the regenerated plants are of
unicellular origin and there is no vascular connection between
the somatic embryo and the maternal tissue (17).

Genetic transformation methods

Different methods have been developed to introduce
foreign genes into plants. A common characteristic is
that the transforming deoxyribonucleic acid (transforming
DNA) has to overcome different barriers; first, it has to
enter the plant cell, crossing the cell wall and the plasma
membrane; subsequently, it has to reach the nucleus
and integrate into the resident chromosomes. For most
species, gene transfer is carried out using explants that are
competent for regeneration, thus facilitating the procurement
of complete fertile plants. This involves the use of tissue
culture technology. Although gene transfer technology has
become routine in several species, in others the limiting

step is not transformation per se, but the absence of
efficient regeneration protocols (59). Transformation methods
can be divided into two main categories: direct and
indirect transformations, which are detailed in the following
sections (60).

Indirect transformation

In these methods, plants are transformed using
Agrobacterium tumefaciens or Agrobacterium rhizogenes to
introduce the plasmid construct carrying the target gene into
the target cell (60).

Direct transformation

Direct transformation methods do not use bacterial
cells. The most commonly used direct methods include
microprojectile bombardment or protoplast transformation.
Problems with regeneration of transiently low transgene
expression plants arise as a result of protoplast
transformation, mainly in monocotyledonous plants. Among
the transformation techniques used in cotton are:
silicon carbide fiber-mediated transformation, microinjection,
infiltration, embryo electrophoresis, and transformation via
the pollen tube pathway, cell and tissue electroporation, and
liposome-mediated transformation (60).

Commonly used processing techniques in cotton

Among the most commonly used transformation
techniques in cotton cultivation are Agrobacterium-mediated
transformation and biobalistic transformation.

Agrobacterium-mediated transformation

In 1907, some authors demonstrated that the soil bacterium
Agrobacterium tumefaciens, a member of the Rhizobiaceae
family, produced crown gall tumors (61). Furthermore, they
noted that the formation of these tumors occurred as a
result of Bactrian infection, usually at damaged sites, in
dicotyledonous and some monocotyledonous plants (62).
This discovery did not have major repercussions until Armin
Braun demonstrated that tumor cells were transformed and
that the uncontrolled proliferation of these cells was not
dependent on the continued presence of Agrobacterium,
implying the presence of a principle of induction of
transformation (63).

This Agrobacterium system has several advantages over
other transformation systems and is considered the first
choice for transforming plants. Among the advantages are
that the DNA segments, which are integrated into plant
cells, are in a single copy in a significant percentage of
transformation events (64); numerous vectors containing the
T-DNA borders and a variety of reporter and selection genes
are now available, allowing researchers to choose the most
appropriate combination for inserting heterologous genes
and selecting transformed cells in their study model; large
DNA fragments including yeast artificial chromosomes can be
transferred (65), and direct transformation in plants without
the need for tissue culture is possible in Arabidopsis thaliana
and Medicago trunculata species (66).
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Agrobacterium-mediated transformation of cotton was first
reported a decade ago with hypocotyl and cotyledon as
explants (67). Several useful genes have been introduced
into cotton by Agrobacterium-mediated transformation,
including genes with insect and herbicide resistance (68).
Explants such as hypocotyl, cotyledon, and callus generated
from hypocotyl and cotyledon, as well as immature embryos,
have been used for transformation by Agrobacterium (69-71).
However, transformation rates were generally low, ranging
from 20 to 30 % when the hypocotyl was used as
explant (72,73).

The validity of octopine as a marker of transformation
is questionable as octopine has been found in several
plant species certainly not transformed by infection with
A. tumefaciens (74). A more recent report indicated that
the transformation efficiency of cotyledon was approximately
20to 30 % (75). The transformation efficiency was even lower
when the particle bombardment procedure was used (76).
A difference in the type of explants used for transformation
could have had a significant effect on transformation and
regeneration efficiency.

Cotton transformation is highly genotype dependent
(68). Besides a few cultivars that are regenerable and
transformable, such as Gossypium hirsutum cv. Coker
312 and G. hirsutum Jin 7, most of the other important elite
commercial cultivars, such as G. hirsutum cv. D&P 5415, are
not regenerable and transformable by these procedures.

Agrobacterium-mediated transformation followed by
somatic embryogenesis is the best method for cotton
transformation. However, the regeneration aspect of the
transformation process remains more difficult and options
are limited in the case of cotton, one of the most difficult
crops for transformation. The fact that Agrobacterium is highly
attracted to phenolic compounds, this transformation method
is not preferable in monocots due to phenolic production,
whereas it can be used for dicots (77,78).

The efficiency of transformation via Agrobacterium
tumefaciens is closely related to the strain used for infection.
In 1989, a markedly increased transformation of cotton
shank tips was described by simultaneous addition of
acetosyringone and nopaline at the time of infection (79).
Unfortunately, this system has several drawbacks. One is
that the host range is more limited than in A. tumefaciens
and another is that expression of T-DNA genes in plants
confers aberrant phenotypes on the plants. To solve this type
of problem, the B-role gene has been introduced into a binary
vector of A. tumefaciens (80).

In this regard, an additional problem arises from the
fact that all Agrobacterium-mediated cotton transformation
methods require regeneration of an embryogenic callus
from the explant containing the transformed cells as an
intermediate operation in the regeneration of transgenic
cotton plants. The absence of a highly efficient plant
regeneration procedure has been considered the major
obstacle to the application of Agrobacterium-mediated
transformation to cotton (71).

Transformation by Biobalistics

The bioballistics method was developed as a necessity
to transform plant species originally recalcitrant to

transformation by the Agrobacterium system, including
economically important cereals. This method consists of
the introduction of projectiles, usually of tungsten or gold
coated with DNA and propelled into the target cells by
acceleration. The particle velocity can be generated by the
explosion of a conventional gun or a discharge by high-
pressure gases, such as helium or carbon dioxide (81,82).
Molecular analysis of bioballistics-transformed plants reveals
a complex pattern of transgene integration; however, it has
been shown that multiple copies are arranged in a single
locus and segregate in a Mendelian pattern (83). As with
Agrobacterium, a large number of diverse plant species have
been transformed by the bioballistics method (84). Some
advantages of the bioballistics method are the following: 1)
A wide variety of explant types can be used to bombard and
obtain fertile plants; 2) There is no need to use specialized
transformation vectors; and 3) Itis the only reliable method for
chloroplast transformation.

Bioballistics allows the integration of multiple copies of
transgenes in the genome of transformed plants, and there
are references of up to 100 copies of a transgene (85).
Explants (such as hypocotyl, cotyledon, callus generated
from hypocotyl and cotyledon, as well as immature embryos)
have been used in cotton culture for transformation by particle
bombardment (8,70,71). In addition, meristematic tissue from
cleaved embryonic axes has been used for the transformation
of cotton by particle bombardment (86).

In cotton, procedures have been used for the regeneration
of genetically modified plants after transformation by
bombardment of cotyledons (71). There are references of
successful use of DNA bombardment on cotton embryonic
apices (86).

In general, genetic transformation techniques of cotton by
somatic embryogenesis involve processes between 10 and
14 months, while transformation of meristematic apices and
microinjection of ovules involve processes between 6 and
10 months. Transformation efficiencies in cotton may vary,
depending on the technique and operational capacity, but it is
always around 0.1 % (87).

Genetic breeding of cotton through
genetic transformation

Genetic engineering emerged in 1973 and the first
transgenic plant was developed in 1983. All the knowledge
emanated through the history of the green revolution, based
on biotechnology, soon led to the modern biotechnology
revolution prevailing in the development of plants of
agricultural crops of interest, generating new varieties
carrying certain genes; even those that do not even belong
to plants, but to organisms from another kingdom. In 1996,
the first commercial transgenic cotton line was developed:
Bollgardi® cotton, to which the Cry1ac gene was transferred
from the bacterium Bacillus thuringiensis; this gene gives the
cotton plant resistance to attack by insects of the lepidopteran
order, since it expresses a protein that is toxic to these
insects, causing their death (88).
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In 1997, cotton resistant to glyphosate herbicide appeared,
since the cp4-epsps gene was transferred to the cells of the
cotton plant, coming from the Agrobacterium spp. bacterium,
strain cp4, which expresses a key enzyme in the synthesis
of aromatic amino acids that plants, bacteria and some
fungi possess. This enzyme destroys the active ingredient
of glyphosate (N-phosphonomethyl-glycine); however, the
EPSPS enzyme of the isolated bacterium is resistant to
glyphosate, so the plant is not damaged.

In 2000, a transgenic cotton line resistant to the herbicide
glufosinate ammonium was obtained, to which the pat
gene, isolated from the Streptomyces viridochromogenes
bacterium, was transferred; this gene expresses an enzyme
that transforms the active ingredient of the herbicide into
a non-toxic substance. Subsequently, in 2002, transgenic
cotton seeds were developed and commercialized with dual
technology, resistant to lepidopteran insects, due to the
cry1Ac gene, and tolerant to the herbicide glyphosate, thanks
to the cp4-epsps gene (89).

The lack of knowledge about the safety and behavior
of transgenic plants soon led to the collapse of the
biotechnology transferred to cotton, so that insects of the
lepidopteran order resistant to the toxic protein expressed
by the Cry1ac gene appeared; therefore, in 2003, Bollgardi®
cotton emerged, which is a variant of Bollgardi®. In addition
to expressing the Crylac gene, to which some insects had
already developed resistance, the Cry1ab gene, also isolated
from the bacterium Bacillus thuringiensis (Bt), was transferred
to it, in order to confront the insects with a new toxin, so that
there should be no resistance. Along with this new technology
came a campaign for the implementation of refuges, in
order to prevent the emergence of tolerant insects, as had
happened in the past intolerant insects, as happened with
Bollgardi® cotton (90).

In 2006, a dual technology transgenic cotton was
commercialized, resistant to lepidopteran insects based
on Bollgardi® technology and also tolerant to glyphosate
herbicide, known as Bt-rr cotton, where Bt (Bacillus
thuringiensis) refers to the genes that make it resistant to
insects (Crylac and Cry2ab), and rr refers to its tolerance to
glyphosate, specifically to the Roundup Ready® brand (90).

Transgenic cotton has continued to undergo
transformations, as there are transgenic varieties tolerant
to herbicides other than glyphosate and with other properties.
Currently, new knowledge and new technologies are being
generated, so that in the coming years modifications will be
made in various ways, some perhaps more precise, which will
provide new solutions to the crop's problems.

The development of non-sexual methods for gene transfer,
such as genetic transformation, makes it possible to
overcome the limitations of traditional genetic breeding,
opening up new perspectives in plant breeding (91).
Genetically modified cotton is the third most widely grown
transgenic crop in the world. It currently occupies 70 % of
the world's cotton area, with insect-resistant Bt varieties being
the most widely cultivated. Among the countries that grow
the most Bt cotton are China, India, Pakistan, South Africa
and Burkina Faso, among others. In these countries, more

than 15 million small farmers enjoy its economic, social and
environmental benefits (92).

According to the International Cotton Advisory Committee
- ICAC, world production amounted to 25.5 million in the
2021-2022 harvest, with a 12.4 % increase in demand (93).
Transgenic cotton occupied third place (14 %) of the crops
produced by this method in the world, behind soybean (48 %)
and corn (32 %). GM cotton currently in production and trade
has been modified to be herbicide tolerant, insect resistant or
a combination of both (94).

By using genes of interest, genetically modified cotton
has made crops more economically and environmentally
sustainable (17). Bacillus thuringiensis is a very common
bacterium found in the soil and can produce a protein, Cry
d-endotoxin, which is toxic to larvae of certain insects, for
example, moths such as cotton bollworms that attack this
crop, and its action is specific to control these insects (95). Of
the transgenics currently available for commercial production,
two offer tolerance to herbicides and one is resistant to cotton
bollworms, known as Bt cotton, because it expresses toxins
from the bacterium Bacillus thuringiensis (96).

There are cotton cultivars with insect resistance capacity,
which is used to control the bollworm and pink bollworm;
it also exerts some control over other bollworms such as
the so-called soldier bollworm and false bollworm; it is also
resistant to the herbicides glyphosate and glufosinate, being
useful for the farmer to control weeds without affecting the
plants of this crop (95).

CONCLUSIONS

* In cotton cultivation, cultivars are shown to be genotype-
dependent given their differentiated response to in vitro
culture conditions and genetic transformation.

» Although transgenic plants have been produced
worldwide in cotton, the existing transformation and
regeneration methodologies present low efficiency and
frequent obtaining of chimeric plants and are specific for
cultivars that express a better embryogenic response.

* Among the regeneration methods, somatic
embryogenesis is more used than organogenesis,
because the regenerated plants have a unicellular origin
and there is no vascular connection between the somatic
embryo and the maternal tissue, in addition, they offer
higher multiplication coefficients.

* In cotton there are several techniques for genetic

transformation, but the most used in cultivation
are  Agrobacterium-mediated  transformation and
transformation by bioballistics; their effectiveness

depends on the type of tissue used, age, genotype and
susceptibility to infection with the bacterium.

» Transformation techniques using A. tumefaciens are
characterized by being simple, low cost, result in few
copies of the transgenes, and have reduced expression
problems. However, although cotton is a dicotyledonous
plant and host of Agrobacterium, it presents difficulties
for transformation by means of this vector, and genetic
transformation of somatic embryos is limited.
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