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Abstract

Since the advent of transgenic technology, the incorporation of gene(s) encoding traits of economic importance in
cotton is being practiced worldwide. However, factors like recalcitrant nature of cotton cultivars, in vitro
regeneration via tissue culture (especially via somatic embryogenesis), genotype dependency, long and toilsome
protocols impede the pace of development of transgenic cotton. Besides that, types and age of explants, media

composition, plant growth regulators and other environmental factors affect in vitro cotton regeneration
significantly. The studies of genetic control of in vitro regeneration in plants have elucidated the role of certain
transcription factor genes that are induced and expressed during somatic embryogenesis. Among these
transcription factors, BABY BOOM (BBM) plays a very important role in signal transduction pathway, leading to cell
differentiation and somatic embryos formation. The role of BBM has been established in plant cell proliferation,
growth and development even without exogenous growth regulators. This review intends to provide an
informative summary of regeneration and transformation problems in cotton and the latest developments in
utilization of BBM transcription factors in cotton. We believe that the use of BBM will not only ease cotton genetic
improvement but will also accelerate cotton breeding programmes.
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Background
Cotton (Gossypium hirsutum L.) is the most important
cash crop and the backbone of textile industry in the
world. Globally, cotton is grown in 75 countries/regions
and significantly improves the economies of many coun-
tries through the provision of fiber, oil, and several other
products. The most important products of cotton in-
clude garments, gloves, mufflers, bags, socks, jackets,
beds, vegetable oil, curtains, bed sheets, and others
(Bakhsh et al. 2016; Jabran et al. 2019).

Cotton breeders face serious challenges as cotton is
heavily infested by a number of sap-sucking and chewing
insect pests that causes significant yield losses. Besides
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that, bacterial and fungal diseases, salinity and drought
regimes also affect cotton yield and yield related traits
(reviewed in Bakhsh et al. 2015). The plant breeders
have continuosly contributed to the improvement of cot-
ton using conventional as well as modern methods.
However, the lack of resistance to pests and diseases in
available germplasm halts the developments of new cul-
tivars (Jabran et al. 2019; Khabbazi et al. 2018).
Biotechnology has been essential for the acceleration
of crop improvement over the last two decades. Two of
the most impactful biotechnology-derived traits are in-
sect resistance and herbicide tolerance. The use of bio-
technology and introduction of these traits has greatly
contributed to the increase of agricultural productivity
and stabilization of food security worldwide (Mall et al.
2019). Genetically-modified (GM) cotton is the first
non-food transgenic crop that has provided a specific,
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safe and effective tool against lepidopterous pests (Wu
and Guo 2005). Growers' satisfaction of transgenic cot-
ton is largely due to several significant benefits, such as
lower production costs, streamlined yet flexible manage-
ment, and a reduced impact on the environment (Wil-
kins et al. 2000).

Hence, the most significant breakthrough in plant bio-
technology is the development of the techniques to
transform genes from unrelated sources into commer-
cially important crop plants. However, genetic trans-
formation protocols are not standardized, and highly
dependent on genotypes and have long duration of cot-
ton regeneration. In order to obtain successful trans-
formation, numerous protocols have been examined,
such as Agrobacterium-mediated transformation (Firoo-
zabady et al. 1987; Umbeck et al. 1987), transformation
through meristem (Gould and Magallanes-Cedeno
1998), particle gun bombardment (Finer and McMullen
1990). In these protocols, factors like recalcitrant nature
of cotton cultivars, regeneration via tissue culture, la-
borious and time consuming protocols delay the pace of
transgenes development in cotton.

Protocols of meristem transformation allow generating
a high number of chimeras and have unique feature of
genotype independent transformation. Because the num-
ber of meristematic cells is restricted, the survived cells
within regenerated tissues are even less., Therefore
the quantity of plants responding to the transgenic selec-
tion is low (Firoozabady et al. 1987; Sunilkumar and
Rathore 2001). However, the process is still laborious
and the ability of cultivars to regenerate multiple shoots
and branching affect the duration of detecting transfor-
mants (McCabe and Martinell 1993; Keller et al. 1997).
In this situation, the next generation only shows success
of transformation (John 1997). Contrarily, after estab-
lishing, embryogenic lines can be regularly subcultured
and applied for numerous transformations with advan-
tage of short culturing time, successfully converting
more transformants into regenerated plantlets (Leela-
vathi et al. 2004).

The signaling pathways and several other diverse cellu-
lar functions in plants are carried out by certain tran-
scription factors. Among these, BABY BOOM (BBM)
transcription factor of AP2/ERF family is an important
regulator of cell totipotency and plays a key role in cell
proliferation, growth and development (Jha and Kumar
2018) as revealed in Fig. 1 as well. The studies of genetic
control of in vitro regeneration in plants have elucidated
that these transcription factor genes are induced and
expressed during somatic embryogenesis (SE). This re-
view intends to provide an informative summary of re-
generation and transformation problems in cotton and
the latest developments in utilization of BBM transcrip-
tion factors in different species with special focus on
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cotton. We believe that the use of BBM will not only
ease cotton genetic improvement but will also accelerate
cotton breeding programmes.

Somatic embryogenesis and cell proliferation

Cotton is one of the major economically important
crops  which  produces numerous  materials,
whereas natural fibre and oil from the cottonseed are
the most widely used products. The genus Gossypium
is a member of Malvaceae family whearas its 54 spe-
cies are grown on tropical and subtropical parts of
the world (Jabran et al. 2019). Nowadays the most
produced cotton cultivars are Gossypium hirsutum
(90%) followed by Gossypium barbadense and two
rarely grown Asiatic cotton varieties Gossypium arbor-
eum and Gossypium herbaceum (Rajasekaran 2004).

There are several problems associated with cotton
management caused by different environmental stresses
affecting production. Severe attack from insects
and various stresses lead to the high losses of yield
and quality of the lint. These difficulties can be elimi-
nated in some way with the help of genetic improve-
ment but it is limited by long period of time and lack
of necessary variation, especially for pest resistance
(Khan et al. 2011). Several conventional breeding
techniques offer useful strategies such as plant tissue
culture, but it needs a system for high regeneration
from cotton somatic cells (Rajasekaran 2004).

In vitro culture is done for physiological and genetic
developments but there is no standardized method due
to quite difficult induction. In comparison with other
major crops, cotton has difficulty in somatic embryogen-
esis and a lot of elite varieties are considered as recalci-
trant (Kumria et al. 2003). Somatic embryogenesis is
considered to be more valuable than organogenesis
method due to single cell origin of regenerates and pos-
sibility of easier in vitro regulation of somatic embryos
due to absence of vascular connection with the maternal
tissue (Shoemaker et al. 1986). Despite the fact that
cotton crop is quite stress resistant, sub-optimal en-
vironment affects on cotton boll development and it
was established that most of the crops cultivated can
reach only 50% of its potential because of abiotic
stress (Boyer 1982). Most of the genetic improve-
ments that have been done in the cotton crop were
emphasized to improve the cotton lint, but the
changes are insignificant and it reached plateau effect
(Kumria et al. 2003).

There are several important issues related to the de-
velopment and obtaining of transgenic cotton which
requires highly efficient methodology for transform-
ation and further regeneration of plants. The regener-
ation methodology of the cotton crop is still
challenging in comparison with other crops
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Fig. 1 a domains in BBM gene and the amino acid sequence of bbm-1 motif along with sequence logo, b tissue specific expression and
developmental regulation of AtBBM gene (Arabidopsis thaliana), c the classification of studies for BBM genes (BBM1 and BBM2) and the
distrubution of the subjects into four main categories: developmental regulation, transformation efficiency, haploid induction and apogamy, d
fern, monocot and dicot classification of BBM studies. 1: germinated seed, 2: seedling, 3: young rosette, 4: developed rosette, 5: bolting, 6: young
flower, 7: developed flower, 8: flowers and siliques, 9: mature siliques, 10: senescence

(Sakhanokho and Rajasekaran 2016). Extremely low
regeneration and efficiency of somatic embryogenesis
and somaclonal variation have a very high effect on
research and usually time-consuming. There have
been numerous works on increasing the regeneration
and inducing somatic embryogenesis to remove soma-
clonal variation (Wilkin et al. 2004). Numerous re-
searches on embryogenesis and regeneration of cotton
plant encountered the most common problems of the
cotton crop, i.e., high percentage of abnormal somatic
embryos, extremely low level of embryo induction,
high phenolic activity, poor condition of embryos and
low levels of plantlet survival (Duncan 2010; Kumria
et al. 2003; Duncan 2010; Zhang 2015).

The process of plant embryogenesis
Somatic embryogenesis can be induced by several factors
by changing molecular and physiological mechanisms.
Different conditions as exogenous application of plant
hormones, culture conditions, content of medium,
wounding of explants, application of stress, the age,
genotype and type of explants, and cell density all cause
differentiation in cell molecular pathway (Pencik et al.
2015; Loyola-Vargas and Ochoa-Alejo 2016). Moreover,
concentration and the source of nitrogen are considered
as one of the crucial elements of somatic embryogenesis
induction (Reinert et al. 1967).

Embryogenesis of higher plants can be divided into
two specific phases, i.e., early and late morphogenetic
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processes (Méndez-Herndndez et al. 2019), where early
processes start development of embryonic cells, tissues
and organs and late processes allowing cells to enter the
metabolic state (West and Harada 1993; Goldberg et al.
1994). During embryogenesis, embryo can be developed
from a zygote or from somatic cells of the plant, where
zygote is formed from fusion of gametes and somatic
embryogenesis is the result of vegetal tissues growth
(Loyola-Vargas and Ochoa-Alejo 2016). Somatic em-
bryogenesis can be induced through in vitro conditions,
apomictic embryogenesis and naturally several plants
form somatic embryos in response to stress (Garcés and
Sinha 2009). Somatic embryogenesis is a complex
process that involves different signaling pathways that
regulate gene expression patterns in response to stress
conditions, exogenous application of hormones and
eventually represent totipotency (Nic-Can and Loyola-
Vargas 2016). Somatic embryogenesis can occur in
direct and indirect pathways, having formation differ-
ence in the way and place of somatic embryos
(Quiroz-Figueroa et al. 2006).

The special order of cell growth and division, en-
largement and two axes differentiation are the bases
of higher plants growth. Investigation of embryo-
genesis in plants became easier with genetic ap-
proaches and methods like investigating abnormal
embryogenesis by isolating and marking of mutants
and further characterization of similar genes and
their functions (Abid et al. 2010). Numerous ana-
lyses of embryogenesis in dicotyledons led to hy-
pothesis of three domains (apical, central and basal)
embryo development (Laux et al. 2004). According
to this hypothesis, shoot meristem is generated
from the apical part, hypocotyl and roots are
formed from the central part of the embryo and the
basal domain gives rise to the root meristem distal
parts and central root cap of stem cells. It is known
that embryogenesis forms two different cell lines,
the shoot apical meristem (SAM) and the root ap-
ical meristem (RAM) (Abid et al. 2010).

The new cells formed from somatic cells have
regeneration capacity and can form fertile plant.
Somatic embryos of gymnosperms have specific sus-
pensor system, while angiosperms have reduced or
deficient suspensors due to deficient hypophyseal cell
(Smertenko and Bozhkov 2014). Molecular pathways
of somatic embryo formation remained unclear and
it was established that auxin distribution is necessary
for initiation of embryo formation and the asymmet-
rical movement of auxin arises from differential
transport (Mérquez-Lopez et al. 2018). It was ob-
served that zygotic embryogenesis caused asymmetric
division of cells and forms two groups of cells: one
group establishes suspensor and the other raises
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embryo proper. Further development of protoderm
and initiation of primordium at octant and globular
stages occur (Dodeman et al. 1997). Auxin distribu-
tion causes formation of different tissues that even-
tually form an embryo and the expression of
different embryogenesis genes takes place due to
the interaction of auxins with cytokinins (Quiroz-Fi-
gueroa et al. 2002). Somatic embryogenesis of dicots
shares same stages as zygotic embryogenesis and in-
volves globular, heart, torpedo and cotyledonal stages
of embryo formation (Winkelmann 2016), whereas
monocots have globular, scutellar and coleoptile
stages (Zhao et al. 2017). Cotyledonary stage gives
rise to shoot mersitem and further explant growth
continues (Yang and Zhang 2010).

Auxin signalling pathway and its impact on cotton
somatic embryogenesis

Numerous studies have been performed to investigate
somatic embryogenesis and its potential on genetic im-
provement of important crops. Gossypium hirsutum sig-
naling pathways investigating somatic embryogenesis
and connection of these pathways with phytohormones
are the main topics to research (Zhou et al. 2016).
Somatic embryogenesis consists of three stages, i.e., in-
duction, establishing of meristematic core, and somatic
embryo formation (Elhiti et al. 2013). These phases re-
quire specific factor interactions including changes in
concentrations of endogenous hormones, external sig-
nals and interaction of different gene pathways. Molecu-
lar studies of somatic embryogenesis are difficult to
perform because of challenging identification of somatic
cells that will form embryos (Méndez-Herndndez et al.
2019). Candidate genes involved in induction of somatic
embryogenesis can be studied by transcriptomic research
(Elhiti et al. 2013). Different metabolic pathways trigger
somatic embryogenesis and there is a crucial role of
auxin in formation of embryos (Nic-Can and Loyola-
Vargas 2016). Regeneration capacity of cells can be regu-
lated by differential gene expression and total amount of
genes that inactivated in somatic cells participating in
the switching from somatic to embryogenic cells is
higher than the number of genes that activated during
somatic embryogenesis (Quiroz-Figueroa et al. 2002). In-
volvement of signaling pathway of auxin in modulation
of particular Auxin response factors (ARF) transcripts is
required during somatic embryogenesis of Arabidopsis
(Wéjcikowska and Gaj 2017). Transcription of approxi-
mately half of the 23 ARF genes occurs in somatic em-
bryogenesis of Arabidopsis, where 6 of ARF genes are
up-regulated and 5 genes are down-regulated. Several
other genes such as putative Aux/IAA gene, EgIAA9
(Ooi et al. 2012) in cotton are involved in signal trans-
duction pathway of auxin. Deep research of genes
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involved in somatic embryogenesis in cotton revealed 80
differentially-expressed genes connected to auxin metab-
olism (Yang et al. 2012). Regulation of specific genes is
required to induce somatic embryogenesis that differen-
tiate genetic program of the cell (Riechmann et al. 2000).
Early and late stages of embryogenesis, gene expression
in angiosperms and gymnosperms require investigation
due to differences in development pathways (Trontin
et al. 2017). It has been reported that there are similar-
ities in gene expression patterns of angiosperms and
gymnosperms during SE, particularly in presence of
AaSERK1 from Araucaria angustifolia and homologs of
SERK1 in angiosperms (Steiner et al. 2012). In another
study between Arabidopsis thaliana and Oryza sativa,
two auxin genes YUC10 and ARF17 have been found to
be functionally conserved between monocots and dicots.
Both genes are considered as ‘imprinted genes’ demon-
strating evolutionary convergence for auxin biosynthesis
in plants (Hsieh et al. 2011; Weinhofer et al. 2010).
Involvement of transcription factors is required for the
signaling pathways and further changes during SE.
Genomes of plants have large families (6%~10%) of tran-
scription factors coding genes (Riechmann et al. 2000)
and several of these families are shared in different species.
The roles of auxin signaling pathway in gene expression
are enormous including dedifferentiation and redifferen-
tiation of cells through regulation, transduction and sig-
nalling pathway of auxin. Eighty-six genes involved in
synthesis of auxin and its signalling pathway, transporta-
tion and metabolism were revealed (Yang et al. 2012).
Moreover, these genes were involved in biosynthesis, me-
tabolism of IAA, and related to transport of auxin, Aux/
IAA degradation, conjugate metabolism of IAA.
Exogenous application of auxins during somatic em-
bryogenesis can enhance expression of TFs such as
WUS, VP1 and BBM (Awasthi et al. 2017). Expression of
several TFs such as WOUND INDUCED DEDIFFEREN
TIATION1 (WINDI1), a member of AP2/ERF family is
specific to particular species. It was established that
somatic embryogenesis in wounded tissues can express
WIND1 before LEAFY COTYLEDON2 (LEC2) expres-
sion (Iwase et al. 2015). AP2/ERF family is highly
expressed during SE and includes subfamilies that totally
have 143 genes. LEC genes, members of AP2/ERF fam-
ily, are involved in morphogenesis, maturation stages of
embryogenesis. LEC1 is involved in photosynthesis, bio-
genesis of chloroplast (Pelletier et al. 2017). The first
TFs revealed to induce SE in seedlings in the result of
ectopic expression were LEC1 and LEC2 genes making
collaboration with YUC genes (Stone et al. 2001). It was
observed that LEC2 expression is auxin-dependent dur-
ing SE, whereas Arabidopsis non-embryogenic callus
had lower expression of LEC2 (Ledwon and Gaj
2009), supposing that LEC2 increase the amount of
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endogenous auxin during SE (Ayil-Gutiérrez et al.
2013). LEC2 in Theobroma cacao showed similar re-
sults to increase quantity of the gene in embryogenic
calli (Zhang et al. 2014). LEC2 gene from Ricinus
communis activated the expression of several tran-
scription factors such as LEC1, L1L, FUS3, ABI3, and
WRINKELED1 (WRI1) when ectopically expressed in
A. thaliana (Kim et al. 2014).

BABY BOOM (BBM) family is encoded by APET
ALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF)
and this transcription factor is DNA-binding type found
in angiosperms, gymnosperms, mosses and algae, and it
works as a network modulator in response to stresses
(Kim et al. 2005). Domain of the AP2/ERF transcription
factor binds to a DNA sequence GCC box that partici-
pates in response to ethylene (Ohme-Takagi and Shinshi
1995). Classification of AP2/ERF family is based on the total
number of AP2 domains with subsequent division into sub-
families such as ERF, AP2, and RELATED TO ABI3/VP1
(RAV), Dehydration-responsive 427 element-binding (DREB)
genes (Gutterson and Reuber 2004). Subfamily of RAV genes
have additional DNA binding, B3 domain and based on this
RAV genes are considered as the third class in AP2/ERF
family (Kim et al. 2005). It was established that BBM
switches its temporal and spatial expression patterns in Ara-
bidopsis thaliana and Brassica napus during early embryo-
genesis (Kulinska-Lukaszek et al. 2012). Several studies show
that the expression of BBM is found during root develop-
ment and heart stage of an embryo (Galinha et al. 2007) and
promotes development of embryos (Florez et al. 2015). Ec-
topic expression of BBM can switch from somatic to em-
bryogenic growth in two species (Kulinska-Lukaszek et al.
2012) (Table 1). Regeneration capacity in Nicotiana tabacum
was improved by BBM heterologous expression from Arabi-
dopsis thaliana and Brassica napus (Srinivasan et al. 2007;
Boutilier et al. 2002). High expression of BBM and LEC1
gene was observed in Capsicum annum during different
stages of somatic embryogenesis (Irikova et al. 2012). BBM
gene shows differential expression based on type of species
and difference of embryogenic protocol used. In research of
two types of Coffea genus, a BBM-like gene in C. Arabica
expressed difference of two fold change in suspension of em-
bryogenic cells compared with embryogenic callus (Silva
et al. 2015), whereas BBM1 gene expression in C. canephora
was found after somatic embryogenesis induction (Nic-Can
et al. 2013). The study of BBM expression levels in 7. ca-
cao, a member of Malvaceae family, showed increased
level of the gene during somatic embryogenesis in com-
parison with zygotic embryogenesis and ectopic expres-
sion of BBM gene in Theobroma cacao and Arabidopsis
thaliana triggered phenotypes of SE without exogenous
application of hormones. Although, subsequent inhibition
of somatic embryos in T. cacao was observed in response
to the overexpression of BBM gene (Florez et al. 2015), SE
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Table 1 The featured BBM and BBM-related genes in different plants and their functions related to growth and development

Plant Gene Gene origin Function Rate Reference
Brassicaceae
Arabidopsis AtBBM Arabidopsis thaliana Somatic embryogenesis, cell *ng Boutilier et al. 2002;
thaliana differentiation, cell growth, plant Passarinho et al. 2008;
regeneration Kulinska-Lukaszek et al. 2012;
Lutz et al. 2015
Brassica napus ~ BnBBM Brassica napus Somatic embryogenesis *ng Boutilier et al. 2002
Fabaceae
Glycine max GmBBM1 Glycine max Somatic embryogenesis 29%~28% incr. El Ouakfaoui et al. 2010
Malvaceae
Theobroma TcBBM Theobroma cacao Somatic embryogenesis (faster), 5.5-fold incr. Florez et al. 2015
cacao biomarker for developmental process
Musaceae
Musa MaBBM1, Musa acuminata Somatic embryogenesis *ng Awasthi et al. 2017
acuminata MaBBM2
Poaceae
Oryza sativa OsBBM1 Oryza sativa Haploid induction, parthenogenesis 5-29% incr. Khanday et al. 2019
Oryza sativa PsASGR- Pennisetum Haploid induction 25-89% incr. Conner et al. 2017
BBML squamulatum
Oryza sativa ZmBBM Zea mays Transformation efficiency 15-fold incr. Lowe et al. 2016
Pennisetum PsASGR- Pennisetum Apomixis 35-36% incr. Conner et al. 2015
glaucum BBML squamulatum
Saccharum ZmBBM Zea mays Transformation efficiency 130-440-fold incr.  Lowe et al. 2016
officinarum
Sorghum ZmBBM Zea mays Transformation efficiency 9-fold incr. Lowe et al. 2016;
bicolor Mookan et al. 2017
Zea mays PsASGR- Pennisetum Haploid induction 47-80% incr. Conner et al. 2017
BBML squamulatum
Zea mays ZmBBM2 Zea mays Bigger callus induction, proliferation, 3.5~6.6-fold incr. Du et al. 2019
transformation efficiency (TE) (20-219% TE)
Zea mays ZmBBM, Zea mays Transformation efficiency 4-14% incr. Masters et al. 2020
ZmWUSs2
L. kaempferi x  LkBBM2 L. kaempferi x L. olgensis  Number of adventitious root formation 100% incr. Lietal 2014
L. olgensis
Pteridaceae
Ceratopteris BnBBM Brassica napus Promote apogamy 44.8% incr. Bui et al. 2017
richardii
Rosaceae
Rosa canina RcBBMT, Rosa canina Shoot regeneration 20% incr. Yang et al. 2014
RcBBM2
Rubiaceae
Coffea arabica  CaBBM Coffea arabica Developmental process *ng Silva et al. 2015
Salicaceae
Populus PtBBM Populus tomentosa Somatic embryogenesis (SE), 39% incr. (SE), Deng et al. 2009
tomentosa transformation efficiency 29% incr. (TE)
Solanaceae
Capsicum BnBBM Brassica napus Transformation efficiency 0.6-1.1% incr. Heidmann et al. 2011
annuum
Nicotiana BnBBM, Brassica napus, Promote regeneration ability *ng Srinivasan et al. 2007
tabacum AtBBM Arabidopsis thaliana

*ng: the degree of effect was not given in literature, incr. increase
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was induced in Populus tomentosa in response to BBM
overexpression (Deng et al. 2009).

BBM is one of the major regulators of cell totipotency
that enhances regeneration capacity and considered as
a vital factor for plant embryogenesis as the mechanism
described in Fig. 1 (Irikova et al. 2012). BBM is upstream
of several genes, such as LEC1/LEC2, ABI3 and FUS3
network that trigger SE together. BBM is dose and con-
text dependent mechanism when expressed ectopically
and transcription of several embryo identity genes are
regulated by BBM gene (Horstman et al. 2017). LEC1
encodes subunit B of a nuclear factor Y protein (NF-
YB), and the B3 domain protein LEC2 (Lotan et al. 1998;
Stone et al. 2001).

B3 domain proteins FUS3 and ABI3 and LEC1/LEC2
together with LEC1-LIKE (L1L) refer to LAFL network
(for LEC1/L1L, ABI3, FUS3, and LEC2) (Jia et al. 2014).
BBM triggered SE is quantitatively regulated by LEC2
and ABI3, whereas LEC1 and FUS3 are also important
for this process (Horstman et al. 2017; Wdjcik et al.
2020; Wdjcikowska et al. 2020; Jha et al. 2020; Kumar
and Jha 2020) (Fig. 2). LAFL gene expression can be reg-
ulated by another BBM-like protein, PLETHORA2 and
in early embryogenesis LAFL network regulate embryo
identity and embryo maturation with accumulation of
storage products in later processes (Jia et al. 2013). It
was established that several embryo traits can be con-
ferred by FUS3 and ABI3 although they do not trigger
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SE (Parcy et al. 1994; Parcy and Giraudat 1997; Gazzar-
rini et al. 2004). Seed maturation expression, signaling
response of auxin and biosynthesis genes are directly
regulated by LEC1 and LEC2 (Lotan et al. 1998; Bray-
brook et al. 2006), which supposedly induce totipotent
state (Braybrook and Harada 2008). Ectopic expression
of LEC2 can directly activate AGAMOUS-LIKE15
(AGL15) gene, member of MADS box transcription fac-
tor, which enhances SE in immature zygotic embryos
(Harding et al. 2003; Braybrook et al. 2006) and activates
IAA30 (Indole-3-Acetic Acid Inducible 30) (Braybrook
et al. 2006; Zheng et al. 2009). LEC2 through BBM in-
duction also activates IAA30 (Braybrook et al. 2006;
Zheng et al. 2009). The association level of AHL15/
AHL20 with IAA30 was not determined yet. Gene ex-
pression of LAFL network was modulated by transcrip-
tion factors such as PICKLE (PKL), chromatin
remodeler and VIVIPAROUS1/ABI3-LIKE (VAL)/
HIGH-LEVEL EXPRESSION OF SUGAR-INDUCIBLE
GENE (HSI) which contain B3 domain.

LAFL network can have increased gene expression
when PKL and VAL genes are mutated (Ogas et al.
1999; Rider Jr et al. 2003; Henderson et al. 2004; Suzuki
et al. 2007). BBM was revealed to trigger cell totipotency
by transcriptionally activating the network of LAFL
genes in germinating seeds. Signaling pathway of BBM
gene was studied by analysis of DNA-binding sites dur-
ing somatic embryogenesis (Horstman et al. 2015).
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BBM triggers somatic embryogenesis and this is a well
known phenomenon today, however, the pathway be-
hind this needs to be explored in detail. The present
Iterature is evident of the role of BBM in inducing major
auxin biosynthesis and transport genes involved in som-
atic embryogenesis (Heidmann et al. 2011). A plenty of
plants particularly recalcitrant in tissue culture have
already shown high rates of somatic embryogenesis such
as soybean as a striking example (El Ouakfaoui et al.
2010) and this response can be promising for other re-
calcitrant plants including cotton. Besides that, the over-
expression of BBM in Theobroma cacao (belonging to
Malvaceae family, same as cotton) resulted in 5.5-fold
increased somatic embryogenesis that is encourging for
the cotton researchers as a similar pattern of increased
somatic embryogenesis can be observed in cotton as well
(Florez et al. 2015). Several recent studies have already
revealed possible associations between somatic embryo-
genesis related genes (ABI3, AGL15, FUS3, LEC1, LEC2,
WUS, BBM) and auxin genes (ARF, AuxIAA, GH3,
SAUR) in cotton (Sun et al. 2019; Wen et al. 2020). Cot-
ton transcriptomic data revealed that highly regenerative
cotton cultivar - Jin668 has highly upregulated expres-
sion levels of BBM (Gohir.A08G227000), FUS3
(Gohir.A07G230400) and AGL15 genes in embryogenic
calli (Wen et al. 2020) in comparison with WUS and
LEC1 (Gohir.A13G132600 and Gohir.A08G025100).
Same study even pointed out that these genes must syn-
chronously function with auxin pathway to trigger
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Fig. 3 Auxin signalling and its possible involvement in BBM induced
somatic embryogenesis. Solid arrows show the positive regulatory
role whereas the dashed line represents the regulatory role between
SERK1 and BBM that has not been investigated yet. SERK1 had
inhibitory effect on LEC1, LEC2 and FUS3. SE: Somatic
embryogenesis. The figure has been conceptulized and drawn using
scientific literatures by Ayil-Gutiérrez et al. (2013) and Pérez-Pascual
et al. (2018)
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somatic embryogenesis in cotton (Wen et al. 2020). Fur-
thermore, Sun et al. (2019) reported the co-expression
of BBM gene with other auxin early response genes
(ARF, AuxIAA, GH3 and SAUR) involved in somatic
embryogenesis genes except WUS.

The increase in endogenous IAA and its conjugation
led to the enhance expression level of genes encoding
for tryptophan aminotransferase of Arabidopsis
(CcTAA1) and YUCCA, CcYUCI (enzyme flavin mono-
oxygenase) that are involved in somatic embryogenesis
of Coffea canephora (Ayil-Gutiérrez et al. 2013) as
depicted in Fig. 3. SERK1 (somatic embryogenesis recep-
tor kinase 1) directly activates BBM and indirectly affects
BBM pathway by intermittent activation of AGL15 and
WUS genes (Pérez-Pascual et al. 2018). LEC1, however,
is downregulated with increased SERK1 expression
levels in Coffea canephora (Pérez-Pascual et al. 2018)
and this interaction should be explored with further
studies for all plants. Moreover, key auxin pathway genes
such as YUC together with BBM can become new effi-
cient tools against low transfromation efficiency and re-
calcitrance of many plants species.

Cotton somatic cell de-differentiation and re-
differentiation and their transcriptional regulation
Transcriptional modulation of numerous genes is
reflected by different changes occuring during somatic
embryogenesis (Thibaud-Nissen 2003; Sung and Oki-
moto 1983; Zhu et al. 2008) and activation or down-
regulation of these genes during growth and develop-
ment of embryos have been studied by molecular
methods (Hecht et al. 2001; Hu et al. 2011). However,
regulation and transcriptional changes need to be inves-
tigated and molecular functions and networks can be
studied by genome-wide expression analyses. Microar-
rays (Zhu et al. 2008; Wu et al. 2009; Zeng et al. 2006),
suppression subtractive hybridization (SSH), polymor-
phisms analysis (Leng et al. 2007) have been provided to
investigate transcriptome dynamics of cotton somatic
embryogenesis and dedifferentitation of cells, but there
is a need for further complete studies of cotton SE.
Technologies of next-generation sequencing are signifi-
cant in genome expression analyses such as RNA se-
quencing (Zheng et al. 2010), Illumina (Wang et al
2010) and ABI SOLID (Tang et al. 2009).

Somatic cells of plants have necessary genetic informa-
tion for forming functional organism and SE involve ter-
mination of several genes of somatic tissue, further
replaced by embryogenic programmne of gene expres-
sion (Yang and Zhang 2010). Primary explant has
definite restricted responsive cells for initiation of em-
bryogenesis that undergo dedifferentiation due to neces-
sity of switching off the developmental code of somatic
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cells and being replaced by new pathway (Yang and
Zhang 2010; Fehér et al. 2003).

Somatic embryogenesis of cotton involves complex
processes including restricted cellular events, dedifferen-
tiation phases, reactivation cycle of cells and accession of
embryogenic capacity (Yang et al. 2012). Transcription
factors regulate certain embryogenesis stages (Jenik et al.
2007) or the whole pathway of development (Park and
Harada 2008). In the study provided by Yang et al
(2012), 466 TF mRNAs were discovered to be differen-
tially expressed during SE and several TF families such
as MYB, bHLH, b-ZIP, B3 and Zinc finger were linked
to processes of differentiation, patterning and matur-
ation while GRAS, YABBY, NAC were linked with main-
tenance of meristem. Several TFs were associated with
auxin signalling pathway such as Aux/IAA, ARF and
ethylene mediated AP2/ ERF. Several genes, such as
LEC2, FUS3 and ABI3, were discovered to have a regula-
tory role in embryogenesis. Six of B3 domain TF homo-
logues were found to have different expression patterns:
one was up-regulated and two were down-regulated.
The study of Yang et al. (2012) showed differentially-
expressed 26 AP2/ERF genes during cotton somatic
embryogenesis.

Significance of plant hormones during somatic em-
bryogenesis and their impact on molecular pathways are
widely investigated (Fehér et al. 2003; Jiménez 2005).
Hormonal regulation during somatic embryogenesis can
be evaluated by adding hormones to culture medium
and futher endogenous hormone measurement of plant
tissues in different stages of growth (Jiménez and
Bangerth 2001). The role of auxin is very critical includ-
ing participation in cell division, induction of somatic
embryogenesis. Modulation occurs due to auxin gradi-
ents throughout somatic embryogenesis necessary for
dedifferentiation and division of existing differentiated
cells (Jiménez 2005). Although, plants produce native
auxin IAA, there is a need of exogenous auxin application
for in vitro cells. For instanse, endogenous IAA concentra-
tion increases in response to exogenous auxin application
in carrot cells. Therefore, induction phase of SE requires
both hormone type accumulation and increased levels of
exogenous auxin (Jiménez et al. 2001; Michalczuk et al.
1992). Some studies on SE provided evaluation of EC and
NEC cultures (Zeng et al. 2007; Jiménez 2005), some gave
information about concentrations of endogenous auxins,
dedifferentiation of cells in response to hormones and
totally-formed embryogenic cells.

Transformation efficiency in cotton

Developing new varieties in cotton with improved breed-
ing traits and tolerance to biotic/abiotic stress using con-
ventional breeding approaches has limited applicability
and the reason is principally arising from the restriction
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in reaching proper germplasm with desired traits and
difficulty in introgression of these traits into selected
cultivar (Hussain et al. 2005). Cotton is a recalcitrant
plant which demands lengthy and tedious handling
process to be maintained in tissue culture (Khan et al.
2010; Chakravarthy et al. 2014). Biotechnological ad-
vances particularly regarding transformation studies and
those efforts to increase transformation success in cot-
ton are therefore very valuable to exploit the potential of
transgenic cotton (Hussain et al. 2005). For instance,
90% of cotton produced in the USA today is made up of
insecticide and herbicide resistant transgenic cotton and
this has reduced the use of insecticides by almost half in
USA and in Australia as well (Rajasekaran 2019; Bene-
dict and Altman 2001). Although significant achieve-
ments have been made in this field, the studies for other
breeding traits such as fiber quality, yield, earliness are
not at desired level yet (Sattar et al. 2019). Accordingly
it is very critical to improve and develop reproducible
transformation protocols for cotton.

The first successful transformation study in cotton was
reported in two separate studies which were able to de-
velop transgenic cotton with Agrobacterium-mediated
transformation of cotyledonary explants. They used
Coker 210 and Coker 312G. hirsutum genotypes,
respectively, and later found that these Coker-derived
cultivars had high somatic embryogenesis capacity but
very low transformation efficiency was found (Firooza-
bady et al. 1987; Umbeck et al. 1987). These studies were
followed by further examples of Agrobacterium-medi-
ated transformation in cotton (Lyon et al. 1993; Thomas
et al. 1995). Agrobacterium-mediated transformation is
still the most favourite approach for cotton transform-
ation especially for being simple and easy in method-
ology and having low number of copies but it is a
lengthy process which takes about 10~12 months to re-
generate after transformation (Jin et al. 2005). Ongoing
studies are particularly focusing on reducing the long
and laborious process, testing non-Coker related culti-
vars’ responses to regeneration, adapting different ex-
plant types and selection media to obtain optimal,
reproducible and reliable conditions for Agrobacterium-
mediated transformation in cotton. Early examples of
transformation were dependent on cotyledonary and
hypocotyl explants from which regeneration took almost
1 year. However, studies have shown that time can be
shortened by using embryogenic callus and pistil drip
(Hussain et al. 2005; Jin et al. 2005). Agrobacterium-me-
diated transformation of embryogenic callus had about
15% transformation success in cotton providing an effi-
cient protocol for transformation (Jin et al. 2005) and
another research supported that culturing period can be
minimized with embryogenic callus (Leelavathi et al
2004). However its main drawback is being genotype-
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dependent which limits its application. Embryogenic calli
can be also cryopreserved favouring a time flexible trans-
formation opportunity and making it more practical com-
pared with other explant types (Leelavathi et al. 2004).
Transformation efficiency was calculated as 60-70% in ex-
plants transformed with Agrobacterium using shoot tip
and same protocol was also repeated in a study where
transformation success rate was still quite low, 0.2% in
local Indian cotton cultivars (Satyavathi et al. 2002; Kata-
geri et al. 2007). Other relevant studies had about 5-10%
transformation success using shoot tips (Finer and
McMullen 1990; Gould and Magallanes-Cedeno 1998;
Majeed et al. 2000; Bakhsh et al. 2012, 2016) claiming that
transformation efficiency using shoot tips still demands
standardization. The effects of different explants such as
embryo and pistil drip on Agrobacterium-mediated trans-
formation were investigated in different studies and it has
been reported that pretreatment of embryos with potas-
sium chloride promoted transformation efficiency
by 1.10%, while pistil drip method gave genotype inde-
pendent results with 0.55% transformation success yet,
and the rate of chimeric plant formation after transform-
ation was high in pistil drop method (Barpete et al. 2016;
Zhang and Chen 2012).

Agrobacterium-mediated transformation is still the
main method used for cotton transformation but it is
time consuming (Sunilkumar and Rathore 2001; Khab-
bazi et al. 2018). An alternative transformation method,
particle bombardment, was known to have high trans-
formation efficiency. This approach can generate trans-
genic cotton in short periods (3 months), almost saving
7~9 months for transformation (Chlan et al. 1995). First
studies about particle bombardment in cotton were con-
ducted by Finer and McMullen (1990). Rajasekaran et al.
(2000) found an average transient transformation effi-
ciency, 4%, in cotton. Embryogenic cell suspensions are
the primary explant source for particle bombardment
and meristematic tissues are making up the second most
explant type in cotton (McCabe and Martinell 1993;
Chlan et al. 1995; Rajasekaran et al. 2000). Transgenic
plants generated by particle bombardment tend to have
high copy number of trans gene unlike Agrobacterium-
mediated transformation (Sunilkumar and Rathore
2001). This method, even if requires less time for trans-
formation, may have difficulty in inducing embryogenic
callus formation from different genotypes which is
already known to be restricted to some certain geno-
types such as Coker varieties. Other recalcitrant cultivars
such as Acala, Pima may need time to produce embryo-
genic cell suspension in the beginning but after having a
stock of embryogenic cell suspension, transformation
may become easier and shorter (Rajasekaran 2019).

Considering all advantages and disadvantages of trans-
formation efficiency in cotton mentioned in this section,
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cotton still needs a reliable and genotype independent
approach for transformation. BBM gene and its inter-
action with other transcription factors such as WUS2
have known to promote transformation efficiency in
both monocots (Lowe et al. 2016; Du et al. 2019) and di-
cots (Heidmann et al. 2011). Only limited Agrobacterium
strains are available for monocot transformation and
phenolics production as a result of wounding compli-
cates cereal transformation (Sood et al. 2011; Hoffman
2016). Overexpression of BBM and WUS2 genes from
maize was shown to increase transformation efficiency
in rice and in sorghum by 15 fold and 9 fold, respect-
ively, and with a fantastic increase in sugarcane by
130~440 fold, unlike 2% transformation rate in control
sugarcane plants using Agrobacterium-mediated trans-
formation as given in Table 1 (Lowe et al. 2016). They
also included drought inducible promoter in transgenic
cassette which may help to excise marker gene with Cre-
LoxP system later (Lowe et al. 2016). A recent study also
claimed that overexpression of ZmBBM2 gene was cap-
able of increasing transformation rate in two different
maize cultivars, CAL and Zong31 at different rates, from
6% (control) to 21% (overexpressed) and from 3% (con-
trol) to 20% (overexpression), respectively (Du et al.
2019). These two maize BBM genes, ZmBBM and
ZmBBM?2, had 43% similarity and they both succeed in
increasing transformation capacity of different mono-
cots. Studies with BBM gene in dicots regarding trans-
formation efficiency are very less compared with
monocots but there is one successful example conducted
in two different sweet pepper cultivars. They fused BBM
gene from Brassica napus with glucocorticoid receptor
to help sequestering excess BBM in the presence of dex-
amethason and even the rates obtained, are far below
the success in monocots, an increase in transformation
percentage of about 0.6-1% was reported (Heidmann
et al. 2011). Similar approach can be applied in cotton to
increase transformation success rate.

Conclusion and future prospects

There is a dire need to introduce major transformations
in global food system to feed 800 million chronically
hungry and 2 billion micro-nutrient deficient people.
Plant breeding has done wonders in increasing crop
yield in last 100 years (Evenson and Gollin 2003). Even
then hunger is still widespread in many countries. The
recent advances in functional genomics are game chan-
ging tools for plant breeders to boost agricultural prod-
uctivity and to feed increasing population in the long
run. Cotton is an important crop for world economy as
it is essentially produced for its fibre that is universally
used as textile raw material (Bakhsh et al. 2015). Cotton
by-products generate sustainable income oppurtunities
for farming communities. More than 100 countries grow



YAVUZ et al. Journal of Cotton Research (2020) 3:29

cotton while 150 countries are involved in its import
and export. The livelihood of millions is associated with
cotton crop from field to fabric. Cotton offers several
challenges to plant breeders from its cultivation to har-
vesting and is under threat of insect pest, weeds and dis-
eases since its emergence from soil. The genetic
improvements in cotton have been made against insect
pests by incorporating gene(s) from Bacillus thuringien-
sis whereas resistance against herbicide has been
achieved by transfering cp4-esps sythase gene from Agrp-
bacteriim tumefaciens (ISAAA 2018). However, protocol
for in vitro regeneration via tissue culture is highly geno-
type dependent, laborious and time consuming. A repro-
ducible, time-saving and genotype-independent protocol
can increase the pace of genetic improvements in cotton.
The understanding of genetic control of somatic em-
bryogenesis revealed that certain transcription factors
are specially induced and expressed during somatic em-
bryogenesis. BBM transcription factors regulate cell toti-
potency and are involved in cell proliferation, growth
and development. Sun et al. (2018) compared transcrip-
tomes of two cotton cultivars and found 46 transcripts
involving in conversion of non-embryogenic calli to
embryogeneic calli. Likewise, heterologous expression of
BBM transcription factor in tobacco and rapeseed in-
creased its regeneration capacity. Other studies in Arabi-
dopsis thaliana, Glycine max and Brassica napus,
Theobroma cacao etc. also establish the role of these
transcription factors in inducing embryogenesis. There-
fore, we believe that the ectopic or overexpression of
BBM gene(s) in a cotton genotype can increase its re-
generation potential during tissue culture phase. It
would reveal increased somatic embryo induction, trans-
fromation efficiency and overall growth and develop-
ment. Once part of genome, the same genotype further
can be used to incorporate any gene(s) encoding eco-
nomic important traits in it and can serve as germplasm
to breed other cultivars as well. Hence, the problem of
cotton regeneration and transformation can be better
understood by integrating one or more copies of BBM
gene(s) in cotton genotypes.
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