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Abstract

RNA interference

Genetic transformation and somatic embryogenesis (SE) are essential biotechnological tools for cotton improvement.
Recent advances in transcriptomics, proteomics, epigenetics, and RNA interference (RNAi) have enabled us to better
understand the SE regulatory pathways. This review summarizes the findings of several key research studies, focusing
on the roles of transcription factors (e.g., GhAGL15s, GhL1L1, GhWOX), hormonal signaling (auxin and cytokinin), DNA
methylation, and small RNAs in SE initiation and embryogenic callus formation. In addition, we discuss recent break-
throughs in Agrobacterium-mediated and RNAi-based transformation. Challenges such as genotype recalcitrance

and somaclonal variation, along with new approaches to improve SE efficiency, are also addressed.
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Introduction

Cotton (Gossypium hirsutum L.) is a leading cash crop
for the global textile industry with a significant impact
on Uzbekistan’s economy. However, yield and fiber qual-
ity vary widely due to genotype-specific traits and com-
plex interactions among cultivars, farming practices,
and environmental conditions. In the context of a rap-
idly changing climate, developing stress-resistant cotton
varieties is essential. Genetic transformation and somatic
embryogenesis (SE) enable rapid and precise improve-
ment of cotton traits. Recent studies on transcription
factors, hormonal signaling, epigenetic modifications,
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and RNA interference (RNAi) have expanded our knowl-
edge of SE regulation. Current breeding techniques could
restrict productivity improvements due to an insuf-
ficiently diverse founding gene pool (Joshi et al. 2023;
Sreedasyam et al. 2024). SE is the process by which
somatic cells develop into embryos, a process that is criti-
cal in plant biotechnology. Cotton SE varies by genotype,
with certain types (e.g., Yuzao 1, YZ) having high embry-
ogenic ability (>80%) and others (e.g., Lumian 1, LM)
being recalcitrant (< 10%) (Guo et al. 2020). This distinc-
tion raises a significant challenge for transgenic breeding
and genome editing, requiring a deeper understanding of
the molecular and epigenetic pathways that drive SE.
Recent innovations in omics technologies (transcrip-
tomics, proteomics, and epigenomics) have led to the
identification of key regulators of SE, including transcrip-
tion factors (GhAGL15, GhWOX, and GhL1L1), hor-
mone signaling pathways (auxin and cytokinin), and DNA
methylation dynamics, particularly CHH hypometh-
ylation in embryogenic calli. Agrobacterium-mediated
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transformation and RNA interference have also produced
stress-tolerant cotton varieties; however, low regenera-
tion rates persist in elite cultivars. Emerging techniques,
such as single-cell RNA sequencing (scRNA-seq) and
nanoparticle-enhanced regeneration [e.g., copper/sil-
ver nanoparticles (Cu/AgNPs)], provide promising ways
to overcome recalcitrance (Guo et al. 2024; Malik et al.
2021). This review combines molecular and biotechno-
logical insights from recent studies to better understand
SE mechanisms and transformation approaches.

Molecular mechanisms of somatic embryogenesis
Transcriptional and epigenetic regulation

Plant gene transmission is based on molecular processes
that direct SE, in which AGAMOUS-LIKE15 (AGLI15)
plays an important regulatory role. GRAGLI15-1, -3, and
-4 in ppland cotton (G. hirsutum) encode conserved
nuclear MADS-box proteins that are expressed at their
highest levels throughout embryogenic callus formation.
GhAGL15-1 and -3 respond to both 2,4-dichlorophe-
noxyacetic acid (2,4-D) and kinetin, whereas GHAGLI15-
4 responds exclusively to 2,4-D. According to Xu et al.
(2025), the contributions of a hierarchical gene regulation
network, AGLIS, to regeneration were demonstrated.
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Overexpression of GKAGL15 genes improves callus qual-
ity and stimulates embryogenic callus development, with
GhAGL15-4 having the greatest effect. These results
suggest that GRAGLI15, namely GhAGL15-4, is impor-
tant for cotton SE and may improve the effectiveness of
genetic transformation (Fig. 1a; Yang et al. 2014). Auxin
is an important regulator of SE, but its molecular mecha-
nism is poorly understood. Xu et al. (2019) showed that
the cotton NF-YB gene (GhLILI), which is expressed
in embryonic tissues, affects auxin distribution and
cell fate during SE. GhLILI overexpression increased
indole-3-acetic acid (IAA) levels, stimulated embryo-
genic cell proliferation, and changed the expression of
the auxin transporter GhPIN1, whereas GhL1L1 deletion
decreased IAA levels and delayed development. GhLILI
promotes GhPP2AA2 by binding its promoter, thereby
regulating GhPINI activity. Overall, GhLIL1 regulates
auxin distribution through the GhPP2AA2-GhPINI path-
way, influencing cell fate and enhancing SE efficiency in
cotton (Fig. 1b; Xu et al. 2019).

Forty WUSCHEL-related homeobox (WOX) genes
were found in upland cotton and categorized into ancient,
intermediate, and modern clades, with the major-
ity belonging to the current lineage that contains the
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Fig. 1 Transcriptional regulatory network controlling somatic embryogenesis in cotton. a stage-specific transcriptional dynamics during somatic
embryogenesis; b GhL1L1-GhPP2AA2-GhPINT module controls auxin distribution during somatic embryogenesis; € GhRCD1-GhMYC3-GhMYB44-
GhLBD18 transcriptional module regulating somatic embryogenesis in cotton (G.hirsutum)
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WUS-box domain. Gene expansion was primarily driven
by duplications, and promoter analysis revealed an abun-
dance of stress- and hormone-responsive elements. Only
half of the WOX genes were expressed during SE in stage-
specific patterns, with GAWOX4 and GEWOX13 being
active throughout. Co-expression analysis linked WOX
genes to hormone signaling, macromolecular processing,
and metabolic pathways, highlighting their regulatory
roles in cotton SE and stress tolerance (Sun et al. 2023).
A tetrapartite module (GhRCDI1-GhMYC3-GhMYB44-
GhLBD18) maintains SE homeostasis by balancing callus
proliferation (GhMYC3/GhLBD18) and embryogenic cell
differentiation (GhMYB44). GhRCDI inhibits GhEMYCS3,
hence inhibiting the transcription of downstream targets
(GhMYB44 and GhLBDI1S8). GhMYC3 overexpression
enhances callus formation, whereas silencing has mini-
mal morphological effects. GhMYB44 (which is inhibited
by GhRCDI) promotes embryogenic callus (EC) differ-
entiation while preventing callus formation. GKLBDI8
(activated by GAMYC3 and inhibited by GhMYB44) stim-
ulates callus development. Reactive oxygen species (ROS)
play a critical role in regulating cell fate. CRISPR deletion
of GhRCDI1 mimics GhMYC3 overexpression, acceler-
ating SE via ROS dynamics. The study identifies a hier-
archical regulatory cascade that fine-tunes SE through
antagonistic interactions (GhARCDI1-GhMYC3) and
downstream effectors (GhMYB44/GhLBD18), in addition
to ROS signaling. This molecular insight advances our
understanding of cell fate reprogramming in cotton SE,
opening the door to possibilities (e.g., GARCD1 editing)
for optimizing in vitro regeneration for biotechnology
applications (Fig. 1c; Yuan et al. 2023).

Kumar et al. (2021) investigated genotype-dependent
SE in cotton by comparing transcriptomes from semi-
recalcitrant Coker-312 and highly regenerative Jin668.
Jin668 showed a significantly larger transcriptional
response of 2 155 differentially expressed genes (DEGs)
than Coker-312 (305 DEGs), indicating a greater SE
capacity. Both genotypes shared 154 DEGs involved in
embryo development, transportation, and transcription
control. However, Jin668 revealed significantly increased
expression of critical embryogenesis-promoting tran-
scription factors, including BABY BOOM (BBM) and
AGL15, whereas Coker-312 had fewer DEGs and lower
transcription factor (TF) expression. These differences
suggest that SE efficiency is primarily regulated at the
transcriptional level, highlighting BBM and AGL15 as
prospective targets for improving regeneration in resist-
ant cotton cultivars.

A comparative RNA-Seq analysis of cotton genotypes
with high- and low-SE efficiency showed key biochemi-
cal pathways that influence early SE induction. The find-
ings indicate that SE initiation requires both protein
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kinase activity (post-translational changes) and oxidore-
ductase activity (redox homeostasis). Stress-responsive
transcription factors are differentially regulated, linking
stress adaptation to embryogenic commitment. Somatic
embryogenesis receptor kinases (SERKs) exhibit geno-
type-dependent expression, implying a role in SE com-
petence. The auxin and ethylene signaling pathways are
substantially implicated, with distinct regulatory mech-
anisms seen in high and low SE efficiency genotypes.
SERKs and stress-responsive TFs may predict SE poten-
tial. Adjusting auxin/ethylene signaling or kinase activ-
ity may improve SE in recalcitrant crops. The identified
modules (kinases, oxidoreductases, and hormone path-
ways) are promising targets for improving SE efficiency in
genetically altered cotton. The study provides a key tran-
scriptomic resource for understanding early SE triggers
in cotton, with an emphasis on the interplay among hor-
mone signaling, kinase cascades, and stress responses.
The findings pave the way for better cotton biotechnol-
ogy regeneration approaches, particularly for improving
SE in resistant genotypes (Cao et al. 2017).

Further research reveals that DNA methylation dynam-
ics, particularly CHH methylation, are important regu-
lators of SE in cotton, distinguishing high- (YZ) and
low-efficiency (LM) genotypes. SE competence varies by
genotype: recalcitrant LM has increased mCG methyla-
tion, whereas YZ has hypomethylated CHH, which favors
embryogenic redifferentiation. In contrast, LM hyper-
methylation reduces SE-related gene expression, form-
ing epigenetic barriers to regeneration. In addition to the
SE initiation-promoting methylation genes, differentially
methylated genes (DMGs) were found and significantly
increased in lipid biosynthesis and metabolic processes
in YZ embryonic redifferentiation. Notably, unlike earlier
research that focused on CHH hypermethylation, this
study reveals CHH hypomethylation as a positive regu-
lator and biomarker of SE potential. The study, which is
the first genome-wide, single-base methylome analysis of
cotton SE, redefines the role of DNA methylation in plant
regeneration and proposes epigenetic editing—specifi-
cally targeted demethylation and lipid-pathway modula-
tion—as promising strategies to improve SE in resistant
genotypes and support precise epigenetic breeding (Guo
et al. 2020).

The SE delay in cotton is genotype-dependent. Li et al.
(2019) explored the epigenetic basis of accelerated regen-
eration in Jin668, a highly regenerative line derived from
the successive regeneration acclimation (SRA) protocol.
They used single-base resolution bisulfite sequencing
and transcriptome analysis across SE stages to compare
early-generation (R;) and elite high-regeneration (R,)
plants. Jin668 (R,) had considerably lower CHH DNA
methylation compared with R, This demonstrates that



Ayubov et al. Journal of Cotton Research (2026) 9:15

SRA-induced hypomethylation enhances regeneration.
CHH methylation increased from non-embryogenic
to embryogenic callus via the RADM and H3K9me2
pathways. Still, hypomethylation in later SRA genera-
tions activated hormone-related (auxin and cytokinin)
and WOX genes required for embryogenesis. SE was
consistently enhanced after treatment with the meth-
ylation inhibitor zebularine. This genome-wide cotton SE
methylome shows that dynamic CHH methylation regu-
lates regeneration competence and that SRA enhances
SE through epigenetic reprogramming without genetic
change (Li et al. 2019). Li et al. (2019) discovered that
SRA-induced CHH hypomethylation epigenetically
promotes the WOX and hormone pathways, explaining
Jin668’s better regeneration. Their findings provide: (i) a
molecular blueprint for improving SE in crops; (ii) evi-
dence that epigenetic modification (SRA, zebularine) can
enhance regeneration efficiency; and (iii) a foundation
for breeding elite cultivars without utilizing transgenic
approaches.

Hormonal signaling

Auxin-response genes (auxin response factor (ARFs),
Auxin/Indole-3-Acetic Acid (Aux/IAA)) and cytokinin
signaling pathway components are upregulated dur-
ing SE (Sun et al. 2019; Yang et al. 2012). Auxin early
response genes, particularly Aux/IAA, play a critical role
in cotton SE and may enhance cotton regeneration. Sun
et al. (2019) identified 71 ARF, 86 Aux/IAA, 63 Gretchen
Hagen3 (GH3), and 194 small auxin-upregulated RNA
(SAUR) genes in upland cotton. Their analysis showed
that the ARF, GH3, and SAUR gene families diverged
from Arabidopsis, whereas the Aux/IAA family remains
genetically conserved. All four gene families were
involved in embryogenic callus development. Notably,
Aux/IAA genes exhibited higher expression levels in the
embryogenic cultivar CCRI24 compared with the recalci-
trant cultivar CCRI12, implying a role in embryogenesis.

Strong co-expression with SE-related genes indicates
that auxin response genes may govern SE through inter-
actions with these pathways (Sun et al. 2019). Yang et al.
(2012) investigated the molecular events underlying this
unique process in cotton, a common plant in Southeast
Asia, using transcriptomic, biochemical, and histological
techniques. RNA-Seq detected 5 076 DEGs during SE.
Genes encoding metabolic pathways, secondary metabo-
lite production, protein binding, and hydrolase activity
were all enriched. Several transcription factor-encoding
genes showed differential expression.

SE regulation relied heavily on complex auxin-related
processes. These include IAA synthesis and metabolism,
indole-3-butyric acid (IBA) metabolism and conjugate
formation, auxin transport mechanisms, key regulators

Page 4 of 9

(ARF, Aux/IAA, and SAUR genes), and Aux/IAA deg-
radation pathways. Gene expression patterns have been
connected to both morphological/histological changes
and fluctuations in endogenous IAA levels. The paper
reveals a key gene expression profile for cotton SE, iden-
tifying auxin signaling as the primary regulatory network
orchestrating this distinct embryonic reprogramming
process. The findings lay a solid foundation for future
functional studies on plant embryogenesis.

The auxin-to-cytokinin ratio in culture media and
endogenous hormone levels varied across sister lines
and SE stages, indicating an important role in SE induc-
tion. Auxin and cytokinin production were largely found
in DEGs. Gene expression patterns differ remarkably
between sibling lines, indicating genotype-dependent SE
responses. Genes that showed significant up- or down-
regulation during SE were cloned, silenced, or overex-
pressed to investigate their roles. Auxin and cytokinin are
the key regulators, although how they interact with other
variables (such as stress responses and epigenetic modi-
fiers) is unknown. Xu et al. (2013) provide the first global
transcriptome insights into SE in cotton sister lines. It
emphasizes the auxin-cytokinin relationship as a fun-
damental driver of SE while also encouraging additional
research into cross-talk mechanisms, e.g., abscisic acid
(ABA) and ethylene. Functional genomics approaches,
such as clustered regularly interspaced short palindro-
mic repeats (CRISPR) and virus-induced gene silencing
(VIGS), are necessary to confirm the role of genes in SE.
The study provides a critical transcriptome resource for
cotton SE by focusing on hormone modulation and open-
ing the path for mechanistic studies to enhance regenera-
tion in recalcitrant genotypes (Xu et al. 2013).

GhmiR157a suppresses GhSPL10 (a transcription
factor) to maintain SE equilibrium. Overexpression of
GhSPL10 disrupts the balance by raising free auxin and
ethylene levels and activating their signaling pathways.
Flavonoid synthesis (via the F3H gene) stimulates callus
initiation and proliferation. GhmiR157a reduces ethylene
production, aminoethoxyvinylglycine (AVG) treatment,
and callus development. Enhancing ethylene signaling
ACC (1-aminocyclopropane-1-carboxylic acid) treat-
ment, EIN2 overexpression, or CTRI silencing) promotes
flavonoid production and callus formation. Silencing F3H
in GhSPL10-overexpressing lines prevents callus devel-
opment, but applying exogenous flavonoids promotes
callus growth, indicating that flavonoids stimulate the cell
cycle during SE.

GhSPL10 overexpression affects SE through hormonal
regulation (auxin-ethylene crosstalk). The GhmiR157a-
GhSPLIO interaction promotes proper SE progression.
Wang et al. (2018) provide the first evidence linking
miRNA-mediated SQUAMOSA PROMOTER BINDING
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PROTEIN-LIKE (SPL) gene regulation to flavonoid-hor-
mone interactions during cotton SE. These findings pro-
vide molecular targets (e.g., GhSPL10, F3H, and ethylene
genes) for crop regeneration. CRISPR-edited GhSPL10/
miR157a lines are being tested for their potential to
improve SE efficiency. Further research is needed to
investigate the relationships between flavonoids, auxin,
and ethylene in other plant species. The GhmiR157a-
GhSPL10 module appears to act as a master regulatory
switch, combining hormone signaling and flavonoid
metabolism to regulate SE in cotton (Wang et al. 2018).

Proteome-level regulation of embryonic potential

and regeneration

Quantitative proteomics approaches, e.g., isobaric tags
for relative and absolute quantification (iTRAQ) and
tandem mass tags (TMT), were employed to identify
SE-associated proteins (Zhu et al. 2018; Guo et al. 2019).
An iTRAQ-based proteomic analysis revealed signifi-
cant protein dynamics across different SE stages in cot-
ton, including cell dedifferentiation and redifferentiation.
Zhu et al. (2018) identified 5 892 proteins in non-embry-
ogenic callus (NEC), EC, and somatic embryos. Ninety-
three and four percent of proteins were linked to catalytic
activity, binding, transport, or structural roles. A total of
1 024 differentially expressed proteins (DEPs) were iden-
tified between NEC and EC, with 572 upregulated and
452 downregulated. Between EC and SE, 858 DEPs were
found, including 647 downregulated and 221 upregulated
proteins.

Plant growth and development are regulated by phyto-
hormones, which have complex structures and contain
small molecules. Although plants produce them in small
quantities, they have significant physiological activity.
Phytohormones are classified into two types based on
their action: activators of plant growth and development
or inhibitors, with auxins and cytokinins falling into the
former category (Sosnowski et al. 2023). By promoting
cell cycle reactivation and dedifferentiation, auxin and
cytokinin contribute to the early cellular reprogram-
ming events required for the development of embryo-
genic competence. Proteomic studies have identified
GH3, an auxin-responsive protein, as being differentially
expressed across developmental stages. GH3 abundance
decreased in embryogenic callus and later increased in
somatic embryos, a pattern consistent with the beneficial
effect of low auxin concentrations on embryogenic tran-
sition (Jones et al. 2011).

Cytokinin has been shown to play a crucial role in ini-
tiating somatic embryogenesis and subsequent plant
regeneration across a variety of plant species. Cotton pro-
teins linked with cytokinin signaling, including the recep-
tor CRE1, the phosphotransferase protein AHP, and the
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response regulator B-ARR, showed variable expression
patterns across embryonic stages. Both CRE1 and B-ARR
were found to be increased in EC compared with NEC.
At the same time, their expression was lower in somatic
embryos than in EC (Zhu et al. 2018). The expression of
Arabidopsis histidine phosphotransfer protein (AHP)
was constant between NEC and EC.

Alongside hormonal signals, metabolic factors also
contribute significantly to somatic embryogenesis. Pol-
yamines are known to regulate diverse physiological
processes, including cell division, stress responses, and
tissue differentiation. Proteomic analysis revealed that
enzymes involved in polyamine biosynthesis—S-adeno-
sylmethionine decarboxylase (SAMDC), arginine decar-
boxylase (ADC), and spermine synthase (SPMS)—were
progressively upregulated from NEC to EC and further
into somatic embryos. These findings, supported by
transcriptomic evidence, suggest that polyamines posi-
tively influence embryogenic competence in cotton. Fur-
thermore, the localization of ADC in mitotically active
embryonic cells, along with enhanced growth of embryo-
genic cultures in response to exogenous polyamine treat-
ment, underscores its role in promoting somatic embryo
formation by modulating developmental signaling and
metabolic balance (Cheng et al. 2015).

Cotton SE involves a significant shift in energy metab-
olism from NEC to EC and somatic embryos, which is
characterized by changes in oxidative phosphorylation
proteins. Fatty acid biosynthesis is also substantially
active, with the major enzymes (FabH, accC, FatB, and
FabD) showing increased expression in EC and somatic
embryos, consistent with previous observations in other
plants. The effects of ectopic LEC2 expression lend cre-
dence to the importance of the metabolism of lipids in
embryo development. When gene expression is exam-
ined at the mRNA level and compared with actual pro-
tein levels, the agreement is limited (r=0.29), indicating
that mRNA may not always convey the entire story.
That is why combining transcriptomics and proteom-
ics is critical for understanding cotton embryogenesis.
This technique identified novel proteins required for SE
production, providing prospective targets for improving
embryogenesis and transformation efficiency in prob-
lematic cotton cultivars. The iTRAQ-based proteomic
method successfully identified key molecular actors to
enhance regeneration techniques (Zhu et al. 2018).

Cotton SE, a hormone-mediated stress response, estab-
lishes totipotency through complex and dynamic protein
networks. Tandem mass tag-based proteomic profiling
was employed to examine protein abundance patterns at
successive stages of cotton SE, including NEC, primary
embryogenic callus (PEC), and globular embryos (GEs).
Protein identification yielded 9 369 distinct entries, of
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which 6 730 were quantitatively profiled. Comparative
analysis revealed 805 differentially abundant proteins
(DAPs) between PEC and NEC, 295 between GEs and
PEC, and 1 242 between GEs and NEC. Compared with
NEC, 309 proteins exhibited increased abundance in
PEC, while 496 showed reduced levels. Between GEs and
PEC, 174 proteins were upregulated, and 121 were down-
regulated. In the comparison of GEs and NEC, 584 pro-
teins were more abundant, and 658 were less abundant
(Guo et al. 2019). Among the identified DAPs, several
functional categories were closely associated with the SE
process, particularly stress adaptation pathways, includ-
ing peroxidase activity, photosynthesis, and nitrogen
metabolism. During the early phase of somatic embryo-
genesis in cotton, several peroxidase proteins were found
to be downregulated in PEC compared with NEC. This
reduction in peroxidase abundance is likely associated
with the suppression of tissue browning, which in turn
promotes embryogenic competence.

As embryogenesis progressed, a gradual upregula-
tion of proteins involved in the photosynthetic pathway
was observed. Main components such as Photosystem
I P700 apoprotein, oxygen-evolving enhancer protein 2,
ATP synthase gamma chain, and chlorophyll a/b-bind-
ing protein were found to be expressed at higher levels
in GEs compared with PEC, suggesting the progressive
development of photosynthetic capacity as embryogen-
esis advances. Nitrogen metabolism also contributes to
embryogenic development, particularly through glu-
tamate dehydrogenase (GDH), an enzyme involved in
amino acid oxidation and ammonium detoxification. Var-
ious GDH isoforms, which perform both anabolic and
catabolic functions, were significantly enriched in GEs
relative to PEC, with a trend of downregulation. These
findings suggest that GDH plays a more prominent role
during the redifferentiation stage of cotton embryogen-
esis (Guo et al. 2019).

This study generated the first TMT-based proteome
atlas for cotton SE. The identification of DAPs offers a
set of potential biomarkers linked to embryogenic com-
petence and developmental progression. By highlighting
important pathways such as stress response, hormone
signaling, photosynthesis, and nitrogen metabolism, the
findings explain the molecular landscape underlying toti-
potency acquisition. This work lays the foundation for
targeted strategies to improve regeneration efficiency,
particularly in genotypes with low embryogenic poten-
tial, using biotechnological approaches.

Agrobacterium-mediated transformation

Agrobacterium-mediated transformation (AMT) is a
valuable technique in plant biotechnology for develop-
ing transgenic plants, particularly in dicots like cotton.
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Zhang (2019) suggested an optimal strategy for each
step of the cotton transformation process. This approach
included: 1) co-cultivation of cotton explants with Agro-
bacterium, 2) selection of stable transgenic cell lines, 3)
regeneration of plants through somatic embryogenesis,
and 4) confirmation of transgene integration and expres-
sion. Advances in these methodologies have significantly
improved transformation efficiency. Plastid transforma-
tion has emerged as a promising avenue for high-level
transgene expression. The tobacco chloroplast genome
has been used to express a wide range of therapeutic pro-
teins and agronomic traits. The effective transformation
of cotton plastids marks a huge step forward in chloro-
plast engineering, surpassing earlier limits in transgenic
expression, vector design, and regeneration. Scientists
showed a significant boost in transformation efficiency
over conventional approaches by combining the revo-
lutionary "Double Gene/Single Selection (DGSS)" vec-
tor with an effective somatic embryogenesis process.
The resulting transgenic lines showed normal growth,
flowering, and seed output while maintaining mater-
nal inheritance of transgenes, thereby addressing con-
cerns about pollen-mediated gene flow. This innovation
has the potential to reduce environmental concerns,
increase insect resistance, and improve public perception
of genetically modified cotton. Future uses of this tech-
nology may include other crops, opening the door for
more sustainable and secure agricultural biotechnologies
(Kumar et al. 2004).

RNA interference

RNAi was used in cotton to investigate gene function,
enhance insect and disease resistance, and improve its
fiber quality and early maturity (Salvador et al. 2022;
Abdurakhmonov et al. 2014). Agrobacterium-mediated
transformation and VIGS are both effective methods for
delivering double-stranded RNA into cotton plants, each
with specific advantages. While stable transgenic integra-
tion provides long-term RNAi effects for pest resistance,
VIGS enables rapid evaluation of target gene silencing
efficacy and phenotypic effects in herbivorous insects.
The combination of these techniques, as demonstrated
by Salvador et al. (2022), accelerates the development
of RNAi-based cotton plant protection, bridging the
gap between initial validation and long-term pest con-
trol solutions. Significant cotton research activities were
examined, with a focus on the development of RNAIi
technology, accomplishments, limits, and future needs in
the functional characterization of cotton genes. The need
for initiatives to develop RNAi-based cotton cultivars,
including risk and safety assessment, local and large-scale
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field testing, and commercialization, was also highlighted
(Abdurakhmonov et al. 2016).

Challenges and solutions

Genotype recalcitrance

The transcriptomic analysis of Jin668, a highly regener-
able G. hirsutum cultivar, reveals essential molecular
pathways involved in SE. DEGs between NEC and EC
reveal key regulatory pathways, such as transcription fac-
tor upregulation (LEC1, BBM, FUS3, and AGAMOUS-
LIKE15), phytohormone responses, and oxidative
reduction processes, as well as downregulation of meth-
ylation-related genes. These results reveal vital insights
into the genetic control of cotton SE and suggest poten-
tial targets to improve the effectiveness of plant regen-
eration (Wen et al. 2020). Great progress has been made
in plant transformation techniques, but the successful
regeneration of some genotypes remains a major chal-
lenge in attempts to transform recalcitrant species.

Regeneration ability has been shown in embryogenic
genotypes. The results demonstrated that GASERKI can
be used to assess cotton plants’ SE potential (de Cunha
Soares et al. 2018). The GASERKI gene is critical for
embryo development, and overexpression increases
embryogenic competence. Researchers employed reverse
transcription quantitative polymerase chain reaction
(RT-qPCR) and blotting assays to verify a short GASERK1
probe for identifying embryogenic cotton genotypes.
Cotton genotypes with variable SE potential were stud-
ied using in vitro methods. Transcripts were found to be
strongly expressed in embryogenic genotypes using RT-
PCR and blotting with a nonradioactive probe.

Malik et al. (2021) studied recalcitrance to avoid cal-
lus-based genetic transformation. Copper nanoparti-
cles (CuNPs) and AgNPs enhance embryogenic callus
growth and regeneration in wheat mature embryo cul-
tures, exceeding traditional treatments (CuSO, and
AgNO;). Optimized concentrations (e.g., 0.015 mg-L™
CuNPs+4.0 mg-L~! AgNPs) increased regeneration effi-
ciency by 21% compared with controls, demonstrating
nanotechnology’s capacity to overcome wheat’s genetic
transformation resistance and promote agricultural
sustainability.

Overcoming genotype restrictions in cotton genetic
transformation entails moving away from time-consum-
ing SE, which is only effective on a few genotypes, such
as 'Coker; and toward genotype-independent approaches
that use in planta transformation or shoot-based regen-
eration. Key ways for accomplishing this include the use
of shoot apical meristem (SAM) cells, sonication-assisted
transformation, and optimizing tissue culture condi-
tions for elite, recalcitrant cultivars. Shoot apical meris-
tem cell-mediated transformation (SAMT) technology
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successfully changed the use of previously resistant
cotton genotypes (TM-1, XinHai56, and CCRI49).
Nonetheless, efficient SAMT-based T-DNA deliv-
ery is still dependent on critical factors such as age or
type of explant, infection time, and culture media (Ge
et al. 2022).

Regeneration is commonly achieved using experimen-
tally developed tissue culture methods based on totipo-
tency induction, in which cells are first guided toward a
root stem cell-like identity before being reprogrammed
to take on a shoot fate. Alternatively, pluripotent or
totipotent cells can undergo somatic embryogenesis
to become full plantlets. Knowledge of root stem cell
niche biology was used to directly utilize key stem cell
factors, including RETINOBLASTOMA (RBR), SCARE-
CROW (SCR), SHORT ROOT (SHR), and members of the
AINTEGUMENTA-LIKE/PLETHORA (AIL/PLT) and
WUSCHEL-related homeobox (WOX) gene families, to
induce regeneration in a manner similar to induced pluri-
potent stem cells. It was discovered that these variables
work together to encourage SE-mediated regeneration
and overcome recalcitrance in Arabidopsis thaliana and
pepper (Capsicum annuum) (Wittmer et al. 2025). This
novel technique has the potential to help cotton regener-
ate and overcome recalcitrance.

A telomere-to-telomere and single-cell RNA-sequencing

A telomere-to-telomere assembly of Jin668 and a high-
quality assembly of YZ1, two highly regenerative allo-
tetraploid cotton germplasms, were demonstrated.
The Jin668 genome is complete, allowing for analysis
of ~30.1 Mb of centromeric regions invaded by maize
and Tekay retrotransposons, a~8.1 Mb 5S rDNA array
with 25 190 copies, and a~75.1 Mb main 45S rDNA
array with 8 131 copies. A comparison of regenerative
and recalcitrant genotypes reveals changing transcrip-
tional patterns and chromatin accessibility during the
first regeneration process. Furthermore, genetic diver-
sity has an effect on single-guide RNA (sgRNA) target
sites, and Jin668 genome assembly showed a lower prob-
ability of off-target effects in CRISPR-based genome
editing. The full Jin668 genome highlights the complex-
ity of genomic areas and cotton regeneration while also
improving genome editing precision (Xu et al. 2025).
Plants exhibit strong totipotency, as demonstrated by sin-
gle-cell differentiation during SE. It has been difficult to
investigate cell identity and gene regulation in this com-
plex process. Single-cell RNA-seq was employed in cot-
ton (G. hirsutum) to characterize cellular topography and
gene regulation during embryonic development. NEC
and primary embryogenic calli (PEC) were heterogene-
ous and were split into four populations and six clusters.
Totipotency was associated with specific cell states and
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enriched pathways, including energy metabolism, sign-
aling, and transcription factors. The SE-associated lipid
transfer protein (SELTP) gene characterized embryogenic
stages in a dose-dependent, parabolic way, suggesting
its potential as a quantitative marker. RNA velocity and
Scissor verified the pseudotemporal trajectory and the
correctness of the data. The result offers marker genes
and a cellular atlas for SE in plant regeneration (Guo
et al. 2024). Since the lack of some SE-related TF motifs,
including WOX, BBM, LEC1, ERF59, ERF107, and PLT5
in either the JASPAR2022 (Castro-Mondragon et al.
2022) or HOMER databases, Xu et al. (2025) gathered
each of the SE-related motifs from the Plant Transcrip-
tion Factor Database and converted them to Homer for-
mat using TFBStools.

Conclusion

SE and genetic transformation remain critical for cot-
ton improvement, especially in light of climate change,
genotype recalcitrance, and the requirement for quick
trait deployment. Cotton SE is regulated by a complex
network that includes key transcription factors (e.g.,
GhAGL15, GhWOX, GhL1L1, and BBM), phytohor-
mone signaling, epigenetic reprogramming (particularly
dynamic CHH DNA methylation), small RNAs, and met-
abolic changes that all contribute to embryogenic compe-
tence. Multi-omics research demonstrates that efficient
SE necessitates coordinated transcriptional, post-tran-
scriptional, and protein-level regulation, emphasizing the
necessity of integrative rather than single-layer analysis.
Recent epigenetic research has identified CHH hypo-
methylation as a good sign of SE potential and proven
that epigenetic reprogramming can increase regenera-
tion capacity without changing DNA sequence, provid-
ing a non-transgenic option for improvement. Although
improvements in Agrobacterium-mediated transforma-
tion, plastid engineering, and RNAi have increased cot-
ton biotechnology, their usefulness is restricted by the
ability to regenerate elite cultivars. Emerging methods,
like single-cell RNA sequencing, telomere-to-telomere
genome assembly, nanotechnology-assisted regenera-
tion, and focused manipulation of stem cell regulators,
offer fresh insights into cellular heterogeneity and devel-
opmental paths during SE. Integrating high-resolution
genomes, epigenomics, single-cell studies, and novel
regeneration techniques is predicted to result in more
efficient and genotype-independent cotton transforma-
tion systems.
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