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Abstract: Establishing plant regeneration systems and efficient genetic transformation techniques
plays a crucial role in plant functional genomics research and the development of new crop varieties.
The inefficient methods of transformation and regeneration of recalcitrant species and the genetic
dependence of the transformation process remain major obstacles. With the advancement of plant
meristematic tissues and somatic embryogenesis research, several key regulatory genes, collectively
known as developmental regulators, have been identified. In the field of plant genetic transforma-
tion, the application of developmental regulators has recently garnered significant interest. These
regulators play important roles in plant growth and development, and when applied in plant genetic
transformation, they can effectively enhance the induction and regeneration capabilities of plant
meristematic tissues, thus providing important opportunities for improving genetic transformation
efficiency. This review focuses on the introduction of several commonly used developmental regula-
tors. By gaining an in-depth understanding of and applying these developmental regulators, it is
possible to further enhance the efficiency and success rate of plant genetic transformation, providing
strong support for plant breeding and genetic engineering research.

Keywords: somatic embryogenesis; plant regeneration; genetic transformation; developmental
regulators

1. Introduction

Plant regeneration refers to the process by which plants autonomously repair or re-
place damaged structures, demonstrating important adaptive capabilities [1]. This ability
has been exploited in tissue culture systems for plant propagation, plant genetic transfor-
mation, and genome editing [2]. Plant tissue culture regeneration is primarily achieved
through organogenesis and somatic embryogenesis pathways. Regeneration induction in
the plant genetic transformation system is a crucial step in determining its success. For
monocotyledonous plants, regeneration induction mainly relies on somatic embryogenesis;
however, for dicotyledonous plants, organogenesis is the primary pathway [3].

Plant genetic transformation is a significant technological advancement in modern
science. It promotes a fundamental understanding of plant biology and paves the way
for crop improvements and commercial cultivation [4]. With the advancements in genetic
engineering and tissue culture techniques, Agrobacterium-mediated genetic transformation
and tissue culture techniques have helped researchers make significant progress in inducing
plant regeneration [5]. However, the establishment of efficient genetic transformation
systems is often limited by species and genotypes, as the regenerative capacity of plants
varies greatly between different species and even among different varieties therewithin.
This further hinders progress in terms of commercializing genetically modified and new,
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gene-edited crop varieties [2,6]. Regeneration efficiency directly impacts the success rate
of targeted gene transformation in the tissue culture process. Therefore, improvements
in regeneration and transformation efficiency are crucial for functional gene research and
plant transgenic breeding [2,7,8].

In-depth studies of the process of plant somatic embryogenesis have identified the
key regulatory genes, which are collectively known as developmental regulators [9]. Re-
search has shown that the overexpression of these developmental regulators in plants can
promote somatic embryogenesis or shoot regeneration, thus enhancing the regeneration
and transformation efficiency of tissue-cultured plants [9-11].

This review briefly describes the molecular basis of plant regeneration and summa-
rizes the progress of developmental regulator research in promoting plant regeneration
and improving plant genetic transformation efficiency. It elucidates the applications of
development regulators including BABY BOOM (BBM), GROWTH-REGULATING FAC-
TOR (GRF), WUSCHEL (WUS), LEAFY COTYLEDON1/2 (LEC1/2), SOMATIC EMBRYO-
GENESIS RECEPTOR-LIKE KINASE (SERK), and WOUND-INDUCED DEDIFFERENTI-
ATION1 (WIND1) in establishing the genetic transformation systems of different plant
species [12-14]. Additionally, we discuss prospects for the future application of develop-
mental regulators and explore novel approaches for enhancing plant genetic transformation.

2. Molecular Basis of Plant Regeneration

The regenerative capacity of plants stems from the totipotency and pluripotency of
cells, properties that play a key role in the regeneration of plant tissues [15]. Under stress,
wounding, or hormone treatment conditions, isolated cultured plant cells can induce the
production of new tissues or organs, demonstrating the ex vivo-induced ability of cellular
pluripotency [16]. An in-depth study of the molecular mechanisms of plant regeneration is
important for understanding plant biology and agricultural applications.

The molecular mechanisms of de novo organogenesis (including root and shoot regener-
ation) and somatic embryogenesis are explained in Figure 1. A group of rapidly dividing cells,
collectively referred to as callus, is produced on the plant at the site of wounding, or on the
explant in tissue culture [17]. The non-embryonic callus is seen during de novo organogenesis,
which is pluripotent and capable of regenerating roots and shoots; The embryonic callus is
seen during somatic embryogenesis, which reflects the totipotency of cells [17,18].
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Figure 1. Molecular basis of plant regeneration [19]. (A) Molecular basis of callus formation and
acquisition of pluripotency. (B) Molecular basis of de novo shoot/root organogenesis. (C) Molecular
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basis of somatic embryogenesis. Light-blue boxes indicate genes involved in regulation; arrows and
rounded ends indicate activation or repression of gene expression, respectively; solid lines indicate
direct regulation; and dotted lines indicate indirect regulation whose mechanisms are not yet clear.

The formation of non-embryonic callus can be induced by applying auxin and cy-
tokinin or in response to wounding and other types of severe stress [17]. Callus developed
on callus-inducing medium (CIM) has histological characteristics similar to root meris-
tems [20]. Auxin leads to the degradation of JAA14 when the explants are cultured on CIM,
which subsequently activates ARF7 and ARF19, and in turn, directly activates the expression
of LBD16, LBD17, LBD18, and LBD29 to promote the formation of callus [21]. LBD further
activates the expression of a range of genes that promote cell proliferation and modulate
cell wall properties [22,23]. The Arabidopsis LBD transcription factors form a transcriptional
complex with the BASIC REGION/LEU CINE ZIPPER MOTIF 59 (bZIP59) transcription
factor to co-regulate growth factor-induced callus formation [24]. Furthermore, the LBD16-
bZIP59 complex directly regulates the expression of the cell wall component metabolism
gene FAD-binding Berberine (FAD-BD) [24]. LBD18 not only regulates the expression of E2
PROMOTER BINDING FACTOR a (E2Fa), a key transcription factor in the cell cycle, but
it also directly regulates the expression of genes that activate cell wall relaxation factors,
suggesting that the dynamic remodeling of the cell wall plays an important role in the
formation of callus [25]. Wounding activates cytokinin signaling by both inducing biosyn-
thesis and WIND-mediated pathways. ARR-mediated cytokinin signaling promotes cell
cycle re-entry through the activation of CYCD3. In addition, wounding also induces PLT
expression, which is essential for callus formation. Upon incubation on CIM, auxin moves
through the WOX11 and LBD16-mediated pathways and pathways involving PLT5 and
CUC2, which confers pluripotency to callus cells [26] (Figure 1A).

In the formation of callus from explants, in addition to promoting the proliferation
of mid-column sheath-like cells, the characteristics of the cell fate transition to root meris-
tematic tissue are critical for the acquisition of shoot regenerative capacity. In this process,
auxin induces the expression of PLT3, PLT5, and PLT7, which in turn activate the expression
of the genes PLT1 and PLT?2, characteristic of root meristematic tissues, as well as the shoot
regeneration characterization factors CUP-SHAPED COTYLEDON 1 (CUC1) and CUC2,
which confer on the healing tissues the ability to regenerate shoots [27]. It was discovered
that the transfer of callus to a shoot-inducing medium (SIM) was requisite for the induction
of shoot regeneration [16]. Callus in explants transferred to this medium exhibits broad
auxin and cytokinin responses that subsequently become localized to separate domains.
WUS is eventually expressed in select cells located in the vicinity of the cytokinin response
domain. Cytokinin promotes shoot meristem formation via the ARR-mediated activation
of WUS expression [28]. PHB, PHV, and REV play critical roles in shoot formation through
the induction of WUS, STM, and RAP2.6L [29-31]. Wounding promotes shoot regeneration
via the WINDI-dependent activation of ESR1 [32] (Figure 1B).

The regeneration of roots from leaf explants of Arabidopsis is a straightforward and
practical method to study root direct de novo regeneration. In this system, without the
addition of exogenous hormones to the culture medium, the roots” de novo generation is
entirely dependent on endogenous hormones in the leaf explants. Following leaf excision,
the wound rapidly signaled the activation of the auxin pathway genes YUCCA5/8/9 to
trigger the production of auxin [33]. The auxin response is strongly induced near wound
sites, where WOX11 and WOX12 convert regeneration-competent cells in the vasculature to
root founder cells by inducing the expression of WOX5, WOX7, and LBD16. These factors,
in turn, direct meristem formation to enhance the regeneration efficiency [34,35] (Figure 1B).

Under specific conditions of environmental stress and /or hormonal induction, somatic
cells can either dedifferentiate directly into somatic embryos (direct somatic embryogenesis)
or dedifferentiate into embryonic healing tissues and then induce the emergence of somatic
embryos on their basis (indirect somatic embryogenesis) [36]. Currently, it has not been
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determined whether these two modes of development utilize the same mechanism [37].
Upon the transfer of the embryonic callus to an auxin-free medium, the polar transport
of growth factor leads to the formation of growth factor maxima near the surface of the
callus, during which the cytokinin response domains initially overlap with the growth
hormone response domains. Auxin activates the expression of WUS, which is required for
the activation of the embryonic regulators LECI and LEC2 [13]. These factors with BBM
and AGL15 form a highly interconnected transcriptional network that works together to
promote somatic embryogenesis through multiple positive feedback loops [38,39]. These
embryonic regulators further promote the expression of YUC, TAA1, and IAA30 to moderate
auxin biosynthesis and signal transmission [37,39] (Figure 1C).

In summary, plant regeneration is a complex biological process involving the synergis-
tic action of multiple hormone-signaling pathways and transcription factors. An in-depth
study of these molecular mechanisms can provide a deeper understanding of the basic rules
of plant regeneration and the theoretical basis and practical guidance for the application of
plant regeneration technology in the fields of agriculture and biotechnology.

3. Application of BBM Genes in Improving Plant Regeneration

Boutilier et al. discovered the gene that regulates pollen microspore embryogenesis in
Brassica napus immature pollen and named it the BABY BOOM (BBM) gene [40]. Studies have
shown that the BBM activates downstream genes, such as LEAFY COTYLEDON]1 (LEC1),
ABSCISIC ACID INSENSITIVE3 (ABI3), FUSCA3 (FUS3), AGAMOUS-LIKE15 (AGL15), and
LEAFY COTYLEDONT1 (LEC2), to initiate somatic embryogenesis in plant cells [41]. BABY
BOOM (BBM) is a transcription factor belonging to the AP2/ERF (APETALA2/ethylene-
responsive factor) gene family, playing multiple roles in plant growth and development [42—44].
It serves as a crucial regulator during somatic embryogenesis in plant cells. As one of the
key genes of embryogenesis, BBM is a switch that initiates and regulates somatic embryo-
genesis, which is mainly expressed in developing embryos and seeds and can promote cell
proliferation and somatic embryonic morphogenesis and construction (Table 1).

Table 1. BBM genes from different plant species and their biological functions in plant regeneration.

Gene Species Transformed Biological Function Ref.
AtBBM Arabidopsis thaliana Promote cell proliferation and somatic cell embryo formation [40]
AtBBM Arabidopsis thaliana Promote somatic embryogenesis [41]
AtBBM Arabidopsis thaliana Promote cell proliferation and somatic embryogenesis [45]

Arabidopsis thaliana
AtBBM Brassica napus Promote asexual embryo development [46]

Solanum lycopersicon
AtBBM:GR Arabidopsis thaliana Activation of complex developmental pathways for cell proliferation and cell growth [44]
BnBBM1/BnBBM2 Brassica napus Promote cell proliferation and morphogenesis during embryogenesis [40]
BnBBM Capsicum annuum Promote somatic embryogenesis and improve regeneration efficiency [47]
CaBBM Coffea arabica Involved in somatic embryogenesis [48]
GmBBM Glycine max Promote somatic embryogenesis and embryo development [49]
LdBBM Larix decidua Involved in somatic embryogenesis [50]
MaBBM1/MaBBM2 Musa acuminata Promote somatic embryogenesis [51]
PsASGR-BBML Pennisetum glaucum Induction of apomixis [52]
g?ggﬁ; Rosa canina Promote somatic embryogenesis and improve shoot regeneration efficiency [53]
TaBBM Triticum aestivum Expressed during somatic embryogenesis [54]

TecBBM Theobroma cacao Increase efficiency of somatic embryogenesis [55]

ZmBBM Zea mays (B73)/Sorghum bicolor (P898012) Improve transformation efficiency [56]
Zea mays
Sorghum bicolor
ZmBBM Saccharum officinarum Increase transformation efficiency and promote plant regeneration [57]
(v. CP01-1372)
Oryza sativa ssp. indica
ZmBBM Zea mays Improve transformation efficiency [58]
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The BBM gene is considered a key gene in plant embryo formation [14]. In European
larch (Larix decidua) somatic embryos, Andrea Rupps identified genes related to embryo-
genesis and analyzed their transcript accumulation during embryogenesis, revealing an
increased expression of LdBBM in the later stages of development [50]. Sergio L Florez et al.
studied the expression patterns of TcBBM during somatic and zygotic embryo development
in Theobroma cacao and found a high expression of TcBBM throughout embryo development
and the embryogenic callus, with a higher expression during the somatic embryogenesis
stage compared to in zygotic embryos and the non-embryogenic callus [55]. The overex-
pression of the TcBBM gene in Arabidopsis and T. cacao improved the efficiency of somatic
embryogenesis. In Rosa canina, ReBBM showed specific expression in callus and protocorm-
like bodies but not in stems, leaves, and flowers, indicating its tissue-specific expression
in embryogenic tissues [53]. The heterologous expression of ReBBM1 and ReBBM? in Ara-
bidopsis induced adventitious shoot formation. In Brassica napus, ectopically expressed BBM
(BnBBM1 and BnBBM?2) can induce somatic embryogenesis in hormone-deficient culture
media, which has significant implications for plant genetic transformation. Furthermore,
overexpressing BBM genes in Chinese white poplar (Populus tomentosa Carr.) promoted
the formation of embryogenic callus tissue [59]. Subsequently, some of the embryogenic
callus tissues successfully regenerated into transgenic plants. The identified GmBBM1 in
soybeans (Glycine max) shares a high homology with AtBBM. GmAIL5 and GmPLT5 are
homologous genes of AINTEGUMENTA-like5 and PLETHORA2, respectively. The GmBBM
gene in soybeans showed similar functions to AtBBM and BnBBM, as it participates in the
formation and development of somatic embryos [49]. These findings highlight the crucial
role of BBM genes as transcription factors controlling embryo development.

The BBM gene also plays a crucial role in promoting cell proliferation and regeneration,
contributing to plant transformation. Numerous studies have shown that the overexpres-
sion of BBM in different plant species can enhance cell proliferation and improve plant
regeneration capacities [14,45]. Srinivasan et al. explored the effects of AtBBM and BnBBM
on tobacco (Nicotiana tabacum), and found similar results in Arabidopsis or B. napus, in terms
of callus formation, leaf curling, and male sterility [60]. Although spontaneous somatic
embryogenesis was not observed in transgenic tobacco, the induction of somatic embryoge-
nesis from the hypocotyls of germinating seedlings occurred when cultured on a medium
supplemented with cytokinins, indicating that the heterologous expression of BBM in
tobacco also activates the cell proliferation pathway. The genetic transformation of pepper
(Capsicum spp.) is challenging due to its limited abilities in terms of embryo formation.
However, BnBBM expression in sweet pepper (Capsicum annuum) can induce a significant
amount of cell regeneration, resulting in the generation of abundant embryogenic structures
that are easily differentiated into plantlets [47]. This approach has successfully addressed
the difficulties in the genetic transformation of pepper. The co-transformation of BBM
and WUS genes has been successfully applied to effectively improve the regeneration and
genetic transformation of recalcitrant varieties of various plants, such as maize (Zea mays),
rice (Oryza sativa), and sorghum (Sorghum bicolor) [56-58].

The BBM gene has also been utilized to promote apogamous reproduction in fern
plants. Somatic embryogenesis in angiosperms can be considered a form of asexual repro-
duction. Fern plants can bypass fertilization and directly produce apogamous structures
from the gametophyte, completing asexual reproduction [61]. Culturing the model fern
plant Ceratopteris richardii on a high-sugar medium has been shown to induce the for-
mation of apogamous structures, and overexpressing the BnBBM enhances apogamous
reproduction in C. richardii under sugar-free culture conditions. This research indicates
a certain degree of genetic conservation between apogamous reproduction and somatic
embryogenesis. In a recent study by Chen et al., a re-evaluation of BBM gene expression
and functionality was performed using CRISPR mutants in Arabidopsis [46]. Their analysis
revealed a much earlier expression of BBM during embryogenesis compared to previous
studies. BBM gene expression was identified during the early stages of embryonic cell
division and within the suspensor and endosperm, highlighting its presence in various
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embryonic tissues. The ectopic expression of BBM in the egg cells of Brassica napus and
Solanum Lycopersicon induced haploid embryogenesis, enabling embryo development with-
out fertilization and, thus, demonstrating the role of BBM in the gametophytic apomixis
of dicotyledonous plants. These findings provide compelling evidence for the critical role
of the BBM gene in regulating plant totipotency. Table 1 shows the expression of the BBM
gene and its functions in some species.

4. WOX Gene Expression and In Vitro Plant Regeneration

In 1996, the WUSCHEL (WUS) transcription factor was first discovered in Arabidopsis by
Laux et al. It is known to play a crucial role in maintaining the apical meristem [62,63]. Since
then, numerous WUSCHEL-related transcription factors have been identified in various
plants, all of which contain a homologous special-shaped box (HB) domain structure [62,64].
These transcription factors belong to the homeobox superfamily and have been collectively
named WOX transcription factors [64]. WOXs play diverse and important roles in plant
development. In Arabidopsis, a total of 15 WOX members have been found, which are
WUS and WOX1-WOX14 [65]. During plant development, the embryonic stage is the
core constituent ensuring normal growth [66]. Previous studies have shown that WOX
transcription factors play key regulatory roles in embryonic development in plants, and the
differential expression of WOX affects the differentiation fate of cells in the early embryonic
stage (Table 2).

Table 2. WUS and WUS-related homeobox (WOX) transcription factors and their biological functions
in plant regeneration.

Gene Species Transformed Biological Function Ref.

AtWUS Arabidopsis thaliana Promote the vegetative-to-embryonic transition and somatic embryo formation — [67]
AtWUS Coffea canephora Increase in ectopic morphogenesis and somatic cell embryogenesis [68]
AtWUS Capsicum chinense Promote the transition from an asexual to embryonic state [69]
AtWUS Gossypium hirsutum Promote somatic embryogenesis and induce organogenesis [70]
AtWUS Gossypium hirsutum Promote the formation of the embryogenic callus [71]
AtWUS Medicago truncatula Increase callogenesis and embryogenesis [72]
AtWUS Picea glauca Involved in somatic embryogenesis and somatic seedling growth [73]
AtWUS/WUS-P2A-BBM Antirrhinum majus Induction of shoot regeneration and transformation efficiency [12]
AtWOX2/WOX8/WOX9 Arabidopsis thaliana Promote embryonic cell development [65]
AtWOX11/WOX12 Arabidopsis thaliana Induction of de novo root organogenesis [34]
AtWOX2/WOX9 Nicotiana tabacum Promote embryonic development [74]
AtWOX2/WOX8/WOX9 Nicotiana tabacum Promote regeneration from leaf segments and free cells [75]
Gwus Cryptomeria japonica Promote embryonic cell development [76]
LcWUS/LeWOX Liriodendron hybrids Involved in somatic embryogenesis [77]
LAWOX2 Larix decidua Promote somatic embryogenesis [50]
MtWUS Medicago truncatula Essential for callus and somatic embryo production [78]
MtWUS/MtWOX5 Medicago truncatula Expressed in calli with different embryogenic competence [79]
MtWOX11-like Medicago truncatula Expressed during the early stages of somatic embryogenesis [80]
MtWOX9-1 Medicago truncatula Involved in somatic embryogenesis and stimulating somatic embryogenesis [81]
OcWUS/OcWOX4 Ocotea catharinensis Expression during somatic embryogenesis [82]
PaWOX8/9 Picea abies Expressed during the early stages of somatic embryogenesis [83]
PaWOX2 Picea abies Expressed during the early stages of somatic embryogenesis [84]
PpWOX2 Pinus pinaster Change the number and quality of embryos in cotyledon [85]
PpWOX2 Arabidopsis thaliana Promote somatic embryogenesis and organogenesis [85]
TaWOX5 Triticum aestivum Improve the transformation efficiency [86]
VoWOX2/VoWOX9 Vitis vinifera Expressed during the early stages of somatic embryogenesis [87]
VoWOX3/VoWOX11 Vitis vinifera Expresses at specific stages of somatic embryos (torpedo and cotyledonary) [87]
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During development, the process of somatic embryogenesis exhibits significant simi-
larities to that of zygotic embryogenesis [88]. The developmental transitions involved in
both embryogenesis and somatic embryogenesis are closely related to a series of molecules
that recognize internal signals and external stimuli [89]. During this time, WOXs play a
crucial regulatory role in complex biological processes such as embryonic development and
somatic embryogenesis [90-92]. In Arabidopsis, the expression dynamics of different WOX
family members affect region-specific transcription during embryonic development, which
is instrumental in revealing the developmental mechanism in the Arabidopsis embryonic
model [65]. For example, WOX2 and WOX8 are co-expressed and asymmetrically divided
into egg cells and zygotes; these are restricted to the apical and basal daughter cells of the
zygote, respectively. WOX9 responds to signals from the embryo properly; its expression
begins in the basal daughter cells of the fertilized egg and is subsequently transferred to
the offspring of the apical daughter cells. Similarly, in conifers, WOX8/9 and WOX2 genes
have also been identified as being active in the initial stages of embryo development [65].

In an investigation of de novo organ regeneration, WUSCHEL-RELATED HOME-
OBOX11 (WOX11) was identified as the pivotal gene responsible for auxin response and
cell fate transition [93]. The crucial involvement of Arabidopsis WOX11 has been observed
in founder cells, where it initiates the development of new organs during the regeneration
processes, such as in adventitious roots from detached leaves, adventitious lateral roots
from wounded primary roots, and callus formation in tissue culture [34,94,95].

Long and colleagues conducted a comprehensive study on the expression patterns of
WOX genes in the somatic embryogenesis of Liriodendron hybrids [77]. They used transgenic
techniques to systematically observe the process of somatic embryogenesis in L. chinense and
paid special attention to the expression pattern of the WOX gene at different developmental
stages. The research results show that 10 out of 11 LcWOXs were differentially expressed
in somatic embryogenesis. Specifically, the expression of LcWUS was the highest on
day 2, after the transfer of embryogenic calli from L. chinense to the induction medium.
LcWOX1 showed gradually increasing expression during the heart-shaped embryo stage,
reaching its peak during the plantlet stage. LcWOX2a showed the highest expression
level during the torpedo embryo stage. LcWOX3 displayed a similar expression pattern
to Lc(WOX1, with an increase in expression from the heart-shaped embryo to the torpedo
embryo stage, reaching its peak during the cotyledonary embryo stage, but decreasing
sharply in the plantlet stage. LcWOX4 exhibited increased expression during the heart-
shaped embryo stage and maintained relatively high expression levels during the torpedo
and cotyledonary embryo stages. On the other hand, LcWOX9 showed extremely high
expression levels in the embryogenic callus tissue, while LcWOX13 expression was almost
undetectable during somatic embryogenesis [77]. The expression patterns of the WOX
genes in the somatic embryogenesis of L. chinense indicate that the LcWOX gene plays an
important role in the different stages of somatic embryogenesis and the different tissues of
post-embryonic development.

During early embryogenesis in tobacco, WOX genes play significant roles, with most
of them displaying specific expression patterns in different cell types and different stages
of embryogenesis [74]. Through RT-qPCR (quantitative real-time reverse transcription
PCR) analyses, it was found that WOX genes, particularly WOX2 and WOXJ9, are essential
for early embryo patterning. This study contributes to our understanding of the specific
roles of WOX genes in key developmental processes during embryogenesis [74]. Recent
research has also demonstrated that, in tobacco, the co-expression of WOX genes, such
as the combination of WOX2 with WOXS8, or WOX2 with WOX9, promotes remarkable
regeneration from freely suspended cells and leaf segments in the absence of cytokinin [75].
The co-expression of these genes can be beneficial for developing cytokinin-free protocols
in various species, including some recalcitrant species.

Chen et al. identified homologous genes of Arabidopsis, WUSCHEL (MtWUS), CLAVATA3
(MtCLV3), and WUSCHEL-related homeobox gene WOX5 (MtWOX5) in Medicago truncat-
ula [78]. Their study showed that MtWUS and MtWOX5 are associated with embryonic
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development, and RNAi experiments demonstrated that the expression of MtWUS is cru-
cial for the production of callus tissue and somatic embryos. It has been reported that the
functions of WUS and WOXb5 are related to maintaining stem cell growth [96]. Studies
suggest that MtWUS and MtWOX5 may play roles in inducing stem cell regeneration,
which is critical for somatic embryogenesis and root induction. A comparative analysis of
the expression of WOX and PIN genes in embryo sacs and somatic embryogenesis in M.
truncatula found that the expression levels of MtWOX11-like and MtPIN10 increased in the
embryo sacs and were activated during somatic embryogenesis [80]. In contrast, the expres-
sion levels of other WOX and PIN genes were lower in the embryo sacs and did not show
the transcriptional activation associated with somatic embryogenesis. Furthermore, they
found that the homolog of AtWOX9 (STIMPY) in M. truncatula, MtWOX9-1, participates
in somatic embryogenesis; by altering the expression levels of various genes associated
with embryogenesis, it is possible to induce this process in tissue culture [81]. Tvorogova
et al. suggested that the regulatory mechanisms governing the early stages of somatic
and zygotic embryogenesis may be the same. Additionally, promoting the expression
of MtWOX9-1 could potentially promote plant biotechnology by improving recalcitrant
plants’ transformation and regeneration capabilities. More recently, Kadri et al. explored
the impact of overexpressing the heterologous Arabidopsis WUS gene, regulated by the
jasmonate-responsive vspl promoter, on the morphogenetic responses of M. truncatula
explants. The introduction of WUS gene expression in leaf explants led to a notable increase
in callogenesis and embryogenesis without growth regulators [72]. Similarly, WUS gene
expression demonstrated the ability to enhance the embryogenic potential of hairy root
fragments. These findings suggest that the overexpression of the WUS gene can effectively
modulate morphogenetic responses in M. truncatula explants, opening up possibilities for
further research and applications in the realm of plant tissue culture and regeneration.

The WUS gene has been identified as a crucial regulator in plant embryogenesis. For
example, the overexpression of PGA6/WUS in Arabidopsis has been demonstrated to induce
the transition from a vegetative to an embryogenic state in various tissues, including leaf
petioles, leaves, stems, and roots, without the addition of plant growth regulators in the
regeneration medium [67]. The expression of WUS in Coffea canephora has been found to
result in the formation of calli and a significant increase of 400% in terms of somatic embryo
production [68]. However, it has been observed that the induction of embryogenesis by
WUS in Coffea canephora requires a critical developmental stage and additional hormonal
requirements. The expression of AfWUS in a recalcitrant cotton species (Gossypium hirsutum)
was found to enhance embryogenic callus formation by 47.75%. Additionally, AtWUS
upregulated the expression of LEC1/2 and FUS3 in the embryogenic callus of cotton [71].
These findings highlight the potential of AtWUS in promoting in vitro plant regeneration
through somatic embryogenesis in cotton, which has traditionally been a challenging
process. On the other hand, it was noted that the excessive expression of WUS led to
the emergence of anomalous structures resembling embryos and that the embryos also
exhibited leaf-like structural growth [70].

Collectively, these investigations indicate that the WUS and WOX genes play crucial
roles in enhancing the ability of plant cells to undergo somatic embryogenesis, thereby
greatly influencing plant biology. It has been suggested that the upregulation of these genes
increases the frequency of transformations in Agrobacterium tumefaciens and in various
plant species, both those commonly used in research and those grown for agricultural
purposes [11,12,56,57,97]. In terms of in vitro morphogenesis, the recalcitrant nature of
Capsicum chinense poses a challenge for researchers. However, a related study tackled
this issue by conducting an in vitro transformation of C. chinense using Agrobacterium
tumefaciens co-cultivation [69]. In this approach, a system was employed that expresses
the heterologous gene WUSCHEL, derived from Arabidopsis. The overexpression of the
WUSCHEL gene was demonstrated to facilitate the transition from a vegetative to an
embryogenic state.
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William Gordon-Kamm and his team found two genes in maize that greatly affected
transformation efficiency: BBM and WUS2 [57]. Higher transformation efficiencies have
been achieved in many previously non-transformable maize inbred lines via the overexpres-
sion of the BBM and WUS2 genes [56]. Furthermore, their study found that the maize BBM
and WUS?2 genes also promoted transformation in sorghum embryos, sugarcane callus,
and indica rice callus. However, the ectopic expression of BBM/WUS?2 affects the growth
of regenerated plants, often leading to thickened and distorted phenotypes, as well as
developmental abnormalities and sterility. To solve this problem, the researchers conducted
a thorough examination and proposed solutions.

The scientists employed the PLTP promoter from the phospholipid transfer protein
gene and the Axigl inducible promoter from the Axigl gene to drive the expression of the
BBM and WUS2 genes, respectively [58]. This groundbreaking approach made efficient
and rapid genetic transformation in maize possible without relying on specific maize
genotypes or undergoing the callus culture stage. Following the transformation of Zm-
PLTPpro-driven BBM and Zm-Axiglpro-driven WUS2, a substantial number of somatic
embryos were rapidly generated. These somatic embryos can be directly transformed and
grown into plants without the need for callus induction. Importantly, the transformed
plants exhibited normal growth and reproductive processes. Recently, the research team
led by Ajith Anand developed a method that utilizes an inducible site-specific recombinase
(Cre) to excise morphogenesis genes [98]. This approach not only optimizes the expression
patterns of BBM/WUS2 genes, resulting in transformed individuals free of morphogenesis
genes and selection markers but also enhances transformation efficiency in maize inbred
lines. These novel techniques demonstrate great potential for improving the efficiency and
precision of maize transformation while eliminating undesired genetic elements. Their
application can significantly advance genetic research and breeding programs in maize.

TaWOX5, an important gene in wheat, exhibits predominant expression in the roots
and calli, induced by both auxin and cytokinin. This expression pattern suggests that
TaWOX5 is closely associated with root formation or development. Moreover, it is also
implicated in the regulation of plant growth regulators (PGRs) during somatic embryogen-
esis [97]. In a recent study, the experiments of Wang et al. proved that the overexpression
of the TstWOX5 gene significantly improved the transformation frequency of wheat and
T. monococcum, triticale, rye, barley, and maize, promoting plant regeneration. They also
noted a lessened dependence on genotypes. There were few negative effects on the callus
differentiation and root development of regenerated plants, but a recognizable phenotype
of relatively wide flag leaves was present, which helped us identify TaWOX5 transgenic
wheat plants [86].

5. GRF-GIF Chimera Regulates Regeneration in Histoculture

Researchers discovered a rice gene that responds rapidly to gibberellin (GA) treatment
and that is believed to be involved in growth and development regulation [99]. They named
it the Growth-Regulating Factor (GRF). GRF is a highly conserved plant-specific transcrip-
tion factor that typically contains two conserved domains: WRC (Trp, Arg, and Cys) and
QLQ (GIn, Leu, and GIn) [100,101]. GRF interacts with its partner, GRF-Interacting Factor
(GIF), which contains an SNH domain that interacts with the QLQ domain of GRF, forming
a protein complex. This complex modulates the expression of downstream target genes,
thereby regulating various aspects of plant growth and development [102-104]. Studies
have shown that, in the tissue culture of many species, both GRF and GRF-GIF fusion
proteins can significantly promote cell proliferation and plant regeneration or interact with
other transcription factors to enhance plant growth and development [105-107] (Table 3).
Additionally, the expression of GRF is post-transcriptionally inhibited by microRNA miR396,
forming the miR396-GRF/GIF regulatory system, which plays a critical and unique role in
plant growth and development [108-110].
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Table 3. GRF/GRF-GIF and their biological functions in different plant species.
Gene Species Transformed Biological Function Ref.
AtGRF5 Citrullus lanatus Improve transformation efficiency [111]
AtGRF5 Beta vulgaris ssp. vulgaris Induction of new shoot formation and improve transformation efficiency ~ [112]
AtGRF5/AtGRF6/AtGRF9 Brassica napus Promote callus proliferation [112]
AtGRF5/ZmGRF5-LIKE Zea mays Promote somatic embryogenesis [112]
BnGRF5-LIKE Brassica napus Increases in genetic transformation of the explant tissue [112]
CIGRF4-CIGIF1 Citrullus lanatus Improve transformation efficiency [107]
CsGRF3-CsGIF1 Cannabis sativa Improved regeneration efficiency [106]
GmGRF5-LIKE/AtGRF5 Glycine max Increase in genetic transformation of the explant tissue [112]
HaGRF5-LIKE/AtGRF5 Helianthus annuus Increase in genetic transformation of the explant tissue [112]
Triticum turgidum. var. durum
TaGRF4-GIF1 Trigi;z;iﬁezzum Improve the regeneration rate and genetic transformation efficiency [105]
Triticale rimpau
TaGRF4-GIF1-ZmBBM Zea mays Enhance regeneration efficiency [113]
VoGRF4-GIF1 Citrus reticulata Blanco Enhance regeneration efficiency [105]
GRE4-GIF Lactuca spp. Enhance in vitro regeneration and agrobacterium-mediated [114]

transformation efficiencies

The overexpression of GRF in monocotyledonous and dicotyledonous plants has
been shown to enhance their regeneration and transformation efficiency. Debernardi et al.
demonstrated that co-transforming GRF with its cofactor GIF significantly improves the
regeneration and transformation efficiency of monocotyledonous durum wheat (Triticum
turgidum var. durum), common wheat (Triticum aestivum), rice, and triticale (Triticale rimpau),
thus accelerating the transformation process [105]. Compared to the empty vector control,
the regeneration frequency of GRF4-GIF1-transformed materials significantly increased,
indicating that the expression of GRF4 and GIF1 proteins effectively promotes plant re-
generation. Mutations in the potential miR396 target site within GRF4 further enhance
wheat transformation efficiency. Moreover, wheat transgenic lines containing GRF4-GIF1
can induce green shoots on media containing only auxin, allowing for the selection of trans-
genic plants without antibiotic markers. GRF4-GIF1 also functions in citrus (Citrus sinensis),
where mutations in the miR396 target site further enhance the activity of grape (Vitis vinifera
L.) GRF4-GIF1 fusion, thereby improving citrus regeneration capabilities. The latest study
found that the overexpression of the TaLAX1 gene can significantly improve wheat bud
regeneration ability. TaLAX1 may enhance wheat sprout regeneration ability by activating
TaGRF4, TaGIF1, cytokinin synthesis, and the expression of auxin transport-related genes,
thus improving genetic transformation and gene editing efficiency [115].

GRF4-GIF1 has also shown utility in the gene editing of genetically recalcitrant species.
Feng et al. constructed watermelon (Citrullus lanatus) CIGRF4-CIGIF1 expression vectors
and transformed them into the wild watermelon variety, “TC”, which increased the trans-
formation efficiency of watermelons to 47.02%, which constitutes a nine-fold increase
compared to with the control. Mutations in the miR396 target site further enhanced the
transformation efficiency, overcoming the challenge of genotype dependency in water-
melon genetic transformation [107]. Interestingly, they combined CIGRF4-GIF1 with the
CRISPR/Cas9 genome editing tool and achieved efficient gene editing in watermelons, suc-
cessfully breeding a diploid seedless watermelon, which holds great significance for water-
melon breeding [107]. In the latest study, the regeneration efficiency and shooting frequency
were assessed in two lettuce genotypes, Cobham Green and L. serriola accession Armenian
999, using GRF4-GIF1 chimeric transgenes derived from tomatoes (Solanum lycopersicuimn)
(GRF4#8-GIF1), peppers (GRF4-GIF1), citrus (GRF4-GIF1), and grapes (+GRF4-GIF1). Cob-
ham Green demonstrates a consistent regeneration capability, while L. serriola accession
Armenian 999 shows variable regeneration propensity [114]. In general, a more consistent
regeneration capability in the transformed lines was observed.
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Besides transforming GRF4-GIF1 to increase the regeneration and transformation
efficiency of wheat, durum wheat, rice, and citrus, the overexpression of GRF5 in callus
cells can also accelerate shoot formation and significantly improve transformation efficiency
in multiple species [111,112]. Kong et al. demonstrated that overexpressing AtGRFS5,
AtGRF6, and AtGRF9 in Brassica napus can enhance the proliferation of transgenic callus
cells [112]. The overexpression of AtGRF5 and its homologous genes not only promotes cell
proliferation and transgenic shoot formation in soybeans and sunflowers (Helianthus annuus)
cells but also stimulates stem organ growth in different varieties of Beta vulgaris, including
some that are challenging to regenerate, ultimately leading to the generation of transgenic
plants [112]. Additionally, the overexpression of AtGRF5 and ZmGRF5-LIKE genes can
facilitate the transformation of maize protoplasts, resulting in the generation of fully fertile
transgenic plants. Utilizing genes encoding developmental regulators, such as AtGRF5,
the transformation efficiency of watermelons has been significantly improved to around
24.73% using the appropriate Agrobacterium strain (GV3101), representing a nearly 40-fold
increase compared to traditional methods [112]. Furthermore, the co-expression of GRF5
has been applied in gene editing in the watermelon cultivar WWI150, whereby the inclusion
of GRF5 in CRISPR/Cas9-mediated gene editing vectors successfully generated three PDS
mutants in 11 transformed watermelon plants, with the homozygous pds mutants exhibiting
corresponding albino phenotypes [111]. In another study by Zhang et al., they explored
the potential of GRF-GIF fusion constructs in genome editing for Cannabis plants [106].
By identifying the similarity with developmental regulators OsGRF4 and AtGIF1, the
researchers cloned the endogenous CsGRF3-CsGIF1 fusion construct from the Cannabis
genome. The study revealed a significant improvement in the regeneration efficiency of
transgenic Cannabis plants when using the GRF-GIF fusion construct compared to control
vectors. Combining the CsGRF3-CsGIF1 fusion construct with the CRISPR/Cas9 system
resulted in a substantial enhancement in regeneration efficiency and the successful editing
of specific target genes in Cannabis plants, leading to the generation of four edited Cannabis
seedlings displaying albino phenotypes [106].

The GRF-GIF-BBM method reported by Chen et al. is a novel transformation approach
aimed at enhancing genetic transformation efficiency in maize [113]. This method combines
the use of GRF-GIF fusion constructs and the BABY BOOM (BBM) morphogenic regula-
tor gene. Researchers selected ZmBBM and fused it with the wheat GRF-GIF construct
(TaGRF4-GIF1), resulting in improved genome editing efficiency in maize backgrounds,
B104 and Hi-II. To implement the GRF-GIF-BBM method, a vector called pBUE411-GGB
was constructed, and immature maize embryos were transformed using the Agrobacterium-
mediated delivery of the pBUE411-GGB construct. The results demonstrated a significant
increase in transformation efficiency, with no adverse effects observed in terms of the
expression of the morphogenic regulators ZmBBM and wheat GRF4-GIF1. Hence, the
GGB system holds valuable potential as a tool for genome editing in challenging plant
species [113].

With further research on GRF-GIF fusion constructs, we believe there may be addi-
tional applications. By exploring and optimizing the expression methods and functional
mechanisms of GRF-GIF fusion constructs, diversified applications can be developed,
making greater contributions to plant genetic improvement and sustainable agriculture.

6. The Significance of LEC Genes in Plant Somatic Embryogenesis

LEAFY COTYLEDON (LEC) was initially discovered in Arabidopsis and consists of LEC1
and LEC2, which encode two distinct transcription factors. LEC1 encodes the HAP3 subunit
of the CCAAT-binding factor (CBF), containing three structural domains (A, B, and C). The
A and C domains are located at the N- and C-termini, respectively, while the B domain is in
the central region and is more conserved than the A and C domains. Research has shown
that the B domain is a critical region for determining functionality [116]. LEC2 was first
identified and isolated from Arabidopsis T-DNA insertion mutants. An amino acid sequence
comparison revealed that the central region of LEC2 shares 43% homology with FUS3, both
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encoding VP1/ABI3-like B3 family transcription factors [117]. LEC transcription factors
(LEC1, LEC2, and FUS3) play central regulatory roles in embryogenesis and are critically
involved in both embryonic morphogenesis and the maturation stages [118] (Table 4). They
determine the fate of embryonic suspensor cells and regulate cotyledon characteristics
during early embryonic development [117,119-122]. Additionally, the expression of LECs in
later stages is associated with the accumulation of storage compounds and the acquisition

of embryo desiccation tolerance during seed maturation [117].

Table 4. LECs and their biological functions in plant regeneration.

Gene Species Biological Function Ref.
AtLEC1 Arabidopsis thaliana Involved in controlling late embryogenesis development [122]
AtLEC1 Arabidopsis thaliana Promote plant embryo development [123]
AtLECI Arabidopsis thaliana Promote epigenetic reprogramming during early embryogenesis [124]

AtLEC1/FUS3 Arabidopsis thaliana Induction of dedifferentiation and development in somatic cell embryogenesis  [125]
AtLEC1/L1L Arabidopsis thaliana Regulation of somatic embryogenesis [116]
AtLEiFFIL/ILSgCZ/ Arabidopsis thaliana Promote somatic embryogenesis [41]
AtLEC1/AtLEC2 Nicotiana tabacum Promote somatic embryogenesis [126]
AtLEC2 Arabidopsis thaliana Induction of cell dedifferentiation [127]
AtLEC2 Arabidopsis thaliana Promote embryogenic induction in somatic tissues [128]
AtLEC2 Arabidopsis thaliana Promote embryo development [117]
AtLEC2 Arabidopsis thaliana Induction of embryogenesis and somatic embryogenesis in asexual cells [129]
AtLEC2 Brassica napus Induction of somatic cell embryo formation in cotyledon petioles [130]
AtLEC2 Nicotiana tabacum Promote embryogenic callus formation and shoot regeneration [131]
AtLEC2/FUS3 Arabidopsis thaliana ~ Involved in early embryogenesis and response to seasonal temperature changes  [132]
AtLEC1/2;FUS3 Arabidopsis thaliana Promote somatic embryogenesis [133]
CaLEC Capsicum annuum Involved in somatic embryogenesis [134]
CsFUS3 Citrus sinensis Promotes somatic embryogenesis [135]

CsL1L Citrus sinensis Induction of embryo-like structures [136]
DcLEC1 Daucus carota Induction of zygotic and somatic embryogenesis [137]
GhLEC1 Gossypium hirsutum Regulation of somatic embryogenesis by regulating auxin homeostasis [138]

HaL1L Helianthus annuus Produce ectopic embryo- and shoot-like structures [139]
HaL1L Helit};l»tizztgeo’z’zsnlzus x Promote somatic embryogenesis [140]
MaLEC2 Musa paradisiaca Essential in the somatic embryogenesis [141]
MeLEC1/MeLEC2 Manihot esculenta Promote somatic embryogenesis [142]
MSsLEC1 Medicago sativa Induction of somatic embryogenesis from leaf protoplast cells [143]
MtLEC1/L1L Medicago truncatula Promote somatic embryogenesis [144]

SoLEC Sgﬁ?ﬁsg}zz;r. Regulation of somatic embryogenesis [145]

TeL1L Theobroma cacao Expression in both zygotic and somatic embryogenesis processes [146]
TcLEC2 Theobroma cacao Promote somatic embryogenic induction in leaves [147]
TcLEC2 Theobroma cacao Promote somatic embryogenesis in leaf tissue [148]
ZmLEC1 Zea mays Promote zygotic and somatic embryogenesis [149]

Studies in the model plant Arabidopsis have demonstrated that expression vectors
355::AtLECT and 35S5::AtLEC2 can promote spontaneous somatic embryogenesis in vege-
tative organs [117,129]. For instance, the ectopic expression of LEC1 in Arabidopsis leads
to abnormal seedlings exhibiting embryonic features such as non-expanded cotyledons,
impaired root elongation, and the emergence of embryo-like structures at the shoot apical
meristem. This indicates that LECI can induce the conversion of somatic cells into em-
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bryonic cells. Researchers, such as Stone et al., introduced 355::AtLEC2 into lec2-1 and
lec2-5 mutant Arabidopsis lines and observed enhanced germination and the formation
of adventitious embryogenic cells, eventually resulting in stable transgenic lines. This
suggests that AtLEC2 possesses a stronger embryogenic induction capacity. The studies
by Stone et al. also indicate that LEC may establish a cellular environment in Arabidopsis
that promotes the coordinated expression of relevant genes, thereby driving embryonic
morphogenesis and maturation [117].

Malgorzata et al. investigated the somatic embryogenic capabilities of lec1, lec2, and
fus3 mutants in Arabidopsis [133]. The results revealed a strong inhibition of embryogenic
initiation in the lec mutants compared to wild-type Arabidopsis. The authors observed
very low rates of somatic embryo formation in lec mutants, ranging from 0.0% to 3.9%.
Furthermore, embryogenic initiation was completely suppressed in the double mutants
(lec1 lec2, lecl fus3, and lec2? fus3), as well as in the triple mutant (fus3 lec1 lec2). These
findings suggest that the formation of somatic embryos induced by auxin requires the
expression of LECT and LEC2 genes.

Overall, these studies shed light on the crucial roles of LEC transcription factors in
embryogenesis, establishing a foundation for understanding the mechanisms underlying
embryonic development and maturation processes in plants.

In addition to Arabidopsis, LEC genes have been reported to play a role in embryo-
genesis in various other plant species, including M. truncatula, maize, carrots (Daucus
carota), Medicago sativa, and Theobroma cacao [150]. To investigate the changes in gene ex-
pression during the development of leaf protoplasts into somatic embryos in purple medic
(M. truncatula) cultured in a medium containing 2,4-D, Domoki et al. analyzed the relative
expression levels of selected genes during the 2,4-D treatment of leaves and the process
of somatic embryogenesis [143]. The study revealed that ten genes, including MsLECI,
exhibited different expression patterns during the induction and differentiation stages of
somatic embryogenesis. This suggests that the expression of these genes may be closely
associated with developmental transitions, such as differentiation and dedifferentiation,
during somatic embryogenesis.

Zhang et al. used in situ hybridization to investigate the expression pattern of ZmLEC1
during the process of somatic embryogenesis in Z. mays Hi-II genotype [149]. They found
that ZmLEC1 was strongly expressed throughout the somatic embryo, displaying a similar
expression pattern to that of LECI during zygotic embryo development in Arabidopsis.
This result suggests that ZmLECI may play an important regulatory role in maize somatic
embryogenesis and demonstrates how the expression of ZmLECI can serve as an effective
molecular marker for detecting the early stages of in vitro somatic embryogenesis. Katsumi
Y and colleagues identified and isolated a homolog of At{LEC1, named C-LECI, in carrots,
in order to better understand the role of LECI in regulating embryonic morphogenesis and
seed maturation [137]. Their analysis showed that C-LECI was expressed in embryogenic
cells, somatic embryos, and early globular embryos in immature seeds, and the expression
driven by the AtLECI promoter complemented the defects of the Arabidopsis LEC1-1 mutant.
Their findings revealed that LEC1 is an important regulatory factor for both zygotic and
somatic embryo development [137,149].

In the regulation network of somatic embryogenesis (SE) in upland cotton, GRLEC1
has been identified as a direct upstream negative regulator [138]. It negatively regulates the
expression of the casein kinase I gene GhCKI by binding to the cis-element (CTTTTC) in the
GhCKI promoter region. By inhibiting GhCKI transcription, GKLECI inhibits its expression,
thus influencing the transition from cell proliferation to differentiation as well as somatic
embryo formation during the late stages of SE. The authors suggest that understanding the
complex regulatory network of SE, including the roles of GhLEC1 and GhCKI, as well as
their interactions with other factors, can provide insights into the mechanisms of somatic
embryogenesis in upland cotton. In another culture of sweet peppers, it was reported that
BBM and LEC genes were highly expressed during direct embryogenesis [134]. However,
the independent presence of these genes does not explain the differential responses of
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pepper varieties to direct embryogenesis. Further research is needed to understand the
regulation of this process by other genes and their interactions.

Kwong et al. isolated a gene encoding the CCAAT-box binding factor HAP3 subunit
with high homology to LEC1 in Arabidopsis, belonging to the LEC1-type within the HAP3
gene family; they named it LECI-LIKE (L1L) [116]. An analysis showed that the L1L gene is
mainly expressed during embryogenesis and that mutations lead to defects in plant embryo
development. Moreover, introducing the L1L gene into Arabidopsis LEC1 mutants restored
the defects caused by LEC1 mutations, such as embryonic development abnormalities and
desiccation intolerance. In conclusion, the L1L gene is essential for normal embryo devel-
opment. HaL1L is a gene involved in sunflower embryogenesis. Fambrini et al. studied
the role of HaL1L in somatic embryogenesis using the sunflower cell line variant H. annuus
x H. tuberosus (EMB-2) [139]. They found that the ectopic proliferation of adventitious
embryos on EMB-2 leaves was associated with the accumulation of HaL1L mRNA. High
levels of HaL1L transcripts were detected in the early stages of sunflower embryogenesis,
indicating their involvement in these developmental processes; however, their precise
function in embryo development remains to be determined. To further investigate the
association between HaL1L and somatic embryogenesis, the team continued to study the
relationship between HaL1L expression and auxin accumulation in EMB-2. They found
that HaL1L expression was upregulated in the epidermal region where somatic embryos
formed and that the content of IAA (auxin) increased [140]. They speculated that HaL1L
might be involved in somatic embryogenesis through its interaction with auxin, although
further research is needed to explore this correlation.

In Citrus sinensis, an L1L gene named CsLIL was identified, and its expression levels
in different tissues were analyzed [136]. CsLIL showed high expression in embryogenic
calluses, somatic embryos, and immature seeds. It was found that the ectopic expression of
CsLIL in vegetative tissues induced the formation of embryo-like structures, indicating that
CsLIL can promote the transition of cells from the vegetative to the embryogenic phase. A
comparative analysis between CsLIL expression in newly formed and long-term cultured
embryogenic callus tissues revealed a correlation between CsLIL expression levels and
embryogenic competence. Collectively, the research results indicate that CsLIL plays an
important role in regulating embryogenesis in citrus [136]. In a recent study, Zheng Liu
et al. discovered that the CsFUS3 gene is preferentially expressed in the embryogenic callus
(EC) of citrus and that the overexpression of CsFUS3 in the recalcitrant callus can restore its
embryogenic capacity. Additionally, CsFUS3 is capable of resolving the embryonic defects
associated with the Arabidopsis fus3 mutant [135].

Researchers have cloned the L1L gene (TcL1L) from Theobroma cacao. In situ hybridiza-
tion experiments revealed that TcL1L transcripts are mainly localized in different types
of embryonic cells and expressed in immature gametes and somatic embryos. They have
not, however, been detected in non-embryogenic calluses, indicating that their expression
is specific to embryonic tissues [146]. Furthermore, the ectopic expression of TcL1L in
Arabidopsis partially rescued the mutant phenotype associated with the lecI gene, indicating
that TcL1L functions similarly to the Arabidopsis LEC1 gene during zygotic embryogenesis.
In subsequent experiments, Morgan et al. developed a system in T. cacao using a fusion of a
transcription factor, 35S::TcLEC2-GR, and the glucocorticoid receptor (GR) activated by syn-
thetic glucocorticoid dexamethasone (DEX) [147]. This fusion system successfully induced
somatic embryogenesis from cocoa leaf tissues, representing a significant breakthrough.
Andrews et al. utilized this system to greatly improve the efficiency of somatic embryogen-
esis and, ultimately, to generate transgenic cocoa plants with normal development, greatly
enhancing the commercial value of cocoa trees [148].

When the AtLEC2 gene was ectopically expressed in Brassica napus, somatic embryos
were formed on the cotyledon petioles [130]. Guo et al. conducted experiments on tobacco
plants with the ectopic expression of AtLEC1 and AtLEC2 genes, and the results showed
that, under the stimulation of the glucocorticoid receptor-dexamethasone (GR-DEX) fusion
system, AfLEC2-GR induced embryogenic callus and shoot formation in tobacco, whereas
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LEC1 did not exhibit this ability [126]. Based on AtLEC2-GR transgenic tobacco, Ke Li et al.
further improved the embryogenic callus induction rate and shoot regeneration capacity by
overexpressing AtIPT3, AtIPT7, and AtIPT9 under DEX culture conditions, demonstrating
the important role of LEC2 in somatic embryogenesis in tobacco [131].

Homologous genes of AtLEC1 and AtLEC2 have been identified in cassava and called
MeLEC1T and MeLEC2. An analysis of their expression during somatic embryogenesis in
cassava revealed higher expression levels in somatic embryogenic (SE) tissues compared to
differentiated mature tissues [142]. A series of experiments indicated that MeLEC genes
play crucial roles in somatic embryogenesis in cassava. Recent research findings suggest
that MtLEC?2 directly participates in somatic embryogenesis in M. truncatula [151].

The aforementioned studies indicate that LEC genes have emerged as key regulatory
factors in controlling somatic embryogenesis and that they hold potential for application in
plant regeneration.

7. Other Transcription Factor Genes Controlling Plant Embryogenesis

Some other transcription factor genes have also been found to promote embryogenesis,
such as SERK, WIND1, and LBD [152,153] (Table 5). The somatic embryogenesis receptor-
like kinase (SERK) protein, a receptor kinase involved in the regulation of somatic embryo
development, was first identified in carrot cells [154]. Subsequently, it was found to play
an important role in somatic embryogenesis in other species, such as Arabidopsis, T. cacao,
M. truncatula, T. aestivum, and maize [155-159]. In a study with Arabidopsis, AtSERK1 was
found to be highly expressed in the early stages of embryogenesis. The overexpression of the
AtSERKI1 gene in Arabidopsis resulted in a three-four-fold increase in somatic embryogenesis
efficiency [155]. In M. truncatul, the MtSERK1 gene was upregulated during embryogenesis,
indicating its involvement in somatic embryogenesis in this species [157,160]. Similarly;,
ZmSERK1 and ZmSERK?2 genes isolated from maize were found to be expressed during
embryogenesis and were associated with hormone signaling and embryo development,
suggesting their regulatory role in embryogenesis [159]. Therefore, the overexpression of
the development-regulating factor SERK increases the occurrence of somatic embryogenesis
and subsequently improves the efficiency of genetic transformation in plants.

Table 5. Other transcription factors and their biological functions in plant regeneration.

Gene Species Transformed Biological Function Ref.
AtSERK1 Arabidopsis thaliana Increase in efficiency of somatic embryogenesis [155]
AaSERK A.andraeanum Involved in somatic embryogenesis [161]
CitSERK1 Citrus unshiu Involved in somatic embryogenesis [162]

CISERK Cyrtochilum loxense Involved in somatic embryogenesis [163]
DISERK1 Diospyros lotus Regulation of embryo development [164]
GmSERK1 Glycine max Promote somatic embryogenesis [165]
HaSERK Helianthus annuus Promote somatic embryogenesis [166]
MISERK1 Medicago truncatula Involved in somatic embryogenesis [160]
PhSERKL Phoenix Dactylifera Regulation of somatic embryogenesis [167]

PpSERK Poa pratensis Involved in embryogenesis [168]
ZmSERK Zea mays Regulated the embryogenesis [159]
AtWIND1 Arabidopsis thaliana Promote callus formation [169]
AtWIND1 Brassica napus Enhance de novo shoot regeneration [170]
AtWIND1 Nicotiana tabacum Promote callus formation [171]
AtWIND1 Lycopersicon esculentum Promote callus formation [171]

AtLBD16/LBD29 Arabidopsis thaliana Regulation of callus formation [34]
AtLBD16/LBD17/LBD18/LBD29 Arabidopsis thaliana Trigger spontaneous callus formation [22]
AtbZIP59-LBD16 Arabidopsis thaliana Trigger autonomous callus formation [24]

The AP2/ERF transcription factor WOUND INDUCE DEDIFFERENTIATION1 (WIND1)
plays a crucial role in promoting the formation and regeneration of the plant callus [32,172].
The overexpression of the AtWIND1 gene has been shown to enhance callus formation
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in Arabidopsis, tobacco, and tomatoes under hormone-free culture conditions [171]. A
Dex-mediated AtWIND1 induction system has also been studied. Researchers introduced
the 355:: AtWINDI1-GR vector into Brassica napus and tomatoes, which promoted callus for-
mation and, subsequently, the development of shoots from the callus when cultured under
ordinary, hormone-free conditions [170]. This further confirms the role of WIND1 in cellular
regeneration. Due to its ability to enhance plant regeneration, the interaction of WIND1
with other developmental regulatory factors has been explored. The researchers hybridized
Arabidopsis expressing XVE-WIND1 (WIND1 controlled by an inducible promoter) with
Arabidopsis overexpressing LEC2 using the 35S::LEC2-gr structure. Apical meristems from
the hypocotyls of yellowing seedlings were used as the explant to examine the induction
effect. The results showed that when LEC2 expression was induced using DEX alone, a
limited callus formed around only the apical meristems and wound sites. When WIND1
expression was induced using ED (17(3-estradiol) alone, more callus formation occurred,
but it did not lead to organ regeneration. However, when WIND1 was induced followed
by LEC2 induction, the formation of an embryogenic callus was promoted in different
tissues [170]. Subsequently, transferring the callus to hormone-free culture media promoted
plant regeneration. In summary, the combination of WIND1 and other developmental
regulatory factors provides new insights into promoting explant regeneration.

The LATERAL ORGAN BOUNDARIES DOMAIN (LBD) gene family is a group of
transcription factors specific to higher plants [22,173]. They contain a highly conserved
AS2/LOB (ASYMIMETRIC LEAVES2/LATERAL ORGAN BOUNDARIES) domain at the
N-terminal, and they play important regulatory roles in various aspects of plant growth
and development [174,175]. In the context of plant regeneration, LBD genes are crucial
for embryogenesis and callus formation. In Arabidopsis, the ectopic expression of LBD16,
LBD17, LBD18, and LBD29 promotes callus formation, and these four LBD genes can also
promote callus formation in Arabidopsis, even without exogenous plant hormones [22].
Subsequent studies have shown that an interaction occurs between the Arabidopsis basic
region/leucine zipper motif 59 (AtbZIP59) transcription factor and LBD, forming a complex
that directly regulates the transcription of the FAD-binding berberine (FAD-BD) gene
and thereby promoting callus formation [24]. The LBD transcription factors are crucial
regulatory factors in auxin-induced callus formation, and they provide insights into the
mechanisms of plant embryogenesis.

The AINTEGUMENTA-LIKE (AIL) proteins represent a family of transcription factors
characterized by the APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) domain.
Arabidopsis harbors eight AIL transcription factor genes, including AINTEGUMENTA (ANT),
BABY BOOM (BBM), and PLETHORA (PLT), all of which are extensively expressed in
dividing meristematic tissues [43]. AIL/PLT genes play pivotal roles in establishing and
maintaining meristematic tissues and initiating and sustaining organ growth.

It is a well-documented phenomenon that the ectopic expression of the BABY BOOM/
PLETHORA4 (BBM/PLT4) transcription factor, a member of the AINTEGUMENTA-LIKE/
PLETHORA (AIL/PLT) clade, has the capacity to trigger somatic embryos [40,176,177].
Considering that somatic embryogenesis can facilitate regenerative processes in various
breeding applications, this holds significant agricultural relevance. PLETHORA (PLT)
transcription factors, members of the APETALA2/ETHYLENE-RESPONSIVE ELEMENT
BINDING PROTEIN family, play crucial roles in post-embryonic development [178,179].
Merijn et al. conducted a series of experiments to prove that the ectopic overexpression of
PLT promoted somatic embryogenesis [180]. In this investigation, it is substantiated that
the collaborative action of PLT2 and BBM redundantly facilitates the progression of the
zygote into a developing embryo. The manifestation of these two genes becomes evident
in the zygote shortly following fertilization. Additionally, along with PLT7, they exhibit
expression in the apical cell after the inaugural asymmetric cell division. The absence
of both PLT2 and BBM culminates in embryonic arrest at the zygote/one-cell stage—a
distinctive phenotype that remains unparalleled among various combinations of PLT single-
and higher-order mutants.
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The overexpression of PLT can induce cells to acquire pluripotency, which enables the
gene to have multiple functions in plants; researchers can use this feature to improve plant
regeneration efficiency, providing new ideas for plant regeneration and a theoretical basis
for in vitro culture, the construction of transgenic plants, and molecular breeding.

8. Emerging Strategies for Plant Genetic Transformation and the Study of Exogenous
Factors Enhancing Regeneration

Developmental regulatory factors, as well as certain exogenously applied metabolites,
peptides, and/or small molecules, have been explored for their potential to promote cell
fate transitions and enhance genetic transformation efficiency in plants.

Plant Sulfated Peptide (PSK) is a disulfated pentapeptide classified within the group
of plant peptide growth factors [181]. Treatments with PSK have been demonstrated to
stimulate the growth of callus tissues in rice and to induce somatic embryogenesis in
species such as carrots, Japanese cedar (Cryptomeria japonica), and Japanese larch (Larix
leptolepis) [182-185]. Recent research has revealed that, in the context of cedar somatic
embryogenesis and plant regeneration systems, the addition of the plant small peptide
hormone PSK to somatic embryo induction media significantly enhances the efficiency
and duration of embryogenic induction for genotypes capable of somatic embryogenesis.
Moreover, previously recalcitrant genotypes for somatic embryogenesis exhibited success-
ful somatic embryo formation and plant regeneration under PSK treatment conditions.
Phenotypic assessments, DCF and DAB staining, and H,O, content measurements indi-
cated that PSK treatment early in somatic embryo induction reduces peroxidase (PRX)
transcriptional activity, maintains reactive oxygen species homeostasis, and enhances the ex-
pression of somatic embryogenesis-related genes like WOX2, ultimately promoting somatic
embryogenesis in cedar [186].

The research conducted by Pil Joon Seo and his team unveiled that the exogenous ap-
plication of adenosine monophosphate (AMP) enhances plant regenerative capacities [187].
A transcriptome analysis revealed a significant upregulation of genes involved in AMP
synthesis in pluripotent callus tissues. A mutant analysis further demonstrated that the
regenerative promotion effect of AMP is dependent on PLETHORA (PLT) genes, including
PLT3, PLT5, and PLT7. Additionally, this study showcased the broad applicability of AMP
in plant tissue culture and in improving regeneration capacities through protoplast regen-
eration in plants such as cabbage and tomatoes. In conclusion, our research indicates that
AMP can be utilized to augment in vitro plant regeneration and that it is applicable across
multiple plant species, representing a significant contribution to the field.

MicroRNA-encoded peptides (miPEPs) possess the capability to trigger their cognate
microRNAs, thereby modulating plant growth and development. Furthermore, these pep-
tides can be chemically synthesized and utilized as environmentally benign and harmless
growth modulators, thus enhancing various agronomic attributes [188]. To explore the
physiological function of miPEP in the development of poplar roots, researchers synthe-
sized a root-specific miPEP and applied it to a poplar root regeneration medium. The
results showed that miPEP166i was able to increase the number and length of adventitious
roots compared with random sequence peptides [189].

In recent years, novel strategies have emerged for enhancing genetic transformation
in plants. One such approach is the simultaneous expression of different developmental
regulators (DRs) combined with gene-editing reagents. The Fast-Treated Agrobacterium
Coculture (Fast-TrACC) method, for instance, facilitates the induction of transgenic and
gene-edited meristematic tissues in plant seedlings. These tissues can generate flowers and
seeds, thus enabling the transmission of transgenic and gene-edited traits to subsequent
generations. Notably, gene editing in young shoots can occur directly in soil-grown plants,
obviating the need for aseptic culture. Fast-TrACC holds promise for circumventing
traditional tissue culture methods, thereby enhancing the efficiency of creating transgenic
and gene-edited plants (Figure 2B) [190].
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Figure 2. Strategies to improve regeneration and transformation efficiencies in Agrobacterium-
mediated genetic transformation. (A) The application of developmental regulators such as BBM,
WUS, GRF-GIF, LEC, SERK, WIND, and LBD, and small molecules such as PSK and AMP promotes
plant regeneration and transformation efficiency in Agrobacterium-mediated genetic transformation.
(B) Fast-TrACC method. The first step of the Fast-TrACC is to optimize A. tumefaciens cultures for
gene transfer. Seedlings were germinated and co-cultured with the optimized A. tumefaciens strain.
After about 2 weeks, dark-green growth began to form and eventually produced shoot-like structures.
The shoot-like growth was then induced to form roots [190]. (C) CDB delivery system workflow.
Seedlings 3—4 weeks old are cut as explants. Reporter genes or gene editing constructs are delivered
to plant cells near the cut via A. rhizogenes. Hairy roots are formed after a few weeks. GFP-positive
roots are cultured in sections to produce transgene-positive or gene-edited shoots [191].

Another method, namely the Cut-Dip-Budding Delivery System (CBD), has been
verified as a tissue culture-free approach for efficient genetic transformation or gene editing
in species that were previously challenging to modify (Figure 2C). CBD utilizes a straight-
forward process of immersing explants in a specific suspension of A. rhizogenes, where the
reporter gene or gene editing vector is delivered via A. rhizogenes to the plant cells near
the cut site, which in turn results in the formation of a hairy root, and the positive root is
sectioned and cultured to regenerate transgenic shoots, which are then cultivated to form a
transgenic plant [191]. This method has made it possible to achieve genetic transformations
that were once difficult or deemed impossible, although this method is currently only
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applicable to plants with a strong root-sucking ability and was successfully achieved by
transforming root segments [192]. With ongoing exploration, it is anticipated that more
species will undergo regeneration and genetic transformation through streamlined methods
in the future, ultimately enhancing breeding efficiency.

9. Conclusions and Prospects

Somatic embryogenesis is a unique process in most plants’ life cycles that has become
an instrumental tool in plant biotechnology. The aforementioned advancements indicate
the feasibility of improving regeneration efficiency and genetic transformation efficacy
by leveraging regeneration-associated genes, particularly in agricultural crops. These
advancements have substantial potential for practical applications in crop production.
However, the repertoire of currently employable regeneration-related genes is limited,
and certain species with uncharacterized genotypes still present challenges for successful
transformation. Moreover, although some studies have examined the regulatory pathways
governing somatic embryogenesis, a complete elucidation of the underlying regulatory
mechanisms remains elusive, and practical applications continue to be constrained.

A recent study conducting allelic gene-specific transcriptional analysis during shoot
regeneration in hybrid poplar 84K (Populus alba x P. tremula var. glandulosa cv. 84K)
unveiled the conservation and diversity of transcriptional regulation in the regeneration
processes of poplar and Arabidopsis, providing valuable clues for the in-depth study of
regeneration-related genes [193]. Additionally, the researchers mined alleles at the genome-
wide level and used gene transcriptome and DNA methylation data in an integrated
manner to analyze the molecular basis of the involvement of DNA methylation in the
regulation of transcription processes during de novo shoot organogenesis [194]. Pointing
out research directions for future research related to plant regeneration. These strides in
technology have indicated that revealing the magnitude of cellular heterogeneity stands
as an essential prerequisite for comprehending the fundamental principles and regulatory
networks governing plant regeneration. The heightened resolution in transcriptional
profiling achieved through high-throughput single-cell RNA sequencing (scRNA-seq) has
notably enhanced the ability to compare regenerative-competent and non-competent cells in
regenerating tissues [195]. These advancements serve as a foundational step in identifying
progenitor cells and deducing transitions in cellular states.

Consequently, future efforts should entail broader research, focusing on develop-
mental regulatory factors to enhance plant genetic transformation. For example, in-depth
analyses of plant regeneration regulatory networks, coupled with cutting-edge bioinfor-
matics techniques, can uncover additional embryogenesis-related transcription factors.
Subsequent experimental verifications should encompass a wider range of plant species.
Furthermore, capitalizing on the synergistic advantages offered by different combinations
of developmental regulatory factors is essential. As more regeneration-related genes and
mechanisms of action are identified and elucidated, the plant regeneration regulatory
network will progressively become clearer, potentially resolving issues related to genotype
limitations in plant genetic transformation.
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