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Abstract

The ability to efficiently genetically modify plant species is crucial, driving the need for innovative technologies in plant
biotechnology. Existing plant genetic transformation systems include Agrobacterium-mediated transformation, biolistics,
protoplast-based methods, and nanoparticle techniques. Despite these diverse methods, many species exhibit resistance to
transformation, limiting the applicability of most published methods to specific species or genotypes. Tissue culture remains
a significant barrier for most species, although other barriers exist. These include the infection and regeneration stages in
Agrobacterium, cell death and genomic instability in biolistics, the creation and regeneration of protoplasts for protoplast-
based methods, and the difficulty of achieving stable transformation with nanoparticles. To develop species-independent
transformation methods, it is essential to address these transformation bottlenecks. This review examines recent advance-
ments in plant biotechnology, highlighting both new and existing techniques that have improved the success rates of plant
transformations. Additionally, several newly emerged plant model systems that have benefited from these technological

advancements are also discussed.
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Introduction

The finding that species in the plant kingdom evolved the
ability to regenerate into whole plants without fertilization
(Steward et al. 1958a, b) marked the first of several signifi-
cant breakthroughs in plant cell theory. Skoog and Miller
demonstrated that this ability could be induced by exog-
enously applying the plant hormones auxin and cytokinin in
a specific ratio (Skoog and Miller 1957). Other researchers
showed that whole plants can be regenerated from single cell
lines, and can be manipulated to induce somatic embryogen-
esis. (Guha and Maheshwari 1966; Steward et al. 1958a, b;
Steward and Pollard 1958), these findings laid the foundation
for plant tissue culture, a technique that has significantly
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advanced various fields of study over traditional methods of
plant propagation (Bennur et al. 2024). More importantly,
plant tissue culture has proved to be a crucial tool for plant
biotechnology, as the totipotency of plant cells could eas-
ily be manipulated to produce whole plants (Ramkumar
et al. 2020), thereby widening the potential for plant genetic
manipulation.

As plant tissue culture is rooted in plant cell theory, plant
biotechnology gained its framework from studies in bac-
terial genetic transformation. The discovery of Agrobac-
terium tumefaciens, a naturally occurring soil bacterium
with the native ability to transfer its DNA into the plant
nuclear genome, revolutionized the field of plant genetic
engineering by providing a powerful tool for plant genetic
manipulation (Victor M. Loyola-Vargas and Ochoa-Alejo
2018; Ramkumar et al. 2020). Genetic experiments show
that Agrobacterium contains a specialized, tumor-inducing
(T1) plasmid that is responsible for mediating the transfer of
genetic material (Chilton et al. 1977; Larebeke et al. 1974)
to the plant nuclear genome. Therefore, it was theorized that
Agrobacterium could be utilized as an effective tool for plant
genetic manipulation and was engineered to become adapt-
able for easy laboratory use.
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The ability to genetically manipulate a species of interest
is important, as it enables comprehensive investigations into
the relationships between gene function and their associ-
ated phenotype, and allows for faster advancements in crop
improvement. However, techniques of gene delivery are not
universally applicable to all plant species. Agrobacterium
transformation systems typically exhibit species and even
accession specificity, limiting which plants can be effectively
transformed. The use of alternative strains of Agrobacte-
rium, e.g., A. rhizogenes or A. vitus, combined with alterna-
tive methods of gene delivery such as particle bombardment,
PEG and other techniques, has significantly increased the
range of plants that can be transformed. However, many
plants remain recalcitrant to plant transformation. The devel-
opment of a single method to transform plants that can be
broadly applied to many species is a common goal in the
field of plant biotechnology but has yet to be developed.
Therefore, the improvement and development of new and
existing transformation technologies is important to achiev-
ing the successful transformation of previously recalcitrant
species.

This review highlights advancements in plant biotech-
nology, focusing on new and existing techniques that have
enhanced the success of plant transformation. In addition,
several plant model systems that have recently emerged are
also discussed.

Agrobacterium mediated transformation

Agrobacterium mediated plant transformation is the most
commonly used method for introducing foreign genetic
material to plants. Two of the most popular methods to
introduce a gene of interest to a plant using Agrobacterium
as the vector include the floral dip technique for Arabidopsis
(X. Zhang et al. 2006) or transformation methods involving
plant tissue culture (Niazian et al. 2017). However, even with
widespread adoption of Agrobacterium as a vector, relatively
few plants can be transformed. While the exact mechanisms
behind plant-specific recalcitrance to transformation are yet
to be fully understood, it is generally recognized that there
are three barriers to plant transformation: tissue culture,
infection and regeneration. Each of these barriers, along
with strategies used to overcome them, are detailed below.

Optimizing tissue culture

Although tissue culture is often overlooked as a primary
barrier to plant transformation (Benson 2000), its impor-
tance should not be disregarded, as it significantly contrib-
utes to the success of most protocols. Almost all current
methods of plant transformation require a tissue culture step
(Bekalu et al. 2023; Altpeter et al. 2005), which is especially
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important for monocot transformation. For many monocots,
transformation is only feasible when callus is used as an
explant (Hofmann 2016; Tripathi et al. 2023; Grogg et al.
2022), and callus induction is limited to a select few culti-
vars or species in a genus. In addition, many non-Agrobacte-
rium based protocols also require a tissue-culture step. Thus,
it is important to identify the factors responsible for tissue
culture recalcitrance to broaden the scope of transformable
plant species. The mechanisms involved in plant-tissue spe-
cific recalcitrance to in-vitro culture have been previously
described (Bekalu et al. 2023). Researchers have achieved
success in reducing tissue culture recalcitrance by modifying
external factors to make the in-vivo environment more con-
ducive to plant tissue. These factors include the type and age
of the explant, the culture media, and the use of hormones
and additives to promote cell division or by altering the light
conditions to prevent oxidative browning (Long et al. 2022).
Often, a combination of these factors needs to be optimized
to achieve tissue culture success.

In addition to tissue recalcitrance, some transformation
protocols are limited by the long incubation steps required
for plant tissue culture. To circumvent this, researchers have
developed methods that eliminate the tissue culture steps by
transforming plants in-vivo. The most popular method of
this is floral dip transformation, which involves immersing
developing floral organs in a solution of Agrobacterium. This
protocol has been most effective for Arabidopsis thaliana
but can be adapted to other species by altering the concen-
trations of surfactants like silwet to aid bacterial binding or
by adding a vacuum infiltration step to the protocol. Some
researchers have generated transgenic plants by direct injec-
tion of Agrobacterium to plant tissues (Luo et al. 2020). The
most successful injection sites have been meristematic (Ben-
son 2000; Bekalu et al. 2023) or reproductive tissues (Luo
et al. 2020; Sharada et al. 2017; Bahari et al. 2020), although
leaf and stem tissues have also been used as successful
injection sites (Bahari et al. 2020; Meng et al. 2019). In one
example, Maher et al (2020) found that adding an overex-
pressed morphogenic gene to their construct resulted in the
regeneration of transgenic shoots from injected meristematic
embryos. In the same paper, a second method showed that
these morphogenic genes could be used to induce the devel-
opment of transgenic shoots on the surface of wild type leaf
tissue, using whole seedlings as the explant. Both methods
eliminate the need for an in vitro tissue culture step, which
could be especially useful when applied to species which
exhibit tissue-culture specific recalcitrance.

Another recently developed method of in-vivo transfor-
mation is the cut-dip-budding (CDB) gene delivery system
(Cao et al. 2022). A. rhizogenes delivers genetic material
to the cut root sites of seedlings, where transgenic hairy
roots form. These hairy roots are then transferred to soil,
where the native plant root-suckering ability induces the
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development of shoots into whole plants, thus providing a
transformation and regeneration method without the use of
tissue culture. The successful transformation of a wide vari-
ety of plant species, including herbaceous, woody (Cao et al.
2022), and succulent plants (Lu et al. 2024), suggests that
CDB is much less genotype and species dependent compared
to other in-vivo methods. Although it is limited to species
that can be transformed with A. rhizogenes and can sucker,
this represents significant progress in developing species
independent transformation systems.

Overcoming the infection barrier

Optimizing the infection step is crucial for efficient plant
transformation. Several factors impact the ability of Agro-
bacterium to effectively deliver T-DNA to plants, includ-
ing explant type, Agrobacterium strain and concentration,
co-culture media and culture conditions (Zhao et al. 2020).
Researchers have enhanced Agrobacterium virulence by add-
ing phenolic compounds like acetosyringone or spermidine
to co-culture media, which stimulate the activity of Agrobac-
terium virulence genes. Methods have also been developed
to aid the delivery of Agrobacterium to plant cells. These
include physical techniques, such as wounding, agroinfil-
tration (Kaur et al. 2021), and sonification (Santarém et al.
1998; Vasudevan et al. 2020). Additionally, plant host genes
important for transformation have also been manipulated to
increase infection rates (Gelvin 2010), although this tech-
nique requires a reproducible method for plant transforma-
tion and would not be viable for recalcitrant species.

The current successful strategies for overcoming the
infection steps of plant transformation mirror early efforts
to establish Agrobacterium as a usable vector. In nature,
Agrobacterium species infect a broad range of dicots, caus-
ing tumorigenesis that is typically presented as crown galls
or hairy roots. Scientists enhanced native Agrobacterium
to be an effective tool for gene transfer by implementing
two main modifications, removing the tumorigenesis genes
and creating the binary vector system. These modifications
required an understanding of Agrobacterium biology, which
have been extensively covered in several excellent reviews
(Gelvin 2003; Azizi-Dargahlou and Pouresmaeil 2023). Cur-
rent strategies focus on the identification or enhancement of
different strains to reduce host plant defenses.

The strain of Agrobacterium used for transformation sig-
nificantly impacts infection efficiency (Gelvin 2003; Torre-
grosa, Locco, and Thomas 2002; Chetty et al. 2013) and is
often genotype and species dependent. Therefore, screening
various strains or species is necessary to optimize transfor-
mation success. Reviews have detailed genotype differences
among popular Agrobacterium strains (Gelvin 2003; De Sae-
ger et al. 2021). Briefly, commonly used strains for Agro-
bacterium tumefaciens include GV3101, EHA105, LBA4404,

and AGLI. GV3101 is generally used for dicotylous plants,
while EHA 105, a hyper-virulent strain, is favored for mono-
cot transformation. Other Agrobacterium species can also
enhance transformation success. Woody and leguminous
species, often resistant to A. tumefaciens, show improved
transformation rates with modified strains of A. rhizogenes
(Gong et al. 2024), which induce hairy roots. Most com-
mon strains of Agrobacterium have been isolated from one
or two lines, which likely contributes to the small number
of plant species that are able to be transformed. Therefore,
improving or isolating genes from other wild type Agro-
bacterium strains, like A. vitis (Torregrosa et al. 2002) and
A. rubi (Ondfej et al. 1987), shows promise in increasing
the number of transformable plants. For example, ‘shooty’
genes isolated from wild-type Agrobacterium strains, such
as gene 6B, have been identified as significantly improving
plant infection and transformation (M. Wang et al. 2011).
Determining which strain of Agrobacterium is most suit-
able for infecting a plant of interest involves the use of a
reporter gene to evaluate infection capabilities. GFP and
GUS (B-glucuronidase) are particularly useful as reporters
for monitoring both transient and stable transformation but
can be limited in their application since they are either inva-
sive or require expensive equipment to visualize. In 2020, a
new reporter named RUBY was developed (He et al. 2020).
It is both non-invasive and allows for visualization without
other equipment or assays. RUBY converts tyrosine to beta-
lain, which is vividly red, and visible to the naked eye. While
it has primarily been used for visualizing gene expression
(Yu et al. 2023) and screening explants for transformation
(Tripathi et al. 2023) capabilities, it could also be an excel-
lent method for screening the infection capability of Agro-
bacterium strains. In addition, evidence for RUBY expression
appears quickly, suggesting a rapid screening method.
Even when the optimal strains of Agrobacterium can be
identified, it is common for many plants to have a relatively
low infection rate. A major contribution to plant recalci-
trance during the infection stage is native plant resistance.
Past studies have worked to address this issue by altering
plant growth conditions to make them more favorable for
Agrobacterium binding. However, the newer methods for
reducing plant defenses have involved further modifying
strains of Agrobacterium to include additional genes that
aid in transformation. Early efforts included the creation of a
super binary vector, which built on the binary vector system
by incorporating extra virulence genes to aid transforma-
tion (Anderson and Birch 2012; Komari et al. 2006). How-
ever, the larger size of these vectors made them difficult to
work with, necessitating alternative methods. The invention
of ternary vector systems addressed this issue by placing
additional virulence genes on a third plasmid, known as the
helper plasmid, thus benefiting from virulence genes without
impacting the Ti-plasmid. These systems have been shown to
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enhance transformation efficiency in several studies (Anand
et al. 2018; Yu Zhang et al. 2020). In a similar approach,
Raman (2022) and colleagues recently engineered Agro-
bacterium to express a type III secretion system, through
the transport of Pseudomonas effector proteins. By indi-
vidually delivering effector proteins that work to suppress
native plant resistance, they achieved a significant increase
in transformation efficiency in Arabidopsis, alfalfa, switch-
grass, and a recalcitrant form of wheat (Raman et al. 2022).
These results show that the native plant defenses against
transformation can be effectively disarmed through the use
of engineered Agrobacterium strains, and reviews have cited
this as a promising method improving plant transformation
efficiencies in the field (Lee and Wang 2023).

Enhancing regeneration

Another significant barrier to successful plant transforma-
tion is the regeneration of whole plants from transformed
cells. In many cases, this challenge arises from the explants’
low or in-ability to regenerate into whole plants, even when
hormonal conditions in the culture media are optimized. In
addition, determining the correct hormonal ratio to promote
regeneration can be tedious, necessitating a faster method to
promote regeneration.

To enhance the regeneration stage of plant transforma-
tion, several studies have shown improved transformation
efficiencies by co-expressing developmental regulators/
morphogenic transcription factors such as BBM, Wus2,
and GRF4. Overexpression of BBMand Wus2 resulted in
increased plant transformation efficiency in several recal-
citrant varieties of maize, rice and sorghum (Lowe et al.
2016). The overexpression of the Arabidopsis-derived,
wound induced transcription factor PLT5, was also shown to
enhance transformation efficiencies by promoting the devel-
opment of transgenic callus and shoots at wounding sites in
multiple species (Lian et al. 2022).

Newly identified morphogenic genes, either discovered
from pathways involved in meristem formation or homologs
of existing genes is another strategy that can be successful in
promoting enhanced regeneration efficiencies. For example,
wheat TaWOX35, a homologous gene of Arabidopsis WUS,
was shown to reduce the genotype dependence of regen-
eration in several varieties of wheat (Wang et al. 2022). In
addition, WOX5 also improved the regeneration rates of sev-
eral other cereal crops. Both TaDOF (Liu et al. 2023), and
ZmWINDI (Jiang et al. 2024) were identified by examining
the regeneration related pathways in wheat and maize, and
were successfully applied to increase regeneration in recal-
citrant varieties in their respective species.

However, several problems exist when using morpho-
genic genes to improve regeneration. The first is that most
of these genes do not promote increased regeneration across
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all species. For example, the overexpression of WUS pro-
moted regeneration in tomato, but had little to no effect in
snapdragon (Lian et al. 2022). The fusion protein GRF4/
GIF1, developed by Debernardi et al. seems to have a higher
capability of increasing regeneration across multiple species,
compared to other morphogenic genes. These include wheat,
rice, citrus (Debernardi et al. 2020), lettuce (Bull et al. 2023)
and, significantly, a recalcitrant variety of sorghum, which is
notoriously difficult to transform (Silva et al. 2022). Another
difficulty with using developmental regulators is that their
overexpression can cause mild developmental changes,
including curled leaves and shorter flowering times, limiting
their use for some studies (Gordon-Kamm et al. 2019). To
circumvent this, researchers have used conditional or tran-
sient methods of expressing the morphogenic genes. Con-
ditional expression methods include inducible or excisable
expression systems. Inducible promoters allow morphogenic
genes to be expressed only under specific conditions, such
as the presence of a particular chemical (Kyo et al. 2018) or
steroid (Heidmann et al. 2011; Lutz et al. 2015; Shires et al.
2017) in the media, while excisable promoters utilize the
Cre recombinase and LoxP (Cre-Lox) or similar systems
to allow the genes to be expressed until the explants are
exposed to a specific stress (Lowe et al. 2016; Mookkan
et al. 2017). Efforts have also been made to ensure that mor-
phogenic genes are expressed transiently, through the use
of Agrobacterium strains with lower integration efficiencies
(Dhir et al. 1998; Hoerster et al. 2020; Canto 2016). How-
ever, many Agrobacterium based transient expression sys-
tems report a small amount of stable transgene integration,
which can be difficult to distinguish from plants in which
the genes are transiently expressed. Therefore, inducible or
excisable systems are more ideal for the conditional expres-
sion of morphogenic genes.

Gene editing strategies have also been used to enhance
the regeneration stage of plant transformation. Clustered
regularly interspaced short palindromic repeats (CRISPR)
was recently repurposed to work on the transcriptional
level, using a deactivated Cas9 that still retains single guide
RNA-mediated binding activity (Ding et al. 2022), called
CRISPR-activation (CRISPR-a). By designing the gRNA to
target morphogenic gene regulators, studies have shown that
this system is capable of improving regeneration efficiency
in plants (C. Zhang et al. 2024a, b). In another study, this
principle was applied to create CRISPR systems capable of
simultaneously making gene edits and activating morpho-
genic genes within a single system, demonstrating the broad
applicability of this method for enhancing plant improve-
ment (Debernardi and Rowan 2022; Pan et al. 2022). Alter-
ing the transcriptome of genes through CRISPR-a technol-
ogy has the potential to address other bottlenecks in plant
transformation. Several reports have shown that the system
can be repurposed for transcriptional repression (Debernardi
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and Rowan 2022; Lowder et al. 2018; Karlson et al. 2021).
Although not yet reported in the literature, gRNA could be
designed to repress genes involved in plant native defenses,
therefore improving the infection step without causing del-
eterious effects to the gene. The repression or activation of
these genes in both strategies can be temporally controlled
by placing the CRISPR system under a conditional promoter,
enabling gene expression or repression at the desired trans-
formation stage. Overall, these advancements in CRISPR
technology hold significant promise for overcoming the vari-
ous challenges associated with plant transformation.

Future strategies for improving Agrobacterium transfor-
mation will likely involve a combination of the approaches
outlined above, which are highlighted in Fig. 1. For recal-
citrant species, it will be necessary to identify where the
transformation barrier exists. First, the optimal tissue culture
conditions will need to be determined to produce healthy and
transformable tissue. Appropriate strains of Agrobacterium,
including ternary vectors, can be quickly screened against
different explants using RUBY as a reporter. Once infec-
tion is determined, regeneration can be enhanced through
a combination of exogenously applied hormones and the
overexpression of morphogenic genes.

Biolistic plant transformation

For many plant species that are recalcitrant to Agrobacte-
rium mediated transformation, the biolistic method is often
preferred. This method is also known as ‘particle bom-
bardment’ or the ‘gene gun method’, with well described
mechanisms (Altpeter et al. 2005; Ozyigit and Yucebilgili
Kurtoglu 2020), summarized in Fig. 2. Genetic material is
coated onto a gold or tungsten microcarrier, which is then
loaded onto a macro-carrier and then propelled through an
acceleration tube to penetrate plant tissue. A barrier pre-
vents the macro-carriers from entering plant cells, allowing
for only the microcarriers containing the genetic material
to become integrated. Originally popular for the transfor-
mation of monocots, this method has recently been used
for dicots and seed-free plants that are recalcitrant to other
transformation methods. Beyond enabling successful trans-
formation in challenging species, biolistic transformation
offers several advantages. Besides DNA, it can easily be
adapted to introduce protein and mRNA, offering a method
for transferring a wide range of genetic material without
the use of a binary vector. Additionally, the absence of a
biological host removes restrictions imposed by host-plant
defenses, allowing for a wider range of plant material that
can be transformed.

Despite these advantages, not all plants are able to be
transformed by the biolistic system. The efficiency of the
instrument, size and material of the microcarrier and the

type of explant chosen all significantly influence the success
of a biolistic transformation. Achieving stable transforma-
tion and regeneration in transformed cells can be challeng-
ing due to high transgene copy numbers or genomic dam-
age from the integration process. Although the basic steps
of biolistic transformation have remained unchanged since
its inception (Ismagul et al. 2018), current studies aim to
improve one or more of these factors to allow for reproduc-
ible and highly efficient protocols.

Explant and culture conditions

Choice of the correct explant is arguably the most critical
factor in biolistic transformation. Despite the wider range
of explant types available for use compared to other types
of transformation, studies show that certain tissues have
distinct advantages. For example, potato transformation
success varies depending on the explant or genotype used
(Malakhova et al. 2021; Altpeter et al. 2005; Ozyigit and
Yucebilgili Kurtoglu 2020). Studies have also shown that
the stage of tissue chosen also has an influence on successful
DNA delivery. In their experiment with banana meristems,
Mahdavi and colleagues showed that targeting tissues with
actively dividing cells leads to a significant improvement
in transformation rates when applying the biolistic method
(Mahdavi et al. 2014). This discovery has been reflected in
the literature, where callus, immature embryos, and embry-
otic meristems (Y. Liu et al. 2024) are among the more pop-
ular targets for transformation. In addition, it has also been
shown that treatment of tissues before and after transforma-
tion has a positive influence on transformation success. Pre-
treatment of Camellia sinensis (tea plant) somatic embryos
with hormone free media, followed by a period of darkness
after bombardment was shown to increase the frequency of
secondary embryo production (Furukawa et al. 2020). Wheat
transformation was also improved by introducing a low tem-
perature pre-treatment step, combined with high levels of
maltose in the media (Abe et al. 2020). Orchid tissue experi-
enced the highest transformation rates when post-bombarded
tissue was incubated for two days on antibiotic-free media
before transferring to a selection medium (Men et al. 2003).
These examples highlight the importance of optimizing tis-
sue culture conditions to achieve transformation success.
Although the optimal explant type and tissue culture
conditions will likely need to be tailored to the plant and
genotype used, there are several tissue types that should be
avoided for a biolistic transformation. Tissues with thicker
or waxy cuticles, or those with a hairy surface, have been
shown to be universally incompatible with biolistic trans-
formation processes, due to the difficulty of penetrating the
outer layers of the tissue (Lacroix and Citovsky 2020). As
previously mentioned, some plant species are incompatible
with tissue culture methods. To bypass this issue, methods of
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a. Optimizing tissue culture conditions
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Fig.1 Optimizing Agrobacterium mediated transformation: strate- tion efficiency, as vibrant red spots appear relatively quickly. ¢ Enhanc-

gies to improve Agrobacterium transformation involve a combination of
approaches to optimize protocols. a Optimizing tissue culture conditions
consists of: 1 Determining the appropriate basal media, 2 Finding appro-
priate conditions conducive to callus growth, and 3 Screening media to
determine the best regeneration hormones. b Overcoming infection bar-
riers. To determine which strains of Agrobacterium are best for infecting
a species of interest, various strains, including modified strains, need to
be screened. The reporter gene RUBY is well-suited for screening infec-
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ing regeneration. Once tissue culture and infection conditions have been
optimized, morphogenic genes can be used to improve regeneration effi-
ciency. This can be done by screening various genes which contain mor-
phogenic genes under an overexpression promoter, or through using the
recently developed CRISPR-a system to activate the expression of native
morphogenic genes in the plant of interest. This image was generated
using biorender.com
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c. Enhancing regeneration

1. Screen morphogenic genes
B . y < \>>r \< X ‘\\\
OO0 = o B
N R, b ‘

BBM

e N\

Y o)
(_/ '\,,//‘ ) P |
wuS
O T Y 3
C . ]
GRF4/GIF1 .

2. CRISPR-a

Transcriptional
activator

Morphogenic gene

Fig.1 (continued)

1. Bombardment

o B @ e —
¢ )

In-vitro explants

o )

A &
‘ | Genetic material + ()

particles |

‘ |

In-vivo explants

2. Culture

3. Regeneration

Cell culture

Soil culture

Fig. 2 Biolistic Plant Transformation. 1 Genetic material-coated par-
ticles are propelled through an acceleration tube to penetrate plant tis-
sue. Leaves, calli, and meristems can be used for in-vitro bombard-
ments, although seeds and developing embryos have shown success
in in-vivo methods. 2 In the in-vitro method, bombarded tissue is

in-planta particle bombardment have been developed. Imai
et al (2020) developed an in-planta strategy for the tran-
sient transformation of wheat, by targeting embryotic shoot
apical meristems. Shoot apical meristems are exposed on
embryos using a needle, bombarded, then transferred to soil
for further analysis, showing a biolistic method that does not
require a tissue culture step. The same group also showed

cultured on selective media, until callus develops. In in-vivo methods,
explants can be directly transferred to soil. 3 Plants are regenerated
through growth hormones (in-vitro) or are grown on soil (in vivo).
This image was generated using biorender.com

that the same method could be used to achieve stable trans-
formation (Hamada et al. 2017).
Instruments and microparticle materials

Another common consideration with biolistic transforma-
tion is genomic damage caused by the highly pressurized
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particles necessary for the integration process. The extent
of this damage was largely unknown for many years, until
Liu and colleagues (2019) investigated the effects in their
paper in 2019, showing that biolistic transformation has
the potential to result in extreme genomic damage in trans-
genic rice and maize. This damage includes chromosome
truncations, large deletions, and other damage, which
would generally be undesirable in the transgenic progeny.
In addition, plant cells are often transformed inconsist-
ently, which can cause problems, especially for the analy-
sis of transient expression. Recent studies have worked
to address these challenges, either by implementing new
devices or modifying microcarriers.

Several devices have been implemented to mediate
biolistic transformation. The instrument Biolistic® PDS-
1000/He is one popular device, and applies vacuum infil-
tration to the traditional bombardment method to achieve
reproducible results in multiple species (Men et al. 2003;
K. Wang, Zhu, and McCaw 2020; Davlekamova et al.
2023; Martin-Ortigosa and Wang 2020; Geng et al. 2022).
Another commonly used tool is the Helios® Gene Gun,
which is favored for greenhouse and field studies. Its hand-
held design allows it to be used on plants of various sizes,
and has been used for both transient and stable transfor-
mation in several species (Acanda, Wang, and Levy 2019;
Kuriakose et al. 2012; Joshi et al. 2015). Recently, such
devices have been modified to reduce the negative effects
associated with genomic integration, such as the imple-
mentation of double-barrel devices. Double-barrel devices
reduce tissue damage following bombardment, improve
reproducibility, and allow for the addition of a control,
as multiple constructs can be delivered simultaneously
(Miller et al. 2021; Kale and Tyler 2011). Controls in the
double-barrel method have the additional benefit of allow-
ing for easier assessment of transformation efficiency. It
can be theorized that similar modifications of previously
developed biolistic devices will also result in improved
transformation procedures, especially those focused on
reducing tissue or genomic damage.

The size and type of microcarrier also significantly influ-
ences delivery efficiency. Gold and tungsten are the most
popular microcarriers, due to their ability to effectively bind
genetic material while causing minimal damage to plant
cells or tissues (Ozyigit and Kurtoglu 2020). However, each
has their disadvantages: tungsten can cause DNA damage
or inhibit cell growth, whereas gold does not bind DNA as
effectively. The size of the microcarrier also significantly
impacts transformation success, with several studies show-
ing that optimizing this size is crucial for achieving success-
ful transformation (Mahdavi et al. 2014; Davlekamova et al.
2023; Aesaert et al. 2022). Nanoparticles have also recently
been of interest as alternative microcarriers, as they offer
several advantages over their micro-sized counterparts.
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Studies have shown that nanoparticles can reduce
genomic damage, achieve similar levels of transgene inte-
gration (Mortazavi and Zohrabi 2018), and increased trans-
formation efficiency (Rajkumari et al. 2021). Additionally,
nanoparticles can penetrate biological barriers that tradi-
tional microcarriers cannot access (Cunningham et al. 2020).
Theoretically, this should allow for more efficient transfor-
mation of organelles. While successful transformation of
chloroplast and mitochondrial genomes using the biolistic
method has been reported (Elghabi et al. 2011; Tanwar et al.
2024; Y. Wu et al. 2021), such achievements have not yet
been demonstrated with nanocarriers in plants. Continued
development of new nano-carrier based techniques may
allow for more efficient transformation methods with mini-
mal genomic damage.

Other factors impacting biolistic transformation

Although instrumentation, microcarrier type, and tissue cul-
ture conditions are major factors influencing the success of a
biolistic transformation, several other aspects can be further
optimized. The quantity of genetic material loaded onto the
microcarrier significantly impacts transformation success.
Higher amounts of DNA can increase transformation effi-
ciencies but may lead to tissue damage and high copy num-
bers of transgene integration (Ozyigit and Yucebilgili Kur-
toglu 2020). For example, a study on wheat transformation
found that the high copy number effect could be mitigated by
reducing vector DNA to nanogram amounts (Ismagul et al.
2018), demonstrating that lower amounts of starting material
can more positively impact the experiment.

The bombardment distance and pressure also should be
refined. Increasing the distances reduces transformation effi-
ciency due to decreased pressure, which allows less genomic
material to enter the cell. Conversely, shorter distances can
cause cell death (Davlekamova et al. 2023). Pressure adjust-
ments are also crucial; higher pressures can cause excessive
tissue damage and reduced germination rates, while lower
pressures decrease transformation efficiency. Bio-Rad, the
developer of the PDS-1000/He biolistic gun recommends
an optimal pressure of 1100 psi for their device. Notably,
multiple studies have found that this pressure is best when
optimizing their experiments, including those with banana
(Mahdavi et al. 2014), and sorghum and lettuce (Ruhlman
2021). While this pressure may not be universally optimal
for all species and explants, it serves as a good starting point
when developing new biolistic procedures.

Like any transformation method, biolistic transformation
methods must be individually tailored to each species or
explant type. First, the appropriate explants and tissue cul-
ture conditions for pre- and post- bombardment need to be
determined to promote cell division and plant regeneration.
Next, optimizing the microcarrier size and type is crucial
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to achieve the highest transformation efficiency minimizing
cell death. To mitigate genomic damage and increase con-
sistency, consider reducing the amount of DNA per micro-
carrier, implementing a double-barrel instrument or adapt-
ing nanomaterials as alternative carriers. Finally, fine-tuning
bombardment factors, such as bombardment distance and
pressure, can further increase the efficiency of the transfor-
mation process. Incorporating a combination of these strate-
gies will improve the success of new biolistic transformation
procedures.

Protoplast transformation

In comparison to plants, mammalian genetic transforma-
tion is well characterized. Exogeneous genetic material,
including RNA or protein, can be delivered directly to cells
through biological, chemical and physical means in a pro-
cess known as transfection (Fus-Kujawa et al. 2021). These
processes are well refined, especially for studies of human
disease. However, transfection-based techniques are difficult
to apply to plants due to the presence of the cell wall, which
acts as a physical barrier to the delivery of exogeneous bio-
molecules (Cunningham et al. 2018).

The development of plant protoplasts has enabled the
adaptation of some common mammalian cell transfection
techniques for use in plants. Protoplasts are plant cells with
their cell walls removed by chemical, physical or enzymatic
means. Although not as widely used as Agrobacterium or
biolistic transformation, protoplast-based transfection meth-
ods offer several advantages over traditional transformation
techniques. These advantages include rapid gene functional
analysis, transient expression, and the introduction of genetic
material without the need for a biological vector. The ability
to manipulate transient gene expression provides a straight-
forward method for transgene-free gene editing, which has
emerged as a potential tool for future breeding. Additionally,
some plants can only be transformed through protoplasts,
showing the importance of considering these methods when
developing new plants transformation strategies.

Protoplast transfection faces bottlenecks in creating
undamaged protoplasts from plant tissue and regenerating
them into whole plants. As emphasized in several reviews,
optimizing culture conditions is crucial for overcoming these
challenges (Duarte et al. 2016; Reed and Bargmann 2021).
Like Agrobacterium and biolistic transformation, steps of
protoplast isolation systems and regeneration are highly spe-
cies dependent and must be individually tailored to achieve
the most efficient and reproducible results. In addition, the
method used for transfection, which delivers exogeneous
genomic material, also plays a role in the success of the pro-
tocol. Some of the most common protoplast-based systems
are summarized in Fig. 3. However, for plant species with

established protoplast isolation and regeneration systems,
protoplast transfection remains a valuable tool for genetic
modification. Some of the most common protoplast-based
systems, along with modifications made to enhance their
success, are discussed.

Polyethylene glycol

Polyethylene glycol (PEG) mediated transformation is often
the preferred method for protoplast transformation due to it
being simple, relatively inexpensive, and applicable to many
species where a protoplast isolation protocol is available.
PEG causes DNA to precipitate in a solution, protecting it
from nuclease degradation and allowing easier entry into
the cell (Maas and Werr 1989). It also increases the perme-
ability of the plasma membrane. After PEG transformation,
transformed protoplasts are spread on media to encourage
cell division and eventual regeneration into whole plants.
This transformation method is useful for plants with seeds
that have low germination rates or are not compatible with
other transformation methods.

The importance of maintaining protoplast viability and
regenerative capability is emphasized in several studies
(Ahmed et al. 2021; Kharel et al. 2024). Although PEG
transfection can be highly efficient, it often causes dam-
age to protoplasts, limiting the viability of transformed
cells after transfection. Several studies have investigated
methods to mitigate this damage to transfected protoplasts.
Earlier studies reported that the addition of divalent cations
such as Ca**, Mn?*, and Mg?*, to the PEG-infection solu-
tion increases DNA precipitation efficiency (Maas and Werr
1989). Recently, one group reported that when added to the
media, phytosulfokine alpha (PSK-a) increases the regen-
eration of transformed protoplasts. PSK- a, a chemical that
acts as an intercellular signal peptide and growth factor, can
greatly simulate protoplast cell division, micro callus forma-
tion and shoot regeneration after transfection (Vogrincic,
Kastelec, and Murovec 2024). In addition to optimizing
the transfection conditions, several protocols report higher
optimization when a reporter gene is used in the construct.
Reporters, like GFP, allow for visualization of successful
genetic material delivery before proceeding to subsequent
culture steps of the protocols.

An advantage of PEG-mediated transfection is that it,
along with biolistic transformation, is one of the few meth-
ods of plant transformation that allow for genetic modi-
fication of plant organelles. The biolistic system is often
preferred for this method, since it is relatively less labor
intensive and easier to induce regeneration compared to
the protoplast method (Ruf and Bock 2021). However, due
to species and tissue specific constraints associated with
biolistic transformation, the PEG method should be con-
sidered as an alternative for species that are recalcitrant to
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Fig.3 Protoplast transfection: three methods of protoplast transfec-
tion are highlighted. 1 Protoplasts are isolated from various explant
types, through chemical, physical or enzymatic methods. 2 Trans-
fection can take place in one of three methods; poly-ethylene glycol,
electroporation or micro-injection. 3 Regeneration. After transfection,

the biolistic method (G. D. Nugent et al. 2005; Sugiura and
Sugita 2004; Gregory D. Nugent et al. 2006).

Another advantage of PEG-mediated transfection is
the potential for producing transgene-free gene edited
plants. PEG facilitates the direct delivery of assembled
CRISPR-Cas proteins to protoplasts, without unintended
consequences caused by random DNA integration of the
CRISPR construct. Gene edits were successfully made to
maize protoplasts by transfecting cells with a ribonucleo-
protein complex containing CRISPR-Cas9 (Sant’Ana et al.
2020). Similar methods have also been applied to proto-
plasts of other species, including Arabidopsis, tobacco,
lettuce, rice (Woo et al. 2015), grapevine, apple (Malnoy
et al. 2016), petunia (Subburaj et al. 2016), and potato
(Andersson et al. 2018). Generally, the success rates of
CRISPR-RNP delivery through PEG mediated transforma-
tion are consistent across species and genotype. While this
technique has been primarily utilized for gene knockout/
knock-in studies, the recent focus on expanding CRISPR’s
functionality can expand the application of CRISPR-RNPs.
For example, protoplast regeneration could be improved
by applying a CRISPR-a system to activate genes involved
in protoplast regeneration, similar to what was previously
described using Agrobacterium (C. Zhang et al. 2024a,
b). Although this method is limited to species with estab-
lished protoplast extraction and regeneration systems, this
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Callus regeneration

Plant regeneration

cells are transferred to a cell culture, until micro-callus colonies form.
These colonies are then cultured into larger callus, then transferred
to a regeneration media for regeneration. This image was generated
using biorender.com

could be a powerful tool for future genetic modification
and breeding studies.

Electroporation

Gene transfer using electroporation is commonly employed
in plant biotechnology, particularly for transforming plas-
mids into Agrobacterium. Cells are co-incubated in a solu-
tion with a gene of interest and subjected to a series of
electrical pulses, creating small transient pores in the cell
membrane, through which genetic material can enter. After-
ward, cells are grown in propagation media to multiply the
number of transformed cells. When applied to plant cells,
electroporation methods are efficient, due to their low cost,
rapid application, and have the ability to stably transform a
large amount of cells (Ozyigit 2020). In addition, electropo-
ration primarily introduces single gene copies into the cells,
providing an alternative method to bypass some of the nega-
tive effects associated with biolistic transformation (Su et al.
2023). However, electroporation is not universally applicable
to all plant cell types, primarily due to the increased imper-
meability of the plant cell wall. Additionally, the electri-
cal pulses required for genetic material incorporation can
cause significant cellular damage, especially to protoplasts,
which necessitates the use of a large initial number of cells.
To address these challenges, optimizing electroporation
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conditions such as voltage and capacitance, plays a signifi-
cant role in minimizing tissue damage and increasing trans-
fection efficiency (Ozyigit 2020). Current applications of
plant electroporation transfection focus on modifying plant
material to further improve the success of this method.

Modifications to plant material used for electroporation
transfection have expanded the range of species that can
be manipulated. By using protoplast suspensions, barriers
associated with cell wall impermeability have been reduced,
enabling the publication of electroporation protocols for
multiple species, including both model (Chupeau, Pautot,
and Chupeau 1994; Guerche et al. 1987) and crop plants (H.
M. Zhang et al. 1988; Diaz 1994; Tonnies et al. 2023). How-
ever, regeneration from protoplasts remains a challenge for
electroporation-based methods, as electrical pulses can dam-
age the fragile protoplast cells. When intact cells are used
as the explant material there is significant improvement in
regenerating after electroporation. This is likely due to more
optimized electroporation conditions that have recently been
developed, allowing for resealable pores that bypass the cell
wall. Cre recombinases were successfully delivered to intact
Arabidopsis cell suspensions (Furuhata et al. 2019), and the
application of callus as an explant has made electroporation
the most efficient method of transfection for several species
of algae (Watpuski et al. 2024). Whole plant tissues can also
be used; soybean embryos (S. Li et al. 2000), sugarcane mer-
istems (Arencibia et al. 1995), and carnation stems (Mori
et al. 2024) from greenhouse grown plants have all been
successfully transfected using electroporation.

In comparison to other methods discussed, few methods
of in-vivo electroporation transfection have been developed.
Nodal auxiliary buds of several legumes were exposed
and then transfected through electroporation, resulting in
chimeric branches that could produce transgenic progeny
(Chowrira et al. 1996). Wheat pollen was also successfully
transfected, allowing for transgenic progeny to be produced
through pollination, with transgenes being inheritable to
the T2 generation (Zhang et al. 2013). Although neither of
these methods have been widely adopted in research due
to the availability of other transformation/transfection sys-
tems, they offer alternative, tissue-culture-free approaches
that could be applicable to traditionally hard-to-transform
species, such as wheat.

Microinjection

Compared to other methods discussed, microinjection is
significantly less popular for plant transfection, despite
having multiple advantages. The microinjection tech-
nique involves transfixing a single cell on a medium and
using a glass microinjection capillary pipette to directly
inject genetic material into the cell. This allows for tar-
geted DNA delivery to specific cells or organelles at a

high transformation efficiency, which is advantageous in
studies involving single cell biological reactions. It also
provides an alternative technique for genetic manipula-
tion in species that are difficult to transform using other
methods, like date palm (Yasha Zhang et al. 2024a, b).
However, despite these advantages, the technique can be
inefficient, requiring significant technical skill to trans-
form a small number of cells. In addition, plant cells
contain a cell wall, which acts as a significant barrier to
microinjection methods, while protoplasts can be deli-
cate and hard to regenerate after transfection. Current
improvements in microinjection techniques have focused
on altering culture conditions to allow for damage-free
injections or optimizing regeneration conditions of trans-
fected cells.

The structure of the plant cell wall makes it relatively
difficult for microinjection pipettes to penetrate the cell
(Shruti, Tripathi, and Shukla 2024). One study concluded
that the success of microinjection into intact cells may
depend on cellular turgor pressure, as transfection was
achieved by the reduction of pressure in carrot cultures
(Nomura and Komamine 1986). More recently, CRISPR/
Cas9 proteins have been successfully injected into intact
wheat microspore cells by first making the cells com-
petent via a heat shock procedure (Szabala et al. 2024).
Generally, protoplasts are preferred for microinjection
studies, because their lack of barrier, combined with the
available protocols and commercially made equipment,
significantly enhanced their efficiency for transfection
(Quezada, Ijaz, and Malik 2024). The regeneration capa-
bility of microinjected protoplasts or intact cells is influ-
enced from the explants from which they are isolated
from. Cells isolated from regenerating tissue positively
influence capability of transfected cells to regenerate into
whole plants, with embryonic tissue or microspores often
being preferred for these experiments (Jones-Villeneuve
et al. 1995).

Nanotechnology

Regardless of the carrier used for gene transfer into plant
cells (Agrobacterium, biolistic, etc.), the success of most
published transformation/transfection systems heavily
depends on the species and explant type used. Generally,
most in-planta methods are considered genotype inde-
pendent, although some in-vitro genotype independent
methods, such as those developed for tomato, have also
been established (Sandhya et al. 2022). Methods like
the CDB system, discussed above, represent significant
advancements in creating species-independent transfor-
mation systems (Cao et al. 2022). However, they are con-
strained by the need for unique developmental features,
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such as budding. Therefore, developing a transformation
system that is species, genotype, and even tissue inde-
pendent is of considerable interest and importance to
plant biotechnology.

Nanotechnology has recently gained interest for the
development of such methods (Yan et al. 2023). Due to their
small size, ability to passively enter cellular membranes and
capacity to protect naked genetic material, nanoparticles are
thought to be well-suited as delivery vectors in plant bio-
technology. Studies applying nanoparticles to transformation
systems have shown that they can overcome some species-
specific barriers associated with conventional methods of
plant transformation. The recent application of nanotech-
nology to plant transformation and its potential to further
advance plant biotechnological research is discussed.

Nanoparticles are artificially or naturally made parti-
cles on the nanoscale (1-100 nm) with customizable prop-
erties that allow for a wide range of targeted biological
interactions. They can be produced from various materi-
als, including metal, lipids, enzymes, carbon, silica, and
clay, typically through chemical means (K. Wu et al. 2023).
Recently, ‘green’ nanoparticles synthesized from plant
materials have emerged as a low-energy, cost-effective
alternative (Ying et al. 2022). The mechanisms behind the
application of nanoparticles as delivery vectors for plant
transformation are well described (Cunningham et al. 2018;

Squire et al. 2023). These nanoparticles are synthesized,
bound to genetic material, then introduced to plant tissues,
typically through incubation or biolistic delivery (Fig. 4).
Most nanoparticles can mediate genetic transfer because
they are synthesized to be below the size exclusion limits to
biological membranes, allowing for passive entry through
the cell wall and nuclear membrane. Investigations into sta-
ble nanoparticle plasmid delivery into plant cells suggest
that, after passing through the nuclear pores, the genetic
material is likely able to integrate into the nucleus through
local homologous end joining (Hajiahmadi et al. 2020).

Despite the attractive qualities of nanoparticles as deliv-
ery vectors, the majority of current nano-transformation
methods published do not result in stable transformation
(Lv et al. 2020), which is the most significant bottleneck
of this method. While transient methods can be useful for
gene functional analysis or for integration-free gene edit-
ing, stable transformation methods are necessary to maxi-
mize the potential of nanoparticles in plant genetic engi-
neering. Several strategies using nanoparticles to achieve
stable transformation have been developed, as summarized
in Table 1.

Few studies have investigated the factors that affect
the stability of transformation through nanoparticles.
Mesoporous silica (Hajiahmadi et al. 2020; Z. Wang et al.
2017) and chitosan nanoparticles (Yasha Zhang et al. 2024a,

1. Binding 2. Tissue 3. Gene delivery 4. Expression
introduction
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. transformation
Incubation S Cell delivery - ,
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‘ﬁ delivery integration
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}7 Collldslivery transformation

Fig.4 Nanoparticle Transformation. An overview of the process of
nanoparticle transformation. 1 Binding: nanoparticles and genetic
material are bound together through an incubation process. 2 Tissue
introduction: nanoparticle-genetic material delivery vectors are intro-
duced to tissues, typically through incubation or injection. 3-4 Gene
delivery and Expression: nanoparticle vectors are able to enter the
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cell passively, due to being under the size restriction limits of the cell
wall. DNA is either deposited into the cell for transient transforma-
tion, or carried into the nucleus, where it integrates into the genome
through local homologous end joining. This image was generated
using biorender.com
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Table 1 An overview of stable nanoparticle methods in plants

Species

Nanoparticle used

Plant material

Genetic material DNA:NP ratio

Delivery method

Citation

Brassica juncea
Cotton

Date Palm (Phoenix

dactulifera)
Okra
Onion (Allium
cepa)
Paulownia tomen-
tosa

Tobacco

Tobacco

Tobacco

Tomato (Solanum
lycopersicum)

Calcium phosphate

Polyethyleneimine-
modified Fe304
MNP

Chitosan nanopar-
ticles

FeCl3

Chitosan nanopar-
ticles

Chitosan nanopar-
ticles

Mesoporous silica
nanoparticles
(MSN)

Silica nanoparticles
(SiNP)

Carbon nanotubes

Mesoporous silica
nanoparticles

Hypocotyl
Pollen

Plumule/seedling

Seed embryo

Seedlings
Nodal segments

Callus

Young tobacco
leaves

Callus

Tomato fruit/devel-
oping seeds

Plasmid DNA N/A Incubation (Nagqvi et al. 2012)
Plasmid DNA 1:1 ug/uL Magnetofection (X. Zhao et al. 2017)
Plasmid DNA N/A Injection (Allah et al. 2023)
Plasmid DNA 1:20 Incubation (Farooq et al. 2022)
Plasmid DNA N/A Injection (Tawfik et al. 2022)
Plasmid DNA 1:1 Incubation (Hussien 2020)
DNA 1:4 Sonication/Ultra- (Z. Wang et al. 2017)
sonic
Plasmid DNA 1:3 Ultrasound-assisted (Y. Fu et al. 2015)
Plasmid DNA N/A Incubation (Burlaka et al. 2015)
Plasmid DNA 1:100 (ug/uL) Injection (Hajiahmadi et al.

2020)

(MSN)

Methods of nanoparticle-based transformation which have resulted in stable plant transformation are highlighted

b; Hussien 2020; Tawfik et al. 2022) have been successful
in promoting stability in some methods but also promote
transient transformation in other protocols (Routier et al.
2023; Hajiahmadi et al. 2019). Additionally, several types
of nanoparticles have been used to promote stable transfor-
mation in tobacco (Burlaka et al. 2015; Z. Wang et al. 2017,
Y. Q. Fu et al. 2012), suggesting that transformation stability
is unlikely to be significantly influenced by the nanoparticle
material itself. Studies in transient transformation show that
nanoparticles usually do not have much difficulty in deliver-
ing genetic cargo to cells (M. Liu et al. 2019a, b; Yan et al.
2023), although delivery efficiency can be dependent on hav-
ing a smaller particle size (H. Zhang et al. 2022). This means
that the bottleneck likely exists in the ability of the DNA to
integrate into the genome. Interestingly, all current methods
of stable nanoparticle transformation involve young, actively
dividing cells as explants (Table 1). This mirrors the results
of other transformation methods, where similarly young
tissues positively influence the success of transformation.
This suggests that actively dividing cells facilitate easier
genomic integration, although this mechanism has yet to
be proven. Nevertheless, this highlights the importance of
using younger tissue in nanoparticle-transformation, which
should be considered in the development of future transfor-
mation studies.

Like most transformation methods, tissue culture also
can be a barrier to the efficiency or success of regenerating
plants in nanoparticle systems, necessitating the develop-
ment of in-vivo methods that achieve stable transformation.

A few in-vivo systems have been developed for stable nano-
particle transformation. One such method is pollen magneto-
fection, where cotton pollen was transformed by magnetic
nanoparticles after being subjected to a magnetic field, and
then used to generate transgenic plants through pollination
(X. Zhao et al. 2017). Although controversy has surrounded
this method due to low reproducibility, it has been applied
to various species in the Lillium genus for transient delivery
(M. Zhang et al. 2023), suggesting potential application in
multiple species. Another method achieved stable in-vivo
transformation by directly injecting nanoparticles into the
developing fruit of tomato. The resulting seeds were trans-
genic, and genes could be inherited by the next generation
(Hajiahmadi et al. 2020). In addition, many transient trans-
formation protocols involving nanoparticles can also be per-
formed in-vivo, such as the foliar spray on method, which
mediates transient expression in wheat (Doyle et al. 2019).

The success of future nanoparticle transformations will
likely depend on using smaller nanoparticle vectors, target-
ing young tissue, and developing more in-vivo transforma-
tion systems that facilitate more efficient, genotype-inde-
pendent transformations.

Emerging model species
As biotechnological approaches to plant transformation

improve, more plants can be efficiently transformed, increas-
ing the potential for new species to be used as research
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models. The importance of plant science’s most used model,
Arabidopsis thaliana, is well understood Arabidopsis, and
other common model systems have significantly expanded
knowledge in their respective fields of study. However, not
all questions can be answered using these systems alone,
necessitating the development of new models to further
advance plant science research.

A summary of currently emerging models is included in
Table 2, along with the methods used for transformation.
Three of these species, i.e., morning glory, Plantago, and
sugarcane, are highlighted in this paper. Each has unique
features which have resulted in them garnering interest as a
species of interest across several research areas.

Table 2 Recently emerged plant model systems

Plantago

Species in the genus Plantago (Plantaginaceae) are generally
small, rosette-forming herbs with a wide geographical distri-
bution. They are generally short-lived perennials and can be
either diploid or polyploid, depending on the species (Penc-
zykowski and Sieg 2021). Plantago spp. are indigenous to
Europe, Asia and the Americas, with evidence suggesting
they have existed alongside agriculture for over 4000 years
(Samuelsen 2000). The significance of the Plantago genus
in various areas of plant biology is noteworthy. Plantago
species have been used as model organisms in anthropology,
ecology, genetics, plant development and evolution, medici-
nal chemistry, and vascular biology, making them valuable
for research.

Species Field(s) of study

Sequenced?

Transformation method Explants

Plant vascular biology, plant
pathology, medicinal biol-

Plantago

Select species:
P. major, P.

P. major, (Agrobacterium Flowers/roots

Floral Dip) P. lanceolata

ogy, etc ovata, P. astica  (Agrobacterium Root Trans-
formation)
Morning Glory (Ipomoea) Ecology, genetics, plant Multiple Species Ipomeoea nil (Agrobacterium Roots, immature embryo
reproduction, evolution rhizogenes root transfor-
mation, Agrobacterium
tumefaciens
Sugarcane Perennial grass biology, Yes Agrobacterium tumefaciens  Callus, setts, seeds
grassland conservation, (In-vivo and tissue culture
plant breeding based), electroporation
Dandelions Rubber, food, medicinal plant Select Species: ~ Agrobacterium tumefaciens  Leaf, intact whole plants/stem

biology Taraxacum (Tissue Culture, Infiltra-
kok-saghyz tion). Agrobacterium
Rodin rhizogenes
Foxtail millet (Setaria italica) Grass evolutionary genomics, Yes Agrobacterium tumefaciens ~ Embryotic callus
physiology, abiotic stress
tolerance, C4 photosyn-
thesis
Duckweed Human microbial parthogen-  Yes Agrobacterium tumefaciens  Fronds, calli
esis, ecotoxicity, (Stable, transient), Biolistic
Physcomitrella patens Plant evolutionary biology, Yes Biolistic (Stable, transient),  Cell culture, protoplast
developmental biology, PEG
plant biology, cell biology
Marchantia polymorpha Evolutionary biology, plant Yes Agrobacterium tumefaciens ~ Thalli
physiology (Stable)
Zostera marina Ecology, physiology, genetics  Yes None None
Echinacea purposa Medicinal biology No Agrobacterium rhizogenes Seedlings
Salvia miltiorrhiza Medicinal biology Yes Agrobacterium tumefaciens, — Leaf disks, protoplast
Agrobacterium rhizogenes,
PEG
Kalanchoe daigremontiana Asexual reproduction, CAM  Yes Agrobacterium tumefaciens  Leaf
studies
Sunflower (Helianthus Climate change adaption Yes Agrobacterium tumefaciens, ~ Mature embryos, immature

annuus)

Particle bombardment embryos, cotyledons, shoot

apices

Several recently emerged plant model systems are highlighted
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Unlike in other species, pure vascular tissue can easily
be obtained from Plantago spp, due to the presence of
endodermal tissue that completely surrounds the vascular
bundle (Pommerrenig et al. 2006 and Fig. 5). This unique
feature has allowed them to be used extensively in plant
vascular studies, where the identification of genes and
pathways from vascular tissue has traditionally been dif-
ficult due to the challenges of accurate tissue collection.
Studies have used this property to identify and localize
the phloem-specific carbohydrate transporters in P. major
(Nadwodnik and Lohaus 2008; Gahrtz et al. 1994). For
instance, it has been found that sorbitol, a secondary
carbohydrate transported in Plantago, is differentially
regulated in response to salt stress (Pommerrenig et al.
2007). Other important biological discoveries have been
made using Plantago vascular tissue. Due to this feature,
and the fact that they have already been used as species
of interest in plant vascular biology, several papers have
proposed Plantago as a new model organism for this field
(Pommerrenig et al. 2006; Huang et al. 2019; Levengood
et al. 2023).

Several species in the Plantago genus have desirable fea-
tures that make them suitable for model organisms. Plantago
species generally have small genomes and short life cycles.
Reference genomes have been published for Plantago major
(Lyu et al. 2023), Plantago ovata (Herliana et al. 2023), and
Plantago asiatica (Si et al. 2022). Both Plantago lanceolata
(Levengood et al. 2023) and Plantago major (Pommerrenig
et al. 2007) have been successfully transformed using either
the Agrobacterium floral dip or tissue-culture method.

Morning glory
Species in the genus Ipomoea are generally classified as orna-

mental due to their flowers, which are typically bisexual, bell-
shaped, and are available in a variety of colors, enhancing

their value as a garden plant. However, the relative diversity
of phenotypes that exist among species in the genus give
them significant value as species of interest for comparative
analysis in multiple areas of research. Significant discover-
ies have been made in ecological genetics, molecular evolu-
tion, and medicinal biology studies on through species in
the Ipomoea genus (Noraini et al. 2021). Ipomoea nil and
Ipomoea purpurea are the most studied species in the genus
(Clegg and Durbin 2003). They have also been used to study
interactions between plants and herbivores, insects, and agri-
cultural crops. In addition, their rapid generation times and
ease of adaptation to greenhouse or field environments make
them especially suitable for laboratory studies. As a result,
there has been increased interest in establishing Ipomoea as
a new model species. Efforts to develop multiple species of
morning glory within the Ipomoea genus as model systems
are highlighted.

Several advances in genomics have enabled for more
complex investigations into functional genomics of Ipomoea
species. Complete sequences are available for Ipomoea nil
(Hoshino et al. 2016), and the complete chloroplast genomes
of I triloba, I. lacunosa, I. hederacea, and I. hederacea var.
integriuscula have also been published (Park et al. 2018). In
addition, the transcriptomics of several species are available
(Baucom et al. 2011; Solis et al. 2016). Among the studied
species in the genus, genetic transformation systems have
been developed for Ipomoea nil, and Ipomoea purpurea
(Tan, Tao, and Li 2007), enhanced by efficient micropropa-
gation systems. Early methods of Ipomoea nil transforma-
tion targeted immature embryo tissue to achieve transforma-
tion at a low efficiency (Ono et al. 2000). Further studies
significantly improved transformation efficiency by using
modified Agrobacterium strains that include a ternary vec-
tor system with additional vir genes (Kikuchi et al. 2005).
More recently, CRISPR-Cas9 was used to knock-out several
flower color related genes in Ipomoea nil, demonstrating

Fig.5 Plantago is a good model species for plant vascular biology studies. a Plantago major. b Plantago lanceolata. ¢ Vascular tissue is
exposed when petiole is broken. d Pure vascular tissues extracted from Plantago petiole
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the compatibility of gene editing to this species (Watanabe
et al. 2017).

It is likely that more transformation systems will be
developed for morning glory species within the Ipomoea
genus. However, Ipomoea nil stands out as the ideal model
species due to its efficient transformation system, compat-
ibility with CRISPR/Cas9, and fully sequenced genome.
Additionally, its rapid generation times, established micro-
propagation systems, and adaptability to both greenhouse
and field conditions make it a valuable tool for various
research areas.

Sugarcane

Very recently, sugarcane has been proposed as a model
species for perennial grass biology (Thirugnanasamban-
dam, Hoang, and Henry 2018; Healey et al. 2024; C. Li
and Igbal 2024). However, sugarcane has a large, relatively
complex genome. Interestingly, it is this large, polyploid
nature of the sugarcane genome that makes it particularly
valuable as a model species, with the potential to serve as
a model for other plant species with polyploid genomes
(Thirugnanasambandam, Hoang, and Henry 2018). Most
polyploid species, especially grasses, are often challenging
to study due to the lack of genomic resources. In contrast,
the role of sugarcane as an important crop for energy and
sucrose production in many countries means that there
have been increased efforts to generate new genetic tools
for this species.

Curiously, the complexity of the sugarcane genome has
not prevented the development of its genetic tools. The use
of bacterial artificial chromosome libraries has enabled the
publication of the first fully sequenced genome of sugarcane
(Okura et al. 2016), as the result of efforts funded by the sug-
arcane genome sequencing initiative. Mitochondrial (Evans
et al. 2019) and chromosomal (Asano et al. 2004; Calsa Junior
et al. 2004; Hoang et al. 2015) genomes for several species
in the genus have also been sequenced. Multiple methods
of plant transformation have been developed for sugarcane
species, including Agrobacterium mediated transformation
(Anderson and Birch 2012; Nawaz et al. 2021; Basso et al.
2017), and electroporation (Arencibia et al. 1995). However,
issues such as low transformation efficiency and the develop-
ment of chimeric plants in tissue culture have necessitated the
development of in-vivo transformation method. Two methods
have been established for sugarcane, an Agrobacterium based
seed method that seems to be genotype independent (Mayavan
et al. 2013), and a nodal cutting method that is particularly
effective for commercial hybrids (Mayavan et al. 2015). In
addition, gene-editing methods have also been developed, and
have been used in accelerating sugarcane breeding efforts (C.
Li and Igbal 2024).

@ Springer

The emergence of sugarcane as a model will be highly
beneficial for studying plants, especially grasses, with poly-
ploid genomes. In addition, multiple genomic resources have
been developed for sugarcane, including those for genetic
transformation, gene editing and sequencing. Taken together,
these advantages make sugarcane a unique model with broad
applicability for future research.

Conclusions and future perspectives

Advancements of tissue culture and biotechnological sys-
tems for genetic delivery have significantly expanded the
range of transformable plant species. Agrobacterium based
delivery systems have improved in efficiency by incorpo-
rating new technologies that address specific barriers to
efficient transformation. Biolistic delivery systems have
been enhanced by adjusting machine parameters, reducing
the amount of bombarded material to minimize genomic
damage and applying treatments before or after bombard-
ment to ensure the survival of transformed tissue. Pro-
toplast systems can be remarkably effective at genomic
delivery and can be strengthened by the development of
new methods to create and regenerate undamaged proto-
plasts from plant tissue. Among all these methods, nano-
particle delivery systems have the highest potential for
achieving a species-independent transformation method.
However, most published protocols have only succeeded in
transient transformation, necessitating the development of
more stable methods before a species-independent method
can be achieved.

One common theme across all plant gene delivery meth-
ods is the importance of tissue culture. Effective micro-
propagation systems are essential for maintaining healthy,
transformable tissue for most Agrobacterium, biolistic, and
nanotechnology methods. Similarly, the success of most
protoplast-based systems is highly dependent on techniques
for generating and regenerating protoplasts in media. Effec-
tive regeneration of transformed tissue also remains a chal-
lenge for most methods of plant biotechnology. However,
regeneration can be increased by overexpressing or acti-
vating ‘shooty’ morphogenic-promoting genes or by using
young, actively dividing cells as starting explant material
in the future studies. Young tissue generally seems more
amenable to infection and regeneration in most plant species,
and, as seen in nanoparticle transformations, this is likely to
contribute to the success of stable transformations.

For plant species that are particularly recalcitrant to
tissue culture or regeneration, even with the application
of young tissue or morphogenic genes, in-vivo techniques
will be preferable in future attempts. In transformations
using Agrobacterium, biolistic, nanoparticle or elec-
troporation, tissue-culture free gene delivery methods
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will likely offer advantages like increased transformation
efficiency and shorter transformation timelines. In addi-
tion, published in-vivo methods often lack the genotype-
dependence seen in other transformation methods, which
could be a significant advantage for species where future
studies are hindered by this issue.

The recent emergence of new plant models highlights
the advancements in plant biotechnology. However, sev-
eral problems still exist in plant transformation. A major
challenge is the relative difficulty in identifying where
certain transformation barriers exist. For example, if
there is a lack of regeneration in Agrobacterium mediated
transformation, then it can be difficult to determine if the
bottleneck exists due to lack of infection or inability of
transformed cells to regenerate. Likewise, it can be dif-
ficult to discern if tissue death in the biolistic method is
due to cellular damage caused by bombardment, lack of
optimal culture conditions, or excessive genomic damage.
In addition, other than in Agrobacterium mediated trans-
formation, few of the other techniques have been applied
genetics-based techniques to overcome these barriers, once
they have been identified. Therefore, future studies should
explore the use of tools which help to further increase the
efficiency of transformation techniques.

One strategy is to combine techniques which have
allowed for increased transformation success within systems.
Agrobacterium-based transformation can be optimized by
using RUBY to quickly screen the most successful strains
of bacteria, including modified strains like ternary vectors
or type III secretion systems. After the best strains have
been determined, regeneration efficiency can be improved
by combining regeneration hormones with overexpressed or
activated morphogenic genes. Biolistic-transformation meth-
ods can be improved by using nanogram amounts of DNA
loaded onto nanoparticles through a device with a double
barrel attachment to reduce genomic damage and increase
infection consistency. Explants from areas of actively divid-
ing cells should also be targeted, to increase the success of
regeneration.

Another approach is to learn from the success of over-
coming barriers in and in different transformation techniques
and apply these approaches to new and existing transforma-
tion systems. Current examples of this have been shown to
be widely successful, such as the example of nanoparticle-
based biolistic techniques, which often help to decrease
many of the negative effects associated with biolistic trans-
formation. Combining the advantages of biolistics and
RUBY could result in a rapid screening method for trans-
formation stability in various bombardment conditions. It
would also allow for a large amount of easily identifiable
transgenic cells that could be used for downstream applica-
tions, such as the testing of regeneration media. The over-
expression or activation of morphogenic genes could also

be applied to other methods of transformation to increase
regeneration efficiency. This could be especially useful in
biolistic or protoplast-based methods, where limited cell
regeneration is often a major problem of the technique.
Advances in gene editing will also allow for increased efforts
of plant transformation. Regeneration efficiencies have been
improved through Agrobacterium mediated CRISPR-combo
systems, and the delivery of RNP-CRISPR complexes will
continue to facilitate genetic modifications in systems where
stable transformation is difficult or undesirable.

Altogether, all methods of gene delivery have massively
benefited from recent advancements and the application of
new technologies. Future approaches that build on the suc-
cess of existing techniques and incorporate emerging tech-
nologies will be crucial in overcoming barriers associated
with recalcitrance.
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