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Abstract 

Since its inception in the late 1980s, the delivery of exogenous nucleic acids into living cells via 

high-velocity micro-projectiles (biolistic, or micro-particle bombardment) has been an invaluable 

tool for both agricultural and fundamental plant research. Here, we review the technical aspects 

and the major applications of the biolistic method for studies involving transient gene expression 

in plant cells. These studies cover multiple areas of plant research, including gene expression, 

protein subcellular localization and cell-to-cell movement, plant virology, silencing and the more 

recently developed targeted genome editing via transient expression of customized endonuclease. 
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1 Introduction 

 The first demonstration of the use of high-velocity micro-projectiles to deliver exogenous 

nucleic acids into living cells, detected via their transient expression in plant cells, was made in 

the late 1980s in the laboratory of J.C. Sanford at the Cornell University (1). Because this 

process involves the bombardment of nucleic acid-coated metal micro-particles, it may be 

considered as biological ballistics and was later termed “biolistic” (2); this method is also known 

as micro-particle bombardment, or simply microbombardment. Since then, the biolistic approach 

has proven useful for production of transgenic plants via stable transformation followed by 

selection and regeneration of transformed cells as well as for a wide variety of studies involving 

transient expression of a gene of interest (3, 4). In addition to plants, microbombardment has 

been used to transfer DNA into many other eukaryotic and prokaryotic organisms, such as 

bacteria (5), algae (6), fungi (7), and animals (8, 9). However, biolistics presents a particular 

interest for delivery of genes into and their transient expression in intact plant cells, where the 

cell wall forms an obstacle to other pathways for introduction of transgenes. Indeed, the strong 

plant cell wall, composed mostly of cellulose, must be either removed (by cell wall digestion 

enzymes, such as the ones used to generate protoplasts), or physically pierced to allow delivery 

of foreign nucleic acid. The bombardment of plant cells with high-speed micro-particle coated 

with nucleic acid molecules allows the penetration of the plant cell wall and delivery of the 

nucleic acids. In this article, we review the advantages and restrictions of the biolistic methods 

for transient gene expression studies as well as examples of their major utilizations that 

demonstrate the importance of this technique in many areas of plant research, from 

transcriptional regulation of gene expression to targeted genome editing. 
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2 Advantages and limitations of transient expression mediated by biolistics 

 Three main methods are utilized for delivery of gene constructs and subsequent transient 

expression of the delivered genes in plant cells: Agrobacterium-mediated DNA transfer, for 

example via infiltration of Agrobacterium tumefaciens cell suspension (agroinfiltration) into leaf 

tissues (10) or via inoculation of root segments (11), polyethylene glycol (PEG)-mediated 

transformation of protoplasts (12), and biolistics. These three approaches have advantages and 

constraints that make them more or less suitable for specific applications. The main features of 

each of these methods are summarized in Table 1. Although a few other methods have been used 

to transfer nucleic acids into plant cells, such as electroporation, microinjection or silicon carbide 

fibers, they have not gained popularity, and usually result in significantly lower DNA transfer 

frequency (3). 

 

2.1 Range of species and tissue targets 

Unlike Agrobacterium-mediated and protoplast transformation, which are restricted in 

their range of host species and tissues, biolistic bombardment can be used with a wider variety of 

plant species and target cells or tissues. Indeed, using the biolistic approach, nucleic acids are 

delivered by a mechanical process without the need for compatibility between the host plant and 

a biological agent or vector, thus presenting virtually no host range limitation and usually no 

restriction to specific tissues or cell types. In the first report of gene transfer to plant cells via 

micro-particle bombardment, transient expression of the reporter gene was observed in epidermal 

tissue of onion scales (1); soon after this original study, the technique was used with mature 

organs or cell cultures of several different species, including such agronomically important crops 

as rice, wheat and soybean (13). In the following years, gene transfer via biolistics has been 



Lacroix and Citovsky 

5 
 

successfully employed with species from all plant families and with most types of plant tissues 

and organs. A 1997 bibliographical review (14) noted that more than 80 different plant species 

were susceptible to biolistics, representing a wide array of families, including monocotyledonous 

plants and gymnosperms. Moreover, many types of cells have been targeted by biolistics, 

including callus, suspension cultured cells, reproductive organs (pollen, styles, petals), 

meristems, seedlings, embryos and mature organs (leaves, stems and roots) (3, 14, 15). The range 

of plant species and tissues that can be used as targets for biolistic transformation studies is still 

expanding today. For example, this method has been used with cell suspension cultures, leaf 

sections and somatic embryos of grapevine (Vitis vinifera) (16), with leaf sections of the aquatic 

plant Egeria dens (17), and with petal tissue of Antirrhinum (Antirhinum majus) flowers 

developing in vitro (18).  

 Whereas most plant tissues are amenable to biolistic gene transfer, tissues with strong 

cuticle, lignified cell wall or hairy surface resist particle penetration (19). Another limitation of 

the biolistic approach is the need to adapt particle bombardment protocols for each type of target 

tissue, which necessitates the adjustment of several critical variables, e.g., particle diameter, 

distance from the target material, helium pressure. Generally, these parameters must be 

configured to avoid the detrimental effect of micro-particle impact on fragile tissues or cultured 

cells. However, adapting these variables may also help target specific cell types; for example, 

when an intact plant organ or tissue is used, the transformed cells usually are located in the outer 

cell layers of the tissue. The cell layer expressing the transgene, therefore, is determined by the 

penetration power of the micro-particles, which depends on their size, density and velocity. 

  

2.2 Target organelles 
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 Biolistics allows transfer and expression of exogenous nucleic acids not only in the 

nucleus, but also in other organelles, particularly plastids. DNA transfer to the plastid genome 

was first achieved with the unicellular alga Chlamydomonas reinhardtii cells (20), and then with 

tobacco cell suspension (21). Subsequently, biolistic plastid transformation has become a widely 

used technique, mostly for generation of transplastomic plants after selection and regeneration of 

the cells that have integrated the foreign DNA into their plastid genomes (22). However, 

biolistics also has been used in transient gene expression assays, for example to test the 

functionality of different promoter constructs in chloroplasts and non-photosynthetic plastids 

(23). DNA transfer to the mitochondrial genome by micro-particle bombardment was also 

performed in C. reinhardtii (24, 25), and it is a widely used technology in Saccharomyces 

cerevisiae (26, 27). Although this method most probably is applicable to mitochondrial 

transformation in higher plants, it has not been reported so far. 

 

2.3 Plant sample preparation 

Biolistic bombardment experiments require virtually no preparation of the plant target 

tissue as opposed, for example, to the cell wall digestion step required for the generation of 

protoplasts before PEG-mediated transformation. When the objective is to obtain stably 

transformed transgenic plants, the choice of cell types and growth conditions suitable for the 

selection and regeneration of the transformed cells is crucial and limits the number of tissues and 

experimental conditions that can be used. Such restrictions, however, do not exist for transient 

expression studies. For example, intact leaves and other mature organs from many plant species 

may be used directly for micro-particle bombardment, allowing high throughput acquisition of 

data by observing transient gene expression of a large number of constructs or in different plant 
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material targets. Moreover, the ability to transform directly mature organs or whole plants is 

useful to assay gene expression in tissues of plants grown under different conditions or subjected 

to different treatments. However, depending on the device used for the bombardment, the need 

for plant sample preparation varies. Indeed, whereas the gene gun is semi-portable and can be 

used directly with various plant organs or even whole plants, with other types of devices, the 

sample has to be placed in a chamber of limited size and exposed to partial vacuum, which limits 

the choice of potential targets. 

 

2.4 Vector preparation 

The vector preparation for biolistics is simple and versatile: coating of micro-particles 

with nucleic acids is relatively rapid (less than one hour per sample). Most studies employing the 

biolistic approach employ circular plasmid DNA because purification of such plasmid from a 

bacterial culture is the simplest way to produce the amount of vector needed for a bombardment 

experiment. Moreover, several plasmids may be used in different combinations; different 

plasmids are simply mixed before precipitation onto the micro-particles, which often results in 

co-expression of these constructs in the transformed cells (28). Linear DNA is also a suitable 

vector for biolistic transformation; for example, a PCR product generated via a system that 

allows preparation of an expression cassette in a one-step PCR-based amplification has been 

used for biolistic gene transfer (29). Finally, RNA molecules have been used for biolistic 

delivery as well (1). Although, in practice, DNA constructs are generally preferred because DNA 

vectors are easier to produce and store, biolistic delivery of RNA has the advantage of achieving 

transient expression while eliminating a potential integration of the vector into the target cell 

genome. Furthermore, different functional types of RNA molecules can be introduced 
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biolistically into plant cells, for example, specific siRNA that elicits in targeted gene silencing 

(30). 

 

2.5 Invasiveness 

Inherently, all available methods for transient expression of transgenes are invasive to a 

certain extent. The damage caused to plant tissues or interference with host cellular processes 

may trigger stress responses, which may in turn alter the transgene expression or the activity of 

the expressed protein and potentially affect the outcome of functional studies. 

In the case of agroinfiltration, plant biotic stress responses are activated. Indeed, 

transcriptional response of plant tissues to A. tumefaciens infection has been examined in several 

studies, all of which demonstrated the activation of a pathogen response shortly after inoculation 

(31-36). For example, a study of the response of Nicotiana benthamiana leaves to 

agroinfiltration showed that the expression of the PR1 gene, a hallmark of pathogen response, as 

well as generation small RNAs involved in plant defense increased upon infiltration of the leaves 

with A. tumefaciens suspension (37). For PEG-mediated transformation, protoplasts are 

generated via enzymatic disruption of the cell wall, which results in dedifferentiation and 

extensive reprogramming of the cell. Indeed, protoplasting of the plant cell triggers important 

changes in chromatin state (38, 39), and the resulting transcriptional changes that resemble stress 

response (40, 41).  

It is likely that the wounding of plant cells or tissue occurring as a consequence of micro-

particle bombardment also triggers a stress response in the target cell. The response of plant 

tissues to wounding, which shares common features with pathogen response, is well documented 

(42, 43), but we are not aware of any study about the specific response of plant tissue to micro-
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particle bombardment, except for the effect on cell viability described in the next section. 

However, the impact of biolistics on the target tissue may be less dramatic than of the more 

protracted exposure of plant tissues to A. tumefaciens infection or to enzymatic treatment during 

protoplast generation. 

 

2.6 Early events following micro-particle bombardment  

 The early events that follow micro-particle bombardment are important for the process of 

transient expression of the transgene, and they have been investigated in several studies (19, 44). 

In more than 90 % of the cells that transiently expressed a reporter gene, a particle was detected 

inside the cell nucleus (19, 45). Obviously, these studies were performed with constructs 

designed for expression in the nucleus of target cell, and it is very likely that with constructs 

designed for expression in plastids or mitochondria, the particle would have been found in the 

corresponding compartment of the expressing cells. The subcellular compartment to which the 

vector is delivered may determine for the fate of the transferred DNA. DNA molecules do not 

diffuse freely within the cell cytoplasm; for example, imaging fluorescently labeled DNA 

introduced into plant cells revealed that the mobility of DNA molecules larger than 1.5 kb in the 

cytoplasm and their entry into the nucleus was severely restricted (46). The presence of micro-

particles in the nucleus of a majority of successfully transformed cells suggests that, with the 

biolistic approach, the introduced DNA is delivered directly into the nucleus and nuclear import 

is not required. This represents an important advantage over other techniques for gene delivery, 

such as Agrobacterium-mediated DNA transfer, where nuclear import of DNA represents a 

critical prerequisite for both transient expression and integration, and it relies on interactions of 

the transferred DNA with numerous bacterial and cellular factors (47).  
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 As a result of the penetration of micro-particles, all cells that show transient expression of 

the transgene also display a callose plug in their cell wall, which indicates activation of a cellular 

reaction to wounding that developed within the minutes after bombardment (19). Moreover, a 

large majority of cells that have received a micro-particle in their nucleus died within 48 hours 

after bombardment, with the percentage of dead cells increasing over this period of time. The 

events leading to this cell death are not completely understood, but they likely result from the 

stress triggered by the intrusion of the micro-particle into the major cellular organelle. This 

process potentially affects the transient expression of the transgene (and the activity of the 

expressed protein and may also explain the relatively low frequency of cells expressing 

transgene after bombardment, e.g., 0.1-0.3 % in suspension cell cultures (44). However, transient 

expression likely occurs rapidly after bombardment, and the observation of transgene expression 

products, usually performed less than 24 hours after bombardment, allows meaningful and 

reproducible functional studies. 

 

2.7 Time-frame of biolistic experiments 

 The total time of required for transient expression experiments in plant tissues via 

biolistics is relatively shorter than the agroinfiltration and protoplast transformation methods. 

Transient expression following biolistic delivery can be observed 24 hours after the vector is 

ready. In the case of Agrobacterium inoculation, a bacterial culture must be started 24 hours 

before inoculation, and observation of transient expression is performed 2 to 4 days after 

inoculation, in addition to the 2 days required for the transformation of the Agrobacterium cells 

with the DNA construct. 
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3 Examples of biolistic-mediated transient expression studies  

 In this section, we will review some of the major uses of biolistics for transient 

expression studies in plant cells and tissues and highlight the potential for innovative utilization 

of this method. The most common types of employment of the biolistic approach for transient 

expression in plants are illustrated in Fig. 1. 

 

3.1 Transcriptional regulation and promoter activity  

 The biolistic delivery of various constructs carrying genes encoding reporter proteins, 

such as AFP (autofluorescent proteins), GUS (ß-glucuronidase), or luciferase, represents an 

important tool for rapid evaluation of different genetic elements that control gene expression. 

Transcriptional activity is affected by different regulatory elements and/or gene sequences (e.g., 

different promoters, codon usage, presence of introns), by co-expressed effector proteins, or by 

their cell/tissue specificity. For example, when the activity of different native and mutated 

promoters was measured in strawberry fruit (48), two negative regulatory-elements were 

identified in the promoter of ZmHyPRP, a gene marker of embryo development, via transient 

expression in immature embryo (49). Or, transient expression was used to analyze DNA 

sequences controlling the expression of the rice OSCDPK2 gene (50) and to define organ-

specific elements in the RBCS2 promoter important for expression in tomato fruit (51). The 

biolistic approach was employed to investigate the functionality of plastid-specific promoters 

(23). The effects of the presence of an intron on transcription levels were also investigated in 

embryogenic maize and bluegrass cell suspension cultures using transient biolistic 

transformation (52). Also, micro-particle bombardment has been used for investigating the 

activity of transcription factors, for example, those that affect the induction of anthocyanin 
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synthesis in maize aleurone and embryogenic callus cells (53, 54). Finally, combined hormonal 

treatments and micro-particle bombardment allowed the study of gene control by hormonal 

factors in barley (55). Overall, the biolistic gene delivery represents a powerful tool for studies of 

gene expression, and it is also frequently used to validate the expression ability of a transgene 

construct before using it for stable transformation. 

 

3.2 Protein subcellular localization  

 Tagging of proteins with AFPs, e.g., GFP and its derivatives, has evolved as the method 

of choice for protein visualization and analyses of subcellular targeting in living cells. In plant 

research, biolistics represents an efficient method for rapid expression and detection of the AFP-

tagged proteins of interest. For example, it has been used as a high throughput method for the 

study of Arabidopsis glycosyl transferase family proteins (56). It was also employed to observe 

nucleocytoplasmic traffic of proteins in onion leaf cells (57), or mitochondria targeting in 

Arabidopsis (58). Expression in onion epidermal cells is often used as a convenient system to 

study nuclear targeting of proteins from different plants (59), and even for localization within 

different subnuclear compartments (60). The versatility of the biolistic approach makes it 

suitable for use with non-model crop plants, such as Citrus species (61). 

 The ability to co-express several constructs by mixing different vectors during micro-

particle coating allows the use of biolistics for co-localization of different AFP-tagged proteins. 

For example, in rice, this method was used to observe co-localization of several proteins with 

organelles markers (62). In another application, protein-protein interactions are visualized by bi-

molecular fluorescence complementation (BiFC) experiments, which allows simultaneous 

detection of interaction and subcellular localization of the interacting proteins in living cells. For 
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example, interaction was visualized between two transcription factors in Arabidopsis (63), or 

between the Agrobacterium exported F-box protein effector VirF and ASK1, the plant 

component of the SCF complex E3 ligase, in N. benthamiana leaf cells (64). 

 

3.3 Cell-to-cell protein movement  

 In most plant tissues, some macromolecules can move symplastically through 

intercellular connections termed plasmodesmata (65). Visualization of this movement in vivo is 

crucial for functional studies of regulation of intercellular transport of macromolecules in general 

and of cell-to-cell spread of plant viruses in particular. For example, in one of the first studies 

using biolistics to investigate protein cell-to-cell movement, published in 1997, the spreading of 

the cucumber mosaic virus movement protein fused to GFP was demonstrated in tobacco leaf 

epidermis (66). Conceptually, these experiments rely on observing transient expression of AFP-

tagged protein of interest. If the labeled protein can move through plasmodesmata, a cluster of 

AFP-containing cells will be visible after the tagged protein have trafficked to these cells from a 

single cell, expressing the biolistically delivered construct. Recording the number of cells per 

cluster at different time points after microbombardment allows quantification of protein 

movement (67). This protocol has been employed in many studies to characterize movement of 

endogenous as well as viral proteins. For example, the movement protein (MP) of the Rice stripe 

virus was identified and its role elucidated using this approach (68). Besides monitoring 

movement of viral proteins, the biolistic approach was used to characterize the plasmodesmata 

themselves, for example, to determine their size exclusion limit using expression of GFP-fusion 

proteins of different sizes (69). 
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3.4 Virus inoculation  

 Introduction of complete virus genomes or their fragments into plant cells has been 

achieved using biolistics, with initial studies employing the zucchini yellow mosaic potyvirus 

and Cucurbita pepo (squash) plants (70, 71). In this application, particles are coated with cDNA, 

PCR products, or whole virions from a virus preparation or from sap of infected plants. Biolistics 

represents a simple approach for delivery of DNA as well as RNA viral genomes into plants, 

circumventing more laborious techniques, such as insect vectors. Microbombardment has been 

used, for instance, to assess the infectivity of different virus isolates (72, 73) as well as the 

resistance of different plant varieties or lines. Using biolistic delivery of modified cDNAs of the 

cucumber mosaic virus, the requirements for the cell-to-cell movement of this virus were 

investigated (74). In fact, biolistic delivery of viral nucleic acids represents a highly efficient 

system for introduction of infectious viral genomes into plant cells, becoming an essential tool in 

plant virology experimentation. 

 

3.5 RNA silencing induction 

Virus induced gene silencing (VIGS) takes advantage of an antiviral defense mechanism 

of plants mediated by RNA interference (RNAi). When a plant is infected with a wild-type virus, 

the viral genome is specifically targeted by this defense mechanism. Using this natural 

mechanism, a viral vector engineered to carry sequences derived from a host gene can trigger 

silencing of the endogenous copy of this host gene; this process is termed VIGS. Once such a 

vector is introduced into a plant cell, the virus will spread systematically throughout the entire 

plant and the target mRNA will be degraded by the host plant RNA silencing machinery (75). 

The inoculation with the VIGS vector can be done via agroinfiltration (76), but biolistics is 
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frequently used for this purpose with plant species that are not susceptible to Agrobacterium. For 

example, micro-particle bombardment has been used to inoculate several Rosaceae (apple and 

pear) fruit trees with an apple latent spherical virus-based VIGS vector (77), soybean with a bean 

pod mottle virus-based VIGS vector (78), and cassava with an east African cassava mosaic virus-

based VIGS vector (79). In addition, biolistics was also used to induce gene silencing by 

transient expression of non-viral constructs carrying an inverted repeat of the target gene (18); in 

that case, the silencing signal spreads locally in the tissue but not systemically, in the whole 

plant.  

 

3.6 Targeted genome editing  

 Recently, several methods have been developed for targeted genome editing, using 

customized endonucleases, such as transcription activator-like effector nuclease (TALEN) or 

zinc finger nuclease, or RNA-guided endonucleases, such as the CRISPR-Cas9 system. Although 

the ultimate goal of these methods is the production of stably transformed genetically modified 

organisms, the modification itself is mediated by transient expression of the endonuclease 

selected to edit the host genome. Because it is generally preferable to obtain genetically modified 

organisms without any additional, extraneous sequences, a major aspect of these methods is to 

avoid any integration of the vectors needed to effect the change in the genome. To this end, 

biolistics was used to transiently express TALEN in tobacco and barley (80). Similarly, different 

elements of the CRISPR-Cas9 system were introduced biolistically into the plant cells to effect 

precise genome editing. In one genome editing study, a CRISPR-Cas9 construct was introduced 

as either DNA or RNA and transiently expressed in wheat callus (81) whereas another study 

utilized biolistic delivery of pre-assembled Cas9-gRNA ribonucleo-proteins into the maize 
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embryo (82). In both cases, the mutated plants were subsequently regenerated from the modified 

cells.  

 

4 Discussion and Conclusion 

 Transient expression of biolistically delivered gene constructs has been employed for a 

wide array of purposes, representing an important tool in plant research and biotechnology. 

Besides the classical uses illustrated in this review, several new trends for future applications of 

biolistics may be of interest. In its broad meaning, transient expression may be interpreted as 

expression or introduction of biological effectors into the target cell on a temporary basis when 

long-term persistence of the introduced molecules into the host cell is not required or desired. 

First, proteins may be introduced in plant cell by microbombardment directly, without the use of 

their encoding genes. For example, a technique designated “proteolistics” was proposed for 

biolistic delivery of effector proteins into the host cell (83, 84). Different types of RNA-based 

macromolecules, such as RNA nucleoprotein-complexes, miRNAs or siRNAs can also be 

introduced in plant cell by particle bombardment. Second, genome editing by transient 

expression of different editing systems  (see section 3.6) will likely be developed. Third, the 

“next generation” nano-biolistic systems will be developed to employ particles in the nanometer 

range as opposed to the current methods using particles that range from 0.5 to 2 micrometer in 

diameter, which likely will result in markedly reduced damage to the target cells (85, 86). 

Indeed, as discussed in section 2.6, mechanical damage caused by entry of a microparticle in the 

target cell represents a major flaw of the biolistic approach, hampering transient expression 

efficiency and affecting the results of the functional studies. The use of nanoparticles may 
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increase the number of cell expressing transgenes and the efficiency of expression, while 

reducing the effects of the stress caused by bombardment. 

 Owing to its versatility and applicability to a wide range of target plant species or cell or 

tissue types, the biolistic approach will remain a major tool for studies involving transient 

expression in plant cells. Moreover, improvements and novel applications of this technology will 

certainly continue to be implemented. 
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Legends to Figures 

 

Figure 1: Illustration of the main applications of biolistics for transient expression in plant cells 

(see text, section 3, for details). 
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Table 1: Comparison of the three major methods for transient expression of transgenes in plant 

cells (see text, section 2, for details). 

 Biolistic 
bombardment 

Agrobacterium 
infiltration 

(agroinfiltration) 

PEG-mediated 
transformation 
(protoplast) 

Target species Wide range Limited Limited 
Target tissue  Versatile Mostly mature 

leaves, roots 
Tissue suitable for 
protoplast preparation 

Target organelle Nucleus, plastids Nucleus Nucleus, plastids 
Plant sample 
preparation 

Minimal Minimal Cell wall digestion 
(protoplasting) 

Vector 
preparation 

Coating of micro-
particles with nucleic 
acid 

Agrobacterium 
transformation with 
binary plasmid 

None required (DNA 
is used directly) 

Invasiveness Plant tissue mostly 
intact; impact of 
micro-particles may 
trigger mechanical 
damage stress 
response 

Plant tissue mostly 
intact; agroinfiltration 
triggers mechanical 
and biotic stress 
responses 

Tissue disrupted, 
protoplasts devoid of 
cell wall. Protoplasts 
undergo extensive 
transcriptional and 
chromatin changes 
(dedifferentiation).  

Detection 
timing 

Observation 24 hours 
after the vector DNA 
is ready 

Observation 6 days 
after the binary 
vector DNA is ready 

Observation 24 to 48 
hours after the vector 
DNA is ready 

 


