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Introduction

There are two major methods to express the desired protein 
in plants. The first method is to develop stable transgenic 
lines in which the gene coding the desired protein is 

inserted into the plant genome, and its expression is driven 
by certain promoter (Fischer et al., 1999). The second 
is to express the desired protein in plants through the 
Agrobacterium-mediated transient expression (Krenek et 
al., 2015). Compared to the development of stable transgenic 
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Abstract

Background: The Viola plants have important value for theoretical and applied research. Agrobacterium-mediated 
transient expression enables rapid target protein production in plants, yet this system remains poorly established  
in Viola.
Aims: To establish an efficient Agrobacterium-mediated transient expression system in Viola.
Methods: By employing two types of A. tumefaciens strains (EHA105 and LBA4404) and green fluorescent protein 
(GFP) as a reporter, we demonstrated the transient expression in the leaves of four Viola species, including Viola 
philippica, V. prionantha, V. tricolor, and V. dissecta.
Results: GFP transient expression peaked at 4 dpi in all four Viola species. Agrobacterium at OD600 = 0.3 yielded 
optimal expression, and strain EHA105 was superior to LBA4404; V. philippica showed the highest GFP accumulation.  
In the optimal system, exogenous indole-3-acetic acid (IAA) improves GFP transient expression with maximum 
promotion at 50 ng/mL, while methyl jasmonate (MeJA) has no facilitating effect. This system enables transient 
expression of FMDV VP1, whose expression is also markedly increased by 50 ng/mL IAA.
Conclusions: This study successfully established a transient expression system for Viola and identified factors affecting 
Agrobacterium-mediated transient expression efficiency in this genus.
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lines, the Agrobacterium-mediated transient expression is  
a more rapid and simple method for high level expression 
of foreign protein (Kapila et al., 1997; Leuzinger et al., 
2013). Thus, the Agrobacterium-mediated transient 
expression has become a powerful tool for studying 
functions of genes or proteins in plants, especially for 
the plants that are difficult to be transformed using stable 
transgenic methods. Since plants have emerged as a lower-
cost and more secure platform for commercial production 
of recombinant pharmaceutical proteins by expressing  
the genes coding them, the Agrobacterium-mediated 
transient expression in plants has large advantages 
in rapidly meeting the demand for recombinant 
pharmaceutical proteins, such as antigen, antibody, and 
therapeutic proteins (Hitzeroth and van Zyl, 2016; Zhang 
et al., 2020).

The Viola is the largest genus in the family of 
Violaceae, comprising approximately 500 species and 
is widely distributed worldwide (Marcussen et al., 
2011). The Viola plants have been broadly consumed 
as ornamentals, medicinal herbs, and raw materials for 
cosmetic products (Batiha et al., 2023). Research on  
the plants of Viola has made significant progress in 
some areas such as taxonomy, molecular mechanisms, 
chemical composition, genetic diversity, and ecological 
applications (Li et al., 2016; 2021a; 2024; 2025a; 2025b; 
Lu et al., 2022; Marcussen et al., 2022; Batiha et al., 
2023; Fernández-Bobey et al., 2023; Feng et al., 2026). 
In addition, in applied research on bioreactors, a mature 
suspension cell culture system has been established 
for Viola odorata. By optimizing culture protocols and  
the fluid structure of bioreactors, this system can efficiently 
accumulate secondary metabolites with anti-malarial and 
anti-tumor activities, demonstrating promising potential 
for biomanufacturing applications (Babu and Srivastava, 
2024; Babu et al., 2025; Manickavasagam et al., 2025). 
However, it is still difficult to express the foreign genes 
in the Viola plants by stable transgenic methods. Thus,  
an attempt to transiently express the foreign gene in Viola 
is expected, since it would be helpful for the studies of gene 
function, and as the new and alternative plant bioreactor to 
produce recombinant pharmaceutical proteins. 

Therefore, by using green fluorescent protein (GFP) 
as the reporter, this study employed two A. tumefaciens 
strains (EHA105 and LBA4404) to express the GFP in 
the leaves of four Viola species (including V. philippica, 
V. prionantha, V. tricolor, and V. dissecta) via the 
Agrobacterium-mediated transient expression. We analyzed 
the optimum collocation of Viola species, types and 
concentrations of A. tumefaciens strain, and incubation 
time post-infiltration for high efficiency of transient 
expression in these four Viola species. We also used the 
IAA (indole-3-acetic acid) to further enhance the transient 
expression efficiency of GFP by exogenous application 
on the leaves of V. philippica. Furthermore, we attempted 
to study the transient expression of VP1 (a major capsid 
protein of foot-and-mouth disease virus as the antigen) in 
the leaves of V. philippica. Through the above research, 
the application value of Viola plants can be broadened for 
plant bioreactor to produce recombinant pharmaceutical 
proteins.

Materials and methods

Cultivation of plant materials: The seeds of V. philippica, 
V. prionantha, V. dissecta and V. tricolor were harvested 
from campus of Northwest Normal University, Lanzhou, 
Gansu, China. After natural air drying, full grained seeds 
were selected and sowed in the pots containing nutrient 
soil and vermiculite (3:1 by volume ratio). The seedlings 
were grown under 16 h light/8 h dark cycle at the light 
intensity of 120 μmol m–2 s–1 at 28°C with a humidity of 
48%. When the seedlings had developed 3 - 4 true leaves, 
the seedlings were transplanted to provide more sufficient 
space for further growth for 5 weeks.

Preparation of Agrobacterium suspension:  
A geminiviral-based plant expression vector named 
pBYR2eAK2Mc, which was developed from Bean yellow 
dwarf virus (genus Mastrevirus, family Geminiviridae) 
(BeYDV) (Chen et al., 2011), was kindly provided by  
Prof. Mason (Arizona State University, Tempe, Arizona, 
USA). The gene encoding the green fluorescent protein 
(GFP) was cloned downstream of the Cauliflower 
mosaic virus 35S (CaMV 35S) promoter in this vector. 
The resulting constructs were then introduced into  
A. tumefaciens strains EHA105 and LBA4404 via heat 
shock, followed by screening and subculture based on  
the vector's antibiotic resistance gene.

A monoclonal colony of the transformed A. tumefaciens 
strain was grown, picked and cultured into YEB liquid 
medium with corresponding antibiotics as described in 
our previous study (Li et al., 2021b). The bacterial pellets 
were harvested by centrifugation at 4 472 × g for 10 min, 
followed by washing twice with infiltration buffer  
(10 mM MES-KOH, pH 5.5; 10 mM MgSO4, 100 μM 
acetosyringone). Afterwards, the bacterial precipitate was 
resuspended in the same infiltration buffer. The bacterial 
suspension concentration was quantified by measuring 
the optical density at 600 nm (OD600), and diluted to 
OD600 values of 0.1, 0.3, 0.5, 0.7, and 0.9 for subsequent 
infiltration assays.

Syringe infiltration of leaves: A small gap was gently 
stabbed with a needle in the lower epidermis of the leaves. 
The bacterial suspensions were then infiltrated into  
the leaves using a syringe without a needle through the 
gap (Chen et al., 2013; Li et al., 2021b), and the infiltrated 
plants were cultured under the conditions indicated above.

Photography of GFP fluorescence and GFP content 
detection: GFP relative fluorescence present in  
the infiltrated leaves was detected and photographed by 
fluorescence stereomicroscope (Leica M205 FA, Wetzlar, 
Germany) with excitation wavelength of 450 - 490 nm and 
emission wavelength of 500 - 550 nm.

Quantitative detection of GFP content was performed 
according to the method of Chen et al. (2003). The leaf 
samples were fully homogenized with 1:5 (w/v) pre-
cooled extraction buffer (30 mM Tris-HCl, 10 mM EDTA, 
10 mM NaCl, 5 mM DTT, pH 8). The homogenate was 
centrifuged at 15 000 × g for 15 min at 4°C, and green 
fluorescence of the supernatant was determined at  
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an excitation wavelength of 485 nm and emission 
wavelength of 510 nm. Leaves infiltrated with  
A. tumefaciens carrying empty vector without  
the GFP gene were measured in parallel, and the resulting 
fluorescence was used as background value to be deducted 
from sample values.

Exogenous treatment of leaves with IAA and MeJA: 
Different concentrations of IAA (5, 10, 50, 100, 500 ng/mL) 
and MeJA (50, 100, 500, 1 000, 5 000 ng/mL) were prepared 
using distilled deionized water. Before the infiltration with 
A. tumefaciens, the leaves of the V. philippica were treated 
4 times with different concentrations of IAA or MeJA  
via foliar spraying every three days. Each spray application 
was performed until the leaf was wet and the solution ran 
off. In the control group, the leaves of the seedlings were 
sprayed with the same amount of distilled deionized water 
at the same time and under the same conditions.

Determination of  biomass: An analytical balance was 
used to measure the fresh weight of the aerial part of  
the seedlings. After then, the aerial part of seedlings was 
put in an oven at 100℃ for 20  min, dried to constant 
weight at 70℃, and then taken out for weighing the dry 
weight. For the determination of leaf area, photos of  
the leaves were taken by camera, and Photoshop software 
was used to measure the leaf area.

Transient expression of VP1 and immunoblotting: For 
the transient expression of VP1, GFP coding sequence 
in the pBYR2eAK2Mc expression vector was replaced 
with a synthesized gene fragment coding VP1 protein 
with 6-His tag at its C-terminus. The resulting construct 
was subsequently transformed into A. tumefaciens strain 
EHA105 via heat shock for transient VP1 expression.  
The preparation of the Agrobacterium suspension and 
syringe infiltration of the leaves were performed as described 
above. Total soluble protein from leaves was extracted 
with Solarbio Plant Total Protein Extraction Kit (Solarbio, 
Beijing, China). After SDS-PAGE electrophoresis, 
separated proteins were transferred to PVDF membranes 
(Immobilon-P, Merck Millipore, Billerica, Massachusetts, 
USA). Membranes were blocked with 5% (w/v) non-fat 
dry milk in Tris-Buffered Saline with Tween-20 (TBST) at 
room temperature for 2 h. After blocking, the membranes 
were probed with His-Tag Monoclonal Antibody 
(Proteintech, Rosemont, Illinois, USA), followed by Goat 
Anti-Mouse IgG (H+L) conjugated with Horseradish 
Peroxidase (HRP) (Affinity Biosciences, Cincinnati, Ohio, 
USA) as the secondary antibodies. Plant actin was used as 
the internal reference protein. Target protein bands were 
developed with Enhanced Chemiluminescence (ECL) 
substrate (Merck Millipore, Billerica, Massachusetts, 
USA), and band signals were detected and photographed 
using a ChemiDoc XRS+ imaging system (Bio-Rad, 
Hercules, California, USA).

Data analysis: Each experiment was performed with 
three independent replicates. The data were subjected 

to one-way analysis of variance (ANOVA) using IBM 
SPSS Statistics 20 software, with a significant difference 
indicated by P < 0.05. Graphs were generated using Excel 
2016 and Origin 2024.

Results 

The changes of transient expression level of GFP in the 
leaves of four Viola species following the incubation 
time post-infiltration: We firstly studied the changes of 
transient expression level of GFP in the leaves of four 
Viola species following the incubation time of post-
infiltration. In the leaves of the V. philippica seedlings, 
either using EHA105 or LBA4404, the increase of days 
of post-infiltration (dpi) from 2 to 4 days dramatically 
enhanced the transient expression levels of GFP. However, 
the transient expression levels of GFP at 6 dpi became 
significantly lower than that at 4 dpi, while the transient 
expression levels of GFP at 6 dpi were still significantly 
higher than that at 2 dpi (Fig. 1). 

In the leaves of V. prionantha, V. dissecta, and  
V. tricolor seedlings, the changes of transient expression 
level of GFP were similar to that observed in the leaves 
of V. philippica seedlings. These observations showed that 
the transient expression of GFP reached the peak at 4 dpi 
(Figs. 2, 3, 4). 

The effect of different concentrations of A. tumefaciens 
on transient expression levels of GFP in the leaves of 
four Viola species: During the Agrobacterium-mediated 
transformation, the concentration of A. tumefaciens is 
a critical factor influencing the levels of the transient 
expression (Kapila et al., 1997). Therefore, we evaluated 
the effects of different concentrations of A. tumefaciens 
on transient expression of GFP. In the EHA105-infiltrated 
leaves of the V. philippica seedlings at any time point 
of dpi (2, 4, or 6 dpi), the increase of concentration of  
A. tumefaciens from 0.1 to 0.3 (OD600) significantly 
increased the transient expression level of GFP, while  
the expression level of GFP presented a decrease with 
further increase of the A. tumefaciens concentrations 
from 0.3 to 0.9. A similar phenomenon was observed in  
the LBA4404-infiltrated leaves of the V. philippica 
seedlings at any time point of dpi (Fig. 1). 

In the leaves of V. prionantha, V. dissecta, and  
V. tricolor seedlings, the effects of different concentrations 
of either A. tumefaciens EHA105 or LBA4404 on transient 
expression of GFP were also similar to those observed in 
the leaves of V. philippica seedlings. These observations 
showed that, although not always significantly higher than 
other concentrations of A. tumefaciens, the concentration of 
A. tumefaciens at 0.3 (OD600) numerically led to the highest 
level of GFP and thus is the most optimal concentration 
for the transient expression, regardless of the Viola  
species, types of A. tumefaciens strain, and incubation time 
post-infiltration (Figs. 2 - 4).

Infiltration with A. tumefaciens EHA105 and LBA4404 
led to different levels of transient expression of GFP in 
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Fig. 1. Representative GFP fluorescence images and relative GFP fluorescence in the V. philippica leaves infiltrated with EHA105 (A,B) 
or LBA4404 (C,D) with different concentrations at different dpi. Bars = 2 mm. Data are expressed as RFU (relative fluorescence units). 
Means ± SD of 3 individual replications at least. Different letters indicate statistically significant differences according to Duncan's 
multiple range test (P < 0.05). *Indicates a significant difference between the EHA105 and LBA4404 strains under the same infection 
concentration and time conditions (P < 0.05, two-sample t-test).

Fig. 2. Representative GFP fluorescence images and relative GFP fluorescence in the V. prionantha leaves infiltrated with EHA105 (A,B) 
or LBA4404 (C,D) with different concentrations at different dpi. Bars = 2mm. Data are expressed as RFU (relative fluorescence units). 
Means ± SD of 3 individual replications at least. Different letters indicate statistically significant differences according to Duncan's 
multiple range test (P < 0.05). *Indicates a significant difference between the EHA105 and LBA4404 strains under the same infection 
concentration and time conditions (P < 0.05, two-sample t-test).
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Fig. 3. Representative GFP fluorescence images and relative GFP fluorescence in the V. dissecta leaves infiltrated with EHA105 (A,B) 
or LBA4404 (C,D) with different concentrations at different dpi. Bars = 2 mm. Data are expressed as RFU (relative fluorescence units). 
Means ± SD of 3 individual replications at least. Different letters indicate statistically significant differences according to Duncan's 
multiple range test (P < 0.05). *Indicates a significant difference between the EHA105 and LBA4404 strains under the same infection 
concentration and time conditions (P < 0.05, two-sample t-test).

Fig. 4. Representative GFP fluorescence images and relative GFP fluorescence in the V. tricolor leaves infiltrated with EHA105 (A,B) 
or LBA4404 (C,D) with different concentrations at different dpi. Bars = 2 mm. Data are expressed as RFU (relative fluorescence units), 
Means ± SD of 3 individual replications at least. Different letters indicate statistically significant differences according to Duncan's 
multiple range test (P < 0.05). *Indicates a significant difference between the EHA105 and LBA4404 strains under the same infection 
concentration and time conditions (P < 0.05, two-sample t-test).
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the leaves of four Viola species: Previous works showed 
that A. tumefaciens EHA105 and LBA4404 have different 
ability in gene delivery into plant hosts (Barik et al., 2005; 
Yu et al., 2013), but which one is more compatible with 
Viola plants for the transient expression is still unknown. 
Thus, the present work also compared the difference  
of the transient expression efficiency of GFP when 
using two types of A. tumefaciens strains, EHA105 or 
LBA4404. In the leaves of any of these four Viola species,  
the expression level of GFP in the EHA105-infiltrated 
leaves was higher than that in the LBA4404-infiltrated 
leaves under the same conditions (at the same dpi and 
the same concentration of A. tumefaciens), indicating that 
strain EHA105 is more efficient than the strain LBA4404 
for the transient expression of GFP in the leaves of these 
four Viola species (Figs. 1 - 4). 

The difference of transient expression levels of GFP 
in the leaves of four Viola species: We also compared 
the expression levels of GFP in the leaves among  
the V. philippica, V. prionantha, V. dissecta, and V. tricolor 
seedlings. In general, under the same conditions (at the same 
dpi and the same concentration of A. tumefaciens with  
the same type of strain), the V. philippica leaves displayed 
the highest level of the transient expression of GFP, 
followed successively by the V. prionantha leaves and  
V. dissecta leaves. The V. tricolor leaves presented  
the lowest level of the transient expression of GFP among 
the leaves of four Viola species (Figs. 1 - 4).

Effect of exogenous IAA and MeJA on transient 
expression level of GFP in the V. philippica leaves: 
Many studies in the last decades have developed some 
molecular biological strategy to further enhance the 
transient expression levels in plants, such as the mutation 

of genes of host plants that could negatively impact  
the transient expression (Matsuo and Atsumi, 2019), and 
co-expression of silencing suppressors including HC-Pro 
and P3. Compared with laborious host gene mutation, 
the latter strategy is easy to operate and greatly reduces 
experimental labor and time costs (Anandalakshmi et al., 
1998; Ma et al., 2009). However, these methods are time-
consuming and labor-intensive. Interestingly, previous 
works have reported that exogenous application of IAA 
and MeJA by simple spraying can effectively enhance 
the level of the transient expression in the leaves of 
Nicotiana benthamiana (Sindarovska et al., 2012; Robert 
et al., 2015). Since the V. philippica exhibited the highest 
transient expression efficiency of GFP among the four 
Viola species, the leaves of the V. philippica seedlings 
were chosen to investigate whether exogenous IAA and 
MeJA can further enhance the transient expression level in 
the V. philippica leaves, especially under the most optimal 
conditions (using strain EHA105 at the concentration of 
0.3 and at 4 dpi). We treated V. philippica seedlings with 
a series of IAA (from 5 to 500 ng/mL) and MeJA (from 
50 to 5  000 ng/mL) concentrations. Seedling biomass 
increased at low hormone concentrations but decreased as 
concentrations rose further (Fig. 1 Suppl.).

By evaluating the effect of IAA at different 
concentrations on the transient expression levels of GFP of 
the leaves of the V. philippica seedlings under the optimal 
condition described above, it was demonstrated that 
treatments with IAA at concentrations from 5 to 100 ng/mL 
significantly enhanced the expression levels of GFP of  
V. philippica seedlings. Among these concentrations, IAA 
at 50 ng/mL made the expression levels of GFP reach  
the maximum (Fig. 5A,B). 

Compared to the controls, MeJA treatments at 
concentrations from 50 to 100 ng/mL did not significantly 

Fig. 5. Effects of IAA and MeJA on GFP fluorescence intensity in V. philippica (using strain EHA105 at the concentration of  
0.3 (OD600) and at 4 dpi). (A,B) Changes in GFP fluorescence intensity in seedling leaves treated with varying concentrations of IAA.  
(C,D) Changes in GFP fluorescence intensity in seedling leaves treated with varying concentrations of MeJA. Bars = 2 mm. Mock 
represents the untreated control group. Data are expressed as RFU (relative fluorescence units), means ± SD of 3 individual replications 
at least. Different letters indicate statistically significant differences according to Duncan's multiple range test (P < 0.05).
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affect the transient expression levels of GFP. Treatment 
with MeJA at the concentrations from 500 to 5 000 ng/mL 
significantly decreased the GFP transient expression levels 
at a dose-dependent manner (Fig. 5C,D). These findings 
showed that exogenous application of IAA can further 
enhance transient expression efficiency of GFP, especially 
under the optimum collocation of Viola species, type and 
concentration of A. tumefaciens strain, and incubation time 
post-infiltration.

Successful transient expression of VP1 was achieved 
in V. philippica leaves, and this expression level was 
further enhanced via exogenous IAA treatment: As 
introduced above, an important application of transient 
expression in plants is to produce plant-based antigen 
proteins for candidate subunit vaccines (Akher et al., 
2025). As presented by the results above, the highest 
transient expression efficiency of GFP was achieved 
in the V. philippica leaves at 4 dpi with strain EHA105 
at the concentration of 0.3 (OD600). Thus, under such 
an optimum collocation, we made an attempt in  
the V. philippica leaves to transiently express the gene of 
VP1 (a major capsid protein of foot-and-mouth disease 
virus, genus Aphthovirus, abbreviated FMDV) (Carrillo 
et al., 1998) as an example of plant-based antigen.  
The results showed that the VP1 expression was detectable 
in the V. philippica leaves at the optimum collocation 
described above (Fig. 6). And, since IAA was an effective 
substance for the further enhancement of the expression 
level of GFP, especially at a concentration of 50 ng/mL, we 
also evaluated whether IAA at such concentration can also 
further enhance the level of VP1 expression. As expected, 
IAA at 50 ng/mL further enhanced the expression level of 
VP1 in the V. philippica leaves (Fig. 6).

Discussion

Compared to the stable genetic transformation, transient 
expression enables more rapid expression of the target 
proteins in plants, which can be achieved within about 1 - 2 
weeks after agroinfiltration (Chen et al., 2013; Leuzinger  
et al., 2013), but the time course for the transient expression 
of the target proteins differs due to the differences 
in types of vectors or other factors. For example, by 
using N. benthamiana (a model plant widely used for 
transient expression) leaves and the cowpea mosaic virus  
(CPMV)-based vector, Loh and Wayah (2014) found 
that the transient expression of GFP was detectable and 
increased from 2 to 10 dpi, with the peak at 8 - 10 dpi.  
In the previous reports that used the N. benthamiana leaves 
and the BeYDV-based vector, the peak of the transient 
expression of the GFP proteins generally occurred at about 
3 - 4 dpi (Yamamoto et al., 2018; Li et al., 2021b). This 
indicates that modification of the vector can accelerate  
the production of transient expression of the target 
proteins. In the present work by using the BeYDV-based 
vector, the transient expression levels of GFP in the leaves 
of four Viola species reached the maximum at 4 dpi, which 
was comparable to the time point of the maximum level of 
the transient expression in the leaves of N. benthamiana 
and some plant species, such as Citrus reticulata leaves 
(Li et al., 2017).

As presented by our results, the highest level of  
the transient expression of GFP was achieved with  
the concentration of A. tumefaciens at 0.3 (OD600). Further 
increase in the concentration of the Agrobacterium 
decreased the levels of the transient expression of GFP. 
Many studies also found that higher concentration of  
A. tumefaciens would decrease the efficiency of transient 
expression in plants (Sparkes et al., 2006; Tsuda et al., 
2012; Mohammad et al., 2024), although the mechanism 
for this phenomenon is unclear. In fact, some studies 
have reported that, possibly due to the virulence of  
A. tumefaciens to plants, A. tumefaciens infection can 
exert many negative effects on plants, including disrupting  
the plant photosynthesis, respiration, and other metabolism, 
especially when A. tumefaciens has reached higher 
cell densities in plants (Krenek et al., 2015; Matsuda  
et al., 2018; Jeong et al., 2024). This could explain the 
phenomenon that higher concentration of A. tumefaciens 
would present certain negative influence on the transient 
expression of foreign protein, since disturbance of normal 
metabolism of plants would inevitably hinder the ability 
of plant cells to express proteins (Pitzschke, 2013; Beritza 
et al., 2024). 

Previous studies also showed that the efficiency 
of transient expression is closely associated with 
the types of A. tumefaciens strains. For example, in 
Dustilophyllum, Srinivasan and Gothandam (2016) found 
that the LBA4404-mediated transient expression was 
higher than the EHA105-mediated. However, in potato 
and soybean leaves, the transient expression efficiency 
mediated by EHA105 was higher than that mediated by 
LBA4404 (Olhoft et al., 2003; Bhaskar et al., 2009). Our 
observations showed that in the leaves of four Viola species,  

Fig. 6. Transient expression of VP1 in the V. philippica leaves  
(using strain EHA105 at the concentration of 0.3 (OD600) at  
4 dpi) treated with mock, 50 ng/mL IAA or 100 ng/mL MeJA.  
The left and right panels are two independent biological 
replications. Mock represents the untreated control group. 
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the expression level of GFP in the EHA105-infiltrated 
leaves was higher than that in the LBA4404-infiltrated 
leaves. In addition, there was obvious difference in  
the transient expression efficiency among the four Viola 
species, even using the same type of A. tumefaciens strain. 
This indicates that the efficiency of transient expression 
in Viola plants is determined to a great extent by the type 
of interaction between A. tumefaciens types and Viola 
species. A possible explanation is that the difference in 
the susceptibility of different Viola species to different 
types of A. tumefaciens could determinate the amounts 
of A. tumefaciens that can successfully infect the host 
plants and thus affect the subsequent expression of  
the foreign proteins. Of course, more complex and multiple 
mechanisms could exist.

Regardless of how complex the underlying mechanism 
is, the aim of this study is to achieve a high efficiency of 
transient expression of foreign protein in Viola species.  
As introduced above, various methods have been developed 
to enhance the efficiency of Agrobacterium‑mediated 
transient expression (Grosse-Holz et al., 2018; Matsuo 
and Atsumi, 2019). Among these methods, application of 
exogenous substances seems to be most convenient and 
easy to implement. In the present work, we employed 
IAA and MeJA, both of which have been reported to 
enhance the level of the transient expression in the leaves 
of N. benthamiana by spraying (Sindarovska et al., 2012; 
Robert et al., 2015). 

The results of this study indicate that IAA at 
concentrations from 5 to 100 ng/mL significantly 
enhanced the expression levels of GFP of V. philippica 
leaves, and such effect was most obvious when using  
50 ng/mL IAA, consistent with our previous findings in 
the N. benthamiana leaves (Li et al., 2021b). MeJA did 
not enhance transient GFP expression; moreover, higher 
MeJA concentrations led to reduced GFP expression 
levels. Previous studies in some plant-pathogen 
interaction revealed that elevated IAA levels or enhanced 
auxin signaling may suppress the host defenses against 
pathogens by impairing the salicylic acid (SA)-mediated 
host defenses or via an unknown mechanism that appears 
to be independent of SA (Djami-Tchatchou et al., 2020). 
MeJA is shown to induce resistance of plants against  
a wide range of pathogens (Wasternack and Hause, 2013; 
Min et al., 2024). Considering that A. tumefaciens is  
a pathogenic bacterium toward host plants and the defense 
responses of plants would limit the infection and growth  
of A. tumefaciens in the host plants (Pitzschke., 2013; 
Nabi et al., 2024), we assume that the enhancement of  
the transient expression efficiency in the V. philippica 
leaves by IAA is due to that IAA could suppress  
the defense responses of the leaves, while the decrease of 
the transient expression efficiency by MeJA is due to that 
MeJA enhances the defense responses of the leaves. 

As introduced above, an important scenario of  
the application of the transient expression in plants is to 
produce antigen for the plant-based vaccines. From this 
perspective, Viola plants have some advantages, since they 
can be used as food and animal feed and did not contain 
nicotine, which commonly exists in N. benthamiana leaves 

(Mathew and Thomas, 2023; Zeng et al., 2025). Based on 
the results achieved with GFP, VP1 protein was transiently 
expressed under the optimal condition (in the V. philippica 
leaves at 4 dpi with strain EHA105 at the concentration 
of OD600 = 0.3). And exogenous IAA at 50 ng/mL further 
improved the level of VP1 expression in the leaves of  
V. philippica. 

We believe that this work provides a valuable reference 
for the studies using the Agrobacterium‑mediated transient 
expression in Viola plants, and this research can broaden 
the application value of Viola plants for plant bioreactor to 
produce recombinant pharmaceutical proteins.
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