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Abstract Transient expression of foreign genes by
Agrobacterium infiltration is a versatile technique that can
be used as a rapid tool for functional protein production in
plants. A reproducible protocol of large-scale production of
foreign proteins via the novel plant transient expression
system in Pisum sativum L. was established in our study.
Non-detached plants from soil-independent culture were
used as the target organ, and vacuum infiltrating mediated
by Agrobacterium tumefaciens harboring green fluorescent
protein (GFP) gene was performed. Step-by-step opti-
mization was performed and showed that the quality of
plant material as well as agro-infiltration conditions were
the major factors influencing the gene expression. Moni-
toring the transient GFP expression daily, the highest
expression level was achieved on the 8th day post-infil-
tration. Evidence of anti-acidic fibroblast growth factor-
single chain variable fragment (anti-aFGF-scFv) gene
expression in pea seedling was also achieved using agro-
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mediated vacuum infiltration system. Our work proves that
the system is suitable for the largescale production of
pharmaceutical proteins. The in planta infiltration system
described here provides a powerful tool to explore easily
gene expression in Pisum sativum L. avoiding tissue cul-
ture steps and the labor-intensive generation of transgenic
plants.
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Introduction

Quite a number of new therapeutic proteins have been
identified with the development and advance in biomedical
research and the application of genomics to human health.
The prokaryotic expression system is one of the important
expression platforms for therapeutic proteins and other
medical protein products (Sebastian et al. 2013; Akbari
et al. 2015). However, utilizing traditional bioreactors to
produce therapeutic proteins is faced with high costs or
potential contamination with pathogens (Krishnan et al.
2012). Alternatively, plants are considered as attractive
carriers to produce medicinal proteins (Hamid et al. 2015).
Plant systems could effectively synthesize and accurately
process the recombinant protein to guarantee the correct
protein conformation and the biological functions. As
bioreactors, the genetic and protein synthesis machineries
of plants are utilized to produce heterologous proteins of
interest, which can be purified. It is currently an important
aspect in the biotechnology field. There are several
advantages like low cost, easy purification, and flexible
expression strategy in using plants for medical protein
production.
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Transformation systems based on the Ti plasmid of
Agrobacterium tumefaciens have become the major tool for
the transfer of foreign genes into plants for gene expres-
sion. Mainly two methods, namely, stable transformation
and transient expression systems are widely accepted
approaches for foreign protein expression. However,
stable transformation system is a labor-intensive and time-
consuming task that can take months to achieve, even in
the most rapidly produced model plants (Orzaez et al.
2006; Leckie and Stewart 2011). Transient expression
system is widely used in exogenous protein expression due
to simple operation and short experiment period (Olivier
et al. 2003). Also, the transient expression methods are
capable of producing higher levels of the recombinant
proteins than permanent modifications, because many
copies of the recombinant genes are active in each plant
cell (Giritch et al. 2006).

A combination of the transient expression methods is
called magnifection (Gleba et al. 2014). Magnifection
involves using modified plant virus vectors to mod-
ify Agrobacterium strains that are, in turn, allowed to
infect the crop plant in a mild vacuum (Gleba et al. 2005).
The combined use of plant virus vectors and Agrobac-
terium results in a large number of recombinant RNA virus
particles entering the plant cells. High levels of recombi-
nant proteins were produced by these recombinant RNA
viruses epigenetically within a few days. Vacuum infiltra-
tion of whole plants with dilute suspensions of Agrobac-
teria carrying T-DNAs encoding RNA replicons was
involved in the process of magnifection. The bacteria
provide infection and systematic movement throughout the
plant, while the viral vector provides short-distance spread,
amplification, and high-level expression (Lico et al. 2008).

Pea (Pisum sativum L.) is one of the most important
vegetable crops distributed worldwide. Both the appropri-
ate proportion (starch 20-50 %, protein 20-30 %, sugars
4-10 %) and the ignored amounts of deleterious com-
pounds, like lectins or protease inhibitors, make pea a fair
source of animal and human nutrition (Barillot et al. 2014).
The improvement of quantity and quality in plant biore-
actors requires efficient transformation protocols and well-
established procedures for plant regeneration. Since the
first report of genetic manipulation in pea (Andre and
Jacosen 1990), DNA transfer technology has been applied
to several other pea species to produce transgenic plants by
Agrobacterium-mediated transformation (Andre and Jaco-
sen 1990) or by particle bombardment (Warkentin et al.
1992).

In the present report, we describe the development of
magnifection using Pisum sativum L. whole seedlings for
foreign gene expression. The magnifection system was
optimized by exploring the conditions of Agrobacterium
infection, pea seed germination time, concentration of
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surfactant, pea variety selection using the green fluorescent
protein (GFP). Furthermore, first evidence of anti-acidic
fibroblast growth factor-single chain variable fragment
(anti-aFGF-scFv) gene expression in pea seedling was also
achieved using the platform. Additionally, the target pro-
tein (scFv) was proven to be effective to combine with its
antigen (aFGF). The newly established seedling transient
expression system in Pisum sativum L. was considered as
an effective and promising method for large-scale pro-
duction of plant-derived medical proteins.

Materials and methods
Materials

Seeds of Pisum sativum L. were purchased from Agricul-
tural High-Tech Research and Development Co., Ltd.,
Jilin, China. Plasmids pCAPE2-GFP and pCAPE2-Ev
(empty vector) were provided by Dr. Constantin from the
Danish Academy of Agricultural Sciences. pCAPE2-scFv
was constructed in our lab. Agrobacterium GV3101 was
used for transformation. Protein Purification Kit Ni-NTA
Agarose (25 mL) was purchased from Promega; 1 mL Ni—
NTA (prepacked gravity column) was purchased from
Sangon Biotech (Shanghai) Co., Ltd.; Plant internal anti-
body (Rubisco large subunit) was purchased from Ximeijie
Technology Co., Ltd.

PCAPE2-scFv construction

The scFv gene fragment was first PCR-amplified from
pET-28a (+)-scFv using a forward primer P1 (5'-CATG
CCATGGGCGACATCCAGATGACCCAGTCTC-3') that
contained 6 his-tag, enzyme digestion site Nco I, and a
reverse primer P2 (5'-GGAATTCTTAATGGTGATGATG
ATGATGTGAGGAGACGGTGACCGT-3') that fused with
enzyme digestion site of EcoR 1. The full gene fragment
(approximately 741 bp) was then inserted into the cloning
sites of pCAPE2 cDNA to form pCAPE2-scFv which was
then introduced into Agrobacterium strain GV3101.

The establishment of foreign protein transient
expression system in pea seedlings

Pea seed treatment

The pea seeds were soaked in clean water for 12 h and
covered in wet cotton and kept at 25 °C in dark for 3648 h
to enable sprouting. The seedlings with 2-3 cm radicle and
0.5-cm cotyledons (Fig. 1a) were selected for vacuum
infection. The Agrobacteria were infiltrated into the root
and leaf tissues of pea plants after vacuum infiltration.
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Fig. 1 Vacuum infection of germinated pea seeds. a Uninfected and
b infected (bar 8 mm)

Pea seedling cultivation

Pea seeds were cleaned with sterilized water for 3 times
and transferred into 55 °C-water bath for 20 min, and then
left in room temperature overnight. Next day, seeds were
cleaned with warm water (3540 °C) and kept in 25 °C-
incubator for germination. Seeds were cleaned once a day.
Germination was stopped after roots and cotyledon
appeared, probably 3648 h later. The Agrobacterium
GV3101 containing the respective plasmids pCAPE2-Eyv,
pCAPE2-GFP, and pCAPE2-scFv were cultivated in the
LB liquid medium and shaked at 28 °C for 18-24 h. The
Agrobacteria were collected by centrifuging at 4 °C,
5000 rpm for 10 min; the infection buffer (pH 5.6) con-
tained 100 uM acetosyringone, 10 mM NaCl, 1.75 mM
CaCl,; and 0.25 % Tween-20 was used to resuspend the
bacteria and kept at room temperature for 1.5 h. The ger-
minated pea seeds were immersed into Agrobacterium
suspension for 1-5 min under 0.08 MPa vacuum pressures
to penetrate the Agrobacterium into the pea seedling.
Rectangular seedling dish (42 cm x 28 cm x 8 cm) with
a perforated bottom was used to culture the seedlings. The
seedling dish was covered with 10 layers of fully wetted
cotton cloth at the bottom and an 8-layer blotting paper
over the seedling. Afterward, the dishes with the seedlings
were transferred into the incubator.

After infection, pea seeds were cultured at 28 °C in dark
for 1 day, and then cultured in the light and temperature
cycle for 25 °C 14 h light, 18 °C/10 h dark for 3 days. Pea
sprouts were harvested at 6-8 days. The cultivation of pea
seedlings was kept watered twice a day to ensure water
supply. Four days after inoculation (dai), 100 ppm of
nutrient (N:P:K = 20:10:20) was sprayed every day. Pea
sprout cultivation process was shown in Fig. 2.

Young stem and leaf infected by Agrobacterium were
harvested at 8—10 days and transferred into liquid nitrogen
for 5 min, stored at —70 °C for soluble protein extraction.
Residual pea plants after harvesting, cotton and absorbent
paper were disposed environmental-friendly; seedling dish
was reused after disinfection treatment; incubator and

culture room were sterilized by UV lamp irradiation to
prevent plant virus leakage.

Optimization of foreign protein production
in transient expression system

Vacuum infection optimization. Vacuum pressure was set
up to 0.02, 0.04, 0.06, and 0.08 MPa, respectively. Infec-
tion conditions were set to 60 s, once; 60 s, twice; and
60 s, 3 times. A hundred seeds were used for each setting.
Different seed-germination age was selected for improving
the expression system efficiency. The 24 h (root length:
1.5-2.0 cm, cotyledons were not appeared) and 48 h (root
length: 2-3 cm, cotyledon was appeared) germination age
were selected for infection. The infection buffer was used
to suspend the bacterium. Two different surfactants were
used for treatment: 0.01 % Silwet-77, 0.25 % Tween-20,
with no surfactant treatment as control. The 0.08 MPa, 60 s
twice of vacuum infection was performed. GFP expression
was observed under UV lamp, and the statistical results
were collected.

The influence of Agrobacterium infection on pea
sprout growth

Sprouts economic yield means per unit area of edible stem
and leaf weight. Since the foreign protein mainly expressed
in stem and leaf of pea plants, thereby, the economic yield
is taken as a measure index of protein yield in pea plants.
Sprouts economic yield at different time points: 4, 6, 8, 10,
12 days was determined between Agrobacterium-infected
and non-infected plants.

Evaluation of the expression system by GFP

As evaluation of the system, the Agrobacterium-contained
pCAPE2-GFP plasmid was transformed into pea germi-
nated seeds. The GFP expression was visualized using a
100-W, long-wave UV lamp.

Gene expression identification by RT-PCR

The total RNA was isolated from plants infected by GV3101-
pCAPE2-Ev, GV3101-pCAPE2-GFP, GV3101-pCAPE2-
scFv, and wild-type materials separately with the RNAgents®
Total RNA Isolation System (Promega). First strand cDNA
was synthesized using avian myeloblastosis virus (AMV)
reverse transcriptase (Promega); the cDNA of GFP and scFv
was then amplified by PCR. PCR products were separated on a
1 % agarose gel and visualized by ethidium bromide staining.
PCR system: 95 °C 4 min, 95 °C 60 s, 52 °C 50's, 72 °C
60 s, 35 cycle; 72 °C 10 min. Actin was used as the reference
gene. All the primer sequences are listed in Table 1.
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Fig. 2 Pea seedling development and growth in different period. a 4 days after infection (dai); b 6 dai; ¢ 8 dai; d 10 dai (bar 20 mm)

Table 1 Specific primers for GenBank Ace. no.

Primers

Primer sequence (5" — 3')

RT-PCR
X67666.1 Actin For CAGCAACTCGCATGATATGG
Actin Rev ATTTCGCTTTCAGCAGTGGT
LN515608.1 GFP For CGGGATCCATGAGTAAAGGAGAAGAACT
GFP Rev GGGGTACCTTATTTGTATAGTTCATCCATG
LC094334.1 scFv For CATGCCATGGGCGACATCCAGATGACCCAGTC
scFv Rev GGAATTCTTAATGGTGATGATGATGATGTGAGG

Western-blot analysis

The GV3101-pCAPE2-Ev, GV3101-pCAPE2-GFP, and
GV3101-pCAPE2-scFv infected plants were frozen in
liquid nitrogen and pulverized. The powder was stirred in
extraction buffer (20 mM PBS buffer pH 7.4, containing
0.6 M NaCl), and centrifuged at 13,000x g for 20 min at
4 °C. The supernatants were analyzed by 15 % SDS-
PAGE, and then transferred to nitrocellulose membranes
for immune-blotting. The recombinant protein was visu-
alized by chemiluminescent detection (The SuperSignal
West Pico Trial Kit, PIERCE). The protein extracts from
GV3101-pCAPE2-Ev infected plants were used as negative
control. Rabbit antibody (Rubisco L.) was used as the first
antibody, and HRP-marked goat anti-rabbit IgG was used
as the second antibody.

Determination of GFP amount in pea plants
by ELISA

The total soluble proteins were extracted by grinding the
infiltrated plants (0.5 g fresh weight) in liquid nitrogen.
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The powder was homogenized with 1.0-mL bicarbonate
buffer (15-mM Na,CO;, 35-mM NaHCOs;, pH 9.6), cen-
trifuged, and the supernatant concentration was determined
by Bradford’s method (Bradford 1976) with bovine serum
albumin as a standard. The different protein amount of
scFv purified from Escherichia coli and GFP from com-
mercialized product was added into the 96-well poly-
styrene plate to get the OD 570 nm protein standard curve.
The amount of scFv and GFP protein from pCAPE2-scFv
and pCAPE2-GFP infected plants was assessed by ELISA
according to the protein standard curve.

scFv protein activity analysis by ELISA

The 96-well polystyrene plate was coated with 100 pL of
10 pg/mL aFGF solution in carbonate buffer (pH 9.6).
After blocking with 10 % (w/v) instant milk/PBS, 100 pL
of series dilution of scFv expressed in Pisum sativum L.
plants were added, followed by incubation at 37 °C for 1 h.
After washing with PBS containing 0.05 % Tween-20, 100
pL of diluted anti-scFv sera was added, followed by
incubation at 37 °C for 1 h. After washing with PBS
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containing 0.05 % Tween-20, 100 pL of HRP-conjugated
sheep anti-mouse IgG antibodies was added, followed by
incubation at 37 °C for 1 h. After washing, peroxidase
reaction was carried out using o-phenylenediamine (OPD)
and hydrogen peroxide as the substrate at room tempera-
ture for 20 min. The reaction was terminated by adding 50
pL of 2 M H,SO4, and the absorbance at 570 nm was
measured with microplate reader.

Statistical analysis

At least three independent experiments were carried out in
each case. Statistical analysis was performed using Stu-
dent’s ¢ test and MANOVA. Differences were considered
to be significant at P < 0.05.

Results
Expression vectors construction

The scheme of recombinant vectors pCAPE2-GFP and
pCAPE2-scFv is presented in Fig. 3. According to the
scheme, the scFv gene fragment was first PCR-amplified
from pET-28a (+)-scFv using a forward primer P1 that
contained 6 his-tag, enzyme digestion site Nco I, and a
reverse primer P2 that fused with enzyme digestion site of
EcoR I (Fig. 3a). The full gene fragment (approximately
741 bp) was then inserted into the cloning sites of pPCAPE2
cDNA to form a pCAPE2-scFv. The expression vector was
identified by PCR (Fig. 3b) and enzyme digestion
(Fig. 3c). After sequencing, the proper recombinant vector
was then transferred into Agrobacterium strain GV3101.

Fig. 3 Construction of

pCAPE2-scFv. a The scheme of a

Effection of Agrobacterium infection-mediated
vacuum pressure on pea plant growth

Radicle and embryo of pea plants were obvious of water-
immersed shape after Agrobacterium infection (Fig. 4a).
There was no obvious virus symptoms observed at the
early stage of the sprout growth. However, stunted growth,
shorter internode and plant height were observed on the 6th
day after Agrobacterium infection (Fig. 4a). At later
growth stage, leaf crinkle and small amount of mottled
green were appeared, but no necrotic disease spot or wither
phenomenon was present. Soluble protein content was
decreased as the enhanced bacterium concentration. Sol-
uble protein content was 25.8 mg/g (fresh weight) when
the bacterium OD value was reached to 1.2, of which 22 %
was reduced compared to the control (Fig. 4b). To further
explore the affection of Agrobacterium infection on pea
plant growth and development, economic yield, and sol-
uble protein content, the two main factors affecting the
foreign protein recovery yield were determined. The
highest economic yield was reached to 2.82 kg/m?* at 8th
day in non-Agrobacterium infected sample, whereas
2.35 kg/m? economic yield (17 % reduced) was obtained
on the 10th day in Agrobacterium-infected plants. Results
showed that the economic yield was reduced in the
Agrobacterium-infection pea plants (Fig. 4c).

GFP expression

GFP expression was observed on the 4th day mainly in
shoots after GV3101-pCAPE2-GFP infiltration (Fig. 5b).
As the plant growth, GFP expression was spread from the
main stem to petioles, leaf veins, and young leaves
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scFv recombinant vector by b
PCR. M DL2000 marker, /
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constructions by two enzyme
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Fig. 4 Effect of Agrobacterium
infection in pea plants.

a Comparison of
Agrobacterium-infected and
non-infected plant growth
condition. Left Agrobacterium
infected, right Agrobacterium
non-infected, pictures shown
here are 6th days after
Agrobacterium inoculation
(bar 20 mm). b Variation of
soluble protein content affected
by Agrobacterium infection.
cVariation of economic yield
affected by Agrobacterium
infection. Asterisks indicate
significant differences using
Student’s ¢ test. (*P < 0.05)

Fig. 5 GFP transient
expression in pea plants. a Non-
infected plant; b 4th day; ¢ 6th
day; d 8th day; e 10" day; f 12th
day after infection on (bar

5 mm)
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gradually (Fig. 5c, d). In the next few days, the virus
infection scope was expanded systemically. GFP fluores-
cence intensity was increased to peak at 8—10th days after
infiltration (Fig. 5e). Afterward, GFP fluorescence intensity
was reduced gradually (Fig. 5f).

Optimization of foreign protein yield in transient
expression system in pea plants

Different seed germination time was studied to obtain the
highest transformation efficiency. The seeds germinated for
24 and 48 h were selected for the Agrobacterium-mediated
GFP transformation. GFP was spread to the leaves in 48 h-
germinated seeds (Fig. 6¢), whereas GFP was present only
in stem in 24 h-germinated seeds at 6 dai (Fig. 6b). Sta-
tistical data revealed that GFP expression efficiency in
48 h-germinated seeds (80 %) was higher than that in 24 h-
germinated seeds (74 %). Also, the peak value appeared
time was 2 days earlier in 48 h-germinated seeds compared
with the 24 h-germinated seeds (Fig. 6d). The results
implied that expanding the surface area of germinated
seeds could promote the infection efficiency.

The infection conditions of different vacuum pressure and
time were optimized to enhance GFP transformation

90 1

M 1*60s
80 4

M 2*60s
70 4

m3%60
60 - s

50
40 -
30
20
10 4

GFP expression efficiency (%) @

0.02 0.04 0.06 0.08
Vacucum infection pressure (MPa)

Fig. 6 Optimization of GFP transient expression system in pea
plants. a-d The influence of seed germination time on GFP
transformation efficiency. a Uninfected plants; b 24 h-germinated
seeds; ¢ 48 h-germinated seeds (bar 5 mm), pictures shown here ware

efficiency. The results showed that GFP expression effi-
ciency was increased significantly with the enhanced vacuum
pressure. The highest expression efficiency was reached at
0.08 MPa. Under 0.02-0.06 MPa, GFP expression efficiency
was increased gradually with the enhanced infection times
(Fig. 6e). However, under the 0.08 MPa, GFP expression
efficiency under 2 x 60 s infection mode was higher than
the 3 x 60 s infection mode. Finally, two surfactants Tween-
20 and Silwet-77 were used to evaluate their affection on
GFP transformation efficiency. The data showed that GFP
expression efficiency using the Tween-20 and Silwet-77 was
significantly higher than the control (Fig. 6f).

GFP identification under different infection means

The amount of GFP gene expression was compared
between leaf injection (Fig. 7a, lane 2) and germinated
seeds vacuum infection (Fig. 7a, lanes 3, 4). Western blot,
in a further way, confirmed the RNA expression. Both
RNA and protein expression results showed that no dif-
ferences were observed for the two methods (Fig. 7b, lanes
4, 5). However, compared with the traditional leaf injec-
tion, vacuum infection was much easier to operate and
large-scale protein production could be realized.

d
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GFP expression efficiency (%)
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4th days after Agrobacterium inoculation; e Influence of vacuum
infection on GFP transformation efficiency; f The influence of
surfactants on GFP transformation efficiency. Asterisks indicate
significant differences using Student’s 7 test (*P < 0.05)
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Fig. 7 GFP expression comparison in two methods. a RT-PCR
analysis for gene expression. M DL2000 marker; lane I wild type
plant; lane 2 GV3101-pCAPE2-GFP infiltrated by leaf injection;
lanes 3, 4 GV3101-pCAPE2-GFP infiltrated by vacuum infection.
b Western blot analysis for GFP expression. M marker; lane I
commercial purified protein of GFP; lane 2 total soluble protein from
Agrobacterium (GV3101-pCAPE2-Ev); lane 3 total soluble protein
from uninfected plants; lane 4 plant protein from GV3101-pCAPE2-
GFP injection leaf; lane 5 plant protein from GV3101-pCAPE2-GFP
vacuum infection plant [Rabbit source Rubisco subunits (Rubisco L.)
antibody was used as reference]

Determination of GFP amount in pea plants
by ELISA

Total soluble proteins in pea plants were reached to 27 mg/
g using coomassie brilliant blue G250 method. While GFP
protein was accounted to 1.2 % of the total soluble protein,
which meant 324 mg GFP protein was expressed in 1 kg
pea fresh plants approximately.

Transient expression of aFGF-scFv in pea plants

The plant total RNA and protein were extracted from pea
plants at 8 dai. The scFv mRNA accumulation was
detected in plants infected by GV3101-pCAPE2-scFv but
not the plants infected by empty vector GV3101-pCAPE2-
Ev (Fig. 8, lanes 3-5). For Western blot analysis, the
protein was transferred to the membrane and hybridized
with the anti-his tag monoclonal antibody. The band of
30 kDa was detected clearly (Fig. 8b, lanes 4-6). The
result showed that the scFv was effectively expressed in
GV3101-pCAPE2-scFv infected plants by vacuum
infiltration.
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Fig. 8 Identification of scFv expression by RT-PCR and Western
blot. a Identification of scFv expression by RT-PCR. M DL2000 DNA
marker; lane 1 wild-type plants; lane 2 GV3101-pCAPE2-Ev infected
plants; lanes 3-5 GV3101-pCAPE2-scFv infected plants. b Identifi-
cation of scFv expression by Western blot. M marker; lane 1 positive
control (scFv purified from Prokaryotic cells); lane 2 total soluble
protein from GV3101-pCAPE2-Ev infected plants; lane 3 total
soluble protein from wild type plants; lanes 4—6: total soluble protein
from GV3101-pCAPE2-scFv infected plant via vacuum infection

Determination of scFv amount in pea plants
by ELISA

The amount of scFv proteins from GV3101-pCAPE2-scFv
infected plants was assessed by ELISA according to the
protein standard curve. The scFv was yielded to 0.1 % of
the plant total soluble proteins according to triplicate
identification.

The activity analysis of scFv

The scFv activity was determined by ELISA with extracted
total proteins. Different concentrations were set up to
verify the binding activity with its antigen aFGF. Based on
the results of ELISA assays, the scFv expressed in plants
was of a fair binding activity with its antigen aFGF
(Fig. 9).

Discussion

Plants offer a great potential as production system for
recombinant proteins. One approach to produce foreign
proteins in plants is to generate stable transgenic plant
lines. However, this is a time-consuming and labor-inten-
sive process. An alternative expression strategy to trans-
genic plants is the use of Agrobacterium infiltration
mediated by leaf injection and vacuum infection.
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Fig. 9 The analysis of scFv binding activity to its antigen aFGF. The
96-well polystyrene plate was coated with aFGF solution, 100 pL of
series dilution of scFv expressed in pea plants was added. Control-1
Anti-scFv sera; control-2 HRP-conjugated sheep anti-mouse IgG
antibody; control-3 total protein from uninfected plants. The
absorbance at 570 nm was measured with microplate reader. Asterisks
indicate significant differences using Student’s ¢ test (*P < 0.05)

Agrobacterium vacuum infiltration was first used in
tobacco leaf to express foreign protein in vitro (Gleba et al.
2005; Ferraro et al. 2008). However, leaf culture in vitro is
complex and susceptible to the influence of environmental
conditions which leads to different expression level of
foreign protein and cannot play its maximum advantage of
vacuum infection. Moreover, the use of detached leaves
(Amar et al. 2013) did not provide possible monitoring of
target infiltrated tissue during days and weeks of plant
development. For this reason, we suggest adopting in
planta infiltration system that could give us a better outlook
of plant gene expression. Therefore, instead of the leaf
injection which is time-consuming and low efficiency,
transient expression of foreign proteins in Pisum sativum L.
whole seedlings via vacuum infection was established in
our study. Our system, characterized for its high efficiency,
low cost, and environmentally harmonious, has built a fair
basis for the large-scale production of recombinant
proteins.

Using leguminous plants as bioreactor could effec-
tively avoid the interference of nicotine from Solanaceae
plant in foreign protein purification. Also, to solve the
problem of safety and large-scale production for transient
expression system, vacuum infiltration of germinating
seeds and soil-independent cultivation technology have
been established in our pea seedlings transient expression
system. The exogenous protein was expressed and con-
trolled in the whole plant under the soil-less cultivation
mode. While previously described methods rely on the
use of detached leaves and/or in vitro materials which
require aseptic handling during culture and infiltration
process (Santos-Rosa et al. 2008; Bertazzon et al. 2012),
our work focuses on Agrobacterium infiltration mediated
by vacuum infection for whole seedling plants. This

work allows us to perform the functional genomic
research in conditions closer to normal plant growth
environment. More importantly, waste materials were
easy to handle which effectively prevents the spread of
the virus and improves the safety of heterologous protein
expression.

The newly established system was soil-independent, and
the seedlings were cultured directly after Agrobacterium-
mediated vacuum infection. The protein expression was
under the control for the whole progress. GFP gene
expression was recorded on the 4th day after pea early
browning virus (PEBV)-mediated protein expression in the
bud of Pisum sativum L. The protein expression level was
reached to the maximum on the 8-10th day which was in
agreement with the previous report in tobacco plants (Yang
et al. 2008; Liu and Ma 2007), but the soluble protein
content was obviously higher than that in tobacco plant.
The growth cycle of the pea plant was approximately
10 days, and the product could be easily harvested in a
short time. The foreign protein content was pretty high as
evaluated by GFP fluorescence intensity which implied that
the pea seedling materials may be a promising system for
foreign protein expression.

In our study, the factors including condition of vacuum
infiltration, seed germination time, the surfactant applica-
tion, and plant varieties were selected and optimized to
enhance the foreign protein expression efficiency. GFP
expression efficiency could be increased by the enhanced
vacuum pressure within 0.06 MPa. Under low vacuum
pressure, GFP expression efficiency could be improved by
increasing the infiltration times, whereas the increased
infiltration time would lead to harm to the newly geminated
seeds under high vacuum pressure (0.08 MPa).

Susceptible ability of seeds with different germination
time to plant virus is different. Foreign protein expression
efficiency could be enhanced by appropriately extending
the seed germination time which increased the biomass and
obtained more virus infection. Also, GFP expression effi-
ciency was increased by the surfactant application of
Tween-20 and Silwet-77 significantly. These data were in
accordance with the Brian’s et al. (Brian et al. 2009) report.
It is well known that the magnifection provides relatively
inexpensive process due to the speed of production and
high yield of recombinant protein that simplifies purifica-
tion (Gleba et al. 2005). Our work, in a further way,
optimized the magnifection system, and the GFP protein
could reach to 324 mg/kg of fresh pea. Therefore, the
foreign protein absolute content was higher than the pre-
vious report (Jia et al. 2003) due to the increase in the
soluble protein content.

In recent years, genetic engineering drugs based on
single chain variable fragment (scFv) have received
promising development in malignant tumor molecular
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target therapy applications (Malpiedi et al. 2013; Khalissa
et al. 2009). Compared with the conventional monoclonal
antibody drug, single chain variable fragment antibodies
play an important role in tumor target therapy due to their
advantages, such as small molecular weight, strong pene-
trability, low immunogenicity, and easy recombinant pro-
duction (Holliger and Hudson 2005; Weisser and Hall
2009).

Acidic fibroblast growth factor (aFGF) is an important
member in the fibroblast growth factor family (Powers
et al. 2000). Research shows that overexpression of aFGF
has been observed in prostate cancer (Barritault 1993),
bladder cancer (Cronaueer et al. 1997), kidney cancer
(Nanus and Motzer 1993), breast cancer, and other tumor
cells. aFGF plays an important role in the process of tumor
occurrence and metastasis which indicates that aFGF has
been taken as the potential new target for tumor targeting
therapy. In our work, anti-aFGF-scFv protein was suc-
cessfully harvested on the 8th day of post-inoculation in
pea plants. The yield of scFv was reached to 0.1 % of the
plant total soluble proteins. With the same system as
described in this study, scFv expression is lower than GFP.
Possible reasons were analyzed. In one respect, the scFv
expression was estimated by ELISA indirectly. The stan-
dard curve of scFv was produced using the purified protein
from prokaryotic expression system. Low threshold value
of the standard curve due to the low protein activity results
in the lower scFv content estimated in the sample. In other
respect, the invasion of plant virus carrying exogenous
gene may cause the plant defense responses and produce
gene silencing (Ye et al. 2003; Liu et al. 2015). It is also
one of the important reasons why heterologous protein
expression decreased in plant. Though the estimated
expression level was low, the scFv protein expressed in
plants was of a fair binding activity with its antigen aFGF.
Additional work is required to be performed to identify
whether the scFv protein could inhibit the tumor
proliferation.

Anyhow, our work proves that the system is suitable for
the large-scale production of pharmaceutical proteins. A
series of advantages were included in our system: Soil-
independent, easy virus control, environmental-friendly
operation, uniform culture condition, short growth cycle,
and large-scale production. These characteristics make this
system a promising and potential method and source for
recombinant protein production.
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