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Two distinct transient expression approaches were compared with assess the impact of the
viral suppressor p19 on a recombinant protein production performed in Nicotiana benthami-
ana suspension culture. A parental N. benthamiana cell line was transiently transformed
with either an Agrobacterium containing a gene construct for a murine IgG1 (R514) or con-
currently with two Agrobacteria containing R514 or p19. In addition, a stably transformed
N. benthamiana cell line that constitutively expresses p19 was transformed with R514-con-
taining Agrobacterium. The parental N. benthamiana cell line that had been co-cultivated
with both p19 and R514 achieved the highest yield of IgG1 (1.06 mg IgG1/kg FW; 0.024%
TSP) compared with that obtained without p19 (0.61 mg IgG1/kg FW; 0.014% TSP). The N.
benthamiana cell line that had been stably transformed with p19 only reached 0.25 mg
IgG1/kg FW (0.009% TSP) when co-cultured with R514-containing Agrobacterium. Dual
agroinfiltration of N. benthamiana leaves with p19 and R514 was also performed to assess
for Agrobacteria efficiencies and 147.7 mg IgG1/kg FW were obtained. Therefore, our
results demonstrate that transient co-transformation of plant cell suspension culture with
two transformation vectors is feasible and that the use of the viral suppressor of silencing
p19 significantly raises the production of the protein of interest. VVC 2010 American Institute
of Chemical Engineers Biotechnol. Prog., 26: 1534–1543, 2010
Keywords: in vitro molecular farming, N. benthamiana suspension cell culture,
Agrobacterium, IgG, p19

Introduction

Microbial1 and animal cell2 platforms are broadly used for
the production of biopharmaceuticals, which now account
for over 20% of all new pharmaceuticals on the market.3

However, the plant system is gaining in interest among
emerging platforms because of its various advantages com-
pared with established platforms.4 Molecular farming plat-
forms using stable genetically transformed plants or transient
transformation (agroinfiltration) by modified Agrobacteria
strains have been shown to be efficient for the production of

recombinant proteins.5 The most studied plant species for
recombinant protein production are Nicotiana species (Nic-
otiana tabacum and Nicotiana benthamiana),6 rice (Oryza
sativa),7 soybean (Glycine max),8 and to a lesser extent
tomato (Solanum lycopersicum).9 In vitro culture, either of
plant cell suspensions10 or hairy roots,11 has also been shown
to be a valuable platform for producing bioactive human
proteins.5 In vitro plant cell culture has important advantages
over other platforms such as the use of low cost and com-
pletely defined culture media12 under aseptic culture condi-
tions that do not promote infectious agents such as viruses
and prions13 nor the presence of insects and microbes.

As for the other in vitro production platforms, stable
recombinant plant cell lines can be easily obtained and
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master cell banks generated.14 Recent studies also demon-
strated the potential of transient transformation of plant cells
by co-cultivation with an Agrobacterium strain containing an
expression vector coding for a protein of interest.15,16

Although the proportion of transformed (i.e., productive)
cells may be less than when stable recombinant cell lines are
used, a transient expression approach can speed up and facil-
itate transformation vector screening as well as overall bio-
process management. A high reproducibility level for the
bioprocess can also be achieved, avoiding possible loss of
cell productive capacity by mutations or genetic rearrange-
ment after multiple cell divisions. It may thus represent a
lower risk level, in terms of cell line stability and production
reproducibility, to culture a parental cell line all along the
culture cascade and only start recombinant protein produc-
tion at the last bioprocess step. Moreover, a transient strategy
may also enable rapid response to punctual market needs,
from gene identification to protein production; the develop-
ment of stable recombinant eukaryote cell lines is generally
time-consuming (several months) while the development of
transformed Agrobacteria can be achieved within 2
weeks.17,18

Various metabolic engineering strategies were developed to
increase the bioactivity and yield of a recombinant protein.
Vézina et al.19 reported the production of antibodies with
human-like N-glycans by transiently co-expressing in tobacco
leaves a chimaeric human beta1,4-galactosyltransferas and
Kim et al.20 showed an enhanced production of recombinant
human granulocyte-macrophage colony stimulating factor in
stable rice cell suspensions co-expressing a synthetic serine
proteinase inhibitor II. Higher bioproduct levels have even
been observed from transient expression due to a ‘‘burst’’ of
gene expression21 but final recombinant protein yields are usu-
ally low, partly because of post-transcriptional gene silencing
(PTGS). PTGS acts as an adaptive immune system targeted
against viruses,22 but it can also affects transgene expression,
since, like viruses, transgenes that are expressed under the
control of a strong promoter, produce high level of identical
RNAs. Interestingly, recent studies showed that PTGS limita-
tion can be overcome using virus-encoded suppressor pro-
teins.23 Many plant viruses include proteins which role is to
suppress RNA silencing in the host cell.24 Various viral sup-
pressors, such as p19 that had been identified in the tomato
bushy stunt virus (TBSV),23 were shown to interfere with
plant cell natural defense mechanisms. Viral suppressors were
thus used in an attempt to improve the yield in recombinant
protein production and the most promising method relies on
the co-expression of viral suppressors such p19 which prevent
silencing of the transgene.23 Therefore, an ‘‘optimized’’ pro-
duction platform may require the simultaneous expression of
many transgenes. This can either be achieved by developing a
modified cell line (having all the transgenes but that for the
recombinant protein of interest) which can then be transiently
transformed for a recombinant protein of interest, by using a
single vector allowing for the transfer of multiple genes, or by
a co-transformation where multiple Agrobacteria strains are
used simultaneously to transfer all the required transgenes.
The successive transformations approach is tedious and time-
consuming since multiple plant cell line regeneration and
selection steps are required for each transgene addition. The
successful co-transformation of plant leaves with many Agro-
bacterium strains containing different vectors has been
reported with two,23,25 four,26 and even six different strains27

used simultaneously.

Therefore, various technological approaches are available
to develop optimal transient production of a recombinant
protein. In the present work, we have applied for the first
time, to the best of our knowledge, the dual agroinfiltration
concept to a N. benthamiana plant cell suspension cultured
in shake flask. Plant cells were co-cultured for 12 days with
an Agrobacterium strain that contained the expression vector
for a mouse IgG1 antibody or with two Agrobacteria cell
lines; one containing the p19 viral suppressor and one con-
taining the IgG1 antibody-coding genes (heavy and light
chains). The performance of the dual agroinfection process
was compared with that of transient agroinfiltration of the
parental N. benthamiana plant leaves and co-culturing an
IgG1 antibody-coding Agrobacterium of a stable recombi-
nant N. benthamiana cell line that stably expressed p19.

Material and Methods

Plant cell line development

N. benthamiana leaves were sterilized by a 5 min immer-
sion in 70% ethanol followed by a 5 min immersion in a
0.5% hypochlorite solution. Leaves were washed in sterile
water three times and cut in small disks with a scalpel blade.
The disks were placed in the dark on solid MS NAA KIN
medium, a variant of the MS28 medium containing 30 g/L
glucose, 4 g/L Phytagel, 2 mg/L a-naphthalene acetic acid,
and 0.05 mg/L kinetin. Few weeks later, �2 g of calluses
were transferred into 10 mL of liquid MS NAA KIN me-
dium in 50 mL Erlenmeyer flasks that were agitated on a ro-
tary shaker at 120 rpm in the dark. Liquid medium was
regularly added and the cells transferred to a bigger Erlen-
meyer until a final 150 mL of cell suspension was obtained
in 500 mL Erlenmeyer flasks.

Plant cell suspension culture

Plant cell suspensions were subcultured when the sedi-
mented cell volume reached 70–80% of the total volume in
5 min (i.e., every 7 days). Subcultures were performed using
a 1/3 dilution ratio (150 mL total volume) in 500 mL Erlen-
meyer flasks kept at 27�C on rotary shakers (120 rpm) in the
dark. All Erlenmeyer flasks were closed with a two-layer
aluminum foil.

Development of a stable p19 expressing N. benthamiana

cell line

Five milliliter of 7-day old N. benthamiana cells were trans-
ferred to 10 mL of fresh MS NAA KIN medium in a 50 mL
Erlenmeyer. The Agrobacterium strain C58C1 containing the
vector coding for p19 gene (C58C1-p19) from TBSV was
grown at 27�C overnight in LB medium supplemented with 50
mg/L kanamycin. p19 was under a CaMV 35s promoter and a
Nos terminator23 (kindly provided by Dr. Baulcombe). The
bacteria were centrifuged and resuspended to an O.D. of 0.8 at
600 nm in MS NAA KIN. Five days after inoculation of the
plant cells, 0.6 mL of fresh Agrobacterium suspension culture
was added. Acetosyringone was also added to a final concen-
tration of 100 lM. The cells were cultivated with the bacteria
for two additional days. On day 7, the cells were collected and
transferred to a 15 mL sterile tube. After centrifugation
(1 min, 300 rpm), the supernatant was discarded and replaced
by fresh MS NAA KIN medium with 50 mg/L kanamycin and
200 mg/L cefotaxim. Cells were mixed in the new medium for
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5 min before being recentrifuged. Washing steps were
repeated three times. The cells were finally plated on Petri
dishes containing solid MS NAA KIN medium with 50 mg/L
kanamycin and 200 mg/L cefotaxim. The Petri dishes were
sealed with ParafilmTM and incubated in the dark at 27�C for
2–3 weeks. Emerging calluses were transferred on fresh Petri
dishes with selective medium. Few weeks later, calluses were
transferred in selective liquid medium agitated at 120 rpm. Af-
ter five subculture rounds, the use of antibiotics was stopped.
Validation of the presence of the p19 gene was performed
using a PCR analysis with p19-F0 (50-ATGGAACGAGCTA
TACAAGGAAACG-30) and p19-R0 (50-TTACTCGCTTTC
TTTTTCGAAGGTC-30) primers. Verification of a residual
contamination by Agrobacterium was performed using the
Agro-F: 50-ATGC CCGATCGAGCTCAAGT-30and Agro-R:
50-CCTGACCCAAACATCTCGGCTGCCCA-30 universal
primers designed by Haas and coworkers.29 The strains AgL1,
C58C51, and LBA4404 were used as positive controls.

PCR analyses

DNA was extracted from the suspension cells using the
technique described by Edwards et al.30 PCR reactions were
performed in a total volume of 25 lL (1 X GenScript PCR
reaction buffer, 0.5 lM of each primer, 200 lM of each nu-
cleotide), containing 1 lL (approximately 5 ng) of DNA,
and 0.5 U of Taq DNA polymerase (GenScript). The PCR
reactions were performed as follows: 1 lL of DNA and 11.5
lL of sterile water were first incubated at 94�C for 5 min to
achieve complete denaturation of genomic DNA. Subse-
quently, 12.5 lL of reaction cocktail containing the other
PCR components were added. Typical amplification condi-
tions were: 35 cycles of 94�C for 20 s, 50�C for 20 s, and
72�C for 1 min, followed by a 5 min extension at 72�C.

Agroinfiltration of plants

N. benthamiana plants were grown in soil at 25�C under a
photoperiod of 16 h of light and 8 h darkness. One-and-a-half-
month old plants were used for agroinfiltration. Agrobacteria
were grown at 28�C overnight in LB media supplemented
with 50 mg/L kanamycin. The bacteria were centrifuged and
resuspended to an O.D.600 of 0.8 in a solution of 10 mM
MgCl2 (Sigma) and 100 lM acetosyringone. Five different ex-
perimental conditions were tested. N. benthamiana plants
were either left untreated, infiltrated with a solution of 10 mM
MgCl2, infiltrated with an Agrobacterium strain that did not
contain any transformation plasmid (i.e., no T-DNA plasmid)
(C58C1), infiltrated with a strain (AgL1) that contained the
R514 vector (kindly provided by Medicago), or infiltrated
with both a strain that contained the R514 vector and a strain
(C58C1) that contained the vector for p19. The R514 vector
encoded murine IgG1 heavy and light chain genes, each under
a CaMV 35s promoter and Nos terminator; a variant from the
R610 and R612 constructs.19 For the combined inoculation of
R514 and p19, the two bacterial suspensions were diluted at
an O.D.600 of 0.8 and were mixed at equal volume. A mini-
mum of five plants per experimental group was transformed
for this experiment. Plants were agroinfiltrated by plunging
them upside down in a beaker containing 500 mL of the Agro-
bacterium suspension and placed in a bell vacuum jar. Vac-
uum was maintained for 30 s before being quickly released.
The surfaces of the leaves were gently dried using paper tis-
sues. The leaves that were not properly infiltrated were cut to

reduce the impact of a lesser transformation. For the sampling,
three leaves were taken per experimental group. The leaves
were taken randomly from different plants. The leaves were
crushed in liquid nitrogen and stored at �80�C in cryovials.
The whole experiment was performed twice with two distinct
plant groups.

Co-culture of plant cells and Agrobacterium

For transient expression, 30 mL of fresh MS NAA KIN
medium were inoculated with 15 mL of 7-days-old plant cell
cultures in 250 mL Erlenmeyer flasks. On day 5 postinocula-
tion, 45 mL of 2X MS NAA KIN were added to each flask.
Agrobacteria were added 1 day after medium addition.

For the N. benthamiana parental cell line, one group was
inoculated with a strain of Agrobacterium (C58C1) that did
not contain any transformation plasmid (i.e., no T-DNA plas-
mid), another one with a strain of Agrobacterium (AgL1) con-
taining the R514 vector coding for the production of the IgG1,
and one group was inoculated simultaneously with two strains
of Agrobacterium: one containing the R514 vector and one
(C58C1) containing the vector coding for p19. For the N. ben-
thamiana expressing p19 cell line, one group was inoculated
with a strain without plasmid (C58C1) and another one with a
strain (AgL1) containing the R514 vector. For both plant cell
lines, one group without any bacteria was also kept as control.
All seven experimental groups were performed in triplicates.

Agrobacteria were grown at 28�C overnight in LB me-
dium supplemented with 50 mg/L kanamycin. The bacteria
were centrifuged and resuspended to an O.D.600 of 0.8 in
MS NAA KIN. Co-cultivation was initiated in suspension
cultures by inoculating 0.5 mL of the corresponding resus-
pended Agrobacterium. Acetosyringone was added to each
cell flask (including controls) to a final concentration of
100 lM. Cells were co-cultured in a dark shaker as
described above. Around 15 mL of the co-cultured cells
were harvested on days 0, 3, 6, 9, and 12 of co-culture. The
samples were filtered to separate cells from medium. The lat-
ter was kept at �80�C while plant cells were weighted for
the fresh weight (FW) assessment, crushed in liquid nitrogen
with a mortar and pestle, and stored in cryovials at �80�C.
The whole experiment was performed twice.

Protein extraction for analysis

One hundred (100) milligram of frozen and crushed cells
were weighted in a cold 1.5 mL minitube. 50 lL of extraction
buffer (50 mM Tris-HCl pH 8.00, 300 mM NaCl, 0.1% (v/v)
Triton X-100, 0.01% (v/v) proteases inhibitor cocktail (Sigma
P8849)) was then added, and the mix was crushed on ice for 1
min using a small pestle for 1.5 mL minitubes. The samples
were centrifuged at 10,000 rpm for 10 min. The supernatants
were transferred to fresh minitubes and stored at �80�C for
future analysis. Total protein concentrations were measured
using a bicinchonic acid protein assay kit (Pierce, cat# 23225).
Samples were diluted in water prior testing.

Measurement of IgG1 by ELISA

The ELISA measurement of IgG1 was adapted from Khoudi
et al.31 The microplate wells (Costar 3369) were coated over-
night with a goat antimouse IgG1 heavy chain specific anti-
body (Sigma M-8770) diluted at 2.5 lg/mL in carbonate
buffer (50 mM, pH 9.6). Blocking was achieved through a 1 h-
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incubation in a 1.0% casein-containing phosphate buffer-sa-
line (PBS) (PBS-casein) at 37�C. For each plate, a standard
curve was prepared with 0, 1, 2, 3, 4, 5, 7, and 10 ng/mL of
purified IgG1 murine standard (Sigma, M-9269). When per-
forming the immunoassays, all dilutions (control and samples)
were performed in PBS-casein solution and applied directly to
the coated wells. Plates were incubated with 50 lL of diluted
samples and protein standard for 1 h at 37�C. After three
washes with 0.1% Tween-20 in PBS (PBS-T), the plates were
incubated with a goat antimouse IgG-peroxydase conjugate
(Bio-Rad Laboratories, CA, 170-5047) in PBS-casein for 1 h
at 37�C. The washes with PBS-T were repeated and the plates
were incubated with a 3,30,5,50-Tetramethylbenzidine liquid
substrate for ELISA (Sigma, T0440). The reaction was
stopped by the addition of 50 lL of 1 N HCl and the absorb-
ance was measured at 450 nm with a Victor3V microplate
reader (PerkinElmer). Each sample and control was assayed in
triplicate and the concentrations were intrapolated in the linear
portion of the standard curve.

Glucose concentration determination

Glucose was measured using a YSI 2700 Select Biochem-
istry Analyser equipped with a YSI 2365 membrane. Cali-
bration of the instrument was performed every six sample
measurement with a commercial standard at 2.5 g/L of glu-
cose (RSI 27250).

qPCR analysis

RNAs were extracted as follows: 1 mL of Tri-Reagent
(Sigma T9424) was added to 200 mg of frozen and crushed
cells in a 1.5 mL minitube and vortexed for 1 min. After 5
min incubation (room temperature), 0.2 mL of chloroform
was added and mixed. After 15 min incubation (room tem-
perature), the samples were centrifuged (4�C, 15 min,
12,000g). The supernatants were transferred to fresh mini-
tubes and followed by 0.5 mL isopropanol addition. The
samples were incubated for 10 min at room temperature
before centrifugation (4�C, 10 min, 12,000g). The superna-
tants were discarded, the pellets washed with 1 mL EtOH
70% and centrifuged (4�C, 5 min, 7,500g). The supernatants
were discarded, and the pellets were air-dried for 10 min at
room temperature, resuspended in 50 lL DEPC-treated water
and stored at �80�C until use. RNA quantification by
reverse transcription and qPCR analysis was performed by
the Genomics Core Facility at IRIC (Montréal, QC). Two
(2) lg of total RNA was reverse transcribed in a final vol-
ume of 20 lL using High Capacity cDNA Reverse Tran-
scription Kit with random primers (Applied Biosystems) as
described by the manufacturer. The primers used for this
analysis are as follows: IgG1 (UPL # 71) Forward 50-TA
CTGTGGAGTGGCAGTGGA-30, Reverse 50-TGATGGGCT
GAGTGTTCTTG-30 p19 (UPL # 7) Forward 50-GTTGGG
ATGGAGGATCAGG-30 Reverse 50-CTCGGACTTTCGTC
AGGAAG-30 Actin (UPL # 67) Forward 50-TGGAACAGGA
ATGGTCAAGG-30 Reverse 50-AGGGAATACAGCTCGTG
GAG-30, Ubiquitin (UPL # 39) Forward 50-TGACTGGGAA
GACCATCACC-30 Reverse 50-CCTTGTCCTGGATCTTAG
CTTTT-30. PCR reactions were performed in 384 well plate
formats using 2 lL of cDNA sample (25 ng), 5 lL of the Fast
Universal qPCR MasterMix (Applied Biosystems), 2 lM of
each primer, and 1 lM of a UPL probe in a total volume of 10
lL. The ABI PRISMVR 7900HT Sequence Detection System

(SDS; Applied Biosystems) was used to detect the amplifica-
tion level and was programmed as follows: an initial step of 3
min at 95�C was followed by 45 cycles of 5 s at 95�C and 30 s
at 60�C. All reactions were run in triplicate and the average
Cts values were used for quantification. The actin and ubiqui-
tin genes were used as endogenous controls. The relative
quantification of target genes was determined using the DDCT
method. Briefly, the Ct (threshold cycle) values of target genes
were normalized to an endogenous control gene (Ubiquitin)
(DCT ¼ Cttarget � CtUbiquitin) and compared with a calibrator:
DDCT ¼ DCtSample � DCtCalibrator. Relative expression (RQ)
was calculated using the SDS 2.2.2 software (Applied Biosys-
tems) based on the formula: RQ ¼ 2�DDCT.

Results and Discussion

Development of a stable p19 expressing N. benthamiana

cell line and its analysis

Presence of p19 transgene in the stable cell line was veri-
fied by PCR analysis (Figure 1A). To ensure that the PCR
fragment was related to the presence of the gene in the plant
genome and not by a residual Agrobacterium contamination,
PCR tests were also conducted to detect the presence of
Agrobacterium (Figure 1B). Kanamycin selection of trans-
formants ensured that most of the cells contained the trans-
gene. Also, due to the transformation method (coculture), the
stable cell line for p19 contained a pool of cells with differ-
ent levels of expression mainly caused by the variation in
the insertion sites of the transgenes and/or the number of
transgenes per cell. Furthermore, the selection process may
have favored cells with low p19 expression levels as a high
expression may hinder cellular mechanisms to the long term.
This has been considered in the interpretation of the results.

Dual agroinfiltration of N. benthamiana plants with both
p19- and IgG1-containing A. tumefaciens bacterial strains
significantly enhances IgG1 production in leaves

To evaluate the transformation efficiency of the two A.
tumefaciens cell lines (IgG1 and p19), both were tested on
wild-type N. benthamiana plants by agroinfiltration

Figure 1. Validation of the established N. benthamiana cell line
expressing the viral suppressor p19.

A: PCR assay to detect the presence of the p19 gene, B: PCR
analysis to detect a possible residual contamination with the
Agrobacterium used to modify the cells. Agrobacterium strains
AgL1, C58C1, and LBA4404 were used as positive controls.
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technique.32 Maximum yields in IgG1 were obtained for the
simultaneous infiltration of R514- and p19-containing A.
tumefaciens (Figures 2A,B). On day 9, IgG1 concentration in
the leaves reached a maximum value of 147.7 mg IgG1/kg
FW. This corresponded to 1.80% TSP. This yield in IgG1
was almost 14 times higher than the maximum yield
obtained on day 6 without p19 (10.8 mg IgG1/kg FW;
0.13% TSP). IgG1 accumulation rates were calculated
between each sampling times in order to compare the pro-
ductivity levels (Figure 2C). The antibody accumulated dur-
ing the first 3 days at a rate of 3.26 � 1.51 (SEM) mg IgG1/
kg FW/day for R514 only transformation (r2 ¼ 0.70; n ¼ 4
data points), and its concentration stabilized from day 3 to 6.
From day 6, the IgG1 concentration decreased to reach unde-

tectable level at day 9. In the case of the dual agroinfiltration
procedure (i.e., R514- and p19-containing Agrobacteria), the
antibody accumulated at a constant rate of 21.00 � 1.74 mg
IgG1/kg FW/day (r2 ¼0.97; n ¼ 6) between day 3 and day 9
and decreased thereafter (Figure 2C). These results unambig-
uously demonstrated that the R514 and the p19 A. tumefa-
ciens bacterial strains were effective and that the addition of
p19 both increased and prolonged recombinant protein pro-
duction, in accordance with previous reported results.23

Effects on plant cell growth of co-cultivating
N. benthamiana suspension cells with A. tumefaciens

Two common Agrobacteria strains (AgL1 for R514 and
C58C1 for p19) were used to assess the impact of co-culture
with N. benthamiana suspension cells. During the first week of
co-cultivation (R514 or the combined R514 and p19 A. tume-
faciens strains), plant cells growth was not significantly
affected by the presence of the Agrobacteria strain(s) (Figures
3A,B), with average specific growth rates of 0.089 � 0.0061/
day (r2 ¼ 0.82, n ¼ 49) and 0.085 � 0.0057/day (r2 ¼ 0.87,
n ¼ 34) for the parental and the stable p19 N. benthamiana
plant cell lines, respectively (the contribution of the presence of
the Agrobacteria to the measured biomass was considered neg-
ligible). Thus, during the first week of culture, no significant
differences could be observed between a wild-type cell line and
a cell line that had been transformed to constitutively express
p19. However, on day 12, cultures corresponding to N. ben-
thamiana parental cell line (Figure 3A) exposed to R514 and to
the dual R514/p19 showed a lower final biomass when com-
pared to control. The co-culture of the parental N. benthamiana
with a T-DNA plasmid-free Agrobacterium (C58C1) (control-
C58C1 culture) resulted in an even more pronounced decrease
in biomass concentration at day 12. The co-culture of the stable
p19 N. benthamiana cell line with T-DNA-free plasmid Agro-
bacterium (C58C1) showed a similar reduction of biomass on
day 12 (Figure 3B) but, surprisingly, co-cultivation with Agro-
bacterium R514 did not seem to affect plant cells growth for
the 12 day culture duration (Figure 3B). The high cell death
observed in all flasks containing the T-DNA plasmid-free Agro-
bacterium (C58C1) could possibly be attributed to a more rapid
bacterial growth due to the absence of metabolic burden caused
by the T-DNA plasmid or be related to a potentially higher viru-
lence of the C58C1 strain, when compared with the AgL1
strain. Nonetheless, these results indicated that, in most cases,
long-term co-cultivation of plant cells with Agrobacteria can be
detrimental to the cells. In fact, many of the flasks containing
Agrobacteria turned brown or black by day 12 as opposed to a
light yellow color for control cultures (no bacteria), hence sug-
gesting a large-scale hypersensitive cell death response as
observed during an incompatible plant-pathogen interaction.33

However, the presence of Agrobacteria did not significantly
affect glucose consumption (a decrease similar to control cul-
ture was observed). Interestingly, glucose concentration in the
culture media was not limiting in any cultures. That is, residual
concentration above 5 g/L glucose were measured for all cul-
tures (data not shown), conditions that are thought to be
nonlimiting.

IgG1 accumulates in plant cells in cultures

Cellular IgG1 was monitored in all cell cultures and was
undetectable until day 6 (Figure 4). The antibody was not
detected at day 3 but the trend, with time, for the IgG1

Figure 2. Concentration and accumulation rates of cellular
IgG1 in agroinfiltrated N. benthamiana leaves.

A: Concentration (mg IgG1/kg FW), B: Concentration (% TSP)
and C: Accumulation rates [mg IgG1/(kg FW/day)]. Control:
plant leaves that had not been infiltrated; Control (C58C1): plant
leaves infiltrated with the Agrobacterium C58C1 strain that did
not contain a Ti-plasmid; Control (MgCl2): plant leaves infil-
trated with a 10 mM MgCl2 solution only. Control R514: plant
leaves infiltrated with the Agrobacterium AgL1 strain containing
the R514 vector for IgG1 production; R514 þ p19: plant leaves
infiltrated with Agrobacterium AgL1 strain containing the R514
vector for IgG1 production and Agrobacterium C58C1 strain
containing the vector for the p19 viral suppressor.
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cellular concentration suggests that the antibody production
in all co-cultures was only above the detection limit of our
ELISA protocol after around 3 days of co-culture. The co-
cultures of the parental N. benthamiana cell line with R514
yielded 0.610 � 0.028 mg IgG1/kg FW (0.014% TSP) on
day 9 (Figures 4A,C). In that culture, the cell specific pro-
ductivity in IgG1 reached a plateau between day 3 and
day 9, with 0.100 � 0.005 mg IgG1/kg FW/day (r2 ¼ 0.98,
n ¼ 9), and decreased thereafter (Figure 4E). Co-cultivating
N. benthamiana parental cell line with the two Agrobacteria
strains corresponding to R514 and p19 had a strong impact
on IgG1 production with a maximum cell content of 1.064
� 0.045 mg IgG1/kg FW (0.024% TSP; Figure 4A), the
equivalent of a 75% increase, which was also reached on
day 9. In that R514/p19 co-culture with the parental N. ben-
thamiana cell line, the specific productivity in IgG1
increased linearly from day 3 and reached a maximum
between day 6 and day 9 with 0.213 � 0.036 mg IgG1/kg
FW/day (Figure 4E). This corresponded to a 2 fold increase,
when compared with that related to the co-culture with R514
only (Figure 4E). In the R514 co-culture with the p19 N.
benthamiana cell line, antibody accumulation continuously
increased and reached 0.25 � 0.075 mg IgG1/kg FW on day
12 (Figure 4B). The specific productivity of IgG1 in the p19
cell line oscillated from 0.022 � 0.013 to 0.035 � 0.07 mg
IgG1/kg FW/day between day 3 and day 12 (Figure 4E), a
range of values which were 6 to 9 fold lower than those for
the dual co-culture with R514 and p19. Interestingly, the
antibody cell content increased from day 3 to day 6 at faster
specific rates than for plant cell growth with 1.28 � 0.079/
day (r2 ¼0.99, n ¼ 6), 1.58 � 0.097/day (r2 ¼0.99, n ¼ 6)
and 1.16 � 0.087/day (r2 ¼0.98, n ¼ 6) for the co-culture
with R514, dual R514/p19 and with R514 and the p19 N.
benthamiana cell line, respectively. Therefore, the specific
rate of increase of the IgG1 cell content was higher when
simultaneously co-cultivating with R514 and p19 (compare
with the single use of R514). Then, from day 9, the cellular
concentration of IgG1 decreased in the culture with the pa-
rental N. benthamiana cell line, concurrently with plant cell
growth arrest (Figure 3A).

IgG1 secretion into the extracellular medium was clearly
not favored and low concentrations of 1.76 � 0.21, 1.42 �
0.68, and 1.36 � 1.23 lg/L were measured at day 9, respec-

tively for the R514, the dual R514/p19 and the R514 with
the p19 expressing cell line (Figures 5A,B). These low con-
centrations disabled sample dilution for ELISA analysis and
resulted in increased measurement errors. The R514 genetic
construction was designed to direct the antibody toward the
secretory pathway. However, due to its large size (�150
kD), the IgG1 may have been trapped by the cell wall.
Nevertheless, the observed trends are similar to those of cel-
lular concentrations. Also, the specific rate of increase was
similar for the three cultures involving IgG1 production with
0.19 � 0.014/day (r2 ¼ 0.96, n ¼ 9). This specific rate was
2 fold higher than that corresponding to cell specific growth
rate, which may in turn suggest that the presence of the anti-
body in the medium was not only related to a cell division
process where IgG1 is released from entrapment in the cell
wall or cell lysis from death. On day 12, extracellular IgG1
levels decreased, more likely due to protease release in the
medium from dying cells.

The p19 silencing suppressor is known to interfere with
the plant mechanism responsible for the destruction of viral
RNA and for the production of small interfering RNAs (siR-
NAs) involved in plant developmental pathways34 and other
mechanisms such as stress response or environmental
changes.35 In our case, p19 had no significant effect on plant
cell growth rate, when either expressed in a transient or sta-
ble fashion. However, a significantly lower cell content in
total soluble proteins (1.38 fold) was observed for the stable
p19 transgenic N. benthamiana cell line, when compared
with the parental cell line. The significant differences
observed between the IgG1 specific yield and productivity
for the parental and the p19 expressing N. benthamiana cell
lines may be explained from differences in the availability
of the p19 proteins within the cells. Indeed, p19 crystal
structure showed that a homodimer of this viral suppressor
can easily enclose and capture a 21-nt siRNA, thus prevent-
ing their interaction with the viral or transgene RNA and
thus, their silencing.36 Due to its mechanism of action, p19
must be expressed at high levels within the cells in order to
interfere with siRNAs.37,38 It is now acknowledged that
recombinant protein levels are usually higher for transient
expression than for nonselected stable cell lines due to a
‘‘burst’’ of expression occurring few days after infection in
the transient mode.39 A common hypothesis for this

Figure 3. Growth of N. benthamiana suspension cells co-cultured with Agrobacterium tumefaciens.

A: N. benthamiana parental cell line, B: N. benthamiana cell line transformed to constitutively express the p19 viral suppressor. Control: plant cells
grown without bacteria; Control (C58C1): plant cells grown with Agrobacterium C58C1 that did not contain T-plasmid; R514: plant cells grown
with Agrobacterium AgL1 that contained the R514 vector for IgG1 production; R514 þ p19: plant cells grown with Agrobacterium AgL1 that con-
tained the R514 vector for IgG1 production and Agrobacterium C58C1 that contained the vector for the p19 viral suppressor.
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phenomenon is that, during the first days of infection, many
nonintegrated copies of the T-DNA reach the nucleus and
are transcribed.40 To validate this hypothesis, a qPCR analy-
sis of the p19 RNA level was performed on the N. benthami-
ana cell line that had been transiently transformed with p19
and on the p19 expressing N. benthamiana stable cell line
(Figure 6A). Gene expression level was determined using
assays designed with the Universal Probe Library from
Roche (www.universalprobelibrary.com). This technology
utilizes short hydrolysis probes of eight or nine bases. Using
Locked Nucleic Acid (LNA) nucleotide chemistry, these
short probes retained high melting temperature characteristic
of normally observed for longer probes. Because probes are
only eight or nine bases long, each probe can statistically hy-
bridize to over 7,000 transcripts; thus, a set of 100 probes
only can enable the quantification of virtually any transcript
in a transcriptome. As expected, the level of expression of
p19 in the stable cell line remained almost constant over the
12 days of co-culture. This result for p19 stable cell line was
then used as a reference to compare with the transient p19
transformation. In the dual transformation co-culture, higher
levels of p19-RNA were indeed observed, reaching almost
25 times the level of the stable p19 N. benthamiana cell line
on day 12. This can be explained by the fact that over time,
more and more plant cells are transformed. Note that all our
samples were standardized using ubiquitin as an expression
reference. This means that levels obtained for the dual trans-
formation are in fact much higher that what is shown in Fig-
ure 6A. For example, on day 3, if only 1% of the cells are
transformed, the p19 RNAs they produce are diluted among
99% of nontransformed cells. Because it is impossible, under
our experimental conditions, to know the exact percentage of
transformed cells due to the absence of a specific marker
(i.e., GUS, GFP, etc.), it is only possible to conclude that the
expression level of p19 was significantly higher for the tran-
siently transformed cells than for the stable cell line after 9
days and longer.

The co-infection approach thus seems more effective

while it interferes with the silencing mechanism and results

in higher yields than when using a stable p19 expressing cell
line. To complete this study, IgG1 accumulation was fol-

lowed in the N. benthamiana parental cell line transiently

transformed with the R514 construction only or with both
R514 and p19, and in the p19 expressing N. benthamiana
cell line transformed with R514 (Figure 6B). When com-

pared with the IgG1 protein levels shown in Figure 4, it

appears that the RNA levels evolved similarly for the paren-
tal cell line from day 0 to 9. On day 3, a detectable RNA

level was observed in all experimental groups, but IgG1 lev-

els were still close to the detection limit of the ELISA assay.
On day 6, IgG1-RNAs levels for the two groups with the pa-

rental cell line were similar, which is also reflected by simi-

lar IgG1 levels (Figure 4A). The presence of the viral

suppressor p19 on day 9 has almost doubled the RNA level
in dual transformation group and the IgG1 quantity observed

in the cells with p19 has also exhibited a �2-fold increase.

The RNA protection from PTGS effect of p19 has thus
resulted in higher RNA levels. The p19 N. benthamiana
expressing cell line that had been transformed with R514

showed a similar trend in its IgG1-RNA levels as the R514

transformed parental cell line showing that the presence of
low levels of p19 had few effects on IgG1-RNAs. However,

on day 12, the parental cell line with R514 (only) showed an

increase of RNA level but a reduction of the cells IgG1

Figure 4. Concentration and accumulation rates of cellular
IgG1 for N. benthamiana suspension cells co-cultured
with A. tumefaciens.

A: Concentration (mg IgG1/kg FW) in N. benthamiana parental
cell line, B: Concentration (mg IgG1/kg FW) in N. benthami-
ana cell line transformed to express the viral suppressor p19
constitutively, C: Concentration (% TSP) in N. benthamiana
parental cell line, D: Concentration (% TSP) in N. benthamiana
cell line transformed to express the viral suppressor p19 consti-
tutively, and E: Accumulation rates for both plant cell lines
(mg IgG1/kg FW/day). Same conditions as Figure 3 applied.
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level. Furthermore, for the group with both p19 and R514,

even with the highest level of p19, a significant reduction of

RNAs was observed. These results may be explained by

plant cell death that has been observed in all co-cultures

from day 12.

Approaches to improve co-culture productivity in
recombinant protein

It is clear from this study that the in vitro co-culture
approach needs to be improved to reach the production level
observed for whole plant agroinfiltration. Nonetheless, our
results showed that a transient dual transformation of suspen-
sion plant cells is feasible and is more efficient than transiently
re-transforming an established modified cell line. Besides
being fast and flexible, an entirely transient expression system
has thus led to higher yields in antibody. To raise the yield in
a recombinant protein, transformation vectors (the cassette,
promoters, etc.) can be improved to be better adapted to the
suspension plant cell culture conditions. One could think that
encoding the viral suppressor p19 on the same T-DNA than
the IgG1 heavy and light genes may result in higher yields
because of the presence of the suppressor in all the producing

cells. The use of such efficient multigene vectors has been
recently reported in agroinfiltration of N. benthamiana
leaves.41 To maintain a vector size under 10 kb, which is pref-
erable to improve yields during cloning procedure and facili-
tate construction development, Sainsbury et al.41 successfully
removed more than half of the plasmid backbone and some of
the T-DNA region without compromising transient expression
levels. This study utilizing the viral suppressor p19 encoded
within the same T-DNA as the gene of interest had expression
levels at least as high as those obtained with the use of multi-
ple Agrobacteria lines.41 Furthermore, for the multigene vec-
tors, similar yields could be achieved with Agrobacteria
concentration half the ones used in coculture.

The advantage of a co-culture suspension vs. an agroinfil-
tration process is the significant reduction of the required
inocula size due to the fact that Agrobacteria cells will grow
and thus continuously contribute to transform growing plant
cells, which is not possible in plant leaves due to the limited
nutrients in the intercellular space. However, our capacity to
control the growth of Agrobacterium without affecting the
continuous transformation of the plant cells is of prime im-
portance to prolong the production phase with viable, grow-
ing and producing plant cells. Andrews and Curtis16

Figure 5. Concentration of extracellular IgG1 for N. benthamiana suspension cells co-cultured with A. tumefaciens.

A: N. benthamiana parental cell line, B: N. benthamiana cell line transformed to express constitutively the viral suppressor p19. Same conditions as
Figure 3 applied.

Figure 6. N. benthamiana suspension cells co-cultured with A. tumefaciens.

A: Relative p19 RNA level, B: Relative IgG1 RNA level.
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proposed the use of an auxotrophic Agrobacterium strain
which growth was successfully controlled by the presence
(growth) or absence (nongrowth) of cystein in culture me-
dium. They were thus able to control the development of the
bacteria for 3 to 5 days, a time period, however, for which
we have not noticed any significant negative effect on plant
cells in our experiments.16 In addition to the use of an auxo-
trophic Agrobacterium, or as an alternative, the use of a bio-
reactor allowing for continuous fresh medium perfusion42–44

enabling continuous bacterial cells washout may be highly
efficient to control Agrobacteria populations.

Conclusion

In this study, we showed that a dual transient Agrobacte-
rium-mediated transformation process of suspension plant
cells, using a viral suppressor such as p19 in combination to
an expression vector increases recombinant protein production
by 2 fold when compared with that for the use of the expres-
sion vector alone. The continuous presence of Agrobacteria
had no significant negative effects in terms of cell growth and
extracellular protein production for the first 6 days of co-cul-
ture. However, plant cells in contact with the bacteria started
to die thereafter and caused a decrease of cellular IgG1 con-
centration. We showed that, in our specific case, we were able
to reach higher yields by co-cultivating plant cells with two
Agrobacteria strains bearing the gene of interest and the p19
silencing suppressor, respectively. qPCR analyses showed that
p19 expression level in this group were much higher than for
cell line that was stably transformed with p19. This may, in
part, explain the higher level of IgG1 produced due to the in-
terference of p19 with PTGS. The p19 expressing N. ben-
thamiana cell line showed lower yields more likely due to a
negative effect of p19 on the plant cell mechanisms or to a
expression level of p19 being lower than in the transient sys-
tem. Extracellular levels of IgG1 remained low for all groups
as it may be trapped by the cell wall. However, this result may
indicate a low cell death level during the experiments.
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