
Biotechnology Reports 20 (2018) xxx–xxx
Transient plant production of Salmonella Typhimurium diagnostic
antibodies

Lilya Kopertekha,*, Torsten Meyerb,1, Cornelia Freyera, Michael Hustb

a Julius Kühn-Institut, Bundesforschungsinstitut für Kulturpflanzen, Institut für die Sicherheit biotechnologischer Verfahren bei Pflanzen, Erwin-Baur-Str. 27,
06484, Quedlinburg, Germany
b Technische Universität Braunschweig, Institut für Biochemie, Biotechnologie und Bioinformatik, Abteilung Biotechnologie, Spielmannstr. 7, 38106,
Braunschweig, Germany

A R T I C L E I N F O

Article history:
Received 11 December 2018
Received in revised form 6 February 2019
Accepted 8 February 2019

Keywords:
Molecular farming
Diagnostic antibody
Transient expression

A B S T R A C T

Salmonella Typhimurium is one of the most important zoonotic pathogens worldwide and a major cause
of economic losses in the pig production chain. The emergence of multi-drug resistant strains over the
past years has led to considerations about an enhanced surveillance of bacterial food contamination.
Currently, ELISA is the method of choice for high throughput identification of S. Typhimurium. The
sensitivity and specificity of this assay might be improved by application of new diagnostic antibodies.
We focused on plant-based expression of candidate diagnostic TM43-E10 antibodies discovered using as
antigen the S. Typhimurium OmpD protein. The scFv-TM43-E10 and scFv-Fc-TM43-E10 antibody
derivatives have been successfully produced in N. benthamiana using a deconstructed movement-
deficient PVX vector supplemented with the gb silencing suppressor from Poa semilatent virus. The
plant-made antibodies showed the same antigen-binding specificity as that of the microbial/mammalian
cell-produced counterparts and could recognize the OmpD antigen in S. Typhimurium infected plant
samples.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Contents lists available at ScienceDirect

Biotechnology Reports

journal homepage: www.else vie r .com/ locat e/btre
1. Introduction

Salmonella enterica, subspecies enterica serotype Typhimurium
can infect both animals and humans and cause food-borne
gastrointestinal infections, usually through poultry, beef, pork,
milk and eggs. It can also be found in non-alcoholic beer or seafood.
Human infections with phage type S. Typhimurium DT104 are
particularly critical, because this strain is resistant to most of the
commonly used antibiotics [1]. Therefore, continuous monitoring
of bacterial food contamination is necessary to prevent infections
in humans. Established methods for S. Typhimurium diagnostics
are time-consuming and use microbiological cultures on different
liquid and solid media [2], specific fluorescence labeled DNA
probes [3] or PCR [4]. Currently, high throughput diagnostics of S.
Typhimurium is performed by indirect ELISA [5]. The commercially
available ELISA kits, SALMOTYPE1- or Enterisol1-ELISA, use a
mixture of O-antigens of Salmonella enterica subspecies enterica
serovars. Because of this mixture, cross-reactions occur with other
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bacteria [6]. In addition, the sensitivity varies between the
different ELISA assays [7].

For a sensitive and specific ELISA, new immunogenic and species-
specific proteins are required. One of the major proteins of the S.
Typhimurium outer membrane, the 39 kDa OmpD protein, is a
promising candidates to develop corresponding diagnostic anti-
bodies. It is expressed in addition to OmpFand OmpC proteins and is
shown to be immunogenic [8,9]. Recently, human recombinant
antibody fragments (scFv) were isolated from the naive human
antibody gene library HAL7/8 by phage display using the OmpD
protein as an antigen [10]. The scFv-TM43-E10 antibody was further
characterized with the aim to develop diagnostic assay [11].

Several expression systems have been developed so far to
produce recombinant antibodies including bacterial, yeast, insect
and mammalian cell cultures [12]. Over the past two decades
plants have emerged as an alternative production platform. The
major advantages of plants over traditional expression systems are
low production costs, flexible scalability and eukaryotic type of
posttranscriptional modification [13,14].

Recombinant proteins in plants can be produced using two main
expression methods: stable transformation and transient expression
[15–17]. Amongst the several expression approaches in plants
transient expression techniques, especially techniques based on plant
virus vectors, made the most significant progress in recent years. Two
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main approaches, “full-length” strategy and deconstructed strategy,
have been used to design virus vectors [18–20]. Deconstructed
versions of RNA viruses like, Potato virus X [21], Tobacco mosaic virus
[22,23], Cowpea mosaic virus [24], as well as DNA viruses like Beet
curly top virus [25], have been developed and successfully applied to
produce recombinant proteins in plants. In the most advanced
version the “deconstructed virus vectors” are combined with A.
tumefaciens-mediated delivery into plant cells [26].

The main goal of this study was to evaluate a feasibility of
transient expression system based on the movement-deficient PVX
vector supplemented with the gb silencing suppressor for the
production of the TM43-E10 recombinant antibody. Two TM43-
E10 antibody formats, namely single chain variable fragment (scFv)
and scFv fused to the lgG Fc moiety (scFv-Fc), were designed,
expressed in N. benthamiana and functionally characterized. The
scFv is a smallest of the recombinant antibody formats, which is
capable of antigen binding. It consists only of the variable (V)
antibody regions (VL and VH) connected with a short linker
peptide. The scFv-Fc fragment combines the VL, VH and Fc regions
of the IgG. The scFv-Fc format might offer several advantages over
the phage display-derived scFv, including bivalent binding, longer
half-life and Fc-mediated effector functions [12]. Smaller antibody
fragments have several advantages such as possible application of
different antibody generation systems for selection/design, easier
production and full antigen binding capacity of IgG [12,27–29].

2. Materials and methods

2.1. Construction of modified PVX vectors

The pLH-PVX-m vector was constructed by overlap PCR using
PVX-AvrI-forw/PVX-ovl-rev and PVX-ovl-forw/PVX-SacI-rev prim-
er pairs (Table S1) and a pPVX-201 plasmid [30] as a template. The
amplification products were mixed and subjected to a second PCR
with PVX-AvrI-forw/PVX-SacI-rev primers. The final PCR fragment
was inserted into the pUC-AP [31] vector yielding the pUC-30-PVX-
m plasmid. The AvrII-SacI fragment of pUC-30-PVX-m was ligated
into pPVX-201 resulting in pPVX-201-m. The modified PVX
sequence was transferred into the binary vector pLH-Dbar [32]
by ligation of a T4 DNA polymerase treated SphI-EheI fragment of
pPVX-201-m and StuI digested pLH-Dbar plasmid. The resulting
vector was designated as pLH-PVX-m.

In order to design the expression vector containing a PVX
modified sequence and the gb gene silencing suppressor from Poa
semilatent virus (PSLV) a gb amplicon was generated using SalI-
BgP-forw and SpeI-BgP-rev primers and pPgb plasmid [33] as a
template. The PCR product was cut with SalI and SpeI restriction
enzymes and cloned into the XhoI-XbaI digested pRT103 plasmid
generating the pRT-35S-gb-ter construct [34]. A 35S-gb-ter
expression cassette was released from the pRT-35S-gb-ter plasmid
by PstI and inserted into NsiI digested pLH-Dbar binary vector
resulting in pLH-gb plasmid. The PVX-m sequence from pPVX-201-
m was digested with SphI-EheI, treated with T4 DNA polymerase
and cloned into the StuI restricted pLH-gb plasmid yielding the
pLH-gb-PVX-m transient expression vector.

2.2. Expression vectors

To design plant expression vectors the scFv-TM43-E10 and scFv-
Fc-TM43-E10 antibody fragments were amplified using SalI-scFv-
forw/EcoRV-scFv-rev and XhoI-scFv-Fc-forw/EcoRV-scFv-Fc-rev
primers, respectively (Table S1). The template plasmids were as
following: pOPE101-TM43-E10, pCMV2.5-hIgG1Fc-scFv-Fc-TM43-
E10 for scFv-TM43-E10 and scFv-Fc-TM43-E10 antibody fragments,
respectively. Details of designing pOPE101-TM43-E10 and
pCMV2.5-hIgG1Fc-scFv-Fc-TM43-E10 plasmids can be found in
the Supplementary Materials. The SalI-EcoRV digested scFv-TM43-
E10 PCR product were incorporated into the SalI-EcoRV restricted
pBluescript II SK(-) plasmid. Cloning the pSK-scFv-Fc-TM43-E10
plasmid was performed by ligation of a scFv-Fc-TM43-E10 PCR
fragment and pBluescript II SK(-) plasmid both restricted with
XhoI-EcoRV. Antibody fragments were released from the pBlue-
script II SK(-) vector by XhoI-XbaI (scFv-TM43-E10) and SalI-SpeI
(scFv-Fc-TM43-E10) and ligated into XhoI-SpeI treated pLH-PVX-m
and pLH-gb-PVX-m plasmids. Four final expression vectors were
designated as pLH-PVX-m-scFv-TM43-E10, pLH-PVX-m-scFv-Fc-
TM43-E10, pLH-gb-PVX-m-scFv-TM43-E10, and pLH-gb-PVX-m-
scFv-Fc-TM43-E10.

2.3. Agroinfiltration procedure

A. tumefaciens (strain LBA4404) cultures carrying plant
expression vectors were grown overnight in LB medium supple-
mented with appropriate antibiotics, collected by centrifugation,
resuspended in agroinfiltration buffer (10 mM MES, pH 5.7, 10 mM
MgCl2 and 150 mM acetosyringone) to an OD600 of 0.5 and
incubated for 2 h at room temperature. Middle leaves of six-week
old N. benthamiana plants were infiltrated using a syringe without
a needle.

2.4. Western blot analysis

Leaf samples were homogenised in 250 mM Tris HCl (pH 7.8),
mixed with equal volume of Laemmli buffer (2x), boiled for 5 min,
clarified by centrifugation and separated on a 12% SDS polyacryl-
amide gel. Each sample was comprised of three discs obtained
from the different agroinfiltrated leaves of one plant. Coomassie
staining was performed by Coomassie blue. The scFv-TM43-E10
blots were probed with an anti-c-Myc mouse antibody (Sigma-
Aldrich). The scFv-Fc-TM43-E10 membranes were developed using
an anti-human lgG (Fc) mouse antibody (Sigma-Aldrich). Cross-
reacting protein bands with secondary anti-mouse goat antibody
(Sigma-Aldrich) were visualized with BCIP/NBT color developing
reagent.

2.5. Purification of recombinant proteins

The OmpD protein and scFv-TM43-E10 antibody format were
produced in E. coli in shaking flasks according to Meyer et al. [7]
and purified by IMAC. The scFv-Fc-TM43-E10 fragment was
produced in HEK293–6E cells as described previously [35] and
isolated by protein A affinity purification.

Agroinfiltrated leaf material was harvested on 6 dpi, homoge-
nized and extracted in extraction buffer (20 mM phosphate buffer,
150 mM NaCl, pH 7.2). Leaf extracts were clarified by centrifugation
at 6000 g for 20 min at 4 �C and filtration through 0.2 mm filter.
Clarified leaf extracts were subjected to IMAC (scFv-TM43-E10) and
Protein A (scFv-Fc-TM43-E10) purification. The scFv-TM43-E10
antibodies were eluted with extraction buffer containing 250 mM
imidazol. The scFv-Fc-TM43-E10 protein was eluted with 100 mM
sodium citrate buffer, pH 3.0. Purified scFv-TM43-E10 and scFv-Fc-
TM43-E10 antibody fragments were further analysed by size-
exclusion chromatography (SEC) on Superdex 200-16/60 column
(GE Healthcare). Calibrationwas done with Cytochrom C (12.4 kDa),
Carbonic Anhydrase (29 kDa), Albumin (66 kDa) and Alcohol
Dehydrogenase (150 kDa). The eluted fractions after SEC were
investigated by reduced SDS-PAGE and Coomassie blue staining.

2.6. ELISA

Antigen binding of TM43-E10 antibody formats was deter-
mined by ELISA in 96-well microtitre plates (Greiner Bio-One)



L. Kopertekh et al. / Biotechnology Reports 20 (2018) e00314 3
coated overnight at 4 �C with OmpD recombinant protein or plant
material infected with S. Typhimurium. After coating the wells
were washed three times with phosphate buffer (PBST) and
blocked through 2 h incubation in PBST supplemented with 2%
skimmed milk (PBST-M). Blocked microtitre plates were washed
three times with PBST-M and incubated with purified antibody
fragments for 2 h at room temperature. After further washing
bound scFv and scFv-Fc were detected with the anti-c-Myc mouse
and anti-human lgG (Fc) mouse antibody, respectively, followed by
the addition of anti-mouse goat antibody. The visualization was
carried out with p-nitrophenyl phosphate as substrate and the
reaction was stopped by adding 2 M NaOH. Absorbance at 450 nm
was measured by using a SUNRISE

TM
microtitre plate reader

(Tecan).
For antigen titration ELISA different dilutions of OmpD

recombinant protein ranging from 0.1 ng/ml to 1000 ng/ml were
coated in duplicates to wells overnight at 4 �C. The detection
was carried out with a concentration of antibody at half
maximum saturation (determined by antibody titration ELISA)
as described above. 56 nM of scFv-TM43-E10 and 25 nM of scFv-
Fc-TM43-E10 antibody were used in the experiments. The
antibody detection limit was defined as 3 SDs above the
background. Antigen and antibody titration ELISA tests have
been repeated twice.

Quantitative ELISA protocol to determine the accumulation of
scFv-TM43-E10 and scFv-Fc-TM43-E10 antibody fragments in leaf
tissue is provided as Supplementary Material.
Fig. 1. Schematic representation of the PVX-based transient expression vectors. Features
region of PVX and terminator signal; 35S-gb-ter, expression cassette of PSLV gb silencin
sequences; Myc, Myc-tag; His, His-tag; single arrow, 35S promoter; double arrow, su
sequences that were linked to the C-terminal end of the scFv-TM43-E10 antibody fragme
(LB) and right (RB) borders are also shown.
2.7. qPCR analysis

RNA for qPCR analysis was isolated from agroinfiltrated N.
benthamiana leaves taken at 5 dpi using the RNeasy Mini Kit from
Qiagen (Qiagen) according to manufacturer’s specifications. The
first strand cDNA was synthesized using Maxima Reverse
Transcriptase and random hexamer primer with 2 mg of total
RNA in a reaction final volume of 20 ml following manufacturer
instructions (Thermo Scientific). Real-time PCR reactions were
performed with Mastercycler1 ep realplex (Eppendorf). Reaction
mixture contained 2 ml of cDNA, 10 ml of 2x Maxima SYBR Green
qPCR Master Mix (Thermo Scientific) and 0.8 ml of 10 mM primers
in a total volume of 20 ml. Primer sequences for the TM43-E10 and
reference cyclophilin (cyp) genes are listed in Table S1. PCR thermal
cycles were as follows: initial denaturation step for 10 min at 95 �C
followed by 45 cycles of denaturation for 15 s at 95 �C, annealing for
30 s at 60 �C and extention for 30 s at 72 �C. Relative quantifications
were performed based on the DDCT method [36] using cyp gene as
an internal standard. Three biological replicates and three
technical replicates for each sample were analysed by qPCR.

3. Results

3.1. Expression of TM43-E10 antibody fragments in plants

The scFv-TM43-E10 and scFv-Fc-TM43-E10 coding sequences
were cloned into pLH-PVX-m and pLH-gb-PVX-m plasmids (Fig. 1).
 are as follows: 165 K, RNA dependent RNA polymerase; 30-UTR-tr, 30 non-translated
g suppressor; scFv-TM43-E10, scFv-Fc-TM43-E10, recombinant antibody encoding
bgenomic RNA promoters. The bottom field represents the Myc-tag and His-tag
nt. The location of restriction sites (XbaI, SmaI, SpeI, MluI, EcoRV, NsiI and ApaI), left
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These expression vectors contain between the left and right T-DNA
borders the CaMV 35S promoter, the RNA-dependent RNA
polymerase gene of PVX, double subgenomic promoter (TGB1
and coat protein subgenomic promoters), 30 nontranslated region
of PVX and terminator. The pLH-gb-PVX-m vector includes an
additional expression cassette for PSLV gb gene silencing
suppressor. The scFv-TM43-E10 protein contains C-terminal His-
tag for affinity purification and Myc-tag for detection by Western
blot.

Four final transient expression vectors were transformed into A.
tumefaciens and delivered by agroinfiltration into middle leaves of
six-week old N. benthamiana plants (Figure S1). To evaluate the
effect of the PSLV gb gene silencing suppressor on scFv-TM43-E10
and scFv-Fc-TM43-E10 accumulation agroinfiltrated N. benthami-
ana leaf samples were harvested at 5 dpi and investigated by qPCR
and Western blot analysis. Plant probes were first examined for the
presence of gb mRNA (Figure S2). RT-PCR analysis with gb specific
primers confirmed the presence of gb mRNA in the pLH-gb-PVX-m
agroinfiltrated leaves. There was not any PCR product in the pLH-
PVX-m samples. An actin gene selected as an internal control
confirmed the presence of cDNA in all investigated samples.

The mRNA expression of target genes was studied in agro-
infiltrated samples by qPCR using TM43-E10 specific primers and
cyp gene as an internal control. Co-expression of gb silencing
suppressor resulted in higher mRNA accumulation level by up to
4.1 and 17 fold for scFv-TM43-E10 and scFv-Fc-TM43-E10,
respectively, when compared with plants infiltrated with the
pLH-PVX-m vector (Fig. 2a). The expression of recombinant
antibody fragments was verified at protein level by immunoblot-
ting. This analysis demonstrated the presence of the protein bands
of expected molecular size for scFv-TM43-E10 and scFv-Fc-TM43-
E10 in leaf extracts (Fig. 2b).

To confirm that the elevated mRNA levels correlated with the
increased protein accumulation, the levels of scFv-TM43-E10 and
scFv-Fc-TM43-E10 antibody fragments were measured using ELISA
in plant tissue. The pLH-gb-PVX-m expression vector resulted in
higher protein yields in comparison to the pLH-PVX-m vector for
Fig. 2. Transient expression of scFv-TM43-E10 and scFv-Fc-TM43-E10 recombinant ant
PVX-m expression vectors harboring scFv-TM43-E10 and scFv-Fc-TM43-E10 sequences.
Western blot.
Quantification of mRNA level of target genes by qPCR (a). Total RNA from agroinfiltrated
TM43-E10 specific primers. mRNA levels were normalized to cyp gene. Results are presen
Each sample was pooled from 3 infiltrated leaves of one plant. The experiments were 

Western blot analysis (b). Leaf protein extracts (12 mg of TSP) were separated on reduced 1
(Fc) (scFv-Fc-TM43-E10) antibody. Each lane represents a pooled sample created by mix
expression vector. Protein preparations extracted from HEK293-6E, E. coli cultures (2
respectively.
both antibody formats. As illustrated in Fig. 3 about 41 mg/g fresh
leaf weight for the pLH-PVX-m-scFv-TM43-E10 agroinfiltrated
leaves and 82.5 mg/g fresh weight for the pLH-gb-PVX-m-scFv-
TM43-E10 samples were detected. The same tendency was
observed for the scFv-Fc-TM43-E10 antibody fragment: pLH-gb-
PVX-m-scFv-Fc-TM43-E10 yielded 9.7 mg/g fresh leaf weight
compared to the pLH-PVX-m-scFv-Fc-TM43-E10, which yielded
45.9 mg/g fresh leaf weight.

The accumulation of recombinant scFv-TM43-E10 and scFv-Fc-
TM43-E10 proteins was further monitored in a time course
experiment. N. benthamiana leaves agroinfiltrated with both pLH-
PVX-m and pLH-gb-PVX-m vectors carrying scFv and scFv-Fc
antibody fragments were collected from three independent plants
on days 2, 5, 7 and 10 and expression was assayed by immunoblot.
The experiment was repeated twice. Fig. 4 shows the results of a
typical experiment. This analysis indicated that the expression
profile of individual proteins was similar irrespective of the
expression vector. The accumulation of scFv-TM43-E10 and scFv-
Fc-TM43-E10 recombinant antibodies increased steadily from day
2, peaked between days 5 and 7 and declined at 10 dpi. Temporal
analysis of recombinant protein expression from pLH-PVX-m and
pLH-gb-PVX-m vectors revealed that both investigated antibody
fragments displayed the highest expression level at 5–7 dpi.
Therefore, we selected this time point to take plant material for
protein extraction.

3.2. Characterization of plant produced antibodies

Purification of scFv-TM43-E10 antibody fragment was per-
formed by IMAC based on C-terminal His-tag. The scFv-Fc version
of TM43-E10 antibody was purified from leaf extracts via Protein A
affinity chromatography. SDS-PAGE analysis of the eluted fractions
after affinity chromatography revealed that scFv-TM43-E10 and
scFv-Fc-TM43-E10 proteins were selectively enriched from leaf
extracts. Samples derived from the first purification step were
separated by size exclusion chromatography. Reducing SDS-PAGE
analysis of the purified antibodies demonstrated single bands at
ibodies. N. benthamiana plants were agroinfiltrated with pLH-PVX-m and pLH-gb-
 RNA and protein samples were collected at 5 dpi and investigated by RT-PCR and

 leaf samples was subjected to cDNA synthesis and subsequent PCR analysis using
ted as fold induction relative to mRNA levels in pLH-PVX-m agroinfiltrated samples.
repeated 3 times. Each column represents mean and standard deviation (n = 6).
2% SDS-PAGE gel and probed with anti-c-Myc (scFv-TM43-E10) and anti-human lgG
ing three infiltrates sports of one plant. Three pooled samples are shown for each
00 ng) and mock inoculated plants were used as positive and negative controls,



Fig. 3. Transient expression of scFv-TM43-E10 and scFv-Fc-TM43-E10 recombinant antibodies in N. benthamiana leaves over a 10 day time course. 12 mg of total proteins
extracted from agroinfiltrated leaves taken on 3, 5, 7 and 10 dpi were separated on reduced 12% SDS-PAGE and analysed for the presence of scFv-TM43-E10 and scFv-Fc-TM43-
E10 proteins by immunoblot. Each lane represents a pooled sample generated by combining three infiltrated sports from one plant. Three samples taken from independent
plants are shown for each time point. The upper panels show scFv-TM43-E10 (scFv) and scFv-Fc-TM43-E10 (scFv-Fc) antibody fragments. The bottom panels show Coomassie-
stained Large Rubisco subunit (RbcL) as a loading control.
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approximately 28 kDa and 50 kDa for scFv-TM43-E10 and scFv-Fc-
TM43-E10, respectively (Fig. 6).

The functionality of plant-derived antibody fragments was
determined by ELISA. To this end ELISA plates were coated with
OmpD recombinant protein and probed with different dilutions of
purified antibody fragments. As shown in Fig. 6a plant-produced
antibodies were able to recognize the OmpD antigen. The binding to
OmpD protein increased with the concentration of scFv-TM43-E10
and scFv-Fc-TM43-E10 proteins in the reaction. The antigen binding
activity of plant-derived antibodies was further compared with the
scFv-TM43-E10 produced in bacterial cells. The scFv-Fc-TM43-E10
format extracted from mammalian cell culture served as a reference
for the scFv-Fc derivative isolated from plant tissue. As expected the
scFv-TM43-E10 preparations from both plant material and bacterial
cells exhibited similar binding properties. The sensitivity of scFv-Fc-
TM43-E10 plantibody to OmpD was also comparable to that of the
scFv-Fc format generated in mammalian cells.

To determine the antigen detection limit ELISA plates were
coated with different concentrations of OmpD protein ranging
Fig. 4. Accumulation of the antibody fragments. N. benthamiana leaves were
agroinfiltrated with pLH-PVX-m and pLH-gb-PVX-m expression vectors carrying
scFv-TM43-E10 and scFv-Fc-TM43-E10 sequences, collected at 5 dpi and subjected
to ELISA to estimate protein accumulation level. Each sample represents pooled
sample created by mixing three leaf samples of one plant. Values correspond to the
mean accumulation level and standard deviation obtained from three independent
adroinfiltration experiments.
from 0.1 ng/ml to 1000 ng/ml and probed with purified plant-
produced antibody fragments at a half maximal saturation. The
results of this assay are illustrated in Fig. 6b. The minimal OmpD
concentration that has been detected by scFv-TM43-E10 proteins
was 50 ng/ml. The antigen detection limit of the scFv-Fc-TM43-E10
antibody fragment was about 20 ng/ml.

The plant-made scFv-TM43-E10 and scFv-Fc-TM43-E10 anti-
bodies were tested with extracts from salad leaves infected with S.
Typhimurium. This analysis demonstrated that plant-produced
diagnostic antibodies could recognize the OmpD antigen in all
infected samples investigated (Fig. 7).

Overall, our results demonstrate that the PVX-based vector
enhanced with the gb silencing suppressor was able to direct the
plant production of scFv-TM43-E10 and scFv-Fc-TM43-E10 diag-
nostic antibody fragments similar in antigen binding activity to the
controls generated in bacterial and mammalian cells.

4. Discussion

The transient expression exploiting Agrobacterium-mediated
delivery of expression vectors has become the preferred plant-
based platform due to its advantage in speed, yield of recombinant
proteins and the reduced concern for transgene escape. Transient
recombinant protein production depends on both the expression
vector and the plant host. Currently two types of expression
vectors, non-viral or plant virus-based, can be used for transient
protein production. Expression vectors utilizing a plastocyanin
promoter [37] and the 50- and 30- translated region of CPMV [38]
are the most efficient non-viral systems described in the literature.
The latest development in plant virus vectors is the vector
deconstruction strategy. Deconstructed viral vectors based on TMV
[18], CPMV [39], PVX [21] and BeYDV [40] provide high protein
yield through a reduction to components essential for recombinant
protein production. In comparison to a deleted PVX vector
developed by Giritch et al. [21], the PVX vector described in this
work uses the fused TGB1 and coat protein subgenomic promoter
for foreign gene expression and is completely deficient in cell-to-
cell and long distance movement. We have taken advantage of
Agrobacterium-mediated delivery of an expression cassette
controlled by the 35S promoter. Infiltration of N. benthamiana
leaves with pLH-PVX-m and pLH-gb-PVX-m vectors carrying scFv
and scFv-Fc formats of a TM43-E10 antibody resulted in
accumulation of mRNA and proteins as was evidenced by qPCR,
Western blot analysis and ELISA.



Fig. 5. Characterization of plant-derived antibodies by size exclusion chromatog-
raphy and subsequent SDS-PAGE gel electrophoresis. The Superdex 200-16/60
column (GE Healthcare) was calibrated with Cytochrom C (12.4 kDa), Carbonic
Anhydrase (29 kDa), Albumin (66 kDa) and Alcohol Dehydrogenase (150 kDa).
Purified proteins were separated on reduced 12% SDS-PAGE gel and stained with
Coomassie blue.
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One of the factors reducing the efficiency of transient
expression is mRNA degradation by RNA silencing. The gene
silencing is involved in regulating expression of endogenous genes
as well as reducing or eliminating the effects of invading pathogens
such as viruses [41,42]. To neutralize this silencing response and
enhance the level of foreign gene expression, co-expression of
proteins that are capable to interfere with components of this
resistance is used routinely. These factors are known as
“suppressors” of RNA silencing. So far, several suppressors of
RNA silencing have been evaluated for their ability to counteract
gene silencing and enhance foreign gene expression in transient
assay, including p19 from either Artichoke mottled crinkle virus
(AMCV) [43] or Tomato bushy stunt virus (TBSV) [44], HcPro from
Potato virus Y (PVY) [37], p25 from PVX [45] and gb from Barley
stripe mosaic virus (BSMV) [46]. We investigated the influence of
the gb protein from Poa semilatent virus (PSLV) on foreign protein
accumulation in a transient assay. PSLV is a plus-strand RNA virus
of the genus Hordeivirus with a tripartite genome consisting of
RNAα, RNAβ and RNAg. RNAα encodes a component of viral
replicase. RNA β encodes coat protein and three movement
proteins. RNAg is bicistronic and encode the other component of
viral replicase and a non-structural gb protein [47,48]. gb
contributes to symptom severity, systemic viral movement and
RNA silencing suppression [33,49]. Although the anti-silencing
activity of PSLV gb protein has been shown a decade ago [33], the
mechanism of gb action has not been investigated. Several lines of
evidence indicate that silencing suppressor properties of gb may
be mediated by its RNA binding activities. The gb protein likely
binds in a sequence unspecific manner to ssRNA via a coiled-coil
domain with zinc binding sites, to prevent RNA degradation by
RNA-induced silencing complex [33,50]. In this study we
demonstrate for the first time the effectiveness of gb to increase
the recombinant protein expression level. The increased transcrip-
tion of scFv-TM43-E10 and scFv-Fc-TM43-E10 genes was detected by
qPCR analysis in N. benthamiana leaves agroinfiltrated with pLH-
gb-PVX-m vector when compared to pLH-PVX-m expression
vector. The mRNA expression levels correlated with protein yields
as was quantified by ELISA. Application of the gb silencing
suppressor caused two and five fold increases in scFv-TM43-E10
and scFv-Fc-TM43-E10 accumulation, respectively.

The most efficient silencing inhibitor described to date is the
p19 protein. In general, accumulation enhancement by the p19
silencing suppressor was dependent on the specific protein and
ranged between 2–50 fold. The highest increase in expression
level, approximately 50-fold, has been documented for GFP
protein [51]. Expression of mAbH10 [43] and non-structural HIV-
1 protein Nef [45] has only been enhanced by 10 and 4.4 fold,
respectively. The amount of hEGF recovered from samples co-
infiltrated with p19 was 3.9 fold higher than that from the
samples without p19 [52].

Four plant viral silencing suppressors, namely the Tobacco
etch virus (TEV)-encoded P1/HC-Pro, the BSMV-encoded gb, the
TBSV-encoded P19 and the Sugarcane bacilliform virus (SCBV)-
encoded OrfI, were evaluated for their ability to enhance the
expression of eYFP and gus genes in young leaf segments and
protoplasts of sugarcane [46]. Among these suppressors TEV p19
and BSMV gb proteins were the most efficient. Complementation
experiments revealed functional similarity of the BSMV and PSLV
gb proteins [33].

The amount of recombinant proteins expressed in agroinfil-
trated N. benthamiana leaves as measured by ELISA was 82.5 mg/g
fresh weight for scFv-TM43-E10 and 45.9 mg/g fresh weight for
scFv-Fc-TM43-E10. These accumulation levels are not superior to
protein expression levels shown for the movement-competent
deconstructed virus vectors [53]. However, the yields are
comparable to the expression levels described for movement-
deficient virus vectors and non-viral vectors [54]. Our transient
expression system might be improved by directing scFv-Fc-TM43-
E10 recombinant antibody into various cell compartments,
particularly endoplasmatic reticulum (ER). Several studies dem-
onstrated that the addition of a KDEL peptide to recombinant
proteins has allowed efficient ER targeting and increased their
accumulation in 2–10 times [37,55,56].

The expression profile in transient assay may be different for
each product expressed. In most cases maximal expression levels
occur at 3–5 days after infiltration and fade rapidly after 7–9 days.
For example, the maximal accumulation for GFP, P24 and SARS-
CoV proteins has been observed at 3 dpi [51,57]. The highest
expression level for L2 and non-structural HIV-1 Nef proteins was
reached at 5 dpi and 9 dpi, respectively [45,57]. In our study scFv
and scFv-Fc formats of TM43-E10 antibody displayed a similar
expression profile with highest accumulation level at 5–7 dpi.

The functionality of the recombinant proteins purified from
agroinfiltrated leaves was assessed by titration ELISA. This analysis
indicated that scFv-TM43-E10 and scFv-Fc-TM43-E10 antibody
fragments bound to OmpD antigen provided as purified protein or
probes prepared from infected plant leaves confirming feasibility
of plants as expression platform for S. Typhimurium diagnostic
antibodies. The minimal concentration of OmpD protein that can
be detected by scFv-TM43-E10, scFab-TM43-E10 antibody frag-
ments was 50 ng/ml. About 20 ng/ml of antigen were detected by
scFv-Fc-TM43-E10.

The biological activity of plant-generated antibodies is usually
compared to that of reference antibodies produced in bacterial or
animal cell expression systems. Therefore, the scFv-TM43-E10 and
scFv-Fc-TM43-E10 antibody derivatives have been also expressed
in bacterial and mammalian cell cultures and included into the



Fig. 6. Functional characterization of plant-derived S. Typhimurium diagnostic antibodies. Antibody titration ELISA (A). ELISA plates were coated with 1 mg/well OmpD
protein and incubated with serial dilutions of recombinant antibodies. Plant-produced, E. coli (scFv-TM43-E10) and mammalian cells-derived (scFv-Fc-TM43-E10) proteins
were involved in this assay.
Antigen titration ELISA (B). Different dilutions of OmpD protein (0.1 ng/ml-1000 ng/ml) were coated to the wells. Antigen detection was performed with the scFv-TM43-E10
and scFv-Fc-TM43-E10 recombinant antibodies purified from plant material at a concentration of half maximal saturation. Data are shown as mean and standard deviation.
Results are a combination of two independent experiments (n = 4).

Fig. 7. ELISA test of scFv-TM43-E10 and scFv-Fc-TM43-E10 antibody fragments. ELISA plates were coated with S. Typhimurium suspension (lane 1), protein extracts from S.
Typhimurium infected (lanes 2–5) and non-infected (lane 6) salad leaf tissue. 400 ng/well for scFv-TM43-E10 and 150 ng/well for scFv-Fc-TM43-E10 were added for detection
of OmpD antigen. Values represent the means with standard deviation from two independent tests.
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functional test. The antigen binding of plant-derived scFv-TM43-
E10 antibodies was similar to scFv-TM43-E10 recombinant
proteins isolated from E. coli. Furthermore functional ELISA test
also showed a similar functional activity for plant and mammalian
cell culture-made scFv-Fc-TM43-E10 antibody fragments (Fig. 5A).
Our data are in agreement with findings described in several
articles with respect to the functional equivalence of the
recombinant proteins produced in different expression systems.
For example plant-derived 6D8 and hE16 mAbs demonstrated
similar to mammalian cell-derived counterpart antigen specificity
[58]. Yuan et al. [59] reported that the biological activity of
antizearalenone scFv “plantibody” was comparable to that of a
bacterially produced scFv antibody. A number of research groups
investigated the binding properties of the plant-derived anti-HIV
VRC01, 2G12 and b12 antibodies in comparison to reference
counterparts [60–62]. These studies also revealed functional
equivalence between plant- and mammalian cells-made recombi-
nant proteins.

In summary, we produced diagnostic scFv-TM43-E10 and scFv-
Fc-TM43-E10 antibodies by means of transient expression in
plants. The accumulation of recombinant proteins was enhanced
by exploring the PSLV gb silencing suppressor demonstrating for
the first time its applicability for biotechnological purposes. Plant-
derived scFv and scFv-Fc formats of TM43-E10 protein were
biologically active as demonstrated by ELISA suggesting the
feasibility of the N. benthamiana production platform for expres-
sion of diagnostic S. Typhimurium antibodies.

Conflict of interest statement

The authors declare that there is no conflict of interest.

Acknowledgments

The authors thank Dr. A. Schikora (JKI, Germany) and Dr. A.
Solovyev (Moscow University, Russia) for providing infected plant
material and the pPgb plasmid, respectively. We are also grateful to
Antje Schulze and Anke Brißke-Rode for their excellent technical
assistance.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.btre.2019.e00314.

References

[1] C.L. Little, J.F. Richardson, R.J. Owen, E. De Pinna, E.J. Threlfall, Campylobacter
and Salmonella in raw red meats in the United Kingdom: prevalence,
characterization and antimicrobial resistance pattern, 2003-2005, Food
Microbiol. 25 (2008) 538–543, doi:http://dx.doi.org/10.1016/j.fm.2008.01.001.

[2] O. Gaillot, P. Di Camillo, P. Berche, R. Courcol, C. Savage, Comparison of
CHROMagar Salmonella medium and hektoen enteric agar for isolation of
Salmonellae from stool samples, J. Clin. Microbiol. 37 (1999) 762–765.

[3] A.P. Silverman, Kool ET Quenched autoligation probes allow discrimination of
live bacterial species by single nucleotide differences in rRNA, Nucl. Acids Res.
33 (2005) 4978–4986, doi:http://dx.doi.org/10.1093/nar/gki814.

[4] J. Alvarez, M. Sota, A.B. Vivanco, I. Perales, R. Cisterna, A. Rementeria, J.
Garaizar, Development of a multiplex PCR technique for detection and
epidemiological typing of Salmonella in human clinical samples, J. Clin.
Microbiol. 42 (2004) 1734–1738, doi:http://dx.doi.org/10.1128/JCM.42.4.1734-
1738.2004.

[5] U. Roesler, I. Szabo, C. Matthies, K. Albrecht, M. Leffler, K. Scherer, K. Nöckler, J.
Lehmann, U. Methner, A. Hensel, U. Truyen, Comparing validation of four
ELISA-systems for detection of Salmonella derby- and Salmonella infantis-
infected pigs, Berl. Munch. Tierarztl. Wochenschr. 124 (2011) 265–271.

[6] B. Nielsen, D. Baggesen, F. Bager, J. Haugegaard, P. Lind, The serological
response to Salmonella serovars typhimurium and infantis in experimentally
infected pigs. The time course followed with an indirect anti-LPS ELISA and
bacteriological examinations, Vet. Microbiol. 47 (1995) 205–218, doi:http://dx.
doi.org/10.1016/0378-1135(95)00113-1.
[7] H.M. Van der Heijden, First international ring trial of ELISAs for Salmonella-
antibody detection in swine, Berl. Munch. Tierarztl. Wochenschr. 114 (2001)
389–392.

[8] S.P. Singh, Y. Upshaw, T. Abdullah, S.R. Singh, P.E. Klebba, Structural relatedness
of enteric bacterial porins assessed with monoclonal antibodies to Salmonella
typhimurium OmpD and OmpC, J. Bacteriol. 174 (1992) 1965–1973.

[9] M. Hust, M. Meysing, T. Schirrmann, M. Selke, J. Meens, G. Gerlach, S. Dübel,
Enrichment of open reading frames presented on bacteriophage M13 using
hyperphage, BioTechniques 41 (2006) 335–342, doi:http://dx.doi.org/10.2144/
000112225.

[10] M. Hust, T. Meyer, B. Voedisch, T. Rülker, H. Thie, A. El-Ghezal, M.I. Kirsch, M.
Schütte, S. Helmsing, D. Meier, T. Schirrmann, S. Dübel, A human scFv antibody
generation pipeline for proteome research, J. Biotechnol. 152 (2011) 159–170,
doi:http://dx.doi.org/10.1016/j.jbiotec.2010.09.945.

[11] T. Meyer, J. Stratmann-Selke, J. Meens, T. Schirrmann, G.F. Gerlach, R. Frank, S.
Dübel, K. Strutzberg-Minder, M. Hust, Isolation of scFv fragments specific to
OmpD of Salmonella Typhimurium, Vet. Microbiol. 147 (2011) 162–169, doi:
http://dx.doi.org/10.1016/j.vetmic.2010.06.023.

[12] A. Frenzel, M. Hust, T. Schirrmann, Expression of recombinant antibodies, Front.
Immunol. 4 (2013) 217, doi:http://dx.doi.org/10.3389/fimmu.2013.00217.

[13] R. Fischer, E. Stoger, S. Schillberg, P. Christou, R.M. Twyman, Plant-based
production of biopharmaceuticals, Curr. Opin. Plant Biol. 7 (2004) 152–158,
doi:http://dx.doi.org/10.1016/j.pbi.2004.01.007.

[14] R. Fischer, S. Schillberg, J.F. Buyel, R.M. Twyman, Commercial aspects of
pharmaceutical protein production in plants, Curr. Pharm. Des. 19 (2013)
5471–5477, doi:http://dx.doi.org/10.2174/1381612811319310002.

[15] J.K. Ma, P.M. Drake, P. Christou, The production of recombinant pharmaceutical
proteins in plants, Nat. Rev. Genet. 4 (2003) 794–805.

[16] R.M. Twyman, E. Stoger, S. Schillberg, P. Christou, R. Fischer, Molecular farming
in plants: host systems and expression technology, Trends Biotechnol. 21
(2003) 570–578, doi:http://dx.doi.org/10.1016/j.tibtech.2003.10.002.

[17] M. Paul, J. Ma, Plant-made pharmaceuticals: leading products and production
platforms, Biotechnol. Appl. Biochem. 58 (2011) 58–67, doi:http://dx.doi.org/
10.1002/bab.6.

[18] Y. Gleba, S. Marillonnet, V. Klimyuk, Engineering viral expression vectors for
plants: the ‘full virus’ and the ‘deconstructed virus’ strategies, Curr. Opin. Plant
Biol. 7 (2004) 182–188, doi:http://dx.doi.org/10.1016/j.pbi.2004.01.003.

[19] Y. Gleba, V. Klimyuk, S. Marillonnet, Viral vectors for the expression of proteins
in plants, Curr. Opin. Biotechnol. 18 (2007) 134–141, doi:http://dx.doi.org/
10.1016/j.copbio.2007.03.002.

[20] J.A. Salazar-Gonzalez, B. Banuelos-Hernandez, S. Rosales-Mendoza, Current
status of viral expression systems in plants and perspectives for oral vaccines
development, Plant Mol. Biol. 87 (2015) 203–217, doi:http://dx.doi.org/
10.1007/s11103-014-0279-5.

[21] A. Giritch, S. Marillonnet, C. Engler, G. van Eldik, J. Botterman, V. Klimyuk,
Gleba Y rapid high-yield expression of full-size IgG antibodies in plants
coinfected with noncompeting viral vectors, Proc. Natl. Acad. Sci. U. S. A. 103
(2006) 14701–14706, doi:http://dx.doi.org/10.1073/pnas.0606631103.

[22] M. Gils, R. Kandzia, S. Marillonnet, V. Klimyuk, Y. Gleba, High-yield production
of authentic human growth hormone using a plant virus-based expression
system, Plant Biotechnol. J. 3 (2005) 613–620, doi:http://dx.doi.org/10.1111/
j.1467-7652.2005.00154.x.

[23] L. Santi, A. Giritch, C.J. Roy, S. Marillonnet, V. Klimyuk, Y. Gleba, R. Webb, C.J.
Arntzen, H.S. Mason, Protection conferred by recombinant Yersinia pestis
antigens produced by a rapid and highly scalable plant expression system,
Proc. Natl. Acad. Sci. U. S. A.103 (2006) 861–866, doi:http://dx.doi.org/10.1073/
pnas.0510014103.

[24] F. Sainsbury, M. Sack, J. Stadlmann, H. Quendler, R. Fischer, G.P. Lomonossoff,
Rapid transient production in plants by replicating and non-replicating vectors
yields high quality functional anti-HIV antibody, PLoS One 5 (2010)e13976,
doi:http://dx.doi.org/10.1371/journal.pone.0013976.

[25] H.Y. Chung, H.H. Lee, K.I. Kim, H.Y. Chung, J.H. Bo, J.H. Park, G. Sunter, J.B. Kim, D.
H. Shon, W. Kim, I.S. Sik Chung, Expression of a recombinant chimeric protein
of hepatitis A virus VP1-Fc using a replicating vector based on Beet curly top
virus in tobacco leaves and its immunogenicity in mice, Plant Cell Rep. 30
(2011) 1513–1521, doi:http://dx.doi.org/10.1007/s00299-011-1062-6.

[26] Y. Gleba, V. Klimyuk, S. Marillonnet, Magnifection - a new platform for
expressing recombinant vaccines in plants, Vaccine 23 (2005) 2042–2048, doi:
http://dx.doi.org/10.1016/j.vaccine.2005.01.006.

[27] K. Ko, H. Koprowski, Plant biopharming of monoclonal antibodies, Virus Res.
111 (2005) 93–100, doi:http://dx.doi.org/10.1016/j.virusres.2005.03.016.

[28] D. Orzáez, A. Granell, M.A. Blázquez, Manufacturing antibodies in the plant
cell, Biotechnol. J. 4 (2009) 1712–1724, doi:http://dx.doi.org/10.1002/
biot.200900223.

[29] B. De Muynck, C. Navarre, M. Boutry, Production of antibodies in plants: status
after twenty years, Plant Biotechnol. J. 8 (2010) 529–563, doi:http://dx.doi.org/
10.1111/j.1467-7652.2009.00494.x.

[30] S. Chapman, T. Kavanagh, D. Baulcombe, Potato Virus X as a vector for gene
expression in plants, Plant J. 2 (1992) 549–557, doi:http://dx.doi.org/10.1046/
j.1365-313X.1992.t01-24-00999.x.

[31] J. Vieira, J. Messing, The pUC plasmids, an M13mp7-derived system for
insertion mutagenesis and sequencing with synthetic universal primers, Gene
19 (1982) 259–268, doi:http://dx.doi.org/10.1016/0378-1119(82)90015-4.

[32] L. Kopertekh, G. Jüttner, J. Schiemann, PVX-Cre-mediated marker gene
elimination from transgenic plants, Plant Mol. Biol. 55 (2004) 491–500,
doi:http://dx.doi.org/10.1007/s11103-004-0237-8.

https://doi.org/10.1016/j.btre.2019.e00314
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0005
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0005
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0005
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0005
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0010
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0010
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0010
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0015
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0015
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0015
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0020
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0020
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0020
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0020
http://dx.doi.org/10.1128/JCM.42.4.1734-1738.2004
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0025
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0025
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0025
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0025
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0030
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0030
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0030
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0030
http://dx.doi.org/10.1016/0378-1135(95)00113-1
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0035
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0035
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0035
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0040
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0040
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0040
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0045
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0045
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0045
http://dx.doi.org/10.2144/000112225
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0050
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0050
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0050
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0050
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0055
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0055
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0055
http://dx.doi.org/10.1016/j.vetmic.2010.06.023
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0060
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0060
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0065
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0065
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0065
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0070
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0070
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0070
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0075
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0075
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0080
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0080
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0080
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0085
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0085
http://dx.doi.org/10.1002/bab.6
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0090
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0090
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0090
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0095
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0095
http://dx.doi.org/10.1016/j.copbio.2007.03.002
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0100
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0100
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0100
http://dx.doi.org/10.1007/s11103-014-0279-5
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0105
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0105
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0105
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0105
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0110
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0110
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0110
http://dx.doi.org/10.1111/j.1467-7652.2005.00154.x
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0115
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0115
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0115
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0115
http://dx.doi.org/10.1073/pnas.0510014103
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0120
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0120
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0120
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0120
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0125
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0125
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0125
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0125
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0125
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0130
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0130
http://dx.doi.org/10.1016/j.vaccine.2005.01.006
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0135
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0135
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0140
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0140
http://dx.doi.org/10.1002/biot.200900223
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0145
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0145
http://dx.doi.org/10.1111/j.1467-7652.2009.00494.x
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0150
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0150
http://dx.doi.org/10.1046/j.1365-313X.1992.t01-24-00999.x
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0155
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0155
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0155
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0160
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0160
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0160


L. Kopertekh et al. / Biotechnology Reports 20 (2018) e00314 9
[33] N.E. Yelina, E.I. Savenkov, A.G. Solovyev, S.Y. Morozov, J.P. Valkonen, Long-
distance movement, virulence, and RNA silencing suppression controlled by a
single protein in Hordei- and potyviruses: complementary functions between
virus families, J. Virol. 76 (2002) 12981–12991, doi:http://dx.doi.org/10.1128/
JVI.76.24.12981-12991.2002.

[34] R. Töpfer, V. Matzeit, B. Gronenborn, J. Schell, H.H. Steinbiss, A set of plant
expression vectors for transcriptional and translational fusions, Nucl. Acids
Res. 15 (1987) 5890.

[35] V. Jäger, K. Büssow, A. Wagner, S. Weber, M. Hust, A. Frenzel, T. Schirrmann,
High level transient production of recombinant antibodies and antibody
fusion proteins in HEK293 cells, BMC Biotechnol. 13 (2013) 52, doi:http://dx.
doi.org/10.1186/1472-6750-13-52.

[36] T.D. Schmittgen, K.J. Livak, Analyzing real-time PCR data by the comparative CT
method, Nat. Protoc. 3 (2008) 1101–1108.

[37] L.P. Vezina, L. Faye, P. Lerouge, M.A. D’Aoust, E. Marquet-Blouin, C. Burel, P.O.
Lavoie, M. Bardor, V. Gomord, Transient co-expression for fast and high-yield
production of antibodies with human-like N-glycans in plants, Plant
Biotechnol. J. 7 (2009) 442–455, doi:http://dx.doi.org/10.1111/j.1467-
7652.2009.00414.x.

[38] F. Sainsbury, G.P. Lomonossoff, Extremely high-level and rapid transient
protein production in plants without the use of viral replication, Plant Physiol.
148 (2008) 1212–1218, doi:http://dx.doi.org/10.1104/pp.108.126284.

[39] F. Sainsbury, P.O. Lavoie, M.A. D’Aoust, L.P. Vezina, G.P. Lomonossoff,
Expression of multiple proteins using full-length and deleted versions of
Cowpea mosaic virus RNA-2, Plant Biotechnol. J. 6 (2008) 82–92, doi:http://dx.
doi.org/10.1111/j.1467-7652.2007.00303.x.

[40] Z. Huang, W. Phoolcharoen, H. Lai, K. Piensook, G. Cardineau, L. Zeitlin, K.J.
Whaley, C.J. Arntzen, H.S. Mason, Q. Chen, High-level rapid production of
full-size monoclonal antibodies in plants by a single-vector DNA replicon
system, Biotechnol. Bioeng. 106 (2010) 9–17, doi:http://dx.doi.org/10.1002/
bit.22652.

[41] J.C. Carrington, V. Ambros, Role of miRNAs in plant and animal development,
Science 301 (2003) 336–338, doi:http://dx.doi.org/10.1126/science.1085242.

[42] S.W. Ding, H. Li, R. Lu, F. Li, W.X. Li, RNA silencing: a conserved antiviral
immunity of plants and animals, Virus Res. 102 (2004) 109–115, doi:http://dx.
doi.org/10.1128/JVI.79.11.7217-7226.2005.

[43] M.E. Villani, B. Morgun, P. Brunetti, C. Marusic, R. Lombardi, I. Pisoni, C. Bacci, A.
Desiderio, E. Benvenuto, M. Donini, Plant pharming of a full-sized, tumour-
targeting antibody using different expression strategies, Plant Biotechnol. J. 7
(2009) 59–72, doi:http://dx.doi.org/10.1111/j.1467-7652.2008.00371.x.

[44] F. Garabagi, E. Gilbert, A. Loos, M.D. McLean, J.C. Hall, Utility of the P19
suppressor of gene-silencing protein for production of therapeutic antibodies
in Nicotiana expression hosts, Plant Biotechnol. J. 10 (2012) 1118–1128, doi:
http://dx.doi.org/10.1111/j.1467-7652.2012.00742.x.

[45] R. Lombardi, P. Circelli, M.E. Villani, G. Buriani1, L. Nardi, V. Coppola, L. Bianco,
E. Benvenuto, M. Donini, C. Marusic, High-level HIV-1 Nef transient expression
in Nicotiana benthamiana using the P19 gene silencing suppressor protein of
Artichoke Mottled Crinckle Virus, BMC Biotechnol. 9 (2009) 96, doi:http://dx.
doi.org/10.1186/1472-6750-9-96.

[46] S.-J. Gao, M.B. Damaj, J.-W. Park, G. Beyene, M.T. Buenrostro-Nava, J. Molina, X.
Wang, J.J. Ciomperlik, S.A. Manabayeva, V.Y. Alvarado, K.S. Rathore, H.B.
Scholthof, T.E. Mirkov, Enhanced transgene expression in sugarcane by Co-
expression of virus-encoded RNA silencing suppressors, PLoS One 8 (6) (2013)
e66046, doi:http://dx.doi.org/10.1371/journal.pone.0066046.

[47] A.G. Solovyev, E.I. Savenkov, A.A. Agranovsky, S.Yu Morozov, Comparisons of
the genomic cis-elements and coding regions in RNAb components of the
hordeiviruses barley stripe mosaic virus, lychnis ringspot virus, and poa
semilatent virus, Virology 219 (1996) 9–18, doi:http://dx.doi.org/10.1006/
viro.1996.0217.

[48] E.I. Savenkov, A.G. Solovyev, S.Yu. Morozov, Genome sequences of poa
semilatent and lychnis ringspot hordeiviruses, Arch. Virol. 143 (1998) 1379–
1393, doi:http://dx.doi.org/10.1007/s007050050382.

[49] A.A. Agranovsky, A.V. Karasev, V.K. Novikov, N.A. Lunina, S. Loginov, L.G.
Tyulkina, Poa semilatent virus, a hordeivirus having no internal polydisperse
poly(A) in the 39 noncoding region of the RNA genome, J. Gen. Virol. (1992),
doi:http://dx.doi.org/10.1099/0022-1317-73-8-2085.

[50] D.V. Rakitina, N.E. Yelina, N.O. Kalinina, Zinc ions stimulate the cooperative
RNA binding of hordeiviral gb protein, FEBS Lett. 580 (2006) 5077–5083, doi:
http://dx.doi.org/10.1016/j.febslet.2006.08.032.

[51] N. Zheng, R. Xia, C. Yang, B. Yin, Y. Li, C. Duan, L. Liang, H. Guo, Q. Xie, Boosted
expression of the SARS-CoV nucleocapsid protein in tobacco and its
immunogenicity in mice, Vaccine 27 (2009) 5001–5007, doi:http://dx.doi.org/
10.1016/j.vaccine.2009.05.073.

[52] D.R. Thomas, A.M. Walmsley, Improved expression of recombinant plant-
made hEGF, Plant Cell Rep. 33 (2014) 1801–1814, doi:http://dx.doi.org/
10.1007/s00299-014-1658-8.

[53] Y.Y. Gleba, D. Tusé, A. Giritch, Plant viral vectors for delivery by Agrobacterium,
Curr. Top. Microbiol. Immunol. 375 (2013) 155–192, doi:http://dx.doi.org/
10.1007/82_2013_352.

[54] H. Peyret, G.P. Lomonossoff, The pEAQ vector series: the easy and quick way to
produce recombinant proteins in plants, Plant Mol. Biol. 83 (2013) 51–58, doi:
http://dx.doi.org/10.1007/s11103-013-0036-1.

[55] S. Schillberg, R.M. Twyman, R. Fischer, Opportunities for recombinant antigen
and antibody expression in transgenic plants - technology assessment, Vaccine
23 (2005) 1764–1769, doi:http://dx.doi.org/10.1016/j.vaccine.2004.11.002.

[56] A.K. Sharma, M.K. Sharma, Plants as bioreactors: recent developments and
emerging opportunities, Biotechnol. Adv. 27 (2009) 811–832, doi:http://dx.
doi.org/10.1016/j.biotechadv.2009.06.004.

[57] G.L. Regnard, R.P. Halley-Stott, F.L. Tanzer, I.I. Hitzeroth, E.P. Rybicki, High level
protein expression in plants through the use of a novel autonomously
replicating geminivirus shuttle vector, Plant Biotechnol. J. 8 (2010) 38–46, doi:
http://dx.doi.org/10.1111/j.1467-7652.2009.00462.x.

[58] H. Lai, J. He, M. Engle, M.S. Diamond, Q. Chen, Robust production of virus-like
particles and monoclonal antibodies with geminiviral replicon vectors in
lettuce, Plant Biotechnol. J. 10 (2012) 95–104, doi:http://dx.doi.org/10.1111/
j.1467-7652.2011.00649.x.

[59] Q. Yuan, W. Hu, J.J. Pestka, S.Y. He, L.P. Hart, Expression of a functional
antizearalenone single-chain Fv antibody in transgenic Arabidopsis plants,
Appl. Environ. Microbiol. 66 (2000) 3499–3505, doi:http://dx.doi.org/10.1128/
AEM.66.8.3499-3505.2000.

[60] T. Rademacher, M. Sack, E. Arcalis, J. Stadlmann, S. Balzer, F. Altmann, H.
Quendler, G. Stiegler, R. Kunert, R. Fischer, E. Stöger, Recombinant antibody
2G12 produced in maize endosperm efficiently neutralizes HIV-1 and contains
predominantly single-GlcNAc N-glycans, Plant Biotechnol. J. 6 (2008) 189–201,
doi:http://dx.doi.org/10.1111/j.1467-7652.2007.00306.x.

[61] Y. Rosenberg, M. Sack, D. Montefiori, D. Forthal, L. Mao, S. Hernandez–Abanto,
L. Urban, G. Landucci, R. Fischer, X. Jiang, Rapid high-level production of
functional HIV broadly neutralizing monoclonal antibodies in transient plant
expression systems, PLoS One 8 (3) (2013) e58724, doi:http://dx.doi.org/
10.1371/journal.pone.0058724.

[62] A.Y. Teh, D. Maresch, K. Klein, J.K. Ma, Characterization of VRC01, a potent and
broadly neutralizing anti-HIV mAb, produced in transiently and stably
transformed tobacco, Plant Biotechnol. J. 12 (2014) 300–311, doi:http://dx.doi.
org/10.1111/pbi.12137.

http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0165
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0165
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0165
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0165
http://dx.doi.org/10.1128/JVI.76.24.12981-12991.2002
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0170
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0170
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0170
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0175
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0175
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0175
http://dx.doi.org/10.1186/1472-6750-13-52
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0180
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0180
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0185
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0185
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0185
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0185
http://dx.doi.org/10.1111/j.1467-7652.2009.00414.x
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0190
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0190
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0190
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0195
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0195
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0195
http://dx.doi.org/10.1111/j.1467-7652.2007.00303.x
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0200
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0200
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0200
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0200
http://dx.doi.org/10.1002/bit.22652
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0205
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0205
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0210
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0210
http://dx.doi.org/10.1128/JVI.79.11.7217-7226.2005
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0215
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0215
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0215
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0215
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0220
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0220
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0220
http://dx.doi.org/10.1111/j.1467-7652.2012.00742.x
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0225
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0225
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0225
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0225
http://dx.doi.org/10.1186/1472-6750-9-96
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0230
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0230
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0230
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0230
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0230
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0235
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0235
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0235
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0235
http://dx.doi.org/10.1006/viro.1996.0217
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0240
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0240
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0240
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0245
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0245
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0245
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0245
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0250
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0250
http://dx.doi.org/10.1016/j.febslet.2006.08.032
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0255
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0255
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0255
http://dx.doi.org/10.1016/j.vaccine.2009.05.073
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0260
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0260
http://dx.doi.org/10.1007/s00299-014-1658-8
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0265
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0265
http://dx.doi.org/10.1007/82_2013_352
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0270
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0270
http://dx.doi.org/10.1007/s11103-013-0036-1
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0275
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0275
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0275
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0280
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0280
http://dx.doi.org/10.1016/j.biotechadv.2009.06.004
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0285
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0285
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0285
http://dx.doi.org/10.1111/j.1467-7652.2009.00462.x
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0290
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0290
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0290
http://dx.doi.org/10.1111/j.1467-7652.2011.00649.x
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0295
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0295
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0295
http://dx.doi.org/10.1128/AEM.66.8.3499-3505.2000
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0300
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0300
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0300
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0300
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0300
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0305
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0305
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0305
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0305
http://dx.doi.org/10.1371/journal.pone.0058724
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0310
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0310
http://refhub.elsevier.com/S2215-017X(18)30317-5/sbref0310
http://dx.doi.org/10.1111/pbi.12137

	Transient plant production of Salmonella Typhimurium diagnostic antibodies
	1 Introduction
	2 Materials and methods
	2.1 Construction of modified PVX vectors
	2.2 Expression vectors
	2.3 Agroinfiltration procedure
	2.4 Western blot analysis
	2.5 Purification of recombinant proteins
	2.6 ELISA
	2.7 qPCR analysis

	3 Results
	3.1 Expression of TM43-E10 antibody fragments in plants
	3.2 Characterization of plant produced antibodies

	4 Discussion
	Conflict of interest statement
	Acknowledgments
	Appendix A Supplementary data
	References


