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ABSTRACT
Production and isolation of recombinant proteins are key steps in modern Molecular Biology. Expression
vectors and platforms for various hosts, including both prokaryotic and eukaryotic systems, have been
used. In basic plant research, Arabidopsis thaliana is the central model for which a wealth of genetic and
genomic resources is available, and enormous knowledge has been accumulated over the past years –
especially since elucidation of its genome in 2000. However, until recently an Arabidopsis platform had
been lacking for preparative-scale production of homologous recombinant proteins. We recently estab-
lished an Arabidopsis-based super-expression system, and used it for a structural pilot study of a multi-
subunit integral membrane protein complex. This review summarizes the benefits and further potential
of the model plant system for protein productions.

Abbreviations: Nb, Nicotiana benthamiana; OT, oligosaccharyltransferase
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Recombinant proteins enable the study of structure and func-
tion of proteins from virtually any origin in a common plat-
form. Typically, a cDNA of the gene of interest is expressed in
a heterologous host for overexpression, and the purified
recombinant protein is used for a series of biochemical char-
acterizations. For decades, this routine has been successfully
used for identifying peptides responsible for the enzymatic
activities in (often partially) purified fractions from the native
host. This also allowed for in-depth analysis of enzymes/
proteins identified by reverse genetics, whose abundance
could be extremely low in the native host.

A range of host organisms are available for recombinant
protein production. Most popular is the gram-negative bac-
terium Escherichia coli (E. coli), but other bacteria such as
Bacillus subtilis and eukaryotic hosts are also used. The latter
includes yeasts, like Saccharomyces cerevisiae and Pichia pas-
toris, insect cells (Spodoptera frugiperda, Sf), mammalian cells
(chinese hamster ovary, CHO), and plant-cell systems
(tobacco bright yellow 2, BY2).1–12 While results vary accord-
ing to the nature of proteins and expression hosts, the yield of
recombinant proteins can reach as much as 50 mg/L of E. coli
culture under standard laboratory conditions.

E. coli is the preferred host for production of recombinant
proteins of plant origin as well. However, expression of plant
proteins in E. coli still poses a fair challenge with respect to
expression level, protein folding, and post-translational mod-
ifications. In particular, if a recombinant protein needs to be
glycosylated or otherwise post-translationally modified,
eukaryotic hosts have been used.8 In plant research, transient

and stable expression in the wild tobacco species Nicotiana
benthamiana (Nb) has proven successful for functional ana-
lyses of recombinant proteins in many studies.13,14 However,
use of Nb in basic research is mostly limited to rather small
analytical experiments, such as in situ-observation of fluores-
cent proteins or co-precipitation assays to prove protein-pro-
tein interaction. By contrast, the biopharmaceutical industry
adapted the Nb system for large-scale production of clinical
proteins, such as vaccines and antibodies.15 Possible draw-
backs of the Nb system for routine preparative-scale applica-
tions are the requirement for sizable growth facilities15 and a
special set-up for mass-infiltration of Agrobacteria into leaf
tissues.16

Arabidopsis thaliana is a widely used model for develop-
mental and molecular plant biology.17 Availability of a collec-
tion of indexed/characterized mutants and sequenced
genomes of different Arabidopsis accessions promoted the
generation of a large body of knowledge on the molecular
mechanisms governing growth, development and stress
responses. Well-studied are also the processes governing
gene expression, post-translational modifications, and protein
targeting in this organism. On the other hand, our current
understanding of Arabidopsis biology is rather genetics-cen-
tered, and understanding the biochemical basis of cellular
machineries can become a challenge. This is partially due to
the lack of reliable protein production in the homologous
host, where post-translational modifications and complex for-
mation with endogenous interaction partners is possible. We
recently reported an Arabidopsis-based recombinant protein
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production platform (super-expression system) suitable for
biochemical and structural studies (Figure 1).18 This platform
yielded as much as 0.4 mg of purified protein per gram fresh
weight (FW) using a heterologous model protein (mCherry)
for expression and purification. The benefit as homologous
overexpression system was demonstrated for oligosaccharyl-
transferase (OT), an integral-membrane protein complex con-
sisting of seven or moresubunits that could be assembled on a
single overexpressed central STT3a subunit. The OT-ribo-
some super-complex was then purified and its three-dimen-
sional structure determined by transmission electron-
microscopy at 30Å resolution.18 Combined with our pilot
study applying this technology to a soluble enzyme (CTD
phosphatase-like 4),19 which was difficult to express in E.
coli as an active form, we propose the Arabidopsis super-
expression system as a versatile recombinant protein produc-
tion platform.

Although unexplored, Arabidopsis provides various
advantages as protein expression platform, particularly for
Arabidopsis research. First of all, Agrobacterium-mediated
floral transformation is very easy and widely used in standard
laboratory set-ups.20 Each transformed seed produced with
this protocol represents an independent transformation
event.21 Hence, individual transformants are physically sepa-
rated from each other, and those with high level expression do
not suffer competitive growth disadvantages compared with
tissue-culture-based transformation protocols. Once identi-
fied, high expressors can be maintained in a petri dish-based
cell culture system at ambient temperature (25°C) in darkness,
and do not require large growth space or sophisticated incu-
bators. Established cell lines typically double their mass in one
week, and 20–30 g can be harvested for laboratory-scale
experiments. Second, unlike in heterologous systems,
Arabidopsis proteins produced in Arabidopsis cells will
undergo proper post-translational modifications and associate
with their native partner(s) to form active complexes. It
should be noted, that the above advantages could be a draw-
back in certain cases. Proteins involved in the Arabidopsis
programmed cell death (PCD) pathway may induce PCD in
Arabidopsis, and proteins whose expression levels are tightly

regulated may not accumulate to sufficiently high levels.
However, availability of many genotypes is another merit of
Arabidopsis. Our current system uses rdr6-11 as the standard
host to avoid gene silencing (similar to P19 co-expression in
the Nb system),18,22 but one can use various genotypes or
mutant backgrounds to improve yield and activity of recom-
binant proteins, or study the role of a particular post-transla-
tional modification.

Beyond production of plant proteins, there is also poten-
tial for the production of enzymes/proteins for pharmaceuti-
cal use. More than 60% of them are secreted glycoproteins,
including monoclonal antibodies (mAbs, about half of the
targets), clotting factors and cytokines, like erythropoietin
(EPO).23 Moreover, recent epidemics of the flu or Ebola,
and efforts to prepare vaccines to fight them, further highlight
the potential of plant-based production systems for pharma-
ceutical proteins.24-29 While the Arabidopsis system is not yet
suitable for fast, large-scale production in response to a new
epidemic, it will be suitable for known targets by low-cost,
stable production of proteins, especially for patients who
require long-term treatments.30,31 Unlike the Nb leaf-infiltra-
tion system, established Arabidopsis cultures are bacteria-free,
and the purified protein products will contain no endotoxins
from bacterial contaminations, reducing requirements for
purification and testing. For this application to be successful,
the well-known issue of plant-specific N-glycan modifications
should be addressed by humanization of host plant
N-glycans.32 We and others have prepared lines containing
various mutations in the plant N-glycan modification pathway
that eliminate/reduce immunogenic potential.33-38 We have
introgressed selected mutant alleles/combinations into the
rdr6-11 background, of which rdr6-11 cgl1-3 and rdr6-11
fucTa fucTb xylT, will serve as models for future efforts in
this direction.

A further advantage of Arabidopsis as expression host is
the potential for customizing the host for the production of a
protein of interest. While the rdr6-11 background may be
satisfactory to overcome transgene-silencing in many cases,22

plant cells harbor multiple mechanisms that can limit recom-
binant protein yields at the level of translation, post-

Figure 1. Workflow of establishing Arabidopsis cell lines for recombinant protein expression. The Arabidopsis thaliana rdr6-11 host is transformed by Agrobacterium-
mediated floral transformation. Seeds are harvested and primary transformants screened under proper selection. Resistant plants will be further tested, e.g. by
immunoblotting using a specific antibody raised against the transgene product (typically using a single fully-expanded cotyledon), or by fluorescence if the target
protein is fused to a fluorescent protein. Ten to twenty seedlings with high transgene expression are sliced into small pieces and placed on callus induction medium.
Induced calli are transferred to fresh medium every week (established cell lines).
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translational processing/targeting, and turnover.39 Since these
mechanisms monitor endogenous protein levels, they will also
do so upon over-accumulation of foreign proteins (e.g. trigger
the unfolded protein response/ER-associated degradation).40–
44 When a protein of interest should not accumulate to
satisfactorily high levels, one could apply various genetic
manipulations, including chemical mutagenesis, activation
tagging,45 and targeted/untargeted overexpression (for exam-
ple, FOX hunting)46 to the transgenic line of interest and
screen for individuals with high expression levels, like used
in bacterial engineering.47 The factors identified by such
approaches can also be incorporated into other large-scale
plant expression systems, via CRISPR/Cas9-targeted mutagen-
esis or overexpression of endogenous factors.48,49

Overall, the new super-expression system complements
Arabidopsis as excellent genetic model, by combining the
benefit of homologous protein production with that of well-
established genetic resources/manipulations, for improved
production of recombinant proteins.
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