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Abstract: This review is based on our recent experience
in producing the first commercial recombinant proteins
in transgenic plants. We bring forward the issues that
have to be considered in the process of selecting and
developing a winning transgenic plant production sys-
tem. From the production point of view, transcription,
posttranscription, translation, and posttranslation are
important events that can affect the quality and quantity
of the final product. Understanding the rules of gene ex-
pression is required to develop sound strategies for op-
timization of recombinant protein production in plants.
The level of recombinant protein accumulation is critical,
but other factors such as crop selection, handling and
processing of transgenic plant material, and downstream
processing are equally important when considering com-
mercial production. In some instances, the cost of down-
stream processing alone may determine the economic
viability of a particular plant system. Some of the poten-
tial advantages of a plant production system such as the
high levels of accumulation of recombinant proteins, gly-
cosylation, compartmentalization within the cell, and
natural storage stability in certain organs are incentives
for aggressively pursuing recombinant protein produc-
tion in plants. © 1997 John Wiley & Sons, Inc. Biotechnol Bio-
eng 56: 473-484, 1997.
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INTRODUCTION

Recombinant protein production systems utilized today
range from prokaryotic systems such as Escherichia coli
(Georgiou, 1988; Georgiou and Bowden, 1991; Kudo,
1994) and Bacillus (Ebisu et al., 1996; Udaka and
Yamagata, 1993), to eukaryotic systems such as yeast (Ha-
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rashima, 1994; Marino, 1991), Aspergillus (Archer, 1994),
mammalian (Warren and Krivi, 1991; Werner and Thomae,
1994) and insect cell cultures (Goosen, 1993; Luckow and
Summers, 1988), transgenic animals (Lubon et al., 1996;
Velander et al., 1997), and plants. E. coli is the workhorse
of the biotechnology industry but is not well suited for
expressing eukaryotic genes, particularly if the protein
product must be glycosylated and terminally processed. In
addition, the recombinant protein can be toxic to bacteria,
form inclusion bodies or be degraded by proteases (Geor-
giou, 1988; Georgiou and Bowden, 1991; Hughes and
Qoronfleh, 1991; Kudo, 1994). Mammalian and insect cell
cultures are currently used for producing many important
pharmaceutical proteins because of their ability to perform
glycosylation and to process the recombinant protein similar
to that of the native host (Goosen, 1993; Jenkins et al., 1996;
Lehman et al., 1993; Luckow and Summers, 1988; Werner
and Thomae, 1994). Transgenic animals have recently
emerged as promising systems for producing human pro-
teins in milk, because mammary glands are capable of per-
forming correct posttranslational modification including
complex glycosylation and y-carboxylation (Jenkins et al.,
1996; Lubon et al., 1996; Velander et al., 1997).
Transgenic plants are potentially one of the most eco-
nomical systems for large-scale production of recombinant
proteins for industrial and pharmaceutical uses (Austin et
al., 1994; Krebbers et al., 1992; Pen et al., 1993a; Whitelam
et al., 1993). Advantages of plant systems include the low
cost of growing plants on large acreage; the ease in scale-up
(increase of planted acreage); the availability of natural pro-
tein storage organs; and the established practices for their
efficient harvesting, transporting, storing, and processing
(Whitelam et al., 1993). Other potential advantages that
plants offer include: (1) the elimination of the purification
requirement when the plant tissue containing the recombi-
nant protein is used as a food or feed supplement; and (2)
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the possibility to compartmentalize recombinant proteins in
different organelles (Goddijn and Pen, 1995; Ponstein et al.,
1996). The present disadvantages of plant systems are the
low accumulation levels of recombinant proteins, insuffi-
cient information on posttranslational events, and the lack
of data on downstream processing (Goddijn and Pen, 1995).

The production of recombinant proteins in plants can be
divided into four areas: (1) cloning and expression of the
gene of interest in plant cells; (2) regeneration and selection
of the plants; (3) recovery and purification of the protein;
and (4) characterization of the final product. By far, most of
the work to date has been focused on cloning and expres-
sion. Many different proteins have been produced in plants
primarily to improve agronomic performance. Examples of
proteins with potential industrial applications are beginning
to accumulate (Table I). The level of accumulation varies
considerably in these examples and the reasons for this are
discussed in the next section. The examples of a recombi-
nant phytase (Verwoerd et al., 1995), which accumulated in
the extracellular space of tobacco leaves at about 14% of the
total soluble protein, and of a recombinant hirudin (Par-
menter et al., 1995), which was produced at 1% of the
canola seed weight, give great hope that commercially at-
tractive enzymes and proteins could accumulate to levels
that would make transgenic plants economically viable pro-

duction systems. This review, based on our recent experi-
ence in producing the first commercial recombinant proteins
in plants, brings forward a whole set of issues to be tackled
in the process of selecting and developing a winning trans-
genic plant system.

OPTIMIZATION OF PROTEIN INTEGRITY
AND ACCUMULATION

Historical Perspective

Since the first transgenic plant was introduced in 1983 (Fra-
ley et al., 1983; Zambryskyi et al., 1983), considerable ef-
fort has been directed to developing reliable transformation
systems and expression vectors that permit high levels of
gene expression and to direct recombinant proteins to spe-
cific plant tissues. Recombinant proteins from a wide vari-
ety of sources were produced in transgenic plants such as
tobacco, tomato, petunia, potato, corn, alfalfa, canola, and
soybeans, to name a few. Proteins with molecular weights
as small as 0.6 kD (Turpen et al., 1995) and as large as 80
kD (Verwoerd et al., 1995) per subunit have been produced
(Table I). Although reported accumulation levels are diffi-
cult to compare because different plant expression systems

Table I. Proteins of potential commercial interest produced in transgenic plants.
Molecular
Recombinant weight
protein (kD/subunit) Origin Host Production level Reference
a-Amylase 552 Bacillus licheniformis Tobacco 0.3% of soluble leaf protein Pen et al., 1992
Aprotinin 6 Bovine Corn 0.07% of soluble seed protein Zhong G. Y. (personal
communication)
Avidin 15 Chicken Corn 6.0% of soluble seed protein Hood et al., 1997
Chymosin 30 Calf Tobacco, 0.1-0.5% of soluble protein Willmitzer et al., 1992
potato
Cyclodextrin 76 Klebsiella pneumoniae Potato <0.01% of soluble tuber protein Oakes et al., 1991
glucanotransferase
Enkephalin 0.5 Human Arabidopsis  0.1% of soluble seed protein Vandekerckhove et al., 1989
Erythropoietin 37 Human Tobacco 0.0026% of soluble protein Matsumoto et al., 1995
Glucoamylase 74 Aspergillus niger Potato Not available Van den Elzen et al., 1992
B-Glucuronidase 68 Escherichia coli Corn 0.7% of soluble seed protein Witcher, D. (personal
communication)
Growth hormone 21 Trout Tobacco 0.1% of soluble leaf protein Bosch et al., 1994
Heat-labile 39 Escherichia coli Tobacco, 0.001% of soluble leaf protein, Haq et al., 1995
enterotoxin B potato 0.01% of soluble tuber protein, resp.
Hepatitis B 24 Hepatitis B virus Tobacco 0.0066% of soluble leaf protein Mason et al., 1992
surface antigen
Hirudin 11 Hirudo medicinalis Canola 1% of seed weight Parmenter et al., 1995
- and k-chains 45 and 27 Mouse Tobacco 1.3% of soluble leaf protein Hiatt et al., 1989
hybridoma
B-Interferon 20 Human Tobacco 0.000017% of fresh weight Eldelbaum et al., 1992
Levansucrase 49.9 B. subtilis, Streptococcus ~ Tobacco, Not detectable Ebskamp et al., 1994;
mutans potato Van der Meer et al., 1994
Lysozyme 14.4 Chicken Tobacco 0.003% of fresh leaf tissue Trudel et al., 1992
Malarial epitopes 0.6 Plasmodium Tobacco 0.4-0.8% of virion weight Turpen et al., 1995
Phytase 80 Aspergillus niger Tobacco 14.4% of soluble leaf protein Verwoerd et al., 1995
Ricin 34 Castor bean Tobacco 0.25% of soluble leaf protein Sehnke et al., 1994
Serum albumin 66.5 Human Potato 0.02% of soluble leaf protein Sijmons et al., 1990
Xylanase 37 Clostridium thermocellum Tobacco 4.1% of soluble leaf protein Herbers et al., 1995
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and extraction procedures were used, production levels
above 1% of soluble protein were reported in several in-
stances (Herbers et al., 1995; Hiatt et al., 1989; Hood et al.,
1997; Verwoerd et al., 1995).

Now that the transformation of major crops is becoming
more routine, the choice of a plant for heterologous protein
production will be increasingly governed by the ease of
production of the plant, proper posttranslational processing,
the plant’s capabilities for protein accumulation, and the
availability of methods for extraction and purification of the
recombinant protein (Krebbers et al., 1992; Whitelam et al.,
1993).

Although efforts have been made to quantify and char-
acterize the recombinant proteins produced in plants, the
emphasis has been on characterization of the desired trait
and not the protein itself. In the majority of instances, no
attempt was made to determine the absolute quantity of
protein accumulation or whether there were any changes in
the amino acid sequence, processing, or glycosylation. A
complete characterization of produced proteins is required
for commercial applications because a single amino acid
modification could render a pharmaceutical product unac-
ceptable even if it has a similar function.

Several studies that have characterized the final product
shed some light on the issues related to heterologous gene
expression and protein production in plants. Although no
generalization is possible to date because different genes,
different regulatory sequences, and different plants were
used in these studies, several useful points can be made.

Integrity and Stability of rDNA

Key steps to maximize the level of recombinant protein
synthesis are to optimize the quality and quantity of the
rDNA incorporated in plant cells and to determine its fate
after integration into the plant genome. Several studies have
shown that the transgene can undergo inactivation (gene
silencing) to prevent the expression of the rDNA. The ob-
served rDNA inactivation has been associated with multiple
copy integration at one or more sites, different base-
composition between rDNA and the integration site, detri-
mental effects of sequences adjacent to the rDNA integra-
tion site, and overexpression effects (Finnegan and McEIl-
roy, 1994). A common feature of many rDNA inactivation
cases is the presence of repeated homologous sequences
(Meyer and Saedler, 1996; Park et al., 1996). rDNA meth-
ylation is often correlated with gene inactivation, but there
are silencing phenomena, such as cosuppression, that were
not associated with detectable changes in DNA methylation
(Meyer and Saedler, 1996). A recent report by Park et al.
(1996) indicated that gene silencing, based on the presence
of homologous sequence at the coding region, is a posttran-
scriptional process that is meiotically reversible. On the
other hand, gene silencing, based on the presence of a ho-
mologous sequence at the promoter region, is a transcrip-
tional event associated with increased promoter methylation
that is meiotically heritable. Ways to prevent or avoid rDNA

inactivation, as summarized by Finnegan and McElroy
(1994), include: screening/selection for plants with single
copy rDNA; developing methods for single-copy integra-
tion; avoiding repetitive homologous sequences; flanking
rDNA with scaffold attachment regions (SAR); selection
and screening for stable rDNA expression; and developing
site-specific recombination systems. For more information
on homology-dependent gene silencing in plants see the
review by Meyer and Saedler (1996).

The obvious problem of gene silencing for commercial
production of proteins from transgenic plants suggests that,
to obtain the commercial line of interest, one must select not
only high-expressing lines, but also for lines that are stable
over many generations. In the future, to alleviate some of
these unpredictable gene silencing events an integrated ap-
proach may be used. For example, combining a single-copy
integration method with SAR flanking should dramatically
reduce the likelihood of homology dependent gene silencing
(Allen et al., 1996). Also, to overcome the methylation-
induced silencing, one could select germplasm low in meth-
ylation activity. In conclusion, there are several theoretical
ways that can be proposed to stabilize rDNA integrity, but
currently one still must rely on generating many transfor-
mants and selecting events that give the desired results.

Transcription

Perhaps the best studied aspect of gene expression has been
transcription. The assumption is that increasing levels of
transcription will result in increased protein synthesis. Al-
though there are clearly other factors, one can argue that this
oversimplified view of gene expression has led to much
success in increasing the levels of recombinant proteins.
Recent reviews on the regulation of transcription include
discussions on transacting factors such as MYB (Boulikas,
1994) and leucine zippers (Hurst, 1994). The ability to regu-
late transcription, not merely to increase its rate but to con-
trol when transcription occurs, has a practical application in
the production of recombinant proteins. The control of pro-
tein synthesis in plants could decrease production cost and
provide qualitative advantages for when and where the pro-
tein is synthesized (Benfey and Chua, 1989).

The reported susceptibility of plant promoters to feed-
back regulation by the product (Sheen, 1994) has important
implications for heterologous protein production because
many of the synthesized proteins could be enzymes that
may find suitable substrates in plants. A possible way to
avoid the feedback control is to synthesize the enzyme in a
compartment different from the compartment where the
substrate is produced. Unfortunately, there is little informa-
tion on the feedback regulation in plants, and predictions
have to be based on how the enzymes behave in other hosts.

Posttranscriptional Processing

Posttranscriptional processing can have a major impact on
the levels of protein produced in the cell. The factors that
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can affect the expression levels include pre-mRNA process-
ing (capping, splicing, and polyadenylation) and transcript
stability. Introns occur naturally in many eukaryotic geno-
mic DNAs (Lambowitz and Belfort, 1993) and must be
spliced from a pre-mRNA nucleic acid. Processing of the
RNA depends on the accurate recognition of the splice sites
and the proper splicing machinery (Brown et al., 1993; Lu-
ehrsen et al., 1994; Solymosy, 1990; Solymosy and Pollak,
1993). The introduction of genes into plants by rDNA meth-
ods has demonstrated that introns can actually increase the
stability of the RNA (Topfer et al., 1993), which in turn
generates a dramatic increase in the ultimate level of protein
produced in the transgenic plants. The use of introns has
been particularly successful in elevating the levels of ex-
pression in monocots such as maize (Callis et al., 1987,
Maas et al., 1991).

Polyadenylation sites also strongly influence the stability
of the message and, ultimately, the level of gene expression
in plant cells (Hunt, 1994; Ingelbrecht et al., 1989). In ad-
dition, there are specific recognition sites that enhance RNA
decay (Sullivan and Green, 1993). Some of these sites have
been identified and are thought to correspond to specific
binding sites (Taylor and Green, 1995). To increase the
accumulation of recombinant protein, it may be necessary to
screen for these sites and modify the gene to remove them
whenever possible. A significant effort has been made in the
last few years to better understand stability and decay
mechanisms of plant mRNA. The current knowledge of the
factors affecting mRNA stability has been summarized by
Abler and Green (1996).

Translation

Initiation is the first step in translation, and there are several
models on how this may work in eukaryotes (Kozak, 1992).
For recombinant DNA, it seems that the Kozak sequence is
the preferred model for efficient rates of initiation, although
the optimum sequence for plants may be slightly different
than that for animals (Cavener and Ray, 1991; Lutcke et al.,
1987). In general, initiation is considered the rate-limiting
step in translation. After initiation, the rate of translation
may become a limiting factor due to a lack of suitable
tRNAs. This problem may be resolved by changing the
codons of the inserted gene to simulate usage more closely
aligned with the host species. This approach should increase
the overall rate of translation (Murray et al., 1989), which
was recently illustrated by the example using a Bt protein
(Cornelissen et al., 1993) where codon usage was a key
factor in obtaining dramatic increases in the accumulation
of Bt protein in plants.

The RNA leader sequence greatly influences the transla-
tion of different RNAs. In particular, viral leaders have been
shown to greatly increase the accumulation of recombinant
proteins when compared with random leader sequences or
no leader sequences (Dowson Day et al., 1993). Plant RNA
leaders have also been shown to increase recombinant pro-
tein levels in plants (Brown and Santino, 1995). Therefore,

to maximize the efficiency of translation, no general rule
exists and the leader sequence must be custom-tailored for
each gene and plant combination. Recent reviews by Fiit-
terer and Hohn (1996) and by Gallie (1996) provide in-
depth discussions of the features and factors affecting trans-
lation processes in plants.

Because amino acid levels are regulated in the cell, they
can be a limiting factor in the synthesis of particular pro-
teins (Matthews and Hughes, 1993, Singh and Matthews,
1994). For example, when a methionine-rich protein was
added to soybeans, the level of other methionine rich pro-
teins decreased (L. Beach, personal communication). The
results of in vitro experiments have shown that the level of
methionine-rich proteins can be increased when plants are
supplemented with methionine. Therefore, to achieve high
production levels for specific proteins, amino acid biosyn-
thetic pathways may have to be altered as well.

Posttranslational Processing

Posttranslational modifications can have dramatic effects on
the end product, but detailed analysis has been omitted in
most studies dealing with the expression of plant genes.
There are examples that demonstrate that properly pro-
cessed recombinant proteins can be produced in plants, as
well as examples of incomplete processing (Table II). Be-
cause this aspect is critical to the integrity (quality) of the
final product, a discussion of some of the issues and repre-
sentative examples is appropriate.

Targeting

Target peptide sequences can be added to proteins to direct
them to a specific location in the cell (Bednarek and
Raikhel, 1992). These sequences direct proteins to the mi-
tochondria, vacuoles, chloroplast, or endoplasmic reticulum
and are usually cleaved after the protein reaches its desti-
nation. Targeting may allow the protein of interest to be
compartmentalized into specific organelles where it can be
sequestered from being rapidly degraded or interfering with
cell metabolism. Target sequences can play a vital role in
protein accumulation. Adding target sequences has led to
increased levels of protein expression in some studies
(Fiedler and Conrad, 1995; Pen et al., 1993a; Schouten et
al., 1996; Sijmons et al., 1990; Wandelt et al., 1992),
whereas, in other studies, targeting has lowered the levels of
recombinant proteins (Denecke et al., 1990). Recombinant
proteins that could not be expressed because their prior
toxicity to the cell were produced at high levels when tar-
geted to specific organelles (Hood et al., 1997). Targeting to
endoplasmic reticulum is essential for glycosylation (Itu-
riaga et al., 1989) and disulfide bridge formation (Bruyns et
al., 1996; Shani et al., 1994; Vitale et al., 1993). In all
instances, the target sequence must be properly cleaved,
otherwise incomplete processing will affect the ultimate
quality of the recombinant protein.
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Table II. Pre- and prosequences used for recombinant protein production in transgenic plants.
Recombinant protein Origin Host Presequence Prosequence Processing Reference
a-Amylase Bacillus Tobacco a-amylase — Proper Pen et al., 1992
licheniformis
a-Amylase B. licheniformis Tobacco Tobacco PR-S  — Proper Pen et al., 1992
a-Zein Corn Tobacco a-Zein — Proper Ohtani et al., 1991
3-Zein Corn Tobacco B-Zein — Proper Hoffman et al., 1987
Hybridomas of ~y- Mouse Tobacco Native — Proper Hiatt et al., 1989
and k-chains
2S Albumin Brazil nut Tobacco, canola Native Native Proper Altenbach et al., 1989, 1992
Chymotrypsin Tomato Nightshade, tobacco, Native Native Proper Narvaez-Vasquez et al., 1992
inhibitor 1 alfalfa
CryIA(c) B. thuringiensis Tobacco Modified atsidA — Proper Wong et al., 1992
Enkephalin-2S — Canola at2S1 at2S1 Proper Vandekerckhove et al., 1989
albumin fusion
Lectin Pisum sativum Potato Native — Proper Edwards et al., 1991
Legumin Pisium salivus Nicotinia — — — Ellis et al., 1988
plumbaginafolio
Modified a-zein — Tobacco a-Zein — Proper Ohtani et al., 1991
Modified 2S albumin Brazil nut Tobacco, AT2S1 — Proper De Clercq et al., 1990
Brassica napus,
A. thaliana
Modified glycinin — Tobacco Native Native Proper Utsumi et al., 1993
Modified proglycinin — Potato Native Native Incomplete Utsumi et al., 1994
Native proglycinin Soybean Potato Native Native Incomplete Utsumi et al., 1994
Normal glycinin Soybean Tobacco Native Native Proper Utsumi et al., 1993
Phytase Aspergillus niger  Tobacco Tobacco PR-S  — Proper Pen et al., 1993b
Pro-serum albumin Human Potato Human serum  Human serum Improper Sijmons et al., 1990
albumin albumin
Prohevein Hevea brasiliensis  Tomato — Native Incomplete Lee and Raikhel, 1995
(rubber tree)
Serum albumin Human Potato Tobacco PR-S ~ No prosequence Proper Sijmons et al., 1990
Thionin Barley, wheat Tobacco Native Native Proper Carmona et al., 1993;
Florack et al., 1994
Type 1 fish Fish Tobacco Native Native Proper, but Kenward et al., 1993

antifreeze protein

not efficient

Proteolytic Processing

The outcome of proteolytic processing of various recombi-
nant proteins produced in transgenic plants is summarized
in Table II. In several instances, recombinant proteins were
not properly cleaved, which resulted in the accumulation of
pro-proteins instead of mature proteins. Normal and modi-
fied prepro-glycinins were not correctly processed in tubers
of transgenic potato (Utsumi et al., 1994), but were correctly
processed in seeds, leaves, and stems of transgenic tobacco
(Utsumi et al., 1993). The incorrect processing of the re-
combinant glycinins in potato tubers indicates that the vacu-
oles of potato tubers lack the enzymes necessary for pro-
teolytic cleavage of proglycinins to mature glycinins
(Utsumi et al., 1994). Similar to the processing of the nor-
mal and modified prepro-glycinins, prepro-human serum
albumin (HSA) was only processed to pro-HSA in tobacco
and potato. The apparent problem that stemmed from the
lack of serine proteases in the plant has been resolved by
directly fusing the HSA to the signal sequence of the to-
bacco P-RS protein. This fusion allowed the formation of
mature HSA indistinguishable from the authentic human
protein (Sijmons et al., 1990).
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Tobacco and Brassica napus have successfully per-
formed a several-step proteolytic processing of recombinant
thionins (Carmona et al., 1993; Florack et al., 1994), Brazil
nut 2S albumin (Altenbach et al., 1989, 1992) and human
protein C (Cramer et al., 1996). The cleavage of both the
aminoterminal signal peptide and the carboxyterminal pep-
tide of prepro-thionins appeared to be important for medi-
ating the transition of the recombinant protein into the en-
doplasmic reticulum and the correct folding of mature thi-
onins, respectively (Florack et al., 1994).

In summary, plants possess the machinery necessary for
required proteolytic processing, but not all plant tissue and
gene combinations give the same results as the native host.
To take full advantage of plant systems more work is
needed to develop strategies for achieving proper process-
ing.

Glycosylation
One of the advantages of the plant production systems is the

ability to perform posttranslational modifications such as
protein glycosylation. There are only a few studies that have
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completely characterized proteins produced in transgenic
plants, and no definitive judgment can be made on how
accurately the transgenic plants can glycosylate foreign pro-
teins. The current data indicate that the level and/or the
pattern of glycosylation of recombinant proteins may vary.

Recombinant a-amylase produced in tobacco was glyco-
sylated in contrast to the wild-type a-amylase from barley
(Pen et al., 1992; Pen et al., 1993a). Treatment of the re-
combinant a-amylase with endo-B-N-acetyl glycosamini-
dase H and trifluoromethanesulfonic acid showed that com-
plex-type carbohydrate chains were attached to the recom-
binant protein (Pen et al., 1992). Avidin was glycosylated in
transgenic maize with a similar but not identical pattern to
that of chicken eggs (Hood et al., 1997). A single carbohy-
drate chain was attached to the Asn-17 amino acid residue
in maize as it was for avidin from eggs. Aspergillus niger
phytase produced in transgenic tobacco was glycosylated
(MW 67 kD) but differently from that of the wild-type
enzyme with a MW of 80 kD (Pen et al., 1993b). The
deglycosylated recombinant phytase had the same molecu-
lar weight of 60 kD as the deglycosylated wild-type en-
zyme. Differential glycosylation of recombinant 3-
phaseolin was also observed in tobacco (Hoffman et al.,
1988). The majority of (3-phaseolin produced in the trans-
genic tobacco contained two high-mannose carbohydrate
chains, whereas the rest contained only one high-mannose
carbohydrate chain. An inducible tobacco expression sys-
tem has been used to produce active glycosylated human
glucocerebrosidase, a lysosomal enzyme (Cramer et al.,
1996).

Proteins that have possible glycosylation sites should be
further characterized to determine what effect glycosylation
will have on their properties and, when glycosylation alters
activity in a detrimental way, sequence changes may be
necessary to prevent it. However, in many cases, a plant
expression system offers a significant advantage over bac-
terial expression systems when protein glycosylation is im-
portant for a particular recombinant protein to function
properly. Properties of the recombinant protein such as bio-
logical activity, protein folding, stability, and solubility
could be affected by glycosylation (Marino, 1991). For
pharmaceutical purposes, recombinant proteins have to be
identical to the wild-type protein even though different
forms may have exactly the same characteristics as the wild-
type. If the recombinant proteins produced for pharmaceu-
tical purposes do not have the same composition, new regu-
latory approval for the recombinant proteins must be ob-
tained. This adds a tremendous amount of time and money
to product development before it can be marketed. For in-
dustrial applications, protein glycosylation is not a major
concern as long as the enzymes have the same functional
characteristics needed for their end use.

Folding and Assembly

Folding and assembly of secreted proteins are necessary for
their efficient exit from the endoplasmic reticulum and sub-

sequent transport (Chrispeels, 1991). One of the potential
concerns for recombinant protein production is, will folding
and assembly of synthesized proteins in transgenic plants be
similar to that in the native host? Several studies involving
recombinant proteins produced in plants have shown that
the proteins can undergo self-assembly (Beachy et al., 1985;
Hiatt et al., 1989; Hoffman et al., 1988; Ma et al., 1995;
Shani et al., 1994; Utsumi et al., 1993, 1994). Wheat high-
molecular-weight glutenin subunits were able to assemble
into multimeric form in transgenic tobacco (Shani et al.,
1994). Also, normal and modified glycinin produced in
transgenic tobacco and potato, self-assembled into hexa-
meric molecules similar to that of the wild-type glycinin in
soybean seeds (Utsumi et al., 1993, 1994), but only in po-
tato tubers and tobacco seeds and not in tobacco stems or
leaves. When different subunits are needed for the accumu-
lation of the final product, as in the case of antibody for-
mation, the area for concern is the coordinated level of gene
expression. A complex secretory immunoglobulin consist-
ing of four polypeptide chains assembled into a functional
antibody in tobacco plants that expressed all four polypep-
tides simultaneously (Ma et al., 1995). Several studies dem-
onstrated that the antibody complex accumulated only when
all subunits were expressed (Hiatt et al., 1989; Ma and Hein,
1995). Any excess of one of the subunits of the antibody
complex presumably led to protein degradation, because
only very low levels of free subunits were observed.

Evidence to date suggests that the requirements for pro-
tein assembly, whether the protein is a monomer, homo-
polymer, or heteropolymer, are present in plants. Seemingly
critical factors for efficient assembly include glycosylation,
signal sequences, and sufficient amounts of each subunit in
the appropriate cellular compartment (Hiatt et al., 1989;
Hoffman et al., 1988).

Protein Degradation

The level of protein accumulation is the consequence of not
only the synthesis of the protein but the degradation as well.
There are known systems which aid in protein degradation
such as the ubiquitin system (Hondred and Vierstra, 1992;
Huffaker, 1990; Parsell and Lindquist, 1993; Vierstra,
1993). In general, it is believed that smaller peptide se-
quences will degrade faster. There have also been examples
that have demonstrated that recombinant proteins can be
degraded at rates which result in a significantly reduced
level of the end product in the cell (Hoffman et al., 1988;
Ohtani et al., 1991; Utsumi et al., 1993).

There are several potential ways to reduce protein deg-
radation: (1) to express the recombinant protein in seed
tissues where levels of protease inhibitors may slow the rate
of protein degradation; (2) to target the protein to the en-
doplasmic reticulum (Fiedler and Conrad, 1995; Wandelt et
al., 1992); (3) to engineer proteins without protease-specific
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sites, thereby making them less susceptible to digestion; and
(4) to screen for germplasm low in protease activity.

In summary, each recombinant protein has its own re-
quirements and presents its own unique expression ob-
stacles. Consequently, each recombinant protein must be
evaluated individually, at least until we collect enough data
to make better predictions.

COMMERCIAL PRODUCTION OF RECOMBINANT
PROTEINS IN PLANTS

There are many factors to consider when selecting a system
for protein production. As discussed previously, the level of
protein accumulation is critical, but other factors such as
germplasm, handling and processing of transgenic plant ma-
terial, and protein purification are equally important when
considering commercial production. This section focuses on
the factors that have to be taken into account when consid-
ering commercial production of proteins in transgenic
plants.

Crop Selection

The germplasm source can affect the quality, quantity, the
ease of purification and, consequently, the cost of the final
product. With all other parameters equal, one can estimate
the relative cost of producing the raw protein material. Fig-
ure 1 shows a representative example of seven crops that
have significantly different protein contents, established
handling and processing technologies, and different produc-
tion costs. The dollar amount was calculated based on the
commodity price of the crop, the weight fraction of the total
protein in the crop, and the assumption that each crop could
produce the target protein as 10% of the total protein. One
factor that has a major impact on the cost is the amount of
protein in the harvested product. In general, crops that have
a higher protein content are more cost-effective. Soybeans
(40% total protein) have a very high protein content, which

5000

40.00

g

$ ! kg recombinanat protein
B
8

1000

0.00

peanuls
soybean
sunflower

alfalfa leaves
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Figure 1. Cost of producing a recombinant protein assuming accumula-
tion of 10% (w/w) of the total crop protein.

gives them a considerable advantage over other crops in
which the protein content is only 2% or less (potato tubers).
In addition to the cost of raw material, the higher protein
content requires less crop to be grown and harvested, which
is important when considering the cost of crop handling,
processing, and protein extraction (i.e., the less the amount
of biomass per unit weight of recombinant protein, the less
the extraction cost will be). We have estimated that the cost
of producing 1 kg of recombinant protein from the crops
given in Figure 1 is 10 to 50 times lower than the cost of
producing the same amount by E. coli fermentation, assum-
ing that recombinant protein is 20% of total E. coli protein
(Datar and Rosen, 1990; Petridis et al., 1995).

Directing protein accumulation to a specific part or tissue
of the transgenic plant that is harvested is another factor that
should be considered. Having specific tissues only express-
ing the protein may reduce the downstream processing cost
(see below), reduce the potential toxicity of the recombinant
protein, or reduce the regulatory concerns for plants carry-
ing proteins in the environment via pollen. From the crop-
handling viewpoint, one of the more appealing choices
within the plant is the seed, although the recombinant pro-
tein could be directed to any specific cell or tissue (Edwards
and Coruzzi, 1990). Seeds and tubers act as natural storage
organs and deposit proteins for long periods of time without
degradation. Seeds may be preferred to green tissues which
cannot be stored after harvesting without cooling or imme-
diate isolation (Fiedler and Conrad, 1995; Hood et al., 1997;
Lorenz and Kulp, 1991; Salunkhe et al., 1992; Smith, 1975).
As demonstrated by transgenic alfalfa processing, the green
tissue extract had to be immediately processed and stabi-
lized after harvesting to reduce product degradation (Austin
et al.,, 1994). The protein storage stability in transgenic
seeds and tubers is important because it eliminates the re-
quirement of locating the downstream processing facility
adjacent to the harvesting location and the crop processing
plant.

The opportunity to further fractionate the transgenic ma-
terial (tissue) containing the target protein before the ex-
traction step has several potential advantages. These in-
clude: (1) decrease in extract complexity and contamination
with interfering plant compounds; (2) increase in the ex-
traction yield and recombinant protein concentration; (3)
reduction in the extract volume to be handled in the subse-
quent steps; and (4) potential revenues from selling frac-
tionated material (corn germ, grits, fiber, oil, starch, etc.).
Another criterion for crop selection is the end use of the
final product. For example, food crops may be an attractive
source for enzymes used in the food industry, whereas feed
crops could be used for enzymes and vaccines in the feed
industry (Ponstein et al., 1996). In such instances, minimal
or no protein purification would be required. In contrast, if
the protein product is to be purified, the advantage of using
well-established crop processing procedures together with
the ease of extraction may be critical and may favor seed-
based rather than green tissue-based production methods.

Not only are there differences between different crops,
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but a significant variation can occur within a crop. Although
it is a difficult task to sort out which crop or variety could
be the best for glycosylation, processing, degradation, and
high levels of recombinant protein accumulation, there is
reason for optimism. With other systems, most noticeably
bacteria, several strains have been identified that are optimal
for protein production. There already exist a wide array of
germplasm for certain crops that have been successful for
many agronomic characteristics but not for their ability to
produce recombinant proteins. This collection of germ-
plasm and mutants should provide ample opportunity to find
exactly what is needed.

Downstream Processing Considerations

Downstream processing for any production system refers to
all unit operations after product synthesis. The unit opera-
tion steps usually fall into two main categories, recovery
and purification, although this division is somewhat arbi-
trary and varies among different protein production systems
(Lesser and Asenjo, 1992, Wheelwright, 1991). Thus, pro-
tein recovery from plants would include processing/
fractionating of the plant tissue, protein extraction, solid—
liquid separation, and concentration, whereas purification
would include traditional separation methods such as pre-
cipitation, liquid-liquid extraction, membrane filtration,
chromatography, etc.

A generalized approach to extraction and purification of
plant proteins and enzymes has been outlined by Jervis and
Pierpoint (1989). Depending on the plant source, seed
grinding or green tissue homogenization is usually the first
step in the recovery process followed by cold buffer extrac-
tion and centrifugation. The major problems that have been
encountered during extraction of plant enzymes from plant
tissue, and that will likely be encountered with transgenic
plant systems, are the efficiency of protein extraction, the
possible structural modification of the product due to sec-
ondary reaction with phenolics, and proteolytic degradation.
The amount of phenolics varies dramatically among the
crops and among different tissues within species, but in
general the green leaf material contains a greater amount of
phenolic compounds than seeds.

The underlying principles of protein purification are the
same, regardless of the source of the target protein, and the
selection of a purification sequence does depend on the
scale and to some extent on the tissue from which the pro-
tein has been extracted (Jervis and Pierpoint, 1989). The
process scale-up could also raise problems such as reduced
extraction and purification yields and activity loss due to
foaming and/or shear (Porter et al., 1991).

To our knowledge, there are very few examples where
extraction and purification of recombinant proteins from
transgenic plants have been studied and quantified (Austin
et al., 1994; Fuchs et al., 1993; Herbers et al., 1995; Hood
et al., 1997; Kusnadi et al., 1997; Mason et al., 1996;
Vandekerckhove et al., 1989; Van Rooijen and Moloney,
1995). Usually, recombinant proteins were extracted to-

gether with other seed or tissue proteins to determine accu-
mulation levels, to establish protein functionality, and to
confirm the expected amino acid sequence. Depending on
the transgenic plants and the nature of the recombinant pro-
tein, different extraction solutions were used. Beyond con-
trol of ionic strength and pH, extraction has been aided by
use of detergents (Mason et al., 1992, 1996; Sehnke et al.,
1994; Thanavala et al., 1995), reducing agents (Fuchs et al.,
1993; Voelker et al., 1989), and protease inhibitors such as
phenylmethanesulphonlyl fluoride (PMSF) (Hiatt et al.,
1989; Sijmons et al., 1990; Mason et al., 1992, 1996; Thana-
vala et al., 1995) or protease inhibitor mixtures containing
PMSF, leupeptin, and benzamidine (Fuchs et al., 1993).
Unfortunately, the purification of recombinant proteins pro-
duced in transgenic plants has been performed mainly on a
laboratory scale using methods not differing greatly from
those traditionally used for isolation of plant proteins (Fuchs
et al., 1993; Hood et al., 1997; Kusnadi et al., 1997; Mason
et al., 1992, 1996; Ohtani et al., 1991, Sijmons et al., 1990;
Vandekerckhove et al., 1989). Most laboratory-developed
procedures may not be directly scalable because of the high
cost of chemicals, the difficulties in controlling the process
shear and foaming, and the altered characteristics of the
processed transgenic material (particle size, moisture con-
tent, etc.) caused by the differences between the laboratory
and plant equipment.

The feasibility for recovering recombinant enzymes from
transgenic alfalfa has been evaluated recently by Austin et
al. (1994). The recovery steps included juice extraction by
maceration, clarification, concentration, and stabilization of
the soluble protein concentrate. Further fractionation and
purification was not investigated but losses of enzymatic
activity in the extract were observed. We have compared the
laboratory-scale extraction of recombinant (3-glucuronidase
(GUS) from transgenic maize, soybeans, and canola seeds
and determined that, except for canola (40% oil content),
the presence of oil and/or starch in the ground seed samples
did not affect the extraction yield (unpublished data). The
extraction was carried out only with 0.05 M phosphate
buffer (pH 7.5) and no proteolytic degradation was ob-
served. Further purification of GUS by ion-exchange and
hydrophobic interaction chromatography was not affected
by the soluble starch or corn oil in the clarified extract
(Kusnadi et al., 1997). Similarly, the extraction and affinity
purification yields of recombinant avidin from transgenic
maize were not significantly affected by the complex maize
extract (Hood et al., 1997).

Transgenic plants offer unique opportunities to simplify
recombinant protein extraction and purification. One av-
enue worth exploring is the targeting of the recombinant
protein synthesis to a tissue or organelle that can be easily
separated from the rest of the plant material. For example,
by using the maize germ (10% of the seed) as a starting
material for the extraction, we have increased the concen-
tration of GUS in the extract almost ten times, because 90%
of the extractable enzyme activity was located in the germ.
Recently, Van Rooijen and Moloney (1995) demonstrated
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the effectiveness of combining the organelle fractionation
(oil bodies in canola) and the fusion-tail technology. The
fusion protein consisting of GUS and oleosin (oil-body pro-
tein) was adsorbed on the surface of the oil-bodies and was
recovered from the oil fraction of the aqueous canola seed
extract.

Clearly, transgenic plants provide a wide array of options
that could facilitate protein purification and these options
should be considered along with the other presented criteria
in selecting the best crop system. Needless to say, each
plant-recombinant protein system has to eventually be ad-
dressed and optimized separately.

CONCLUSIONS

Current transgenic plant systems with accumulation levels
at or below 1% of the total protein may not be ready yet to
compete with other recombinant protein production sys-
tems, but advantages such as potentially high accumulation
levels of the protein, glycosylation, targeting, compartmen-
talization, and natural storage stability in certain organs are
important incentives to aggressively investigate heterolo-
gous protein production in plants. To take full advantage of
posttranslational processing abilities of plants, improve-
ments and a better understanding of the rules of protein
glycosylation, processing, and trafficking will be required.

The cost of downstream processing will play a major role
in determining whether a particular plant production system
is competitive with traditional fermentation systems. For
partially purified protein products, transgenic crops can pro-
vide a significant cost reduction by selling coproducts such
as oil, starch, fiber, and protein. In instances where highly
purified product is needed, the low production cost of re-
combinant protein (see Fig. 1) might be counterbalanced by
the high downstream processing cost, which could easily
amount to greater than 80% of the final product cost.

Transgenic plants also offer unique solutions to bioca-
talysis. For example, several enzymes could be produced
and activated upon ‘‘request’’ (controlled biocatalysis). One
way of achieving enzyme activation is to produce the pro-
enzyme in one compartment and the corresponding specific
protease in another, and then during protein extraction the
proenzyme would be activated by the specific protease ac-
tivity. Alternatively, activation of the enzyme could be ac-
complished by using temperature, pH, or other required fac-
tors for activity. Although still to be proven, an area of
undisputed advantage of plant systems is the oral delivery of
pharmaceuticals as well as feed and food enzymes.

In spite of these advantages, only two purified protein
products (avidin and GUS) to date are ready to be sold. We
believe that this will change dramatically over the next few
years as we learn to integrate all aspects of producing pro-
teins in plants.
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