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Review

The Quest to Understand the Basis and Mechanisms that Control
Expression of Introduced Transgenes in Crop Plants

ABSTRACT

We discuss mechanisms and factors that influence levels and stability of expressed
heterologous proteins in crop plants. We have seen substantial progress in this field over
the past two decades in model experimental organisms such as Arabidopsis and tobacco.
There is no question such studies have resulted in furthering our understanding of key
processes in the plant cell and the elaboration of sophisticated models to explain underlying
mechanisms that might influence the fate, levels and stability of expression of recombinant
heterologous proteins in plants. However, very often, such information is not applicable
outside these laboratory experimental models. In order to generate a knowledge basis
that can be used to achieve high levels and stability of heterologous proteins in relevant
crop plants it is imperative to perform such studies on the target crops. With this in mind,
we discuss key elements of the process at the DNA, RNA and protein levels. We believe it
is essential to discuss recombinant protein production in crops in a holistic manner in order
to develop a comprehensive knowledge base that will in turn serve plant biotechnology
applications well.

INTRODUCTION

One of the major challenges in plant molecular biology is to generate transgenic plants
that express input genes stably over generations. Many investigators have devoted enormous
resources to unravel factors that are involved in the control of transgene expression in
model plants such as Arabidopsis, tobacco, petunia and other species that are easily manip-
ulated in the laboratory. A substantial body of knowledge has thus been generated which
allowed researchers to formulate elegant theories and models that explain at least in part
why populations of transgenic plants containing the same transgene(s) often exhibit
unpredictable and to some extent unstable expression patterns. There is no question that
such studies contributed significantly to our understanding of the complex processes
involved in transgene expression post integration. A major limitation of these studies,
however, stems from the fact that results obtained in model systems often are not congruent
with the behavior of the same transgene(s) in crop plants. In our studies which span a period
of over two decades, we focused on the behavior of transgenes in commercially important
legumes and cereals. On occasion, we observed similar behavior in terms of transgene
expression in crop plants to that reported in model species. However, frequently results
were contradictory to those reported for Arabidopsis and tobacco. 

Genetic transformation is a two-stage process: DNA transfer into the cell, followed by
integration into the genome. The integration stage is much less efficient than the DNA
transfer stage, with the result that only a small proportion of the cells that initially receive
DNA actually become stably transformed.1,2 Transgene integration, mediated by either
A. tumefaciens or direct DNA transfer, is a random process and the sites of integration are
believed to correlate with (1) the positions of naturally occurring chromosome breaks3 and
(2) transcriptionally active regions of the genome particularly the sub-terminal regions of
the chromosomes, perhaps because the DNA is more accessible in these areas.4,5 Once
inside the cell, the integration of foreign DNA is largely dependent on host proteins
involved in DNA replication, repair and recombination. The exact way in which such
proteins interact with exogenous DNA is poorly understood and thus highly unpredictable
at this stage. There is evidence that variations in the site of the transgene locus and its
structure have a profound effect on the level and stability of transgene expression.6-9

Molecular analysis of transgenic soybean,10,11 rice,6,7,12-15 wheat16,17 and maize18-20

plants reveals a diverse range of transgene loci structures encompassing intact, truncated
and internally rearranged copies and also copies interspersed with genomic DNA. These
results are obtained irrespective of the transformation method used, direct DNA or
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Agrobacterium. Southern blot analysis of long PCR products from
the transgenic locus in maize followed by sequencing demonstrated
that integration of foreign DNA was often accompanied by extensive
transgene rearrangements, including truncations, internal deletions,
interspersions of genomic DNA and inversions.18 Rearrangements
often cause loss of transgene expression but on occasion, plants with
rearranged transgene copies continue to express the protein product
normally. Conversely, while intact transgenes are often expressed,
cases of non-expressed intact transgenes have been reported.21

Rearrangements are rarely given serious consideration as a factor
contributing to transgene inactivation and variable transgene expres-
sion. Undetected rearrangements have a profound effect on transgene
expression with significant implications in studies attempting to
correlate transgene copy number and expression levels.6 The influence
of epigenetic silencing mechanisms may be exaggerated when
rearrangements are the cause of transgene inactivation. These results
highlight some of the difficulties that may cause erroneous conclu-
sions from transgene expression studies. 

Multi protein complexes that directly or indirectly affect the
structure of the chromatin surrounding an introduced transgene are
now recognized as important factors that may influence expression.
The latter could be a consequence of the different organization patterns
of euchromatin/heterochromatin in the nucleus. This broader view
on regulation of transgene expression is gaining importance as we
become more aware of additional levels of regulation other than DNA
sequences such as promoters or enhancers. Although chromatin-
mediated factors are far from being completely understood, the fact
that several model and crop species are now fully sequenced, or will
be in the near future, along with advances in proteomics, will
facilitate the elucidation of these mechanisms. DNA methylation
and post-translational modifications of histones are key mechanisms
in chromatin-mediated regulation of gene expression. There is also
evidence that biochemical changes are associated with physical
changes in transgene locus organization. Epigenetic regulation and
silencing phenomena are related to such changes in locus organization
and therefore influence expression. Intrinsic differences among species
in terms of chromatin organization, as a result of genome size and
GC content, may also be a factor influencing transgene expression.

Different and often incompatible biochemical reactions occur in
a eukaryotic cell simultaneously. This is possible by compartmental-
ization in specialized membrane-bound organelles where essential
enzymes and structural proteins are directed by specific signaling
mechanisms.22 Protein sorting to the correct sub-cellular compart-
ment(s) is dependent on specific signals in their peptide sequence.
Trafficking among organelles is mediated by vesicular transport
routes, which might vary depending on the physiology of particular
cell types. Consequently, protein signaling and the nature of the cell
and/or host plant can determine the sub-cellular fate, and in turn,
expression levels of heterologous proteins. Such proteins expressed
in transgenic plants provide ideal tracers to investigate the complex
networks of protein sorting, intracellular trafficking mechanisms
and deposition. In situ tracking of recombinant proteins will not
only shed light on our understanding of these basic cell processes. It
can also aid optimization of strategies to increase expression levels,
improve protein recovery and select the best host for particular
applications by targeting proteins to optimal destinations in a
subcellular or tissue-dependent manner, thus avoiding aberrant
localization.

In this review, we discuss key factors that in our collective
experience have been shown to exert a profound influence on levels

and stability of transgene expression in crop plants. We also discuss
mechanisms of gene regulation that may influence transgene expres-
sion, in particular those that are related to chromatin modifications.
In our discussion we highlight a number of wide misconceptions
that have been propagated in the scientific literature, particularly in
respect to the effect of transgene copy number on levels and stability
of expression, the purported advantages of transgenes integrating in
transcriptionally active euchromatic regions in the host genome and
the ability of plants with polyploid genomes to buffer against some
of the undesirable effects of transgene integration and chromosome
aberrations. 

THE ORGANIZATION OF TRANSGENIC LOCI IN CROP PLANTS 
IS A MAJOR FACTOR THAT DETERMINES STABILITY AND LEVELS
OF EXPRESSION 

The simplest transgenic locus comprises a single copy of an intro-
duced transgene with the unit expression construct (promoter-ORF-
terminator) intact. Intact single copy integration events resulting in
the transgene being flanked by favorable or neutral endogenous
sequences in the transcriptionally active euchromatic regions of the
host genome have long been proposed as ideal integration events
(Fig. 1). However, these are rarely achieved in major crop species in
practice and in situations where such a transgenic locus is created this
might not always lead to optimal stability and levels of expression. 

Why are stably expressing-single copy transgene loci formed at
a relatively low frequency in crop plants? Enzymes dictating
DNA structure and function in processes such as DNA synthesis,
replication, transcription, repair and degradation are active in the
cell during most phases of the cell cycle. Hence, functional enzymes
such as topoisomerases, gyrases, helicases, polymerases, ligases and
importantly, endo- and exo-nucleases are readily available in the cell.
Whatever the method of delivery, transgenes are directly exposed to
this enzymatic machinery. Additionally, transgene delivery elicits a
wound response in the host cell. Wounding was shown to be necessary
for Agrobacterium-mediated T-DNA transfer.23 Bombardment-
mediated transgene delivery was also shown to elicit a wound
response.24 Upregulation of DNA repair and degradation enzymes
and additional DNA manipulation enzymes such as (retro)trans-
posases25 and integrases26 are one of the consequences of this wound
response. The latter two enzymes facilitate DNA integration into the
host genome. The probability of transgenic DNA escaping any
modification by these enzymes is extremely low. Higher recombination
frequency under wound-induced stress was put forward as a means
of DNA repair27 and this might serve as an alternative route to
integration. Most stress-mediated integration occurs through illegit-
imate recombination, hallmarks of which such as microhomology
and filler DNA at recombination junctions are characteristic of
transgene-host genome junctions through Agrobacterium28- or
bombardment-mediated transformation.8

Transformation frequency was demonstrated to be higher for cells
in the M or G2 phase compared to the S phase of the cell cycle in
one study29 but in other later studies it was shown to be higher in
the S and G2

30 or S and M31 phase of the cell cycle. This suggests
that open chromatin structure may not always be a pre-requisite for
integration. However, it also implies that integration is likely to
occur not only in the euchromatic but also in the heterochromatic
regions. For these reasons, it is not difficult to recognize that the
probability of achieving intact, single copy transgene integration at a
transcriptionally favorable site of the host genome is not very high.

Expression of Transgenes in Crop Plants
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Despite attack by host enzymes and the influence of host cell
processes on the transgene, various transgenic plants generated
through different transformation methods do contain single copy
integration events. Most single copy integration events express the
transgenic protein in a stable and predictable manner. However,
some express the transgene in primary transformants but lose expres-
sion in subsequent generations.21,32 Precise reasons for this are not
known but it was demonstrated that even subtle changes in the
integrated transgene construct can cause unpredictable expression
patterns associated with altered DNA cytosine methylation patterns
in the transgene and the flanking endogenous sequences.32 DNA
methylation patterns are reset during the transition from the sporo-
phytic to the gametophytic phases of the plant life cycle. Evidently
a single such transition is sufficient for the cellular machinery to
initiate the gene silencing processes. It is still an open question if
associated changes in methylation patterns are the cause or the effect

of silencing.33 However, the low frequency of
transgenic crop plants containing a single copy of
the transgene that also exhibit stable and predictable
expression patterns over generations invariably
contain no changes at all in comparison to the
delivered construct, contain no filler DNA at the
junctions, occupy a transcriptionally active site on the
genome and maintain stable methylation patterns.34,35

Why single copy tansgene loci might not always
be desirable or ideal in transgenic crops? As
described earlier the probability of generating
functional single copy integration events is small.
Those single copy integration events that express
stably are useful if relatively low levels of the gene
product are adequate to confer the desired pheno-
type. The single copy transgenic cotton event
MON826, containing the Bt cryIA gene expresses
the protein stably over a number of generations to
render the plant insecticidal in the field.36 However,
in most cases higher expression levels are desirable in
transgenic plants than those achieved by single copy
transgenes. The promoter and enhancer cis-elements
combined with RNA and protein stability and/or
turnover factors facilitate higher expression of the
transgene product. However, these have limited value
in cases where substantial amounts of transgenic
protein are required. It has been demonstrated that
multi-copy transgenic plants can produce higher
levels of the desired gene product, compared to their
single transgene counterparts. Transgenic cotton
containing two Bt genes is a useful example.37 Tang
et al.38 demonstrated a positive correlation between
copy number and expression levels for acyl-acyl
carrier protein (Acyl-ACP) thioesterase transgenes
in Brassica napus after analyzing three different
populations generated after (1) self pollination of the
transgenic plants; (2) cross pollination with non-
transgenic parental lines; and (3) doubled haploid
lines from F1 of (2) above. In addition, higher
amounts of the transgenic protein(s) may be
required in applications such as molecular pharming.
Huang and colleagues39-41 provide useful data in
support of multi-copy transgenic plants. When
using rice plants to produce pharmaceuticals and

nutraceuticals, the expression level of the recombinant protein is
absolutely critical since this dictates the economics of downstream
processing. For example, Nandi et al.42 have achieved levels of
approximately 5 mg human lactoferrin per gram of flour and have
estimated production costs at approximately $6 per gram of phar-
maceutical-grade protein. If the expression level dropped to 0.5 mg
or 0.05 mg g-1, the cost would increase to $60 and $400 per gram,
respectively. Our experience shows that, regardless of the transfor-
mation method, lines selected for high recombinant protein expression
levels tend to contain three or more transgene copies. 

In nature most plant genes exist in more than one copy or as gene
families. For example, the redox genes such as peroxidase, catalase,
superoxide dismutase, NADPH-P450-reductase ferredoxin-NADP
reductase exist in 4–20 copies in Arabidopsis and rice as evident from
their genome sequence at the TIGR genome database website.43,44

A number of other plants e.g., wheat, barley, maize, potato and

Expression of Transgenes in Crop Plants

Figure 1. Fate of a transgene construct in a plant transformation experiment. The construct
may integrate as a single copy or as multiple copies. In either case, a number of factors as
discussed in the text influence stability and predictability of expression in the primary transformant
and progeny. If multiple copy integration events do not contain all copies as intact expression
units, factors such as DNA methylation, histone methylation and acetylation and chromatin
remodeling, may lead to transgene silencing through mechanisms of transcriptional or post-
transcriptional gene silencing (TGS/PTGS).



tobacco also contain multiple copies of the redox genes per haploid
genome. Interestingly, most biotic and abiotic stress resistance genes
in plants exist as gene families. For example in rice the resistance
gene against Xanthomonas oryzae belongs to a family of Xa21 resist-
ance genes.45 Indeed, members of the gene families may exhibit
specificity of spatio-temporal expression patterns but multiple
copies often contribute to higher amounts of the product per se, e.g.,
histones,46 rubisco,47 ribosomal proteins48 etc. Hence, single copy
integration of the transgene may not always be ideal or desirable. 

Loci with multiple copies of integrated transgenes in crops.
Integration of multiple copies of the transgene has mostly been seen
as a disadvantage and closely associated with transgene silencing.49,50

However, many examples demonstrate that multi-copy transgenic
plants can express the gene product at a higher level stably compared
to their single copy counterparts.40 Most multi-copy transgenic plants
are single locus events, consequently transgenes, either multiple copies
or different transgenes integrated in one locus, do not segregate in
subsequent generations. Such loci may frequently contain
rearranged transgenes but what is important in terms of expression
is the nature of the rearrangements. Head-to-tail arrays of multiple
copies are useful and frequently result in stable expression, whereas
head-to-head or tail-to-tail arrangements generally result in silencing. 

Within the context of transgenic plants, rearrangement is a
generic term that may encompass any unintended changes to the
construct in the amplifying/transforming host and/or in the plant
host prior to and/or during integration in the genome.7,8 Figure 1
shows that numerous factors and processes concordant with
rearrangements that lead to multi-copy integration might also lead
to silencing. It is important to reiterate that only the head-to-tail
rearrangement may be useful in terms of expression, provided that
the multiple expression units involved are all intact and preferably
contain minimal vector sequences. The head-to-head or tail-to-tail
rearrangements can lead to formation of four-way Holliday junctions
that on one hand elicit recombination and DNA break repair,
while at the same time may create physical steric hindrance to limit
processes such as replication and transcription. Such structures when
resolved may lead to deletions that can scramble local endogenous
sequences, or they may rearrange further as a result of recombination
to yield scrambled transgenic sequences. Such scrambled sequences
most likely will not yield any protein product at all. However,
occasionally such sequences may still retain the capacity to initiate
transcription and result in aberrant RNA synthesis. Aberrant RNA-
mediated silencing associated with DNA methylation may lead to
the silencing of an otherwise expressing locus at a different position
in the genome.6 Rearranged sequences may also provide templates
for RNAi. The snap-back hairpin structures are classic templates for
generating SiRNA which will in turn lead to silencing an expressing
locus at a different position on the genome.50 This ‘trans-silencing’
effect of an aberrant ‘silencing locus’ can even extend to an expressing
locus of the same construct in an independent transformant, when
the ‘silencing locus’ is moved into the latter through crossing.52

Rearranged multiple copy constructs in transgenic lines generated
irrespective of the transformation method used encompass substan-
tial portions of the vector sequence. In fact most rearrangement
junctions are situated in highly recombinogenic sequences of the
vector such as the origin of replication and promoters for bacterial
antibiotic resistance genes.8 Plant transformation using ‘vectorless’
minimal cassettes through bombardment discourages such
rearrangements and results in a higher frequency of transgenic plants
expressing the transgenes stably and predictably.53-55

A variety of transgenic loci created either through Agrobacterium
or bombardment in rice,7,8 oats,56 maize,18 wheat,16,17,57 soybean58,59

and Arabidopsis60 all exhibit common features suggesting that the
host cell plays a major role in transgene integration. The integration
and rearrangement junctions are mostly formed through micro-
homology, occasionally with filler DNA or through blunt end ligation.8

Both of these are characteristic of illegitimate recombination.
Multiple copies are more often than not clustered together and do
not segregate. Integration mechanisms facilitating such loci have been
proposed7 and though these have not been completely confirmed
there are increasing reports describing similar transgenic loci in a
variety of plants generated through different transformation
methods.61,62 Loci created through different transformation methods
e.g., PEG61 Agrobacterium60,62 and bombardment8 share common
molecular features such as presence of topoisomerase I sites on the
genomic sequences immediately flanking the transgene. Such common
features suggest a conserved mechanism largely operative through
the host cell machinery. The importance of the host cell machinery
in generating the particular structure and organization of transgenic
loci as proposed by Kohli et al.7 and Pawlowski and Somers55 was
recently validated through elegant experiments involving movement
of DNA from chloroplast to the nucleus.63 Interestingly the genomic
loci created by integration of the chloroplast gene(s) moving into the
nucleus were similar to those created through Agrobacterium or
bombardment-mediated transformation. 

The organization of the different types of transgenic loci, generated
predominantly through the host cell machinery as described above,
can be viewed in a hierarchical manner at the genome level. Even
single or multi-copy integration events paint a complex picture of
genome function in relation to transgene function. Transgenic loci
far apart may come to lie close together at different stages of the cell
cycle and transgene activity.5 The nature (euchromatic or heterochro-
matic) and influence of flanking host sequences on the transgenes at
the site of integration is known as position effect. Integration in
heterochromatic repeat sequences or adjacent to endogenous silencers
and insulators renders the event useless in terms of expression. This
and related chromatin remodeling aspects are addressed in more
detail in the subsequent section. An element of position effects that
is often neglected in studies focusing on transgene expression is the
influence of deletions, inversions and/or filler sequences at the site of
insertion.8,60 T-DNA or transposon insertion strategies to study gene
function are possible because of changes in the host genome due to
transgene insertion. Insertion of T-DNA or transposons renders a
gene non-functional by interruption in the coding region or through
structural changes as discussed earlier. Such structural alterations
also constitute an element of position effects directing transgene
expression. 

It is thus clear that both, integrating transgene sequences and host
sequences at the site of integration are prone to changes and that
such changes affect transgene expression. Hence a thorough analysis
of the position, structure and organization of the transgenic locus is
needed to ascertain the usefulness of particular transgenic plants.

Variation in levels of expression amongst plants from genetically
identical lineages. Wide variation in the expression of transgenes in
progeny derived from one primary transformant has been reported
in different plants. Jones et al.64 described variability in transgene
expression in petunia transformed with Agrobacterium. Kohli et al.6

quantified levels of marker genes such as gusA and bar in transgenic
rice plants. Within a particular lineage (R0 and R1) GUS expression
levels ranged from 0.1–40 pmol MU per mol-1 per hour-1. Bar

Expression of Transgenes in Crop Plants
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expression levels in progeny were also highly variable. Rice plants
with enhanced -carotene (vitamin A) content also showed similar
behavior observed as different shades of yellow color in individual
rice grains.65 Additional examples of such variation amongst levels
of expression in individual plants within a lineage derived from the
same primary transformant (R0) have also been documented in rice
transformed with the Arabidopsis GAI gene.66 Reduction in the
height of different rice transformants expressing this gene66,67 was
shown to be proportional to the levels of GAI mRNA and also GAI
protein, with different plants within each lineage showing a wide
variation in levels of GAI expression and consequently different
heights. Such wide variation in end product accumulation for different
genes cannot be accounted for by the zygosity status of transgenic
plants (i.e., hemi- versus homo-zygous sub-populations68).

Careful evaluation of end-product and enzymatic activities in
progeny derived from individual primary transformants expressing
genes of the polyamine biosynthetic pathway varied widely.69-73

Expression of the Datura samdc cDNA under the control of the
maize Ubi-1 promoter and first intron in transgenic rice plants was
studied in order to elucidate underlying factors contributing to
different levels of expression of transgenes within a particular lineage
derived from the same primary transformant.74 Three particular
transgenic plant lineages (R0 and R1) harboring one, two or three
integration sites for the transgene, in all cases linked at one genetic
locus, respectively were characterized fully and studied in detail
(Fig. 2). By selecting the population in this manner, the possibility
of position effects influencing expression levels within one particular
plant lineage was excluded. Steady state levels of the Datura samdc
mRNA varied considerably among members of the same lineage. Such
variation also manifested at the enzyme activity and end-product
levels (Fig. 2). A detailed analysis of the methylation status of the
transgene and also of the host genome revealed profound changes in
their degree of methylation. These results demonstrated that genomic
DNA and the Datura samdc transgene within a lineage were methy-
lated to different degrees and this correlated to transgene expression
levels in each individual plant. 

Progeny from tobacco plants harboring the nptII reporter gene
showed highly variable levels of nptII expression.75 Nuclear run-on
transcription analysis confirmed that the reduced steady-state nptII
mRNA levels were not a result of reduced transcription initiation.
Low expressing lines were associated with increased methylation of
the nptII sequence. Fu et al., demonstrated three alternative silencing
mechanisms in a three transgene single copy locus in rice.32 Three
distinct types of silencing effects associated with different methyla-
tion patterns were observed in a line of rice plants carrying a single
copy 6.6 Kb locus comprising the bar, hpt and gusA transgenes. This
includes a novel form of transcriptional silencing involving methy-
lation of cytosine residues only at non-conventional acceptor sites in
the transgene(s) coding region. They demonstrated that silencing in
the three transgenes arose independently, in different plants derived
from the same primary transformant (R1, R2, R3) despite the
stability of the transgenic locus, even though the basic structure of
the locus, transgene dosage and position effects remained constant.
Furthermore, they demonstrated that different silencing effects
could occur concurrently in adjacent heterologous transgenes in the
same plant, with no evidence for spreading of silenced states or
methylation patterns from one transgene to another. 

CHROMATIN MEDIATED (TRANS)GENE REGULATION

Our views of eukaryotic chromatin have changed from the tradi-
tional notion of a static to a highly dynamic functional entity that is
essential for regulating cellular functions. The activity state of a gene
is determined not only by sequence specific regulatory factors but
also by multi-protein complexes that directly or indirectly affect the
structure of the chromatin surrounding the gene. An increasing
number of studies on histone and DNA modifications have
strengthened the idea of chromatin environment as key to the
establishment and maintenance of transcriptional activity or
repression, and these need to be considered when we picture a transgene
integrated into the host genome. 

Chromatin remodeling complexes were initially studied in the
context of gene activation, but they have later become also associated
with transcriptional repression.76 It has also become evident that

Expression of Transgenes in Crop Plants

Figure 2. Variable levels of expression in specific transgenic rice lineages
(primary transformants and R1 progeny) expressing the Datura samdc
cDNA. (A) Three independent primary transformants and progeny, lines 98,
105 and 106, exhibiting integration of samdc in 1, 2 or 3 sites, respectively
(Southern blot). (B) Quantitative RT-PCR analysis of Datura samdc transcript
levels from total RNA extracted from wild type (wt) and R1 progeny from
plants in A above; numbers in gel (bottom number) represent siblings from
same parental line (top number). Actin amplification (25 cycles) used as
internal control.



remodeling complexes are important regulators of both local and
global transcriptional repression, and it is possible that different
genomic regions, e.g., highly repetitive regions versus low copy
sequences, are silenced by different sets of chromatin- and DNA-
modifying activities.77

Epigenetic information can be introduced by cytosine methylation
and by marking nucleosomal histones. Post-translational modifica-
tions of histones include acetylation and methylation among others.
Interestingly and in contrast to the universal nature of the DNA
code, the histone language differs among animals, plants and fungi
(reviewed in  ref. 78). Enzymes that modify the histones and chro-
matin remodeling machines that utilize ATP (ref. 78 and refs. therein)
affect chromatin structure and function. There is accumulating
evidence for an interrelation between DNA methylation and histone
modifications.79 Four major mechanisms govern these interactions:
DNA and histone methylation, histone acetylation and chromatin
remodeling/heterochromatin. Three marks are recognized for hete-
rochromatin: cytosine methylation, hypo-acetylation of lysine
residues in histones, and histone H3 methylated at lysine-9. In
contrast, euchromatin is characterized by methylation of histone H3
at lysine 4, high levels of histone acetylation, and low levels of
cytosine methylation. Histone acetylation at the level of lysine
residues requires the activity of two groups of enzymes, histone
acetyltransferases (HATs) and histone deacetylases (HDACs). The
unraveling of these mechanisms will contribute to devise ways to
increase transgene stability and levels of expression. We can no
longer set our goals solely on the design of better plant expression
vectors; we need to consider the environment where the transgene is
embedded and also the effect(s) that the transgenic sequence will
have on the surrounding chromatin.

Evidence has indicated that two classes of Cis-acting elements—
transcriptional enhancers and matrix-attachment regions (MARs)—
might regulate transcription through the acetylation of histones.80,81

In plants, it has been shown that the pea PetE enhancer associates
with the nuclear matrix, suggesting that MARs may function as
entry sites for HATs during transcriptional activation.82 This enhancer
seems to activate transcription by associating with the nuclear
matrix, mediating the acetylation of histones on the promoter and
the nearby coding region, and resulting in an altered chromatin
structure. It has also become clear that some of the biochemical
modifications important for packaging heterochromatic domains are
used to silence genes in euchromatin.83 The initiation of heterochro-
matin formation, or similar silencing of euchromatic domains, requires
acquisition of at least one epigenetic mark. In some organisms, entry
into this cycle, i.e. the initial step towards heterochromatin formation,
could be triggered by the repetitive nature of the locus, rather than
the primary DNA sequence, and this could apply also to transgenes
in tandem. One can indeed view silencing of individual genes residing
in euchromatin as a process that involves establishment of a small
micro-cosmos of heterochromatin.84 However, there are important
differences between small and large plant genomes. In Arabidopsis,
euchromatin is characterized by high levels of dimethylated lysine-4
in H3, whereas high levels of dimethylated lysine-9 in H3 were
observed for heterochromatic chromocenters.85 A comparative study
over the whole genome of different plants revealed that, in small
genome plants, high levels of H3 dimethylated lysine-9 were confined
to constitutive heterochromatin, whereas, in large genome plants,
dimethylated lysine-9 was uniformly distributed.86 This suggests that
large genome plants have to silence dispersed repetitive sequences
also within euchromatic regions with a high level of methylated H3

lysine-4. Indeed, the genome size and the way heterochromatin is
arranged in the nucleus are interrelated, and the methylation of
histone H3 in euchromatin of plant chromosomes depends on basic
nuclear DNA content. The packaging of certain genes into a chro-
mosomal matrix is regulated via sophisticated chromatin remodeling
mechanisms that define whether and when a gene becomes accessible
to the transcription machinery. In plants the analysis of transgenes
and transposable elements exhibits parallels to epigenetic control
mechanisms, which can affect the stable expression of transgenes.
The levels of epigenetic silencing in plants are multiple and highly
complex and it is clear that RNA interference, chromatin modifica-
tion and silencing are interdependent mechanisms. At this point, we
can contemplate the origins of epigenetic regulation (see ref. 87 and
accompanying articles in ref. 87). For RNA-mediated silencing and
DNA methylation there is evidence that they have evolved as part of
a host defense mechanism against viruses and parasitic DNA. The
substrate for post-transcriptional gene silencing (PTGS) (or RNAi)
and transcriptional gene silencing (TGS) seen in plants—double
stranded RNA—is a common intermediate in the life cycle of many
viruses and (retro)transposons.

Mechanisms to coordinate gene regulation are also important. A
large number of studies in animal cells have provided evidence that
chromatin structure plays a role in regulating the expression of
clustered genes.88 Sharing regulatory elements could be one reason
to keep genes clustered together on a chromosome. Similarly, multi-
copy transgenes could be considered gene clusters since they share
promoters and other regulatory sequences or even because of
homology of the coding sequence. In fact, there is indication that in
interphase nuclei there is co-localization of transgene copies that are
located far apart in the metaphase chromosomes.89 It is possible to
accept a concerted activation of different genes, or transgenes, that
will be transcribed synchronously. The effect of transgene locus
structure on expression is mostly evident in transgenic organisms
where independent transformants carrying the same transgene show
different levels of expression. There is now much support that these
differences are at least in part a consequence of biochemical changes
in chromatin. There is also evidence that the biochemical changes are
associated with physical changes in transgene locus organization.
Multiple copy transgene insertions tend to more likely form a local
heterochromatin-like structure that favors repression of transgene
transcription. Moreover, interactions between several copies of
transgenes alter chromatin organization in the host nuclei90 that can
also affect transgene expression. Recent evidence suggests that organ-
ization, not duplication, triggers silencing in a complex transgene
locus in rice.91 These authors claim that two or even multiple copies
of a given promoter may be used for transformation without inducing
silencing, if their genomic integration does not result in aberrant
transcription of the promoters. Finally, it has also been postulated
that the host genome size may be related to the genomic reaction
when receiving a foreign gene. This could be related to the different
organization patterns of euchromatin/heterochromatin in the nucleus
as described above. 
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RECOMBINANT PROTEIN TRAFFICKING: HOST CELL-SPECIFIC
AND POST-TRANSLATIONAL FACTORS AFFECT LEVELS AND
STABILITY OF EXPRESSION

Other than DNA and RNA-related factors, expression levels and
stability of heterologous proteins in transgenic plants are also influ-
enced by their correct assembly, post-translational modifications,
quality control mechanisms, sub-cellular sorting and final deposition
to the appropriate compartment(s) within cells and tissues. A
combination of a broad range of biochemical methods (sub-cellular
fractionation, pulse and chase experiments after radioactive labeling,
glycan analysis by MALDI-TOF mass spectrometry, immunopre-
cipitation, western blot analysis) and immunolocalization techniques
(confocal and electron microscopy) have been used to study the
stability, molecular interactions, intracellular pathways, delivery and
deposition of recombinant proteins expressed in plants.92

Heterologous proteins also provide ideal tracers to investigate the
complex networks of protein sorting and intracellular trafficking
mechanisms. In this section, we focus on the cellular and post-trans-
lational factors that influence expression of recombinant proteins in
plants. 

Cellular factors controlling the trafficking of recombinant
proteins and effects on expression. One of the most effective strategies
to increase the stability of recombinant proteins is to combine an
N-terminal leader peptide to direct the mRNAs to the rough
endoplasmic reticulum (ER), and a C-terminal K/HDEL signal
peptide to retrieve the proteins back into the protective environment
of the ER. Thus, -phaseolin-KDEL accumulates at 0.5% of total
extractable protein in tobacco leaves as compared to -phaseolin
without KDEL that accumulates at 0.05%.93 Efficient cisternal ER
targeting, occasionally leading to the formation of protein bodies
inside, and localization in ER domains, such as the nuclear envelope
space and ribosome-coated vesicles, were observed in vegetative
tissues of crops and model species.94-96 In seed storage tissues of rice,
wheat and tobacco, KDEL-tagged proteins accumulated in ER-derived
protein bodies (PB) and in protein storage vacuoles96-98 (PSV). The
localization of ER resident proteins in rice endosperm PBs can be
explained by passive trapping during the aggregation of prolamins
within specific domains of the ER. Traveling beyond ER compart-
ments to PSV was unexpected since rice glutelins (PSV-resident
storage proteins) are known to pass through the Golgi complex en
route to the vacuole. The co-localization of calreticulin, a native
reticuloplasmin, and a KDEL-tagged single chain antibody in PSVs
together with the absence of labeling in the dense vesicles of the
trans-Golgi network suggest a Golgi-independent route from the ER
to PSV.95 Such an alternative route has been proposed for the sorting
of SH-EP, a vacuolar protease with a KDEL signal peptide, to the
storage vacuole from the ER by a pathway that by-passes the Golgi
cisternae99 and for the accumulation of wheat prolamins in PSVs.100

The same route directed a small proportion of phaseolin-KDEL to the
lytic vacuole in transgenic tobacco leaves, where it was degraded,94

following the transport pathway put forward for the turnover of
reticuloplasmins.101 Therefore, presence of a KDEL signaling might
not always guarantee ER sub-cellular targeting and consequently
secretion or delivery to seed storage vacuoles might occur.

In other cases, secretion is preferred, but may not always be
obtained. An efficient assimilation of organic phosphorus from
phytate in the culture medium was achieved by transforming
Arabidopsis plants with a phytase construct to target the protein to
the ER. In the absence of any additional sorting signal,102 this enzyme

would be expected to travel through the default secretory pathway103

and directed to the extra-cellular space where it normally breaks
down phytate releasing digestible phosphorus. Phytase is a glycopro-
tein exhibiting Golgi-modified complex glycans, which is normally
secreted in different plant expression systems such as soybean cell
cultures and Medicago truncatula leaves.104,105 Phytase was not
secreted rather it accumulated in PBs and PSVs in rice endosperm.106

In situ hybridization at the electron microscopy level showed that
accumulation of phytase in PBs did not require mRNA targeting to the
specific ER domain where prolamin mRNA is normally directed.107

Analysis of the glycan profiles showed two such types: [1] typical
vacuolar glycans with (1,3)-fucose and (1,2)-xylose residues that
indicate Golgi modifications and [2] oligomannose type, a feature of
early N-glycosylation in the ER. These two types of glycans could
account for the phytase labeling in PSVs and PBs, respectively. As
opposed to rice leaves, no terminal N-acetylglucosamine (GlcNAc)
residues, as those found in secreted proteins, were detected in phytase
accumulating in the endosperm. This suggests the existence of
predetermined tissue-dependent intracellular routes of transport.97

In fact, all recombinant proteins expressed in seed storage tissues to
date were retained intra-cellularly in protein bodies of rice, soybean,
wheat and tobacco108-112 or surprisingly, in maize starch granules.113

Seeds contain tissues which are developmentally programmed to
synthesize and store proteins, starch and lipids to nurture the embryo
upon germination. Consequently, the cell’s architecture and function
would prevail over protein targeting signals or host plant expression
system to prevent secretion in accumulating tissues and avoid the
escape of valuable reserves. This can be exploited for long-term
storage of biologically functional recombinant proteins, for example
in molecular pharming applications. 

The structural information contained in a protein can also influ-
ence its sub-cellular fate. A decameric secretory antibody114 (SIgA/G)
comprising two immunoglobulins (two light chains and two heavy
chains each), a joining chain (J) and a secretory component (SC) in
tobacco leaves was only partially secreted, although all four moieties
(light chain, heavy chain, J and SC) were expected to travel along the
secretory route.115 Most of the antibody was sequestered into the ER
or delivered to the vacuole, with expression levels between 5–8 % of
total soluble proteins.115 However the parent tetrameric Guy’s 13
IgG antibody116 was efficiently secreted in tobacco leaves and
expression levels of 1% of total soluble protein were achieved. This
suggests that information for intra-cellular retention and vacuolar
delivery resides in the -domains contained in the hybrid / -heavy
chains of the SIgA/G antibody. A second example is zeolin. This
chimeric storage protein contains phaseolin, from common bean,
and the repeated Pro-rich regions of maize -zein.93 Expression of
recombinant phaseolin in tobacco leaves led to the formation of
protein bodies in the vacuole117 and expression levels of 0.05% of
total soluble protein. However, when fused to domains of -zein
alone, phaseolin accumulated in protein bodies in the cytoplasm and
expression levels were elevated to 3.5%.90 This suggests that the zein
domains are dominant over the vacuolar signaling of phaseolin and
provide sufficient information to induce the formation of such
protein bodies in the cytoplasm. It is evident, therefore that some
specific protein domains are involved in sub-cellular targeting. This
is particularly important for proteins targeted to the vacuole as such
targeting can lead to protein degradation and, therefore, influence
expression levels. Although the mechanisms of vacuolar delivery are
not fully understood, identification of such domains and develop-
ment of an understanding of their interactions might predict where
in the cell a recombinant protein is delivered. 
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Post-translational factors affecting the sub-cellular deposition
of recombinant proteins and effects on expression. Correct folding
and glycosylation of recombinant proteins also influence their
sub-cellular fate and accumulation levels. Protein folding is assisted
by the ER-resident chaperone BiP by binding to hydrophobic
regions. Presence of permanently misfolded proteins, for example
upon treatment with tunicamycin or by the expression of folding-
defective mutant proteins, triggers a signaling pathway known as
“unfolded protein response” (UPR), which upregulates the expression
of BiP in yeast, mammals and plants.118 Quality control in the ER
is a two-step process: retention and degradation. The prolonged
interactions of unfolded proteins with BiP bring about ER-associated
protein degradation (ERAD). This involves the translocation of the
unfolded proteins back into the cytoplasm where they are degraded
by the proteasome. Quality control can also occur along the secretory
pathway by targeting proteins to the vacuole for degradation after

passage through the Golgi.119 A phaseolin variant encompassing a
sulfur rich (high methionine) 15 amino acid sequence and a HDEL
tag (HiMet phaseolin-HDEL) alters the structure of the protein by
introducing an -helix domain.97 HiMet phaseolin-HDEL travels
along the secretory route and it is directed to the vacuole of tobacco
embryo cells via the dense vesicles of the trans-Golgi, where it is
degraded in the early developmental stages, whereas phaseolin-HDEL
accumulates in PSVs. This route to the vacuole might coexist with a
Golgi-independent pathway as discussed earlier.

Immuno-assays and co-immunoprecipitation showed that the
assembly of all four components of a SIgA/G antibody occurred in
rice endosperm.120 Comparison of immunogold labeling in trans-
genic lines expressing either single or all four components showed an
assembly-dependent distribution. Unassembled components were
preferentially found in PBs whereas the assembled antibody with
antigen-binding activity was localized to PSVs. Unassembled chains,

Expression of Transgenes in Crop Plants

192 Plant Signaling & Behavior 2006; Vol. 1 Issue 4

Table 1 Subcellular fate of recombinant proteins expressed in transgenic plants

Recombinant Protein Sorting Signal Subcellular Localization References

Guy´s 13 IgG to surface adhesin I/II None (default secretory High efficient secretion in tobacco leaf protoplasts, 115, 116, 122
of Streptococcus mutants route expected) independently of its glycosylation status

Guy´s 13 secretory IgA/G to surface None (default secretory Partial secretion in tobacco leaf 114, 115
adhesin I/II of Streptococcus mutants route expected) ER retention and vacuolar delivery

of Ig fragments in tobacco leaf
Unassembled moieties in rice 120

endosperm prolamin protein bodies (PB)
Functional, assembled antibody in rice endosperm

glutelin protein storage vacuoles (PSV)

Aspergillus niger phytase None (default secretory Extracellular secretion in cultured cells 102, 104
route expected) of soybean and Arabidopsis thaliana plants

Prolamin bodies in wheat endosperm 97
Apoplast and vacuole in Medicago truncatula leaf 105

PBs and PSVs in rice endosperm 106
Secreted in rice callus and leaf

Zeolin (chimeric protein composed None ER-protein bodies in tobacco leaf 93
of phaseolin and -zein)

Pisum sativum vicilin ER (KDEL) ER-protein bodies in tobacco leaf 94

ScFvT84.66 antibody to the NA3 ER (KDEL) PB and PSV in rice endosperm 96
epitope of the carcinoembryonic antigen ER-derived vesicles in rice callus and leaf

Human serum albumin ER (KDEL) ER in wheat leaf 97
Prolamin bodies in wheat endosperm

Phaseolus vulgaris -phaseolin ER (K/HDEL) ER and PSVs in tobacco seeds 95,98
Intact protein in ER of tobacco leaf

Fragmented protein in the vacuole of tobacco leaf
Vacuole PSVs of rice endosperm 112

Degradation products in protein bodies 117
within the vacuoles of tobacco leaf

Secreted to the apoplast in tobacco leaf
upon saturation of the vacuolar targeting

mechanism when overexpressed

Pisum sativum legumin Vacuole Inclusion bodies at the periphery 97,110
of prolamin bodies in wheat endosperm

Human lysozyme Globulin signal peptide PSVs in rice endosperm 108
Glutelin signal peptide

Bovine -casein Lectin signal sequence PSVs in soybean seeds 109

E. coli enterotoxin B (LT-B) Native LT signal petide Starch granules of amyloplasts in cells 113
-zein signal peptide below the aleurone layer in maize endosperm

Glycoprotein B of Human Rice glutelin 3 PSVs in tobacco endosperm 111
cytomegalovirus (HCMV) signal sequence
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likely bound to BiP, would remain in the ER for a prolonged period
of time and then become incorporated into prolamin PBs, whereas
correct assembly would promote their efficient transport to PSVs.120

A number of proteins expressed in transgenic plants (for example,
most pharmaceutically active proteins for molecular pharming
applications) require enzymatic glycosylation to fold correctly and
retain functionality.105,121 This complex process is highly conserved
among eukaryotes. It commences with N-glycosylation in the ER by
the co-translational addition of a precursor oligosaccharide
Glc3Man9GlcNAc2 from a specialized lipid in the ER membrane,
called dolichol, to Asn residues of the sequence Asn-X-Ser/Thr.
Then, further modifications occur in the Golgi apparatus, with
some specific differences between plants and mammals. In plants,
(1,2)-xylose is linked to -mannose whereas (1,3)-fucose is linked

to proximal N-acetylglucosamine moieties. Furthermore, plants lack
terminal (1,3)-galactose moieties.105 Inhibition of N-glycosylation
by tunicamycin activates UPR, upregulates BiP and results in
protein degradation by ERAD. However, when the heavy chain of
the Guy’s 13 IgG antibody was mutated to remove the two potential
N-glycosylation sites this had no effect on the folding, assembly or
secretion of the functional IgG molecule, with antigen-binding
activity as demonstrated in tobacco mesophyll protoplasts.122

Although tunicamycin treatment and transfection with plasmids
encoding aglycosylated variants of the heavy chain activate UPR
(co-immunoprecipitated BiP with aglycosylated heavy chain
increased 1,3-fold as compared to the wild type) lack of N-glycosy-
lation did not affect IgG folding and assembly. This could be an
exception more than the general rule and might only occur in
specific proteins (immunoglobulins) that are not affected by removal
of N-glycans. 

Table 1 summarizes the subcellular fate of a number of recombi-
nant proteins expressed in model species and crops. Unfortunately,
examples of heterologous proteins (containing the same targeting
signals) that have been expressed in the same tissues in different host
plant systems are rare. An example is phytase, which was secreted in
rice106 and Medicago truncatula leaves.105 However, the scarce
information in the literature does not rule out any influence of the
host system. We reiterate that the information contained in the
recombinant protein itself (targeting signals, specific domains), the
tissue where the protein is expressed, its assembly status and other
post-translational modifications clearly affect protein sorting and
deposition in both crops and model species thus contributing to
levels and stability of expression.

CONCLUSIONS 

Our understanding of factors that influence levels and stability of
heterologous proteins introduced into crop plants, is improving
continuously. This is a direct consequence of early intensive research
focusing on DNA-related factors involving the introduced transgene(s)
and the recipient host genome. Integration of transgenes into the
nuclear genome of plants, with a very small number of exceptions is
an entirely random process, based on illegitimate recombination. We
do not have any control where in the genome a transgene will
integrate. Furthermore, we cannot predict the number and integrity
of integrated transgene copies. Consequently, the first step in assessing
the long-term utility of a transgenic plant in terms of stable and
predictable expression of a transgene(s) is detailed analysis of the
transgene locus. Single copy integration events though generally
useful are rare due to the host cell nucleic acid modifying enzyme

activities. Rearranged multi-copy integration events are more common.
Such events do not lead to silencing if the expression unit in all copies
is intact. Additionally, if higher amounts of the transgene product
are required then multi-copy integration events are more useful.
Analysis of structural features of transgenic loci reveals that the host-
cell enzymatic machinery largely controls the integration event(s)
independent of how the transgene is delivered. 

Advances in our understanding of the mechanisms involved in
the integration process, the influence of chromatin modifications
and chromatin-mediated transgene regulation also appear to influence
levels and stability of expression, post integration. At the protein
level, the overall picture emerging from biochemical and cell biology
studies in different systems suggests that a number of cellular and
post-translational factors govern the fate of expressed recombinant
proteins. An otherwise secreted recombinant protein can be retained,
depending on default tissue-specific routes. This suggests that the
cell’s architecture and physiology play a crucial role in protein
deposition. The state of assembly of complex macromolecules, such
as immunoglobulins, influences their final destiny. ER quality control
is upregulated when glycosylation is impaired, targeting the defective
proteins for ERAD. Hence understanding the mechanisms and funda-
mental cellular processes that influence protein sorting, trafficking
and deposition, also have a significant role to play in achieving stable
and predictable levels of expression of recombinant proteins in plants. 
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