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Preliminary development of a genetic strategy to prevent transgene
escape by blocking effective pollen flow from transgenic plants
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Abstract. Genetic modification (GM) of plants has great potential in the production of food and industrial compounds,
and in molecular pharming. One of the greatest public concerns regarding this technology is effective pollen flow, in
which wind- or insect-borne transgenic pollen is able to fertilise either non-GM crops of the same species, or closely
related weed species, and lead to viable seed formation. In this paper we describe a novel concept, based on epigenetic
inheritance (imprinting) and post-transcriptional gene silencing (PTGS)/RNA interference (RNAi), designed to prevent
transgene escape via pollen flow from transgenic plants. A key advantage of this strategy is that it would allow all seeds
from self-pollinated transgenic plants to be harvested and re-sown, without the need for specific treatments, while retaining
all of the transgenes present in the parent. Thus, this strategy is not a Genetic Use Restriction Technology (GURT) and if
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implemented would not prevent seed saving by end-users.

Additional keywords: Arabidopsis, gene flow, imprinting, pollen, transgenic crops, RNAI.

Introduction

When transgenic crops first appeared on the market in
the mid-1990s, many biotechnology companies and research
organisations anticipated rapid and straightforward adoption of
new genetically modified (GM) varieties. While advances in
biotechnology have continued at a rapid pace, field trials for
more than 4000 GM plants have so far resulted in the successful
release of only 40 transgenic crops for commercial purposes
(Daniell 1999; Brookes and Barfoot 2005). Benefits derived from
these GM crops include reduced environment impact due to a
decrease in the use of toxic herbicides and insecticides (Bennett
et al. 2004). Other potential and demonstrated benefits include
an increase in productivity, salt/drought tolerance, and disease
resistance. In addition to food production, plant biotechnology
has enormous potential in other areas, particularly molecular
pharming for the production of valuable recombinant proteins
such as pharmaceuticals, food and feed additives, biopolymers,
industrial enzymes, and oils for industrial uses (Hood 2002).
Despite these advantages, several highly publicised and often
hypothetical environmental and safety concerns (Trewavas 1999;
Dale et al. 2002; Bodulovic 2005) have limited public acceptance
of GM crops in many countries. One of the most commonly
raised concerns is that antibiotic selection marker(s), present in
most transgenic food crops, could either inactivate oral doses
of the antibiotic (Daniell 1999; Daniell et al. 2001a), or be
transferred to human pathogens rendering antibiotic treatments
ineffective against these microorganisms. While there is no
scientific evidence that this could occur and be of medical
significance, several strategies are currently being pursued to
eliminate antibiotic resistant genes from future GM crops,
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particularly in Europe (Russell et al. 1992; Odell et al. 1994;
Imantham and Day 2000; Daniell et al. 2001a, b; Hare and
Chua 2002).

Another prominent environmental concern is the escape of
genes via GM pollen that has potentially travelled great distances
and cross-pollinated related crops or weeds, thereby creating
‘superweeds’ or causing seed contamination of ‘organic’ crops
(Scott and Wilkinson 1999; Hall et al. 2000; Jemison and
Vayda 2001; Estham and Sweet 2002). However in reality,
this issue is often overstated (e.g. Rong et al. 2007). Ellstrand
(2003) reported that 90% of the world’s 25 most important
domesticated crops are able to hybridise naturally with wild
relatives. While these ‘wild romances’ can act potentially as a
catalyst for evolution of more difficult weeds and the extinction
of wild relatives, only limited introgression of genes usually
occurs. As a consequence, various approaches to minimise
effective gene flow have been developed. Strategies that have
been suggested to prevent transgenic crops pollinating other
plants include containment in specialised pollen-proof facilities,
isolation zones for GM crops (GM crops surrounded by
devegetated zones or surrounded by non-insect pollinated non-
GM crops to discourage the pollinators/insects from leaving
the GM fields), or buffer zone/crop barriers (a non-GM crop
planted around the borders of a GM crop to dilute GM pollen
and increase the distance GM pollen must travel to out-
cross), and the use of Genetic Use Restriction Technologies
(GURTS), such as ‘terminator technology’ to prevent production
of viable transgenic progeny from self-pollination or outcrossing
(Kuvshinov et al. 2001; Daniell 2002). Because the potential
for pollen-based out-crossing must be determined specifically
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for different GM crops grown in a particular environment,
considerable time and money must be used to investigate these
issues before a GM variety can be released. In an attempt to
avoid some of these difficulties and to increase acceptance by
the public and regulatory bodies, several molecular solutions
have been suggested (Kuvshinov et al. 2001; Daniell 2002;
Schernthaner et al. 2003). Two solutions that aim to ensure
that transgenes can only be inherited through the maternally-
derived genome are engineered male sterility and introduction
of transgenes into the chloroplast rather than the nuclear genome
(Mariani et al. 1990; Daniell 2002; Daniell et al. 2002; Huang
et al. 2003a, b). Unfortunately, both approaches will not prevent
wild species from pollinating the transgenic crop, potentially
allowing transgenes to eventually move into the wild species
by repeated pollination events. Although male sterility will
prevent effective pollen flow, it is likely to cause significant
problems for farmers wishing to retain seeds for next season’s
crop, although in perennial horticultural crops such as some
seedless citrus varieties and banana (Musa spp.), pollen in not
required since vegetative rather than sexual propagation is used.
Alternatively, the development of molecular techniques such as
apomixis (formation of seeds without fertilisation) may allow
seed propagation without pollen in field crops. Unfortunately,
although considerable progress has been made (Koltunow et al.
1995), sufficient understanding of how to convert a sexually-
propagated crop into an apomictic one is still several years away
(Bicknell and Koltunow 2004).

An alternative and attractive approach to contain transgenes is
chloroplast genetic engineering because most crops exhibit only
very limited pollen transmission of chloroplast DNA (Daniell
et al. 1998). However, paternal inheritance of chloroplast DNA
has been reported in several higher plant species (Tilney-
Bassett and Abdel-Wahab 1979; Corriveau and Coleman 1988),
including tobacco (Nicotiana tabacum L.) in which 0.1-0.5%
of chloroplast traits are transferred via pollen (Avni and
Edelman 1991; Wang et al. 2004). Significantly, Huang et al.
(2003a) have also demonstrated that transgenes can migrate
from the chloroplast to the nuclear genome and subsequently
be transmitted by sexual propagation, although it is not clear
whether transgene function would be retained.

In this paper, we describe a novel strategy to prevent
transgene escape via pollen flow from transgenic plants that
could be employed either independently or as a backup for other
strategies such as chloroplast transformation. A combination
of epigenetic inheritance (Kohler and Grossniklaus 2002) and
post-transcriptional gene silencing (PTGS)/RNA interference
(RNAI) using ‘hairpin’ (hp) technology (Smith et al. 2000) is
used to provide proof-of-concept for this strategy in Arabidopsis
thaliana L. (Heynh.), a model plant system.

Materials and methods

FIS2 : hp-GUS construct: pSKhp-GUS was generated by cloning
the hp-GUS containing 2.0 kb Smal-Xbal DNA fragment from
pMBW305 (a gift from Dr Ming Bo Wang, CSIRO Plant
Industry, Canberra, Australia) at the Smal and Xbal sites of
pBluesciptSK (Stratagene, TX, USA). A 3.0-kb EcoRI-BamHI
DNA fragment containing the FIS2 promoter from FIS2 : GUS
(a gift from Ming Luo, CSIRO Plant Industry, Canberra) was
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cloned into EcoRI and BamHI digested pSKhp-GUS to obtain
pSKFIS2 : hp-GUS. FIS2 : hp-GUS was constructed by cloning
the 7.0-kb Sall-Sacl DNA fragment from pSKFIS2 : hp-GUS at
the Sall and Sacl sites of the pGPTV-HPT binary vector (a gift
from Dr John P. Carr, University of Cambridge, UK).

Arabidopsis thaliana transformation

Plant transformation and selection of transgenic progeny was
as previously described (Singh et al. 2002). The MEA : GUS
line is in the Ws ecotype and the selectable marker
for super-transformation of MEA : GUS with FIS2:hp-GUS
was hygromycin (22 ugmL~"). Putative transgenic seedlings
containing a single FIS2:hp-GUS transgene locus, based on
the segregation of the selectable marker on the T-DNA, were
transferred to soil to obtain T2 seeds. The segregating population
of T2 plants were allowed to self-pollinate and seeds obtained
from T3 plants were used for crosses and other experiments.
B-glucuronidase (GUS) activity was detected as previously
described (Swain et al. 2002).

Results
The strategy

A novel strategy to prevent transgene escape via pollen flow
is described here, involving the generation of transgenic plants
containing two transgenes: the MEA (MEDEA) promoter driving
expression of a seed-lethal gene and the FIS2 (Fertilisation
Independent Seed 2) promoter driving expression of a ‘hairpin’
(hp) RNAI construct (Smith et al. 2000) designed to specifically
silence expression of the same seed-lethal gene. MEA (also
known as FISI, Fertilisation Independent Seed 1) and FIS2
are polycomb genes expressed mainly in the endosperm where
they play an essential role in seed development (Luo et al.
1999). The MEA promoter, in a MEA :GUS construct, is
expressed in developing seeds 48 h after pollination when carried
on the paternally-derived chromosome (from the male/pollen
parent), and is also expressed both before and after fertilisation
when carried on the maternally-derived chromosome (from
the female parent). By contrast, the FIS2 promoter, in a
FIS2 : GUS construct, is expressed from the maternally-derived
chromosome throughout seed development, but is not expressed
from the paternally-derived genome due to imprinting (Luo et al.
1999). On self-pollinated plants or transgenic plants fertilised
by non-transgenic pollen, the seeds can survive because the
FIS2 : hp-lethal-gene transgene expressed from the maternally-
derived chromosome silences expression of the seed-lethal gene
(Fig. 1). By contrast, seeds formed from the fertilisation by
transgenic pollen on non-transgenic plants, such as non-GM
crops or weedy relatives, will not survive. In this situation,
the seeds will abort due to expression of the MEA : seed-lethal
gene, since in this case, the FIS2:hp-lethal-gene transgene,
only present on the paternally-derived chromosome, will not be
expressed (Fig. 1).

Proof-of-concept experiments

The strategy described above was tested using a reporter gene,
B-glucuronidase (GUS), that is non-toxic and can be easily
detected in plants based on the production of a blue reaction
product after incubating in appropriate conditions (Jefferson
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Fig. 1. Preventing transgene escape. Transgenic plants are generated
containing three different constructs: (i) MEA :seed-lethal gene;
(i1) FIS2 : hairpin-lethal gene to silence the expression of construct (i) by
PTGS/RNAI; and (iii) transgene conferring beneficial trait (e.g. modified oil
content for industrial use). Multiple copies of construct (i) can be included
for redundancy, but the three constructs do not need to be genetically linked.
On self-pollinated transgenic plants, construct (ii) silences construct (i) and
seed development is normal. By contrast, if transgenic pollen fertilises a
non-transgenic flower, construct (i) causes seed abortion because imprinting
of the FIS2 promoter present on the paternally-derived chromosome
prevents expression of construct (ii). The addition of a second system,
using a promoter only expressed from the paternally-derived genome to
drive a RNAI construct silencing a second seed-lethal gene, would also
prevent gene flow in the opposite direction, e.g. from a weedy relative to
the transgenic crop.

et al. 1987). A MEA : GUS construct, for sense expression of
GUS, and a FIS2 : hp-GUS construct (Fig. 24) were generated
with GUS taking the place of the seed-lethal gene. This hp-GUS
sequence, when driven by the near-constitutive 35S promoter,
has previously been shown to effectively silence expression of
a 35S: GUS transgene (Smith et al. 2000). As expected (Luo
etal. 1999), developing fruits (siliques) from plants homozygous
for MEA : GUS possessed GUS activity in developing seeds
(Fig. 2B).

In order to determine if the FIS2:hp-GUS transgene can
silence GUS expression driven by the MEA promoter, plants
homozygous for MEA:GUS were super-transformed with
FIS2 : hp-GUS. Seeds from self-pollinated plants homozygous
for a single locus of both the MEA : GUS and FIS2 : hp-GUS
transgenes did not have detectable GUS staining, confirming that
the FIS2 : hp-GUS construct can effectively silence MEA : GUS

Fig. 2. Proof-of-concept experiments using GUS. (4) MEA : GUS and
FIS2 : hp-GUS constructs. (B—F) Representative examples of GUS staining
(blue) of young fruit from self-pollinated flowers, or from WT flowers
pollinated with pollen carrying MEA : GUS with or without FIS2 : hp-GUS.
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expression (Fig. 2C). This silencing persisted through at least
four generations obtained by self-pollination (data not shown).
Since a crucial component of the strategy described above is that
MEA : GUS expression is only silenced by the FIS2 : hp-GUS
transgene present on the maternally-derived chromosome, two
experiments were conducted. In the first experiment, four lines
homozygous for a single MEA : GUS locus, but hemizygous
for an independent FIS2 : hp-GUS insert, were allowed to self
pollinate. As expected and based on the presence of the selectable
marker, ~75% of the progeny (i.e. the developing seeds) carried
the FIS2:hp-GUS transgene (Table 1), consistent with the
presence of single FIS2:hp-GUS locus in the homozygous
MEA : GUS background. Despite the ability of the FIS2: hp-
GUS transgene to completely silence MEA : GUS expression in
plants homozygous for both transgenes, GUS was only silenced
in ~50% of the seeds while the remainder possessed GUS
expression (Fig. 2D; Table 1). This result is consistent with
maternally-derived genome-specific expression of the FIS2 : hp-
GUS construct since only 50% of the progeny seeds will possess
a copy of this construct on the maternally-derived chromosome,
while an additional 25% of seeds will contain an inactive
FIS2 : hp-GUS construct on the paternally-derived chromosome,
and 25% of seeds will not contain FIS2:hp-GUS on either
chromosome. By contrast, if both copies of the FIS2 : hp-GUS
construct were active, only 25% of the MEA : GUS seeds would
be expected to exhibit GUS activity.

In the second experiment, pollen carrying MEA : GUS was
used to hand-pollinate wild-type (WT) flowers and the silique
was stained for GUS activity 48 h later. As previously reported
(Luo et al. 1999), GUS activity was observed in all seeds
(Fig. 2E). Furthermore, in seeds resulting from a cross between
WT¢ and MEA : GUS/FIS2 : hp-GUS3, GUS expression was
also observed in all seeds confirming that MEA : GUS is active
from the paternally-derived chromosome whereas FIS2 :hp-
GUS is not (Fig. 2F). Since the pollen parent in this cross was
grown from a seed in which MEA : GUS expression was silenced
(i.e. Fig. 2C), this result also demonstrates that expression of the
MEA : GUS transgene is reactivated by crossing. Importantly,
we confirmed that the MEA : GUS transgene was still reactivated
in progeny on a WT¢ after silencing through four generations

Table 1.
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(Table 2), demonstrating that the silencing remained dependent
on the presence of the FIS2 : hp-GUS construct expressed from
the maternally-derived chromosome.

Discussion

The possibility of pollen from transgenic crops fertilising nearby
non-GM crops or weedy relatives has generated extensive public
debate and has been one of the most frequently used arguments
against the adoption of GM crops. In this paper, we describe and
present initial conceptual development of a gene-based strategy
to prevent transgene escape via pollen flow from transgenic
plants. Successful development of this system in a crop plant
would mean that while seed development on transgenic plants
would be unaffected, transgenic seeds developing on non-
transgenic female plants would abort. Constructs based on
those described here, with GUS replaced by a seed-lethal gene,
would be incorporated into transgenic crops in addition to
transgenes designed to improve crop performance or consumer-
orientated traits. An important aspect of any gene-based
containment strategy is its robustness. As such, a potential
issue is the possibility of transgene mutation or silencing that
could subsequently enable transgene escape. In this case two
techniques could be used to maximise effectiveness. First,
transgenes designed for crop improvement could be tightly
linked to the seed-lethal gene, ideally by being part of the
same construct. Second, multiple copies of the seed-lethal
construct could also be included, with different seed-specific
promoters and/or seed-lethal genes, to reduce the possibility of
unwanted transcriptional gene silencing inactivating the seed-
lethal gene(s) (e.g. Vaucheret 2005). Complete silencing of the
seed-lethal construct in self-pollinated seeds is also important
to prevent unwanted yield losses in the transgenic crop.
Consequently, improved forms of gene silencing constructs, such
as artificial microRNAs (Alvarez et al. 2006; Schwab et al.
2006), may be required.

Although we have not tested a reciprocal system, this
approach could in theory be adapted to prevent gene
introgression via pollen from weedy relatives or non-transgenic
crops into the transgenic crop. In this case, a promoter that

Observed segregation of the selectable marker for the FIS2 : hp-GUS transgene (hygromycin) and for GUS staining

in seeds at ~48 h after self-pollination of Arabidopsis plants homozygous for the MEA : GUS transgene and hemizygous for a
single FIS2 : hp-GUS transgene locus
The expected proportion of GUS +ve seeds was 25% if silencing occurs in the absence of imprinting and 50% if silencing can only
occur from FIS2 : hp-GUS present on a maternally-derived chromosome

Transgenic Non-transgenic
Line seeds® seeds x2 (3:1) P(3:1) GUS +ve GUS —ve % GUS +vePB
1 147 45 0.25 0.7>P=>0.5 226 314 42-46
2 73 22 0.17 0.7>P>0.5 147 169 47-51
3 101 34 0.00 P>09 39 50 44-47
4 138 51 0.40 0.7>P=>0.5 252 292 46-50

ABased on resistance to 20 ug/mL hygromycin.

BLower value calculated from raw data. Higher value calculated after adjusting the number of GUS +ve and —ve seeds based on an
observed 92% success rate for using GUS staining to identify MEA : GUS seeds. Variation in developmental stages between seeds
may have led to some seeds being incorrectly scored as GUS —ve, because GUS staining was not evident at 70 h and was only

visible in ~25% of seed at 30 h after hand-pollination.
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Table 2. Proportion of GUS +ve seeds 48 h after hand-pollination
of WT pistils with pollen from Arabidopsis plants homozygous
for both MEA : GUS and FIS2 : hp-GUS over several generations
In each generation, GUS expression was not observed when plants used as
a pollen parent were allowed to self-pollinate. —, not detected

Generation
Line Ist 2nd 3rd 4th
1 82/894 104/109 169/172 109/112
2 69/75 156/160 188/193 231/243
4 223/230 235/241 - -

AValues are GUS +ve/number of seeds examined. Overall 96% of seeds
were GUS +ve. The missing 4% could be due to limited self-pollination.
Alternatively, variation in developmental stages between seeds may have
led to some seeds being incorrectly scored as GUS —ve because GUS
staining was not evident at 70 h and was only visible in ~25% of seed at
30 h after hand-pollination.

was only expressed from paternally-derived chromosomes,
i.e. the opposite of the FIS2 promoter, would be required to
drive expression of another RNAIi construct targeting a second
seed-lethal gene. Pollen lacking this RNAi gene would be
unable to silence the second seed-lethal gene, leading to seed
abortion. Ideally, all four genes would form part of the same
construct that could be added to transgenic crops. The successful
implementation of both systems would mean that the transgenic
crop would effectively be genetically isolated from other plants
lacking this transgene system.

The approach described here, particularly the more
sophisticated form that prevents outcrossing via either the
male or female gametophyte, can be considered a form of
transgene mitigation (Gressel 1999) since it aims to reduce
the fitness of hybrid seeds developing on non-transgenic crops
to zero (Lee and Natesan 2006). However, unlike existing
mitigation strategies (Al-Ahmad et al. 2004), this strategy
does not require any physiological change to the transgenic
crop, which although often beneficial (Al-Ahmad et al. 2006),
may not be desirable in all systems. The system described
here also has features in common with an automatic form
of another gene-containment strategy, Recoverable Block of
Function (RBF; Lee and Natesan 2006). RBF involves two
components, one which prevents seed germination due to activity
of the Barnase RNase and the other that encodes an inducible
form of Barstar, a inhibitor of Barnase (Mariani et al. 1990). To
date, heat treatment has been used as the inducer of Barstar
by placing expression of this gene under the control of a
heatshock-inducible promoter. Thus, seed germination can only
occur after heat shock of the maternal parent. While this
would prevent transgene escape via unwanted hybridisation,
obtaining sufficient seeds for broadacre field crops in this manner
may be difficult.

Importantly, our approach is not a form of GURT and would
not restrict the harvest and propagation of self-pollinated seeds
from transgenic crops for subsequent planting. The inability
of farmers to self-propagate seeds has been a major criticism
of GURTs, including the ‘terminator’ technology that could
also be used to prevent outcrossing (Kuvshinov et al. 2001).
Conventional breeding of crops using this transgene containment
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system would also be possible, so long as the transgenic plants
were used as the female parent.

The  initial  proof-of-concept  experiments  with
MEA : GUS/FIS2 : hp-GUS described here suggest that it
should be possible to create transgenic plants that are self-fertile
and have normal or near-normal yield, but are unable to outcross
via pollen. As described above, a more sophisticated system
would also prevent outcrossing via the female gametophyte.
Future development will require the identification and use of
suitable seed-lethal gene(s) and the demonstration that silencing
is sufficiently robust to allow survival of self-pollinated seeds.
The required effectiveness of silencing, and hence the survival
rate for seeds on self-pollinated transgenic plants, will depend on
the purpose for which the transgenic crops is used. For example,
broadacre production crops such as canola (Brassica napus L.)
would require near-100% seed survival while some loss of yield
may be tolerated in other high-value crops in which preventing
transgene escape is more important. While many genes could
potentially be used to prevent embryo development, including
genes that when overexpressed disrupt essential functions
(e.g. Singh et al. 2002), one candidate gene is Barnase (Mariani
et al. 1990). In this case, Barnase expression would be driven by
the MEA promoter while a Barnase RNAI construct would be
driven by FIS2. However, as Barstar prevents Barnase function,
an alternative strategy would be to drive Barstar expression by
FIS2 instead.
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