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Introduction

Plant biotechnology as a commercial process is a reality. Data released by USDA and
ISAAA show that in 2002, the global GM crop area continued to grow for the sixth
consecutive year, and reached 58.7 million hectares, or 145 million acres. In 2003,
81% of soybeans, 73% of cotton and 40% of maize grown in the USA were geneti-
cally modified. Such numbers undoubtedly reflect benefits enjoyed by the various
participants in the business, inciuding some 5.5-6 million farmers. All GM plants
grown at present were modified by incorporation of input traits that facilitate crop
production. GM plants expressing output traits are also being developed. One
example is the development of transgenic host plants for the production of pharma-
ceutical proteins. Although there are currently no plant-made biopharmaceuticais
on the market, several companies have announced Phase I1-111 clinical trials of
‘biogenerics’, and some antibodies and enzymes; thus, it is simply a matter of time
before such products are approved and appear in our pharmacies.

Fears of, and resistance against, plant biotechnology-based business are a reality,
too. Reviews, research papers, editorials, and published ‘letters to the editor’ dealing
with safety and regulatory issues relating to transgenic plants make up a significant
portion of publications in news media and major scientific journals. The dialogue is
active, often emotionally charged, and involves diverse mermbers of society. Govern-
mental and epi-governmental regulators all over the world are busy defining the
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legislative framework for safety rules and restrictions that would satisfy both their
electorate and businesses, while remaining scientifically wise.

Covering all aspects of this ongoing dialogue is beyond our capabilities. The
reader is referred to numercus recent publications that review different aspects of
GM plant biosafety, such as the potential environmental impact of transgenic crops
(Dale et al., 2002), analysis of the potential impact of transgenic plants on human
health {(Conner and Jacobs, 1999; Falk er al., 2002; Lack, 2002), regulatory
approaches covering the release of transgenics in the US and EU {Nap et al., 2003),
ethical aspects of plant genetic engineering (Ellstrand, 2003), proposed initiatives
of professionals in the area of GM plant biosafety (Kapuscinski er a/., 2003), and, last
but not Jeast, analysis of the technologies that might be used for gene containment
(Daniell, 2002; Wickelgren, 2003).

The topic of this review is ‘safety and control that can be derived Jrom safe
technology rather than from legal regulations’. Qur approach, which we tried to
apply consistently in this analysis, is that of an ‘engineer’, i.c. a technologist, whose
task is to develop a process that satisfies the requirements of an exploiter (technical
efficiency, compliance with business requirements, compatibility with existing or
predicted infrastructure), a governmental regulator {regulatory compliance,
sustainability), and an end user. Moreover, we are also trying to act as an ‘ethical
engineer’, who is using the latest science and technology tools to design not just a
more efficient process, but also a safer, more ecologically benign and sustainable
one. Such process has to exceed currently legislated safety thresholds and, ideally,
be able to satisfy future safety concerns. Being unable to predict future legal
requirements, we chose to rely entirely on safety that is generated by underlying
technology, and that can be designed through the use of safe technical components,
and by building safe protocols using those components.

General considerations

NO ‘ONE SIZE FITS ALL’

Analysis of the safety issues in plant bictechnology is difficult because it has to
reflect multiple elements, some of which are not entirely known/developed at
present, and multiple scenarios and processes, most of which are not even in exist-
ence today. Plant biotechnologies represent a potentially powerful new technology
platform for multiple businesses, including agriculture, food, feed, specialty chemi-
cals, human and animal health, etc., the broad applicability and the nascent nature of
which are again complicating the analysis. One can compare the problem with the
safety issues in an existing, mature industry: transportation. Although based on the
same or similar technology principles, the tools and processes in the automobile and
aircraft industries have been safety-optimized in very different ways. It is obvious
that the safety issues relating to transgenic plants engineered to be insect-resistant
will be different from those relating to plants engineered to express pharmaceutical
proteins. It therefore makes sense to broadly define classes of genetically modified
plants that could be produced under broadly similar production processes, and
would require similar ‘safety locks and circuits’. For the purpose of this review, the
following four classes are proposed (Table [4.1):
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Table 14.1. Broad categories of GM plants requiring different biosafety levels

1. Plants with improved ‘input traits’, such as pest contrel {discase resistance, nematode
resistance. herbicide tolerance), yield enhancement, including abiotic stress tolerance,
improved plant nutrition and water usc.

It Plants intended for food or feed with improved ‘output traits’ present in
‘physioogically safe’ amounts, such as improved nuirienls {protein, amino acid, oil,
carbohydrates, polysaccharides composition and quality; phytochemicals, e.g.
antioxidants, isoflavones; micronuirients, ¢.g. vitamins, iron, ¢tc.), reduced
allergenicity, reduced waste, extended shelf-life, improved processing and consistency,
cte.

1. Plants for food/feed with output taits that are present in high (‘non-physiological’)
amounts, which have o be processed and adjusted for the amount of active ingredient
before use as a food/feed.

Iv. Plants riof intended for food or feed, such as productien hosts for pharmaceutical
proteins or industrial enzymes.

Examples of the first class are commercialized corn, cotton, soybean, and canola
varieties that are resistant to herbicides or insects. Examples of the second class are
plants with elevated vitamin content (‘golden rice’), or tomato varieties with
extended shelf-life. Among the class III plants, we would consider canola varicties
that currently are being engineered for high expression levels of omega-3 fatty acids,
high levels of phytase, or plants expressing high amounts of sweet proteins such as
thaumatin. It is obvious that plants of classes Il and IV require a much higher level
of biological separation and control than the plants that are safe as a food, and much
of this review discusses technical solutions that are appropriate for such plants.
Unlike plants of classes I and II, plants of classes [If and IV are intended for intensive
production of highly active ingredients, and have to compete on the market with
other production hosts, such as bacteria, yeasts, fungi, transgenic animals, and cell
cultures. For such production hosts, we will need constructs more complex than the
regular expression constructs that typically contain a gene fused to a strong
constitutive promoter.

SAFETY 1S ‘ONLY’ AN IMPORTANT COMPONENT OF A ‘PACKAGE DEAL’

Although we often declare that ‘safety cannot be compromised’, in a real world, we
settle for a calculated risk and accept certain ‘benefit v. risk bargains’. One of the
most telling phenomena of our political reality is the fact that, despite the more than
1 000 000 annual deaths in autornobile-related accidents worldwide, including over
100 000 in the US and EU alone (hitp://www.safecarguide.com/exp/statistics/
statistics.htm), and the devastating effect of the transportation industry on the
environment, there is no serious political opposition to this industry. In this case, the
general public regards the price as being worth the benefits enjoyed. In the case of
plant biotechnology, the same public can be much more negative, as the benefits at
the level of an individual (other than the 6 million farmers who grow GM crops) are
still hypothetical. This negative attitude is being effectively exploited by non-
governmental organizations that thrive by selling technophobic fears. A businessman,
on the other side, regards a plant biotechnology-based business as a worthwhile
enterprise only if the cost of safety-related modifications of the production and
distribution processes still allows for measurable profit margins. As a result, the
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genetic engineer and the inventor have to find solutions that take into account these
seemingly conflicting requirements, because only processes and scenarios that will
accommodate all parties will have a chance to survive and become a commercial
technology platform.

CERTAIN TECHNCLOGIES CAN BE SIMULTANEOUSLY MORE PROFITABLE AND
SAFER

We mentioned profitability and safety requirements as being in seeming contradic-
tion. A priori, a safer process often requires more complicated (and more expensive)
technology solutions. Current advocates of ‘keeping it simple’ (to obtain regulatory
approval more easily and to limit associated costs) should be reminded that aero-
planes at the beginning of the aviation era were much simpler than aircraft used
today, but that today's machines are infinitely safer. It is certain (and it is assumed in
this analysis) that future plant biotechnology processes will involve multiple genes
and require complex regulation. A ‘technically regulated process’, i.e. a process in
which an operator can deliberately and effectively interfere, becomes at some point
inevitable for any industry, as it contains in itself multiple sotutions: a safer process,
a more efficient process, and a product and a process that are better controlled by the
OWIer.

PRODUCT (SELF-)REPLICATION: IMPLICATIONS FOR BUSINESS AND SAFETY

Plants are ‘self-replicating products’. Therefore, the plant biotech industry is faced
with problems strikingly similar to those experienced today by other industries
whose manufactured products can be easily copied, such as digital music and
movies disks. Plant breeding companies have always tried to develop technolo-
gies that would limit the farmer’s ability to replant part of harvested seed. The
commercial success of corn as a crop is, to a great extent, the result of develop-
ment of hybrid seed varieties, which lmit the yield benefits of the purchased seed
to a single generation, thus providing better control (and better profit margins) for
the germplasm developer and the seed producer, With the advent of plant genetic
engineering, agrochemical companies such as Monsanto have developed a busi-
ness modef that is not built around patented, and difficult to manufacture,
chemical compound (pesticide) but, instead, relies on sales of a germplasm, a
‘self-replicating product’. To successfully exploit this new techaology, and to
recoup the high costs invested in research and development, these companies now
have to figure out how to prevent unanthorized/illicit replication and exploita-
tion of their germplasm. Furthermore, the great pace allowed by this new
technology, as well as the development of radically different new plants and
products, threatens to contaminate existing traditional production processes and
products, potentially leading to health risks, ecological hazards, and genetic
pollution. The genetic engineer is therefore faced with a situation where powerful
new products generated by high technology are produced using an ‘old’ industry
infrastructure (open fields) that has, so far, only slightly been retrofitted to accom-
madate the ‘new plants’,
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YiELD AND SAFETY BENEFITS OF A BIOLOGICALLY REGULATED PRGCESS

Another remarkable peculiarity of today’s plant biotechnology industry is the
absence of potential ‘blockbuster’ products in the R&D pipeline in the ‘output
traits’ category. Except perhaps for omega-3 fatty acids, all other traits either have
too small potential markets to appeal to large companies, or their development has
been met with serious technical challenges. Examples of the latter type include
phytase, modified oils, collagen, silk protein, polyhydroxybutyrates (biodegrad-
able plastics), human serum albumin, etc. In most of these cases, expression of the
trait of interest is not high enough to permit a competitive production process.
Moreover, in those cases where a high level of expression can be achieved, agro-
nomic performance/yield of the crop is also severely affected. The conflict between
high level of expression of a gene of interest on one side, and growth and develop-
ment of the plant expressing this gene on the other side, is a well-known phenomenon.
This problem can, however, be overcome by separating the ‘growth phase’ from the
‘production phase’, as is often done in the microbial industry. In plants, some native
or experimental proteins and molecules are being produced at very high levels, with
up to 35% of total protein in a leaf (large subunit of ribulose-1, 5-bisphosphate
carboxylase/oxygenase}, and up to 35% of total protein in a seed (single-chain
antibody - Jaeger et al., 2002), and there is no reason to believe that the same should
not be possible with commercially useful products. Such high productivity will,
however, most likely require more sophisticated expression controls than just using
a strong constitutive promoter, as is the case with GM crops today. Thus, a more
controlled process will not only bring safety benefits for consumers and the environ-
ment, but it will also provide a more efficient and productive protocol.

General review of relevant technologies

Uncontrolled spread of transgenes to non-transgenic plants and to wild relatives
may have harmful consequences, both for humans and the environment. Conse-
quently, the engineer’s design of the technical process has to provide for a reasonable
and controlled containment of genetically modified organisms, and for transgene
flow control that will prevent escape of the transgene to non-modified plants of the
same or related species. There are multiple barriers that one may consider, including
mechanical, physical, ecological, geographic, temporal, regulatory, and, last but not
least, biological. In real world situations, multiple barriers are likely to be used in a
multi-layer safety system. In this analysis, we limit ourselves to reviewing the
biological barriers only.

Several biological processes could be targeted when designing safety barriers,
including the following:

(1) spread due to vegetative propagation;

(2) spread due to sexual reproduction;

(3} spread due to interspecific gene transfer, including transduction and transforma-
tion;

{(4) expression of a transgene after (undesired) spread.

Below is a list of possible mechanisms that could be employed to create biological

safety barriers:
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Table 14.2. Possible components of biosafety coatrol systems

Sexual transmission control

— Designated crop species

- Vegetative propagation, e.g. apomixis

—Cytoplasm control, maie sterility, hybridization systems
Transgene expression encryption

— Multicomponent systems

— Encrypted systems
Control of transfer by transformation, transdection
Epidemiological mistake correction

—Controiled fitness of GM organism

— Negative selfection linked to the transgenc
Transgene tracking

Table 14.3. Genetic processes that could be a target of intervention or regulation with the aim

of

designing bicsafety barriers and possible intervention ‘switches’
Transcription
— Transeription repressor/activator, recombinase, integrase, flippase, resoivase,
transposase

RNA processing
-~ Ribozyme, maturase
Translation
—RNA, ribozyme, acetyl synthetase
Post-translational
- Intein
Artificial enzymes, ribozymes, tRNAs, etc.

(1}

“)

For control of spread by sexual transmission: use of ‘designated’ Crop species,
use of facultative vegetative propagation, e.g. apomixis, use of male sterile
lines, use of different ‘locked’ hybridizations systems.

For control of gene expression, and for control of transfer by transformation or
transduction: use of transgene encryption and of multi-component genetic
systems.

One would also need some tools to fight possible escape (correction of ‘epide-
miological mistakes’). For such a scenario, it would be useful to have systems
that would allow control of the fitness of the GM organisms, or to apply negative
selection on the transgene carriers.

Finally, a mature system would also need an efficient system for tracking the
transgenes, or transgene-containing and/or transgene-expressing organisms. This
safety element has been given a lot of attention, with a variety of methods, based
mastly on analysis of specific DNA sequences in tested material.

The summaries of possible control mechanisms and genetic processes that could

be

a target for designing biosafety barriers are presented in Tables 14.2 and 74.3,

respectively.

co

NTROLLED HYBRIDIZATION SYSTEMS

One of the potentially most useful technologies that may help to prevent the spread

of

transgenes to other varieties or to related wild species is conrrofled sexual
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hybridization. Since a plant is a “self-replicating product’, and since reproduction of
most crop plants is by sexual hybridization and seed formation, plant breeders have
always been interested in techniques that would allow them to control sexual
reproduction, either to stabilize and exploit an interesting individual genotype (by
asexual reproduction), or, on the contrary, to limit expression of the trait of interest
to one generation only (by hybrid seed systems).

Asexual reproduction: vegetative multiplication and apomixis

Stabilization of an interesting genotype can be achieved for perennial tree species
by vegetative multiplication (for a review see Merkle and Dean, 2000). In such cases,
sexual hybridization would be used only for breeding. Of course, mature plants
obtained by this technology are fertile and capable of sexual hybridization, and
therefore, this sort of control is not especially useful for our purpose.

One particular version of de facto vegetative multiplication is apomixis (Koltunow,
1993 Koltunow et al., 1995; van Dijk and van Damme, 2000). Genetic control of
apomixis is, however, far from being understood, and is probably poiygenic. Some
of the genes involved in the control of fertilization-independent seed development
have been identified (Chaudhury et al., 1997, Luo et al., 1999). However, this did
not bring us significantly closer to the possibility of engineering crops with apomic-
tic reproduction mechanism. It is likely that many components will have to be
integrated to produce apomictic seeds. In some species, apomictic propagation is
accompanied by development of viable pollen that can fertilize non-apomictic
plants (van Dijk, 2003), thus limiting usefulness of this system for transgene control.

Hybridization systems

Probably, most domesticated plants were originally capable of cross-pollination and
had genetic mechanisms of seif-incompatibility that favoured cross-pollination
over selfing. During the numerous decades of practical breeding, which aimed at
generating genetically uniform and high-performing populations, those self-incom-
patibility genes were bred out (for an example, in tomato, see Kondo er al., 2002).
Lines were also selected that were predominantly self-pollinating, thus giving rise to
present lines that are often strict self-pollinators. Such inability to cross-pollinate is
an excellent genetic barrier that should be used by a genetic engineer. It is obvious
that transgenic varieties of soybeans, for example, are much more contained than
transgenic canola lines, because soybeans, unlike canola varieties, are facultative
self-pollinators (Rieger et al., 2002). Such a ‘free ride’ is, however, not possible for
many crops that retain a high level of cross-fertilization, such as corn, canola, sugar
beets, barley, rice, etc. More importantly, for the purpose of genetic manipulation, an
engineer can extract much more efficacy and safety from a system using controlled
hybridization, since crossing plants is by far the easiest and best ‘process switch’ that
we can have at our disposal. Much of our analysis here is based on the assumption
that, for effective control, a two- or multi-component transgene systerm will be
required, and that much of that control can be exerted by sexual crossing of two
different plants.

There are many systems in use today for the production of hybrid seed. They
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1. male sterile
line line

3. fertility restorer
line

Figure 14.1. General scheme of hybrid seed production based on genetic male steritity. Note the
need for at least three genetic comporents in three parental lines: male sterility genes in the male
sterile line, sterility reversal genes in the male sterility maintainer line, and fertility restorer genes in
the third parental line.

include systems based on mechanical castration, nuclear or cytoplasmic male
sterility (developed by breeders), and transgenic male sterility. The classical genetic
systems based on nuclear or cytoplasmic male sterility have been used for decades,
but they are complex, and suffer from numerous problems. Male sterile phenotypes
were discovered as a result of random selection or by interspecific hybridization. For
their propagation, one needs a so-called ‘maintainer line’. Also, in most crops, the
sterility phenotype has to be fully reversed in the resultant hybrid, bringing up the
need for “fertility restorer genes’. All existing traditional methods in use today (for
corn, frice, tomalto, etc.) are based on two- or three-component genetic systems that
are difficult to introgress and to maintain (Figure 14.1). Also, they do not always
perform as expected, and cause additional expense for hybrid seed production.

Several companies have had projects aimed at developing transgenic systems for
hybrid seed production. To our knowledge, only one has been commercialized so
far. We refer here to canola hybrid seed technology that has been developed by Plant
Genetic Systems, and that is used today for the commercial production of canola
seed (Willlams and Leemans, 1998). The system (Figure 4.2} is based on male
sterility that is achieved by expression of the toxic enzyme barnase under control of
a tight tapetum-specific promoter. For maintenance of sterile lines, expression of an
additional gene, barstar, is required to reverse the toxic effect of barnase (Botterman
et al,, 1996).

A different approach proposed by Burgess er al. (2002) and Werner er af. (2003}
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male fertile
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F1

male sterile
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Figure 14.2. Male sterility and sterility maintainer genes used in transgenic hybrid seed system
developed by Plant Genetic Systems (Williams and Leernans, 1998}, The system relies on male
sterility caused by a highly toxic ribonuclease, barnase, expressed under a fapetum-specific
promoter, and reversal (¢ fertility as a tesult of expression of barstar gene.

may represent a useful system for generation and maintenance of male sterile plants
and for hybrid seed production. The process relies on co-expression of two pairs of
genes coding for non-functional barnase fragments (or any other toxic protein) that
cause male sterility in anther tissues when both protein fragmenis are present.
Assembly of a functional protein is achieved by intein-based trans-splicing (see the
paragraph ‘Trans-splicing inteins: reconstitution of functional protein from non-
functional fragments’ below), but functionality can also be achieved by simple
co-expression of separate polypeptides. In our work, for maintenance of the male
sterile parent, the genes expressing the barnase fragments are linked to a second pair
of genes expressing fragments of a herbicide resistance gene (acetolactate synthase).
The two pairs of complementary genes are placed in isoallelic position (see also the
paragraph ‘Relative position of genetic components on a chromosome’ below) on
homologous chromosomes (Figure 14.3), thus allowing for easy selection of male
sterile ‘heterozygotes’ as plants that are resistant to the herbicide.

The hybrid seed systems developed by plant breeders were designed to ensure
consistent and improved yield for one generation only. The seeds that are harvested
by the farmer are fully capable of further sexual reproduction (with the exception of
sterile triploid sugar beets that are obtained by hybridization between tetraploid and
diploid parents). For our purpose, the hybrid seed systems described above are used
for two other reasons: 1) one of the parents is male sterile, thus avoiding spread of the
transgene via pollen (provided the transgene of interest is encoded in the male sterile
parent only); and 2) more importantly, the system is used as an effective switch to
turn product synthesis on, and, if necessary, to simultaneously render the resulting
progeny biologically sterile, i.e. incapable of subsequent sexual reproduction.



334 Y. GLEBA et al.

herbicide sensitive, & herbicide sensitive
Jertile Jertile

HiMt

i

el ertile
Jferiile, ; [.j.d s "
rhici i eroIe ehsitive
herbicide sensitive i tde SEnSHiy

v
Line A, x4, Line B
Hp M1 “x‘,\% S |
F, Z R s T s
H2 M2 5 §
wmale sterile, Jertile,

herbicide sensitive

|

herbicide resistant

Ml ﬁ}?&‘rﬁi

F .
i 1z M2 i
Jertile, Jertile,
herbicide sensitive herbicide yensitive

Figare 14.3. Hybrid seed technology utilizing pairs of genes encoding fragments of proteins that
require intein-mediated frans-splicing (Werner ef al., 2003). The system relies on two pairs of
genes encoding complementing protein fragments cazpable of rans-splicing and providing for two
linked phenotypes cxpressed in a helerozygous plant only: male sterility and herbicide resistance.
The heterozygous male sterile parent can be created and maintained by selecting for herbicide
resistance; in the commercial hybrid sced progeny, fertility is fully restored.

Hybridization control relying on maternal inheritance

In the previous paragraph, we mentioned cytoplasmic male sterility as a component
of hybrid seed systems. In a plant cell, in addition to the nucieus, which contains
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99% of the genetic material, two other organelles (plastids and mitochondria) also
have their own genetic systems. In many important crops, plastid genes are trans-
mitted strictly maternally. Therefore, introducing transgenes into organcllar DNA
rather than in the nucleus offers a level of safety by preventing unwanted spread of
transgene through pollen. Plastid-encoded transgenes also offer the advantage of
high levels of gene expression (for a review see Maliga, 2003a). At present, however,
there are several limitations to this approach:

(1) despite more than a decade of efforts by numerous groups, plastids of oniy one
species, tobacco, can be transformed routinely;

(2) there are no reliable methods of genetic transformation of mitochondria;

(3) proteins expressed from organellar DNA are confined to the organelle and are
not glycosylated, and

(4) like most other genetic systems, paternal exclusion is not absolute, i.e. transfer
of organelie genes via pollen can be detected at low frequency; and, in addition,
also with very low frequency, the transgene can ‘escape’ from the plastid to the
nucleus (Daniell and Parkinson, 2003; Huang ef al., 2003; Maliga, 2003b;
Stegemann ef al., 2003), and thus overcome its confinement. :

ENCRYPTION SYSTEMS AND GENE SWITCHES

In an attempt to create a system that gives us reliable control over transgene
transmission (‘germplasm control’) and/or expression (‘expression control’), we
inevitably come to a scenario that requires at least two or more components. Depend-
ing on the configuration of the components, the system acquires the possibility to be
in two states: ‘on’ and ‘off’. These configurations are designed and implemented
through the use of molecular genetics tools, and proper engineering of their inter-
action as a part of actual plant development or life cycle. Switching can be achieved
in a variety of ways: by hybridization of two plants (bringing the two genetic
components together in the hybrid cell) or by delivery of a message/component from
outside the cell (a smail molecule activator for a chemical switch; or a virus/bacteria
that delivers a more compiicated effector molecule to plant cells). Since, at present,
the most reliable process is hybridization, we shall give more attention to possible
scenarios that involve sexual hybridization as a *switching step’. In this regard, some
considerations will be given to localization of the genetic components on a chromo-
some relative to each other.

In its most abstract forrm, the systent of a ‘germplasm control” has been postulated
by Kuvshinov and colleagues (2001), who proposed a two-factor concept based on
a ‘blocking sequence’ linked to the gene of interest and a ‘recovering sequence’, ail
assembled within one construct. Action of the blocking sequence leads to cell death,
or 1o impairment of sexual reproduction, while the action of the recovering sequence
is induced by externally applied chemical or physical factors, leading to the
recovery of the normal plant phenotype. Examples of blocking and recovery
sequences can be barnase and barstar genes under control of tissue-specific { sulfhydryl
endopeptidase) and inducible (heat shock) promoters, respectively.
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Two-component systems utilizing ‘chemical switches’ Jor transcriptional control
of the gene of interest

The general design of this type of system is similar {see paragraph ‘Chenrically
regulated promoters’), and requires a gene of interest under control of a promoter
that is regulated by a suppressor or an activator. The suppressor/activator is
expressed from a separate gene, and its interaction with the promaoter of the gene of
interest requires the presence of a small molecule, such as tetracycline or a steroid. As
a result, the gene can be selectively activated by application of the chemical
inducer. Among the limitations of these systerns are:

(1} arather low expression level provided by regulated promoters in the ‘on’ state;

(2) leakiness of the promoters in the ‘off” state;

(3) high costs; and

(4) safety concerns associated with the use of most small chemicals-activators. The
PCT application of Bright et af. (1994) describes a gene cascade consisting of a
gene switch linked to a repressor gene, and a repressible operator linked to a
protein capable of disrupting plant development. Growth of the plant can be
controlled by applying or withholding a chemical inducer. The system is said to
be useful for controlling escape of transgenic plants by making their growth and
development dependent on continued application of the inducer.

Other systems that relv on transcriptional control of the gene of interest

Some of the first publications that describe a system for controt of gene expression
are the patents of Oliver er al. (1999). These patents claimed several two-factor
processes, including the use of a gene under control of a repressible promoter and a
repressor, as well as the use of a gene that can be activated by DNA rearrangement
induced by a recombinase. The general goal of the authors was 1o design a system
that would allow restricting expression of a transgene to a particular stage of plant
development, ta a particular tissue, to particular environmental conditions, or to a
particular seed generation,

Another specific goal was to develop a technology that would limit transgene
expression (or formation of a viable plant) to the first hybrid seed generation only,
thus making it impossible to use part of the harvest for replanting. Tt is difficut to
discuss the merits of such technical solutions since the authors did not publish any
results that would confirm the efficiency of the process. The patent publication,
however, drew a lot of attention by opponents of plant biotechnology, who dubbed
the approach as ‘the terminator technology” and declared that its implementation
would threaten farmers by making them even more dependent on large seed and
agrochemical companies. The regretful result of this political campaign was that
Monsanto officially, and several other companies unofficially, took the decision to
not pursue the development of this or similar technologies. In our opinion, the
principles described in this invention are nseful technical concepts that, if imple-
mented, would allow for control of germplasm or transgene movement, which is
essential for transgenic plants of classes [11 or IV (as defined above).

Here, we refer to the work of Schernthaner ef al. (2003), who described a two-
component system for control of seed germination (Figures /4.4 and 14.5), The
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Figure 14.4. Process of controiling transgenc spread that relies on linkage between the transgenc
of interest and a lethality gene that requires the presence of a repressor — a separale genetic element.
for plant viability {Schernthaner ef al.. 2003). A two-componcnt syslem in which the gene of
interest is lnked 0 a lethality gene. which lethality is repressed il a lethalily repressor, preferably
jocaled on an copposite homologous chromoseme in the same locus, is present.

authors proposed a systerm that relies on a seed-lethal gene (in their pasticular
example, the Agrobacterium genes 1aaM and iaaH that cause auxin overproduction
in embryos and result in seed fethality) and a transcriptional repressor {preferably
located on another chromosome) that is required to prevent expression of the seed-
lethality gene. In the proposed case, the seed-specific phaseolin promoter used to
drive the first lethality gene was engineered ta contain a binding site for the bacterial
tet repressor. The system requires the presence of both the seed lethality gene (linked
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Figure 14.5. Gene flow control and relationship between the transgene of interest and lethality
gene in the process proposed by Schernthaner er af. (2003). The illicit pregeny will, in all cases,
separate the lethality gene/gene of interest, on one side. and lethality repressor gene, on the other
side (Le. the two component traits are ‘linked in repulsion’), leading to sterility of Lhe progeny thal
contains the gene of interest. The movement of the lethatity repressor, however, is not controlled.

to the gene of interest) and the lethality suppressor. Any illicit cross that leads (o
transmission of only one component will deactivate repression and lead to elimina-
tion of the plants with the gene of interest from the population. The most interesting
version of the system, as discussed by the authors, was when the two components
were positioned at the same locus on two homologous parental chromosomes
(components ‘linked in repulsion’). This configuration will lead to complete elirmni-
nation of all progenies carrying the gene of interest upon cross-pollination.
Unfortunately, the authors did not explain how such a heterozygous population of
plants could be effectively maintained (upon selfing, such plants would segregate
both desired heterozygotes, as well as viable but undesired homozygotes carrying
the repressor gene). In addition, their scenario had a serious drawback, the failure to
control the second transgene component, i.e. the repressor gene.
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Figure 14.6, Encrypted information scenarios and possibic biological mechanisms jeading to
snencryption of genetic information. The Latin message (“per aspera ad astra’) translates as ‘over
thorns 1o stars’. Different corrupted versions of the message (A), as well as different ‘biolegical
tools” that can be used to correct a similarly corruptedfonerypted genetic message (B). are listed.

A different type of approach based on multi-component systems, but not relying
on transcriptional control of the gene of interest, consists of using genes of interest or
constructs with altered or ‘scrambled’ coding instructions. As a result, any escaping
aenetic material would be completely non-functional if incorporated into an organ-
ism that does not possess the appropriate decoding or ‘message descrambling’
capabilities. This approach can be implemented using multiple genetic elements,
and is illustrated (Figure 14.6) by altering a simple written message in different
ways. By using existing biological processes, one can design ‘unencryption’ mecha-
nisms at a transcription level (site-specific recombinases, transposases), RNA
processing fevel (ribozymes, maturase), transtation level (tRNA, ribozymes, acetyl
synthases), of post-translational level (intein, specific targeting to subcellular
compartment).

Reconstitution of functionality via site-specific recombination

A number of site-specific recombination systems have been tested and shown to
work in plants with high fidelity (for a review, see Ow, 2002). Site-specific recombi-
nation results in insertions/excisions, inversions or translocations, depending on the
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Figure 14.7. Recombinase-mediated unencryption of geme expression through she-specific
removal of an intervening DNA insert. Removal of an insert in a slably transformed DNA
construct, by transient expression of cre recombinase using Agrobacteriun-mediated delivery,
results in expression of the gene of interest in the infiltrated area (in this case GUS).

relative orientation of the recombination sites on a chromosome, or their position on
different chromosomes. It is therefore possible to design non-functional constructs
by addition of disruptive sequences flanked by recombination sites, or by ‘flipping’
part of the construct between two recombination sites, and to reactivate these
constructs by expression of the appropriate recombinase.

Recombination can be induced cither by hybridization with a plant expressing
recombinase, or by transcriptional activation of a recombinase gene using a regu-
lated promoter. For example, Hoa and colleagues (2002) showed that an inactive
GUS reporter gene in rice plants could be reactivated in the hybrid progeny by
expression of Cre recombinase and removal of a blacking DNA insert (for our similar
experiments, se¢ Figure [4.7). An example of activation of a construct by
recombinase-mediated DNA “flipping’ (work done in our lab) is shown in Figure
I4.8. So far, a large proportion of the work done in plants has used site-specific
recombination to delete parts of an integrated vector, either to remove a selectable
marker (Sugita er al., 2000; Corneiile ¢r al., 2001; Zuo et al., 2001; Hoa et al., 2002)
or to resolve complex integration patterns (Srivastava et al., 1999), We expect that in
the future, site-specific recombination will be used more often to perform tasks of
higher complexity.

Ribozymes and reconstitution of Sunctionality at the RNA level through inter- or
intramolecular recombination

Over several years, intermolecutar RNA recombination catalysed by engineered
trans-splicing ribozymes has been actively explored. Ribozymes (Mikheeva and
Jarrell, 1996; Ayre er al., 2002) have been engineered mainly from Group I and
Group II introns (for a review see Saldanha et al., 1993; Cech, 1995). Recently,
spliceosome-mediated rrans-splicing of mRNA was shown also to be possible
(Puttaraju er af., 1999; Garcia-Blanco, 2003). Use of RNA trans-splicing was tested
in plant and animal systems, primarily to mediate repair of defective mRNAs, or to
confer toxicity and eliminate cells that had acquired undesired RNAs, such as viral
RNAs {Sullenger and Cech, 1993, 1994: Perriman et al., 1995; Lan et al., 1998; Ayre
et al., 1999). This specific use was dictated by the relatively low efficiency of trans-
splicing. Thus, use of ribozyme-mediated trans-splicing is limited to applications
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Figure 14.8. Recombinase-mediated unencryption of a viral amplicon through site-specific
flipping of the part of gene encoding viral polymerase. Recombinase-mediated flipping of a DNA
sequence results in formation of an active RNA amplicon capable of cell-cell mevement and
transgene expression.

where a very low amount of trans-spliced RNA is sufficient to obtain the desired
phenotype. The process is, however, highly specific, and can be taitored to target
almost any RNA, and as such, ribozymes represent a very interesting tool for the
genetic engineer’s ‘toolbox’.

We have demonstrated in our laboratory that frans-splicing of two separate
inactive RNA amplicon fragments could lead to formation of a functional repiicon.
The replicon is able to move to neighbouring cells as well as systemically, thus
performing the roles of an ‘amplifier’ inside the cell and of a ‘secondary messenger’
by spreading to other cells (Ivanov et al., unpublished results; Klimyuk ef al., 2002).
In yeast, reconstitution of a functional RNA was obtained by intramolecular recom-
bination using a heterologous (mitochondrial) maturase, which normally catalyses
splicing of two yeast mitochondrial introns (Banrogues ef al., 1986, 1987). Despite
the presence of maturase encoding genes in plants (Wahleithner ef al., 1990; du
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Figure 14,9, Scheme illustrating the prirciple of intein-mediated protein irans-splicing. Expres-
sion of the two intein fusions in the same cell will lead to an enzymatic reaction resulting in highly
specific and elficient polypeptide splicing and formation of a functional protein.

Jardin er al., 1994; Vogel er al., 1997; Mohr and Lambowitz, 2003), we are not aware
of similar work in planis.

Trans-splicing inteins: reconstitution of a functional protein from non-functional
Jragments

Inteins are protein fragments that are embedded within precursor proteins, and which
are able 1o excise from the precursor by a post-transiational processing event called
protein splicing {Perler, 1998; Perler and Adam, 2000; Gogarten er al., 2002). Inteins
are able to catalyse not only cis-splicing reactions, but also trans-splicing events
between separate protein fragments (Wu er al., 1998a,b; Liu and Yang, 2003).
Therefore, inteins can be used to reconstitute a functional protein from Inactive
fragments. Reconstitution of a functional protein in plants by intein-mediated trans-
splicing was demonstrated recently (Yang er al., 2003: and work done in our lab, see
Figures 14.9 and 7410},
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Figure 14.10. Successful assembly of a functional protein assisted by intein-mediated trans-
splicing in a hybrid progeny that inherited two genes, cach encoding non-functionai fragments.
Note the absence of enzymatic activity in the two parental lines, each expressing different non-
functional GUS fragments as intcin fusions; and the trans-splicing and restoration of full activily in
the hybrid that inherited both complementing GUS-intein fragments.

The ability of intein fragments to catalyse rrans-splicing events can be used for
building multi-component systems characterized by a highly reduced possibitity of
transgene escape. For example, a transgenic plant containing both fragments of an
intein-split gene will express a fully functional protein. However, only part of the
progeny inheriting both transgenes will also express the functional protein. If the
gene fragments are inserted at the same locus, but each fragment on a separate
(homologous) chromosome, none of the progeny of an ‘illicit’ cross with & non-
transformed plant will inherit both copies and express the transgene (Figures 14.11
and 74.712).

In an alternative configuration, the two coding fragments can be transformed into
different cell compartments, such as the nucleus and the chloroplast {Chin et al.,
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Figure 14.11. A general scheme describing a trait lock lechnology that is in essence a dual switch
that links expression of the transgene of interest to the expression of a lethality gene, thus rendering
a ‘production sced’ incapable of further sexuai reproduction. A simple principle that links two
processes that are both activated as a result of hybrid seed formation. The developmental block can
be achieved in many different ways: it may asrest development beyond seed formation and prevent
seed germination, root formation, nonmal plant development, fertility of the progeny, eic.
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Figure 14,12, Trait lock technology: gene flow control and relationship between expression of
a transgene of interest and of a lethality gene. The system allows for clear separation of breeding
and material multiplication steps versus the final product sced production step, ie. the ‘growth
phase’ and the ‘production phase’ are fully separated. Noie that the system provides benefits other
than biosafety: the product does not accumulate in the parental lines. thus there s no adverse effect
on growih/development or yield (agronemic parameters) prior to ot during production: the
produced seed cannot be used for re-planting. thus providing for a betier control over the process.

2003). Since plastid genes are inherited uniparentally (maternally) in most species,
the frequency of escape of a functional trait by out-crossing is lowered by several
orders of magnitude, By additionally equipping the system with a male sterility
gene, one could very effectively suppress the ability of the transgene to escape. One
limitation of such a system is the current lack of plastid transformation methods for
species other than tobacco.

Intein-assisted rrans-splicing is a potentially very versatile tool, since many
different inteins have been described, and because several sites can be used within
one protein. Therefore, inteins can be used by the genetic engineer to design
complex systems containing multiple independent components. In our laboratory,
we have used intein-based trans-splicing to split and reconstitute several useful
proteins, including non-selectable (GUS) and selectable {acetolactate synthase)
markers, a toxic protein (barnase) and a recombinase (integrase}.

It has also been shown that reconstitution of protein function can sometimes be
achieved by alternative means. In some cases, simple co-expression of non-
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overlapping peptide fragments can be sufficient for function {Sancho and Fersht,
1992; Serrano et al., 1993; Kwon eral., 1995: van der Ent ef al., 1999), In other cases,
reconstitution of protein function was obtained by introducing affinities (e.g. use of
leucine zippers and the like) that did not involve peptide bond formation (Karimova
er al., 1998; Pelletier et al., 1998, 1999). Unassisted assembly of barnase (a highly
toxic RNAse) from non-overlapping fragments was demonstrated a decade ago
(Sancho and Fersht, 1992; Serrano er al., 1993), and this feature was recently
incorporated into a hybrid seed system to confer male sterility (Burgess er al., 2002).

Unencryption utilizing alternative coding instructions

Theoretically, an ideal solution for a safe ‘transgene operating system’ would be to
express the transgene using coding instructions different from those operated by
nature. The system would require several components: 1} a message that is written
using new coding instructions, and 2) a toll that would allow the message to be
decoded. The advantage of this approach is that the transgene would not be
expressed in a plant lacking the new coding instructions. In practice, using a
modified coding system in an otherwise normal cell would lead to chaos. However,
such a system could still be implemented by a temporary ‘violation’ of normal
coding instructions, for example to activate a genetic switch or to trigger a cascade.

Similar systems (though with fewer modifications than in the system proposed
above) have, in fact, been known in genetics for decades. Most of them are based on
non-sense mutation suppressor tRNAs that lead to incorporation of amino aeids,
instead of terminating protein translation, when reading stop codons (Murgola,
1985). In its simplest form, the system would require a fransgene containing one or
more non-sense mutations, and a corresponding suppressor tRNA gene that could be
activated when needed (Figure 14.13). Similar schemes have been proposed
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Figure 14.13. A general scheme iflustzating an unencryplion approach that is based on suppres-
sion of non-sense mutation by expression of suppressor tRNA. The system is obviously useful for
highly specific switching, such as activation of a recombinase that will, in turn, trigger a cascade of
events; in most cases, subsequent ‘amplification’ of the primary signal will be necessary,
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for rrans-activation in plants (Carneiro ef al., 1993; Betzner et al., 1997; Choisne ef
al., 1997). Cameiro and colleagues (1993) demonstrated that a mutant GUS gene
carrying three stop codons could be expressed transiently in tobacco protoplasts
after co-electroporation with suppressor tRNA genes. In two other experiments, a
mutant GUS gene was expressed in Arabidopsis thaliana (Betzner er al., 1997) and
tobacco (Choisne ef al., 1997) after hybridization with transgenic plants carrying
suppressor tRNA genes,

Relative position of genetic components on a chromosome

Several authors dealt with the issue of the relative position of multiple transgenes on
a chromoseme (Fabijanski er al., 1999; Schernthaner er af., 2003). This is an
important issue that will affect the segregation patterns of transgenes in the prog-
enies of either intentional or illicit crosses. If a transgene or trait of interest (T) is
combined with a seed lethality gene (SL) to prevent escape of the transgene by
outcrossing (as described above in the work of Schernthaner er 4l., 2003), it is
obwvious that the transgene and repressor have to be present on the same chromo-
some, on the same locus. Engineering such a linkage is usuaily not a problem, and is
achieved by introducing both genes as one DNA construct. Correct positioning and
introduction of the other component of the lethality system, such as a repressor (Rep)
of seed lethality (Figures 14.4 and 14.5}, is a much less straightforward task, and it
can be designed in a number of ways requiring different genetic manipulations. One
of the most powerful solutions is when both components of the system (transgene of
interest/lethality gene and lethality repressor) are located at the same locus, but on
different homologous chromosomes. The two components, alleles, are then ‘linked
in repulsion’, i.e. during meiosis, each gamete will inherit either one or the other, but
not both. This application for transgene control has been proposed by Fabijanski er
al. (1999), who suggested such genetic positioning in designing a two-component
system that would transmit only one of the components to sexual progenies. Specific
ways for putling different genes at the same locus on homologous chromosomes
have not been discussed. One of the approaches that we use in our work is first to
transform both components as one pro-locus, and then, as a second step, to remove
alternative parts of the pro-focus by transposition or site-specific recombination,
resulting in two alleles each having only one of the components left (Figure 14.3).

Delivery and transient expression of DNA into a plant cell

Agrobacterim-mediated gene delivery into plant cells is a very efficient process
(Kapila ef al., 1997; Vaguero et al., 1999; Voinnet et al., 2003}. The relatively low
efficiency of recovery of stable transformants is attributed to limiting events taking
place after T-DNA delivery by Agrobacterium to the plant cell, rather than by the
efficiency of T-DNA transfer (Weld er al., 2001). In experiments performed in our
lab. we have found that, by co-infiltrating Nicotiara benthamiana leaves with a
mixture of two Agrobacterium cultures carrying different expressible markers, co-
expression in transfected plant cells was close to 100% (Marillonnet e al., 2004).
Therefore, Agrobacterium-mediated DNA delivery represents a very efficient and
casy to use technique for transient expression in plants that can also be used as a
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genetic switch. In our experiments, Agrobacterium-mediated transfer is used to
activate a DNA copy of an RNA viral vector encrypted on a chromosome, by
delivery of a construct expressing recombinase (Figure 14.8).

Delivery of proteins into a plant cell

Some pathogenic bacteria have the ability to deliver proteins to plant cells using
specialized protein translocation systems (for reviews see: Ream, 1998; Collmer ef
al., 2000). Pseudomonas and Xanthomonas, for example, use a type il secretion
system for delivery of bacterial proteins across the bacterial and eukaryotic plasma
membranes (Casper-Lindley ef al., 2002; Szurek er al., 2002). Transfer of bacterial
proteins to plant cells elicits defense responses andfor causes disease. Until now,
most studies on secretion systems have focused on the analysis of pathogenicity
mechanisms. It is, however, obvious that protein delivery could be developed as a
useful tool for biotechnology applications. As a step in that direction, it was shown
that the protein delivery system of Erwinia could be transferred to non-pathogenic
bacteria such as F. coli, and retain full functionality (Ham ez al., 1998).

Agrobacterium is also capable of transferring protein to plant cells. However, in
this case, the transfer is more complex and involves transfer of both DNA and
proteins. Furthermore, it is known that Agrobacteria use at least a second trans-
location system for translocation of VirE, type IV secretion system, which also
functions in the absence of active DNA transfer. In a pioneering work (Vergunst e
al., 2000), bacterium-mediated protein transfer was used to deliver recombinase to
plant cells. Delivery was detected when Cre recombinase was expressed as an NH,-
terminal fusion to either VirE2 or VirF. Delivery was detected using a sensitive
selection assay based on kanamycin resistance, which occurred as a result of a
cre-mediated recombination event. Although detectable, efficiency of the process
was fow. Such a system could therefore be used only for applications where rare
recombination events can be screened with some type of selection.

1t has been demenstrated that proteins having so-called membrane-translocation
sequences (MTSs), which are positively charged peptide extensions, are capable of
entering cells through the plasma membrane. Translocation of such proteins occurs
in an energy-independent way, probably by exploiting the asymmetry of the plasma
membrane, in which the internal lipid monolayer facing the cytoplasm contains
anionic phospholipids (Buckland and Wilton, 2000). An MTS might be a simple
synthetic amino acid repeat, e.g. a repeat of arginine residues (Matsushita er al.,
2001}, or short arginine/tysine-rich peptides (Mi er al., 2000), or be derived from the
MTSs of viral and cellular proteins (Wender er af., 2000; Futaki e al., 2001). It was
shown that all these positively charged MTSs are able to penetrate cells alone or as
fusions with other proteins, e.g. GFP (Han er al., 2000), Cre recombinase (Peitz et al.,
2002}, or when chemically linked to antibodies (Zhao ez al., 2001). This approach is
widely used in peptide-mediated therapeutic delivery systems (Schwartz and Zhang,
2000; Gratton et al., 2003).

It remains to be seen if protein delivery can be optimized to such an extent as to be
useful for broad applications in plant biotechnology; for example, as switches. With
the low efficiencies obtained with the protocols described until now, only applica-
tions with a powerful ‘amplification’ step after protein delivery may be considered.
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One of the applications in development in our laboratory consists of activating
replication of a viral vector present in an inactive form in a transgenic plant by using
a switch based on delivery of either a DNA or protein molecule,

Small molecules as chemical switches

The ability to ‘turn on’ gene expression (and, more generally, a biological process)
using a small molecule has been a topic of perennial interest in many laboratories.
Large agrochemical companies were obviously hopeful that such a chemical trigger
would allow them to use their expertise in the chemistry of small molecules {such as
pesticides and growth regulators} to develop biotechnology processes that are more
controlled. Several systems have been developed, including systems that use the
antibiotic tetracycline {Gatz and Quail, 1988; Gatz er al., 1992; Weinmann er al,
1994: Gatz, 1997), steroids (Aoyama and Chua, 1997; McNellis er al., 1998), copper
{(Mett er al., 1993), ethanol (Caddick er al., 1997; Salter et al., 1998; Roslan ez al.,
2001), acetaldehyde (Junker ef al., 2003), the insecticide methoxyfenozide (Padidam
et al., 2003). Unfortunately, most of the systerms available at present do not allow a
tight control under non-induced conditions. Moreover, except perhaps ethanol, the
use of many chemical inducers, such as antibiotics and steroids, is not desirable for
large-scale applications in an open field. These chemicals might, however, have
applications in contained environments such as growth chambers or greenhouses.

OTHER COMPONENTS OF A ‘TRANSGENE OPERATING SYSTEM’

In all preceding descriptions of the relevant technologies and components, we often
referred to a number of standard genetic tools, such as selection markers, counter-
selectable markers (toxic enzymes, lethality molecules), site-specific recombinases,
trans-splicing inteins, ribozymes, constitutive, regulated and tissue-specific
promoters, etc. Molecular genetics provides a variety of such elements, but usually,
use of specific elements optimai for the particular task is necessary. For example, the
resistance genes to the broad-spectrum herbicides glyphosate, phosphinothricins,
imidazolinones, and sulfonylureas and the respective herbicides have all been the
subject of extensive toxicological studies, and have been registered for field use. It
has to be remembered that, for our purpose, the resistance gene is used for a specific
technology solution, rather than as a herbicide resistance gene. These two roles may
actually be in conflict for certain scenarios. Furthermore, the owners of some genes
may object to a specific use, as these genes may have been developed for a different
purpose, with a larger market target in mind. Intellectual property issues, and the
resulting complications, add additional layers of complexity for the development of
the best overall process, but analysis of these issues is outside the scope of this
review.

Apart from a proven safety record and ‘freedom-to-operate’, there are numerous
technical reasons for choosing some tools over others for a specific process. Essen-
tial elements are efficiency, robustness, and reliability of performance. Most of the
tools listed below in our proposed standard ‘toolbox’ have been extensively used in
many genetic experiments, and have a stellar record of performance in vitro. It is,
therefore, natural to extend their use beyond a Petri dish. Another reason may be a
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proven record of performance in plants. Here, we are often confronted with two
conflicting considerations. In many cases, we prefer tools that do not cross-
communicate with other plant processes, while in other cases the opposite is
required. For example, a promoter used for controlled expression in a transgenic
plant should not also be up- or down-regulated by stress-related or physiological
processes. Also, use of transposase as a switch in maize would not be a preferred
choice due to fears that the engineered host may have, or may acquire, an active
transposase by hybridization with other lines. As a result, we end up borrowing a tool
from a bacterial genome, or another unrelated living organism. In the future, we will
probably develop artificial 1ools. The added attraction would be a greater choice of
specitic reactions, and the ability to use tools that do not communicate with plants or
other organisms (such as bacteria). In both cases, use of ‘xenogenic’ elements will
require additional studies to demonstrate that they are safe.

Below is a brief review of the genes, genetic elements, and systems that are
deemed most useful as parts of a safe transgene operating system.

Selectable markers

Genes conferring a commercial level of resistance to broad-spectrum herbicides,
such as glyphosate, phosphinothricin, imidazolinones, sulfonylureas, and
bromoxynil, have been engineered into plants, and herbicide-resistant GM plants
developed and successfully commercialized. All mentioned resistance genes have
been exiensively studied with regard to safety and efficiency for weed control. All of
them can also be used as selective markers for R&D, as well as production purposes.
Use of a herbicide as a ‘technology herbicide’ (for example, to select for male sterile
progeny only), rather than as a ‘weed herbicide’, may sometimes be conflicting;
luckily, there is a choice of other genes and matching chemicals to select from.
Numerous antibiotic resistance markers used in first-generation GM plants (Rothstein
eral., 1987; Damm ef al., 1989; Meijer ef al., 1991; Walters ef al., 1992; Perlak eral.,
1993}, such as kanamycin or hygromycin resistance from bacterial plasmids (Gritz
and Davies, 1983; Thompson and Gray, 1983; Mazodier et al., 1983), have all been
declared ‘undesired’. Therefore, their use in the future will be limited to early R&D
stages.

Counter-selectable markers and lethality proteins

Suppressing unwanted genotypes or killing specific cells/tissues are both important
procedures that have been used extensively in genetic studies (Perera ef al., 1993;
Goldman er al., 1994; O’Keele et al., 1994; Day er al., 1995; Koprek et al., 1999;
Tsugeki and Fedoroff, 1999). However, except for the use of barnase for cell abla-
tion, these tools are still not commonly used in plant biotechnology. Barnase is a
highly toxic RNAse that can kill a cell with just a few molecules. It was shown to be
functional in plants, and to allow cell ablation if placed under control of an
appropriate tissue-specific promoter. Its expression from a stigma-specific promoter
was shown to produce female-sterile plants (Goldman et al., 1994), while expression
from a tapetum-specific promoter resulted in male sterility (Denis ef al., 1993).
Interestingly, barnase was also found to work when expressed as two peptide
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fragments, and activity did not even require assembly of the fragments into a single
molecule. This feature was used to design a hybrid seed system in which tissue-
specific barnase expression was achieved by expression of both fragments from
promoters with different but overlapping patterns of expression (Burgess et al,
2002). Because the fragments are non-functional when expressed separately (in
parental lines), the system avoids problems of general toxicity encountered when a
complete gene is used, even using a tightly regulated pollen-specific promoter.

One of the counter-selectable markers most commonly used in plants is cytosine
deaminase (Perera et al., 1993). One limitation for the use of this gene is the need for
a chemical that has not been registered for outdoor use. An alternative counter-
selectable marker that is more amenable for large-scale use in field conditions is
bacterial cytochrome P4350SU1 that converts a sulfonylurea pro-herbicide (R7402)
into a cytotoxic metabolite (O’ Keefe er al., 1994; Koprek ef al., 1999}. Examples of
‘milder’ counter-selectable markers for plants are Agrobacterium genes involved in
auxin and cytokinin biosynthesis. Expression of these genes in plants leads to auxin
and cytokinin overproduction, resulting in developmental abnormalities and an
inability for the plant to pass specific developmental phases. One of these genes, the
isopentyl transferase gene, has been used extensively, in particular for the produc-
tion of transgenic plants without a selectable marker (Ebinuma et al., 1997, Kunkel
et al., 1999; Sugita er al., 2000; Endo er al., 2002; Sa et af., 2002). Two other genes,
the iaaM and iaatl genes, that are involved in indole-3-acetic acid production, have
been used as part of a recently described seed lethality system (Schernthaner et al.,
2003).

DNA recombinases

Several site-specific recombinases have been used extensively in genetics, and were
also found to perform well in plants: cre recombinase (Vergunst er al., 2000;
Corneille er al., 200F; Srivastava and Ow, 200}; Mlynarova and Nap, 2003), flp
recombinase (Lyznik ef al.. 1996; Luo and Kausch, 2002), R recombinase from
Z. rouxil (Onouchi er al., 1995; Sugita et al., 2000), and $C31 integrase (Zubko ef
al., 2000). Although, so far, most research in plants involved cre or flp recombinases,
the recombination evenis catalysed by integrase are non-reversible; therefore, this
enzyme may be more appropriate for certain purposes. Site-specific DNA
recombination attracts a lot of interest because of the potential use for targeted
integration of transgenes at a predetermined locus on achromosome. Such a transgene
operating system, hased on the use of a predetermined ‘transgene locus’, offers
numerous advantages, as compared to present transformation methods that resuit in
random integration of the transgene: firstly, the repeated use of a known integration
locus permits a more predictable control of transgene expression (and a straight-
forward event selection and development); secondly, line conversion could be made
faster, cheaper, and without a ‘linkage drag’ (i.e. without the transfer of undesired
donor DNA material other than transgene per se). It was demenstrated that the
specificity of cre recombinase for recombination sequences could be effectively
manipulated by directed evolution (Santoro and Schaltz, 2002). This means that, in
theory, different recombinases can be developed to work independently, and to be
used simultaneously for an engineering process within the same host.
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Trans-splicing inteins

The field of intein-based trans-splicing is very young, with trans-splicing of hetero-
logous proteins having been reported just 5 years ago (Shingledecker er al., 1998;
Wu ef al, 1998a,b). As of today, two intein systems have been shown to work
effectively in plants: the naturally split DnaE intein (Chin er al., 2003}, and the
artificially split DnaB intein (Wu er al., 1998b), both coming from Synochocystis sp.
Because of the high degree of reconstitution provided by inteins, we expect that
switches based on inteins will become popular in the future; in fact, much of our own
research is focused on intein-mediated frans-splicing. For example, expression of an
active protein of interest by expression of two protein fragments from two different
promoters with overlapping activity (or a combination of inducible and tissue-
specific promoters) would provide a significantly tighter control of expression.

Amplicons

Although not specifically a part of any safety system per se, amplicons of viral origin
are often used to reach a high level of expression, or to design a process with a short
expression time and a high throughput. They are also useful when the primary switch
is imperfect and shows fow penetration. This may be the case when certain
recombinases are used to activate replication by flipping or deleting a DNA frag-
ment on a plant chromosome (Figures 14.7 and /4.8). Since recombination nay
oceur in only some of the cells of the host, there is a need to ‘amplify’ the recombined
product within the cell and ‘export” it to neighbouring cells. In a leaf system, an ideal
candidate for such activity is an RNA amplicon derived from Tobacco Mosaic Virus
(TMV), engineered to express a function of interest. The vector has the ability to
spread to nearby cells, and, depending on the design, the ability to move systemi-
cally throughout the whole plant (Donson ef al., 1991; Kumagai er af., 1993, 2000).
In addition to TMV-based vectors, several other vectors derived from RNA and DNA
viruses have been shown to perform in plants {Stanley, 1993; Porta and Lomonossoft,
1996; Mallory et al., 2002; Mor ef al., 2003). Plant viral vectors have been used not
only for overexpression of a gene of interest, but also for functional genomic studies
using gene silencing (Kumagai er al., 1995; Baulcombe, 1999: Fitzmaurice er al.,
2002).

Constitutive promoters

The most commonly used heterologous DNA sequence in commercial transgenic
plants is the Cauliflower Mosaic Virus 35S promoter (Franck e al., 1980}, It pro-
vides very strong constitutive expression, and has been used in transformants that
have performed reliably for multiple generations, in multiple varieties and crops.
The Arabidopsis actin promoter ACT2 (An et al., [996) is a comparatively weaker
promoter, but is a useful promoter for expression in vegetative tissues. The most
frequently used constitutive promoters for monocotyledonous plants are the
promoters of the maize ubiquitin 1 (Christensen and Quail, 19963, and rice actin |
(McElroy er al., 1990) genes. Numerous alternatives are available, but the properties
of most of these have often not been researched beyond laboratory scale.
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Tissue-specific promoters

Few tissue-specific promoters have been used commercially in GM plants. Notable
exceptions are the tissue-specific promoters that are used to engineer male sterility
in the hybrid canola seed system developed and commercialized by Bayer Crop
Science (W09325695; W(9626283), and the promoters used to delay fruit ripening
(Gray ef al., 1992). Cloning (and patenting) tissue-specific promoters has becn a
favourite occupation of many large and small companies, as well as academia, and
those trying to make an informed choice have our full sympathy.

Chemically regulated promorers

There are numerous systems that aliow regulation of gene expression by application
of a small molecule. Examples of such systems include: a tetracycline-inducible
system (Gatz and Quail, 1988; Gatz er al., 1992; Weinmann e/ al., 1994; Gatz, 1997),
a copper-inducible system (Mett et al., 1993), steroid-inducible systems (Aoyama
and Chua, 1997; McNellis et al., 1998), an ethanol- (Caddick ef al., 1997; Salter et
al., 1998; Roslan ef al., 2000) or acetaldehyde-inducible (Junker et al., 2003)
system, and an insecticide methoxyfenozide-inducible system (Padidam et al.,
2003). One system was described that combines several of the systems mentioned
above. It consists of a chimaeric promoier that can be switched on by the gluco-
corticoid dexamethasone, and switched off by tetracycline (Bohner ez al., 1999). For
a latest review on chemically inducible systems, see Padidam (2003).

The systems described above are of significant interest for applications requiring
controlled transgene expression, but unfortunately they do not allow tight control of
expression patterns, as the inducing agents (copper) or their analogues, e.g.
brassinosteroids in the case of steroid-controllable systems, can be present in plant
tissues at levels sufficient to cause some residual level of expression. Additionally,
the use of some chemical inducers, such as antibiotics and steroids. is not desirable
for large-scale field applications. Therefore, except possibly the ethanol-inducible
system, none of these systems is perfect for large-scale commercial applications. The
ethanol switch proposed early on by Caddick and colleagues (1997) requires a
cheap and safe chemical, and has recently been improved, and could perhaps satisfy
the criterta required for commercial use of a chemical gene switch.

Control of bacterial or viral recombination

BACTERIAL RECOMBINATION

It is theoretically possible that a transgene might be transferred from a GM plantto a
microorganism or a virus. In laboratory simulations, it was shown that plant DNA
can, in fact, be taken up by bacteria and integrated into the bacterial genome by
homologous recombination. As a result, antibiotic resistance genes (for example)
could be transferred to bacteria and be expressed under particular conditions (Kay et
al., 2002; de Vries et al., 2003). It was also shown in the same work that, for
recombination to take place, a significant degree of homology was necessary
between the transgene and/or flanking sequences and the bacterial genome. The
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Acinetobacter sp. strain BD413 was equipped beforehand with DNA sequences
homologous to the recombinant DNA present in the plant genome. The authors
concluded that, to effectively mitigate the risk of recombination, the constructs of
interest should be engineered to avoid the presence of sequences homologous to
DNA of known plant-associated bacteria.

A second level of defence consists of incorporating eukaryotic introns into
transgenes to prevent expression of the transgenes in prokaryotic cells (Vancanneyt,
1990). This approach is very useful to facilitate the engineering steps that are
performed in bacteria, to prevent expression of some of the construct components
that might be toxic. For example, it was shown that plasmid engineering of
constructs containing genes such as viral replicase (Johansen, [996: Yang et al.,
1998; Lopez-Moya and Garcia, 2000), recombinase (Mlynarova and N ap, 2003), or
barnase (Hanson er al., 1999) was made much easier if the genes were modified to
contain introns. In addition, incorporating introns into transgenes of either bacterial
or eukaryotic origin often results in higher expression levels in plants (Mascarenhas
et al., 1990; Bourdon er al., 2001; Rose, 2002). Plants transformed with intron-
containing cre recombinase were also found to be less likely to exhibit reduced
fertility (Miynarova and Nap, 2003). One final advantage of using intron sequences
is to allow removal of unwanted sequences, such as recombination sites, by splicing.
This feature was used in our work for ‘in planta’ engineering of TMV-based viral
replicons (Marillonnet et al., 20043,

VIRAL RECOMBINATION

Viral recombination in planta is a well-known phenomenon, and reconstruction
of a wild-type virus from different messenger RNAs containing defective portions
of a virus has been documented by many research groups (Hayes er al., 1989:
Choi et al., 2000; Rabindran and Dawson, 2001), Since viral vectors that retain
the ability to spread systemically do form infectious viral particles, it is theoreti-
cally possibie that a transgene carried by a viral replicon might be transmitted to
a new plant and incorporated into its genome. Such a transfer has, however, never
been detected, and is very unlikely in view of the biclogy of the vectors currently
in use (they are confined to the cytoplasm, and do not have the ability to reverse
transcribe their RNA into DNA). Some TMV-based viral vectors engineered to
express pharmaceutical proteins have now been used in tobacco fields for several
years (by Large Scale Biology Corp, Vacaville, CA, USA). Extensive safety tests
have been performed and, as a result, US regulatory agencies are comfortable with
controlled open release of such viral vectors. Of course, it is possible to make
viral vectors even safer, and this has been a subject of research in our lab for the
past few years. In particular, the viral vectors that we are developing do not
require systemic movement, and therefore do not encode a coat protein, Therefore,
the amplicons are not packaged in a viral particle and cannot be mechanically
transmitted to uninfected plants. Rather, we encode in the plant genome an
inactive ‘encrypted’ version of a viral genome that can be activated in various
ways. In addition, for a number of technical reasons, codon usage of part of the
viral genome was modified. Therefore, this feature should reduce the fikelihood of
recombination with wild-type viruses.
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Epidemiology and mistake correction

Any technical process can potentially get out of control. For [TANSZENIC OTganisms,
such an event would have dramatic consequences, since a replicating living organ-
ism cannot be recalled. Therefore, in case of uncontrolled release or escape of a GM
organism into the environment, it would be useful to incorporate some control
elements at the transgenic locus to allow damage control a posteriori. In many cases,
the simple use of a broad-spectrum herbicide would allow the destruction of unde-
sired volunteers. In other instances, one might want to be able to use a more targeted
approach to destroy only the individuals that carry a specific gene. One approach
may be to engineer a counter-selectable linked to the gene of interest, such as the
bacterial cytochrome P450SU1 {which converts a sulfonylurea pro-herbicide to a
cytotoxic metabolite; O'Keefe er al., 1994; Koprek et al., 1999). Schernthaner and
colleagues (2003) propose a trait control system that relies on seed-lethal genes
(iaaM and jaaH) that cause auxin overproduction. Alternatively, as a passive
approach, the GM plant could be engineered to be less fit for survival in an open
environment; however, in such case, inter alia, one has to find a solution that does
not impose a penalty on the productivity of the system.

GM organism/transgene labelling and identity tags

There are many reasons for developing a universal and reliable system for trace-
ability of transgenic organisms and derivative products. One of the reasons is the
need of different regulatory and environmental agencies to reliably monitor
transgenic organisms and recombinant products. Such a system would, therefore,
give consumers the insurance that non-approved GM-derived products are not
present in food products. Proposed and existing detection methods are based on the
highly sensitive PCR technology. which allows detection of recombinant DNA even
in processed derivatives of transgenic organisms (Vollenhofer e al., 2001). How-
ever, there is, at present, no generally accepted universal system to ensurc casy
traceability of transgenic organisms. A universal labelling system that would consist
of short DNA tags incorporated to all transgenic organisms was proposed both by us
and others (Gressel and Ehrlich, 2002; Maritlonnet ef al., 2003). According to the
system that we proposed, these tags consist of a short DNA sequence that encodes a
message using a redundant ‘non-genetic code’, which could be retrieved easily and
read. The artificial code would allow conversion of nucleotide triplets into
alphanumerical characters, thus allowing messages (o be written in any existing
language. The DNA labels would be designed to be biologically neutral, stable
through several geperations, would be tightly linked with the transgene(s), and
would be resistant against corruption (mutation) of encoded technical information.

Other ‘good transgene management practices’

Rational design of the construct to be introduced into the plant should exclude any
unnecessary DNA sequences that do not play an essential role. This includes vector
backbone sequences, as well as regulatory/coding sequences, as these might cause
heterologous DNA/expression pattern instability in the host plant. Elements that are
incorporated into the vectors or that might serve as helpers at various stages of
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engineering, should be removed whenever possible, These might be transformation
marker genes, or other ‘helper’ genes like site-specific recombinases, etc. There are
numerous technologies that have been used effectively to eliminate the selection
markers from primary transformants, including those that rely on the use of trans-
position or site-specific recombination, and those that are based on independent
integration and segregation of the genes encoding the trait of interest and the
selectable marker (to mention but a few: Sugita et al., 2000; Corneille et al., 2001;
Zuo et al., 2001; Hoa et al., 2002),

Other management practices dictated by common sense include: 1) tools,
elements of ‘operating system’ should be artificially evolved not to communicate
with the living world; 2) genes of interest should be primarily of plant origin; and 3)
engineering, production and distribution steps, including early research and devel-
opment, have to be assessed for inherent versus acceptable risks.

Integrated processes

‘The guy who invented the wheel was an idiot. But the guy who invented the other
three, he was a genius.” (Sid Ceasar)

Using some of the elements described above, we now attempt to assemble a
working scenario for a process that would be both safe and efficient. Here, we choose
to address a difficult case, i.e. the production of a highly active molecule in plants.
Such activity would require a maximum level of biological isolation (plants of
classes ITI and IV as defined in ‘Introduction’}. We further assume that cultivation
takes place in an open field, in areas with intensive agriculture.

Our choice for such a high security process would be a combination of a hybrid
seed system, combining operationally linked trait and germplasm locks. Thus, we
limit ourselves to cross-pollinating plants only, including many major crops (corn,
rice, canola, sugar beets) as well as some secondary crops (millet, sorghum, chick-
pea). Any hybrid seed production system involves several steps, all of which have to
be controlled. Most systems rely on the use of three parental components: 1) a male
sterile line that has to be propagated with the help of 2} a so-called maintainer line;
in the final step of hybrid production, the male sterile line is pollinated with a 3)
poltinator line. Usually, the hybrid plants grown by a farmer express a trait of interest
{hybrid vigour), whereas parental lines do not. For our purpose, instead of unlocking
hybrid vigour, hybridization serves twao purposes: 1) it serves as a switch to
‘unencrypt’ an encoded message, leading to production of the molecule of interest;
and 2) it leads to activation of processes that render the hybrid seed biologically
sterile, i.e. incapable of normal development or incapable of subsequent sexual
reproduction. The parental lines have to be genetically modified to incorporate the
necessary locks. Designs of such double locks may rely on different mechanisms, but
for safety and engineering reasons, they have to be operationally tightly linked to
each other {initiation of production and biological sterilization). Furthermore, since
the pollinator line will be allowed to shed poilen in an open field, in an area
significantly larger than with the maintainer line, we suggest that the genes or gene
fragments that code for the enzyme or product of interest are engineered into the
male sterile and maintainer lines, whereas the pollinator line would contain only the
necessary switches.
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This dual control switch may be used for the design of multiple independent
production systems. Therefore, the same design may be used for independent
processes in nearby fields. For such cases, it is essential that the switch unlocking the
production is made to be highly specific, and that its technical design would allow
multiple specific unencryption combinations. One possible example of such a
switch would be an intein-based trans-splicing that allows very specific reassembly
and could accommodate numerous unencryption combinations, both through the
choice of intein and of the different splicing locations, as well as through
engineering of the specificity of the assembled protein (Figure /4.11). The “sterili-
zation’ switch, on the other hand, can be much less specific, or almost universal, as
its purpose is to genetically neutralize the effect of any intended or iflicit ‘produc-
tion cross’. Finally, considerations have to be given to a potential toxicity effect of
the proteins expressed in the system prior to unencryption. These may include intein
fusions and other expressed proteins or polypeptide fragments in the parental lines.

Last, but not least, the parental lines and hybrids all have to be sensitive to at feast
one broad-spectrum herbicide, to allow for a posteriori damage control of any
unintended escape; they also have to be properly labelled at the DNA level and, if
practical, also at the level of resulting phenotype (for example, colour of the seeds
containing the active product).

Case scenario 1: production of pharmaceutical proteins in tobacco leaves

Under our scenario (which reflects actual technology in development at Icon
Genetics, Munich, Germany), we manufacture proteins in tobacco leaves using
switchable viral amplicons (Figure 14.8). Tobacco is chosen because it is not a food
plant, it has no wild relatives in nearby areas, and there are no cultivated tobacco
fields within a 10 km radius. Our plants are grown in a greenhouse until maturity, and
then the amplification process is activated. The material is then harvested and
processed. Special precautions are taken to prevent escape of pollen and seeds from
the growth areas: outgoing air is filtered; the growth areas are treated, chemically
and physically, to inactivate any undesired live material; biojogical waste that
contains living material is autoclaved. Since ampiification of viral vectors takes
only 7-14 days, the producing plants and other grown plants are kept separately.
The following biological barriers are considered as appropriate:

(1) male sterility of the host. Using cell fusion between tobacco and wild species
Hyoscyamus, we produced cytoplasmic hybrids that have tobacco nucleus,
whereas other organelles {plastids and mitochondria) are derived from Hyoscya-
mus. Alien mitochondria cause full male sterility of the plants;

(2) lowered fitness of the host if escaped in the open. Our material has high sensitiv-
ity to strong light because in the genotype used, plastids are also derived from
Hyoscyamus,

(3) controlled hybrid seed production. For muttiplication of the host, it has to be
pollinated with a maintainer line. The maintainer line (which produces pollen)
is grown, and the crosses are being performed under tightly controlled con-
ditions. Additionally, the pollinator is engineered so as to not contain any gene
directly involved in amplicon formation and amplification;
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a defective amplicon design is being adopted: the amplicon is unable to form a
mature virus particle. It has been repeaiedly shown in field trials that TMV-
based RNA viral amplicons, similar to the one we use, rapidly loose any
introduced genetic material, and do not survive simple physical treatments. To
further reduce this already remote possibility of escape, the amplicons in our
material do not contain the gene for coat protein (necessary for systemic move-
ment and efficient mechanical infectivity). The amplicon is generated inside a
plant cell, in multiple cells of the plant simultaneously. The DNA encoding our
amplicon also contains numerous artificial introns; therefore, any transfer into a
bacterium would not result in any expression,

use of encrypted amplicons that cannot be expressed in bacterial systems, The
DNA encoding our amplicon contains numerous artificial introns; therefore, any
transfer into a bacterium would not result in any expression;

low recombinogenic ability of the amplicon. One detectable event in viral
systems is recombination between RNA molecules in a plant cell, especially if
the recombination result is amplifiable. Since wild-type viruses cannot be
entirely excluded, the RNA of our amplicon has been modified to lower the
homology with wild-type viral RNA that may be present in the plant cell;
switchable process. Even in the production host, the amplification process is not
starting until a transcriptional activator is provided. The amplification is thus
limited to a less than two-week-long period, during which time plants are
maintained in a specialized greenhouse with higher biosafety parameters:
identity tags. All transgenic loci carry an identity tag in the form of a DNA
sequence carrying technical information,

Case scenario 2: production of high-value proteins/oils in seed of canola

Under this scenario (which, again, reflects real technology under development at
Icon Genetics, Munich, Germany), we intend to manufacture protein or specialty oil
in canola in open field conditions. The transgenic material for production may be
grown in areas where other canola varieties are also grown. The scenario is based on
production in hybrid seed, thus an effective hybrid seed system has to be part of the
process. Maintenance of the parental lines has to be both practical and safe. The
proposed process is generaily applicable to any cross-pollinating species.
The following biological barriers are being considered as appropriate:

(1

the process alfows for expression of the trait of interest in hybrid seed only, The
product is not expressed in parental lines. Also, parental lines do not express any
gene that would impede plant growth or plant development, or that would
present a biosafety concern during multiplication of parental material:

the male sterile parent (‘mother plant’) in the hybrid system carries a compiete
version of the gene(s) required for making the product (genes that require tight
‘escape lock’); therefore, no pollen is shed from this parent. The pollinator plant
contains a minimum of exogenous genetic material {(in our case - an inactive
integrase fragment fused to an intein and an inactive barnase fragment, both of
which have no functionality on their own). If necessary, ali DNA inserts can be
made from elements of plant origin;
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(3) the process lock that is activated during hybrid seed formation is based on
integrase-mediated DNA recombination, which follows integrase formation (by
intein-mediated rrans-splicing of the two fragments present in the parents).
Interaction between the two integrase-intein fragments is highly specific, and
multiple pairs can be engineered to coexist in the same plant or the same field,
without cross-interfering;

(4) the two components of the lock are located at iso-allelic positions on homo-
logous chromosomes; thus, they ‘are Jinked in repulsion’, i.e. upon any meiosis,
they will segregate to different gametes. This configuration will significantly
reduce the probability of a progeny acquiring both componeats in a stable
manmner;

(5} upon hybrid seed formation, another pair of genetic components is activated,
rendering the seed incapable of normal plant development/sexual reproduction.
In our specific case, this lock is based on intein-mediated frans-splicing of
barnase fragments in developing embryos. Since these gene fragments are placed
at the same locus as the first pair (‘process switch’), they will always be activaied
in the seeds that are also activated for production. As aresult, a ‘production’ seed
will automatically be unable to become a source of genetic contamination;

(6) all the components can only work together, and require a eukaryotic cell to be
able to function. Thus, the risk of transfer of whole system to bacteria becomes
statistically negligible;

(7) all parental material, as well as all progeny used in the process, is sensitive to at
least one broad-spectrum, non-selective herbicide. This sensitivity allows for
killing any ‘volunteer’, if necessary;

(8) identity tags. All loci are tagged using DNA-based technical information labels.
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