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INTRODUCTION

Genetic engineering offers tremendous potential for creating plants with improved characteristics. Through
gene transfer, novel traits can be introduced into plants that are not possible through conventional
breeding. There are certain technical limitations, however, in current gene transfer methods. Oneisthe
low frequency of uptake and integration of the introduced DNA into the plant genome. Successful
incorporation of this foreign DNA occurs at arate from one in a thousand to one in a million. For this
reason, the desired gene® isinvariably co-introduced along with a marker gene. Marker genes are needed
to identify genetically engineered -- referred to as transformed -- plants by conferring a new trait that is
usually selectable. With selectable markers, only the plant cells that incorporate the marker-encoded trait
thrive under appropriate growth conditions.

The most commonly used selectable marker genes have been those that code for resistance to
herbicides or antibiotics. The antibiotic-resistance genes have been the most controversial, especialy if
agene can be readily expressed and replicated in bacteria. The concernisthat genes engineered into crop
plants might find their way to pathogenic microbes. If so, this raises the possibility of compromising the
clinical effectiveness of the drugs. Already, there has been growing medical concern about the rise in
drug-resistant bacteria and the diminishing number of effective antibiotics.

Marker genes are like any other novel genes. They should be evaluated with the same safety
criteria. The marker gene's product should be examined for possible toxicity and allergenicity. The
potential impact from horizontal transmission of the marker gene to unintended hosts should be assessed.
As each marker gene has distinct properties, each should be evaluated independently. Since toxicity,
alergenicity and horizontal gene transfer considerations are addressed in topics 6, 13 and 11, respectively,
they will not be a primary focus here. Instead, this article will discuss the alternatives available to limit
or even eliminate the dissemination of marker genes, particularly antibiotic-resistance genes, in genetically
modified plants.

OPTION FOR MARKER GENE REMOVAL

Although marker genes are necessary for the gene transfer process, most often they are not the intended
traits to be introduced into the final product. In some instances, additional marker genes that were not
used to detect transformed plants, but were used as part of the cloning processin bacteria, have also been
introduced into the plant genome. As a by-product of the engineering process, marker genes can be
considered DNA that is not essential for the final product. It may be prudent, therefore, to remove these
genes after the intended traits have been engineered into the plant.

The removal of marker genes can alleviate two potential problems. First, it would eliminate the
safety concerns caused by the excess DNA, particularly if the DNA is derived from a novel source. This
would reduce the need for costly and time-consuming risk-assessment studies. It would also avert
consumer concerns on novel genes that do not have apparent value-added properties. Second, removal
of marker genes after successful gene transfer alows for the appropriate re-use of that marker gene in
future work. For plantsthat are propagated by vegetative cuttings, such as potato, introducing a second
trait to an already transformed plant would require the use of a new marker gene. For most plant species,
there are only afew effective marker genes available. It would not be practical to develop a new marker
gene for each new trait appended to the existing stock. For sexually propagated plants, different traits can
be introduced into separate transformed lines using the same marker gene. The combination of traits can
then be grouped together through genetic crosses. However, the progeny with the multiple traits would
end up with multiple copies of the same marker gene. The higher gene copy number may warrant a
reassessment of safety risks. In addition, multiple copies of the same DNA could lead to a gene-
inactivation phenomenon known as gene silencing®. If only the marker genes were silenced, it would be

1 In this paper, the term “desired gene” refers to the intended gene(s) to be engineered into the plant.
2 Wolffe, AP, Matzke MA, 1999. Epigenetic regulation through repression. Science 286: 481-486.



inconsequential. However, a silenced gene may also affect the expression of nearby genes®. Should this
affect a desired gene, the whole exercise of engineering that value-added trait could be undermined.

Methods on marker gene removal

Recombination-based deletion of marker gene. The recombination between two identical or homologous
DNA causes a deletion of the intervening DNA segment. This can occur through homologous
recombination that uses host proteins, or through a much more efficient process known as site-specific
recombination. The first described method for marker gene removal is based on site-specific
recombination®. Several site-specific recombination systems, known as Cre-lox, FLP-FRT, and R-Rs,
have worked well in plants®. The general method consists of flanking the marker gene with recombination
sites (lox, FRT, or Rs). A recombination site isa short stretch of DNA (typically 34 nucleotides long) that
specifically interacts with a protein known as a recombinase (Cre, FLP, or R). Thisinteraction promotes
recombination between the recombination-sites and causes the marker gene to be deleted from the host
genome. The gene for producing the recombinase can be introduced by crossing to another plant that
harbors the recombinase gene. Alternatively, it can be introduced through a second round of gene transfer.

Once the marker gene is deleted, the recombinase gene itself can be segregated away in the next
generation through conventional breeding. For plants propagated by vegetative cuttings, genetic
segregation is not practical. Therefore, the recombinase gene must be introduced transiently into the
transformed cell’, long enough to synthesize the recombinase to delete the marker gene, but without
integrating into the plant genome. One strategy incorporates a second marker gene to select for the loss
of both itself and the linked antibiotic-resistance gene®. Homologous recombination has also been
successful. Unlike site-specific recombination, the introduction of a separate recombinase gene is not
necessary since the recombination reaction occurs with host proteins. This makes the method suitable for
plants maintained by vegetative propagation. Homologous recombination reactions occur at high
efficiency with DNA in the plant chloroplast, but at low efficiency with DNA in the plant nucleus.
Nonetheless, arecent advance has shown the removal of a selectable marker gene from the plant nucleus
when placed between two identical DNA fragments®. After an initial screening procedure that picked out
the transformed cells likely to lose the marker gene, about 5% of the plants regenerated from those cells
indeed were marker gene-free.

Transposon-mediated relocation of marker gene. A second approach for removing marker genes relies on
repositioning the marker gene from the desired gene such that it can be segregated away in the next
generation™. This approach makes use of genetic elements that can excise from its original location and
reinsert itself into anew location. These elements are known astransposons. Gene transfer can be conducted
with the marker gene situated within atransposon. Once transformed plants are obtained, activation of the
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transposon can relocate the marker gene to adistant position in the genome. The desired gene can then be
segregated away from the marker gene in the next generation. For plantsthat are propagated as vegetative
cuttings, a variation of this scheme has been described that enriches for the number of incomplete
transposition events in which the transposon excises but fails to reinsert back into the genome™. When this
happens, a segregation step to remove the marker gene would not be needed.

Co-transfer with marker gene on separate vector. A third method for generating marker-freetransgenic plants
is to use separate gene transfer vectors for the desired gene and the marker gene®?. Upon selecting for the
marker-encoded trait, a certain percentage of the transformed cells would have also taken up the desired gene.
Among those transformed with both the desired gene and the marker gene, some could have the two genes
on separate locations in the genome.  In these clones, the marker gene can be segregated away in the next
generation. This is probably the simplest method to obtain the desired product, and should be more
convenient asimprovements are made in transformation efficiency. With ahigher efficiency of DNA delivery
and integration, the probability of finding multiple gene transfer eventsin the same cell becomes more likely.

ALTERNATIVES TO ANTIBIOTIC-RESISTANCE GENES

Although antibiotic-resistance genes have been among the most effective markers for genetic
transformation, other genes have also been used. Herbicide resistance genes have served the same purpose
in many instances, not simply when the plants were specifically engineered for herbicide tolerance. In
recent years, a number of new marker genes have been developed. One selectable marker gene, the
tryptophan decarboxylase gene, enables the transformed cell to survive by converting atoxic tryptophan
analog to anon-toxic form™. Another selectable marker, the b glucuronidase gene, converts an inactive
cytokinin derivative to an active cytokinin®. Only the transformed cell will have sufficient cytokinin
hormone for cell division. Other selection schemes are based on the use of specia carbon sources. Cells
transformed with a xylulose isomerase gene or a phosphomannose isomerase gene, for instance, can
metabolize xylose or mannose, respectively***>. The new trait permits them to grow on carbon sources
while other cells cannot. A recent strategy is based on the inducible expression of the isopentenyl
transferase gene that leads to higher cytokinin levels®®. Under appropriate culture conditions, only
transformed cells regenerate shoots. Finally, two visual markers have been successful for wheat'” and
sugarcane™. Cells harboring either the firefly luciferase gene or the jellyfish green fluorescent-protein
gene can emit light. The transformed cells were monitored for light output over a period of weeks. The
cellsthat continued to emit light were regenerated into plants and were shown to have incorporated the
introduced DNA.
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LIMITATIONS OF EXISTING METHODS

Despite the various options available to construct transgenic plants without the use of antibiotic-resistance
genes, it is important to note that the process of genetic transformation differs among different plant
species. A given method may be applicable for some plants, may require substantial modifications for
others, or may not be applicable at al in certain species. This section discusses some of the limitations
of the available methods.

The site-specific recombination approach is most likely to be widely applicable. Collectively, the
three known site-specific recombination systems, Cre-lox, FLP-FRT, and R-Rs have been shown to
operate in awide range of plant species including the major cereals®”*°. New recombination systems are
also being developed. The known recombination systems all operate at efficiencies that are practical.
When the recombinase gene is introduced into a plant, the efficiency of marker gene removal is usually
between 10% to 100%. For plantsthat must be maintained as vegetative cuttings, however, the strategy
of transiently expressing the recombinase gene must be followed by moderate to extensive screening of
the treated cells or plants. With some plants, the frequency may be too low for this technique to be
practical. On the positive note, there are inducible expression systems, such as the heat-induced
expression of the recombinase gene®, that could be developed further to direct the deletion of both the
marker gene and the recombinase gene from the host genome. This would bypass the otherwise obligate
step of genetic segregation.

Besides site-specific recombination, homologous recombination has also shown promise. With
DNA located in the plant nucleus, however, the low recombination frequency makes this approach less
practical. The potential use could liein the removal of marker genes from the chloroplast genome, where
the efficiency of homologous recombination is comparable to recombinase-mediated reactions. As more
plants are being engineered to express the desired genes from the chloroplasts™, both types of
recombination reactions could play prominent roles in the management of chloroplast transgenes.

The transposon approach also has some limitations. The excision of the transposon from its
original location isimprecise and may alter the structure of nearby genes. The transposition efficiency is
also highly variable among plants species. If the transposon relocates at alow frequency, asin the case
with lettuce, the extensive screening needed to find the rare events would make the technique
impractical.

The successful co-transformation by separate vectorsis dependent on the overall transformation
efficiency. In plants that are relatively easy to transform, the probability that two separate vectors
delivering DNA into the same cell--but in different locations--may be sufficiently high to serve the
purpose of removing marker DNA. In plantsthat are relatively difficult to transform, this occurrence may
not be as prevalent. A second limitation isthat the marker gene must be removed by genetic segregation.

Finally, the co-transformation procedure is effective only with Agrobacteriummediated gene transfer. With
direct DNA uptake methods, the separation of the desired gene from the marker gene in different vectors does
not produce independent insertions of each DNA type. More often than not, the separate molecules link up
efficiently prior to integration into the genome. This results in a complex integration structure with long
stretches of linked molecules. 1n such asituation, it would not be possible to segregate the desired gene from
the marker gene. It is of interest to note that for these complex integration structures, site-specific
recombination not only removes the marker genes, but will also reduce transgene copies to a single unit™.

Asfor the non-antibiotic resistance markers, herbicide resistance genes are useful only if that trait
isdesired in the final product. Other selectable markersthat rely on differences in hormone concentrations
or nutritional requirements may require adaptation for different plant species, as hormone and nutrient
requirements in cell growth and regeneration vary among different plants. Should the non-antibiotic
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resistance markers be used without provisions for their subsequent removal, the markers would remain
in the host genome. Although they may not create the concerns associated with antibiotic-resistance
genes, future complications could arise when successive experiments combine multiple traits into the same
plant. As described above, this would lead to a genome with multiple marker genes or multiple copies
of the same marker gene.

THE ALARA CONCEPT

The issue of antibiotic-resistance genes in plants has been contentious in scientific circles®*®. Some
concerns expressed about the dissemination of antibiotic-resistance genes are difficult to address, given that
our knowledge of the science is not fixed in time, but is an evolutionary processin itsalf. Our evaluation of
acceptable risk could also change. In addition, depending on one's point of view, there will always be a
certain degree of subjective interpretation to risk-benefit arguments. Likewise, transformation technology
will continue to evolve, bringing improved efficiency and precision. The advancement of new science and
technology directs usto the concept often applied in risk management -- to reduce the risk of concernto As
L ow As Reasonably Achievable, or the ALARA concept.

The key issue that needs addressing is what is considered “reasonably achievable”. A decade ago,
when technology became available to remove marker genes from the final product, industry already had a
number of transgenic plantsin their developmenta pipeline. There was no way the antibiotic-resistance genes
could be removed from those plants because they were engineered prior to the availability of the technology.
Since then, additional alternatives have emerged. Reducing the dissemination of antibiotic-resistance genes
can now be considered “ reasonably achievable” for many crop plants. For other plants, additional research
is still needed to make these methods more practical. The comforting thought for this particular issue is that
in the not too distant future, it should be possible to reduce the risk, however insignificant, down to zero.

To conclude, this author’s views have not changed since the initial article on this subject®. Our
society has limited resources for scientific research, risk management, public relations, litigation, and
legidation. Those resources should be devoted to the trait genesthat impart greater benefitsto our society,
not to leftover marker genes that are merely unneeded byproducts of yesteryear’s genetic transformation
technology.
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