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Development of genetically modified (GM) plants is contentious, in part because bacterial antibiotic resistance
(AR) genes are used in their construction and often become part of the plant genome. This arouses concern
that cultivation of GM plants might provide a reservoir of AR genes that could power the evolution of new
drug-resistant bacteria. We have considered bacterial DNA transfer systems (conjugation, transduction and
transformation) and mechanisms of recombination (homologous recombination, transposition, site-specific
recombination and DNA repair) that together might productively transfer AR genes from GM plants to bacterial
cells, but are unable to identify a credible scenario whereby new drug-resistant bacteria would be created.
However, we cannot entirely rule out the possibility of rare transfer events that involve novel mechanisms.
Hence, we also considered if occasional transfers of AR genes (blary,, aph(3'), aadA) from GM plants into
bacteria would pose a threat to public health. These AR genes are common in many bacteria and each is
found on mobile genetic elements that have moved extensively between DNA molecules and bacterial cells.
This gene mobility has already severely compromised clinical use of antibiotics to which resistance is
conferred. Accordingly, the argument that occasional transfer of these particular resistance genes from GM
plants to bacteria would pose an unacceptable risk to human or animal health has little substance. We
conclude that the risk of transfer of AR genes from GM plants to bacteria is remote, and that the hazard
arising from any such gene transfer is, at worst, slight.
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therapy of infectious diseases? These were the questions addressed
by the Working Party.
GM crops are created in the laboratory by precision genetic engin-

Introduction

The development and cultivation of genetically modified (GM)

plants with traits introduced by ‘genetic engineering’ is contentious,
not least because the procedures use bacterial antibiotic resistance
(AR) genes to tag DNA sequences that are manipulated in a bacterial
surrogate host before their introduction or reintroduction into the
plant. The resistance gene, although of no value in the final cultivar, is
nonetheless integrated into the plant genome together with the gene(s)
of interest where, in the main, it remains silent. There is concern in
some quarters that cultivation of GM plants with bacterial resistance
genes integrated into their genomes might provide a source of drug
resistance genes that could catalyse the development of previously
unencountered drug-resistant bacteria of clinical importance. How
seriously should such fears be taken and how much credence should
be given to claims that large-scale cultivation of GM plants carrying
bacterial AR genes poses an unacceptable threat to future chemo-
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eering, in the sense that specific genes of the plant are altered or
removed, or particular additional genes are introduced by in vitro
techniques. Genetic engineering technology has provided manipu-
lative methods that permit the introduction into crop and ornamental
plants of desirable traits, or the removal of unwanted ones, more or
less at will and with almost surgical precision.! The cultivars so created
have directed changes to their genomes. This is in contrast to the trad-
itional method of developing new cultivars. Until the last decade or
two, desired traits were necessarily bred into plants by identifying
rare variants with new characteristics, either naturally occurring or as
aresult of forced mutation, and crossing and backcrossing these until
a cultivar with the desired characteristics was obtained. Although the
process is time consuming, and substantially ‘hit-and-miss’, it was
effective, as attested by the enormous numbers of crop and ornamental
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plant cultivars available today. However, unlike GM technology, the
genetic changes involved in the creation of a new cultivar by tradi-
tional methods are largely unknown. Nonetheless, despite our
ignorance of the genetic changes that have occurred, this type of
genetic manipulation is viewed as both benign and acceptable,
presumably because it is seen as ‘natural’, and long experience has
demonstrated it is not harmful to human well-being.

In contrast, genetic modification technology allows much more
precise genetic changes to be made.> Genes may be added, changed,
deleted, or have their expression altered, to add, remove, or enhance a
particular trait (e.g. improved seed yield, shorter stems that better
resist wind damage, herbicide resistance, frost resistance, salt
tolerance, etc.). Unlike traditional crop development methods, the
use of genetic modification techniques in the creation of new cultivars
requires precise and detailed information about the genes involved
and the biochemistry of their products, and the genetic changes
undertaken are carefully targeted. Nonetheless, this form of genetic
manipulation is viewed in some quarters at best with suspicion and
at worst with outright hostility, because it is seen to transgress the
natural order, by meddling with nature. Is there a rational justification
for such hostility? Are GM crops inherently less safe than other culti-
vars? Do GM crops carrying bacterial AR genes present a threat to
human or animal health because they are likely to compromise anti-
biotic therapy in the future? This document attempts to answer the
second of these questions.

Generation of GM crops

Genetic modification techniques involve cloning plant genes into a
bacterial cell, usually a suitable non-pathogenic laboratory strain of
Escherichia coli, where they are manipulated before being put into
the target plant. To achieve this, an appropriate small fragment of the
plant DNA, carrying the gene(s) to be manipulated, is inserted into a
small bacterial DNA molecule called a cloning vector.> Many cloning
vectors are small bacterial plasmids that carry AR genes with which
they can be both identified and selected in the laboratory. The plant
DNA in the cloning vector is changed as required for the trait of interest.
All such DNA manipulations are carried out in the test tube and a
bacterial host is used to recover and amplify the new gene arrange-
ment. This is then put into a plant cell of the appropriate species in a
process called transformation. From single, transformed cells, new
plant cultivars are propagated.*

Genetic constructs, assembled in vitro and recovered in a bacterial
host, can be delivered into plant cells in different ways.* For example,
one exploits the tumour-inducing (Ti) plasmid of Agrobacterium
tumefaciens that naturally transfers part of itself, called T-DNA, into
certain plant cells where it is integrated into the plant cell DNA.56 In
the natural system, the T-DNA re-programs the plant cell to produce
plant growth regulators, which promote plant cell proliferation, and
small nitrogenous organic molecules (opines), which are secreted
and then used by A. tumefaciens as nutrients for growth,”8 (i.e. the
bacteria genetically modify plant cells to create nutrient-generating
systems). These naturally transformed plant cells become visible on
plants as crown gall tumours. When this natural system is used to
genetically engineer plants, the genes on the T-DNA responsible for
mediating the change in plant cell metabolism are removed and
replaced by the manipulated plant DNA and, if necessary, a linked
resistance gene to facilitate selection of the desired DNA rearrange-
ment. The natural transfer properties of the Ti plasmid or a surrogate
plasmid, are then used to deliver the modified T-DNA sequence into

the plant cell where the natural integration properties of the T-DNA
insert the entire gene ensemble into the chromosomal DNA.69-11

Engineered plant DNA can also be delivered into plant cells by
particle bombardment (biolistic transformation), when the DNA is
literally shot into plant cells on DNA-coated metal particles (often
gold).!>1# Tn this case, the DNA is permanently established in the
plant cell by recombination into the plant cell genome. Insertion may
be locus-specific by homologous recombination (see sub-section
Homologous recombination in section Bacterial DNA transfer and
recombination systems), but can be random, being mediated by a
recombination mechanism intrinsic to the plant cell. Once estab-
lished in a chromosome of a plant cell, bacterial DNA sequences are
chemically indistinguishable from the rest of the plant cell DNA. The
origin of the sequence, in terms of its subsequent treatment in the cell
(i.e. replication and segregation) is irrelevant. To all intents and
purposes it becomes plant cell DNA. This is an important point to
bear in mind when considering possible retransfer of resistance genes
from GM plants to bacteria, because many bacteria have DNA recog-
nition systems that identify foreign DNA and degrade it'3 (see section
What if antibiotic resistance gene transfer occasionally occurs from
GM plants to bacteria?).

Bacterial AR genes are used in two different contexts to generate
GM plants. In one context, a bacterial resistance gene is used to select
transformed plant cells, when there is no direct selection for the trait
of interest.!6 To this end, the transcription and translation signals that
promote expression of the resistance gene in bacteria are removed
and are replaced with signals appropriate for plant cells. The resistance
gene with its replacement expression signals is joined to the manipu-
lated plant gene to provide a selectable, linked marker. Transformed
plant cells, selected for acquisition of the resistance trait, carry not
only the AR gene but also the linked plant gene. Once the appropriate
plant cell constructs have been identified, the job of the AR gene is
complete and the gene is essentially redundant, although it will be an
inherited trait.

In the second, and more common, context, AR genes on the cloning
vector are used simply to recover and keep track of the cloning vector
and its plant DNA insert in the bacterial host,3 before the final genetic
construction is returned to the plant system. This is necessary because
plant genes are not expressed in bacteria and so do not alter the pheno-
type of the bacterial host. Accordingly, the plant genes are tracked by
genetic linkage. In this situation the normal transcription/translation
signals of the resistance genes needed for expression in bacteria are
retained. The resistance genes generally also end up in a transformed
plant cell, simply because they are linked to the plant genes of interest
and cannot easily be uncoupled from them. When putinto a plant cell,
these bacterial resistance genes are silent because they lack the appro-
priate and necessary signals for expressionin cells of higher organisms.
They are not needed to select transformed plant cells and hence serve
no useful purpose whatsoever in the transformed plant cell and could,
in principle, be dispensed with before the altered plant DNA is
reintroduced into plant cells.

If bacterial resistance genes, with bacterial promoters, were to be
transferred from a GM plant to bacteria they would, in all probability,
be expressed and would confer AR phenotypes on the recipients. In
this sense, therefore, the GM constructions that concern us here are
not as precise as they might be; it would clearly be desirable to jettison
all resistance genes that are not needed for selection of transformed
plant cells before transformation. Molecular genetic systems that will
do just that are being developed;!”!8 however, even if one was avail-
able, it could not be used to remove the bacterial resistance genes in
the present generation of GM crops, whether silent or not. It will be
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several years before GM crops developed with the new technology
will be available for cultivation. In the meantime, GM crops with
bacterial resistance genes are with us. It would also be desirable to
have selectable markers other than bacterial resistance genes with
which to select desired transformed plant cells. Again, developments
are in progress. In the meantime, it is worth emphasizing that a full
inventory of the genetic alterations involved in a particular GM con-
struction, including carriage of a bacterial resistance gene, is made
for licensing purposes in the European Union, including the UK.
In the UK, such manipulations are permitted only in appropriately
authorized laboratories that operate to strict Health and Safety
Executive (HSE) guidelines;2 all constructions must be judged
biologically safe (i.e. of no danger to human health or the environ-
ment) first by local and then by national genetic manipulation safety
committees before work commences; and constructs generated
abroad must have HSE approval before being imported, either for
further GM manipulation or for trial work. Although different
approaches to regulation of GM crops have been taken in different
countries, the same basic objectives of ensuring human, animal and
environmental safety are held in common.? In contrast, cultivars
created by conventional breeding programmes, using natural or
forced variants, or wild relatives that may contain potential toxins or
allergens, are not subject to the same strict regulations, but are
assumed by consumers to be both safe and wholesome, neither of
which is a necessarily safe assumption.!

As stated, when the construction of a GM plant requires the
expression of a resistance gene in the plant cell, the normal bacterial
promoter and translation control signals are removed and replaced
with signals appropriate for expression of the resistance gene in plant
cells. Reintroduction of these resistance determinants into bacterial
cells would not immediately confer resistance, because the genes
would not be expressed from the plant cell promoter and so would
remain silent. To be expressed in the new bacterial host, further
genetic changes would be needed, in particular the substitution of
bacterial promoters for plant cell promoters to permit transcription of
the resistance genes and acquisition of prokaryotic translation signals
to allow translation of the gene transcripts (i.e. translation of mRNA).
Each substitution would be a not impossible but rare event. Activa-
tion of silent bacterial genes,?> > including resistance genes,?%?7 has
been reported but these mutational events are rare and only involved
provision of a suitable promoter. The genes already had functional
bacterial translation signals.

Risks associated with use of bacterial resistance genes
in the generation of GM plants

The risks of using bacterial AR genes in the construction of GM
plants, where they are introduced into a commercial cultivar, can be
defined as direct or indirect. Direct risks are those concerning plant
tissue that becomes toxic to anyone/anything consuming it (cf. the
native crop that is non-toxic). Indirect risks are those pertaining to
adverse effects on human health, other than toxicity, such as damage
to the quality of life or to the environment, that arise from GM crop
cultivation.

Direct risks

These can be evaluated as:

1. Introduction into the plant of a toxic DNA sequence (i.e. the particular
section of DNA is toxic to man). This is a strictly hypothetical situ-

ation, since it is generally accepted that all DNA sequences behave
chemically in the same way, in that there is no history of any piece of
DNA being toxic to humans or any other animal and that large quantities
of DNA are eaten by everyone on the planet on a daily basis as an
integral component of food without harm;

2. Production of toxicity as a consequence of expression of the
bacterial genes (i.e. production of toxic RNA or toxic proteins from
the bacterial DNA sequence);

3. Production of a toxic compound arising from the activity of the
product of the bacterial gene in the plant.

The evidence to date would indicate an absence of toxicity arising
from the genetic alterations involved in GM plant creation, including
the acquisition of the resistance genes used in their construction.
Animal feeding experiments have indicated no adverse effects, other
than when known toxic products have been administered,” whereas
GM crop products have been consumed by farm animals and the
American public for more than 15 years with no indication of toxicity
of any form.'8 There is also no evidence of additional allergy risk,?-3!
except when aknown allergen is transferred from one plant to another
when its allergenic character is retained and cotransferred; witness
production of the 2S-albumin protein of the Brazil nut by soy bean.3?
These data do not, of course, rule out the development of toxicity for
an animal or insect species not tested, particularly when plants are
engineered to produce specific insecticidal proteins; witness, for
example, the report that the pollen of GM maize (Bt corn), which was
genetically modified so as to produce a Bacillus thuringiensis insec-
ticidal protein to control the European corn borer beetle, shows a
degree of toxicity for caterpillars of Monarch butterflies, albeit under
somewhat artificial rearing conditions,3? giving cause for concern
that Bt corn pollen might travel beyond corn fields and cause mortality
in non-target lepidopterans. In response to this finding, a field study
designed to test the general thesis examined survival of larvae of the
black swallowtail butterflies when exposed naturally to pollen from
Btcorn. The investigators found no evidence for toxicity arising from
GM-maize pollen and concluded that the pollen of the maize tested is
unlikely to affect wild populations of black swallowtails.*3> In addi-
tion, it should be borne in mind that tons of B. thuringiensis insecti-
cidal proteins, in the form of B. thuringiensis cells containing the
toxins, which are not harmful to humans or animals, are sprayed
annually on a variety of plants and trees to control a variety of insect
pests. The direct risk to human health as a consequence of consumption
of GM crops is likely to be no greater than that associated with non-
GM crops, and GM cultivars will have been subject to much more
rigorous assessments for detrimental health consequences than
so-called naturally produced cultivars.!¥ Accordingly, a direct risk
to human health arising from the resistance genes in GM crops can be
discounted.

Indirect risks

These include:

1. Spread of resistance genes from GM crops to other plants;
2. Increased opportunities for AR genes to spread among human/
animal bacterial pathogens (actual or potential).

The risk of any gene introduced into one plant escaping to other
closely related plants through cross-pollination has to be real once
plants are mass cultivated. Does this matter for bacterial AR genes?
Escape of a drug resistance gene(s) to another plant will certainly
expand the particular gene pool, but does this significantly affect the
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perceived risk to human/animal health? Does the toxicity argument
change? Does the expansion of the resistance gene pool significantly
affect the risk of reintroduction of the resistance genes into the
bacterial gene pool via a new host? We would judge not. Productive
gene transfer from a plant to a bacterial cell (i.e. gene capture and
expression) is likely to be a very rare event, if it happens at all (see
sub-sections Transformation and Homologous recombination in
section Bacterial DNA transfer and recombination systems). There is
no reason to believe that gene transfer from one plant species to
bacteria is likely to be any more common than from another; how-
ever, we are not aware of any attempt to investigate the matter system-
atically, so categorical assurance cannot be given.

The creation and extensive cultivation of GM crops carrying
bacterial drug resistance genes expands the pool of resistance genes
in the environment. This need cause no concern in itself, if there is no
direct risk to human health or the environment and the risk of transfer
of the genes to bacterial pathogens that currently lack them can be
discounted. When considering this, it should be emphasized at the
outset that there is no documented example of a mechanism that will
mediate transfer of genes from higher organisms, such as plants, to
bacteria, so as to expand the gene pool of the recipient bacteria (but
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Figure 1. Bacterial DNA transfer mechanisms. (a) Conjugation: (1) cells couple
via sex pilus; (2) sex pilus is retracted into plasmid donor cell drawing bacterial
cells together; (3) plasmid in donor cell undergoes rolling circle replication and
displaced ssDNA is transferred to recipient cell; (4) ssDNA inrecipient cell is con-
verted into circular dsSDNA; (5) donor and recipient cells separate; recipient cell
becomes plasmid donor by acquiring sex pili. (b) Transformation: (1) bacterial
celldies, lyses and releases its DNA; (2) released DNA is fragmented; (3) individ-
ual DNA fragment binds to surface of a competent bacterial cell of the same or
related species; (4) one strand of surface-bound DNA taken into cell; (5) recov-
ered DNA is rescued by homologous recombination into bacterial genome.
(c) Transduction: (1) phage particle attaches to cell via specific surface receptor;
(2) phage genomic DNA injected into bacterial cell; (3) phage DNA replicated
and host genome fragmented; (4) new phage particles assembled, including
transducing particles containing host cell DNA fragments in place of phage
genome; (5) host cell lysed and new phage particles released; (6) transducing par-
ticle attaches to new bacterial host; (7) bacterial DNA fragment injected into new
host cell; (8) injected DNA sequences rescued by homologous recombination.

see below). However, it should be kept in mind that this may reflect
lack of information, rather than lack of transfer.3¢

Bacterial DNA transfer systems

DNA transfer between bacterial cells has been extensively demon-
strated,” and specialized plasmid-mediated transfer of DNA between
certain bacterial species and particular plants has been well charac-
terized.”38 More recently, it has been demonstrated that some broad
host range bacterial plasmids can mediate DNA transfer between
bacteria and a selection of eukaryotic cells.?® Transfer in the opposite
direction has not been demonstrated.

DNA can be transferred from one bacterial cell to another by three
mechanisms (Figure 1) discussed next.

Conjugation

This requires the participation of a conjugative plasmid or conjug-
ative transposon (Figure 1a).%’ Although some of these systems can
mediate DNA transfer from bacteria to cells of higher organisms,?
including plant cells, we can find no report of DNA transfer in the
reverse direction, from a plant into a bacterial cell, except perhaps in
the distant past.*! Given that this would almost certainly require the
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expression of a set of bacterial genes in a eukaryotic background, for
which there is no contingency on any of the conjugative plasmids that
have been fully sequenced,* the likelihood of gene transfer from GM
plants to bacteria by a conjugation mechanism is remote.

Transformation

This requires no connection between the donor and recipient cells,
save the DNA itself (Figure 1b). In this case, the bacterial cell takes
up ‘naked’ DNA from its environment and incorporates it into its own
genome. Although few bacteria appear to be naturally transformable,
exceptions to this generalization include significant human path-
ogens such as Haemophilus influenzae, Neisseria gonorrhoeae,
Neisseria meningitidis and Streptococcus pneumoniae.*? The prop-
erty is determined genetically and the ability to take up DNA
sequences for genetic transformation is termed competence.** In
practice, bacterial transformations involve DNA from the same or a
closely related species, because the DNA uptake systems only recog-
nize self-DNA and/or maintenance of rescued fragments requires
that they be integrated into the cell’s genome by homologous recom-
bination, a process that requires a very close relationship between
the DNA sequence being recovered and the DNA sequence at the
locus where integration will occur [i.e. the sequence to be rescued and
the sequence into which it is inserted essentially have to be one and
the same (homologous) (see sub-section Homologous recombination
in section Bacterial DNA transfer and recombination systems)].
Hence, we believe that the likelihood of recovery and salvage of a
resistance gene from a GM plant by bacteria with no history of
carriage of the gene in question is extremely remote.

Transduction

This involves gene transfer by bacterial viruses, called bacteriophages
(usually shortened to ‘phages’) (Figure 1c¢).* Phages tend to have
very narrow host ranges and there is no known example of a phage
infecting both bacterial and higher organism cells. Since transduction
involves phage reproduction, transfer of genes from a plant to bacteria
by this route would require the phage to reproduce in both cell types.
There is no precedent for this, so the likelihood of gene transfer from
plant to bacteria by this means is also so remote that it can be discounted.

Of course, the arguments briefly outlined above do not consider
the possibility of a novel transfer system, yet to be discovered. How-
ever, it is unlikely that there is a specific plant-bacteria transfer
system that mediates high frequency transfer of DNA from plants to
bacteria, because, in general, the transfer would serve no useful
purpose, since plant genes cannot be expressed in bacteria without
first replacing all the expression signals. There is no sustainable
scenario for the argument, either on the basis of selection pressure or
spread of selfish DNA (i.e. DNA the sole purpose of which appears to
be self-propagation). Further, the known bacterial genome sequences
show little or no evidence of gene acquisitions from plants, recently
orin the past. 404547

For those who wish a more detailed discussion of DNA transfer
systems and the arguments for and against DNA transfer from plants
to bacteria, this is presented in the section Bacterial DNA transfer and
recombination systems, otherwise the reader is directed to section
Conclusions regarding recombinational recovery of a bacterial anti-
biotic resistance gene from a GM plant by bacteria.

Bacterial DNA transfer and recombination systems

Conjugation

This requires the participation of either a conjugative plasmid or a
conjugative transposon, each of which encodes a DNA transfer
system that has evolved specifically to mediate horizontal transfer of
itself** (Figure la). Such conjugation systems can also assist in
transfer of certain non-conjugative plasmids, providing the non-
conjugative plasmid possesses an origin of transfer, oriT, and
encodes the transfer function(s) specific to process the DNA at oriT.
Transfer of any other DNA sequence requires it to be attached to the
conjugative plasmid or transposon while being transferred. Con-
jugation is responsible for much of the horizontal gene transfer, par-
ticularly of resistance genes, seen among prokaryotic cells, both
Gram-negative and Gram-positive.*** Some bacterial conjugation
systems can mediate DNA transfer to eukaryotic cells; indeed, the Ti
plasmids of Agrobacterium spp. are natural prokaryotic—eukaryotic
DNA transfer systems,®7 that can be used to transform plant cells to
generate GM crops.19 However, in these systems DNA transfer has
only been reported to occur in one direction, namely, from bacteria to
plant cells. Plasmid transfer from bacteria to yeast in laboratory
experiments has been documented, but required the use of synthetic
chimeric DNA molecules that have two origins of replication, one
specific for bacteria, the other for yeast cells.3*° Such chimeric repli-
cons are artificial structures created in the laboratory for the purpose
of the experiment and have not been found in nature. Transfer of these
chimeric DNA structures in the reverse direction has, to our know-
ledge, not been reported.

To promote DNA transfer from a plant cell to a bacterial cell, the
plant cell would have to carry a plasmid natural to the eukaryotic cell
that could promote DNA transfer to bacterial cells (there are no
reports of such an element), or a bacterial conjugative plasmid would
have to be able to transfer to and be maintained in the plant cell,
before retransfer to a bacterial cell. This latter scenario would require
expression of a number of plasmid (bacterial) genes in the plant cell.
Given the differences in gene expression systems in these two cell
types, the probability of this happening for any one transfer gene is
remote, let alone for the 20 or so genes needed for conjugal transfer of
DNA. Several conjugation plasmids have been fully sequenced and
in none of these systems is there any evidence that the transfer genes
would be expressed in other than a bacterial cell. Hence, the likeli-
hood of expression of a functional bacterial conjugation system in a
eukaryotic cell is vanishingly small, to the point where any risk is
purely hypothetical. However, one slightly less fantastic possibility
for DNA transfer from plant to bacterium should be considered,
namely, retro-transfer (i.e. transfer of DNA from what is formally the
recipient in the cross to the donor).

Retro-transfer of DNA

Conjugation involves the coupling of donor (i.e. the cell carrying the
conjugative element) and recipient cells and the formation of a DNA
transfer pore between the two (Figure 1a). DNA transfer is normally
considered to be a one-way process from donor to recipient, driven by
replication of the transferring DNA species, but retro-transfer has
been demonstrated in bacterial crosses,”® defined as transfer of a
DNA sequence from the recipient in a bacterial mating to the donor
(i.e. the parent with the information for conjugation in the first
instance). Retro-transfer can involve plasmids present in the
recipient® or chromosomal genes®>? and occurs at low frequency.
However, there is evidence that the conjugative plasmid in the donor
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must first transfer to the recipient before retro-transfer can
occur,’ 1543 arguing for de novo mating (i.e. construction of a new
mating bridge, when the original recipient becomes the donor). Thus,
since conjugal transfer involves only DNA linked to an origin of
transfer, the likelihood of retro-transfer of a marker embedded in one
of the chromosomes of the plant cell is remote, but perhaps cannot be
ruled out entirely. Even assuming plant chromosomal fragments
carrying the bacterial resistance gene were retro-transferred into a
bacterial cell, this in itself poses no immediate problem; the most
likely fate of such DNA would be degradation, since the transferred
DNA would be single-stranded. To pose a problem, the marker
would have to be stabilized by integration into one of the replicons in
the bacterial cell. The most likely mechanism by which this would
occur is homologous recombination (see Homologous recombin-
ation below). Two related but different scenarios can be envisaged:
recombination between the bacterial resistance gene from the plant
and (1) anidentical or (2) a similar resistance gene in the bacterial cell
(Figure 2). The former situation would create nothing new; the
latter would possibly create a new allele of the resistance gene
(Figure 2a), the product of which could have properties similar to but
different from the products of the original two genes, such as an
enzyme with an altered substrate profile. Precedents for this would be
the penicillin binding protein (PBP) gene mosaics seen in N. gonor-
rhoeae and S. pneumoniae,”® which, it must be emphasized, have
arisen from DNA transfer from one bacterial species to another.

Retro-transfer of genes from eukaryotic cells to bacteria has not
been investigated and so no figure can be assigned as to the likely
retro-transfer frequency of a resistance gene embedded in a plant cell
chromosome. Given the low frequency of retro-transfer of plasmids
between bacterial cells and the evidence that it requires expression of
genes (bacterial) on the conjugation element in the recipient,-45
the likelihood of retro-transfer of resistance genes in bacterial cell—
plant cell crosses, even if it is possible, is so low as to be undetectable
in laboratory experiments. However, it should not be forgotten that
the number of transfer events in nature is potentially extremely large,
so events that are essentially undetectable in laboratory experiments
may still occur in nature on rare occasions.

Transduction

This is the transfer of DNA from one cell to another, mediated by a
bacteriophage (Figure 1c) and occurs as a consequence of rare
errors in phage reproduction, when a small percentage of the phage
particles produced contain DNA sequences from the host cell, in
place of or in addition to the normal phage genome.*>78 Trans-
duction is responsible for some of the transfer of bacterial drug resist-
ance genes among clinical strains of Staphylococcus aureus, % and
has been shown to occur among bacteria in natural water systems.61:62
Fragments of bacterial genomes or small bacterial plasmids can be
moved from one bacterial cell to another in this way. Survival of the
DNA in the new cell requires either ‘rescue’ by recombination or the
transferred DNA must be able to replicate independently in its new
host (i.e. act as a plasmid).?® If the DNA is a linear fragment of a
larger replicon, such as a fragment of the chromosome of the cell in
which the phage reproduced, then any genes on it will only survive if
they are rescued by recombination. Recombination can, in principle,
be homologous [requiring sequence homology between the sequence
to be rescued and the replicon into which the sequence will be incor-
porated, a mechanism that essentially replaces like with like (see
Homologous recombination below)] or illegitimate (i.e. not requiring
homology between the sequence to be rescued and the recovery
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Figure 2. Homologous recombination. (a) Allelic conversion by recombination.
Two distinct but related genes may undergo recombination when homologous
fragments of the gene sequences are exchanged to create new hybrid sequences.
In the case of natural transformation of bacteria, since one gene is present on a
DNA fragment only one hybrid structure emerges from the recombination. Dis-
tinctresistance gene alleles 1 and 2 are represented by hatched and blocked boxes,
whereas hybrid recombinant allele 3 is represented by the hatched and blocked
box. Other sequences on the captured DNA fragment are represented by the solid
lines, whereas bacterial genome sequences are represented by the dotted lines.
(b) Gene capture by homologous recombination. Gene acquisition by this route
requires that recombination events at both ends of the sequence to be captured are
coordinated. This requires homologies between the sequences flanking that to be
captured and the putative rescue replicon (chromosome or plasmid) (homology
between flanking sequences is not required). Homologous sequences are repre-
sented by the boxes with horizontal bars; points of recombination are represented
by the diagonal lines; the drug resistance gene is represented by the hatched box;
other sequences on the captured DNA fragment are represented by the solid lines,
whereas bacterial genome sequence is represented by the dotted lines.

replicon). Most illegitimate recombination in bacteria can be attri-
buted to the activities of transposable elements or integron/gene
cassette systems, but other, as yet undefined, systems may be respon-
sible for a proportion of such events (see [llegitimate recombination
below). For plant cell-bacterial cell transduction to occur, the phage
would have to be able to recognize not only its normal bacterial host
but also cells in the GM plant. Phages generally have narrow host
ranges among bacteria, unless the receptor is encoded by an itinerant
DNA element such as a plasmid.*+63 There are no reports of phages
that can infect both bacterial and plant cells, but it is unlikely there has
been any great effort made to find such an element, given the above
noted reservations. It is not likely that a bacteriophage will infect
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plant cells as the cell envelopes are too dissimilar and would not be
expected to contain the same, or even functionally similar, phage
receptors. The host range of a phage/virus is determined, in the first
instance, by the presence on the cell surface of the potential host of the
requisite receptor to which the phage/virus binds before introducing
its genome into the recipient cell. Thus, for a phage/virus to infect
both bacterial and plant cells, both cell types would have to elaborate
the SAME receptor, or sufficiently similar receptors so as to be mis-
taken one for the other at the molecular level. Given the evolutionary
separation of prokaryotes and eukaryotes, this is extremely unlikely.
However, evenif a phage were to interact with and injectits DNA into
aplant cell, there would still be the problem of gene expression, given
that the production of a transducing phage particle is a reproduction
mistake (i.e. the wrong DNA is packaged during the assembly of the
next generation of phage particles). Hence, the phage would still have
to reproduce in the eukaryotic cell to pick up the resistance gene from
the GM plant for transfer to a bacterial cell and this would require
expression of phage genes, which have evolved in a bacterial context.
This is extremely improbable, given the different gene expression
systems in prokaryotic and eukaryotic cells, as already discussed. An
alternative would be gene transfer mediated by a plant virus. The
virus would have evolved in plant cells, so reproduction in the
eukaryotic host would not be a problem, and replication in the
bacterial cell would not be necessary. The virus would simply serve
as the delivery vehicle for the DNA; but, again, host range limitation,
among other difficulties, makes this possibility very unlikely. No
plant viruses are known that can cross the plant-bacterial kingdom
boundary; but, again, it is doubtful if any serious search for such an
entity has been made.

Transformation

This involves the uptake of ‘naked” DNA and its incorporation into
the genome of the recipient cell*>% (Figure 1b). Since the mechanism
involves only DNA, this requires release of DNA from the donor cell,
by cell lysis, after which the particular gene must be rescued by the
receiving cell before it is degraded. There has been considerable
debate as to whether DNA survives ex vivo for a significant time once
released from the cell, given the abundance of nucleases in the
environment. That DNA can survive in natural systems (e.g. in
association with clay particles in the soil) in a form that can transform
bacterial cells, is no longer seriously questioned.*>4665 Survival of
DNA in animals, following ingestion of plant tissue, is much more
transitory,% and transformation in the ruminant tract is likely to be a
very rare event, if possible at all.o’

Natural transformation is a feature of a small, but growing,
group of bacterial species, including human pathogens, such as
Acinetobacter spp., Haemophilus spp. and Neisseria spp.*? Indeed,
transformation has been responsible for the evolution of B-lactam-
resistant strains of H. influenzae and N. gonorrhoeae, as well as
penicillin-resistant S. pneumoniae.’*%® Productive transformation
requires the uptake of either a plasmid, which is a very inefficient
process with natural transformation systems (in contrast to laboratory
transformation?), or rescue of genes or gene fragments on the trans-
forming DNA by recombination.*>%* Again, this is most unlikely to
involve homologous recombination, which needs sequence homology
between the transforming DNA and the DNA with which it will
recombine,® although some form of illegitimate recombination,
such as transposition or gene cassette/integron involvement, could
possibly mediate resistance gene recovery . 370-73

Although about 50 species have been shown to be naturally trans-
formable at some stage in their growth cycles,* this varies markedly
from species to species. Furthermore, not all strains of a particular
bacterial species are necessarily naturally transformable. With some
species, e.g. N. gonorrhoeae and H. influenzae, the transforming
DNA must carry a nucleotide signature that identifies the DNA as
coming from the same or a similar species.** These sequences are
unlikely to occur frequently by chance on other bacterial genomes.
Hence, if the DNA presented to the bacterial cell lacks the signature
needed for DNA uptake, it transforms poorly, if at all. In other cases,
such as Acinetobacter spp. and Bacillus subtilis, any DNA can, in
principle, serve as transforming DNA, in that any DNA can be taken
up. Normally DNA from an unrelated species would then be
degraded and the components recycled, but an opportunity for trans-
formation before the DNA is degraded would exist, at least hypo-
thetically.

Homologous recombination

Fixing DNA sequences into the bacterial genome by homologous
recombination is the most likely way for a bacterial cell to recover a
resistance gene from a plant cell’”* (Figure 2), given that its transfer
would most likely involve a small linear fragment of one of the plant
cell chromosomes. However, this would require the presence in the
bacterial cell of an allele of the drug-resistance gene (Figure 2a) or
sequences closely related to those flanking the resistance gene on the
chromosome in the plant (Figure 2b). In the former case, when the
recipient bacterial cell already has an allele of the resistance gene,
transformation and recombination would not markedly alter the
genetic composition of the bacterial cell and there would be no
significant expansion of the resistance gene pool and, critically, no
extension of the bacterial range of the resistance gene. This type of
recombinational rescue of a resistance gene embedded in a plant
chromosome has been demonstrated in the laboratory’* and in simu-
lated natural environments.*

To establish a resistance gene from a GM plant in a bacterium
de novo by homologous recombination would require that, in the
plant chromosome, the resistance gene is flanked by DNA sequences
that are essentially the same as sequences located close together (or
contiguously) on a DNA molecule in the bacterial cell. If there were
then simultaneous recombinations in both flanking sequences
(Figure 2b), then the resistance gene would be inserted into that
replicon in the bacterial cell. If the DNA fragment on which the gene
is located was first circularized, then only one region of homology
would be needed, and the entire sequence on the fragment, including
the resistance gene, would be recovered as an integrated linear array.
The likelihood of a linear fragment of plant DNA being circularized
is non-quantifiable (the situation is hypothetical and without prece-
dent), but is highly unlikely to be common, if it occurs at all, under
natural conditions. Further, in natural transformation systems, DNA
is taken into bacterial cells as linear single-stranded (ss) DNA;*
recovery of circular DNA molecules is very inefficient.®® Given the
difficulties, this hypothetical variation is extremely unlikely.

Transformation with a fragment of plant cell DNA carrying an AR
gene is most likely to involve uptake of linear DNA fragments where
a double crossover between very similar sequences is needed. To
capture a new resistance gene, these must occur on each side of the
resistance gene (Figure 2b). Such a mechanism can only insert the
resistance gene into a locus that has sequences that are identical, or
almost so, to those close to and flanking the resistance gene on the
plant cell DNA. Ithas been reported that in E. coli, recombination can
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occur at low frequency between homologous sequences as short as
20 bp;? the frequency of recombinations that need simultaneous
crossover in two such short sequences is unknown, but will be
extremely low. It has been demonstrated, however, that recombin-
ational rescue of relatively large sequences (~20 kb) into a resistance
plasmid in Pseudomonas aeruginosa by homologous recombination
involving relatively small flanking sequences (500—-800 bp) can be
reasonably efficient.”®

The likelihood of perfect homology between the sequences flanking
the drug resistance gene in the GM plant DNA and a potential, but
unrelated locus in a possible recipient bacterium is extremely low,
with the probability of finding a particular 20 bp sequence on a DNA
molecule being 1 in 420 or, approximately, 1 in 10!, meaning it would
require a genome of one million million base pairs before there was a
significant possibility of finding the 20 bp sequence by chance. This
is several orders of magnitude larger than the genome size of any
plant yet investigated. Precisely how the efficiency of recombination
is affected by less than perfect homology (i.e. various degrees of mis-
match) is not known, but any sequence mismatch over short regions
of homology is likely to decrease the frequency of recombination
significantly.” All the experimental evidence regarding recombin-
ation would suggest that recombinational rescue of a bacterial drug
resistance gene from GM plant DNA, by bacteria unrelated to that
from which the resistance gene was obtained and which do not
already carry an allele of the resistance gene, would be an extremely
rare event, if it were to occur at all.

Recombinational rescue of a drug resistance gene inactivated by a
small deletion, by transformation with DNA from a transgenic plant
carrying the resistance gene, has been demonstrated in the laboratory
with Acinetobacter spp.’ The efficiency of transformation was low
when relatively crude preparations of DNA were used. It has also
been shown that such transformation can occur in s0il.* The findings
establish that DNA from a GM plant can be transferred to a bacterial
cell by a transformation mechanism, given the appropriate condi-
tions. However, given the low frequency of transformation achieved
in these experiments under partly optimized conditions, where the
bacteria already had a damaged form of the resistance gene in the
plant to facilitate gene capture, it seems safe to conclude that the
evolution of new forms of bacterial pathogens, with resistance genes
from GM plants that reduce antibiotic treatment options, is likely to
occur extremely rarely, if at all, outside the laboratory. This conclu-
sion is supported by the experiments of Schliiter e al.”” who failed to
find transfer of a B-lactamase gene from a transgenic potato to the
tightly associated bacterial pathogen Erwinia chrysanthemi under
conditions mimicking natural infection.

lllegitimate recombination

Transposition. This type of mechanism requires a transposable ele-
ment, or sequences related thereto.® To date, transposable elements
have not been used in GM plant construction, so no such sequence has
been incorporated into a GM plant. Accordingly, if a transposable
element were to be involved in transfer of a resistance gene from a
GM plant to bacteria, it would have to be one in the bacteria. How-
ever, the likelihood that a transposable element, not linked to the
resistance gene, could rescue the resistance gene from a fragment of
plant DNA and integrate it into a bacterial replicon is remote. There is
no precedent on record, and all experience with many different trans-
posable elements suggests that such an event is extremely unlikely, if
not impossible. As a mechanism of mass transfer of resistance genes
from GM plants to bacteria, this possibility can be dismissed out-of-

attl 59be, 59be, 59be,
(a) ............ int II
drgl drg2 drg3
Gene
cassette
deletion Integrase l
59be,
attl 59be, 59be,
(b) o 1] +
drgl drg2 drg3
Gene
cassette \—> Integrase
deletion
attl 59be; 59be, 59be,
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Figure 3. Integron-mediated site-specific recombination. (a) Bacterial integron
comprising integrase gene (int), attachment site (aftl) and three drug resistance
genes (drgl, 2 & 3) punctuated by 59 base elements 1-3 (filled circles). Flanking
DNA is represented by the dotted lines. (b) An integrase-mediated site-specific
recombination between sequences in elements 59be, and 59be; releases drg3
gene cassette with 59be; as circular DNA species generating new integron lack-
ing drg3 and 59be;. (c) Integrase-mediated site-specific recombination between
59be; on the free drg3 gene cassette and attl leads to integration of drg3 at attl and
generation of anew integron (with the same gene complement as the first integron
but a different resistance gene arrangement).

hand. Rare transfer events, promoted by particular transposable
elements, perhaps ones as yet uncharacterized, are a theoretical
possibility, but given our present understanding of transposition
systems,*$7 the molecular problems associated with this scenario
would appear to be formidable, if not completely insurmountable,
and the risk involved negligible.

Gene cassette/integron. This is the bacterial cell’s own gene capture
system.” It requires a double-stranded (ds), circular DNA gene
cassette,’! with a specific integration sequence known as a 59 base
element (59 be), which is needed for site-specific recombination’8-80
(Figure 3). When integrated in a replicon, DNA arrays are linear and
resistance genes are flanked by 59 bes (or equivalents) (Figure 3a).
These elements allow cassettes to be excised from one site as small
circles of DNA (Figure 3b) and inserted into another (Figure 3c).
Recombination into a new location requires a specific sequence
(insertion site, attl) on the target DNA, usually provided by a genetic
element termed an integron,” and the participation of an integrase, an
enzyme that specifically mediates gene cassette insertion into inte-
grons.”™ Gene cassette insertion at secondary sites that fortuitously
resemble a normal integron insertion site but which are not part of an
integron, has been reported,3!-#* but expression of the captured gene
may be silenced as most genes on gene cassettes lack their own
promoters and rely on promoters provided by the receiving integron
for expression. Insertions at secondary sites are events that are essen-
tially mistakes. When inserted into an integron, expression of the
cassette gene is from a strong promoter on the integron, located in the
integrase gene, beside the integration site.® Expression of a cassette
gene that lacks its own promoter, when integrated into a secondary
site, would be a hit and miss affair; some will be expressed because
there is a promoter close to the insertion site, others will fall silent.
DNA captured from a plant cell by a natural transformation
system is likely, on initial uptake, to be linear and single-stranded as
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natural transformation systems generally do not promote uptake of
dsDNA..*? Linear, ssDNA is not a substrate for integrases and would
firsthave to be converted into dsDNA and then circularized to generate
a potential cassette. For the latter step to be mediated by an integrase
the drug-resistance gene would need to be flanked by 59 bes. With-
out this arrangement, circularization of the DNA from the plant by an
integron integrase is impossible and, consequently, so is subsequent
insertion of the resistance gene from the plant into an integron in the
bacterial cell. If the AR gene is not flanked by 59 bes when it is put
into the plant, the likelihood of such sequences being acquired subse-
quently (in the plant or on transfer to the bacterial cell) is remote, in
which case, conversion of plant DNA fragments into gene cassettes by
anintegrase, and insertion into an integron is well-nigh impossible.
Some form of illegitimate recombination, different from the
mechanisms discussed and as yet undescribed, could, in principle,
circularize linear fragments of dsSDNA. For example, T4 phage DNA
ligase is used in vitro to circularize linear DNA fragments produced
in the process of genetic engineering.? Even so, integration into the
bacterial genome via an integron system would only occur if the
circular DNA molecule generated also happened to have a 59 be and
the bacterium had an integron. The coincidence of the necessary
elements needed to rescue a resistance gene embedded in plant cell
DNA, by an integrase-dependent mechanism, is likely to occur only
on very rare occasions, if at all. Mass transfer of bacterial resistance
genes from GM plants to bacteria by this method is, therefore, an
exceedingly unlikely scenario, and one with no scientific credibility.

DNA non-homologous end-joining activity in bacteria

Before leaving this topic, one further recombination system should
be considered, namely, DNA non-homologous end-joining.% This
recombination activity, which was first described in eukaryotic cells,
has been shown to be present in some bacteria, particularly those that
sporulate, where it functions to limit damage to DNA caused by
ionizing radiation. The repair system comprises DNA binding proteins
and a specific DNA ligase activity that act to seal double-strand gaps
inDNA. Given the ligase function, such an activity could, conceivably,
mediate integration of non-homologous DNA at a double strand
break in host cell DNA, although such an activity has, to our know-
ledge, not been demonstrated. Again, the mechanism could not con-
ceivably support mass transfer of AR genes from plants to bacteria.
The occasional capture of an AR gene by this route cannot be ruled
out.

Conclusions regarding recombinational recovery of a
bacterial antibiotic resistance gene from a GM plant
by bacteria

Although bacteria have three distinct mechanisms, conjugation,
transduction and transformation, whereby DNA can be transferred
from one cell to another, realistically it is only the last that is likely to
be involved in productive acquisition of DNA from GM plant cells by
bacteria. The limitations of the other two systems are judged to be too
great to overcome, whereas transformation of bacteria by DNA from
a GM plant, albeit under very particular circumstances, has been
demonstrated in the laboratory.*™ However, the frequency of gene
recovery was very low. Given the partially optimized nature of the
experimental system (i.e. the recipient bacteria were provided with a
mutant copy of the resistance gene to be rescued to facilitate transfor-
mation), the likelihood of transforming bacteria to AR with a plant
DNA containing a resistance gene that is unrelated to any gene in the

bacteria is remote, and indeed was undetected in the control experi-
ments of Gerhard & Smalla,” a negative finding supported by the
work of Schliiter er al.”” If, by chance, the potential recipient did
carry an allele of the resistance gene that had been inactivated by
mutation then, in this particular circumstance, transformation by GM
plant DNA could restore gene function, but the result would be
neither novel nor significant, because the resistance gene clearly
would already have been established in the bacteria by other means
(i.e. the transfer would not expand the host range of the resistance
gene). However, it should be remembered that the resistance genes
used in GM plant generation are already widespread among clinically
important bacteria and were chosen precisely for this reason. In the
absence of optimization, resistance gene transfer from GM plants to
bacteria, even in the laboratory, cannot be demonstrated.” Hence,
given the probable rarity of such transfers outside the laboratory, they
are unlikely to contribute significantly to the load of bacterial drug
resistance and are highly unlikely to create something that has not
already evolved or could and probably will evolve much more readily
by transfer of the resistance genes between bacteria.

What if antibiotic resistance gene transfer
occasionally occurs from GM plants to bacteria?

Although the preceding discussion argues that the risk of productive
transfer of resistance genes from GM plants, either directly or indirectly,
to bacterial pathogens is essentially hypothetical, nevertheless such
gene transfer, although it cannot be demonstrated experimentally,
cannot be ruled out entirely. Precisely because such gene transfer
events have never been reported, their frequency is likely to be so low
as to be unquantifiable in laboratory experiments. Nonetheless, rare
transfers may occur, so it is pertinent to ask, if, very occasionally, the
resistance genes found in the genomes of GM plants were to be trans-
ferred back into bacteria would this have any practical consequences?
Would such an event threaten the future of antibiotic therapy?

The three drug resistance genes that have been used in GM plant
creation are the TEM B-lactamase gene (blargy,), an aminoglycoside
modifying enzyme gene, aadA, that confers resistance to strepto-
mycin and spectinomycin, and an aph gene [aph(3’), also designated
nptll], encoding resistance to kanamycin/neomycin. These resist-
ance genes are widespread in the bacterial domain and are among
the most common, particularly among the Enterobacteriaceae and
non-fermentative Gram-negative bacteria such as P. aeruginosa,
A. baumannii and Stenotrophomonas maltophilia, to name but three,
and particularly among clinical isolates of these bacteria.?” The drugs
to which these genes confer resistance, with the exception of ampicillin/
penicillin, are now used infrequently, and rarely as first choice
therapy. Nonetheless, on occasion they are used, so would transfer of
these genes from a GM plant to a potential bacterial pathogen com-
promise therapeutic options? Is it likely that such an event will com-
promise our present or future capacity to treat certain bacterial
infections? The common sense answer, based on all we know, is no.
Transfer of the resistance genes that have been used in GM plant
development to a wider spectrum of bacteria than is currently the case
is most likely to occur between bacteria themselves, using the gene
transfer systems that have evolved for the purpose (Figure 1), rather
than between GM plants and bacteria, even allowing for the consider-
able gene amplification that is an inevitable consequence of mass
cultivation of the current cultivars of GM crops. The difficulties to be
overcome for DNA to transfer from plant cells to bacteria in the field
are, in principle, not insurmountable, but do provide a formidable set
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of barriers that will be breached rarely, if at all. If it were not so, then
we might expect regularly to find examples of plant genes in bacteria.
We do not. Examples of possible gene transfer from plants to bacteria
in the distant past have been suggested,* but, even if true, these are
rare examples that essentially prove the point. Genes do not move
freely from plants to bacteria and, apparently, never have or, to be
more precise, plant genes, now and in the past, are rarely if ever
captured and incorporated into bacterial genomes. Manyi, if not all,
bacteria possess efficient ‘restriction systems’. These act as natural
defence systems that identify and destroy any ‘foreign’ DNA that
does get into the cell, by whatever means, to prevent it being incor-
porated into the bacterial genome, so maintaining the genetic inte-
grity of the bacteria. Self and non-self DNAs are generally
recognized by the patterns of DNA methylation. If certain sites are
unmethylated, then the DNA is recognized as non-self and is attacked
at these points.!> These mechanisms serve efficiently to limit genetic
acquisition of non-self DNA by bacteria. Bacterial resistance genes
embedded in plant DNA would be identified as foreign and degraded
and the previous bacterial origin would be irrelevant.

Experience tells us that although there are barriers which limit the
horizontal spread of resistance genes among bacteria they are not
100% efficient. Gene transfer routes may appear to be circuitous and
involve a number of intermediate hosts, and there may appear to be
little or no lateral spread between particular bacterial species, until
the resistance genes suddenly appear in the new hosts to confer resist-
ance to antibiotics of choice, selected by the use of those same anti-
biotics. This is not an encouraging precedent. However, the barriers
to plant cell-bacterial cell transfer of genes unrelated to any in the
target bacterial cell are likely to be much more formidable than those
that limit bacterial cell-bacterial cell DNA transfer, where efficient
natural DNA transfer systems have evolved.

One ‘disaster’ scenario that has been proposed is the transfer of a
resistance gene (blarp,) from pollen of GM maize to N. meningitidis
to create a penicillinase-producing strain, thus compromising the use
of penicillin and some other -lactams to treat meningococcal menin-
gitis. Inhalation of pollen grains could bring plant DNA, and hence
the resistance gene, and the pathogen, N. meningitidis, together in
the nasal tract. Release of DNA from the pollen grains, followed by
transformation of the meningococcus to create a [-lactamase-
producing, penicillin-resistant meningococcus would clearly be
undesirable. A variation on this scenario concerns dry milling of GM
plant material, which would produce dust that contains fractured
plant cells that makes the release of DNA easier than from intact cells
and, therefore, more readily available to transform N. meningitidis.
However, the numbers of people exposed to this would be consider-
ably fewer than to the plant pollen. Is there a real, as opposed to hypo-
thetical, risk of the bla gene transferring successfully from GM maize
to the meningococcus? The risk appears remote, for many of the
reasons discussed. (The possibility could be tested in the laboratory
to determine the upper limits of the risk.) That the TEM [B-lactamase
gene (blagg,p), which is found in both H. influenzae and N. gonorrhoeae
on plasmids, can be conjugally transferred to N. meningitidis has
been demonstrated in laboratory experiments.38% Further, there are a
few reports of transfer having occurred in nature.*%* Why this
particular resistance gene is not found more often in N. meningitidis is
not known and is somewhat puzzling, since therapeutic practice
would seem to provide the necessary selection pressure. Opportunities
for transfer from other members of the nasopharyngeal flora, such as
H. influenzae, clearly exist. These data indicate that capture of the
gene from GM pollen is a very remote possibility, since capture from
a much closer source appears to be problematic. All the problems of

eukaryotic—prokaryotic DNA transfer discussed above would apply.
There is undoubtedly a hypothetical risk, but in the light of our know-
ledge of gene transfer and gene rescue in bacteria, it has to be deemed
slight in the extreme. It is also true that other disaster scenarios can be
envisaged, but the likelihood of any one of these hypothetical events
occurring is also extremely remote. Can a blanket ban on cultivation
of GM plants carrying bacterial drug resistance genes be justified,
even in part, because of extremely improbable, unquantifiable con-
cerns?

Ways forward

There are two ways to deal with the situation.

The precautionary principle

Irrespective of how remote the possibility of AR gene transfer from a
GM plant to a potential bacterial pathogen in which the resistance
gene would compromise therapy, impose a ban on cultivation of all
GM plants with AR genes to eliminate the risk entirely. This stance
views the possibility of transfer of bacterial AR genes from GM
plants to bacteria, however small that possibility and regardless of the
resistance gene involved, as unacceptable, even if the result of the
transfer would be non-threatening.

The pragmatic approach

Accept that we cannot exist risk-free and assess the cost—benefit
balance, weighing the hypothetical risk of transfer of a resistance
gene from a GM plant to a bacterial cell becoming a clinical problem
against the potential economic and environmental benefits to be
gained from GM crop production,!¥3% and if the answer is favourable
permit cultivation.

To choose between these options requires risk and possible hazard
to be considered, as well as perceived benefits (see Appendix). From
the foregoing discussion, itis clear that the risk of a bacterial AR gene
embedded in a plant cell genome being transferred productively to a
bacterial pathogen with no history of carriage of the determinant is
negligible. There is no evidence for transfer of plant genes to bacteria
in the recent past and no mechanism is known that will mediate such a
transfer event. Hence risk is so tiny as to be unquantifiable. Indeed,
the risk that the particular resistance genes used in GM plant develop-
ment will spread further among human and animal bacterial patho-
gens than is currently the case, by their natural DNA transfer systems,
is very much higher. Whether, in practice, they become established in
new bacterial hosts will depend largely on them conferring selective
advantage to the recipient bacteria, which, in turn, largely depends on
their levels of exposure to the antibiotics. In this respect, it should be
noted that cultivation of GM plants with bacterial resistance genes
does notinvolve the use of antibiotics, at all.

Considering hazard, the resistance genes used in GM plant develop-
ment are ‘old’ resistance genes that have already severely compro-
mised use of the corresponding antibiotic in most, if not all, cases
where their use was appropriate in the past. Would it be disastrous if
any of these genes successfully migrated, at very low frequency, from
aGM plant into a human or animal pathogen with no history of carriage
of the particular or a closely related gene? Although the event would
be unfortunate and further avoidable spread of resistance genes is not
to be encouraged,?-*° were these particular AR genes to spread further
among human bacterial pathogens as a consequence of transfer from
GM plants, it would be a considerable exaggeration to classify the
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result as a disaster, since there are potent alternative antibiotics that
can be, and are, used instead of ones that are already compromised.
Indeed, if transfer of these resistance genes from GM plants to bacteria
that do not have them were to be considered a disaster, then the
elements for the catastrophe are already in place among the bacteria
themselves, given the proven abilities of bacteria to transfer resist-
ance genes from one to another.

Among the known benefits of GM technology is the development
of crops thatrequire less spraying of dangerous chemical insecticides
and fungicides, because the GM crops are less susceptible to major
pests that decimate the non-GM varieties. Storage properties can
be improved, as with the FlavrSavr tomato, with major economic
benefits accruing to producers and consumers from reduced waste.
In the future, plants may be engineered to produce medicinal
compounds. It may be possible to create cultivars that can be raised
economically in regions that currently will not support non-GM culti-
vars, e.g. salt-tolerant cereals, or ones that are more drought-resistant
or frost-resistant or grow faster in cold climes.!¥3 The possibilities are
numerous and most, if not all, could greatly improve the human con-
dition on parts of the planet. That these plants might carry a bacterial
resistance gene that has already seriously compromised use of the
antibiotic presents no real threat to human or animal health or to the
environment.

The Working Party finds that there are no objective scientific
grounds to believe that bacterial AR genes will migrate from GM
plants to bacteria to create new clinical problems. Further, by limiting
the use of bacterial resistance genes in GM plant development to a
very small number [aadA, blag, and aph(3’)] that confer resistance
to ‘old’ antibiotics that are now rarely used, because resistance is
already common in human bacterial pathogens, also markedly
reduces the risk of an adverse clinical situation developing. Hence,
use of these bacterial resistance genes in GM plant development
cannot be seen as a serious or credible threat to human or animal
health or to the environment. Therefore, the Working Party is unable
to sustain an evidence-based argument to support a ban on the devel-
opment or cultivation of GM crops simply because they contain one
of the bacterial resistance genes aadA, blag, or aph(3’). However,
although much of the scientific evidence discussed above could be
cited in support of the use of any bacterial AR gene in GM plant
construction, on the basis that the risk involved to the efficacy of anti-
biotic therapy now and in the future is likely to be extremely low, the
Working Party consider it extremely undesirable and unnecessary to
extend the list of AR genes approved for GM plant development. In
particular, the use of any AR gene that if disseminated widely among
bacteria would be likely to compromise use of a front-line or
currently widely used antibiotic should be strongly discouraged, if
not banned. This constraint was largely self-imposed when the three
AR genes discussed above were selected for use in GM plant
construction. The moratorium should continue, particularly as alter-
natives to AR genes are being developed.
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Appendix: risk pathways

Application in the case of use of a bacterial antibiotic
resistance marker gene in GM plants

Risk question

What is the probable consequence of the use of bacterial AR marker
genes in GM plants on the incidence and level of antibiotic resistance
expressed by bacteria?

Hazard

The hazards are bacterial AR genes.

The potential adverse effect is transfer of bacterial AR genes from
GM plants to bacteria and expression of antibiotic resistance by bac-
teria leading to reduced therapeutic options.

Where bacterial AR genes are already present in a bacterium,
incorporation of additional resistance genes may alter the quantita-
tive expression of antibiotic resistance.

Risk pathways

Risk pathways describe chains of events. In the case of bacterial AR
genes, this involves the following: release of the hazard (a bacterial
AR gene) from the source, exposure of a susceptible target (bacteria),
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capture of the hazard (incorporation of the bacterial AR gene into a
recipient bacterial genome) and expression of the hazard (expression
of the bacterial AR gene by the recipient bacterium and its progeny).
In order for gene expression to occur, the entire chain must be pat-
ent. Breaking the chain eliminates risk. Two risk pathways can be
conceived for bacterial AR gene transfer in the environment.

Risk pathway 1: gene transfer between bacteria (documented)
1. Presence of a bacterial AR gene in a bacterium

l

2. Amplification of the bacterial AR gene by bacterial multiplication

3. Exposure of other bacteria to those carrying the bacterial AR gene
l

4. Transfer of the bacterial AR gene to other bacteria (several routes)

5. Incorporation of the bacterial AR gene into a recipient bacterial
genome (variety of methods)

6. Expression of antibiotic resistance by recipient bacterium

Risk pathway 2: gene transfer from plants to bacteria (hypothet-
ical)
1. Presence of a bacterial AR gene in a GM plant

2. Bacterial AR gene amplification by crop cultivation

\2

3. Release of bacterial AR gene from GM plant cells, including via
pollen production

4. Exposure of target organisms (bacteria)

5. Uptake of bacterial AR gene (as plant DNA) by target organism

\2

6. Incorporation of plant-derived bacterial AR gene into a recipient
bacterial genome

7. Expression of antibiotic resistance arising from plant-derived bac-
terial AR gene

Risk evaluation

The worst case assumption is that bacterial AR gene transfer occurs
via pathway 2, albeit very infrequently.

Scenario 1. Where bacterial AR genes used as marker genes in GM
plants are commonly present in and expressed by a range of bacteria
(prevailing situation).

Risk pathway 1

There are a number of well-known pathways for gene transfer
between bacteria and bacterial AR gene transfer occurs frequently
compared with pathway 2.

Risk pathway 2

Bacterial AR gene transfer via pathway 2 is a low frequency event
compared with pathway 1, but may involve bacteria that do not nor-
mally exchange genes via pathway 1.

Scenario 2. Where an antibiotic resistance gene is not already present
in or expressed by bacteria (hypothetical situation).

Risk pathway 1

No gene-transfer because bacteria do not contain the gene.

Risk pathway 2

Gene transfer via this pathway is the only possible method of gene
transfer and assumes significance even if the frequency of gene trans-
ferislow.

Given transfer of a bacterial AR gene a further, distinct, risk ques-
tion arises. What is the consequence for human health of bacteria
acquiring the antibiotic resistance gene?

The major risk to human health is if the recipient bacterium is a
potential pathogen, or may transmit the resistance gene to one, and
where infection is controlled by use of the specific or a related anti-
biotic.

For bacterial AR genes that are already widespread in nature, the
high-probability route for acquiring additional genes is from other
antibiotic-resistant bacteria via risk pathway 1. Therefore, risk path-
way 2 does not significantly increase risk unless it transfers resistance
genes to a previously susceptible bacterium excluded from the
mechanisms covered in pathway 1. In the latter case, the risk to
human or animal health remains insignificant, unless the recipientis a
pathogen or can serve as a gene conduit to a pathogen excluded from
mechanisms applying in pathway 1. For the three bacterial AR genes,
aadA, aph(3’) and blag,,, reviewed in this report, we consider these
hypothetical possibilities to be remote and therefore the risk arising
from pathway 2 to be insignificant.

In contrast, for bacterial AR genes that are not yet widespread and
that confer resistance to antibiotics to which bacteria are generally
susceptible, risk pathway 2 represents a theoretical, but unquantifia-
ble, risk of inducing antibiotic resistance in bacteria of clinical impor-
tance. (Butit should be reiterated that this option does not apply in the
cases specifically examined by the working party, which involve
bacterial AR genes widely distributed and freely transmissible
among bacteria belonging to many different genera.)

Recommendations

The precautionary assumption is that pathway 2 is patent.

The use, in GM plants, of bacterial AR genes that are already
widespread among bacteria does not increase risk, unless bacteria, to
which the gene has not previously been transmitted, are recipients via
pathway 2 and this opens avenues of spread not previously available
to pathogens. Regarding the bacterial AR genes considered in this
study, the unanimous view is that their incorporation into GM plants
poses no realistic threat to human or animal health.

In contrast, bacterial AR genes that are uncommon in bacterial
pathogens and for which any further spread would be undesirable, if
not disastrous, should not be used as marker genes in GM plant devel-
opment.
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