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Abstract. We assess the factors limiting horizontal transfer of engineered chromosomal
DNA (transgenes) from microbial biocontrol agents to bacteria. We focus on the likelihood
of that such gene transfer events would occur by natural transformation, a mechanism that
facilitates uptake of naked DNA in bacteria. We discuss possible exposure of the transgene
to bacterial communities, mechanisms and barriers to the uptake and stabilization of the
transgene in the bacterial recipient, and emphasize the importance of selection for the impact
of a transformed bacterium to proliferate. We conclude that the environmental impact of
transfer of biocontrol transgenes into bacterial recipients could be resolved by an accurate
understanding of selection and the ecology of the native gene from which the transgene has
been derived. If the fitness effects of the transgene on the host and any non-target species
can be compared to the native gene, a rational decision can be made on whether the
transgene should be of concern or would present no substantive risk.

1. Introduction to horizontal gene transfer

Transfer of genetic information in bacterial populations occurs vertically through
clonal division. Such vertical transfer implies that bacterial adaptation to changing
environments takes place through mutations. However, independent of reproduction,
bacteria can also transfer minor portions of a donor genome (≤ 300 kilobases) horizontally
into their population. This latter transfer of DNA between individuals or species is
unidirectional and is called lateral or horizontal gene transfer (HGT). Before DNA
sequencing became commonplace, HGT was thought to play an insignificant role in
bacterial evolution. However, recent sequence analyses of both bacterial genes [1-12] and
genomes [13-15] have provided ample evidence for the occurrence and evolutionary
significance of HGT. For instance, Ochman and co-workers [15] analyzed codon-usage
patterns and GC-content in 19 sequenced bacterial genomes and estimated that up to 16 %
of the protein-coding DNA could have been horizontally acquired. Perna et al. [16]
compared the genome of the enterohaemorrhagic Escherichia coli strain O157:H7 to the
commensal strain K-12, and suggested that major portions of the pathogenicity traits were
horizontally acquired Moreover, detailed analyses of DNA sequence variation have revealed
that nucleotide changes in genes from common bacteria such as Escherichia coli [17],
Neisseria meningitis [7,18] and Streptococcus pneumoniae [8,18] are 5-50 fold more likely
to occur by recombination than by mutation. Thus, HGT is emerging as the most important
mechanism facilitating evolution of new traits in bacteria [15,18].



The suggested frequent occurrence of HGT in bacteria can, at first hand, look
incompatible with the species concept in bacteria. How can bacteria who live in proximity
undergo HGT yet remain genetically distinct?
The two main reasons are :
(1) Most horizontally transferred genes are unlikely to confer the donor trait and function in
the transformed bacterium because of differences between the donor and the recipient
bacterium in nucleotide sequences, gene expression, codon usages, posttranslational
modifications and protein interactions. For example, horizontally transferred native plant
genes are unlikely to be positively selected in bacteria due to constraints on expression
caused by introns, altered codon usage, lack of promoter recognition and potential loss of
functionality due to altered cytoplasmic conditions and requirements for posttranslational
modifications.
(2) In those cases where a function is horizontally acquired, it will seldom confer a selective
advantage to the bacterial transformant. Thus, purifying selection will ultimately remove
those single individuals from a populations that express genes which generate an added
metabolic load. Due to the large population sizes of bacteria, positive selection is required
for fixation of new traits to occur over meaningful ecological time scales (see section 4).
Thus, unless the horizontally transferred (trans)gene confers an advantage to the
transformant bacterium, purifying selection and random genetic drift will result in the
eventual loss of the transformants from the bacterial population.

Recombinant DNA technology allows humans to bypass these barriers to naturally
occurring HGT. Genetic traits from distantly related species, unavailable to traditional
breeding efforts can be modified, recombined and inserted into a living modified organism
(LMO). We refer to such engineered DNA as a transgene. The planned field introduction of
LMOs has raised concerns about their potential environmental impact, including
unintentional transfer of transgenes into native organisms, particularly bacteria [19,20].
These concerns are, in an evolutionary context, based on the observations that transgenes
often differ from the genetic variability naturally available to evolving bacterial populations
in three ways:
(1) Transgenes may represent novel genetic variability due to the use of synthetic genes
with new protein domains or encoding novel biochemical pathways that have not been
subject to natural selection in their new host environment.
(2) The epistatic interactions of the novel protein with the host cytoplasm can be unknown.
(3) Transgenes are often modified to allow broad expression in a variety of hosts; they often
lack introns, contain promoters active across a broad range of hosts (e.g. viral or bacterial of
origin), and seldom require extensive interactions with other proteins in the host cytoplasm
for functionality.

Microorganisms genetically engineered to possess enhanced biocontrol properties,
such as hypervirulence to control pests, are being developed for field release purposes
[many chapters, this volume]. Here, we focus on one biosafety aspect related to their
release; the probability of horizontal transfer of transgenes present in the biocontrol agents
into exposed microorganisms. Moreover, we call attention to the importance of natural
selection for governing the ecological impact of bacteria harboring horizontally acquired
transgenes. In this overview we aim to provide a general framework for the factors to be
considered in limiting unintended HGT, rather than outlining the specifics for a given
biocontrol enhancing transgene. A variety of organisms have been chosen (e.g. fungi,
oomycetes, nematodes, bacteria, viruses) and different approaches have been taken [this
volume] to confer enhanced biocontrol properties. A specific case evaluation of a biocontrol
agent would apply extensive information on the modification, application, distribution and
ecology of the agent within this framework.

Transgenes inserted into bacteria that are used as biocontrol agents can be located



either on plasmids or in the chromosome. Transgenes inserted into eukaryotes will often be
located in the nucleus, although insertion into mitochondria or chloroplasts is possible. The
use of replicating plasmids as carriers of transgenes in biocontrol agents is inadvisable if the
potential dispersal of the transgene into the environment is of concern. Plasmids are known
to transfer and replicate in a wide variety of organisms. Moreover, they often harbor
homology to other mobile elements, thereby enhancing the likelihood of translocation by
homologous recombination (see below). The placement of transgenes into the chromosome
has been suggested to reduce the probability of HGT. However, several mechanisms have
been experimentally identified in bacteria that allow HGT of chromosomal DNA. These
mechanisms include transduction, conjugation and natural transformation [21-24]. See
Droge et al. [25] and Davison, [26] for recent reviews. Here, we focus only on factors
influencing horizontal transfer by natural transformation. This uptake mechanism occurs
independently of vectors and mobile sequences in bacteria, and is therefore of particular
relevance for the putative horizontal transfer of chromosomally-inserted and non-mobile
transgenes from biocontrol agents. Our discussion is structured in three parts: (1) factors
affecting the exposure of bacterial communities to the transgene (2) uptake and stabilization
of the transgene in the bacterial recipient (3) effects of natural selection on transformants
harboring the transgene.

2. Factors affecting the exposure of bacterial communities to the transgene

The extent to which indigenous bacterial communities will be exposed to DNA from
transgenic biocontrol agents depends on the concentration of the agent over time, and on the
release and availability of the chromosomal DNA from the agent in the environment. The
application volume of the agent defines the initial exposure, whereas the ecology of the
agent will determine the time interval DNA may be available to microbial communities.

The actual availability to bacteria of biologically functional DNA from disrupted
cells or decomposing transgenic biocontrol agents is only partially understood because few
studies have attempted to determine the release of intact DNA from organisms present in the
environment. DNA in the environment can be quantified by both physical and biological
assays. In physical assays, chromosomal DNA in plant cells has been shown to persist as
PCR amplifiable fragments for up to 2 years after introduction of the plant material in
agricultural soil although most of the DNA is likely to be fragmented and degraded with
days [27-30]. Studies of the survival of bacterial DNA in soil have revealed that purified
plasmid DNA can be detected by PCR or by a bacterial transformation assay with re-
extracted DNA for up to 60 days after addition of the cells to soil [31]. Additionally,
chromosomal bacterial DNA (from E. coli cells) has been found to persist in soil for up to
40 days after introduction of the bacterial inoculum [32]. The potential long-term survival of
fragments of DNA is illustrated by the successful PCR amplification of ancient DNA from
specimens up to several thousands years old [33]. Thus, although most DNA exposed to
open environments is likely to undergo rapid fragmentation and degradation, small
fragments of DNA (typically less than 1 kb) allowing PCR amplification can remain intact
over time.

The long term-stability of plant and bacterial DNA in soil has, however, not been
reflected in biological assays of the accessibility of DNA to bacteria in soil. It has been
reported that even large amounts of purified chromosomal DNA is accessible to competent
bacteria in soil for only a few hours after addition [24, 34-36]. The use of inactivated
bacterial cell lysates, rather than purified DNA, increased the time period DNA was
available to competent bacterial cells in soil [24]. However, the accessibility to DNA
remained limited to a few hours, an observation that contrasts with physical studies showing



stability of DNA in soil for up to 2 months or even years after introduction. A lack of
sensitivity in the transformation assay can explain this discrepancy; it also seems likely that
DNA fragments that persist in soil over time are inaccessible to bacteria, and hence avoid
degradation by bacterial or fungal membrane-bound nucleases [37,38].

Several in vitro studies have shown that DNA released in soil can be stabilized by
binding to mineral surfaces [38-40] and that DNA bound to clay can retain the ability to
transform bacteria [41-43]. The extent to which mineral surfaces are available to protect
DNA released in soil, however, is unclear, as these surfaces may already be saturated with
other organic matter under natural conditions. Soil that has a high clay content has been
found to be more supportive to gene transfer by natural transformation than sandy soil [34].

Modeling of the degradation kinetics of DNA, and thereby the exposure of naturally
occurring bacteria would enable a more precise quantification of the rate of transgene flow.
Depending on the population dynamics of the host and the ecological competitiveness of the
biocontrol agent, the population size of an introduced biocontrol agent is likely to abruptly
increase with each treatment, fluctuate according to the host population sizes and decline
over time. A reasonable model for the likelihood of horizontal transfer that gradually
declines with time considers the spacing of biocontrol treatments and incorporates a
decreasing number of exposed bacteria, due to DNA fragmentation and degradation, during
the intervals between treatments. During intervals, the decreasing number of bacterial
recipients exposed to the decaying number of transgenes can be described with a time-
variant exposure function such as n t( ) = n0e

- lt , where n0 is the size of the initially exposed
bacterial population, t is time, and l is the exponential rate of decay for exposure. This
quantitative description is useful when combined with quantitative descriptions of uptake
(Section 3) and natural selection (Section 4).

Thus, from the studies referred to above, it is expected that bacterial communities in
the environment will be exposed to DNA from biocontrol agents at variable degrees
depending on their application levels and ecology.

3. Uptake and stabilization of the transgene in the bacterial recipient

Natural transformation is a mechanism of gene transfer that facilitates the uptake of
naked DNA by bacteria. The bacteria express a physiologically regulated state called
competence which determines the efficiency of DNA uptake. The ability to undergo natural
transformation has been detected in many eubacterial divisions, however, most studies have
been performed in vitro. For reviews see [42,44].  Different species and strains of bacteria
that are naturally transformable express competence at distinct stages of their life cycles and
to varying degrees. After translocation of DNA across the bacterial cell membrane (s)
during natural transformation, the DNA is in a single-stranded form in the cytoplasm [44].
The action of restriction enzymes, thought to be a major barrier to HGT by transduction or
conjugation, is therefore probably of only minor relevance to gene transfers taking place by
natural transformation.

Integration of the translocated DNA into the bacterial genome can occur by at least
three distinct mechanisms that have been described in the scientific literature: illegitimate
recombination (3.1), site-specific recombination (3.2), and homologous recombination (3.3).

3.1. Illegitimate recombination

Integration of DNA by illegitimate recombination [45] is a poorly understood
mechanism that does not require substantial DNA homology between the incoming DNA
and the bacterial chromosome. The word homologous is used to indicate sequence similarity



between the recombining DNA strands. Such homology (similarity) is most often caused by
shared ancestry. From studies of the effects of decreasing sequence homology on
recombination efficiencies, illegitimate recombination has been concluded to occur only at
very low frequencies in bacteria, if at all [46-48]. Many experimental and field
investigations examining the potential transfer of plant transgenes to bacteria have been
based on the hypothesis that such transfer can occur by illegitimate recombination or by
homologous recombination caused by randomly occurring homology. None of these studies
have shown that such transfer can occur in the laboratory or have taken place in the field.
Thus, if a transgene present in an eukaryote (including regulatory sequences and flanking
vector sequences) possesses no significant DNA homology (>70%) to bacterial recipients,
horizontal transfer into bacteria by natural transformation is very unlikely. See Nielsen et
al., [20,49] for reviews.

3.2 Site-specific recombination

Integration by site-specific recombination is usually confined to mobile or
mobilizable elements which require specific DNA sequences and proteins, and are,
therefore, of less relevance to this discussion.

3.3 Homologous recombination

Homologous recombination has been found to be the most efficient mechanism for
integration of single-stranded DNA into the bacterial chromosome [50]. However, as
homology (or similarity) is required for recombination to occur [51-53], DNA from
divergent species is significantly less likely to become integrated in the bacterial
chromosome than DNA from closely related species with high sequence homology. Studies
of the uptake of divergent chromosomal DNA in Escherichia coli, Bacillus subtilis and
Streptococcus sp. have demonstrated a log-linear relationship between decreasing
recombination frequencies and increasing DNA sequence divergence [46-48,54,55]. The
recombination rate, R, with DNA of increasing sequence divergence (v) has been described
as a function R(v) = R 0e-wv, where R0 is the recombination rate at zero divergence per
generation, and w is the decrease in the recombination efficiency with increasing sequence
divergence [46]. Discrimination against recombination with divergent DNA is mainly
caused by the action of the methyl-directed DNA mismatch repair enzymes, which will
remove mismatched DNA strand from the bacterial chromosome. The genes encoding these
enzymes are often found to be inactivated in certain bacterial phenotypes called mutators.

Studies of mutation frequencies in natural populations of bacteria have revealed that
these mutator phenotypes have substantially higher mutation frequencies than the bacterial
average of about 1 mutation per 300 bacterial cells per generation [56]. Mutator phenotypes
have been reported to represent 1-2% of natural populations of E. coli and Salmonella sp.
[57,58]. Recently, mutator frequencies of up to 100% have been reported in clinical isolates
of Pseudomonas aeruginosa [59]. These frequencies remain to be determined in
environmental isolates of other bacteria. Mutator phenotypes stimulate HGT in bacterial
populations because they often harbor mutations in the DNA mismatch repair genes, and
therefore allow recombination to occur with DNA from more diverged species [46, 60-62].
Mutator phenotypes have been shown to recombine with DNA of up to ~20% sequence
divergence whereas wild types (non-mutators) generally abort recombination events with
DNA beyond 1-2 % divergence [46-48,60]. In all phenotypes, however, recombination
events are more probable when sequence divergence is lower.

Thus, the degree of sequence similarity between a transgene and the DNA
surrounding the transgene is of crucial importance for the potential dissemination of



engineered DNA from biocontrol agents to natural populations by homologous
recombination. Since most biocontrol agents are likely to have originated in the type of
environment into which they are to be introduced, putative recipient bacteria harboring high
levels of sequence similarity are likely to be present. Thus, with respect to the probability of
HGT, attention should be focused both on the transgene and the DNA sequences
surrounding the transgene present in the genetically modified biocontrol agent. This is
because strict homology between the transgene and the bacterial host genome is not
required for integration of the transgene in the bacterial recipient to occur by homologous
recombination. If the sequences that surround the transgene have homology to bacterial
recipients, these flanking sequences can facilitate additive integration of the transgene in
bacterial recipients. Studies of recombination in the bacteria Escherichia coli and Bacillus
subtilis have reported that the minimal size of homology required for recombination to
initiate in these bacteria is 20-25 basepairs [51-53]. If two or more homologous regions are
present, stretches of 14 bp may suffice.

Once initiated, recombination initiated from short stretches of high sequence
homology can proceed into more heterogeneous DNA regions and facilitate integration of
non-homologous DNA (transgenes). Several non-homologous genes can easily be integrated
into the bacterial chromosome when flanking DNA sequence homology is present [34-35].
Such integration of non-homologous genes, due to flanking sequence homology occurs in
bacteria at frequencies approaching those obtained between wholly homologous sequences
[24,34-36,63-65]. For instance, Nielsen et al., [24] showed interspecies transfer of non-
homologous chromosomal DNA from inactivated bacterial cells in soil when flanking
homology was present. The horizontal transfer of plant-inserted transgenes to bacteria has
also been shown to occur when flanking DNA sequence homology is present, both in vitro
[63-65] and in sterile soil [36].

In summary, when assessing the likelihood of HGT, the whole insert needs to be
examined for DNA homology to putative recipients, rather than the defined transgene
sequence only. It can be argued that if sequence homology is already there, little impact
would be expected from a HGT of a transgene. This assumption would depend on the extent
of the genetic modification performed on the transgene. We draw attention to two factors, as
outlined above, that may be important for the discussion of the likelihood and possible
impact of HGT. First, mutators facilitate incorporation of relatively divergent DNA in the
bacterial chromosome and secondly, sequences surrounding (flanking) the transgenes can
facilitate integration of non-homologous sequences based on flanking homology.

4. Selection of bacterial transformants in the environment

The effect of natural selection will ultimately determine the stability and impact of a
horizontally transferred transgene in the bacterial population. Selection for the transgene in
the new bacterial host can be negative, neutral or positive. Transgenes that are not expressed
after transfer are likely to be neutral unless their integration is disruptive. Most transgenes
that are expressed in a transformed bacterium will have a fitness effect on the reproductive
potential of the bacterium in which they reside. A case-by-case approach is needed to assess
this effect. Due to the low numbers of horizontal transfer events likely to occur in the open
environment, negatively selected traits (and transformant bacteria bearing these traits) will
be lost from the population over time [75]. Thus, as outlined below, few concerns in a HGT
context can be raised for transgenes for which there is no selective advantage.

We therefore focus only on neutral (section 4.1) or positively selected traits (section
4.2) that may become fixed, i.e., present in all individuals in the recipient population.



Neutrally selected traits may become fixed in a population if the horizontal transfer
frequency is sufficiently high [e.g. horizontal transfer rate, r ≈ 0.005 in Fig. 1].

We use the following parameters: horizontal gene transfer frequencies (r)
determined from the factors considered in section 3; size of the exposed recipient bacterial
population (n), which is a subset of the larger effective population size (N); exposure period
given as the number of bacterial generations (t), determined from consideration of the
factors in section 2 (see also below); and the selection coefficient (s). Here, the relative
fitness of transformed individuals has been assigned to 1; the relative fitness of
untransformed individuals where transformation is positively selected or neutral is always
less than one, and is defined as the average contribution of the untransformed individual to
the next generation relative to the transformed individuals. The selection coefficient is the
difference between the relative fitness of the transformed versus the untransformed
individuals [67].

4.1. Neutral selection of the transgene

Engineered chromosomal genes introduced into a bacterial population may be
neutral (or near-neutral). This is likely to be the case, for instance, if the gene is not
expressed in the transformant cell due to the presence of introns in the transferred DNA,
different codon usage or lack of recognition of regulatory sequences. The probability of
fixation of a transgene with neutral trait in a bacterial population can be calculated from
population genetics theory [66]. A single neutral transfer event has a probability 1/N of
fixing in the population, after an average of 2N generations. We can also calculate the
likelihood of fixation if a transgene is horizontally transferred at rate r per bacterium per
generation among n number of bacteria in larger populations of effective size N over an
exposure period t. If nr is very low, such that fixation or loss takes place between each
horizontal transfer, then each actual number of transfer events, k, has a Poisson probability
of occurring
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nrt( )k e-nrt
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Since most horizontal gene transfers are likely to be rare events even on a population scale,
the actual number of transfer events, k, will be small. Bacteria population sizes, N, are
usually very large. Therefore,
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This reveals a population rate of transfer of (n/N)r. Furthermore, when the exposed bacterial
population, n, is close to the total population size, N , the probability of fixation of a
horizontally acquired gene is independent of the population size and equals rt. This
estimation mirrors the rate of fixation of neutral mutations, which under neutrality is equal
to the mutation rate. See [66] for a general introduction.

4.2 Positive selection of the transgene

Positive selection on a rare transformant is presumed to be the most likely scenario
that would generate an ecological impact. Thus, the identification of selective conditions for
bacterial transformants is essential for assessing risks related to putative HGT events. The
effect of positive selection of a rare gene transfer event can be addressed by population
genetic theory given a model for the population dynamics. A Wright-Fisher model, for
instance, applies when there are non-overlapping genes and a Poisson-distributed number of
offspring. For this case, Kimura, [68,69 see also ref. 70] showed via solution of the
diffusion equation

m( p)p ' p( ) +
1
2

v p( )p' ' p( ) = 0 , with boundary conditions 
p 0( ) = 0
p 1( ) =1

where (p) is the gene frequency in a population, m(p) is the mean change in gene frequency,
v(p) is the variance of change in gene frequency, and π(p) is the probability of fixation, that
a newly introduced (trans)gene of selection coefficient s will fix in a haploid population of
size N with probability

p =
1- e-2s

1 - e-2Ns

A similar result was derived for a haploid population by Moran [71]. Note that under the
haploid Moran model, lifespans vary, generations overlap and there is approximately twice
the variance in number of offspring. This greater variance would decrease the probabilities
of fixation as calculated below by twofold.

Assuming that a horizontal transfer event is infrequent enough such that each is
either lost or fixed by the time the next arises, then the probability that the transgene will
become fixed in the population is
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The above equation validly address the probability of fixation if high selection coefficients s
are found. When N, the total population size, is very large, and the selection coefficient, s, is
small (<<1),
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If rt is substituted by µ, the mutation rate, this equation reflects population genetic
theory that the rate of fixation of weakly selected mutations, with mutation frequency µ, and
small selection coefficient s, is equal to 2nµs [see ref. 66]. At higher values of nrt,
horizontal transfers may occur into populations which are already significantly polymorphic
(from previous transfers, selection, and drift) for the transgene. In that case, significant
portions of the exposed population, n, will already be harboring the transgene, and thus the
number of novel acquisitions that can occur will decrease. Such subsequent transfers have a
lesser impact on the ultimate probability of fixation of a transgene in a population, because
an increase in number of the selected transgene in a large population has a lesser positive
effect on ultimate probability of fixation than an independent introduction of the transgene
into an untransformed population.

Fig. 1. The probability of fixation of a transgene with increasing recombination frequencies in a population of
108 bacteria over 1000 generations. The transgene is either effectively neutral (Ns = 1) or positively selected
(Ns = 10 or Ns = 100).

As discussed in sections 2 and 3, an increasingly realistic model may be constructed with a
quantitative description of exposure and uptake. Uptake formulations, such as R(v) = R0e-wv

(see section 2), along with other relevant factors discussed in section 3, may be used to
estimate r. Similarly, a population exposure function, n(t), may be used to achieve more
precise quantification of probability of transgene fixation. The probability of fixation may
be calculated under neutrality or under selection, substituting the expected value of n(t),

t • n t( )Ú  dt , for nt in any of the equations above; this follows from consideration of the
transfer process as a non-homogeneous Poisson process with the intensity r•n(t) [72]. Thus,
the probability of fixation for a neutral acquisition of a transgene under the assumptions
above and exposure function n(t) = n0e-lt, given an initial exposed population of n0 and an
exponential rate of decay of exposure of l, would be
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Any empirically-determined function n(t) appropriate for specific cases of biological control
applications may be easily incorporated by considering its mean value. Note that sharply
peaked functions of n(t) under a positively selected regime are unlikely to interfere with
each other during ascent toward fixation unless they are already frequent enough so that
their fixation is assured [73]. Conversely, they are more likely to violate the assumption that
successive introductions of the transgene do not overlap.

Given that fixation of the transgene occurs in isolated subpopulations, geographical
structuring could, in principle, limit the spatial dissemination of the transgene further into
the bacterial gene pool. Geographical structuring and low rates of migration have been
reported in populations of the root-nodulating bacterium Rhizobium leguminosarum.
However, other common soil-borne bacteria such as Bacillus subtilis are less spatially
structured and a large proportion of the global diversity can be detected locally [74].
Likewise, for many human-associated bacteria, such as Neisseria spp. Streptococcus sp. and
E. coli little geographical structuring have been found, see ref. [3]. Thus, the geographical
isolation of a biocontrol agent as well as putative bacterial transformants carrying the
transgene will depend strongly on the application rates, persistence and ecology of the
specific organism.

To sum up, the lack of knowledge concerning the selection coefficients of various
traits in bacterial cells calls for a cautious introduction of transgenes into natural
communities conferring enhanced pathogenicity. A risk evaluation of biocontrol transgene
recipients would be enhanced by knowledge of their selection coefficients in bacteria
(determined on a case-by-case basis), as well as knowledge of the ecology of the native
organism from which the transgene has been derived. For instance, if the native homologue
of the transgene can be found in the same environment as the biocontrol agent, it may then
be expected that bacterial communities have already been exposed to the gene. The fitness
change provided by the transgene determines if the extent and novelty of the modification
should be of concern or in reality present no significant environmental risk.
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Discussion

Wipps: How realistic are your results? Most studies showing horizontal transfer of
transgenes were done in vitro or in sterile soil?

Nielsen: The studies show that some bacteria exposed to naked DNA in soil have the ability
to take it up and that DNA can survive in soil over time. It is therefore likely that bacteria
will be exposed to transgenes from GMO’s when applied on large scales. It is difficult to
look at single gene transfer events in large-scale complex environments such as in soil with
currently available methodology. Therefore, the experimental conditions in many studies
examining potential horizontal transfer of transgenes into bacteria are often optimized for
transfer to occur.

Gressel: How much is gene repair and how much is acquisition of new genes in the studies
reporting uptake of fragments of plant marker genes in bacteria?

Nielsen: There is no major distinction between DNA repair and DNA acquisition in our
system as they both occur by the same mechanism. The terminology (repair versus
acquisition) will depend on the length of the DNA integrated into the bacterial chromosome.
Additive DNA integration (insertion of several genes) can be readily detected in bacteria
when flanking sequences that are homologous to the bacterial recipient are surrounding the
transgene [24,34,35].

Gressel: If the DNA sequences flanking the transgene are fungal would horizontal transfer
into bacterial recipients be more limited?

Nielsen: Yes, many studies have shown that sequence homology is a main barrier to
horizontal transfer of genes into the bacterial chromosome.

Harmon: High levels of phosphate enhanced the uptake of chromosomal DNA in
Acinetobacter. Would high levels of fertilization enhance uptake of DNA in soil?

Nielsen: High levels of phosphate ( as found in some fertilizers) can enhance uptake of
DNA in Acinetobacter cells when grown in controlled systems. Fertilizer, did not ,however,
stimulate gene transfer in the soil model systems used in our study.



St. Leger: If nature does not respect species borders, why should companies such as
Monsanto?

Nielsen: Nature respects species borders. Many factors limit horizontal gene transfer in
nature both within an evolutionary and ecologically relevant time scale. Depending on the
extent of the genetic modification introduced into a transgene, it may or may not differ
substantially from the evolutionary potential of native genes undergoing natural selection.

Typas: Why do you focus on potential horizontal gene transfers occurring by natural
transformation rather than conjugation?

Nielsen: My perspective has been to look at DNA transfer occurring from distantly related
species. Transduction and conjugation occur mainly between bacterial species due to
constraints on host range caused by plasmid stability  and transfer and the requirement for
bacteriophages attachment sites.

Kinderlerer: The probability of transfer of the transgene into bacteria must be higher if DNA
sequences surrounding a transgene have homology to bacteria?

Nielsen: Yes, many vector sequences surrounding transgenes are ubiquitous in nature and
may therefore provide the sequence homology needed for integration of the transgene in the
bacterial chromosome.


