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There is increasing interest in Genetically-Modified (GM) plant material and microorganisms as means to
improve both food quality and the efficiency of food production. This project was designed to address scientific
and public concerns over the fate of GM DNA in the human gut following ingestion. To this end we investigated
the survival of ingested DNA in vitro under simulated gut conditions and in vivo in the rat gut, and also the
potential for genetic transformation of resident oral and gut bacteria by surviving DNA. This research would
therefore provide the public and the Food Standards Agency (FSA) with important information regarding the
survival of GM plant DNA and GM micro-organism survival under gut conditions, and may be used to inform
the safety assessment of GM foods carried out on behalf of the FSA in the UK by the Advisory Committee on
Novel Foods and Processes (ACNFP).

The survival of DNA in the human mouth was determined in vivo by a human volunteer, after receiving the
necessary ethical committee approval. The half-life of DNA in vivo was only 6 seconds and the concentration
had decreased ~ 100-fold after only 60 seconds exposure. DNA was much less stable under in vivo conditions
than was apparent from previous in vitro experiments with human saliva. Nevertheless, when tested in vitro,
sufficient partially degraded DNA survived to bring about genetic transformation, (uptake of free DNA and its
heritable incorporation into the bacterial genome) to antibiotic resistance, of a strain of the oral bacterium
Streptococcus gordonii,,Since S. gordonii is capable of transformation in human saliva without any special pre-
treatment, the possibility must exist for transformation of related bacteria to occur in vivo. In the course of this
work we established that a lower gut strain of another Streptococcus species, S. bovis, which has been
implicated in disease causation, was similarly capable of natural transformation. Transformation of both S.
gordonii and S. bovis in vitro was observed in saliva, but not under simulated small intestinal or colonic
conditions. Selected strains of Excherichia coli (ubiquitous throughout the gut) and Helicobater pylori (gastric
bacteria) can be transformed in vitro. We were unable to transform gut isolates of these bacteria under
conditions simulating those of the mouth or stomach. DNA survival will of course vary with different gut
conditions. In vitro data obtained here identified some food components that may enhance DNA survival.

In most cases, fragments of GM DNA in food will not be capable of propagating themselves in a gut or oral
bacterium even if they are taken in by bacterial cells. T hey are only likely to become heritably acquired if they
insert into the host chromosome. This could occur, if the GM DNA and bacterial chromosome share regions
with identical sequences. The transformation of two native gut bacteria, S. gordonii and S. bovis, was therefore
investigated using DNA that is able to integrate into the bacterial chromosome as a result of matching sequences
provided by an antibiotic resistance marker gene. Higher transformation efficiencies were obtained in vitro with
DNA that was able to integrate into the bacterial chromosome than with self-replicating plasmid DNA that had
no sequence match with the bacterial chromosome. We did not detect transformation in vitro using linear DNA
that possessed only a single region of matching sequence, which is, arguably, the most likely state for GM DNA
in food. We did, however, detect transformation for genes that were flanked on both sides by sequences that
match the bacterial chromosome.

When naked GM DNA was fed to rats, DNA from marker genes remained detectable in the rat faeces for up to
79 hours. Preliminary data indicated the possibility that transformation of gut bacteria by the added GM DNA
might occur in the rat gut, but rigorous confirmation is lacking. In order to study the fate of GM bacteria under
gut conditions, marked strains were added to fermentor simulations of the human colon, or fed to rats. GM
Lactococcus lactis were rapidly eliminated from the fermentor, suggesting active killing by the resident
microflora, but for a tail population that was able to establish itself in the fermentor at low numbers. This tail
population was attributed to adaptation of the introduced strain rather than to gene transfer events. GM
Enterococcus faecalis were fed to laboratory rats and were able to survive in the gut for 11-13 days. During this
time no evidence of transfer of the GM marker genes to the native microflora of the rat gut was observed.

In conclusion, there is a possibility of rare acquisition of GM sequences by resident bacteria in the mouth or gut.
The probability of such events is influenced by the design of GM constructs since it depends largely on the
presence of matching sequences in the host bacterium and GM DNA. This conclusion must however be put
firmly into its evolutionary context. Humans have consumed huge amounts of DNA in food throughout
| evolutionary history, and the possibility of gene acquisition by resident oral and gut bacteria has always existed.
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DNA Survival in the Mouth and the Potential for Transformation of Competent
Oral Bacteria

The plasmid pVACMCI carries a convenient selectable erythromycin
resistance marker gene and a cloned cellulase gene, and can replicate in Gram positive
bacterial hosts (14). We measured degradation of the plasmid pVACMCI1 in vivo in
the mouth of one human volunteer (after obtaining the relevant ethical committee
approval) as shown in Figure 1. To achieve this 10 ug DNA was taken into the mouth
and saliva sampled after 0, 10, 30, and 60 seconds. DNA degradation was measured

by competitive PCR, using a 510 bp target sequence, as described previously (14).

Degradation was very rapid in vivo, with a 2 log decrease in the concentration of

remaining DNA after only 60 seconds exposure. This is approximately 4 times more
rapid than estimated previously under in vitro conditions (14;15). Nevertheless, this
degraded plasmid DNA was still able to transform competent cells of S. gordonii DL1
in vitro (Figure 1). There was a good correlation between the rate of DNA
degradation and the decrease in transformation frequency (Figure 1) (15).

Mouth washings (after pVACMCI introduction) were plated on selective
medium (BHI agar + 10 pg/ml Em + 0.1% (w/v) carboxymethylcellulose) to
determine whether any transformation of the resident oral microflora had occurred in
the mouth. No erythromycin resistant, endoglucanase-producing bacteria were
detected. However, it is anticipated that such gene transfer events would be very rare
and therefore very difficult to detect using this method, owing to the high background

incidence of erythromycin resistant bacteria in the oral cavity.

Effect of Food Components on the Degradation of DNA in Human Saliva

The effect of food and food components on pVACMCI plasmid DNA
degradation in vitro was also studied using the competitive PCR approach of Mercer
et al (14). Initial experiments were carried out with different dairy products (Table 1).
Degradation of DNA was not reduced by the addition of skimmed, semi-skimmed, or

full fat milk to saliva, especially when compared to an average of 52% degradation in




Figure 1 - Fate of Free pVACMC1 DNA in
the Human Mouth
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Table 1. Effect of saliva and food supplements on degradation of pVACMC1 plasmid DNA

DNA Concentration (ng/ul)"

DNA Degradation

Food Type t=0 sec
Saliva alone 6.3
Skimmed Milk 4.6
Semi-skimmed Milk 0.9
Full Fat Milk 35
Powdered Milk 2.5
Low Fat Yoghurt NE?
Biological Yoghurt 2.5
Egg NE?
Olive Oil ' NE?

t =10 sec

3.3
1.3
0.2
1.5
3.8
0.5
NE?
NE?
NE?

(% of t = 0 sample remaining after 10 sec)
52
71
74
57
152

! All results are means of triplicate competitive PCR’s

2 NE = No extraction of DNA possible




saliva alone from the same volunteer after 10 seconds. Binding of DNA to food
components may explain the differences in apparent initial concentrations of added
DNA, especially for semi-skimmed milk. Competitive PCR was attempted with DNA
that had been exposed to saliva and yoghurts, egg and olive oil but extraction of
amplifiable DNA was not possible. This may be because selective binding of DNA

makes it unavailable for PCR amplification.

Transformation and chromosomal integration of GM DNA via a region of
homology provided by a common antibiotic resistance gene

Most of this work is described in the manuscript “Transformation of an oral
bacterium via chromosomal integration of free DNA in the presence of human saliva”
(15). Most plasmids used in genetic modification have limited bacterial host ranges
that minimise the bacteria in which they might be able to replicate in nature. The host
range for acquisition is potentially far greater, however, if any homology exists
between the plasmid and the bacterial chromosome, that can lead to integration into
the chromosome (11). Therefore, we wanted to study events that may lead to the
integration of GM DNA into the chromosome of S. gordonii DL1. In order to study
chromosomal integration events in vitro, we decided to use a red shifted mutant of the
green fluorescent protein (gfp) gene as a model transgene since this allows convenient
and unambiguous identification of transformants by fluorescence and by PCR with
specific primers (18). A 458bp fragment of the tetracycline resistance gene fetf(M) was
cloned into a plasmid carrying gfp that is able to replicate in E. coli but not in Gram-
positive hosts to form the construct pKPSPgfp-int (19). The complete tef(M) gene was
also introduced into the chromosome of S. gordomii DL1 on the conjugative
transposon Tn9/6 using the plasmid pAMI120 to form the strain S. gordonii
DL1/Tn916 (15).

Naturally competent S. gordonii DL1/Tn916 cells were transformed by

pKPSPgfp-int in vitro at high efficiencies (1.2 x 107 per recipient). This is assumed to

occur by the mechanism proposed in Figure 2. This contrasts with an efficiency of
transformation of 2.9 x 10™ per recipient for the related plasmid pVACMC], using the
same batch of competent cells, (Table 2). pVACMCI is capable of replication in S.
gordonii DL1 but lacks homology with the chromosome, and therefore cannot
undergo chromosomal integration. Apparent transformation efficiencies may have

been increased by the fact that the incoming plasmid pKPSPgfp-int is integrated into




Figure 2 - Proposed Mechanism of

Chromosomal Integration using Plasmid
DNA
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Table 2 - Comparison of Transformation
Efficiencies for Different DNA Types

Transformation
Efficiency

Transforming DNA (tr./parent cell)
pVACMCI 29x 10"
pKPSPgfp-int 1.2x 107
E. faecalis/Tn916/gfp 5.1x107

Chromosomal DNA




the transposable element Tn9/6 and may therefore spread further by conjugation.
However, this must be considered realistic as antibiotic resistance genes are

commonly found on such mobile elements in nature.

Integration of linear DNA fragments

Genetically modified DNA is unlikely to be approved for use when carried on
a plasmid because of the presumed increased risk of transfer of the plasmid/GM gene
to an alternative host. Therefore, any free DNA in the diet in the future is more likely
to be chromosomal than plasmid in origin. A third transformation experiment, using
the same batch of competent cells, examined the situation in which regions of DNA
homology are present on both sides of the gfp marker. Chromosomal DNA from an E.
faecalis strain that carries pKPSPgfp-int integrated into Tn916 was able to transform
S. gordonii DL1/Tn916. In this case the assumed mechanism is shown in Figure 3.
The transformation efficiency (5.1 x 107 transformants per parent cell) was only
1,000-fold lower than with plasmid pKPSPgfp-int (Table 2), ‘despite the fact that the
number of gfp gene copies in one gram of pKPSPgfp-int plasmid DNA is predicted to
be some 200,000 times greater than for chromosomal DNA. This high rate of
transformation may be due in part to the length of Tn9/6 (18,032 bp) which thus
provides a very extensive region of homology for recombination events. In addition it
is again possible that conjugal transfer of Tn916-gfp from transformed to non-
transformed cells may have boosted the apparent transformation frequency. The
transformation efficiency observed with chromosomal DNA is only 10-fold lower
than the plasmid transformation efficiency observed with pVACMCI, despite the far
lower copy number of transforming DNA within the chromosomal DNA. Conjugal
transfer of the Tn916/gfp construct was shown from S. gordonii DL1/Tn916/gfp to L.
lactis IL1403. No transformants were detected when S. gordonii DL1, which lacks the
Tn916 sequence, was used as recipient, confirming that the initial transformants must
have arisen by homologous recombination. Transformation of S. gordonii DL1/Tn916

was also observed with chromosomal DNA prepared from Lactococcus lactis 111403

that carries pKPSPgfp-int integrated into Tn9/6 (4.7 x 10° transformants per pg
DNA).

Linearisation of chromosomal DNA from E. faecalis or L. lactis carrying

pKPSPgfp-int integrated into Tn9/6 with Notl produced chromosomal DNA




Figure 3 - Proposed Mechanism of
Chromosomal Integration using
Chromosomal Transforming DNA
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fragments with a region of homology on one side of the gfp transgene only, and this

DNA failed to generate detectable transformants (Table 3). Linearisation of
pKPSPSgfp-int with EcoRI, BamHI or EcoRV also resulted in no transformants being
detected (Table 3).

Nature of the plasmid integration event

The extent of pKPSPgfp-int integration into the chromosome of S. gordonii
DL1/Tn916 was determined by PCR using combinations of the te#(M) and gfp primers
(Figure 4). The 3.9 and 4.7 kb PCR products obtained are consistent with integration
of the whole of pKPSPgfp-int into the chromosome. However, the sensitivity
limitations of agarose gel electrophoresis do not allow us to tell exactly how much
DNA has been integrated into the chromosome as this method is not sufficiently
sensitive to detect the loss of 30 or fewer bases during DNA uptake or processing.
Sequencing across the integration junction, however, showed that no terminal DNA
had been lost during DNA uptake and homologous recombination into the
chromosome.

Transforming DNA enters streptococcal cells in a single-stranded linear form
and it has been hypothesised that transforming plasmid DNA must re-circularise and
become double-stranded before it integrates into the chromosome. It appears likely
therefore that pKPSPgfp-int re-circularises prior to integration. Consistent with this,
pKPSPgfp-int linearised with EcoRI, EcoRV or BamHI failed to yield detectable
erythromycin resistant transformants since integration of the linear fragment by a
single crossover would normally result in chromosome breakage. Integration of genes
flanking fet(M) in linear DNA fragments, therefore, appears unlikely unless there is a
region of homology with the chromosome on both sides of the gfp gene.

Requirements for chromosomal integration of plasmid DNA

The work so far has demonstrated that a 458 bp region of homology is
sufficient to allow the integration of 7.5 kb (7500 bp) of non-homologous DNA. Thus,
a relatively small fragment of homologous DNA can promote the integration of a
piece of heterologous, e.g. genetically modified DNA, at least 16 times greater in size.
We were interested in what degree of homology would allow integration of DNA into

the chromosome of S. gordonii DL1/Tn916.




Table 3 - Effect of Restriction Digestion on

Transformation
Transforming DNA Transformation Efficiency
(tr./parent cell)
pKPSPgfp-int 2x 10"
pKPSPgfp-int/EcoRlI (or EcoRV | 0
or BamH1)
L. lactis/Tn916/gfp 4x10°
chromosomal DNA
L. lactis/Tn916/gfp 0

chromosomal DNA/No+l




Figure 4 - PCR
Analysis of the
Integration of
pKPSPgtp-int
into the
Chromosome of ©
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