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Human consumption of GM plants raises the question of whether
transgenes can be taken up by the intestinal microflora. Of special con-
cern is the possible transfer of genes conferring antibiotic resistance,
leading to an increase in mammalian pathogens that are resistant to
antimicrobial agents. This concern has been heightened by evidence
that plant and gastrointestinal DNA can be transferred to mammalian
and bacterial cells. Thus, gene transfer from plants to naturally compe-
tent bacteria has been observed1, chloroplast DNA sequences were
found in the tissues of chickens and lymphocytes of cows fed GM or
non-GM maize2, and bacteriophage DNA introduced into the mouse
intestine has been detected in several body tissues3–5. Furthermore,
plasmid DNA exposed to mammalian saliva retains the capacity to
transform Streptococcus gordonii6 and Escherichia coli7. In addition to
gene transfer via transformation, prokaryotic DNA exchange can also
be mediated by conjugation, which has recently been observed in the
avian gastrointestinal tract8.

Gene transfer from GM plants to the intestinal microflora requires
survival of the plant DNA within the gastrointestinal tract. A trans-
gene in the maize genome, bla, encoding β-lactamase, was completely
degraded after the maize was exposed to rumen fluid for one minute7,
but was detectable for up to 1 h when the maize was incubated with
ovine saliva. In chickens fed transgenic maize, bla was detected in the
crop and stomach of the birds, but not in the small intestine or feces9.
In contrast, phage DNA may be more stable in the gastrointestinal
tract of mammals, appearing in the feces of mice4. An in vitro study
that simulated the mammalian stomach and small bowel showed that
4% of the transgenes in GM soya and maize survived this treatment10.

To the best of our knowledge, there are no published studies evalu-
ating the survival of transgenic DNA in the human gastrointestinal
tract. Here we assess transgene survival in the small intestine of human
volunteers fed GM soya. Although a small proportion of transgenic
DNA survived passage through the stomach and small intestine, all 
the transgenic DNA was degraded within the colon. There was some
indication of low-frequency gene transfer from GM soya to the
microflora of the small bowel before but not during the subjects’ par-
ticipation in these experiments.

RESULTS
DNA survival in ileostomists
To evaluate the survival of transgenic DNA in the stomach and small
bowel, we fed seven ileostomists a meal containing GM soya and then
quantified target DNA sequences in the digesta by quantitative com-
petitive (QC) PCR. In ileostomists, the terminal ileum is resected, and
digesta are diverted from the body to a colostomy bag. The transgene
in our GM soya was epsps. The total epsps construct is 2,266 base pairs
(bp) and encodes 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS). Examples of the PCR data and the subsequent quantifica-
tion of epsps by QC-PCR are presented in Figure 1, and the full 
QC-PCR data set is displayed in Table 1. The meal fed to the ileo-
stomists contained 3 × 1012 copies of the transgene and the indigestible
marker PEG 4000 to determine the proportion of the food that had
passed through the small bowel. Over 60% of the marker was recov-
ered in the digesta of six subjects (Fig. 2). The transgene (Table 1 and
Fig. 2) was recovered in all seven subjects, although the rate of passage
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The inclusion of genetically modified (GM) plants in the human diet has raised concerns about the possible transfer of
transgenes from GM plants to intestinal microflora and enterocytes. The persistence in the human gut of DNA from dietary GM
plants is unknown. Here we study the survival of the transgene epsps from GM soya in the small intestine of human ileostomists
(i.e., individuals in which the terminal ileum is resected and digesta are diverted from the body via a stoma to a colostomy bag).
The amount of transgene that survived passage through the small bowel varied among individuals, with a maximum of 3.7%
recovered at the stoma of one individual. The transgene did not survive passage through the intact gastrointestinal tract of 
human subjects fed GM soya. Three of seven ileostomists showed evidence of low-frequency gene transfer from GM soya to 
the microflora of the small bowel before their involvement in these experiments. As this low level of epsps in the intestinal
microflora did not increase after consumption of the meal containing GM soya, we conclude that gene transfer did not occur
during the feeding experiment.
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of digesta and total recovery of this nucleic acid was highly variable
among individuals, ranging from 1011 copies of the transgene (or 3.7%
of the 180 bp epsps region in the test meal) in subject 4 to only 105

copies in subject 3.
To determine whether we could detect the complete epsps gene, we

subjected digesta to PCR using a primer pair that amplified the entire
open reading frame. The full-length gene was detectable in samples
that contained at least 104 copies of the 180 bp fragment per mg dry
weight of digesta (Table 1). However, because such DNA molecules
could have been produced by PCR-mediated recombination of epsps
fragments, the conclusion that the full-length gene survived intact
must be treated with caution.

We evaluated the differential survival of the transgene and a native
gene in GM soya, the lectin gene Le111,12. The persistence of the Le1
and epsps genes was similar (Fig. 3), indicating that the transgene and
the bulk soya DNA were degraded at similar rates.

To determine whether the indigestible marker PEG 4000 influenced
DNA survival in the small bowel of the ileostomists, we assessed the
capacity of this polymer to inhibit DNAase activity. At 4% (wt/vol),
which is equivalent to the concentrations of PEG 4000 in the meal
containing GM soya, the transit marker seemed to slightly increase the
rate of DNA degradation (Fig. 4).

DNA survival in humans with an intact gastrointestinal tract
We fed the test meal containing GM soya to 12 human volunteers
(with intact gastrointestinal tracts) and quantified the presence of the
transgene in feces by PCR. For all volunteers, 90–98% of the indi-
gestible marker was recovered in the feces but the transgene was not
detected. This was not the result of PCR inhibition because a 180 bp
product was amplified by PCR when the fecal material was spiked with
400 copies of the transgene in the aliquot used in the PCRs (data not
shown). Thus, although the epsps transgene can survive passage
through the small bowel of ileostomists, it is completely degraded in
the large intestine.

Preexisting epsps transgene in the intestinal microflora
To assess possible gene transfer from GM soya to the intestinal

microflora before the start of our experiments, we cultured microbes
in the T 0 ileal digesta samples from the ileostomists in Luria broth
(LB). Bacteria grew to a density of 108/ml (determined by plating onto
LB agar) on each subculturing, and DNA from these microbes was
subjected to PCR using the RRO4/RRO5 primer pair13. The PCR
product was not detected in the original stoma digesta effluent (which
contained ∼ 106 bacteria/g wet weight, quantified by plating onto 
LB agar) taken from any volunteer before consumption of the meal
containing GM soya (T 0). However, when the microbial populations
in T 0 samples from subjects 1, 4 and 6 were cultured, the PCR product
was evident in all the LB liquid subcultures at a very low concentration
(150–650 copies/µg DNA; Table 2), equivalent to 1–3 copies of the
transgene per 106 bacteria. Sequencing of the amplified DNA from
subjects 1, 4 and 6 showed that the sequences were identical to that of
the epsps transgene in our GM soya, suggesting that these subjects had
consumed the transgene before enrolling in our study. In contrast,
the lectin gene Le1 was not detected in these bacterial samples from
any subject.

Despite exhaustive attempts, we were unable to isolate bacteria har-
boring the transgene by colony blot hybridization or using a PCR
pooling strategy. To investigate further the microorganism(s) that con-
tain the transgene, we grew the epsps-containing cultures anaero-
bically, aerobically in M9 minimal medium containing glucose, with
32 µg/ml aztreonam (which inhibits Gram-negative bacteria) or with
4 µg/ml vancomycin (which inhibits Gram-positive bacteria, except
Lactobacillus). The PCR product was evident in the anaerobic cultures
and in cultures containing aztreonan, but was not detected in bacteria
grown in minimal medium or in the presence of vancomycin (data not
shown). These results indicate that either the bacteria containing the
transgene or essential symbionts are likely to be auxotrophic, Gram-
positive prokaryotes that are facultative anaerobes. When microbes
from the feces of humans with intact gastrointestinal tracts fed the 
GM soya were cultured either aerobically or anaerobically, the epsps
transgene was not detected by PCR.

Gene transfer into the intestinal epithelium
It is possible that transgenes derived from GM plants are transferred,

Figure 1  PCR amplification of epsps derived from the intestinal tract of
ileostomists. (a) The epsps transgene, which consists of the cauliflower
mosaic virus 35S promoter (white rectangle), the gene encoding EPSPS
from Agrobacterium sp. strain CP4 (striped rectangle), fused to the region 
of the gene encoding the P. hybrida EPSPS chloroplast transit import 
signal (black rectangle), and the polyadenylation signal from the nopaline 
synthase gene (gray rectangle). The region of DNA that was amplified to
quantify epsps (1) and detect the complete epsps gene (2) are indicated. 
(b) Examples of the initial PCR conducted on the various samples derived
from the seven ileostomists using primers RR04 and RR05. The lanes
contain the following samples: 1, subject 1 (0 min); 2, subject 4 (0 min); 
3, microflora cultured in LB from subject 1 (0 min); 4, microflora cultured
in LB from subject 4 (0 min); 5, subject 6 (0 min); 6, microflora cultured in
LB from subject 6(0 min); 7, subject 1 (240 min); 8, subject 1 (270 min);
9, subject 1 (60 min); 10, subject 2 (60 min); 11, subject 3 (60 min); 
12, subject 4 (60 min); 13, subject 5 (60 min); 14, subject 6 (240 min);
15, subject 6 (330 min); 16, subject 6 (360 min); 17, subject 7 (180 min);
18, subject 4 (180 min); 19, subject 4 (210 min); 20, subject 7 (210 min);
21, subject 7 (150 min); 22, subject 6 (270 min); 23, subject 6 (300 min);
24, subject 4 (240 min). (c) An example of QC-PCR. The PCRs were carried
out as in a, except that pBNS2.2 was included at the following number of
copies; lane 1, 1 × 104; lane 2, 2 × 103; lane 3, 4 × 102; lane 4, 8 × 101.
Lanes 1a–4a contain the sample from subject 5 (180 min), whereas lanes
1b–4b contain the sample from subject 5 (210 min). The sizes (bp) of the
major PCR products are shown. 
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via commensal or other bacteria, to the intestinal epithelium. Likely
vectors for such genetic movement are Lactobacillus plantarum14,
which colonize the surface of intestinal enterocytes, or the intracellular
pathogen Salmonella typhimurium15. To assess this possibility, we
transformed L. plantarum GG and S. typhimurium SL3261 (refs.
14,15) with pBK-CMV and pLN1, respectively. Both plasmids contain
a neomycin resistance gene that is active in all mammalian cells.
The bacteria were incubated with Caco-2 cells, a model intestinal
columnar epithelial cell line16, and gene transfer from the prokaryotes
into the mammalian cells was assessed by selecting for Caco-2 cells
resistant to G418 (a neomycin analog). Transfection of Caco-2 cells
with either pBK-CMV or pLPN generated G418-resistant cells at a fre-
quency of 1 in 3,000. Incubation of 107 Caco-2 cells, at various stages
of differentiation, with a 1,000-fold excess of either the recombinant 
S. typhimurium or L. plantarum generated no G418-resistant mam-
malian cells, indicating that no gene transfer from the bacteria to the
mammalian cells had occurred.

DISCUSSION
We found that a small proportion of the epsps transgene in GM soya
survives passage through the stomach and small bowel of all the
ileostomists. The relatively low recovery of the transgene from subject 3
was accompanied by low recovery of PEG 4000, suggesting that digesta
transit was slow in this individual. In the other six subjects, the quan-
tity of the epsps fragment detected did not correlate with recovery of
PEG 4000 at the stoma (Fig. 2), suggesting that the variation in trans-
gene recovery was caused by factors other than small bowel transit
time, such as differences in stomach acid or the quantity of DNAase I
secreted from the pancreas .

It is surprising that even a fraction of GM soya DNA survives pas-
sage through the small bowel. The physiology of the small bowel in
ileostomists may differ from that of individuals with an intact gas-
trointestinal tract, leading to an overestimate of DNA survival when
extrapolating to normal individuals. However, the ileostomy model
has been extensively validated as a means of determining digestion in
the human small bowel17–19 and is likely to be equally reliable for
DNA. Our observation that the transit marker PEG 4000 does not
inhibit DNA degradation suggests that we have not overestimated the
stability of dietary DNA in the stomach and small bowel. The relative
stability of the transgene in the stomach indicates that the food matrix
had a pH buffering effect such that the concentration of H+ in the

microenvironment of the food was lower than in the bulk of the stom-
ach lumen. It is possible that the GM soya retained some of its cellular
structure, protecting the DNA from exogenous non-plant DNAases.
But this is unlikely, as naked soya DNA and the DNA in processed food
grade soya protein (the same material as used in this study)10 are
hydrolyzed in vitro at similar rates.

Our results in human ileostomists contrast with those of an earlier
study in chickens, which found that transgenes in GM maize con-

Table 1  Survival of the epsps transgene in the small bowel of ileostomists

Time (min) Transgene copies × 106

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7

0 0 0 0 0 0 0 0

30 0 0 1 ± 0 0 0 0 0

60 0 0 0 0 0 0 0

90 0 0 25 ± 4 340 ± 43a 0 0 0

120 0 1,720 ± 34a 0 380 ± 31a 51 ± 4 0 0

150 0 210 ± 15a 0 460 ± 56a 23 ± 3 0 4,700 ± 346a

180 250 ± 35a 0 0 3,790 ± 321a 330 ± 41a 0 2,300 ± 268a

210 430 ± 57a 0 0 8,200 ± 920a 630 ± 70a 523 ± 85a 7,000 ± 850a

240 140 ± 23a 0 0 93,000 ± 10,500a 490 ± 55a 3,200 ± 367a 410 ± 5a

270 160 ± 21a 0 0 4,100 ± 650a 250 ± 33a 10,200 ± 1,200a 0

300 110 ± 15a 0 0 230 ± 45a 5 ± 1 12,340 ± 2,105a 0

330 180 ± 31a 0 0 470 ± 76a 0 4,600 ± 552a 0

360 14 ± 3 0 0 420 ± 54a 0 2,700 ± 324a 0

The values corresponding to the total number of copies of the transgene in the whole sample ± s.e.m.
aSamples in which full-length epsps was detected.
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Figure 2  Recovery of the epsps transgene and the indigestible marker PEG
4000. (a) The total quantities of transgene and marker recovered in 6 h 
after consumption of the test meal. (b) The output of PEG 4000 during each
90 min period in the seven ileostomist volunteers.
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sumed by the animals were completely degraded before entering the
small intestine9. This may reflect differences in the physiology of the
intestines of humans and the avian. Chickens have a crop where stored
food may be subject to microbial DNAases. Grinding in the gizzard, by
increasing the surface area of the food, may further expose DNA 
both to acid and to small intestinal DNAases. Our data show comp-
arable degradation kinetics for epsps and the native plant lectin gene
Le1. Similarly, the degradation of antibiotic resistance transgenes in
GM maize fed to chickens mirrored that of nad5, a plant mitochond-
rial gene9.

Our finding that epsps is completely degraded in the large intestine
is consistent with studies7,20 demonstrating that naked DNA is rapidly
hydrolyzed by DNAases associated with the rumen microflora, a
microbial system similar to that of the human large bowel. In contrast,
DNA fed to mice was detected in the small intestine, cecum and feces
in amounts that suggest that nucleic acid that survived the stomach
was not subject to further degradation4. This may reflect the shorter
transit time of digesta through the mouse intestines (compared with
humans), allowing less time for hydrolysis by intestinal microbial and
pancreas-derived DNAases. The mouse may therefore not be an ideal
model for studying transgene survival in humans.

Gene transfer from GM soya to the intestinal microflora appears to
have occurred before the feeding experiment in three of the
ileostomists, as a single meal containing very high levels of GM soya
did not enhance plant to bacterial gene transfer; the levels of transgene
in the microbes (measured in subculture 6) derived from the digesta of

the T 0 min (before GM meal ingestion) and T 360 min (after con-
sumption of the GM meal) samples from Subjects 1, 4 and 6 were sim-
ilar (T 0 min results in Table 2; T 360 min data not shown). This gene
flow is therefore likely to reflect long term consumption of GM foods.
The transgene-derived PCR product was evident only when the
microbes in the T 0 digesta had been expanded by culturing, indicating
that the epsps-containing bacteria was a very small component of the
small intestinal microflora. It should be noted that these bacteria con-
tained only a fragment of epsps; the full-length gene was not detected
in these microbes. The observation that the bacteria containing the
GM soya transgene could not be identified from >2 × 106 colonies
screened on agar plates again indicates that the microbes containing
the transgene represent a very minor component of the small intes-
tinal microflora.

The inability to isolate this organism(s) on agar media is not
unusual. Indeed, molecular evidence indicates that 90% of microor-
ganisms in the intestinal microflora remain uncultured21. That the tar-
get prokaryote(s) grew in liquid culture but not as colonies on agar
media suggests that they can grow only in mixed culture, a phenome-
non seen with other microorganisms22,23. The observation that the
transgene fragment was detected only when the microbial population
had been amplified indicates that the DNA was stably maintained in
the bacteria and thus had integrated either into the microbial genome
or into a stable extrachromosomal element. Although the plant lectin
gene was not detected in the microbial population (data not shown), it
is premature to conclude that the epsps transgene is more likely than
endogenous plant genes to transfer into the microbial population.

No microbes containing the transgene could be cultured from the
feces of humans with an intact gastrointestinal tract. This may indicate
that the bacteria containing the GM soya transgene are viable only in
the small bowel and do not survive in the large bowel where the envi-
ronment is more anaerobic and there is a much higher density of com-
peting organisms. Alternatively, it is possible that gene transfer from
plant DNA to the human intestinal microflora is less likely to occur in
people with intact gastrointestinal tracts than in ileostomists because
of differences in gastrointestinal physiology between these two groups
of people.

Our results from coculture experiments with transformed bacteria
and Caco-2 cells suggest that gene transfer from GM plants to the
intestinal epithelium is unlikely to occur. This is consistent with the
absence of the transgene in the feces of subjects fed the diet containing
GM soya, as feces contain substantial numbers of exfoliated colono-
cytes24. The interpretation that gene transfer from bacterial cells to
enterocytes is unlikely must be viewed with caution, however, because
the complex environment of the intestinal mucosa and lumen cannot
be simulated perfectly in vitro.

In the mouse, by contrast, bacteriophage
DNA was shown to be taken up by the colum-
nar cells in the cecum4. However, the DNA
may have entered the M cells and leukocytes
in the Peyer’s patches, rather than the entero-
cytes, for which Caco-2 cells provide an excel-
lent model16. Stable incorporation of bacter-
iophage DNA into the mouse genome was
evident only after feeding the mice with 50 µg
of bacteriophage DNA daily for one week,
indicating that gene dosage may be a key fac-
tor in gene flow from GM plants to mam-
malian cells. In a recent study, chloroplast
DNA, which is present in multiple copies in
plant cells, was detected in the tissues of

Table 2  Detection of the epsps transgene in the intestinal microflora

Subculture Copies of the 180 bp epsps fragment/µg of bacterial DNAa

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7

0b NDc ND ND ND ND ND ND

1 475 ND ND 320 ND 185 ND

2 404 ND ND 120 ND 190 ND

3 150 ND ND 250 ND 210 ND

4 265 ND ND 643 ND 156 ND

5 423 ND ND 312 ND 312 ND

6 197 ND ND 500 ND 256 ND

aOne microgram of extracted DNA was used in each QCPCR reaction. bSubculture 0 comprises the stoma effluent which was
taken before consumption of the meal containing GM soya (time 0 sample; see Table 1). ND, no DNA product was detected. An
amplified DNA product can be detected when samples containing 80 copies or more of the transgene are subjected to PCR10.
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Figure 3 Relationship between recovery of the epsps transgene and the soya
lectin gene Le1. The correlation coefficient (r2) was 0.95 and y = 1.25 ±
0.09x – 3.76 ± 5.77.
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chickens and in the lymphocytes of cows fed GM-maize, whereas the
plant transgene was not detected2.

In conclusion, we have shown that a small proportion of the trans-
genes in GM soya, like the native soya DNA, survives passage through
the human upper gastrointestinal tract but is completely degraded in
the large intestine. Although we found some evidence of preexisting
gene transfer between the GM soya and the human small intestinal
microflora, the bacteria containing the transgene represented a very
small proportion of the microbial population, and there was no indi-
cation that the complete transgene had been transferred to the
prokaryotes. Thus, it is highly unlikely that the gene transfer events
seen in this study would alter gastrointestinal function or pose a risk to
human health. Nevertheless, the observed survival of transgenic DNA
from a GM plant during passage through the small intestine should be
considered in future safety assessments of GM foods.

METHODS
Plasmids. The plasmid pBK-CMV (Stratagene) was from Invitrogen and pLPN
was constructed by cloning the SV40-neor cassette from pBK-CMV into the
BamHI site of the Gram-positive vector pLPM1125.

Culturing of Caco-2 cells with L. plantarum and S. typhimurium. Caco-2 cells
which had been passaged through seven generations were seeded at a density of
3 × 105 cm–2 and grown under standard conditions until confluent26. At various
times after the initial seeding a 1,000-fold excess of bacteria was added. After 
28 d the bacteria were killed with appropriate antibiotics and the mammalian
cells were exposed to G418. The transfection of Caco-2 cells by lipofection and
selection of transfectants was as described previously26.

Culturing of intestinal and fecal microorganisms. To 10 ml of Luria broth (LB)
we added 500 mg of either digesta or feces, and the mixture was incubated for
16 h. A 50 µl aliquot of the culture was inoculated into 10 ml of fresh LB and the
bacteria were again incubated for 16 h. The bacteria were subcultured for a fur-
ther five passages. Microorganisms derived from feces were also cultured anaer-
obically as described previously27.

Human studies. After approval from the Joint Ethics Committee of the Univ-
ersity of Newcastle upon Tyne, seven ileostomists were recruited. These volun-
teers fasted overnight and DNA was extracted from their stoma effluent before
the start of the trial. The test meal consisted of GM soya burgers and a GM soya

milk shake, the ingredients for which were purchased from retail outlets. The
meal was prepared by deep frying in vegetable oil a burger mix comprising
three eggs, 150 g texturized soya protein, 300 ml water and 24 g PEG4000. The
milk shake containing GM soya consisted of 100 g soya protein supplement,
20 g PEG4000, 600 ml soya milk and 20 ml milk shake flavoring. Each subject
was fed 190 g of the GM soya burger and 264 g of the GM soya milk shake. The
contents of their stoma bags were collected every 30 min for 6 h and the digesta
freeze dried. DNA was extracted and the PEG4000 (a marker of digesta flow28)
quantified following standard procedures29. Subjects with intact gastrointesti-
nal tracts received the same meal containing GM soya except that the indi-
gestible marker consisted of radio-opaque markers (‘Colon Transit 20’). After
consumption of the test meal the subjects consumed their usual diet and col-
lected their stools over 72 h. Feces were freeze dried, radio-opaque markers
were counted on X-ray plates and the DNA was extracted and analyzed.

DNA analysis. DNA was extracted from digesta, feces and the cultured intes-
tinal microflora10 in duplicate. Briefly, the digesta and fecal samples were
freeze-dried and 100 mg of ground material were resuspended in 400 µl of
water, and 600 µl of 6 M guanidinium hydrochloride was added. For the bacte-
rial cultures, cells from 10 ml of an overnight culture were also resuspended in
400 µl of water followed by the addition of 600 µl of 6 M guanidinium
hydrochloride. The samples were incubated at 58 °C for 3 h, vortexing every 
15 min. The mixture was centrifuged at 13,000g for 10 min and DNA was puri-
fied from 500 µl of the supernatant fraction using the Wizard DNA cleanup 
system Protocol (Promega). The DNA was eluted from the columns in 50 µl 
of sterile Milli-Q water and quantified by measuring the A260 and A280 of the
DNA samples. The 25 µl PCR reactions comprised 2.5 µM of each primer,
1× Amplitaq Gold buffer (Perkin Elmer), 2 mM dNTPs, 10 mM MgCl2,
0.5 units Amplitaq DNA polymerase and ∼ 1 µg target DNA; the reaction was
made up to volume with sterile PCR grade water (Sigma) and overlaid with 
40 µl of mineral oil. The PCR was carried out in a PTC-100 Programmable
Thermocontroller (M.J. Research) using the following conditions: initial denat-
uration at 95 °C for 2 min followed by 40 cycles of denaturation for 1 min at 
95 °C, annealing at 65 °C for 1 min and extension at 72 °C for 1 min, with a final
extension step of 15 min at 72 °C. The primers used in these reactions to detect
the region of the epsps transgene encompassing the CaMV E35S promoter and
DNA encoding the P. hybrida chloroplast N-terminal transit peptide were RR05
(5′-TGCGGGCCGGCTGCTTGCA-3′) and RR04 (5′-CCCCAAGTTCC
TAAATCTTCAAGT-3′). To detect the soya lectin gene Le1, PCR was carried as
described above using the primers GM03 5′-GCCCTCTACTCCACCCC
CATCC-3′ and GM04 5′-GCCCCATCTGCAAGCCTTTTTGTG-3′ (ref. 12). To
quantify epsps and Le1, quantitative competitive PCRs (QC-PCRs) were carried
out using the reaction conditions described above. For epsps detection the reac-
tions included the competitor DNA pBNS2.2 at 8 × 101 to 1 × 104 copies. The
plasmid pBNS2.2 contains a 550 bp fragment of epsps into which 94 bp of DNA
derived from pET16b had been inserted10. To quantify the lectin gene (Le1) the
plasmid pJG1 was included also at 80 to 10,000 copies. The plasmid, pJG1 con-
tains the Le1 gene into which a 100 bp sequence of pCR-Blunt had been
inserted in the region amplified by the primers GM03 and GM04. QC-PCR was
carried out in duplicate on each sample. The presence or absence of full-length
epsps was determined by PCRs using primers that amplify the complete epsps
transgene encoding the P. hybrida chloroplast transit peptide fused to the
Agrobacterium sp. CP4 EPSPS30 (Fig. 1). To ensure that the PCR product det-
ected in the microbial cultures was not derived from the culture medium, re-
peated PCRs on the uninoculated culture medium (LB-broth) were carried out
and no product was detected. To minimize the risks of cross-contamination,
PCR analysis was carried out in a separate location (different building) where
we kept our stock plasmids containing the epsps transgene sequence, and labo-
ratory clothing and equipment were not exchanged between the different sites.
Furthermore, PCRs lacking test DNA but including all other components of the
reactions were incorporated in every amplification series as negative controls to
ensure that there was no transgene contamination of our reagents, water, min-
eral oil or the reaction vessels.
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Figure 4  Influence of PEG4000 on DNAase activity. (a,b) Plasmid 
DNA containing the epsps transgene was incubated with ileal digesta in 
the absence (a) and presence (b) of 4% (wt/vol) PEG4000. At various
intervals aliquots were removed, DNAase activity was inactivated by the
addition of EDTA to 20 mM and the samples were subjected to agarose gel
electrophoresis. Lanes depict the time the DNA was incubated with the
DNAase: 1, 0 min; 2, 5 min; 3, 10 min; 4, 15 min, 5, 22 min; 6, 30 min;
7, 40 min; and 8, 60 min.

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
eb

io
te

ch
no

lo
gy



A RT I C L E S

NATURE BIOTECHNOLOGY VOLUME 22 NUMBER 2 FEBRUARY 2004 209

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Received 20 October; accepted 20 November 2003
Published online at http://www.nature.com/naturebiotechnology/

1. Gebhard, F. & Smalla, K. Transformation of Acinetobacter sp. strain BD413 by trans-
genic sugar beet DNA. Appl. Environ. Microbiol. 64, 1550–1554 (1998).

2. Einspanier, R. et al. The fate of forage plant DNA in farm animals: a collaborative
case-study investigating cattle and chicken fed recombinant plant material. Eur. Food
Res. Technol. 212, 129–134 (2001).

3. Schubbert, R., Lettmann, C. & Doerfler, W. Ingested foreign (phage M13) DNA sur-
vives transiently in the gastrointestinal tract and enters the bloodstream of mice. Mol.
Gen. Genet. 242, 495–504 (1994).

4. Schubbert, R., Renz, D., Schmitz, B. & Doerfler, W. Foreign (M13) DNA ingested by
mice reaches peripheral leukocytes, spleen, and liver via the intestinal wall mucosa
and can be covalently linked to mouse DNA. Proc. Natl. Acad. Sci. USA 94,
961–966 (1997).

5. Schubbert, R., Hohlweg, U., Renz, D. & Doerfler, W. On the fate of orally ingested for-
eign DNA in mice: chromosomal association and placental transmission to the fetus.
Mol. Gen. Genet. 259, 569–576 (1998).

6. Mercer, D.K., Scott, K.P., Bruce-Johnson, W.A., Glover, L.A. & Flint, H.J. Fate of free
DNA and transformation of the oral bacterium Streptococcus gordonii DL1 by plas-
mid DNA in human saliva. Appl. Environ. Microbiol. 65, 6–10 (1999).

7. Duggan, P.S., Chambers, P.A., Heritage, J. & Forbes, J.M. Survival of free DNA encod-
ing antibiotic resistance from transgenic maize and the transformation activity of
DNA in ovine saliva, ovine rumen fluid and silage effluent. FEMS Microbiol. Letts.
191, 71–77 (2000).

8. Netherwood, T. et al. Gene transfer in the gastrointestinal tract. Appl. Environ.
Microbiol. 65, 5139–5141 (1999).

9. Chambers, P.A., Duggan, P.S., Heritage, J. & Forbes, J.M. The fate of antibiotic resist-
ance marker genes in transgenic plant feed material fed to chickens. 
J. Antimicrob. Chemother. 49, 161–164 (2002).

10. Martín-Orúe, S.M. et al. Degradation of transgenic DNA from genetically modified
soya and maize in human intestinal simulations. Br. J. Nutr. 87, 533–542 (2002).

11. Vodkin, L.O., Rhodes, P.R. & Goldberg, R.B. cA lectin gene insertion has the struc-
tural features of a transposable element. Cell 34, 1023–1031 (1983).

12. Meyer, R., Chardonnens, F., Hubner, P. & Luthy, J. Polymerase chain reaction (PCR)
in the quality and safety assurance of food: detection of soya in processed meat prod-
ucts. Z. Lebensm. Unters. Forsch. 203, 339–344 (1996).

13. Studer, E., Rhyner, C., Lüthy, J. & Hübner, P. Quantitative competitive PCR for the
detection of genetically modified soybean and maize. Z. Lebensm. Unters. Forsch.

207, 207–213 (1998).
14. Adlerberth, I. et al. A mannose-specific adherence mechanism in Lactobacillus plan-

tarum conferring binding to the human colonic cell line HT-29. Appl. Environ.
Microbiol. 62, 2244–2251 (1996).

15. Hoiseth, S.K. & Stocker, B.A.D. Aromatic dependent Salmonella typhimurium are
non-virulent and effective as live vaccines. Nature 291, 238–239 (1981).

16. Hidalgo, I.J., Raub, T.J. & Borchardt, R.T. Characterization of the human colon carci-
noma cell line (Caco-2) as a model system for intestinal epithelial permeability.
Gastroenterology 96, 736–749 (1989).

17. Andersson, H. The ileostomy model for the study of carbohydrate digestion and car-
bohydrate effects on sterol excretion in man. Eur. J. Clin. Nutr. 46, S69–76 (1992).

18. Langkilde, A.M., Champ, M. & Andersson, H. Effects of high-resistant-starch banana
flour (RS(2)) on in vitro fermentation and the small-bowel excretion of energy, nutri-
ents, and sterols: an ileostomy study. Am. J. Clin. Nutr. 75, 104–111 (2002).

19. Normen, L., Laerke, H.N., Jensen, B.B., Langkilde, A.M. & Andersson, H. Small-
bowel absorption of D-tagatose and related effects on carbohydrate digestibility: an
ileostomy study. Am. J. Clin. Nutr. 73, 105–110 (2001).

20. Ruiz, T.R., Andrews, S. & Smith, G.B. Identification and characterization of nuclease
activities in anaerobic environmental samples. Can. J. Microbiol. 46, 736–740
(2000).

21. McCartney, A.L. Application of molecular biological methods for studying probiotics
and the gut flora. Br. J. Nutr. 88, S29–37 (2002).

22. Stach, J.E. & Burns, R.G. Enrichment versus biofilm culture: a functional and phylo-
genetic comparison of polycyclic aromatic hydrocarbon-degrading microbial commu-
nities. Environ. Microbiol. 4, 169–182 (2002).

23. Caldwell, D.E., Wolfaardt, G.M., Korber, D.R. & Lawrence, J.R. in Manual of
Environmental Microbiology (eds. Hurst, J.H., Knudsen, G.R., McInerney, L.D.,
Stetzenbach, M.J. & Walter, W.V.) 79–90 (American Society for Microbiology Press,
Washington, DC, 1997).

24. Yamo, T. et al. Abnormal expression of CD44 variants on the exfoliated cells in the
faeces of patients with colorectal cancer. Gastroenterology 114, 1196–1205 (1998).

25. Kerovuo, J. & Tynkkynen, S. Expression of Bacillus subtilis phytase in Lactobacillus
plantarum 755. Lett. Appl. Microbiol. 30, 325–329 (2000).

26. Soole, K.L. et al. Constitutive secretion of a bacterial enzyme by polarized epithelial
cells. J. Cell Sci. 102, 495–504 (1992).

27. Silley, P. & Armstrong, D.G. Changes in metabolism of the rumen bacterium
Streptococcus bovis H13/1 resulting from alteration in dilution rate and glucose sup-
ply per unit time. J. Appl. Bacteriol. 57, 345–353 (1984).

28. Warner, A.C.I. Nutr. Abstr. Rev. B51, 789–820 (1981).
29. Malawer, S.J. & Powell, D.W. An imported turbidimetric analysis of polyethylene gly-

col utilizing an emulsifier. Gastroenterology 53, 250–255 (1967).
30. Padgette, S.R. et al. Development, identification and characterization of a

glyphosate-tolerant soybean line. Crop Sci. 35, 1451–1461 (1995).

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
eb

io
te

ch
no

lo
gy


