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Abstract

Part of the risk assessment of genetically modified foods is the analysis of genetic information. It was postulated models for the quantification of horizontal gene transfer in the conditions of the gastrointestinal tract in vivo by colonization deletion mutant EPSPS gene of E. coli wild-type strain and the application of naked DNA encoding a functional gene epsps whole length that would provide a resistance to the herbicide glyphosate. The cells of the wild strain of E. coli labeled antibiotic resistance experienced gastrointestinal transit system with the highest concentrations in fecal samples 12 hours after oral application probe. Naked plasmid DNA encoding the EPSPS (pKK1) was completely degraded by 24 hours after administration to rats, with the highest rate of degradation of the monitored bodies DNA was detected in the stomach as well as in vivo and ex vivo.
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INTRODUCTION

Several factors like lowered cost of production, increased yield and higher value added products have contributed to the rapid introduction of genetically modified (GM) food. Several health related issues considering the safety of GM food have been raised like the risk of gene transfer from GM organisms to human gastrointestinal flora and even into human cells. Ingested DNA is degraded through various mechanisms including acid hydrolysis especially in the stomach and via the activity of more or less specific DNases that are produced by the exocrine pancreas and, thus, are highly active in the duodenum and jejunum  QUOTE "(Schubbert et al. 1994; Schubbert et al. 1997)" 
(Schubbert et al. 1994; Schubbert et al. 1997)

 QUOTE ""  ADDIN PROCITE ˙\11\05‘\19\02\00\00\00\00\01\00\00<\00\00\00\10N:\5Cdipl\5Cdipl.pdt%Schubbert, Lettmann, et al. 1994 #610\00%\00 
. In an important study, Maza and colleagues analyzed tissue samples from pigs fed with Bt maize for 35 days ad libidum  QUOTE "(Mazza et al. 2005)" 
(Mazza et al. 2005)
. In nearly all tissues small fragments of about 500 bp were found in virtually all tissues if looking for the Cry1 gene present only in the GM maize or Zein and Sh-2 genes present also in non GM maize. In contrast other studies either fail to comment on this issue or no replicates are reported in the methods sections of the papers. A further interesting point is that the foreign DNA fragments were found in highest amounts in immunocompetent cells in spleen, Payer plaques and leukocytes. An important problem in the assessment of risk of GM plants is the lack of quantitative information on the frequency of HGT. Probably most interestingly, there is no solid data on the frequency of lateral gene flow from GM food to bacteria in the gastrointestinal microflora. A large project has been started to partially solve this problem. An animal model to quantify HGT in natural conditions of gastrointestinal tract has been developed. Experimental animals should be fed with bacteria carrying an epsps gene from RoundUp Ready maize. Transformation and a subsequent homologous recombination mediated exchange of the epsps variants should have phenotypic consequences regarding the selective growth on glyphosate. Glyphosate is an herbicide that inhibits the biosynthetic pathway of aromatic amino acids. The epsps gene from RoundUp Ready GM plants is resistant against glyphosate, thus, bacteria receiving the functional variant of epsps should be able to grow on glyphosate enriched media. The aim of these experiments was to analyze frequency of HGT in the proposed model including survival of the potential recipient bacteria and stability of naked DNA encoding the epsps gene in natural conditions of gastrointestinal tract of an experimental rodent. 

Methods and Materials
Study 1. Horizontal gene transfer in vivo

Three female Wistar rats were used for this experiment accrding to the Institutional ethical committee norms. All three rats received 0,5 ml of ON culture of wild type E.coli WT12 intragastrically via gavage. One hour after the application of potential recipient bacteria the first rat received 300 µg of plasmid pKK1 DNA dissolved in 300 µl of distilled water into the stomach cavity via gavage. The second rat received the same amount of plasmid pKK1 DNA digested with EcoR1 and HindIII that cut out the epsps gene. The third rat served as control receiving water. Before the experiment and 12h, 24h, 36h and 48h after the DNA application feces samples were collected from all rats into sterile microtubes and stored at 4 °C.

One hundred micrograms of fecal samples were homogenized in 3 ml of liquid LB medium. Aliquots of the homogenate (100 μl) were cultivated on solid McConkey agar, McConkey agar enriched with tetracycline and nalidixic acid; and on liquid minimal medium enriched with 3% glyphosate. After an ON cultivation on minimal medium with glyphosate, 100 μl of culture were transferred on LB agar, and LB agar enriched with tetracycline and nalidixic acid.

Study 2. In vivo DNA degradation – model conditions

Plasmid pKK1 was isolated from 5 l of an ON culture of transformed E.coli DH5a as described above. Rats (n=12) of both sexes (6 female and 6 male) fed with standard chow and tap water ad libidum were anesthetized using thiopental and pentobarbital. Vital physiologic actions were monitored by inspection. Cardiopulmonary failure was temporarily corrected by standard mechanical ventilation via a specific nasal resuscitation rescue system  QUOTE "(Borchert 1996)" 
(Borchert 1996)
. Aliquots of 300 μg in sterile water were mixed with a 0,01% solution of methylene blue dye to track the applied liquid. The prepared mixture was applied to the gastrointestinal tract of rats. The abdominal cavity of anesthetized rats was opened carefully in two layers (skin and muscles) using the midline abdominal incision. Access to different parts of the gastrointestinal system was ensured using standard surgical procedures and equipment. Colon caecum and its afferent and efferent intestinal annexes – terminal ileum and colon ascendens were identified. Three segments with a length of cca. 1 cm each were sutured bilaterally to ensure spatio-temporal control of applied mixture, but very carefully to prevent gastrointestinal bleeding. Each sutured segment of ileum and colon was injected with a small sterile insulin syringe, and the mixture (100 μl) of plasmid DNA and methylene blue equivalent to 300 μg of DNA was applied to every injection site. The correct application and the persistence of the applied mixture were controlled by inspection of blue color of the segments. The stomach was injected into the aboral muscular part, while the pylorus was closed using a simple suture. The same volume of mixture was applied orally. The head and neck region were elevated to facilitate the swallowing reflex. Before application the gastro-oesophageal junction was sutured. In the ileum and colon, the plasmid DNA was applied simultaneously, samples of intestinal contents were taken from the corresponding segments after 10, 30 and 60 minutes, respectively. The esophageal and gastric sites were injected differentially (30 or 60 minutes before sampling) in every rat because of the possibility of only one vital sampling from these sites. Samples were taken via small incision into the corresponding segment and the intestinal content was collected into sterile tubes and processed immediately. One rat served as negative control – sterile water without plasmid DNA was applied. One rat served as quasi-positive control, the content was sampled immediately after application of plasmid DNA to increase as much as possible the DNA yield. Rats were sacrificed by exsanguination after all sampling was done.

The samples were processed as described above by an immediately addition of phenol to inhibit all nucleases. DNA was isolated and stored in TE at pH 8 and -80 °C until further analyses.
Study 3. Ex vivo DNA degradation

Two male rats were anesthetized and their abdominal cavity was opened. Samples of the intestinal content from various parts of the gastrointestinal tract were taken. However, only samples from the stomach, duodenum and colon contained enough liquid needed for further processing. The liquid part of the samples was transferred into new sterile microtubes after centrifugation. Ten micrograms of pKK1 plasmid DNA diluted in sterile distilled water into a final volume of 20 μl was used in every degradation reaction that was started after mixing the DNA with 20 μl of the liquid gastrointestinal samples, liquid from testicular tissue and water were used as controls. The mixture was placed into a microtube shaker with a thermostat at 37 °C. Four microliter samples were taken at 10s, 30s, 60s, 10min, 30min, 60min, 10h, 30h and 60h after starting the incubation. Before sampling the liquids in the microtubes were spin down quickly. Four replicates were prepared for every liquid source, two of them were processed with an immediate addition of phenol to stop the nuclease activity, the other two replicates were mixed with 0,5 mol/l EDTA and frozen immediately at -80 °C. DNA was isolated by the phenol/chloroform method from the first two replicates, however, no DNA was isolated from such a small volume. Thus, only the other two replicates were used for further PCR analysis.
Statistical analysis

Collected data was analyzed using Microsoft Excel, Micrococal Origin version 6.0, XLStatistics 4.73 and GraphPad Prism 4.0. Statistical analysis included the use of Bonferroni modified Student t-test, One-way ANOVA and Repeated measures ANOVA. The significance level alpha was set to 0,05. P-values below this threshold were considered significant. Data is presented as original values or as mean + standard deviation. 

Results

In study 1 McConkey agar was used for the relative selection of Enterobacteriaceae from rat fecal samples after administration of E.coli WT12. Comparing the number of colonies growing on McConkey agar enriched with nalidixic acid and tetracycline to the number of colonies on McConkey agar without antibiotics (Fig. 1) gave us an insight into the dynamics of passage of the potential recipient cells with the highest value at 12 hours after the intragastric application of bacteria. The co-application of either digested or circular pKK1 plasmid DNA had no effect on the survival of bacteria on 3% glyphosate (Fig. 2).

In study 2 we have shortened the observation and sampling time to one hour and to detect which part of the gastrointestinal tract degrades DNA with highest efficiency, the isolated pKK1 plasmid was applied to several sites of the gastrointestinal tract. As seen on Tab. 1 and Fig. 3 using PCR, fragments of the epsps gene could be detected relatively often in oesophagus and colon, but rarely in the stomach and ileum. 

In study 3 the gastrointestinal liquids were mixed with plasmid DNA and as seen on Tab. 2 and Fig. 4 again, the ventricular liquid was most aggressive against DNA. However, the other liquids affected the plasmid DNA highly variable ending up in totally different replicates.
Discussion
In the European context a number of international initiatives were started to assess the potential risk of GM food  QUOTE "(van den Eede et al. 2004)" 
(van den Eede et al. 2004)
. However, these initiatives did not bring any clear consensus conclusion based on solid scientific evidence. Further (especially quantitative) research on this topic is undoubtedly needed.

The results of this study can be summarized as follows. The study 1 considered as an alternative model for HGT quantification is not sufficiently robust. The proposed recipient strain E.coli WT12 is able to survive passing the gastrointestinal tract of rats and can, thus, be used for the model. Using sensitive PCR, any fragments could be detected within 24 hours after oral application of plasmid DNA the results of this study postulated that DNA can be relatively stabile in oesophagus and colon, on contrary, in stomach and ileum DNA is degraded much faster. The results from stomach and colon have been confirmed ex vivo. Hydrochloric acid produced by the parietal cells of the stomach decreases the local pH to 1-2 enhancing the degradation of nucleic acids. The duodenal liquid seems not to posses the predicted nuclease activity, which is quite surprising because of the nucleases known to be produced in high amounts by the exocrine part of the pancreas. On the other hand, duodenal content is highly different from the content of ileum, although both sites are parts of the small intestine. From a physiological point of view the colon has several functions mainly related to water metabolism. Digestion enzymes activities are relatively low in the rat large intestine, this might explain the findings in colon.

Testicular tissue was chosen for a control reaction because of its known very high turnover of cells connected with the need of rapid DNA degradation and synthesis. Indeed, in one replicate plasmid pKK1 DNA could not be found even in the earliest samples, the other replicate was different. Similarly, the replicates varied also in other samples considerably indicating once more the need for a wider design of experiments, even ex vivo. Interestingly and consistently, after 10 hours of incubation PCR was negative in all samples except water as control. This result is important for the proposed HGT model, if survival of E.coli WT12 is taken into account. Attempts to increase the stability of the applied DNA are needed before entering the HGT experiment. 

 QUOTE "(Netherwood et al. 2004)" 
(Netherwood et al. 2004)
 reported that in intact intestine the transgene DNA was not detected in fecal samples of the subjects in contrast to the fecal samples of ileostomists, where an estimated fraction of 3-4% of ingested DNA survived. Study on mice showed that the large intestine does not largely contribute to DNA degradation  QUOTE "(Schubbert et al. 1997)" 
(Schubbert et al. 1997)
. In large mammals the situation is more similar to human conditions, as the epsps gene was detected in duodenal digesta, but not in the feces of GM fed Holstein-Friesian diary cows  QUOTE "(Phipps et al. 2003)" 
(Phipps et al. 2003)
. Another very important finding of the human Netherwood study was that the authors found bacteria in the intestinal contents that were PCR positive for the epsps gene, as pointed out by the corresponding editorial  QUOTE "(Heritage 2004)" 
(Heritage 2004)
. However, this finding was even more interesting because the DNA was found in samples before the experiment, suggesting that the HGT event might occurred during a previous exposure of the microbial flora to GM food. The experimental application of GM food did not alter the amount of epsps positive bacteria. Differential cultivation revealed that the transformed cells were most likely Gram positive facultative anaerobes. The method used did not allow to quantify the HGT events absolutely. Nevertheless, another group of researchers from Denmark and Netherlands showed that plasmid DNA could be recovered from rat intestinal content 5 hours after ingestion and that this DNA was biologically active in the terms of transformation capability  QUOTE "(Wilcks et al. 2004)" 
(Wilcks et al. 2004)
. The search for transgenes and even proteins encoded by the transgene DNA in muscle tissue of pigs remained unsuccessful though a very good sensitivity of the PCR and ELISA used  QUOTE "(Jennings et al. 2003)" 
(Jennings et al. 2003)
.

An ex vivo study showed that the stability of naked DNA is very low even in saliva  QUOTE "(Mercer et al. 1999)" 
(Mercer et al. 1999)
. Halftime of a 520 bp fragment was no more than 10 minutes. The transformation via chromosomal integration was possible after both ex vivo and in vivo degradation of naked DNA in saliva during few minutes  QUOTE "(Mercer et al. 2001)" 
(Mercer et al. 2001)
. Similar findings were reported by the same research group in human gut simulation  QUOTE "(Scott et al. 2000)" 
(Scott et al. 2000)
. In contrast in this thesis data is presented showing that even a small fragment of the DNA is not detectable by PCR after 10 minutes of exposure to various gut liquids. Lyophilized intestinal digesta from human volunteers were used for another ex vivo experiment observing the rate of degradation of transgene DNA  QUOTE "(Martin-Orue et al. 2002)" 
(Martin-Orue et al. 2002)
. The fate of naked DNA was compared to the fate of transgene DNA in GM soya. The protection of DNA by soya proteins as well as by other substances was clearly seen, which is in contrast to some of our results, but on the other hand, stomach and its internal environment was confirmed to be the main site of DNA degradation.
Conclusion

Although the physiology of the gut and its microflora might be partially affected by DNA from GM food  QUOTE "(Ewen & Pusztai 1999)" 
(Ewen & Pusztai 1999)
, the situation is far from being dramatic. The functional changes are minimal if not directly wanted and depend of course mainly on the gene of interest. 
it can be concluded:

a) E.coli WT12 cells are able to survive the passage through the gut of rats with a maximum found in fecal samples 12 hours after oral application.

b) Naked plasmid DNA might not be the right source of genes of interest for the model, because of high degradation rates, especially in stomach, but also in other parts of the gastrointestinal system. Long-term feeding of experimental animals with the corresponding GM plants might be not only more similar to natural conditions, which would make it easier to extrapolate the results to human, but also more likely to increase the probability of HGT events, as the DNA in plant cells is more stable and, thus, times needed for transformation events might be achievable.


