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Terms of Reference
The aims of the prepared report are to:
1
2
3
4

provide scientifically sound data collected from peer-reviewed journals to support a risk
assessment approach for antibiotic resistance marker genes and their potential to be
transferred from genetically modified organisms (GMOs) to pathogenic bacteria.
present an overview of the current state of knowledge concerning horizontal gene
transfer related to GMOs.
describe the naturally occurring background load of antibiotic resistance marker genes in
natural environments with a special focus on the situation in Austria.
assess the clinical relevance of antibiotic preparations corresponding to and inactivated
by antibiotic resistance marker genes used for engineering GMOs.

The report comprises data for a risk assessment of some of the most important antibiotic
resistance marker genes, based upon the analysis of the relevant scientific literature published up
to August 2007. An overwhelming majority of the published data deals with the potential of
horizontal gene transfer from transgenic plants to bacteria. Therefore, the emphasis of this report
is centered on the risk assessment of transgenic plant derived antibiotic resistance marker genes.
However, the drawn conclusions are valid for ARM genes also from other sources.
The report should provide supplement information for Competent Authorities dealing with the
phasing out of antibiotic resistance marker genes according to the Directive 2001/18/EC, which
requires a step-by-step phasing out of ARM genes in GMOs, which may have adverse effects on
human health and the environment (Art. 4 (2) Dir. 2001/18/EC) by the end of 2004 (concerning
GMOs released for market according to part C) and 2008 (concerning the deliberate release of
GMOs into the environment according to part B of the directive).

Corresponding author:
Mag. Markus Wögerbauer
Department of Otorhinolaryngology, Head and Neck Surgery
Medical University of Vienna
Währinger Gürtel 18-20, A-1090 Vienna, Austria
Tel. +43-1-40400-3439, Fax: +43-1-40400-3355
m_woegerbauer@gmx.at
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Executive Summary
Certain antibiotic resistance marker genes present in genetically modified organisms inactivate
antibiotics which are in clinical or veterinary use. Therefore concerns have been raised that the
large-scale release of these antibiotic resistance marker genes by marketing or deliberate release
of transgenic organisms in field trials will increase the rate of antibiotic resistant bacteria leading to
reduced therapeutic options for the treatment of infectious diseases.
This problem was acknowledged by the authorities of the European Parliament and the European
Commission and was included into the Directive 2001/18/EC, which requires a step-by-step
phasing out of ARM genes in GMOs, which may have adverse effects on human health and the
environment (Art. 4 (2) Dir. 2001/18/EC) by the end of 2004 (concerning GMOs released for
market according to part C) and 2008 (concerning GMOs authorized according to part B),
respectively. The scientific credibility and the necessity of this action have been under debate by
experts ever since.
The present report comprises a risk assessment of some important antibiotic resistance marker
genes based on the analysis of the relevant scientific literature available until August 2007.
For an assessment of the potential risks induced by antibiotic resistance marker genes the
following issues are considered:
1
2
3
4

5

Genetic and biochemical characteristics of the most commonly used antibiotic resistance
marker genes (nptII, blaTEM-1, hph, aadA, nptIII, cat, tetA) and their derived proteins.
The prevalence of ARM gene homologues in naturally occurring microbial populations.
The clinical relevance of the antibiotic compounds, which are inactivated by these marker
genes.
The frequency of the horizontal transfer of antibiotic resistance marker genes from
transgenic plants to bacteria under naturally occurring conditions with a focus on DNA
stability in natural environments, selection pressure, efficiency of transfer and incorporation
of foreign genetic material into the bacterial genome.
Alternative technologies, which do not rely on the application of antibiotic resistance
marker genes, are presented. Benefits, accessibility and cost efficiency are presented and
compared to the conventionally and commercially most frequently used selection system
based on nptII.

The broad application of antimicrobial compounds for therapy of human infectious diseases and in
animal husbandry has created by itself a large reservoir of resistance genes in naturally occurring
bacterial populations. The emergence of multi-drug resistant pathogens has already severely
compromised antimicrobial chemotherapy leading to a substantial increase in morbidity and
mortality due to microbial infections and to a growing burden for the public health care system.
Antibiotic resistance may develop in sensitive bacteria either by spontaneous mutations or by the
acquisition of intact resistance genes via horizontal gene transfer. Our current understanding of
resistance development is more descriptive than predictive in nature. Although the acquisition of
new resistance determinants can be easily described at the molecular, species and geographical
distribution levels, the initial transfer event (the original resistance gene donor) and the
environmental conditions which support the growth of the first generation of resistant bacteria
remain largely unknown. But without this information and a clear understanding of the operative
selective pressures in bacterial populations it is impossible to predict accurately the effects of an
artificially induced augmentation of the already existing resistance gene pool by ARM genes from
transgenic organisms.
The EFSA GMO Panel has acknowledged these knowledge gaps and has identified three main
criteria which can help to supplement the lack of direct predictive capability for the effect of ARM
gene application in GMOs, and allow a risk classification for ARM genes under consideration.
These criteria are the:
1
2

identification of the current natural reservoir of resistance determinants similar to ARM
genes
identification of the selective conditions promoting the growth of bacteria, which have
acquired ARM genes.
6
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3

characterization of the clinical relevance of antimicrobial compounds inactivated by ARM
genes.

The first 2 criteria enable a comparative assessment of the relative contribution of ARM genes from
GMOs to the overall reservoir of antibiotic resistance genes in the environment, and help to assess
the conditions necessary for ARM gene containing transformants to undergo positive selection,
which may eventually lead to the emergence of clinically troublesome bacterial populations.
The inclusion of the third criterion has allowed the EFSA GMO Panel to categorize the most
frequently used ARM genes into 3 risk groups:
Group 1:

Kanamycin-resistance
Hygromycin-resistance

(nptII gene)
(hph gene)

Group 2:

Ampicillin-resistance
Chloramphenicol-resistance
Streptomycin-resistance

(blaTEM-1 gene)
(cat gene)
(aadA gene)

Group 3:

Kanamycin-resistance
Tetracycline-resistance

(nptIII gene)
(tetA gene)

According to the EFSA GMO Panel, no risk is associated with group 1 resistance genes, and thus
the Panel proposes that no rationale may exist to restrict or prohibit the use of Group 1 ARM
genes.
Group 2 resistance genes might pose a slight risk for humans and animals, and should only be
used for authorized field experiments. These ARM genes should not be used in transgenic plants
that are placed on the market.
Group 3 resistance genes should be avoided in transgenic crops under all circumstances because
these genes inactivate antibiotics crucial for therapy of infectious diseases in humans.
Although the EFSA contribution to risk assessment of ARM genes in plants is invaluable and
impressive in the amount of data collected, some serious flaws in the data interpretation by the
GMO Panel could be identified. This may, in our opinion, lead to a significant bias in risk
assessment of ARM genes:
1

2

3

4

According to the Norwegian Scientific Panel on Genetically Modified Organisms and the
Panel of Biohazards it is unclear how the EFSA opinion defines and distinguishes
quantitatively the prevalence of the genes in relation to the group classification made. It is
unclear if the prevalence argument is based on considerations of the ARM gene copy
number only, or if the relative presence of ARM gene homologues among relevant clinical
isolates in different countries is also considered. The lack of relevant data and quantitative
definitions easily leads to subjective and contested interpretations of the relevant antibiotic
usage and resistance levels for group classification.
The EFSA GMO Panel proposes indiscriminatively high background resistance levels in
naturally occurring bacterial populations. This statement communicates the impression of a
low risk process if ARM genes additionally are introduced into an ecosystem. But this
proposition does neither take into account strain- and species-specific differences in
resistance levels, nor does it acknowledge locus-, habitat- and country-specific differences
in the resistance rates of the same bacterial species. The actually occurring resistance
status was verified with kanamycin/neomycin (nptII) and penicillin resistance (blaTEM-1).
These examples provide evidence for a low prevalence of both resistance functions in many
environments and strains analyzed.
The analysis of the EFSA GMO Panel ignores substantially different country-specific
application patterns for antimicrobials, and does not consider the highly dynamic nature of
resistance in natural environments, where resistance genes are readily exchanged via
horizontal gene transfer adapting to the relevant selection pressure prevailing in the
habitat. This observation also includes decreasing resistance rates. The actual European
usage patterns are discussed in relation to the resistance profile of clinically relevant
pathogens and are exemplified with penicillin and Streptococcus pneumoniae.
A cornerstone of the EFSA GMO Panel’s argumentation for a low risk profile, especially of
group 1 and 2 ARM genes, is the argument that inactivated antibiotics are in use no longer
in clinical practice. This assumption does not take into account country-specific antibiotic
usage patterns. Some European countries may still rely heavily on a specific antimicrobial
compound, whereas the same compound may not even be commercially available in other
countries. This may be illustrated by the following examples: In Estonia, kanamycin was
7
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only recently introduced into the national TB treatment program. In Austria no kanamycin
preparations for human therapeutic use are on the market. In 2004 10 g of neomycin were
administered for human therapeutic applications and only 31 kg were applied for veterinary
purposes in Norway. The situation was quite contrary in The Netherlands, where 30 000 kg
of neomycin and kanamycin were estimated to be used in agriculture annually. In France
approx. 19 daily doses (per 1000 inhabitants per day) of penicillins were administered in
2001, whereas The Netherlands consumed only 3.5 dd of those antimicrobials during the
same period.
The EFSA GMO Panel argues that a low gene transfer frequency in natural habitats is
equivalent to a low risk for adverse effects. Unfortunately, frequencies are of little
predictive value in the assessment of long-term effects of sporadic gene transfer events,
particularly because the relevant transfer frequencies may well be below current
methodological detection thresholds. A single successful ARM gene uptake event may be
sufficient to build a founder generation for a subsequently resistant bacterial strain.
The EFSA’s opinion omits any quantitative data concerning the copy number of resistance
determinants in receptor populations (background-level of resistance) or the potential input
copy number of ARM genes via transgenic organisms. But a quantitative understanding of
this phenomenon is necessary for a serious assessment of the effect of additionally
introduced ARM genes.
It is stressed that rare ARM gene transformants need positive selection pressure to grow to
a larger population size. Without selection pressure they will be lost. The prevalence of this
kind of selection pressure in the appropriate habitats (e.g. on fields, soil etc.) is put into
question by the GMO Panel. However, recent data have indicated the presence of
considerable amounts and persistence of various antibiotics in soil and on, and even in,
plants from manure of animal husbandry. The application of antibiotics for the treatment of
infectious diseases in animals also provides substantial stress on bacterial populations.
Thus, positive selection pressure even in field environments is not unlikely.

The EFSA GMO Panel’s opinion therefore does not necessarily reflect the more precautionary
motivated regulations of ARM genes for commercial use in food and feed in Austria.
In accordance with the ad hoc group of the Norwegian Scientific Panel on Genetically Modified
Organisms and the Panel of Biohazards, significant and distinct differences in antibiotic usage levels
and antibacterial resistance rates between European countries could be identified. This observation
implies the necessity of a case-by-case risk evaluation of each notification taking into account
country-specific peculiarities. A large-scale introduction of ARM genes via transgenic crop plants
leads to a different outcome of the risk assessment in areas with a low incidence of the equivalent
resistance functions compared to environments with an intrinsic high background level of
resistance. This consideration is also relevant for the group 1 ARM gene nptII.
The generally proposed high frequency of naturally occurring resistances originating from the
global resistance gene pool is not uniformly reflected by the resistance profiles of clinically relevant
pathogens. The most revealing example was documented by the resistance rate of Streptococcus
pneumoniae to penicillins: In Germany 1–5% of all analyzed isolates were resistant to penicillin as
opposed to the neighboring country France (or Spain), where up to 50% of all isolates were
resistant during the same test period. An additional input of blaTEM-1-sequences from transgenic
plants would meet two completely different background levels of clinically relevant resistances in
these two countries. Resistance patterns between different bacterial pathogens against the same
antimicrobial showed similar discrepancies: A low frequency of resistance to penicillins (< 2%) was
reported for Enterococci and isolates of S. pneumoniae, whereas resistance to ampicillin was quite
common in E. coli (up to 50%) and S. aureus isolates (80%). Concerning these facts, it is not
adequate to assume that a similar high background frequency of clinically relevant resistances is to
be expected throughout Europe. A comparable situation was encountered for recently collected
environmental samples from soil, the guts of birds, boars, pigs, cattle and poultry if analyzed for
resistance to aminoglycosides.
An analysis of indications for antibiotic therapies in Austria and Germany revealed that
antimicrobials (with the exception of aminoglycosides) which were inactivated by antibiotic
resistance marker genes still play a crucial role in anti-infective chemotherapy. Thus, it is not
adequate to suggest that all inactivated group 1 and 2 relating antibiotics are “outdated” and
clinically irrelevant compounds. Ampicillin, amoxicillin, and penicillin G are the drugs of choice in
many cases. Even neomycin, paromomycin, and streptomycin may be a last resort for terminally ill
patients or for rare exotic infectious diseases. It should also be mentioned that chloramphenicol is
the drug of choice for a variety of indications in developing countries. However, hygromycin has no
therapeutic application.
8
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The nptII gene, which preferentially inactivates the aminoglycoside antibiotics kanamycin,
neomycin, and paromomycin, has been classified as group I ARM gene. Due to the flaws in data
interpretation (see above) and new available information, this EFSA classification might not be
appropriate for all European countries: Neomycin has recently been classified as critically important
antibiotic by a FAO/WHO working group. The EMEA, in accordance with the EFSA GMO Panel, has
acknowledged neomycin as antimicrobial for the treatment of severe clinical conditions like hepatic
encephalopathy. Aminoglycosides as a class have become more and more important as alternative
treatment options due to the rise of multi-resistant bacterial strains (e.g. M. tuberculosis).
Kanamycin has explicitly been recommended in the treatment of multi-resistant tuberculosis in
several countries (USA, Estonia) and has been designated as potential anti-tuberculosis drug in the
case of bioterrorism. An interesting long-term perspective concerning the development of novel,
less toxic neomycin or kanamycin derivatives should also be considered. Their novel therapeutic
option might be diminished by the effect of nptII. In veterinary medicine aminoglycosides are of
crucial importance, namely neomycin, kanamycin and paromomycin, which have been explicitly
licensed for the treatment of infections in food producing animals. The EMEA concludes that
neomycin and kanamycin are of importance for veterinary and human use, and their current or
potential future use cannot be classified as of no or only minor therapeutic relevance.
Although the risk for adverse effects on human health and environment due to the release of nptII
ARM genes is generally considered to be low, special care should be taken in countries with a low
incidence of aminoglycoside resistant pathogens. A massive dissemination of nptII containing DNA
fragments via transgenic crop plants will certainly lead to alterations in the exposure locus and
exposure rate of soil and gut bacteria not previously available for these bacteria. Due to the
scarcity of available convincing, quantitative data, no recommendations concerning nptII and
deliberate releases for field experiments can be given. The implicit temporal and local restrictions
of field experiments might further limit the opportunity for efficient gene transfers from GMOs to
bacteria, in contrast to the situation with commercialized transgenic crops, which expose the
bacterial communities for decades and over large areas.
Only very limited information on hygromycin resistance background levels is available, but the
classification of hph as group 1 ARM gene appears to be appropriate because hygromycin has no
applications in human medicine and is only of limited use in animal husbandry.
Special precautions are recommended for the use of blaTEM-1 in transgenic organisms for
commercialization and for field trials in countries with a low background level of the corresponding
resistance functions in natural environments. It should be a matter of common sense to
deliberately reduce the artificial ARM gene exposure level of the bacterial communities to a
minimum considering the immanent clinical importance of these inactivated antimicrobial
compounds (= penicillins). This should also be seen in the context of alternatives to ARM genes
available.
In Austria streptomycin and chloramphenicol have a narrow range of indications and are
administered rarely. Nevertheless, these cases are usually due to life threatening infections with no
other treatment option left. Therefore, therapeutic importance is significant for certain patients.
The background resistance levels may vary similar to those of as blaTEM-1 and nptII. Approval for
them being used as ARM gene for deliberate releases in field experiments will depend on countryspecific resistance levels to streptomycin and chloramphenicol and the relative importance of these
antimicrobial compounds in human medicine and veterinary applications.
The classification of nptIII and tetA as group 3 ARM genes is supported by scientific evidence, and
therefore, appropriate.
In conclusion, we recommend accepting the ARM gene classification of the EFSA GMO Panel as
valuable basic framework. However, due to substantial knowledge gaps, local differences in
resistance levels and antibiotic usage patterns, and an overall scarcity of quantitative data
concerning ARM gene copy number input and the copy number of preexisting similar resistance
functions in naturally occurring bacterial populations, it should be the responsibility of the
respective Competent Authority to evaluate the risk in a case-by-case approach. This procedure
implies that the National Competent Authority ought to have the opportunity to re-classify the ARM
gene under consideration of local prevailing preconditions. An agreement about the use of distinct
bacterial indicator strains for the monitoring of ARM gene specific antibiotic resistances on a
European scale would be certainly helpful under theses circumstances. However, the final decision
about approval must be based on scientifically collected national datasets and must be open to
scrutiny.
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Zusammenfassung
Antibiotika-Resistenzmarkergene aus gentechnisch veränderten Organismen (GVO) inaktivieren
Antibiotikapräparate, die klinisch oder veterinärmedizinisch eingesetzt werden. Die massive
Freisetzung derartiger Antibiotika-Resistenzmarkergene über den kommerziellen Anbau von
transgenen Pflanzen oder über die Verbreitung von gentechnisch modifizierten Organismen in
Freilandversuchen könnte ein Ansteigen von Antibiotika resistenten Bakterien verursachen, die den
Therapieerfolg bei Infektionskrankheiten gefährden.
Dieses Gefahrenpotential wurde von den Verantwortlichen im Europaparlament und der
Europäischen Kommission erkannt und im Rahmen der Richtlinie 2001/18/EG einer Regelung
unterworfen. Diese Reglementierung fordert den schrittweisen Ausstieg aus der AntibiotikaResistenzmarkergen-Technologie für kommerziell verwertete GVO, die schädliche Auswirkungen auf
die menschliche Gesundheit oder die Umwelt haben könnte, bis zum Ende des Jahres 2004 (im
Falle von gemäß Teil C in den Verkehr gebrachten GVO bis zum 31. Dezember 2004; Art. 4 (2) RL
2001/18/EU) und für genetisch veränderte Organismen in Freilandversuchen bis 2008 (im Falle von
gemäß Teil B zugelassenen GVO für Freisetzungsexperimente bis zum 31. Dezember 2008).
Sinnhaftigkeit und Notwendigkeit dieses Schrittes werden seitdem unter Experten heftig diskutiert.
Die vorliegende Arbeit befasst sich mit der Evaluation dieses von Antibiotika-Resistenzmarkergenen
ausgehenden Risikos unter Berücksichtigung der mit Stand August 2007 zur Verfügung stehenden
Fachliteratur.
Folgende Punkte wurden bei der Risikobewertung von ARM Genen in Betracht gezogen:
1. Darstellung der biochemischen und genetischen Charakteristika der am häufigsten
verwendeten Antibiotika-Resistenzmarkergene (nptII, blaTEM-1, hph, aadA, nptIII, cat, tetA)
und der zugehörigen Proteine.
2. Abschätzung der Hintergrundbelastung mit Antibiotika-Resistenzmarkergen ähnlichen
Resistenzen in den natürlichen Lebensräumen von Bakterien.
3. Abschätzung der klinischen Bedeutung der durch ARM Gene inaktivierten
Antibiotikapräparate.
4. Abschätzung der Transferhäufigkeit von Antibiotika-Resistenzmarkergenen von transgenen
Pflanzen auf Bakterien unter natürlichen Umgebungsbedingungen. Der Analyseschwerpunkt
liegt auf der Darstellung der Stabilität von freier DNA im natürlichen Habitat, der
Beschreibung der auftretenden Selektionskräfte und der Effizienz der Übertragung und
Integration von fremdem genetischen Material ins bakterielle Genom.
5. Darstellung von Ersatzmethoden, mit deren Hilfe auf den Einsatz von AntibiotikaResistenzmarkergenen verzichtet werden kann. Vorteile, Zugang zur Technologie und
Kosteneffizienz im Vergleich zum etablierten und am meisten genutzten nptII-System
werden diskutiert.
Der massive und unkritische Einsatz von Antibiotikapräparaten in der Therapie von
Infektionskrankheiten und in der Tierzucht hat wesentlich zum Aufbau eines riesigen Pools an
Resistenzgenen in natürlich vorkommenden Bakterienpopulationen beigetragen. Das Auftauchen
von multi-resistenten Bakterienstämmen führt zu schwersten Problemen bei der Behandlung von
Infektionskrankheiten, was sich auch in einem deutlichen Anstieg der Morbidität und Mortalität und
einer dadurch immens steigenden Belastung des öffentlichen Gesundheitswesens ablesen lässt.
Antibiotikaresistente Bakterien entstehen entweder durch spontane Mutationen oder durch die
Akquisition von intakten Resistenzgenen mittels horizontalen Gentransfers. Unser gegenwärtiges
Verständnis über die Resistenzentwicklung ist eher beschreibender als vorhersagender Natur.
Obwohl inzwischen relativ klar die Aufnahme neuer Resistenzdeterminanten sowohl auf molekularer
und organismischer als auch auf geographischer Ebene dargestellt werden kann, bleibt der initiale
Transfervorgang – der Ursprung der Resistenzdeterminante bzw. der primäre Resistenzgen-Donor
meist im Dunklen. Ebenso sind jene Umgebungsbedingungen, die das Wachstum der ersten
Generation resistenter Bakterien begünstigen, häufig noch völlig unbekannt. Aber ohne diese
Informationen und ein klares Verständnis der wirkenden Selektionskräfte in bakteriellen
Populationen ist es unmöglich, genau jenen Effekt vorherzusagen, den eine vermehrte künstliche
Einbringung von Resistenzgenen via transgene Organismen hervorrufen wird.
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Das EFSA GMO Panel hat 2004 diese Wissenslücken erkannt und versucht, über die Aufstellung von
drei Kriterien diesen Mangel an Vorhersagekapazität über die Auswirkungen von AntibiotikaResistenzmarkergenen im natürlichen Habitat zu kompensieren.
Diese Kriterien sind:
1.

Charakterisierung des gegenwärtig in der Natur vorkommenden Pools an
Resistenzdeterminanten, die den ARM Genen entsprechen.
2. Identifizierung der Selektionsbedingungen, die das Wachstum von Bakterien begünstigen,
die ARM Gene aufgenommen haben.
3. Charakterisierung der klinischen Bedeutung der durch ARM Gene inaktivierten
Antibiotikapräparate.
Die Analyse des ersten Kriteriums erlaubt eine vergleichende Abschätzung des relativen Anteils der
jeweiligen ARM Gene aus GVO am gesamten Resistenzgenpool in der Umwelt. Das zweite Kriterium
gibt Auskunft über die notwendigen Rahmenbedingungen, die eine positive Selektion von
Bakterien, die ARM Gene aufgenommen haben, ermöglichen, um zu klinisch gefährlichen
Pathogenen heranwachsen zu können. Die Einbeziehung des dritten Kriteriums ermöglicht eine
Kategorisierung der am häufigsten eingesetzten ARM Gene in 3 Risikogruppen:
Gruppe 1:
Gruppe 2:
Gruppe 3:

Kanamycin-Resistenz
Hygromycin-Resistenz
Ampicillin-Resistenz
Chloramphenicol-Resistenz
Streptomycin-Resistenz
Kanamycin-Resistenz
Tetracyclin-Resistenz

(nptII)
(hph)
(blaTEM-1)
(cat)
(aadA)
(nptIII)
(tetA)

Der Einsatz von Gruppe 1 ARM Genen in transgenen Organismen wird vom EFSA GMO Panel als
risikolos betrachtet. Bei Gruppe 2 ARM Gene können minimale negative human- und
veterinärmedizinische Auswirkungen entstehen. Sie sollten nur in transgenen Pflanzen für
bewilligte Freisetzungsexperimente zum Einsatz kommen, nicht aber in Pflanzen, die für eine
kommerzielle Vermarktung vorgesehen sind.
Vertreter der Gruppe III sollten in transgenen Pflanzen vermieden werden, da diese AntibiotikaResistenzmarkergene humantherapeutisch wichtige Antibiotika inaktivieren.
Obwohl das EFSA GMO Panel einen wertvollen Beitrag zur grundlegenden Risikoklassifizierung von
ARM Genen geleistet hat und die Arbeit vor allem durch die Menge an gesammelten Daten
beeindruckt, sind in der Zwischenzeit einige gravierende Mängel bei der Sammlung und
Interpretation der Daten aufgetaucht, die die Risikoklassifizierung überprüfenswert erscheinen
lassen:
1.

2.

Es ist nicht klar, was das EFSA GMO Panel unter Häufigkeit von Resistenzgenen versteht,
wie das Vorkommen dieser Gene mengenmäßig erfasst wird, und in welcher Relation das
Ergebnis der Häufigkeitsanalyse zur Gruppen-Klassifizierung steht. Es ist unklar, ob sich
das Häufigkeitsargument nur auf die Kopienzahl des jeweiligen ARM Genes bezieht oder ob
die relative Häufigkeit von ARM Gen Homologen in klinisch relevanten Bakterienisolaten
(womöglich aus verschiedenen Ländern) ebenfalls bedacht wird. Der Mangel an
experimentell ermittelten Daten und das Fehlen von eindeutigen quantitativen Definitionen
führt rasch zu subjektiven und angreifbaren Interpretationen bei der Auslegung der
relevanten Antibiotikaverbrauchsmengen und Hintergrundresistenzbelastungen bei der
Zuordnung zu den jeweiligen Risikogruppen (siehe Norwegian Scientific Panel on
Genetically Modified Organisms and the Panel of Biohazards).
Das EFSA GMO Panel geht im wesentlichen und undifferenziert von einer hohen
Hintergrundbelastung mit Resistenzdeterminanten in natürlich vorkommenden
Bakterienpopulationen aus. Dieser Standpunkt vermittelt den Eindruck, dass die zusätzliche
Einbringung von Resistenzfunktionen via ARM Gene in den natürlichen Resistenzgenpool
ohne wesentliche Auswirkungen bleibt. Aber die Annahme einer hohen
Hintergrundbelastung mit Resistenzgenen zieht weder stamm- oder speziesspezifische
Unterschiede in den Resistenzraten in Betracht, noch beachtet sie völlig unterschiedliche
Resistenzraten bei ein und der selben Spezies in unterschiedlichen Ländern. Die tatsächlich
vorkommenden Resistenzraten wurden am Beispiel Kanamycin/Neomycin (nptII) und
Penicillin (blaTEM-1) Resistenz europaweit ermittelt. Für beide Resistenzdeterminanten
konnte gezeigt werden, dass sie in zahlreichen Habitaten und bei mehreren
Referenzstämmen äußerst selten auftauchen und somit ganz im Gegensatz zur vom EFSA
11

Zusammenfassung

GMO Panel propagierten Ansicht unter gewissen Umständen eine äußerst niedrige
Hintergrundbelastung aufweisen.
3. Das EFSA GMO Panel ignoriert im wesentlichen substantiell unterschiedliche
länderspezifische Anwendungs- und Verbrauchmuster von Antibiotikapräparaten und hebelt
dadurch Kriterium 2 aus, da so die im natürlichen Habitat herrschenden Selektionsdrücke
nicht richtig eingeschätzt werden können. Das EFSA GMO Panel ignoriert den dynamischen
Charakter der Hintergrundbelastung mit Resistenzgenen, da diese Resistenzfunktionen via
horizontalen Gentransfer leicht ausgetauscht werden und sich Bakterienpopulationen so
rasch an sich verändernde Umweltbedingungen anpassen können. Dies beinhaltet auch
einen eventuellen Rückgang der entsprechenden Resistenzraten. Der aktuelle AntibiotikaVerbrauch in Europa wird anhand von Penicillin dargestellt und in Relation zur
Resistenzsituation von S. pneumoniae gebracht.
4. Ein wichtiger Eckpfeiler der EFSA GMO Panel Argumentationslinie zur Risikoklassifizierung
der Gruppe 1 und 2 ARM Gene ist die Behauptung, dass die korrespondierenden Antibiotika
klinisch nicht mehr relevant seien. Diese Annahme ignoriert wieder länderspezifische
Eigenheiten beim Antibiotikaverbrauch. Einige europäische Staaten setzen beispielsweise
eine Substanz in hohen Mengen ein – dieselbe Substanz wird aber im Extremfall in einem
anderen Mitgliedsland vielleicht gar nicht mehr im Handel vertrieben. Folgende Beispiele
sollen repräsentativ die Situation darstellen: In Estland wurde erst kürzlich Kanamycin in
den nationalen Tuberkulose Therapieplan aufgenommen. In Österreich ist im Gegensatz
dazu dieses Antibiotikum für humantherapeutische Anwendungen am Markt nicht einmal
erhältlich. In Schweden wurden im Jahr 2004 10 g Neomycin humantherapeutisch und 30
kg in der Landwirtschaft und Viehzucht eingesetzt. Im Gegensatz dazu werden in Holland
mehr als 30 000 kg Kanamycin und Neomycin jährlich im Veterinärbereich eingesetzt.
Französische Ärzte verabreichten ihren Mitbürgern ca. 19 dd (tägliche Dosis umgerechnet
auf 1000 Einwohner pro Jahr) Penicilline im Jahr 2001, wohingegen man in Holland im
selben Vergleichszeitraum mit nur 3,5 dd das Auskommen fand.
5. Laut EFSA GMO Panel ist eine niedrige Transferhäufigkeit von ARM Genen in natürlichen
Habitaten gleichzusetzen mit einem niedrigen Risiko für negative Auswirkungen auf
Gesundheit und Umwelt. Diese Ansicht ist nicht richtig, da Transferfrequenzen wenig
prädiktive Aussagekraft über Langzeitfolgen von sporadisch vorkommenden
Gentransfervorgängen haben. Dieser Umstand ist gegenständlich besonders prekär, da es
berechtigte Zweifel gibt, ob mit den zurzeit zur Verfügung stehenden Mitteln und Methoden
diese seltenen – aber sehr wohl relevanten - Transfervorgänge überhaupt erfasst werden
können. Überdies kann eine einzige erfolgreiche ARM Gen Übertragung ausreichen, um
einen in weiterer Folge resistenten Stamm zu bilden.
6. Das EFSA GMO Panel vermeidet die quantitative Erfassung von resistenten Stämmen in
potentiellen Rezeptorpopulationen (=Hintergrundbelastung mit Resistenzen) und bezieht
auch keine quantitativen Angaben der potentiell über GMOs eingebrachten ARM Gene
(=Kopienanzahl) in die Diskussion mit ein. Ein quantitatives Verständnis dieses Phänomens
ist jedoch unabdingbar, um die Auswirkungen zusätzlich eingebrachter ARM Gene
tatsächlich ernsthaft abschätzen zu können.
7. Das EFSA GMO Panel geht davon aus, dass in natürlichen Habitaten (Felder, Boden etc.)
kein oder kaum ausreichend großer Selektionsdruck herrscht, um raren ARM Gen
Transformanten einen Wachstumsvorteil zu ermöglichen, der ihnen erlaubt, einen
relevanten Anteil in der Bakterienpopulation einzunehmen. Jüngste Daten deuten jedoch
darauf hin, dass gerade im Ackerboden, auf und in Pflanzen bedeutende Mengen an
Antibiotika anzutreffen sind, die auch über längere Zeit persistieren und durchaus in der
Lage sind, positiven Selektionsdruck auszuüben. Die Anwendung von Antibiotika im
veterinärmedizinischen Bereich erzeugt ebenfalls beachtlichen Stress in
Bakterienpopulationen.
Die Stellungnahme des EFSA GMO Panels entspricht daher nicht notwendigerweise der
vorsichtigeren Vorgangsweise bezüglich ARM Genen in kommerziell verwertbaren transgenen
Pflanzen in Österreich.
In Übereinstimmung mit der „ad hoc group of the Norwegian Scientific Panel on Genetically
Modified Organisms“ und dem „Panel of Biohazards“ konnten im vorliegenden Report deutlich
unterschiedliche länder-spezifische Einsatz- und Verbrauchsmuster bei Antibiotikapräparaten sowie
signifikant unterschiedliche Hintergrundresistenzraten dokumentiert werden. Diese Beobachtungen
unterstreichen die Bedeutung und die Notwendigkeit einer „case-by-case“ Risikoanalyse eines
jeden GMO Freisetzungs- oder Vermarktungsantrags, bei der länderspezifische Besonderheiten
berücksichtigt werden müssen. Die massive großflächige Einbringung von ARM Genen mittels
transgenen Nutzpflanzen in ein Gebiet mit niedriger intrinsischer Resistenz wird bei der
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Risikoanalyse zwangsläufig zu einem anderen Ergebnis führen im Gegensatz zu Habitaten mit
hohen Background-Resistenzraten. Diese Überlegung gilt auch für das Gruppe 1 ARM Gen nptII.
Die allgemein behauptete, hohe Rate an bereits vorhandenen Resistenzen im bakteriellen Genpool
lässt sich zumindest anhand der Resistenzprofile von klinisch relevanten Pathogenen nicht schlüssig
nachvollziehen. Es treten gegenwärtig substantielle länderspezifische Unterschiede in der
Resistenzlage bei ein- und demselben Krankheitserreger auf. Als plakativstes Beispiel sei hier die
Penicillin-Resistenz von Streptococcus pneumoniae dokumentiert: Die Resistenzraten differieren in
Europa sogar zwischen Nachbarstaaten zwischen 1-5% (Deutschland) und 50% (Frankreich,
Spanien). Die Einbringung von Ampicillin-Resistenzen aus transgenen Pflanzen trifft somit in
Deutschland auf einen völlig anderen Resistenzlage-Hintergrund als in Frankreich, was
logischerweise zu einem veränderten, länderspezifisch angepassten Risikoprofil führen müsste.
Eine analoge Situation ergibt sich bei der Betrachtung von Penicillin-Resistenzen bei
unterschiedlichen Bakterienspezies: während Enterokokken und Pneumokokken niedrige Raten
(< 2%) zeigen, erreicht die Ampicillin-Resistenz bei E. coli fast 50%, bei Staphylococcus aureus
liegt sie bei nahezu 80%. Eine ähnliche Situation ist bei Bakterienisolaten aus Umweltproben
(Boden, Vogeldarm, Eber, Schweine, Rinder, Geflügel etc.) bezüglich Aminoglykosid Resistenz zu
beobachten. Es ist daher nicht statthaft, undifferenziert von einer gleichmäßig hohen HintergrundBelastung mit Resistenzen auszugehen.
Am Beispiel der in Österreich und Deutschland aktuellen Antibiotikatherapien kann gezeigt werden,
dass die durch Antibiotika-Resistenzmarkergene inaktivierten Antibiotika (mit Ausnahme von
Aminoglykosiden) durchaus eine zentrale humantherapeutische Rolle spielen. Es kann nicht
undifferenziert davon ausgegangen werden, dass es sich bei den durch Gruppe 1 und 2 ARM Genen
inaktivierten Antibiotika-Präparaten um klinisch irrelevante Substanzen handelt. Ampicillin,
Amoxicillin und Penicillin G sind in vielen Fällen noch immer Antibiotika der ersten Wahl und somit
unverzichtbar in der täglichen klinischen Praxis. Sogar Neomycin, Paromomycin und Streptomycin
werden in seltenen Fällen bei terminal erkrankten Patienten oder für die Behandlung von
exotischen Infektionen eingesetzt. Chloramphenicol ist in Entwicklungsländern Antibiotikum der
ersten Wahl bei zahlreichen Indikationsstellungen. Hygromycin hat keine humantherapeutische
Bedeutung.
Das nptII Gen, das bevorzugt Neomycin, Kanamycin und Paromomycin inaktiviert, wurde als
Gruppe 1 ARM Gen eingestuft. Durch Fehler in der Dateninterpretation (siehe oben) und neue
verfügbare Informationen kann man davon ausgehen, dass diese Klassifizierung nicht für alle
europäischen Staaten in gleicher Weise gültig sein kann: Neomycin wurde kürzlich von einer WHO
Arbeitsgruppe als „critically important antibiotic“ eingestuft. Die EMEA hat in Übereinstimmung mit
dem EFSA GMO Panel bekräftigt, dass Neomycin zur Behandlung schwerer Erkrankungen wie zum
Beispiel hepatischer Enzephalopathie eingesetzt wird. Aufgrund des vermehrten Auftauchens
multiresistenter Stämme (z. B. Mycobacterium tuberculosis) werden Aminoglykoside als
Behandlungsalternative immer wichtiger. Kanamycin wird in den Vereinigten Staaten und Estland
bei der Behandlung von multiresistenter Tuberkulose empfohlen und ist auf der Liste der potentiell
einzusetzenden Mittel im Falle eines bioterroristischen Angriffs. Als interessante
Langzeitperspektive kann die Entwicklung von Neomycin- oder Kanamycin-Derivaten betrachtet
werden, die eine geringere Toxizität als die Ausgangssubstanzen aufweisen. Die dadurch
entstehenden neuen therapeutischen Optionen könnten durch nptII bedroht werden.
In der Veterinärmedizin sind Aminoglykoside von zentraler Bedeutung. Gerade Neomycin,
Kanamycin und Paromomycin sind für die Behandlung von Infektionen in Lebensmittel
produzierenden Tieren lizenziert. Die EMEA schlussfolgert, dass Neomycin und Kanamycin für
human- und veterinärmedizinische Anwendungen von Bedeutung sind und ihr gegenwärtiger oder
potentieller zukünftiger Einsatz eine Klassifikation von keiner oder vernachlässigbarer Relevanz
NICHT zulässt.
Obwohl das Risiko von negativen Effekten auf Gesundheit und Umwelt aufgrund einer Freisetzung
von nptII als relativ gering eingestuft werden kann, sollten Länder mit einer niedrigen
Aminoglykosid-Resistenzrate doch Vorsicht walten lassen. Eine massive Verbreitung von nptII über
gentechnisch veränderte Organismen wird sicher zu einer Verschiebung der Expositionsorte und
der Expositionsraten bei Boden- und Darmbakterien führen, die den Mikroorganismen bis dato nicht
zur Verfügung gestanden sind. Da relativ wenig überzeugende quantitative Daten bezüglich der
Prävalenz des nptII Gens in natürlichen Habitaten zur Verfügung stehen, kann keine Empfehlung
für Freisetzungsexperimente abgegeben werden. Zeitliche und örtliche Limitierungen bei
Freisetzungsexperimenten könnten sehr wohl zu einer weiteren Reduzierung der Gentransferrate
zwischen GMO und Bakterien führen. Im Gegensatz dazu ist die Situation mit gentechnisch
veränderten Futtermittelpflanzen zu sehen, die zu einer Exposition bakterieller Populationen über
Jahre und weite Flächen hinweg führen.
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Über Hygromycin-Resistenzraten ist relativ wenig bekannt, trotzdem dürfte die Klassifizierung als
Gruppe 1 ARM Gene vernünftig sein, da Hygromycin keine Bedeutung in der Humanmedizin hat
und nur beschränkt in der Tierzucht verwendet wird.
Besondere Vorsicht ist beim Einsatz von blaTEM-1 als ARM Gen in transgenen Organismen für
kommerzielle Zwecke und für Feldversuche in Ländern mit niedriger Penicillin
Hintergrundresistenzrate zu empfehlen. Es sollte eigentlich eine Sache des Hausverstands sein,
freiwillig den künstlichen Eintrag von Penicillin-Resistenzen via ARM Gene auf ein Minimum zu
reduzieren. Ganz besonders dann, wenn man die klinische Bedeutung der inaktivierten Antibiotika
in Betracht zieht. Hier sollte auch auf den Einsatz von zur Verfügung stehenden Alternativen zur
ARM Gen Technologie hingewiesen werden.
In Österreich haben Chloramphenicol und Streptomycin eine geringe Anzahl an
Indikationsstellungen. Obwohl beide Präparate selten angewendet werden, werden sie letztlich bei
lebensbedrohlichen Infektionen ohne andere Behandlungsalternative eingesetzt. Die therapeutische
Signifikanz ist daher für Spezialfälle gegeben. Die Hintergrundresistenzraten variieren ähnlich wie
bei den gezeigten Beispielen mit blaTEM-1 und nptII. Die Zustimmung für Freisetzungen bei
Feldexperimenten sollte von länderspezifisch ermittelten Resistenzraten und der jeweiligen lokalen
therapeutischen Bedeutung der Präparate abhängen.
Die Einstufung von nptIII und tetA als Gruppe 3 ARM Gene wird für richtig befunden und
vollinhaltlich unterstützt.
Es wird empfohlen, die ARM Gen Klassifizierung durch das EFSA GMO Panel als Grundlage und
Ausgangspunkt zu akzeptieren. Trotzdem sollte es im Verantwortungsbereich der jeweiligen
Behörde liegen, das Risiko länderspezifisch in einem case-by-case Verfahren jeweils neu
abzuschätzen. Zu groß sind gegenwärtig noch die Unsicherheiten und Wissenslücken, der Mangel
an repräsentativen quantitativen Daten und die lokalen Unterschiede bei Resistenzraten und
Antibiotikaverbrauch. Dieser Ansatz beinhaltet natürlich auch die Möglichkeit für die Behörde zu
einer Reklassifizierung der entsprechenden ARM Gene. Hilfreich könnte in diesem Zusammenhang
die Einigung auf gewisse Indikator-Bakterienstämme sein, die europaweit für das Monitoring von
ARM Gen spezifischen Resistenzen herangezogen werden. Die Entscheidung über die Bewilligung
muss jedoch in jedem Fall auf wissenschaftlich gesammelten nationalen Daten beruhen und
überprüfbar sein.
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Introduction

Certain antibiotic resistance marker genes present in genetically modified organisms inactivate
antibiotics which are in clinical or veterinary use. Therefore, concerns were raised that the largescale release of these antibiotic resistance genes by marketing or deliberate release of transgenic
organisms in field trials would increase the rate of antibiotic resistant bacteria leading to reduced
therapeutic options for the treatment of infectious diseases.
This problem was acknowledged by the authorities of the European Parliament and the Commission
and was included into the Directive 2001/18/EC, which requires a step-by-step withdrawal of
antibiotic resistance marker genes from transgenic crops by the end of 2004 (concerning GMOs
released for market according to part C) and 2008 (concerning GMOs authorized according to part
B), respectively (1). The scientific credibility and the necessity of this action are under debate by
experts.
The broad application of antimicrobial compounds for therapy of infectious diseases and in animal
husbandry has already created by itself a large reservoir of resistance genes in naturally occurring
bacterial populations (177, 178, 192, 282, 289, 321). The emergence of multi-drug resistant
pathogens, at present, severely compromises antimicrobial chemotherapy leading to a substantial
increase in morbidity and mortality due to microbial infections and to a growing burden for the
public health care system (4, 100, 145, 211).
Antibiotic resistance may develop in sensitive bacteria either by spontaneous mutations or by the
acquisition of intact resistance genes via horizontal gene transfer (234, 321). Our current
understanding of resistance development is more descriptive than predictive in nature (224).
Although the acquisition of new resistance determinants can easily be described at the molecular,
the species and the geographical distribution levels, the initial transfer event (the original
resistance gene donor) and the environmental conditions which support the growth of the first
generation of resistant bacteria remain largely unknown. But without this information and a clear
understanding of the operative selective pressures in bacterial populations, it is impossible to
predict accurately the effects of an artificially induced augmentation of the already existing
resistance gene pool by ARM genes from transgenic organisms (224).
The present report comprises a risk assessment of the crucial antibiotic resistance marker genes. It
is based on the analysis of the relevant scientific literature available at August 2007.
For the assessment of the potential risks induced by antibiotic resistance marker genes following
issues are considered:
1
2
3
4
5
6

7

Relevance and functions of horizontal gene transfer in relation to the transmissibility of
ARM genes.
DNA stability in natural environments.
Genetic and biochemical characterization of the most commonly used antibiotic resistance
marker genes (nptII, blaTEM-1, hph, aadA, nptIII, cat, tetA) and their derived proteins.
Assessment of the naturally occurring prevalence of ARM gene homologues in microbial
populations.
Assessment of the clinical relevance of the antibiotic compounds, which were inactivated by
these marker genes.
Estimation of the frequency of the horizontal transfer of antibiotic resistance marker genes
from transgenic plants to bacteria under naturally occurring conditions with a focus on DNA
stability in natural environments, selection pressure, efficiency of transfer and incorporation
of foreign genetic material into the bacterial genome.
Alternative technologies which do not rely on the application of antibiotic resistance genes
are presented. Benefits, accessibility and cost efficiency are presented and compared to the
conventionally and commercially most frequently used selection system based on nptII.
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2.

Horizontal gene transfer

In the following paragraphs the main features of horizontal gene transfer and its impact on natural
bacterial populations are discussed.

2.1.

Definitions: What is horizontal gene transfer?

The exchange of genetic material from one organism to another organism, excluding the
transmission of genetic information from parents to their offspring, is termed lateral or horizontal
gene transfer (HGT) (122, 237, 252). As opposed to HGT the delivery of genes from parents to the
succeeding generation is called vertical gene transfer (315).
HGT is the foundation and driving force of bacterial evolution (47, 113, 315). Whole genome
sequencing indicate that up to 17% of a given bacterial genome may have been acquired by
horizontal gene transfer over an evolutionary time scale (172, 216, 237). But horizontal gene
transfer is also of immediate importance because this process allows rapid adaptation of bacterial
populations to changing environmental conditions (i.e. stress, starvation, selective pressure by
antibiotics etc.) (289, 292, 306).

2.2.

Concerns: What’s the fuss about horizontal gene
transfer?

Horizontal gene transfer is a hallmark for prokaryotic evolution as could be demonstrated by whole
genome sequencing (113, 250, 289). Gene transfer is evident between Archaebacteria and
Eubacteria as well as between Eubacteria and
Eukarya (315) with the best characterized
Naturally occurring horizontal gene transfer
example of Agrobacterium tumefaciens, a
Archaea Æ Eubacteria
strain, which is able to transfer bacterial DNA
Bacteria Æ Eucarya
into plant and, under laboratory conditions, to
Parasite Æ Animal host
fungal and animal cells (109, 205).
Plant Æ Endophytic parasite
Transposable elements Æ Drosophila species

Gene transfer could also be documented from
parasite to its animal host (158), from a
parasitic flowering plant to its host plant (213),
and mitochondrial genes from the host plant were found in an endophytic parasite plant (57). The
exchange of transposable elements between different Drosophila species is also an interesting
phenomenon (269).
Horizontal gene transfer and bacterial evolution is tremendously boosted in environments under
selective conditions, as is exemplified with the emergence of multi-drug resistant bacterial strains
in clinical settings during the last 50 years (100, 122, 128, 289, 295, 309).

2.3.

Naturally occurring horizontal gene transfer

Two major concerns relating to genetically modified organisms may be expressed:
1

2

ARM genes used for easy detection of transformed (plant) cells may be transferred
to receptor bacteria which may subsequently interfere with antimicrobial
chemotherapy leading to reduced treatment options for the control of infectious
diseases.
Novel combinations of transgenes (e. g. coding for pharmaceuticals, pesticides or
industrial chemicals) may be spread to conventional non-GM genomes and produce
unintended effects (58, 330). This phenomenon is not within the scope of the
present report and is not discussed.

The increase of pathogens during the past 50 years which are resistant to multiple classes of
antibiotics has predominantly been caused by the rapid exchange of resistance encoding mobile
DNA elements between resistant and sensitive bacterial strains (177, 192, 282, 289, 321). This
phenomenon has led to immense problems and failures in antibacterial chemotherapy and,
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consequently, has resulted in increased morbidity and mortality and rising treatment costs due to
multi-resistant bacterial strains (4, 100, 145, 211). A large-scale dissemination of ARM genes from
transgenic organisms bears the hypothetical potential to deteriorate the situation even more, due
to an increase of incidences of possible contacts between resistance encoding DNA fragments and
soil and gut bacteria.

2.4.

Mechanisms: How is horizontal gene transfer
facilitated?
Pathways for the transfer of antibiotic resistance marker genes

Genetic information between microorganisms is usually disseminated via three major pathways,
which can be differentiated mechanistically by their requirements for DNA transfer. These three
pathways are classified by the following terms (188, 292):
1
2
3

conjugation
transduction
transformation

Table 1: Bacterial habitats where horizontal gene transfer has been observed
(modified) (63).
Habitat

Gene transfer mechanisms
conjugation

transformation

transduction

Soils

+

+

+

Sediments

+

+

+

Marine water

+

+

+

Activated sludge

+

-

-

Freshwater

+

+

+

Biofilm

+

+

-

Epithelion

+

+

-

+

-

-

+

-

-

Rhizosphere

+

-

-

Phylloplane

+

-

++

+

-

Gastrointestinal tract
(mammals, insects, arthropods etc.)
Digestive vacuoles
(protozoa)

In planta
Foodstuffs

+

+

-

Oral cavity (human)

-

+

-

Conjugation, transduction and transformation are discussed in the next paragraphs. Table 1
summarizes natural environments where horizontal gene transfer between bacteria was observed.
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2.4.1.

Conjugation (307)

Conjugation is responsible for a large majority of horizontal gene transfer events in clinical
settings, and is therefore the cornerstone for the rapid dissemination of antibiotic resistance genes
between and to pathogenic bacteria (4, 18, 283).
Conjugation is the most stringent DNA transfer process between microorganisms and requires
several prerequisites to take place:
a) A physical contact between a metabolically active microbial DNA-donor and a recipient cell
is mandatory (“mating”; space limitation).
b) The donor must own a conjugative genetic element (usually a plasmid or a transposon, but
it could be also chromosomally located) which carries the genes for mobilization and
transfer of the respective genetic element. Conjugative plasmids and conjugative
transposons usually contain antibiotic resistance functions.
c) The donor must be able to assemble a sufficiently stable connection to the metabolically
active recipient. This proteinaceous contact channels are called “pili”. They mediate the
transfer of a single stranded copy of the conjugative plasmid or transposon (time
limitation).
d) This single DNA strand is initiated by a rolling circle replication mechanism in the donor and
must be reconstituted into the double stranded conformation in the recipient cell. During
this process, antibiotic resistance genes encoded on the donor plasmid are co-transferred.
Conjugative plasmids or transposons can also help to activate the transfer of non-conjugative
genetic elements. The only prerequisite is that the latter carry a transfer origin (oriT) (18). The
largest, ever observed, DNA replacement of several hundred kilobases is a result of conjugative
events (183, 204).
Although conjugation relies on the formation of complex pilus structures, which one would expect
to provide distinct selective properties for the “right” recipient cell, it could be shown that DNA
transfer by conjugation occurs between distantly related species and even beyond taxonomic
kingdoms (127, 165):
Conjugative transfers of DNA from bacteria to yeast and even mammalian cells were observed
under laboratory conditions (130, 167, 322). The conjugational transfer of genetic information from
Agrobacterium tumefaciens to plant cells is well characterized and extensively exploited in plant
biotechnology (313). However, a mobilization of transgenic plant DNA vice versa to bacteria via
conjugation is a highly unlikely scenario because a set of bacterial genes would have to be active
and expressed within the plant cell (18). However, the hypothetic scenario for plant DNA transfer
to bacterial recipients by conjugation would rely on a mechanism called:
2.4.1.1.

DNA-retrotransfer (286)

At extremely low frequencies a retrotransfer of plasmid or chromosomally encoded marker genes
from the recipient to the donor cell was observed with bacteria immediately after the recipient cell
had taken up the donor DNA (129). Retrotransfer of plant DNA encoding an antibiotic resistance
marker gene after incorporation of donor DNA, e.g. from Agrobacterium tumefaciens, back into the
bacterial donor cell is highly unlikely because functional bacterial proteins in the plant cell (see
above) and the presence of an oriT next to the ARM gene would be necessary. Such a transfer
event has not yet been documented (18).
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2.4.2.

Transduction (157)

Transduction is defined as the transfer of bacterial genes among bacteria mediated by bacterial
viruses or bacteriophages (206). Transduction is a less stringent DNA transfer pathway compared
to conjugation. In natural habitats transduction is the most frequent form of genetic exchange
(261). Donor and recipient cells may exist temporally and spatially departed - a direct physical
contact between both of them is not necessary. The transferred genetic material is encapsulated
and protected against degradation in the virus particles. Bacteriophages inject their own DNA into
the infected bacterial cell, where it is usually
Transduction: Limiting Factors (153)
integrated into the host genome using specific
insertion sequences (lysogenic life cycle). After
1 Species-specificity for host cells
reactivation of the bacteriophage the viral DNA is
2 Bacterial restriction/modification
excised from the bacterial chromosome and
3 Phage dilution in the environment
packed again into viral particles, which leave the
4 Limited lifetime
host cell and try to infect other hosts (lytic life
5 Loss of infectivity
cycle). The host range of bacteriophages is
certainly narrow and the recipient cell must be
related to the donor cell concerning sensitivity to
the transducing phage. Therefore dissemination of genetic information occurs rather speciesspecific. Antibiotic resistance genes may be transferred via bacteriophages during the packaging of
viral DNA into the capsid. Due to errors during excision of the viral DNA parts of the bacterial
genome bordering the integration site may be co-transferred. The injected DNA must integrate into
the recipient’s genome or must be self-replicative to be maintained within the new host. It was
shown that DNA fragments of several tens of kilobasepairs could be replaced via transduction
(204). The transfer of genetic information by bacteriophages was demonstrated in bacterial
populations residing on plant leaf surfaces, in soil or in aquatic environments (206, 222, 229).
However, the appearance of bacteriophages which are functional in plants as well as in bacteria
(and thus would be able to carry fragments of the transgenic plant genome into a bacterial
recipient cell) is only a theoretical possibility and has never been documented so far (18, 225).
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2.4.3.

Transformation (188, 307)

The uptake of free DNA from the environment, its integration into the host genome of competent
bacteria und the subsequent expression of the newly acquired genetic information is termed
transformation. Already in 1928 it was shown in a mouse model that Streptococcus pneumoniae
took up homospecific DNA available in the natural environment (blood) (117). Ongoing
experimentations with this test system led to the seminal conclusion that DNA was the
“transforming principle”, and thus the physical blueprint and the storage molecule for genetic
information (9).
According to the current standard of knowledge, the only way to transfer an ARM gene from a
transgenic plant to a recipient bacterium is via transformation (89).
Prerequisites for an efficient transformation are that:
1
2
3

free DNA must remain stable for a sufficiently long period in natural environments.
the natural habitat must support the development of competent bacteria.
some bacterial species require specific DNA uptake sequences which allow binding
to the cell surface and facilitate integration into the bacterial genome (43, 76).

So far, more than 80 species have been documented to be able to express a competent phenotype
(63). Recent results indicated that the potential for
Transformation – prerequisites
the development of competence has been more
widespread than previously thought because
1 Release of DNA
homologues for competence genes were found
2 Stability of extracellular DNA
throughout the division of γ-proteobacteria
3 Competent bacteria
(Enterobacteriaceae, Pasteurellaceae,
4 Stable genomic integration
Pseudomonaceae, Vibrionaceae,
5 Expression of new function
Xanthomonadaceae) (35). Mosaic genes in strains
of Haemophilus influenzae, Neisseria gonorrhoeae
and Streptococcus pneumoniae mediating
resistance to ß-lactam antibiotics were shown to have evolved via transformational events (75,
192).
2.4.3.1.

Competence

Competence is a physiologically induced condition during the life cycle of certain bacterial species
and describes the physical condition of cells which are primed and ready for DNA uptake (188).
Competence is usually induced by changing environmental conditions (e.g. growth phase of the
bacterial population; variations in temperature, concentration of mono- and divalent cations, and
pH, oxygen radicals, UV radiation, cytotoxins; starvation; availability of water) in Gram-negative
bacteria or by a soluble competence factor in Gram-positive cells (297). A common property of all
these factors is their ability to induce special sets of genes which allow adaptation to changing
environmental conditions (50, 291).
Competence has been documented for approximately 1% of the validly described species to date
(307). A fraction or all cells of a bacterial population may be competent at a given time or growth
phase (e.g. B. subtilis: 10-25%; H. influenzae, S. pneumoniae: 100%) (188). So far, only
Neisseria sp. are known to constitutively (= permanently) express a competent phenotype (307).
DNA uptake may be sequence-specific or independent (44). Transformation is the most likely
mechanism by which transgenic plant DNA may be transferred to recipient bacteria (21). However,
the frequency of gene transfer by transformation is usually much lower compared to the exchange
of genetic information between bacteria via conjugation (17, 18). The length of the DNA fragments
which can be efficiently transferred in natural environments by this pathway is usually below 10 kb
(94). The development of a competent state is characteristic for prokaryotic cells. Eukaryonts do
not appear to be able to express a similar phenotype (188).
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2.4.3.2.

Steps necessary for bacterial transformation (43)

The DNA uptake by competent bacteria usually progresses according to following steps (see fig. 1):
1
2
3
4
5

Development of competent cells within a bacterial population in their natural habitat (259).
Attachment of free DNA from the environment to the cell surface of the competent cell.
Binding may be sequence-specific (Haemophilus, Neisseria) or independent (Bacillus,
Streptococcus) (188).
Double stranded DNA will be transferred through the membrane by degradation of the
complementary strand and reach the cytoplasm in a single stranded conformation (43).
The single DNA strand is covered by single strand binding proteins and integrated into the
chromosome by homologous recombination or reassembled to a dsDNA molecule, which
then will be sensitive to bacterial restriction enzymes (43, 307).
Expression of the new phenotypic trait.

Fig. 1: DNA transfer by natural genetic transformation
(figure from Thomas et al., (307))

2.4.3.3.

Transfer of antibiotic resistance marker genes via transformation in natural
environments

The transmission of ARM genes from transgenic plants occurs under sub-optimal conditions for
transformation in natural habitats (18). The uptake of foreign DNA leads to a selective
disadvantage in bacterial populations if there is no positive selective pressure (e.g. by
antimicrobials) for maintaining the newly acquired trait (23, 28, 64, 77, 88, 176, 254, 282, 328,
332).
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2.5.

Predispositions for an efficient ARM gene transfer

For a successful ARM gene transfer the following requirements have to be fulfilled:
1
2
3
4

2.6.

After decomposition of the plant cell wall, the released genomic plant DNA has to
persist for a sufficiently long period to get into contact with bacteria.
Physical contact between competent bacteria and plant DNA containing the ARM
gene must be possible.
Recipient bacteria must incorporate DNA fragments carrying the ARM gene.
The ARM gene has to be expressed providing a new phenotype for the host
bacterium (106).

Hot spots for horizontal gene transfer (89)

Some environments have been identified which provide conditions (e.g. high bacterial densities,
competence stimulants, biofilm formation etc.) prone to horizontal gene transfer (292). The most
important environmental “hot spots” for HGT are the:
1
2
3

plant rhizosphere (228)
animal digestive systems (222)
digestive systems of protozoa, nematodes, insect larvae, earth worms

Antibiotic resistance marker genes from transgenic crops may be transferred by transformation
from:
1
2
3
4

2.7.

transgenic plants to soil bacteria.
transgenic plants to pathogens that infect these plants.
transgenic plants to invertebrates that feed on plants.
ingested transgenic plants to mammalian gut bacteria or mammalian cells.

Horizontal gene transfer from transgenic plants to
soil bacteria

The rhizosphere, the aerial plant surfaces and plant tissues are usually densely populated with
bacteria. These bacteria may come into contact with free plant DNA during plant decay, cell lysis or
mechanical disruption of the cell wall by pest activity or harvesting (222).
Based upon sequence comparisons, the plant leghemoglobin gene might have been passed on to
Vitreoscilla sp., or the plant gene for glucose-6-phosphate isomerase to E. coli (223).
However, gene transfer from plants to bacteria is difficult to demonstrate in laboratory experiments
or in field trials with transgenic plants (107, 239). Acinetobacter sp. was transformed with DNA
from homogenized sugar beet leaf tissues under optimized, in vitro conditions (108). Similar
results were obtained for transformations in a sterile soil microcosm, using DNA extracted from
transgenic sugar beets (230). But the receptor strains were artificially manipulated in order to
contain sequences homologous to the incoming transgenic DNA.
Horizontal gene transfer from transgenic plants to natural populations of soil bacteria has not been
demonstrated so far under field conditions (126, 222, 227).
HGT from transgenic plants to bacteria is theoretically possible, but, according to available data
from field and laboratory studies, the likelihood of detecting such an event using current
methodology is highly improbable (89).
The failure to detect gene transfer from plant to bacteria may be caused by the following issues:
1
2
3
4

Actually there is no transfer.
The transfer frequency is to low to be detected with the current methodology.
Rare transformants are not amplified in the population during the test period.
Techniques to detect gene transfer are generally inadequate (less than 2 g soil
analyzed) (227).
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2.8.

HGT from transgenic plants to pathogens that
infect the plant

Bacteria and fungi:
Plant pathogens may get into contact with plant DNA upon infection and lysis of plant tissue.
However, no transgene transfer could be monitored in a model system comprising of the invasive
potato pathogen Erwinia chrysanthemi and a transgenic Solanum tuberosum plant (272). It was
shown that some fungi acquire antibiotic resistance after co-cultivation of transgenic Brassica sp.
plants with Aspergillus niger in a microcosm, but the acquired trait was neither stably integrated
into the fungal genome nor passed on to the next generations (136).
Viruses:
Viral infection of plant tissue creates the potential for ARM genes to be incorporated into the viral
genome, and be transferred residing in the viral shuttle as part of the viral life cycle. The formation
of new viruses via recombination with plant genomic sequences has been documented (104, 221).
Usually DNA viruses with large genomes are involved in these processes. However, the uptake of
foreign DNA in most cases impairs viral replication and infectivity (184). But the majority of plant
viruses contains short single stranded RNA with a coding capacity of less than 10 genes.
Horizontal gene transfer from plants to viruses, bacteria and fungi is theoretically possible, but,
based on laboratory and field studies, such an event is highly improbable (89).

2.9.

HGT from transgenic plants to invertebrates that
may feed on plants

Many invertebrates may feed on transgenic crops. As already noted, the gut of invertebrates was
identified as a hotspot of horizontal gene transfer. Conjugation between bacteria residing in the
invertebrate digestive system is well documented (229). But the transfer did not occur between
plants and insect cells.
To the standard of knowledge, no studies report horizontal gene transfers from plants to plantassociated invertebrates like nematodes or insects (89).

2.10.

HGT from ingested transgenic plants to
mammalian gut bacteria or mammalian cells

GM food and feed constitute an inhomogeneous group of nutrients. Some of them are consumed
fresh and unprocessed. Other plant material is intensely processed to obtain nearly pure chemical
compounds like sugar or canola oil. Such refined products are unlikely to contain functional DNA
fragments which could impose a potential for gene transfer (134, 144). Mechanical shear forces,
temperature, pH, ionic strength, chemical agents and enzymes involved in processing can affect
DNA integrity. Low pH conditions, pancreatic DNases and nucleases from the commensal microflora
in the mammalian gut have degradative effects on ingested DNA (315).
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Table 2:

DNA content of and estimated DNA intake from genetically modified crops
(modified) (144).
Maize

Soya

Potato

(Zea mais)

(Glycine max)

(Solanum tuberosum)

Genome size

bp

2.292 x 109

1.115 x 109

1.597 x 109

Nucleic acid
content

µg/g food

1 500

6 200

319

Per capita intake
of nucleic acids

µg/day

22 000

9 000

41 000

Recombinant
insert

% genome

0.00022

0.00018

0.00075

µg/g food

0.0033

0.0113

0.0024

Per capita intake
of recombinant
insert

µg/day

0.049

0.016

0.312

molecules/day

9 x 109

2 x 109

5,8 x 1010

The average intake of DNA via food was estimated to be in the range of 0.1–1 g/person/day. About
1–10 mg (= 1%) of the ingested DNA are excreted again by feces every day (74). Cows ingest an
assumed 60 g of DNA per day (224).
It was calculated that each Austrian citizen might take up approx. 22 mg of DNA and RNA from
maize on a daily basis (144). If one assumes that these nucleic acids derive from a genetically
modified variety, the consumer will ingest only a minute quantity of 49 ng of the recombinant
transgene DNA (potentially containing also antibiotic resistance marker genes) per day. However,
this amount of DNA equals 9 billion copies of the transgene (and the ARM gene), which are
exposed each day to the bacterial population inhabiting the human ecosystem (see table 2).
The length of the transgene insert in relation to the whole carrier genome size is of some relevance
concerning the transformation frequency of bacterial acceptors, since in vivo the whole plant DNA
(not only the relevant insert containing the genetic modification and/or the antibiotic resistance
marker gene) is competing for receptor attachment on the bacterial surface. In relation to the
whole plant genome size the length of the recombinant insert is only marginal (see table 2). This
small fraction will reduce the chance for the uptake of an ARM gene because most attachment sites
will be blocked by non-modified plant DNA (18).

2.10.1. Gene transfer to bacteria residing in the mammalian gut
The first site of contact between DNA released from food and the resident microflora is the oral
cavity. In vitro studies in human saliva showed a plasmid DNA half-life of 50 s (200). It was
anticipated that the disintegration in vivo would yet be more rapid (201). In human intestinal
simulations, it was shown that transgene DNA from GM soya and maize was able to survive the
passage through the human small intestine (194).
In sheep saliva, free DNA was relatively stable, and plasmid DNA retained biological activity and
could transform a laboratory strain of E. coli (78).
In mice, fragments of ingested M13 bacteriophage and of plasmid DNA were shown to survive the
passage through the gastrointestinal tract. The fragment sizes found in feces 1-7 h after feeding
were between 100–400 bp (with rare fragments up to 1700 bp) (276-278).
Studies in pigs showed recovery of transgenic DNA fragments (cryIAb) in the gastrointestinal
contents of pigs fed Bt11 maize by PCR (49).
The DNA from rat intestinal contents was shown to have retained biological activity by
transformation of E. coli by electroporation (329).
Experiments with human ileostomists (patients with resected large bowel segments leading to an
artificial stoma), using transgenic soya, resulted in the detection of a 180 bp fragment of plant DNA
in feces. There were no PCR amplification products when the tests were performed with healthy
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probands. Interestingly, analysis showed that the uncultivable gut bacteria had contained parts of
the soya transgene before the study was started (220).

2.10.2. Gene transfer to mammalian cells
In a model system feeding soy leaves to mice, fragments of the ribulose bisphosphate carboxylase
gene were found in spleen and liver cells. No evidence for expression or germline transmission
could be identified (137).
In cattle fed maize silage and chicken fed maize grains, non-transgenic chloroplast DNA was
detectable in cattle lymphocytes and milk and in several tissues of the chicken. Transgene
sequences from the cryIAb insert were not detected at all (85).
Small quantities of bacteriophage derived orally applied donor DNA could be detected in mouse gut
epithelial cells, Peyer’s patches, liver cells, lymphocytes and macrophages (278). Transplacental
transmission was also reported (276).

2.10.3. Conclusions
The following conclusions can be drawn:
1

HGT is a fundamental process in creating genetic variation, and there is very little reason to
assume that consumption of transgenic food or feed adds any particular generalized risk
(315).

2

DNA, once it has been introduced into the recipient organism, is indistinguishable from the
host DNA in its physical and chemical properties and behaves identically (315).

3

Unprocessed food crops are a better source of donor DNA than highly processed foods (89).

4

Differences observed in DNA degradation may reflect species-specific differences in the
physiology of the gastrointestinal tract between birds, humans, ruminants and rodents
(89).

5

DNA is not completely broken down by the mammalian digestive system (89).

6

Some ingested DNA may be taken up by a range of cells (89).

7

The DNA is likely to be short and may not code for a complete gene or be functional (89).

8

Consequently, the material taken up may not be expressed or lead to a functional effect on
the recipient organism (89).

9

The number of copies of a particular sequence may influence the likelihood of it either
remaining in cells or being detected; and

10 Such a process is not unique to genetically modified material and must have been occurring
with all genetic material throughout evolutionary history (89).
11 The impact of HGT events will depend upon a number of environmental factors, the
selective advantage for the bacterial population being the most important; and
12 Although uptake of ingested DNA by mammalian somatic cells has been demonstrated,
there is so far no evidence that such DNA may end up in germ line cells as a consequence
of the consumption of food (315).
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2.11.

DNA stability in natural environments

For a detailed discussion of the topic please see Appendix A.
For a successful contact between donor DNA and receptor cell several prerequisites have to be
fulfilled :
1
2

The DNA fragment has to be of a sufficient length to code for an intact gene (including
regulatory elements).
The DNA must show a sufficient persistence in the environment of the receptor cell.

DNA from decaying plant cells is usually rapidly degraded, but soil or aquatic environments provide
some stabilization (81, 225). In field experiments, it was shown by PCR amplification that DNA
from GM sugar beets was stable for several months
Origins of extra-cellular DNA
(107). However, there is a certain discrepancy
between the duration of physical presence (as
1 decomposing cells
determined by PCR analysis) and biological activity
2 disrupted cells:
(i.e. the capacity of the DNA fragment to transform
a. autolysis
receptor bacteria), which is usually shorter (222,
b. host immune system
226). DNA integrity and function may be diminished
c. antibiotic treatment
by DNases, chemical modification, mechanical
3 viral particles
forces and UV radiation occurring in the
4 active excretion:
environment (144), or increased by adsorption to
a. biofilm
particulate material (e. g. clay minerals) (67, 151,
185, 238, 247, 262).
At field test sites transgenic (ARM gene containing) DNA competes with normal plant genomic DNA
or DNA from other microorganisms for binding sites on bacterial surfaces. Normal plant genomic
DNA is present in much higher concentrations than transgenic DNA. Transplastomic plants may
alleviate this situation with their high copy number of genes in their chloroplasts. There are often
more than 10000 copies of a gene in the plastid genome compared to usually less than 10 copies
of a transgene in the nuclear genome of a plant. DNA is also protected in plastids. Stability and
release of DNA from plastids may differ from that of nuclear DNA (229).
There are distinct differences in the DNA degradation rates in such diverse habitats as the avian
gut, the ovine rumen or the mammalian gastrointestinal tract, allowing no generalized conclusions
about stability of DNA in digestive systems. Each risk assessment will have to deal on a case-bycase scenario with the peculiarities of the exposed GI tracts.
However, normal plant DNA and DNA encoding antibiotic resistance (or the transgene) are
degraded to a similar extent in each respective, digestive system.

2.11.1. DNA stability in food
A priori, common food sources do not provide conditions which will lead to rapid degradation of
extra-cellular DNA (224). Apparently, a wide range of different kinds of foods (milk, soy drink,
tomato-, orange-, carrot-, vegetable juice, canned cabbage, soy beans, shrimps etc.) supports
transformation of E. coli indicating sufficient DNA stability in these environments (12). Some food
matrices even seem to provide protection against DNase activity and stability to free DNA (e.g.
soymilk, tofu, fermented sausage) (298). Fresh plant material from leaves and grains usually
contain, even after mechanical treatment, DNA fragments large enough to code for functional
genes. Various canola substrates like whole seeds, cracked seeds, meal and diets could be shown
to contain intact plant genes (6). However, many fruits and vegetables provide highly acidic pH
conditions. Thus, an increased DNA degradation activity by acid hydrolysis must be expected under
such circumstances and disintegration of cellulose cell walls followed by the release of endogenous
nucleases may lead to deleterious effects on the integrity of free DNA (144).
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2.11.2. DNA stability during food processing
In most cases processing decreases the stability and persistence of DNA in food substantially and
in general less processed foods are more likely to contain intact genes (240). Exposure to high
temperatures, chemical or mechanical treatment usually leads to DNA degradation. All these
effects are additive (134, 152).
The most important parameters influencing DNA stability during food processing are described in
table 3:
Table 3: Parameters influencing DNA stability in food and other natural environments
(89).
Parameter

Relevance

Effect on DNA

Reference

varies according to the
extense of processing

double strand breaks in
phosphate backbone

(3, 45, 140, 175)

pH

extreme pH destructive,
but varies according to
the extense of processing

hydrolysis, strand breaks,
deamination

(14, 90) (140)

Temperature

temperature >95°C for
longer periods irreversible
denaturation

double strand breaks in
phosphate backbone

(83, 315) (14, 90)

Nucleases

potentially high in raw or
fermented products

single and double strand
breaks

(13) (144)

Protection

DNA adsorption to food,
clay or soil particles or
protection by cellulose cell
walls prevent enzymatic
attacks

protection against shear
forces, enzymes and heat

(67, 101, 107,
185, 188, 238)

Shear forces

Exposure to shear forces, extreme pH and temperatures and nucleases lead to random cleavage of
DNA reducing the availability of intact genes which might be transferred to receptor bacteria in
their natural habitats (144). Studying the effects of food processing on DNA stability with oilseeds,
potatoes, maize and soy, it could be shown that extreme heat (>95°C for prolonged periods) or
autoclaving led to DNA fragmentation, which made a retention of DNA fragments large enough to
code for intact genes rather unlikely (see Appendix A) (45, 46, 152). But autoclaving certainly did
not break DNA down to the monomer level (71). The average size of plant DNA in processed food
was shown to be below 1.1 kb (152). In polenta from Bt maize, the amplicon for the CryIA(b) gene
was lost after 5 min of boiling at pH 2-3, and only the 211 bp fragment remained detectable for a
little bit longer (140). Heat treatment of pork reduced the average DNA fragment size of 1100 bp
to fragments of only 300 bp (83). The same effect was detected in heated tomato products (144).
No amplification of target DNA could be observed from highly processed foods like refined oil (from
Glycine max) or sugar (from Beta vulgaris)(153, 240).
However, DNA remained stable in silage and in feedstuffs like wet sugar beet pulp or cereal grains
as assessed by agarose gel electrophoresis (46).
DNA from genetically modified organisms used in the production process may also be substantially
stabilized by the food matrix (see Appendix A). In case of fermented sausages, pH and processing
temperature did not influence the detectability of the recombinant DNA target of the bacterial
starter culture, and free DNA was detectable even after prolonged storage (9 weeks), although
most of the recombinant DNA remained entrapped within the killed host bacteria (298). Moreover,
free DNA was protected from DNase I mediated degradation by the food matrix (298).
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2.11.3. DNA stability in soil
Agricultural use of transgenic plants will result in the accumulation of transgenic DNA in soil and
surface waters (63). However, long-term perturbations to soil processes have yet to be
demonstrated (271).
DNA is released during decay of plant litter (107, 239), from plants during normal growth, by
dispersal of pollen (63), by active secretion from microorganisms or during decomposition of dying
cells (188).
Exceptionally long periods of DNA persistence in soil of several years have been reported (see table
4). Transgenic DNA was detected for up to one year in the surface levels of soil around flowering
plants, and it was concluded that deposited pollen play a decisive role in persistence (198).
Recombinant DNA was frequently found in extracts from the rhizosphere, where roots from
transgenic plants may conserve genomic DNA for a considerable amount of time retaining
transforming activity for up to 4 years (60).
The extended period of stability in soil can be explained by adsorption of DNA to the surface of
mineral particles (quartz, feldspar, clay “montmorillonite” etc.), which reduce the efficacy of
DNases (151, 187). DNA is also bound by humic acids (188). Upon adsorption to minerals from
groundwater aquifer related samples, DNA stability was increased at least 1000 times compared to
unbound DNA. Adsorbed chromosomal and plasmid DNA were able to transform B. subtilis showing
linear chromosomal DNA to be more effective in transformation assays than plasmid DNA (263).
But this physical detectability (usually by PCR) may not necessarily correspond to an equally
prolonged “biological activity” (i.e. DNA, which would still be taken up and be incorporated into the
genomes of competent bacteria). This discrepancy between DNA persistence and its biological
activity in soil must be realized when DNA stability in soil environments is discussed (247). There is
a clear difference between the physical and the functional significance of chromosomal DNA in soil
(226). Although an impressive bulk of information concerning interactions between DNA and soil
has emerged over the past decade, there is only few quantitative data (e.g. copy number of
transgenes) available which would substantially ease the assessment of the relevance of
transgenes in soil biospheres.
Upon adsorption to minerals from groundwater aquifer related samples, DNA stability was
increased at least 1000 times compared to unbound DNA. Adsorbed chromosomal and plasmid DNA
were able to transform B. subtilis showing linear chromosomal DNA to be more effective in
transformation assays than plasmid DNA (263).
There is a scientific consensus that the degradation rate of ARM genes and naturally occurring plant
DNA is similar, and that a minor proportion of ARM genes will get into contact with bacteria present
in soil and phytosphere (224).
These observations indicate that a minor proportion of transgenic DNA, including antibiotic
resistance marker genes, from growing or decaying plants will remain intact for a sufficiently long
period and be available for uptake by competent bacteria in the environment. The degradation rate
of transgenic DNA including ARM genes is considered to be equivalent to the disintegration of
normal plant DNA. The persistence of antibiotic resistance encoding DNA in soil is not a safety
concern beyond the potential for uptake, spread and horizontal transfer to pathogenic bacteria
(224).
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Table 4:

DNA stability in soil (224) (modified).

Detection
methods

Period of
detection

Detected
elements

Extraction of total
DNA,
PCR

120 d

NOS, 35S
CaMV

Extraction of total
DNA,
PCR

77-137 d

NOS, 35S
CaMV

Selective plating,
extraction of total
DNA,
PCR,
hybridization

365 d

aacI

Extraction of total
DNA
PCR

90-180 d

nptII

Selective plating,
extraction of total
DNA,
PCR,
hybridization

730 d

nptII

Field sites with transgenic sugar beet plants (107)

Natural
transformation assay

> 730 d

nptII

Stored soil sampled from a potato field, various other plant
species (60)

Natural
transformation assay

365 d

nptII

Field sites with transgenic sugar beet plants (198)

Source of DNA
Ground tobacco leaf tissue added to soil microcosm (327)
Tobacco leaves added to soil, potato litter on soil surface

(326)

Field sites with transgenic plants (239)

Soil microcosms with purified transgenic sugar beet DNA

(108)

2.11.4. DNA stability in aqueous environments
In natural freshwater and seawater the DNA half-life was estimated to be several hours. A
correlation with the trophic status of the aqueous environment was reported showing lower DNA
hydrolysis rates in habitats with low bacterial count or microorganisms under starving conditions
(188).

2.11.5. DNA stability in sewage
DNA is degraded at substantial initial rates when introduced into wastewater (245). Full
degradation of plasmid DNA within 5 min was reported (188).

2.11.6. Transgenic plant DNA on farmlands
After cultivation and harvest of transgenic crops some part of the plant like roots, stems, leaves or
pollen may remain on the fields. Despite adverse environmental conditions, mainly caused by
released nucleases from decaying plants and soil microorganisms and mechanical shear forces,
physically intact plant DNA can be detected for impressively long periods (see table 4) (185, 238,
239).

2.11.7. Stability of transgenic DNA in silage
During ensilage harvested crops will be fermented under anaerobic conditions. The pH of the
environment drops below 5 and stops microbial growth. Under these conditions, DNA is effectively
inactivated. DNA molecules with transforming activity disappear after an incubation of 2 min,
although sufficiently long fragments can still be amplified by PCR up to 30 min (78).
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2.11.8. DNA stability in the mammalian gastrointestinal tract
Orally applied plasmid or phage DNA was not completely degraded during the passage through the
murine gastrointestinal tract (277). DNA fragments up to 1000 bp survived the intestinal system,
although only 4% of the ingested DNA was redetectable in the feces of the animals. However,
these DNA fragments were not incorporated by gut bacteria or bacteriophages indicating that no
transformation events took place in the murine digestive system (278).
2.11.8.1. Sheep
Chromosomal DNA encoding a beta lactamase resistance gene incubated in ovine saliva was stable
up to 24 h. A near full length (1947 bp) cry1A(b) transgene was still amplifiable after 1 h of
incubation. Transfer of the same DNA constructs into ovine rumen fluid resulted in almost instant
disintegration (78).
In the presence of ovine ruminal fluid DNA is almost instantly degraded and bla, cry1A(b), and
nad5 amplicons are only detectable for a maximum incubation period of 1 min (5, 79). However,
recombinant DNA has been amplified from ruminal and duodenal digesta indicating that
degradation is not complete (79, 246). Sharma et al. investigated the fate of DNA in digesta
samples from the rumen, abomasum and the large intestine of sheep (280). They could show that
a large fragment of a high copy number chloroplast gene fragment deriving from Roundup Ready
canola feed was present in all compartments of the digestive system in all tested samples. A low
copy number fragment of the ribulose bisphosphate carboxylase gene showed varying detection
frequencies, but the short version of this fragment was detectable in over 80% of abomasal digesta
samples (range: 18 - 82%). The c4 epsps transgene was readily degraded in the rumen, but was
still detectable at a remarkable 64% in the large intestine (280).
2.11.8.2. Pigs
In a recent study, Sharma et al. could confirm that endogenous and transgenic DNA fragments
from diets containing Roundup Ready canola do survive to the terminal gastrointestinal tract of
pigs (280). A clear correlation between the amplicon size and copy number of the corresponding
gene and the frequency of detection in digesta samples could be established. A relatively large
gene fragment (520 bp) originating from chloroplast DNA could be amplified in all samples. The
detection of the large fragment of the chromosomal ribulose bisphophate carboxylase gene was
only possible in approximately one half of the tested samples, whereas the short fragment was
present in more than 80%. Detection rates for transgene epsps fragments were generally lower,
but peaking with 75% with a 278 bp amplicon. The presence of the entire epsps transgene could
not be established. There was no evidence for a different processing of transgenic and endogenous
DNA from food ingested genetic material in the porcine gut (280).
2.11.8.3. Poultry
An incomplete digestion of DNA was observed in the avian gastrointestinal tract. A possible
explanation for this behaviour is the rather fast passage of the gut content in birds compared to
the passage of food in mammals (154).
2.11.8.4. Mice and rats
In mice, fragments of ingested M13 bacteriophage and plasmid DNA were shown to survive
passage through the gastrointestinal tract. The fragment sizes found in feces 1-7 h after feeding
were between 100–400 bp (with rare fragments up to 1700 bp)(276-278). However, 95% of the
ingested DNA was hydrolyzed after passing the duodenum and only 1–2 % of the orally ingested
DNA persisted transiently (144). In gnotobiotic rats, food DNA might persist in the lower GI tract
and might be available for uptake by intestinal bacteria (329).
The persistence of DNA in the stomach of rats was longer than expected, and DNA within plant
cells showed a significant improvement of stability compared to naked DNA (137, 329). This
observation indicated that chromosomal plant DNA was not preferentially released in the stomach,
and that the gastrointestinal compartments following the stomach were of crucial relevance
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concerning DNA stability. Plant cells were predominantly lysed in the small intestine. Consequently,
the highest DNA degradation rates were found in the duodenal and jejunal compartments, without
showing any differences in the degradation rates between naked plant DNA and plant DNA within a
cellular envelope (194, 329).
In caecum and colon luminal samples, DNA degradation was markedly retarded leading to
detection periods of up to 22 h, whereas DNA in mucous samples from the caecum survived only 1
h. An interesting finding was that bacterial nucleases seemed to play only a negligible role
compared to GI tract endogenous DNases, since there were hardly any differences in DNA
disintegration rates between germfree and human flora associated rats (329).
2.11.8.5. Human gastrointestinal tract
Experiments with human ileostomists (patients with resected large bowel segments leading to an
artificial stoma) using transgenic soya resulted in the detection of a 180 bp fragment of plant DNA
in feces. There were no PCR amplification products when the tests were performed with healthy
probands. However, it was reported that all transgenic DNA was degraded within the colon (220).
Interestingly, analyses showed that uncultivable gut bacteria had already contained parts of the
soya transgene before the study was started (220).
In vitro studies in human saliva showed a plasmid DNA half live of 50 s (200). It was anticipated
that the disintegration in vivo would yet be more rapid (201).
DNA from genetically modified soya (Roundup Ready) or maize (Bt Maximizer maize) was readily
disintegrated in gastric and small bowel simulations (194). In gastric simulations, 80% of the
introduced naked DNA were immediately degraded (194). If intact soya or maize was incubated, no
degradation of the transgene was detected. The DNA was possibly protected from acidic conditions
within intact plant cells, or by association with proteins or particulate material providing a buffering
effect for protons. These observations were in accordance with data obtained from experiments in
the digestive system of rats (329).
Several other feeding studies reached the same conclusion: A minute percentage of orally ingested
DNA resisted disintegration in the mammalian gastrointestinal tract and sufficiently long DNA
fragments (with the coding capacity for full length resistance genes) survived the passage through
the digestive system (40, 86).
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2.12.

Mechanisms of genomic integration of ARM
genes

2.12.1. Homologous recombination
For homologous recombination with the host genome the incoming DNA had to contain regions of
at least 25 – 200 bp of high sequence similarity (307). An already present allel of the transferred
resistance gene would be optimal. In so called “gene rescue experiments” simulating naturally
occurring environmental conditions, this kind of gene replacement was shown to be feasible (18,
61). Otherwise, homologous flanking sequences between the foreign DNA and the chromosomal
target would be sufficient for homologous recombination. In E. coli two homologous sequences of
only 20 bp on the left and on the right side of the insert were sufficient to support integration.
However, the necessary double crossover events were extremely rare: for E. coli the probability to
find 2 genomic regions with a 20 bp homology to plant DNA was approx. 10-12. Circulation of the
incoming plant DNA would relieve this restriction because only 1 homologous region would remain
to be necessary, but such a kind of process has not yet been documented. The transformation
frequency of competent bacteria with linear plant DNA was supposed to be negligible in natural
environments (18).

2.12.2. Illegitimate recombination
Illegitimate recombination events are generally rare. However, integration of foreign DNA increased
at least 105-fold when linked one-sided to a piece of DNA homologous of the recipient genome. A
”recombinational anchor“ of 183 bp was sufficient to allow the integration of several thousand base
pairs of non-homologous DNA (62).
2.12.2.1.

Additive Integration

In contrast to processes where the incorporated DNA replaces existing homologous DNA by
conserving functionality and size of the recombined region, transformation can also lead to the
acquisition of additional DNA material. This mechanism is termed homology-facilitated illegitimate
recombination (HFIR). Only short homologous regions longer than 25 bp were necessary to start
via a single cross over event the insertion of an otherwise non-homologous DNA molecule. The
recombination frequencies based upon this mechanism increased in several orders of magnitude if
longer homologous regions were present and reached a plateau at 200 bp (307).
2.12.2.2.

Transposition

ARM gene integration by transposition would only be relevant if transposable elements were used
during the engineering process of transgenic plants. This has not been the case to date and it will
be very unlikely to happen in the future because such constructs are excluded from admission for
marketing by the competent authorities. A hypothetic scenario would be the rescue of an intruding
ARM gene by a resident bacterial transposable element. However, such a process has not been
documented so far. The risk for ARM gene transfer augmented by transposition is negligible (18).
2.12.2.3.

Integrons – gene cassettes (120)

Integrons are prokaryotic genetic elements for gene capturing.
The main components of an integron are:
1
2

a circular dsDNA gene cassette with a 59bp element for “site specific recombination”.
an integron carrying an integrase sequence and an insertion site (attI) which integrates the
respective gene cassettes and promoters for expression of the gene in the cassette.

Gene cassettes can be released from the integron and may integrate into secondary locations on
the bacterial chromosome. This transfer may result in gene silencing because the gene cassette
itself possesses no promoter elements and the transferred ARM gene will have to rely on a
functional genomic promoter nearby the insertion site.
32

Genomic integration of ARM genes

Linear plant DNA reaches the bacterial cytoplasm in a single stranded conformation and is,
therefore, no target for integrases, which are specific for dsDNA. After reconstitution of a double
stranded conformation a 59 bp element would have to be captured and the whole construct would
have to be circularized. The necessary coincidence of so many steps to produce a functional genetic
element renders the fixation of an ARM gene in the bacterial genome rather unlikely (18).
2.12.2.4.

Non-homologous end-joining of DNA fragments in bacteria (285, 323)

The mechanism of non-homologous end-joining of DNA was originally described in eukaryotic cells.
Recently a similar process could be described in sporulating bacteria. Essentially, it is a repair
mechanism helping to reduce DNA damage by radiation. The main components of the system are
DNA binding proteins and a special DNA ligase, which is able to seal dsDNA double strand breaks
(135). This ligase activity could theoretically mediate genomic integration of non-homologous ARM
gene DNA. However, it was not possible to document such a process in a natural environment. An
accidental uptake of ARM gene coding DNA cannot completely be ruled out but significant transfer
rates due to non-homologous end-joining of DNA are not to be expected (18).

2.13.

Assessing the likelihood of horizontal gene
transfer (89)

The paragraphs 2.4. – 2.12. identified a range of potential pathways that may permit horizontal
transfer of genetic material. Evidence for the operation of some of these pathways is available at
least in laboratory studies, while others remain speculative. Features of the genetic sequences can
increase to some degree the likelihood of their being integrated into bacterial or viral genomes. In
most cases the frequency of transfer observed is very low, but some of the sequences in the
proposed genetic constructs may facilitate acquisition by other organisms. The likelihood of this
occurring and involving GM plants is uncertain because of the lack of scientific studies using these
constructs and little information on how similar sequences need to be, to facilitate transfer.
The likelihood of HGT for a transgene of bacterial origin from a GM plant to a bacterium is much
lower than the likelihood of acquiring the same gene from another bacterial species in the
environment. It was estimated that there were two billion microorganisms per gram of top soil and
1011 bacteria in the human gut. The total global count of bacteria was 5 x 1030, with an average
turnover of three years (126). The probability of a gene transfer from transgenic plants to bacteria
was estimated to be 2 x 10-11 to 1.3 x 10-21 per bacterium and that of a gene transfer by
conjugation between soil and enterobacteria was 10-1 to 10-8 per donor cell (315). The estimates of
frequency of HGT are highly context-dependent, and caution should be applied when extrapolating
data from laboratory and field test studies for risk assessments.
However, frequency of transfer is a secondary issue to the consequence of transfer (224, 227). If a
sequence confers a selective advantage to the recipient bacteria, then that sequence may be
selected for and become more common in the population.

2.14.

Conclusions

Summarizing the presented data on horizontal gene transfer of ARM genes allows the following
conclusions:
1
2
3
4
5

Bacterial chromosomes are transiently but inevitably exposed to DNA from other cells.
Transfer of plant DNA to receptor bacteria has not been demonstrated so far under
naturally occurring conditions.
Transfer of plant DNA to bacteria is possible, although with diminishing low frequencies
under naturally occurring conditions. These frequencies may not be detectable with
currently available methodology.
Transfer frequency rates are of low relevance concerning the assessment of long-term
effects of such an event.
There are no specific barriers, which would generally prevent competent bacteria from
using freely available genetic information (= free DNA fragments) in their natural habitats
(307).
33

Risk assessment of antibiotic resistance marker genes

3.

Risk assessment of antibiotic resistance
marker genes in transgenic plants

For assessing the risk emanating from antibiotic resistance genes used as genetic markers during
the generation of transgenic plants, the following aspects will have to be considered:
1
2
3
4
5

Biochemical characteristics and the function of the antibiotic resistance marker gene and its
product(s).
Estimation of the background load of the relevant antibiotic resistance functions usually
occurring in bacterial populations in their natural habitats.
Clinical relevance of the antimicrobials which are inactivated by the corresponding ARM
gene products.
DNA stability in natural environments.
Estimation of the frequency of horizontal gene transfer mediated by natural genetic
transformation of bacteria in natural habitats.

These data will be supplemented by information about the availability of alternative selection
marker technologies, the discussion of the cost-effectiveness of these new technologies and their
potential for acceptability in the market and by the competent authorities (please see Appendix C).

3.1.

The impact of antibiotic resistance marker genes
for the production of transgenic plants

3.1.1.

Overview

In the following paragraphs the basic functions of ARM genes will be discussed, and the currently
applied methods for the construction of transgenic plants will be outlined. The presented data
should provide sufficient information for an easy access to the topic.

3.1.2.

The function of ARM genes in genetically modified plants

ARM genes in plant gene technology are required for two different purposes:
1. Identification and selection of transformed plant cells
The uptake efficiency of plant cells for foreign DNA is still rather disappointing. If the transgene
itself does not convey any selectable phenotype telling the experimentator the cell has accepted
the newly introduced information, usually a co-transformed bacterial antibiotic resistance marker
gene would have to fulfill this purpose. The expression of this ARM gene is usually under the
control of characteristic eukaryotic gene regulators (plant specific eukarotic promoter, terminator of
transcription, polyadenylation signal etc.). Plant cells, which had not been successively transformed
by the applied procedure, would die if exposed to the corresponding antimicrobial. Cells carrying
the ARM gene would survive under the selective pressure provided by the antibiotic, and might be
selected for further breeding and manipulations (18, 114).
2. Manipulation of the carrier vector/plasmid for cloning in bacteria
Bacterial plasmid vectors are used for the in vitro assembly of the gene arrangement to be
transferred into the plant cell. The necessary genetic elements including the transgene are cloned
into this vector, which is supposed to be subsequently used as the physical backbone for the
transformation of plant receptor cells. ARM genes stabilize the plasmid vector during all these
manipulations in the bacterial host and allow controlled amplification of the transgene construct.
In this instance the ARM gene is under the control of a bacterial promoter and usually will not be
expressed anymore in the transformed plant cell (114).
Under both circumstances (§1 + §2) ARM genes in the adult and commercialized plant accomplish
no function whatsoever (114).
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3.1.3.

Plant gene technology

The performance of the currently applied techniques for the transfer of foreign DNA into plant cells
is rather disappointing. Only a marginal fraction of the targeted plant cells will take up and stably
integrate foreign recombinant DNA into their genome. Procedures which are able to select for this
rare transformation event, are therefore mandatory. (Antibiotic resistance) Marker genes which are
coupled to the transgene mediating the desired new trait, provide a selective advantage for cells
carrying this marker gene, compared to untransformed cells under selective environmental
conditions (e.g. mediated by the ARM gene corresponding antibiotic). That part of the plant cell
population which had not acquired recombinant DNA containing the ARM gene, would die if it is
exposed to the antimicrobial. However, in the adult organism marker genes are futile, and thus,
dispensable (114, 159).
Although the yield of transformed plant cells varies (at a generally low level) according to the
procedure applied, the production of transgenic plants is a rather exact and defined process,
compared to the conventionally used strategies for breeding:
1
2

one or more specific plant genes are modified or replaced or
a new gene providing a new beneficial function is introduced into the plant genome
with surgical accuracy (18).

The modifications are genetically and biochemically precisely characterized. Otherwise, usually
applied methods for breeding rely on:
1
2

induced mutations, which lead to random modifications of the plant genome.
selection of appropriate variants and their time consuming crossing and backcrossing until the desired phenotype appears.

In no instance the causal molecular changes in the genome leading to the new phenotype are
known in detail. Nevertheless this conventional way for manipulating the plant genome is
considered risk free in the public opinion (18).
3.1.3.1.

Procedures for plant cell transformation

Initially the transgene which is supposed to be transferred into a plant cell to provide a new
phenotype is moved into a bacterial cloning vector containing an ARM gene for selection of the
novel gene construct. All necessary genetic manipulations are performed in vitro. The novel gene
arrangement will be amplified in a suitable host bacterial strain – usually Escherichia coli. The
purified vector DNA is used to transform plant cells. Under selective pressure individual
transformed cells will grow and form new cultivars ready for further breeding (114).
In most plant transformation experiments one of the following two methods is applied:
1. Transformation using the Ti plasmid of Agrobacterium tumefaciens
The naturally occurring property of the Ti plasmid of Agrobacterium tumefaciens, which is capable
of transferring parts of its own sequence into the genome of an infected plant cell, is exploited for
plant gene technology.
A segment of the Ti plasmid region coding for the so-called T-DNA (105) and the production of
growth factors in a successfully transformed plant cell is replaced by the novel genetic element
carrying the information for the new phenotype. If necessary, an ARM gene is concomitantly cloned
into this sequence allowing the selection of transformed cells. The remaining T-DNA specific
integration functions mediate the insertion of the transgene into the chromosomal plant genome
(18, 313).
2. Biolistic transformation using a particle gun
Vector DNA (containing the transgene and an ARM gene) adhering to gold particles are directly
shot into the plant cell with a particle gun. The vector DNA integrates via site-specific
recombination or at random positions into the genome of the transformed plant cell (18, 150).
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3.2.

Risk assessment of antibiotic resistance marker
genes – Risk analysis – Formal approach

3.2.1.

Overview

For the correct assessment of the risk originating from a substance or a procedure, the safety
hazard has to be identified and characterized at first. The next step is an estimation of the
probability for and the duration of an exposure of a certain part of the population. Finally, all
collected data are summarized for a compiled risk characterization:
The qualitative and/or quantitative assessment of the probability and the severity of a known or
potentially harmful adverse effect on the health of the exposed segment of the population is based
upon:
1
2
3

hazard identification.
hazard characterization.
exposure assessment, taking into account system immanent uncertainties.

For consideration of potential health hazards caused by the spread of ARM genes two kinds of risks
have to be differentiated: direct risks and indirect risks.
For supplemental information please see Appendix B.

3.2.2.

Direct risks

Direct risks encompass all those phenomena which induce to toxic reactions upon contact or
consumption of plant tissue in the respective consumer.
The following issues may be summarized under direct risks induced by ARM genes in plant cells:
1
2
3

The plant cell is transformed with a DNA fragment directly toxic for mammals. This
is a completely hypothetic scenario. Toxic DNA fragments have not yet been
identified (18).
Sequences on the bacterial plasmid vector code for and produce toxic proteins or
toxic RNA molecules (18).
The plant metabolism produces toxic substances due to interactions with vectorencoded bacterial proteins (18).

Feeding studies with genetically modified crops showed no indications for any toxic effects which
could be attributed to the alteration of the plant cell after incorporation of the transgenic constructs
(22). For more than 15 years the American population has been exposed to transgenic plants
without any incidences of toxic side effects (18, 170). However, this statement is challenged by the
notion that nobody has ever looked systematically for adverse effects mediated by the
consumption of transgenic food and feed in a controlled study in that period of time (224). Allergic
reactions only appeared after a transfer of a known allergen from one plant to another (e.g.
transfer of 2S albumin of the Brazil-nut into soybeans) (232). The Bt-toxin of Bacillus thuringiensis
may also exert some toxic effects to a certain extent in the larvae of monarch butterflies (190).
It is rather improbable that genetically altered cultivars are more toxic than their wild type
predecessors, especially considering the fact that transgenic plants usually have to pass an
extensive approval procedure, which results in a substantial increase of information about the
transgenic plant compared to its wild type counterpart (170).
Summarizing the information presented above, a direct risk caused by genetically altered
transgenic plants can be excluded (18).
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3.2.3.

Indirect risks

Unintended adverse effects on human and animal health, the environment and the quality of life
apart from a direct toxic impact are summarized under indirect risks.
Indirect risks concerning ARM genes may encompass:
1
2

the escape and dissemination of resistance genes from transgenic to conventional
plants.
an increase of the dissemination rate of antibiotic resistance genes in bacterial
populations pathogenic to humans or animals leading to reduced options for
therapy of infectious diseases (18).

Any newly introduced gene may be spread to wild type crop relatives via crosspollination – a fact,
which cannot be circumvented considering breeding and cultivation of monocultures on a massive
scale (18).
A re-transfer of plant DNA into recipient bacteria is possible, however an immense number of
possible barriers (see table 8) has to be overcome before a plant-derived gene may be expressed
again in a prokaryotic environment (38, 225). The extensive cultivation of transgenic crops
containing ARM genes will certainly expand the pool of resistance functions existing in the
environment, which is used by bacteria as reservoir for genetic information for horizontal gene
transfer events (40, 56, 78). However, a mere amplification of resistance genes available in this
gene pool will only constitute a risk, if this increase is threatening human health due to an increase
of resistant bacterial pathogens leading to troubles during a therapy of infectious diseases (18).

3.2.4.

Formal approach for risk evaluation

The formal approach for risk evaluation is exemplified with antibiotic resistance marker genes (see
table 5). After determination of the risk question (“What is the impact of an ARM gene in a
transgenic plant?”), the potential hazards are identified (“antibiotic resistance gene”) and
characterized (“ARM gene may lead to reduced therapeutic options in the treatment of infectious
diseases and/or to more resistant strains”). In the next step the exposure rate of a certain
population to the hazard is determined (“How often does an ARM gene transfer lead to resistant
bacterial strains?”). The importance of this risk evaluation step is challenged in the case of
antibiotic resistance genes because in this area an extremely rare (single) event may yet have a
dramatic impact (founder cell for a resistant bacterial strain interfering with antibiotic therapy)
(224). The risk is characterized by a qualitative and/or quantitative assessment of the probability
and severity of the damages to be expected. For a better understanding the necessary chain of
events is summarized in risk pathways. All steps of this risk pathway (see table 5) have to be
committed to achieve a measurable risk level. The drop out of one step of the risk pathway
eliminates the risk (see table 5).
For a serious assessment of the risks mediated by ARM genes the prevailing situation concerning
transfer of resistance genes between bacteria in their natural habitats has to be considered. In this
case, the phenomenon “ARM gene transfer from transgenic plants induces clinically relevant
resistant pathogens” is competing with the phenomenon “Naturally occurring transfer of resistance
genes is leading to clinically relevant resistant pathogens” (18).
3.2.4.1.

Risk evaluation by analysis of risk pathways and scenarios

Risk pathway 1 presents the actual situation in the global reservoir of resistance genes (see table
6): antibiotic resistance genes are frequently and efficiently transferred between bacteria in their
natural environments. This gene exchange is the major cause for the development and spread of
clinically relevant resistant strains, causing troubles during antibiotic chemotherapy. All involved
processes and mechanisms are well defined and known. Risk pathway 2 presents processes, which
would be necessary for ARM gene to interfere negatively with the clinical application of the
corresponding antimicrobials. Until now, the complete execution of risk pathway 2 in natural
environments have not been documented. Therefore, risk pathway 2 has to be considered as
hypothetical (18).
Using risk pathway 1 and 2 as basis, two risk scenarios may be generated (18). Both scenarios
help to support risk assessment of ARM genes in transgenic plants compared to a situation for
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resistance gene transfer without the involvement of genetically modified plants (see table 7).
Scenario 1 encompasses the actual situation in natural environments: clinically relevant resistances
predominantly exchanged between and within bacterial populations by horizontal gene transfer
processes are the cause for problems during antibiotic treatment of infectious diseases (risk
pathway 1). An additional input of resistance functions (into the existing network of horizontal gene
transfers) via ARM genes is negligible. Thus, in this scheme for risk analysis ARM genes induce no
or only a minimal risk for causing reduced options in antimicrobial therapy (risk pathway 2).
Scenario 2 describes a hypothetical situation (18): the ARM gene used for the transgenic plant is
not prevalent in naturally occurring bacterial populations. Therefore there are no naturally
occurring resistance determinants available in the horizontal gene pool, which could interfere with
antimicrobial chemotherapy (risk pathway 1). The single possibility for bacteria to acquire a
clinically relevant resistance function is the acquisition of the ARM gene from the transgenic plant.
In this second scenario, the application of such an ARM gene turns out to be a high-risk procedure
compared to risk pathway 1 (see table 7).

3.2.4.2.

Risk assessment for successful ARM gene transfer considering barriers to
bacterial transformation

Table 8 presents the major mechanisms, which interfere with a successful transfer of ARM genes
from plants to bacteria. Of high relevance are those parameters whose presence or absence is of
decisive impact concerning success or failure of gene transfer by natural genetic transformation of
bacteria (see table 8).
At least 8 of the listed parameters have to be considered as essential for an efficient bacterial
transformation. This conclusion indicates that horizontal gene transfer of ARM genes from plants to
bacteria has to overcome various substantial barriers to be successful. Practical experience
confirms this statement:
1
2

Until now, no transfer of an ARM gene from a transgenic plant to a recipient
bacterium under naturally occurring conditions has been observed (18).
The experimentally determined transformation frequencies in natural habitats are
usually extremely low (188).

However, both observations do not provide evidence for the assumption that such a kind of gene
transfer is impossible in natural environments. In this context the following issues should be
considered:
1
2
3

There are indications that currently applied in vitro experiments are inadequate for
the simulation of natural environments (126).
The input of genes from transgenic plants into bacterial populations may be an
extremely slow process (225).
There are methodical problems for quantifying horizontal gene transfer processes
via transformation in natural environments (126, 131).
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Table 5:

Risk assessment of antibiotic resistance marker genes in transgenic plants
(Bennett et al., 2005; modified) (18).
Parameter

Definitions

Risk

The likelihood that under particular conditions of exposure an intrinsic
hazard will represent a threat to human health. Risk is a function of
hazard and exposure (160).

Hazard

The intrinsic potential of a material to cause adverse health effects
(160).

Risk assessment

Evaluation of the probability of known or potential adverse health effects
arising from human or animal exposure to the identified hazards (91).
Involves the combination of data on the severity of the consequences of
exposure to a hazard and the expected degree of exposure (160).

ARM gene specific risk assessment
Steps

Comments

Risk question

What is the impact of antibiotic resistance marker genes in transgenic
plants on the incidence and level of antibiotic resistance expressed
by bacteria?

Hazard identification

The hazards are bacterial antibiotic resistance genes.

Hazard characterization

The unintended adverse effect is the transfer of antibiotic resistance
genes from transgenic plants to bacteria, which consequently express a
resistant phenotype leading to reduced therapeutic options in the
treatment of infectious diseases.
The uptake of an additional copy of an already present endogenous allel
of a resistance gene may alter the quantitative expression of the
resistance function (bacteria will become more resistant against higher
doses of the respective antibiotic).

Exposure assessment

Estimation of the frequency of transfer events of ARM genes from
transgenic plants to bacteria: How often will such transmissions lead to
the development of resistant bacterial strains?

Risk characterization

Qualitative and/or quantitative assessment of the probability and
severity of adverse health effects for the exposed segment of the
population (160).

Event
1

Risk pathway – chain of
events

ARM gene specific event

2
3

release of the hazard:
from the source:
exposure of a susceptible target:
capture of the hazard:

4

impact of the hazard:

ARM gene
transgenic plant
competent bacteria
incorporation of the ARM
gene into the bacterial
genome
ARM gene expression leading
to resistant transformed
bacteria and their progeny.

Risk assessment: All 4 steps in the chain of events must be
accomplished. Breaking the chain eliminates the risk.
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Table 6:

Risk pathways – Chain of events for the transfer of antibiotic resistance
genes in natural environments (Bennett et al., 2005; modified) (18).

Risk pathway 1 (documented)
Presence of a bacterial antibiotic resistance gene in a bacterium
Ð
Amplification of the bacterial antibiotic resistance gene by bacterial cell division
Ð
Exposure of other bacteria to those carrying the bacterial resistance gene
Ð
Transfer of the bacterial antibiotic resistance gene to other bacteria
(several routes)
Ð
Incorporation of the bacterial antibiotic resistance gene into a recipient bacterial genome
(various mechanisms)
Ð
Expression of an antibiotic resistant phenotype by the recipient bacterium

Risk pathway 2 (hypothetical)
Presence of a bacterial antibiotic resistance gene in a transgenic plant
Ð
Amplification of the bacterial antibiotic resistance gene by crop cultivation
(plant cell division)
Ð
Release of the bacterial antibiotic resistance gene from transgenic plant cells and via pollen
production
Ð
Exposure of target bacteria to plant ARM genes
Ð
Uptake of the ARM gene by the target organism as plant DNA
Ð
Incorporation of the plant derived bacterial ARM gene into a recipient bacterial genome
Ð
Expression of an antibiotic resistant phenotype arising from plant derived ARM genes by the
recipient bacterium
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Table 7:

Risk assessment for ARM genes in transgenic plants (Bennett et al., 2005;
modified) (18).

Scenario 1 – present situation
Risk pathway 11)

Risk pathway 21)

ARM genes in transgenic plants are usually already widely disseminated in

Background/preconditions: naturally occurring bacterial populations and are expressed by various
bacterial species.

Exposure assessment:

Various, well-documented gene
transfer pathways for the
exchange of genetic information
between bacteria in contrast to
the situation delineated by risk
pathway 2.

Generally low frequency of gene transfer
events;
may include bacterial species not
involved in gene transfer pathways
described in risk pathway1.

Hazard characterization:

The overwhelming majority of
clinically relevant antibiotic
resistance genes is disseminated
already via risk pathway 1.

Dissemination of antibiotic resistance
genes via risk pathway 2 does not
significantly increase the risk compared
to risk pathway 1.

Risk assessment:

Risk for adverse events on the human therapeutic application of antibiotics
for fighting infectious diseases
No/negligible risk.

Conclusions:

Status quo –
No risk assessment

The utilization of blaTEM1, aph (3’) and
aadA resistance functions as marker
genes in transgenic plants does not pose
an additional realistic threat for human
and/or animal health.

Scenario 2 – hypothetical situation
Risk pathway 11)

Risk pathway 21)

The used ARM gene in transgenic plants does not exist in naturally

Background/preconditions: occurring bacterial populations

Exposure assessment:

No gene transfer in natural
bacterial populations because
resistance gene is not present.

Only way for the introduction of the ARM
gene into bacterial populations.
Extremely low levels of gene transfer
already pose a significant risk for
adverse events.

Hazard characterization:

No hazard because no resistance
gene available.

Dissemination of antibiotic resistance
genes via risk pathway 2 significantly
increases the risk compared to risk
pathway 1.

Risk assessment:

Risk for adverse events on the human therapeutic application of antibiotics
for fighting infectious diseases
High risk.

Conclusions:
1)

No risk.

see risk pathways in table 6
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Table 8:

Prerequisites for and barriers against incorporation of an ARM gene
into the genome of bacteria (Bennett et al. 2004; Goldstein et al. 2005; EFSA
GMO Panel, 2004; modified) (18, 84, 114).
Parameter

Comment

Relevance1)

low

1.

DNA stability
in natural environments

Stability depends on environmental conditions.
Relatively stable in soil, sediments, raw food and feed
stuff (i.e. if adsorbed to particulate material).
Less stable in the mammalian intestinal tract.
Rapid decay in silage.
Massive degradation by some food processing methods.

2.

DNA fragment lengths
for coding ARM genes

Detectable in natural habitats; persist biologically active
for sufficiently long periods, but usually only in minute
amounts.

high

3.

Competition of ARM genes
with common plant DNA for binding
sites on the surface of competent
bacteria

The percentage of ARM gene DNA is only a minute
fraction of the whole genomic plant DNA

high

4.

DNA uptake sequences

Depends on bacterial species. Usually unspecific DNA
binding, but some species accept only homospecific
DNA (Haemophilus sp., Neisseria sp.).

low

5.

Availability of competent
bacteria
primed for DNA uptake

Differs according to conditions prevailing in the habitat.
Approximately 1% of the validly described bacterial
species may be able to develop competence. More than
80 species have been experimentally validated to be
competent. Might be a common trait for many more
species.

low

6.

Frequency of transformation

Bacterial transformation occurs usually under suboptimal environmental conditions at very low
frequencies.

high

Restriction/modification

As only single-stranded DNA molecules enter the
bacterial cytoplasm, restriction is assumed to be of
negligible importance. However, there are anecdotal
reports of a substantial reduction of the transformation
frequency due to restriction.

low

8.

Homologous recombination

The probability for homologous bacterial and plant ARM
gene DNA sequences is remote.
Exceptions: Recipient bacterium carries an allel of the
ARM gene or parts of the vector sequences used for
generating the transgenic plant.

high

9.

Illegitimate recombination
Transposition

No transposable elements are used for generating
transgenic plants. The likelihood for capturing an
intruding ARM gene by an endogenous transposable
element of the recipient bacterium is negligible.

high

10. Illegitimate recombination
Integrons/Gene cassettes

A prerequisite for ARM gene rescue is the presence of
the 59 bp element on the intruding plant DNA.
Linear plant ssDNA is no substrate for the integron
specific integrase in the bacterial cytoplasm.

high

11. Bacterial control elements for
gene expression

ARM genes intrude as plant DNA carrying usually
promoters, terminators and polyadenylation signal
sequences only active in plant cells. For successful
expression of the ARM gene, the new recipient has to
provide the necessary equipment for gene expression.

high

12. Selection pressure

The presence of a selection pressure for fixation of the
newly acquired trait within the bacterial population due
to the corresponding antibiotic is rare in natural
habitats.

low

13. Biological fitness

Under certain conditions transformed bacteria show
distinct growth deficits compared to their nontransformed relatives.

low

7.

1) Impact on successful transformation under consideration of experimentally validated data
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3.3.

Dossiers on currently applied ARM genes in
genetically modified plants

3.3.1.

Overview

In the following paragraphs some of the most important ARM genes which are frequently used for
the development and production of transgenic plants at the present time are discussed. The focus
lies on the description of the biochemical functions of the resistance determinants (i.e. substrate
specificity, catalytic activity) and the evaluation of the clinical relevance of the inactivated
corresponding antibiotics. A delineation of an already existing background level of antibiotic
resistance functions occurring in natural habitats may provide additional information for the reader,
who should be able to accomplish a provisional risk assessment on his own after reading the
respective ARM gene dossier.
All discussed ARM genes are summarized in table 9.

Table 9:

Resistance genes under consideration (18)

Resistance gene
(usually used terms)
1 nptII gene:
Kanamycin (or neomycin)
resistance gene
2 Hygromycin resistance gene:
hph gene
3 Streptomycin resistance gene:
aadA gene, strpr/specr gene
4 Ampicillin resistance gene:
ampr gene
5 nptIII gene:
Kanamycin resistance
gene

Inactivated
antibiotics

Classification

Function

[aph (3’)-IIa]

neomycin
phosphotransferase

kanamycin, neomycin,
geneticin (258)

hygromycin
phosphotransferase

hygromycin B (255)

streptomycin
adenyltransferase

streptomycin,
spectinomycin (55)

ß-lactamase

ampicillin (270)

neomycin
phosphotransferase

kanamycin, neomycin
(281)

[aph (4)Ia]

[ant (3’’)-Ia]

bla(TEM-1)

[aph (3’)-IIIa]

6 Chloramphenicol resistance
gene:
cat gene, Cmr gene

cat

chloramphenicol
acetyltransferase

chloramphenicol (251)

7 Tetracycline resistance gene:
tetA gene

tetA

membrane (efflux)
protein

tetracyclines (48)
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3.3.2.

Ampicillin resistance: ß-lactamase (blaTEM-1)

3.3.2.1.

Outline

In 1963 the blaTEM-1 gene was isolated for the first time from an E. coli hospital strain. BlaTEM-1 is a
component of the transposon Tn3, which was originally identified on plasmid R7268. All popular
cloning vectors relying on the pUC or pBR322 backbone contain blaTEM-1 as selection marker for
ampicillin (18, 162, 301).
3.3.2.2.

Substrate specificity and catalytic activity

The TEM-1 ß-lactamase, an enzyme of 22 kDa, hydrolyzes the amid bond of the ß-lactam ring from
ampicillin. The major substrates for this enzyme are ampicillin, penicillin G and amoxicillin (84).
The TEM-1 ß-lactamase shows negligible enzymatic activity against oxacillin, methicillin and newer
generations of chephalosporins (18, 125). It is blocked by clavulanic acid, sulbactam and
tazobactam - three clinically applied ß-lactamase inhibitors (97, 112, 169, 268, 293). However,
mutations in the blaTEM-1 gene may confer resistance at least to clavulanic acid (84), and a high
TEM-1 ß-lactamase expression rate may render bacteria resistant to ß-lactamase inhibitors (270,
305).
3.3.2.3.

Therapeutic relevance of the corresponding antimicrobials

3.3.2.3.1. Human therapeutic applications of amoxicillin, ampicillin, and penicillin G
Ampicillin is an important antimicrobial, playing a crucial role in the therapy of urinary and
respiratory tract infections (7, 29, 303). It is also effectively applied against enterobacteriaceae
(147), but application is only recommended if strains have proven to be sensitive to ampicillin (84).
However, it is the first line drug for the treatment of infections due to enterococci and Listeria
monocytogenes (42) (138, 333). For further information see tables 21and 22.
Penicillin G: The range of application basically is similar to that of ampicillin. Penicillin G is effective
against sensitive streptococci, staphylococci, Neisseria sp., Pasteurella multocida and Clostridium
spp. It is the drug of choice for the treatment of syphillis and Actinomyces infections (333). For
further information see tables 21 and 22.
Amoxicillin: Has a spectrum of activity similar to penicillin G, but is more effective against
enterococci and Listeria monocytogenes (compare with ampicillin; see above) (333). For further
information see table 21 and 22.
3.3.2.3.2. Veterinary Medicine
Ampicillin is applied for the treatment of intestinal, urinary and respiratory tract infections in
horses, cattle, sheep, goats, pigs, cats and dogs. Amoxicillin is used for the therapy of infections in
horses, cattle, sheep, pigs, chicken, cats and dogs (84).
3.3.2.4.

Resistance level occurring in natural environments

Resistance to ampicillin is generally assumed to be prevalent in natural environments (84). The
blaTEM-1 gene appears to be present in considerable quantities, predominantly in populations of E.
coli in the human intestinal tract. A DANMAP study showed 19% of tested healthy humans harbor
ampicillin-resistant E. coli strains (53). Approximately 30-40% of the Finnish population carries
coliforme bacteria resistant to ampicillin (174). 35% of all clinical E. coli isolates are resistant,
taking into account that more than 90% of these cases are resistant due to the blaTEM-1 gene (164,
182). The situation with bacterial isolates from cattle is similar (84). However, there are
considerable country-specific and species-specific differences in the level of ampicillin/penicillin
resistance (see tables 14, 16 and 17), which have been ignored by the EFSA GMO Panel (84, 224).
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3.3.2.5.

Additional safety considerations

The EFSA GMO Panel concludes that the transfer of blaTEM-1 ARM genes from transgenic plants does
not significantly add to the existing background of ampicillin-resistant bacteria in the intestine (84).
However, the EFSA GMO Panel does not take into account country-specific differences in the level
of penicillin resistance. Nielsen et al. point out that blaTEM-1 is unlikely to be present in high
concentrations in natural environments in Norway (224) and there are significant species-specific
differences in the proportion of ampicillin/penicillin resistant strains (see table 17). The WHO
classified amoxicillin, ampicillin and penicillin G as critically important antimicrobials (324).
Although they are extensively administrated for clinical and veterinary treatment of infections (with
some country-specific exceptions, see tables 21 and 22), the collected data suggest a narrow
species distribution of the blaTEM-1 gene within a few bacterial host populations where this
resistance determinant appears to be contained at high levels (224). Considering the broad usage
and utility of the concerned antibiotics, the Norwegian Scientific Committee for Food Safety
suggests precautions to be taken against the dissemination of ARM genes in environments selective
for bacterial transformants (224).
3.3.2.6.

EFSA GMO Panel risk classification of blaTEM-1

Group 2 gene.
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3.3.3.

Kanamycin/neomycin resistance: nptII [aph(3’)-IIa]

3.3.3.1.

Outline

The npt II gene coding for a 29.8 kD neomycin phosphotransferase was the first bacterial ARM
gene used in plant gene technology. It is now the most prevalent marker in genetically modified
organisms (84, 242). NptII was originally described as a component of transposon Tn5 on plasmid
pJR67 isolated from an enterobacterium (20), and thus, is usually part of a mobile genetic element
found later on in a variety of different enterobacterial species (25).
The genetic construct finally inserted into the plant genome spares any transposable components
and usually consists of a plant promoter, an open reading frame for nptII and an appropriate 3’
non coding region containing a terminator for transcription and a polyadenylation signal (106). The
expressed NptII-protein mediates resistance to concentrations of kanamycin usually lethal for nontransformed cells. Cells transformed with nptII and the desired transgene can easily be selected in
culture medium supplemented with adequate concentrations of kanamycin (36, 159).
3.3.3.2.

Substrate specificity and catalytic activity

The nptII gene codes for an aminoglycoside phosphotransferase which preferentially inactivates
kanamycin, neomycin and paromomycin by phosphorylation. Ribostamycin, butirosin, gentamicin B
and geneticin (= G418) are additional targets of the NptII enzyme (281). Although in vitro activity
could be documented, no clinically relevant inactivation of amikacin induced by nptII has been
reported (see table 6) (84, 241, 281).
3.3.3.3.

Therapeutic relevance of the corresponding inactivated antimicrobials

3.3.3.3.1. Human therapeutic applications of kanamycin, neomycin, paromomycin,
gentamicin B and amikacin
Kanamycin, neomycin and paromomycin are highly toxic aminoglycoside antibiotics, which are
nowadays rarely used due to alternative antimicrobials with lower toxicological profiles (208, 314).
Neomycin cannot be applied intravenously due to its oto- and nephrotoxicity. In several countries
kanamycin is kept as second line antibiotic for the treatment of multi-drug resistant tuberculosis
(11). In rare cases neomycin is used orally for pre-operative bowel sterilization or selective gut
decontamination in high-risk patients or for the treatment of hepatic encephalopathy (84). All other
applications are limited to topical administrations with skin, eye and ear infections (e.g. otitis
externa, conjunctivitis) (11, 42, 84, 114). In Austria several preparations containing neomycin are
licensed (69). Neomycin was classified as critically important antibiotic by a FAO/WHO working
group (324), and the EMEA has concluded in a recent report, that “Neomycin and kanamycin are of
importance for veterinary and human use and their current or potential future use cannot be
classified as of no or only minor therapeutic relevance.” (87).
Amikacin is a crucially important aminoglycoside antibiotic, and decisive for the therapy of sepsis
and severe infections after treatment failure with other antimicrobials (see table 22) (11, 42).
NptII does not interfere with gentamicin therapy because the commercially available gentamicin
preparations do not contain gentamicin B, but are blends of gentamicin C1, C1a and C2 (114, 196)
missing the 3’ hydroxyl necessary for the action of NPTII, and thus, are no targets for inactivation
by NPTII (see table 10) (10, 290).
Geneticin is exclusively applied as selective agent for genetic engineering and is not used clinically
(see table 22) (84, 114).
3.3.3.3.2. Veterinary Medicine
Neomycin is used for the treatment of enteritis in calves, pigs and poultry and sometimes for skin
infections in cats and dogs (84). In Austria 4 kanamycin containing preparations are licensed and
several preparations with neomycin are available. Paromomycin is used for the treatment of
infections in pigeons (see table 21) (69).
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There is no indication for the use of amikacin in the therapy of animal infectious diseases (84).
3.3.3.4.

Resistance levels occurring in natural environments

Resistance to aminoglycoside antibiotics can be mediated by at least three different mechanisms:
1
2
3

Single-step mutations in the ribosomal rRNA target or in genes coding for ribosomal
proteins render cells insensitive to the antibiotic. This event may occur at a
frequency of 1 mutation every 108 cell divisions (111, 253).
Uptake of the antibiotic may be impeded by an efflux pump which readily removes
the antimicrobial from the cytoplasm protecting the ribosomal target from lethal
concentrations (319).
Uptake of resistance determinants coding for aminoglycoside modifying enzymes
(belonging to at least 11 different gene families) by horizontal gene transfer (106).

There is a vast array of different aminoglycoside inactivating enzymes (more than 50 different
enzymes have been identified and classified into three major classes – AAC, ANT, APH) occurring in
natural environments, and resistance to kanamycin and neomycin is assumed to be widely
disseminated among bacterial populations (84, 281). The genes for aminoglycoside modifying
enzymes are often located on mobile genetic elements like plasmids or transposons (68, 110).
Therefore Gay et al. concluded that overall resistance mediated by nptII appears to have little, if
any, clinical significance (106).
But literature survey reveals that only few studies are available to provide accurate data on the
environmental distribution of the nptII gene in Europe. Most of the available peer-reviewed reports
suggest a very low prevalence of the nptII gene among bacteria of non-clinical origin (173, 288).
Leff et al. reported on the situation in the USA, Smalla et al. obtained limited samples sets from
the Netherlands and Germany (107, 288). No nptII genes were detected in soil samples, but nptII
was present in sewage and manure samples. Only a marginal proportion of insensitive clinical
strains carries nptII as resistance determinant (281). The most prominent carriers are particularly
Gram-negative bacteria like Pseudomonas spp, Aeromonas spp and E. coli (288). Nielsen et al.
were not aware of any peer-reviewed study which has dealt systematically with the environmental
presence of nptII genes in Scandinavia (224). The phenotypic level of kanamycin resistance (which
provides no information about the genes responsible for it) is rather widespread, with approx. 105
resistant bacteria per gram of soil (133, 288). In the USA, a low level of phenotypic resistance to
kanamycin was reported in litter of poultry (149) and fresh water samples (148). A study analyzing
the resistance profiles of Campylobacter jejuni isolates from wild birds did not detect any neomycin
resistant isolate, suggesting a low prevalence of the nptII gene in an avian reservoir of these
enteropathogenic bacteria (320).
In Norway resistance to neomycin was also marginal, reaching a top value of only 3% of nonsensitive E. faecalis isolates from faecal poultry sources in the observation period from 2000 to
2003 (see tables 18-19). Most of the other tested isolates were completely sensitive to this
antibiotic. Although data on aminoglycoside resistance of E. coli samples were scarcely, only 3.2%
of pork samples showed resistance to kanamycin. Resistance to neomycin was between 0 and 2%
of the isolates (see table 20). Summarizing these Norwegian data, an extremely low incidence of
kanamycin/neomycin resistance in “environmental” bacterial samples can be reported (224).
Moreover, recent reports also indicate a low background level of aminoglycoside resistance
functions in certain bacterial strains (110, 123, 273).
“Environmental” enterococci isolates from wild boars in Portugal revealed kanamycin (mediated by
nptIII) and streptomycin resistance rates of a meager 9% and 6.7%, respectively (248). High-level
resistance to gentamicin and streptomycin was shown in 1-7% of the isolates in a similar study of
the same research group (249). In commercialized poultry samples an elevated incidence of
resistance to kanamycin (30%) was reported, reflecting different selection pressures active in
different environments (235). Dairy isolates of enterococci were mostly susceptible to gentamicin
and kanamycin, and clinical isolates were correlated to a low prevalence of gentamicin resistance
(59). A decrease in kanamycin resistant E. coli isolates was noted in the UK (16). From 254 C.
jejuni isolates, 8 were resistant to kanamycin. Molecular analysis showed the aminoglycoside
phosphotransferase aphA-3 to be responsible for this phenotype (110).
Resistance levels to neomycin were reported to be low in E. coli isolates from pigs (32). Travis et
al. reported kanamycin resistance rates of 56%, 15% and 10% in enterotoxic E. coli, non47
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enterotoxic E. coli and in commensal E. coli isolates from pigs, respectively (310). In poultry litter
no coliform isolate was resistant to kanamycin or neomycin. 5% of the isolated pseudomonades
were resistant to kanamycin and 10% of them were resistant to neomycin, which was usually part
of a multi-resistance locus (149). Stability of neomycin resistance may be variable in the
rhizosphere (121).
In conclusion all these data indicate a high variability of the incidence of resistance to neomycin
and kanamycin antibiotics. There are habitats and ecological niches with an extremely low
resistance rate as well as environments which favor a higher prevalence of resistance presumably
reflecting alterating effects of a variable selection pressure. Different bacterial species may differ
substantially in the susceptibility to these antibiotics. Thus, maintaining the indifferent opinion of a
generally high background load of resistance to kanamycin or neomycin is not based on scientific
facts.
3.3.3.5.

Selective conditions promoting survival of nptII carrying bacteria

The dissemination of antibiotic resistant bacterial strains in a clinical setting is not predominantly
the direct result of initially high transfer frequencies for resistance genes, but more often clinical
problems arise only due to the selective amplification of bacterial populations carrying resistance
determinants. A positive selection is usually necessary to outnumber and establish larger bacterial
populations (227). Information on the usage pattern of commercially available antibiotics allows
the identification of environments where strong positive selection for bacteria carrying the
appropriate resistance function is likely to occur. In Norway 10 g neomycin were used for human
therapeutic applications, whereas 31 kg were applied for veterinary purposes (224). 30 tons of
neomycin and kanamycin are used annually in Dutch agriculture (217). In Denmark 11 tons of
aminoglycosides are used in the veterinary sector (54). In Sweden only 606 kg of aminoglycosides
are used for the same purpose (302). These data illustrate a completely divergent usage pattern of
antimicrobials throughout Europe, creating environments with completely different selection
pressures (37). It is noteworthy that the analysis of Nap et al. does not exclude aminoglycoside
levels in soils, which would provide a selective pressure for nptII propagation (217). Antibiotics
may accumulate on agriculturally used fields and in soil environments providing selective conditions
(24).
3.3.3.6.

NptII as selectable marker system: regulatory and market acceptance

The nptII-technology is proficient, mature and cost-efficient. Reproducible protocols for successful
transformation of a wide array of different agricultural crops are available. The patent for the nptII
coding region (including the appropriate control elements) was never enforced in developing
countries and will expire in the near future (159, 260). The Competent Authorities responsible for
the approval of transgenic plants are familiar with the technology. A vast array of transgenic plants
(Flavr Savr tomato, virus-resistant papaya, insect-resistant potatoes, maize and cotton etc.),
relying on this marker system has been approved for marketing in several countries (USA,
Argentina, Canada, EC, Mexico, South Africa, United Kingdom). However, the presence of the
superfluous nptII gene in the adult transgenic plant exacerbates the risk assessment, and the
presence of antibiotic resistance genes increases public and consumer skepticism.
For more information please see Appendix C.
3.3.3.7.

Alternatives to the nptII ARM gene technology

The European legislation requires the phasing out of ARM genes in transgenic crops intended for
marketing by the end of 2004, and for GMOs used for deliberate releases in field trials by 2008 (1).
NptII as the most widely used ARM gene in transgenic plants is also affected by this request.
Moreover, in the public debate the reception of transgenic plants containing antibiotic resistance
marker genes is conflicting (159). Therefore it was recommended to develop strategies to either
i)

replace antibiotic resistance marker genes by other selectable markers
or
ii) to excise or inactivate the respective marker genes from the genome of the
transgenic organism before the marketing or deliberate release in field trials.
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In the meantime there are already some ARM gene alternatives available, but these newly
developed systems bear novel problems:
1
2
3
4

They are less cost-efficient compared to the well established nptII ARM gene
technology.
Some are insufficiently robust, need technological fine tuning and are not ready for
commercial use.
Some are not freely available to the scientific community (restricted access due to
patenting, licensing).
They bear new intrinsic risks requiring completely new risk assessment procedures
(159).

The most promising approaches to avoid ARM genes are:
1. The use of positive selectable metabolic markers
Positive selection markers allow transformed plant cells to grow on exotic growth media (e.g.
unusual carbon sources) which do not support the growth of unmodified cells, or produce
precursors for growth hormones which allow only the growth of transformed cells. The
representative closest to marketing of this class of markers is the enzyme phosphomannose
isomerase.
2. The use of marker elimination methods
Marker elimination methods provide, besides an increased regulatory and market acceptance, the
additional advantage for a repeated transformation of the same cell line, allowing the introduction
of multiple transgenic traits by using the same marker gene.
For the removal of the nptII antibiotic resistance marker gene the following three methodologies
may be applied:
1
2
3

Co-transformation
Excision by homologous recombination
Recombinase induced excision

There is also the possibility to utilize an endogenous plant ABC transporter gene to achieve
resistance to kanamycin (199).
For further information please see Appendix C.
3.3.3.8.

Additional safety considerations

The EFSA GMO Panel maintains that aminoglycoside resistance determinants are highly prevalent
in natural environments and refers to references from 1993 (288). Moreover, nptII is usually
located on a transposon, and thus, easily spread by horizontal gene transfer (25, 163, 234).
Therefore the panel concludes that the contribution of transgenic ARM gene derived nptII
sequences to the global resistance gene pool is negligible (84). This conclusion is neither backed by
a permanent analysis of the resistance status of certain reference strains which nowadays are
successfully used for the monitoring of the dissemination of antibiotic resistance in Germany and
Europe (GENARS, EARSS), nor does the panel acknowledge differences in the background level of
resistance between various European countries.
For further information please see tables 12–16.
A risk assessment for nptII should also consider the possibility of mutational alterations of ARM
nptII gene sequences, possibly altering the spectrum of inactivated antibiotics. A single mutation in
nptII might lead to the phosphorylation of amikacin (156). However, Perlin et al. showed that for
induction of a high level resistance to amikacin at least two simultaneously occurring mutations
were necessary (241).
In a rumen microbial ecosystem nptII gene transfer was observed without any kanamycin selective
pressure (193).
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An interesting aspect would also be the potential of nptII to inactivate future, less toxic,
aminoglycosides, which will hopefully be in the product pipeline of certain pharmaceutical
companies.
It should also be mentioned that an integration of nptII into the plastid genome leads to an
enormous amplification of the nptII gene (more than 10 000 copies) per plant cell, compared to
less than 10 copies if the insertion site is nuclear (36).
3.3.3.8.1. Transfer of the ARM gene nptII to bacteria
The nptII gene is of bacterial origin, and therefore horizontal transfer from plants to bacteria may
be viewed as a return into the gene’s original evolutionary background (161). The microbial origin
of nptII overcomes several barriers usually restricting gene transfer from plants to prokaryotes:
nptII is missing introns, which normally inhibit microbial gene expression, and the cloning vector
backbone which is carrying the nptII sequences shows high homologies to bacterial sequences
opening broad opportunities for homologous recombination with genetic elements of the bacterial
host (19, 307).
The nptII gene residing in transgenic maize covers less than 0.000025% of the total maize genome
of 2,2 x 106 bp. So, competition for binding sites on the bacterial cell surface between single nptII
containing gene fragments and the vast majority of normal plant DNA will be acute and will
presumptively reduce the chance for an efficient transfer of nptII to bacteria (161).
3.3.3.8.2. Transfer of the ARM gene nptII to mammalian cells
If large amounts of a specific DNA fragment were orally applied to animals and sensitive detection
methods (e.g. PCR) were employed, a transfer of some material to phagocytic immune cells and
epithelial cells of the intestinal tract could be observed (73, 114, 278). Incorporation and
expression of a functional gene has not been demonstrated so far. The transfer of foreign DNA to
cells of the gut lining is not likely to consider a health hazard because these cells are routinely
shed, and transfer into single immune cells is unlikely to compromise the mammalian immune
system (114). However, there are indications that the incorporation of foreign DNA may alter the
DNA methylation pattern, and thus, gene expression of the receptor cell (72).
3.3.3.8.3. Toxicity of the ARM gene nptII
The ARM nptII gene is not different from any other DNA in plants, animals or bacteria. It is
digested in the mammalian gut like the DNA of any other source, and is already present in many
gut bacteria. The FDA regards any DNA from GMOs to be Generally Recognized as Safe (GRAS)
when used in foods or pharmaceuticals. The nptII gene poses no direct risk to human or animal
health (114).
3.3.3.8.4. Acute toxicity of the NPTII protein
The Norwegian Scientific Committee for Food Safety concludes that the NPTII protein does not pose
any risk for acute toxicity of the enzyme for humans and animals (224). The basics for this point of
view are delineated below.
Monsanto has published peer-reviewed reports on acute toxicity of the NPTII protein (103). In a
mouse model, amounts between 100 to 5000 mg protein/kg bodyweight were fed. No deleterious
effects were reported for an 8–9 day study period. The authors concluded that the protein poses no
safety concerns (103). The recombinant expressed microbial NPTII protein was found to be
chemically and functionally equivalent to the plant expressed counterpart (102). Given that this
observation is representative across recombinant nptII host plants, information on the effects of
exposure to NPTII proteins can be derived from comparisons with naturally occurring exposure
routes and sources of NPTII proteins (224). Furthermore, the NPTII protein has been shown to be
non-toxic in animal studies and in genetically engineered pharmaceuticals given intravenously to
humans (34, 98, 103).
Assuming that the nptII gene in enterobacteria is expressed continually and that these bacteria
show a broad geographical distribution, the digestive tract of humans and animals is naturally
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exposed to the NPTII protein. Although no studies focusing on this topic have been published so
far, no deleterious health effects due the naturally occurring exposure to NPTII have become aware
(224).
The purified NPTII protein was rapidly (within 5 min) degraded in the stomach and intestines of
mammals. Neutralized stomach juice (for instance in patients using antacida) a priori did not
inactivate the enzyme, but nevertheless NPTII remained inactive due to the lack of available ATP in
this environment (102, 103). A model calculation showed that under these conditions the
simultaneous consumption of nptII containing tomatoes and 1 g neomycin would reduce the
activity of neomycin only by –1.5% (257, 258). Therefore, the oral administation of neomycin or
kanamycin would not be compromised (84).
3.3.3.8.5. Allergy caused by exposure to NPTII protein
The Norwegian Scientific Committee for Food Safety concludes that the NPTII protein does not pose
an allergenic potential for humans and animals (224). The line of reasoning for this point of view is
delineated below.
Considering the rapid degradation of NPTII in simulated gastric and intestinal fluids and the history
of naturally occurring exposure of humans and animals to the protein, the authors of the
incremented studies suggested no allergenic potential of the NPTII (102, 103). However, Spök et
al. challenged the reliability of in vitro digestion experiments as an indicator of allergenic properties
in a recent report (294). Nevertheless the ad hoc group of the Norwegian Scientific Committee for
Food Safety was not aware of any data suggesting NPTII to be allergenic (224).
3.3.3.8.6. Accumulation of the ARM gene derived NPTII protein in the environment
A concentration of the NPTII protein between 3 and 440 ng per mg of soluble protein has to be
expected in transgenic plants containing the respective ARM gene (146). The rapid degradability of
NPTII in intestinal fluids indicates no unusual stability of this protein, and saprophytic bacteria
should easily degrade the enzyme in natural environments. The Norwegian scientific committee for
food safety concludes that the NPTII protein does not accumulate in natural environments and
could not identify any biosafety relevant concerns concerning this topic (224).
3.3.3.8.7. Inactivation of orally administered antibiotics by NPTII protein
Ingestion of transgenic food containing nptII as ARM gene may hypothetically result in an
inactivation of orally administered aminoglycosides. There are no in vivo studies available that are
systematically dealing with interferences between antibiotic treatment and ingestion of NPTII
protein contained in food or feed. In Norway, antibiotics that may be inactivated by NPTII are not
orally administered to humans, but may be administered to animals (224). The estimated annual
neomycin usage in Norway is 35 kg (233). In Austria there are rare human therapeutic indications
for bowel decontaminations with neomycin or paromomycin (42).
The digestive tract of mammals is known to harbor a range of bacterial species carrying
aminoglycoside inactivating resistance genes (25). Therefore, the relevance of an additional input
of the NPTII protein via transgenic food or feed is probably low. However, this risk assessment of
the protein has to be differentiated from the risk emanating from the horizontal transfer of the
nptII ARM gene to pathogenic bacteria (224).
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3.3.4.

Kanamycin resistance: nptIII [aph(3’)-IIIa]

3.3.4.1.

Outline

The nptIII gene was originally detected on an R plasmid isolated from Enterococcus faecalis.
3.3.4.2.

Substrate specificity and catalytic activity

The nptIII gene codes for an aminoglycoside-3’-phosphotransferase inactivating preferentially
kanamycin, neomycin, paromomycin, ribostamycin, lividomycin, butirosin and gentamicin B by
phosphorylation. Amikacin and isepamicin are inactivated in vitro (see table 6).
3.3.4.3.

Therapeutic relevance of the corresponding antimicrobials

3.3.4.3.1. Human therapeutic applications of kanamycin, neomycin, paromomycin,
gentamicin B and amikacin
For detailed information see nptII.
3.3.4.3.2. Veterinary Medicine
For detailed information see nptII.
3.3.4.4.

Resistance level occurring in natural environments

There are no systematically performed studies on the prevalence of nptIII in natural ecosystems
available (84). Anecdotic reports indicate a low background level of nptIII determinants (123, 248,
249).
3.3.4.5.

Additional safety considerations

No data available.
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3.3.5.

Streptomycin resistance: aadA [ant(3’’)-Ia]

3.3.5.1.

Outline

The aadA-gene was originally identified on the plasmid R538-1 isolated from E. coli, but aadA is
widely disseminated in populations of Gram-negative bacteria and was also found on various
transposable elements (84).
3.3.5.2.

Substrate specificity and catalytic activity

The aadA gene encodes an adenyl transferase which inactivates streptomycin and spectinomycin
(84).
3.3.5.3.

Therapeutic relevance of the corresponding antimicrobials

3.3.5.3.1. Human therapeutic applications of streptomycin and spectinomycin
Streptomycin is nephro- and ototoxic and was largely replaced by newer aminoglycoside
antibiotics. However, in rare cases streptomycin is used for the therapy of gonorrhea, tuberculosis
or brucellosis. There is also an indication for streptomycin if endocarditis is induced by enterococci
resistant to gentamicin (no monotherapy – always in adjunction with a glycopeptide or penicillin
(11, 42)).
3.3.5.3.2. Veterinary Medicine
Streptomycin is given orally to treat enteritis in calves, piglets, dogs and cats. Furthermore,
streptomycin is broadely used in combination with penicillin G in most farm and pet animals (69).
In several animal species spectinomycin in combination with lincomycin is used orally and
parenterally (see table 21) (69).
3.3.5.3.3. Agriculture, Horticulture
In Japan and USA streptomycin is applied as pesticide (84, 316).
3.3.5.4.

Resistance level occurring in natural environments

The aadA gene is present on various transposons and is prevailing on conjugative plasmids in
populations of Gram-negative bacteria (84).
3.3.5.5.

Additional safety considerations

The application of streptomycin in agriculture provokes superfluous selection pressure in natural
environments.
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3.3.6.

Hygromycin resistance: hph [aph(4)-Ia]

3.3.6.1.

Outline

The aph(4)-1a gene originates from the hygromycin producing strain Streptomyces hygroscopicus,
but was also isolated from E. coli and Klebsiella pneumoniae plasmids (84).
For genetic engineering a modified version of the gene is used for avoiding the redundant CpG
islands of the bacterial original allowing smooth expression of the gene in plant cells (84).
3.3.6.2.

Substrate specificity and catalytic activity

The aph(4)-1a gene codes for a hygromycin phosphotransferase which exclusively inactivates
hygromycin (84).
3.3.6.3.

Therapeutic relevance of the corresponding antimicrobials

3.3.6.3.1. Human therapeutic applications of hygromycin
Hygromycin is not approved for human therapeutic applications (84).
3.3.6.3.2. Veterinary Medicine
Hygromycin may be used in the treatment of infections of pigs and poultry in the US. It is not
licensed in the EC and UK (84).
3.3.6.4.

Resistance level occurring in natural environments

No data available.
3.3.6.5.

Additional safety considerations

No data available.
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3.3.7.

Chloramphenicol resistance: cat

3.3.7.1.

Outline

The variant of the cat gene which is applied in plant gene technology originates from transposon
Tn9 (84).
3.3.7.2.

Substrate specificity and catalytic activity

The cat gene encodes a chloramphenicol acetyltransferase which exclusively inactivates
chloramphenicol (84).
3.3.7.3.

Therapeutic relevance of the corresponding antimicrobials

3.3.7.3.1. Human therapeutic applications of chloramphenicol
Chloramphenicol, which is hardly used in the Western hemisphere, is a potent broad-spectrum
antibiotic, potentially inducing severe adverse effects (e.g. aplastic enemia). In contrast this
compound is used in developing countries intensely. Chloramphenicol is a first line antibiotic for
purulent meningitis of unknown origin if allergic reactions to pencillin are to be feared. Topical
application is possible with eye, ear and skin infections (42, 84).
3.3.7.3.2. Veterinary Medicine
In the EC the application of chloramphenicol is restricted for the treatment of severe infections in
animals not used in the food supply chain (84).
3.3.7.4.

Resistance level occurring in natural environments

The cat gene is widely disseminated in naturally occurring bacterial populations (84).
3.3.7.5.

Additional safety considerations

No data available.

55

Dossiers on ARM genes

3.3.8.

Tetracycline resistance: tetA

3.3.8.1.

Outline

The tetA was originally isolated as a component of the transposon 10 (84).
3.3.8.2.

Substrate specificity and catalytic activity

TetA codes for a membrane bound efflux protein which also eliminates various other tetracycline
derivates from the cytoplasm of the bacterial cell (84).
3.3.8.3.

Therapeutic relevance of the corresponding antimicrobials

3.3.8.3.1. Human therapeutic applications of tetracycline, oxytetracycline, and
doxycycline
Tetracycline and its semi-synthetic derivatives are broad-spectrum antibiotics which have been in
extensive use in human antimicrobial therapy for the last 50 years. Currently, due to the rise of
resistant strains, therapeutic options are more and more reduced (11, 84).
3.3.8.3.2. Veterinary Medicine
Tetracyclines are widely used in veterinary medicine and their quantity outnumbers all other
products by far. Oxytetracycline containing products are applied by oral route, parenterally and
even locally. Doxycyclin is given orally to pigs, cats and dogs (see table 21) (69).
3.3.8.3.3. Agriculture, Horticulture
Oxytetracyline is used for the treatment of bacterial diseases in plants in the USA (316).
3.3.8.4.

Resistance level occurring in natural environments

The tetA gene is widely disseminated in naturally occurring bacterial populations (84).
3.3.8.5.

Additional safety considerations

No data available.
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3.4.

Background level of antibiotic resistance genes in
natural environments

For a serious risk assessment of ARM genes, it is necessary to know the resistance status
prevailing in the habitat where the novel resistance functions are to be introduced. The following
rationale is a basis for this attempt: a high load of already existing similar resistance genes would
alleviate potential harmful adverse events due to additionally circulating ARM genes because their
immission into susceptible bacterial populations would not change the status quo significantly. In
contrast to the previous assumption, a low prevalence of the concerned resistance genes in the
respective habitat would be indicative for a higher potential risk for adverse effects due to the input
of additional resistance functions via ARM genes.
These considerations are in accordance with the EFSA GMO Panel that established two major
criteria that can be adopted to approximate and to overcome the lack of predictive capability of the
effect of ARM gene usage in genetically modified organisms. These two criteria are the:
1
2

identification of the current natural reservoirs of resistance genes similar to the
introduced ARM gene.
identification of the selective conditions favoring the survival of bacteria that have
acquired an ARM gene.

These criteria allow a comparative assessment of the relative contribution of ARM genes from
GMOs to the overall antibiotic resistance gene pool in the environment. Moreover, they provide
estimation whether rare bacterial transformants that have acquired ARM genes are likely to be
selected and are able to establish pathogenic populations which may interfere with antibiotic
chemotherapy in clinical environments (224).
Furthermore, these two criteria are expanded by an assessment of the clinical relevance of the
corresponding inactivated antibiotics, to facilitate a final risk classification of the ARM genes under
consideration (84).

3.4.1.

Resistance gene pool

In natural environments a large pool of resistance determinants exists, which is continuously
supplemented with new resistance determinants from antibiotic producing strains, resistant
bacteria, resistance encoding DNA and from yet unknown sources, establishing the basis for a
continuous flow of genetic information within and between bacterial populations (139, 265, 279,
306). It is believed that all bacteria build up a large microbial ecosystem that provides access to
this pool of resistance functions via horizontal gene transfer processes like transformation,
transduction and conjugation (47, 122, 219, 237, 266, 283, 284, 289). A prominent role in this
microbial ecosystem plays soil bacteria (229, 236, 331). An overwhelming large proportion of them
is uncultivable under laboratory conditions, and thus still uncharacterized and unknown (56, 139).
Although originally assumed to be rather selective, conjugation could be shown not only to cross
species-specific barriers but also to be capable of mediating transfer of genetic information
between taxonomic kingdoms (51, 113, 127, 130, 307, 322). It is assumed that DNA transfer via
bacterial transformation is of similar importance concerning the dissemination of resistance genes
because recent advances documented the ability of a vast amount of different bacterial genera to
develop a competent state for DNA uptake (15, 52, 197, 259, 291).
DNA uptake by transformation is most likely the first step for the introduction of new resistance
functions into previously susceptible bacterial populations (21, 56, 188).
Extending these considerations to smaller biological units, like human beings, these entities can be
assumed to build up integrative microbial ecosystems where all participating microbes have access
to a common gene pool. Due to its easy accessibility via conjugation, transduction and
transformation bacterial populations can rapidly and successfully cope with changing adverse
environmental conditions. The access to this pooled genetic information allows rapid adaptation to
an adverse selection pressure (56, 237, 252).
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Fig. 2: Gene flow in the global resistance gene pool.
Dark arrows indicate a flux of bacteria and/or resistance genes between different biotopes.
Selection pressure is exercised by the application of antimicrobial agents for human and animal
therapy of infectious disease or as pesticide (red arrows) (figure from Gay et al. (106)).

3.4.2.

Selection pressure: strong modulation of gene flux in
natural environments by antibiotics

Selection for a new trait may be negative, neutral or positive (see fig. 1). Even if the initial transfer
frequency of the new trait is very low, the organisms which have acquired this advantageous trait
will become more and more common in the population. If this so called positive selection for the
transferred genetic material does not occur, the frequency of this new gene usually decreases in
the population (168, 229). Neutrally selected traits may become fixed in a population if the initial
gene transfer frequency is sufficiently high. They provide the basis for natural selection over the
time (113).
The kind and forces of selective pressures in natural habitats are poorly known, therefore a
prediction of consequences of a horizontal gene transfer event is not always possible (126, 222).
There are temporal and spatial variations in selection pressures in natural habitats including soil. In
some cases the new phenotype may only be seen if the environment changes or the microbes
change the environment (89). Even if bacteria which have acquired a new gene are initially less fit,
they can regain fitness by compensatory mutations over the next generations (275).
However, it is noteworthy that gene transfer and persistence of resistance genes in bacterial
populations are also possible without a selection pressure (193).
Antibiotics mediate a strong positive selection pressure for ARM genes. Antibiotics are applied as
antimicrobial therapeutics in human and veterinary medicine (see fig 2). The use as growth
promoters in animal husbandry is prohibited in Europe (69). Substantial amounts of antibiotics are
usually eliminated as active compounds in feces or urine, or are included in animal feed, and can
reach ground waters and soil, where they exert an unintended selective pressure in sewage, soil,
or ground water. Although various species have become highly specialized and grow preferentially
in unique habitats, human and animal activities result in an intermingling of bacterial species.
These mixtures allow limited exchanges between various biotopes/reservoirs, but they are quite
strongly counter-selected due to the physiological requirements of the various species of bacteria.
Therefore, according to Gay et al., potential genetic exchanges are quite rare (106).
Since not long ago this global resistance gene pool has been replenished with antibiotic resistance
marker genes from genetically modified plants and microorganisms (8, 38, 39, 63, 81, 124, 202,
225, 227, 247).
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3.4.3.

Resistance gene pool: Aminoglycoside modifying enzymes
as an elucidatory example

In natural environments, a vast array of different aminoglycoside resistance genes exist (see table
10). NptII used as an ARM gene in transgenic plants is only one example of numerous other
aminoglycoside phosphotransferases which are capable of inactivating the same aminoglycoside
antibiotics (281). Most of these resistance functions are located on mobile genetic elements like
conjugative plasmids and transposons, and thus are prone for rapid dissemination within bacterial
populations - a process which is currently occurring in natural habitats leading already to significant
limitations in therapeutic options for the treatment of infectious diseases (4, 70, 122, 177, 211,
234, 243). In the case of aminoglycoside phosphotransferases, the additional availability of
resistance functions via ARM genes does not seem to influence the current status of the global
resistance gene pool significantly (106).
However, due to local differences in levels of aminoglycoside resistant bacterial pathogens, and due
to country-specific antibiotic usage patterns, a case-by-case evaluation is mandatory (1, 8, 30,
218).
It is of some importance that in many cases a single resistance gene is able to mediate the
inactivation of several different antimicrobial compounds (see table 10). Thus, the nptII gene
carries the information for a simultaneous inactivation (= cross resistance to) of kanamycin,
neomycin and paromomycin, but it shows no capacity to inactivate the clinically important
aminoglycoside amikacin in vivo (106, 163, 191, 241, 242).

3.4.4.

Antibiotic resistance marker genes: Molecular biology and
epidemiology

ARM genes used in transgenic plants usually code for phospho- or acetyltransferases, which
inactivate the target antibiotic by the covalent addition of a phosphate or acetyl-moiety (see table
11). All ARM genes were originally described as components of mobile genetic elements. Therefore
it is generally assumed that they are widely disseminated among naturally occurring bacterial
populations (18). All these resistance determinants are readily spread in natural habitats especially
when selection pressure by antibiotics is operative (28, 122, 234).
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Table 10:

Antibiotic

Kanamycin

Neomycin

Paromomycin
R:
A:
-:

Naturally occurring bacterial kanamycin and neomycin resistance genes (Gay et al., 2005; modified)(106).
Cross-resistance
Aminoglycoside
Localization
modifying
Neomycin Kanamycin Paromomycin Gentamicin Amikacin Tobramycin Dibekacin Netilmicin Apramycin
enzyme
APH 3' I

plasmid,
transposon

R

R

R

-

-

-

-

-

-

ANT 2''

plasmid

-

R

-

R

-

R

R

-

-

AAC (6')-Ie +
ANT (2'')

plasmid

R

R

-

R

-

R

-

-

-

APH 3' II (nptII)

transposon

R

R

R

-

-

-

-

-

-

APH 3' III

plasmid

R

R

R

-

A

-

-

-

-

APH 3' IV

chromosomal

R

R

R

-

-

-

-

-

-

APH 3' V

chromosomal

R

-

R

-

-

-

-

-

-

APH 3' VI

plasmid

R

R

R

-

R

-

-

-

-

APH 3' VII

plasmid

R

R

-

-

A

-

-

-

-

ANT (4')-I

plasmid,
chromosomal

-

R

-

-

R

R

-

-

-

AAC 1

plasmid

-

-

R

-

-

-

-

-

R

resistant
Enzymatic activity does not induce clinically relevant resistance in host bacteria.
no effect
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Table 11:
Resistance
gene

Antibiotic Resistance Marker (ARM) Genes – Origin/Function/Prevalence (EFSA, GMO-Panel; 2004, modified)(84).

Resistance

Inactivated
antibiotics

Protein

Mechanism

Naturally occuring resistance
gene pool

Horizontal gene transfer in
natural environments

neomycin
phosphotransferase
(type II
aminoglycoside-3’phosphotransferase)

ATP dependent
phosphorylation of the
3’ OH from the
aminohexose moiety
prevents the antibiotic
from binding to the
ribosomal 30S subunit

* high background load
* resistance to neomycin and kanamycin widely
distributed in bacterial populations
* only minor fraction resistant due to aph (3)IIa (~ 1-2.5% of the bacterial isolates)
* predominantly in Gram-negative bacteria
(Pseudomonas spp., Aeromonas spp.,
Escherichia coli)
* Most commonly used ARM gene in GMOs
(bacteria, yeasts, plants, animals) to date

* kanamycin and neomycin resistance genes
usually on plasmids and/or associated with
transposons
* high frequency of horizontal gene transfer
* rapid dissemination under selection pressure

hygromycin B

plasmid pJR225
Escherichia coli
W677
Klebsiella
pneumoniae,
Streptomyces
hygroscopicus
(hygromycin B
producer strain)

aminocyclitol
phosphotransferase

* phosphorylation of
the hydroxyl group at
position 4 of the
aminocyclitol ring
* A synthetic hph
gene without CpG
islands and an
optimized eukaryotic
codon usage is
available.

n. a.2)

n. a.

streptomycin

plasmid R538-1
Escherichia coli

streptomycin adenyltransferase

modification of
hydroxyls of the
respective antibiotics

* high background load
* streptomycin resistance determinants
extremely common especially with Gramnegative bacteria

* usually on plasmids and/or associated with
transposons (e.g. Tn1331 in Klebsiella
pneumoniae; Tn7, Tn3)
* high frequency of horizontal gene transfer
* rapid dissemination under selection pressure

spectinomycin

see streptomycin

see streptomycin

see streptomycin

spectinomycin resistance determinants only
rarely occurring

see streptomycin

* high background load
* significant accumulation in the intestinal
system of healthy humans (e.g. 30-40% of
all Finns carry coliform bacteria with ampr)
also in poultry and pigs, but not in cattle
* low penicillin resistance rate for pneumococci
in Austria (5%) (296)

* carried by plasmids and transposons
* high frequency of horizontal gene transfer
* rapid dissemination under selection pressure

Source

kanamycin
neomycin
geneticin (G418)

nptII

[aph (3)-IIa]

kanamycin
resistance

(paromomycin
butirosin
ribostamycin
gentamicin B

transposon Tn5
Escherichia coli
K12

in vitro activity
against amikacin)1)

hph
[aph (4)-Ia]

aadA

[ant (3’’)-Ia]

hygromycin
resistance

streptomycin
resistance

ampicillin
resistance

ampicillin
penicillin G
amoxicillin

plasmid R7268 +
Tn3 (clinical
isolate)

TEM-1 ß lactamase

hydrolysis of the
amide bond of the ßlactam ring

kanamycin
resistance

kanamycin,
neomycin,
paromomycin,
ribostamycin,
lividomycin,
butirosin,
gentamicin B,
amikacin, isepamicin

resistance
encoding plasmid
Enterococcus
faecalis

aminoglycoside-3’phosphotransferase

phosphorylation

cat

chloramphenicol
resistance

chloramphenicol

transposon Tn9

chloramphenicol
acetyltransferase

tetA

tetracycline
resistance

tetracyclines

transposon Tn10

blaTEM-1

nptIII

[aph (3’)IIIa]

1)
2)

efflux protein
(membrane localization)

acetylCoA dependent
acetylation of the
antibiotic
removal of the
antibiotic from the
cytoplasm

see nptII

resistant microorganisms rampant

* high frequency of horizontal gene transfer
* rapid dissemination under selection pressure

tet resistance genes prevalent in natural
environments

* high frequency of horizontal gene transfer
* rapid dissemination under selection pressure

The nptII allel usually used as ARM gene in transgenic plants does not confer resistance to the antibiotics mentioned in brackets.
no data available
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3.4.5.

Status quo of antibiotic resistance with clinically relevant
pathogenic bacteria

The risk classification of ARM genes by the EFSA GMO Panel is dependent on the already existing
abundance (or paucity) of similar resistance determinants in environments which are (or are to be)
exposed to ARM genes from transgenic plants. The EFSA GMO Panel postulates a widespread
dissemination and an overall high prevalence of resistance functions similar to ARM gene mediated
resistance in natural environments (see table 11).
This is an unreasonable generalization of the prevalent situation. This simplifying attitude neglects
the dynamic nature of resistance gene flow and ignores local and country-specific differences in the
background level of antibiotic resistance. Moreover, the EFSA GMO Panel does not explain, which
bacterial strains were used for assessing antibiotic resistance gene background levels, nor does it
provide any quantitative data about how many isolates must show resistance to qualify for the
attribute of a high level of resistance.
To scrutinize the position of the EFSA GMO Panel the actually appearing level of resistance was
examined with 5 representative pathogenic bacterial strains (Enterococcus faecalis, Escherichia
coli, Pseudomonas aeruginosa, Staphylococcus aureus and Streptococcus pneumoniae; see table
9). The chosen pathogens are reference strains in large national and international networks
(EARSS, GENARS) which have been installed to monitor antibiotic resistance in clinically relevant
pathogens (118, 143). All these bacteria can cause severe, life threatening, infectious diseases
including hardly treatable hospital-acquired infections (see tables 12-15).
3.4.5.1.

Comparisons: single antibiotic class (aminoglycosides) – resistance status of
several pathogenic strains

At first glance, the assertion of the EFSA GMO Panel that a prevalent high background load with
antibiotic resistance genes exists seems to be endorsed. More than 90% of all clinical isolates of E.
faecalis are resistant to either gentamicin or tobramycin, 70% inactivate streptomycin (see table
8). However, a completely different situation is experienced with E. coli with only 5% of its isolates
resistant to gentamicin. Resistance to amikacin appears to be generally low in clinical isolates of E.
coli and S. aureus (0.3–3%). Although E. faecalis appears to be completely resistant to kanamycin,
only marginal 8% of S. aureus detoxify this aminoglycoside.
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Table 12:

Resistance status of pathogenic bacteria (indicator strains) to relevant antibiotics - Aminoglycosides
Strain

Characteristic disease patterns

(reference strain for)

(proportion causative agent %)

Proportion of resistant
isolates in Austria (EARSS,
2005)

Proportion of resistant isolates in
Germany (GENARS 2003-2004)
gentamicin:

25% (318)

Enterococcus faecalis

endocarditis,

gentamicin (high):

36.1%

gentamicin:

35,7% (143)

(EARSS, GENARS)

nosocomial infections: 14% (147)

gentamicin/tobramycin:

90.9%

kanamycin:

resistent (143)

streptomycin: 60% (215)
Escherichia coli

urinary tract infections: 75-85%
(317),

(EARSS,GENARS)

intestinal infections,

gentamicin/tobramycin:

nosocomial sepsis: 15% (147)
Pseudomonas aeruginosa
(GENARS)

Staphylococcus aureus
(EARSS, GENARS)
Streptococcus
pneumoniae
(EARSS)
EARSS:
high:
n. a.:

pneumonia, wound infections (147)

n. a.

local purulent infections; toxicoses
(147)

n. a.

pneumonia, sepsis, meningitis
(147)

n. a.

http://www.earss.rivm.nl (data retrieval: 23. 11. 2005)
high level resistance
no data available
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5.4%

amikacin:

0.3% (143)

gentamicin:

5.1% (142)

tobramycin:

3,5% (143)

amikacin:

7.8% (143)

gentamicin:

21.6%

tobramycin:

9.5% (143)

amikacin:

3% (Dia 2001, PEG)

kanamycin:

8.6% (143)

gentamicin:

5.1% (143)

tobramycin:

7.0% (143)
n. a.
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Table 13:

Reference strains for surveying the prevalence of resistance genes

Reference/indicator strains

Monitoring-network
EARSS (118)

Enterococcus faecalis

GENARS (143)
EARSS (82)

Enterococcus faecium

EARSS (118)
Escherichia coli

GENARS (143)
EARSS (82)

Klebsiella pneumoniae

EARSS (118)

Pseudomonas aeruginosa

EARSS (118)
Staphylococcus aureus

GENARS (143)
EARSS (118)

Streptococcus pneumoniae
EARSS:
GENARS:

European Antimicrobial Resistance Surveillance System (www.rivm.nl/earss/)
German Network for Antimicrobial Resistance Surveillance (www.genars.de)
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Table 14:

Resistance status of pathogenic bacteria (indicator strains) to relevant antibiotics - ß-lactams

Strain

Characteristic disease patterns

(reference strain for)

(proportion causative agent %)

Enterococcus
faecalis
(EARSS, GENARS)

endocarditis
nosocomial infections:
14% (147),
postoperative peritonitis, sepsis (318)
urinary tract infections:

Escherichia coli
(EARSS,GENARS)

Pseudomonas
aeruginosa
(GENARS)

Staphylococcus
aureus
(EARSS, GENARS)

Streptococcus
pneumoniae
(EARSS)

EARSS:
MRSA:
n. a.:

Resistant isolates in
Austria

75-85%,

pyelonephritis, diverticulitis (317), intestinal
infections, 15% of all hospital acquired
septicemiae (147)

n. a.

aminopenicillins: 47.3%
(EARSS, 2005)

Proportion of resistant isolates in
Germany
ampicillin:

2% (318)

ampicillin:
amoxicillin/
clavulanic acid:

0.7% (143)
0.4% (Dia 1998; PEG)

penicillin G:

resistant (143)

local purulent infections; toxicoses (147),
sinusitis with orbital involvements, orbital
phlegmon, osteomyelitis (frontal bone),
furuncle (nose), purulent bursitis, hematogene
osteomyelitis, bacterial arthritis (318)

pneumonia, sepsis, meningitis (147),
mastoiditis (318), acute sinusitis, acute
bronchitis, community acquired pneumonia
(317)

n. a.

48.9% (318)

ampicillin:

44.5% GENARS (142)

TEM-1 ß-lactamase usually the cause for
resistance (305)

low (305)

80% (production of
penicillinase) (215, 274,

318)
penicillin:

major (305)

resistant (143)

TEM-1 ß-lactamase sporadically causative,
plasmid mediated: rare; hyperproduction
(305)
penicillin:

no increase for MRSA strains
detectable so far (2005) (296)

low (305)

ampicillin:

ampicillin:
pneumonia, wound infections (147), otitis
externa maligna, perichondritis (318)

Relevance of ßlactamases

73.3% (2004) (142)

major (305)

ampicillin=penicillin G: 73% (GENARS 20032004) (143)
penicillin:
(EARSS, 2005)

4.5%

resistance to penicillin
alarming; resistance rate still
low (2005: ~5%) (296)

http://www.earss.rivm.nl (data retrieval: 23.11.2005)
methicillin resistant Staphylococcus aureus
no data available
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penicillin:

2% (usually due to
aberrant penicillin binding
proteins) (318)

2002:

no penicillin resistant
strains detectable (31)

n. a.
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3.4.5.2.

Comparisons: single antibiotic class (penicillins) – resistance status of several
pathogenic strains

0.7–2% of all E. faecalis isolates are resistant to ampicillin, but a total of 100% is resistant to
penicillin G (see table 14). 24 times more isolates of E. coli (48%) were ampicillin resistant during
the observation period compared to E. faecalis. S. aureus appears to be highly resistant to
penicillin (73–80% of all isolates), whereas S. pneumoniae is completely sensitive to penicillin in
Germany (0–2%) and only moderately resistant in Austria (5%).
3.4.5.3.

Comparisons: single antibiotic class (tetracyclines) – resistance status of
several pathogenic strains

The application of doxycycline leads to a medium rate of resistance in E. faecalis and E. coli (35–
39%). P. aeruginosa is completely resistant (100%) to this derivate of tetracycline, whereas only a
minimal proportion of S. aureus isolates (2.5%) showed resistance to this antibiotic (see table 15).
Table 15:

Resistance status of pathogenic bacteria (indicator strains) to ARM gene
inactivated antibiotics - tetracyclines

Strain

Characteristic disease patterns

(reference strain for)

(proportion causative agent %)

Enterococcus faecalis

Escherichia coli

Pseudomonas
aeruginosa
Staphylococcus aureus
Streptococcus
pneumoniae

PEG:
n. a.:
3.4.5.4.

endocarditis,
nosocomiale infections:

14% (147)

urinary tract infections

75-85% (317),

intestinal infections

doxcycline:

doxycycline:

nosocomial sepsis:

15% (147)

nosocomiale infections:

22% (147)

pneumonia, wound infections (147)
nosocomiale infections:

Proportion of resistant isolates
in Germany

7% (147)

local purulent infections; toxicoses (147)
pneumonia, sepsis, meningitis (147)

39% (Dia 2001; PEG)

34.9% (Dia 2001; PEG)
36% (143)

doxycycline:

resistant (143)

doxycycline:

2.5% (142)

application not recommended (274)
n. a.

Paul-Ehrlich-Gesellschaft (http://www.peg.de; data retrieval 25.11.2005)
no data available
Comparisons: single antibiotic class – resistance status in a single pathogenic
strain

In Germany approximately 0.7–2% of all E. faecalis isolates are resistant to ampicillin, but a total
of 100% is resistant to penicillin G (see table 14).
This documents the fact that even within a single species the resistance rate to the same class of
an antimicrobial agent may be utterly different.
Summarizing the data from 3.4.5.1 to 3.4.5.4 the following conclusion is adequate:
Resistance rates to a single antibiotic class are widely varying between different pathogenic
species. The phrasing of a generally valid statement is impossible.
For the discussion of antibiotic resistance background levels it is imperative to agree upon which
strains to be used for assessment. An indifferent statement about generally high (or low)
background levels of resistance in bacteria is impermissible. Actually observable resistance rates
show a meaningless range from 0–100%, according to the particular strain under observation.
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3.4.6.

Consumption of antimicrobials and antibiotic resistance in
Europe

The appearance of antibiotic resistant strains coincides with the application of an appropriate
selection pressure (312). There is a correlation between antibiotic consumption and the resistance
appearing (210), and it is remarkable that those countries which show the highest consumptions of
penicillins (France, Spain) also obtain, most frequently, penicillin resistant isolates of S.
pneumoniae (7-8%; see table 16) (115). In the presented study, the maximal resistance rates to
penicillins were 8%, 58% and 7% for S. pneumoniae, E. coli and E. faecalis, respectively (37, 80,
95, 96, 100, 145).
Table 16:

Comparison: Antibiotic consumption (37) – Resistance levels (118)

Country

Consumption1)

Penicillin resistant isolates

(2001)

(2003, %)

broadspectrum
penicillins

narrowspectrum
penicillins

total

S. pneumoniae

E. coli

E. faecalis

France

18.97

0.31

19.28

8

48

3

Spain

18.01

0.08

18.09

7

58

1

Portugal

12.08

0.06

12.14

<1

53

4

Italy

11.20

0.02

11.22

5

38

3

Belgium

10.96

0.21

11.17

<1

50

1

Luxembourg

10.58

0.17

10.75

<1

49

5

Ireland

8.03

0.87

8.90

3

42

6

Greece

7.74

0.37

8.11

-

43

3

England

6.93

0.78

7.71

1

-

-

Denmark

2.39

4.57

6.96

<1

-

-

Sweden

1.36

4.85

6.21

<1

28

<1

Finland

3.78

2.30

6.08

2

33

<1

Austria

3.23

1.53

4.76

1

40

<1

Germany

2.67

1.59

4.26

<1

47

7

Netherlands

2.90

0.61

3.51

<1

42

5

1)

daily dose per 1000 inhabitants per day

3.4.6.1.

Country-specific resistance patterns: Streptococcus pneumoniae and
resistance to penicillin – an example

As already indicated in Europe there are sharp differences in the rates of antibiotic resistance
within one single bacterial species. This fact is most impressively represented in the case of S.
pneumoniae’s resistance to penicillin (see figure 3). Whereas in Germany only less than 1% of all
invasive S. pneumoniae isolates were resistant to penicillin, the neighboring country France had to
struggle with a penicillin resistance rate of up to 50% during the same period of observation. The
difference in the detection rate of resistant strains is up to 50-fold in the extremest case.
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Fig. 3. Penicillin-non-sensitive invasive isolates of Streptococcus pneumoniae.
(EARSS, 2003)
In the case of France and Germany, a potential additional input of ß-lactamases via ARM genes
encounters two completely different environments. A simplified assessment of the situation would
lead to the following preliminary conclusion: Additional dissemination of ß-lactamases via ARM
genes in France would not change the resistance status of S. pneumoniae isolates significantly,
whereas in Germany the risk for an increase in the resistance rate might be more immanent. The
situation in Austria is similar except for a somewhat higher initial resistance rate of S. pneumoniae
to penicillins (5-10%).
Table 17:

Proportion of penicillin resistant isolates of S. pneumoniae in Europe
(2003) (118).

Resistance Levels in Countries
<1%

Estonia, Germany

1-5%

Czech Republic, Denmark, The Netherlands
Sweden, United Kingdom

5-10%

Austria, Finland, Iceland

10-25%
25-50%

Belgium, Bulgaria, Croatia, Hungary, Ireland, Italy, Luxembourg,
Poland, Portugal, Slovakia, Slovenia
Spain, France, Romania
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3.4.6.2.

Species-specific resistance patterns: Penicillin resistance in isolates of
Escherichia coli, Streptococcus pneumoniae and Enterococcus faecalis – A
comparison

Considering the EARSS study from 2001 to 2003, the penicillin resistance rate of clinical isolates of
S. pneumoniae was relatively constant around 1% in Austria (see table 16). For E. faecalis the
resistance rate also decreased to 1% in 2003. Contrary to this, the incidence of penicillin resistant
isolates of E. coli increased to 40%. This indicated a difference in the incidence rate of penicillin
resistance between species by a factor of 40. The situation was reversed for E. coli and E. faecalis
if aminoglycoside resistance was considered. In 2003, only 5% of the E. coli isolates were resistant
to aminoglycoside antibiotics, compared to 35% of the isolates from E. faecalis. The resistance
rates between both species differed by a factor of 7 (118).
These species- and compound-specific differences are remarkable and prohibit generalization about
background levels of resistance in natural environments.
A hypothetical scenario based upon current resistance rates, and consisting only of S. pneumoniae
as receptor for penicillin resistance determinants and transgenic plants as donors for ß-lactamase
genes, would lead to a different risk assessment of ARM gene derived ß-lactamases than a scenario
which would contain only E. coli as receptor organism.
3.4.6.3.

Country-specific differences in the background level of resistance:
Aminoglycosides

Please be aware that the figures following show the status of aminoglycoside resistance of the
indicated strains due to gentamicin, gentamicin high and tobramycin resistance. The charts are
shown as examples to illustrate country-specific differences in resistance levels of bacterial isolates
in Europe. They do not represent aminoglycoside resistance concerning nptII. The presented data
may suffer from some bias due to country-specific sample collection, preparation and breakpoint
determination techniques.

Fig. 4: Aminoglycoside resistant E. faecium isolates in 2005 (EARSS, 2007:
www.rivm.nl/earss and (82))
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Fig. 5: Aminoglycoside resistant E. faecium isolates in 2006 (EARSS, 2007:
www.rivm.nl/earss and (82))
For data presentation, two strains were chosen. That one with the highest (E. faecium) and that
one with lowest (K. pneumoniae) aminoglycoside resistance rate. In 2005, Norway and Belgium
were the countries that had the lowest incidence of aminoglycoside resistant E. faecium strains,
reporting only 10-25% resistant isolates. In contrast to this observation, E. faecium was highly
resistant in Austria with several other European countries showing resistance rates of up to 90%.
In 2006, the incidence of resistant E. faecium isolates increased in Norway and Italy, but decreased
in Turkey. A central axis in Middle Europe comprising Italy, Austria, Germany, The Netherlands and
Denmark appeared to be a high-risk area for resistant E. faecium. Peripheral regions showed lower
resistance rates. It was noteworthy that from 2005 to 2006 the incidence rates for resistance might
also have decreased (see Turkey).

Fig. 6: Aminoglycoside resistant K. pneumoniae isolates in 2005 (EARSS, 2007:
www.rivm.nl/earss and (82)).
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Fig. 7: Aminoglycoside resistant K. pneumoniae isolates in 2006 (EARSS, 2007:
www.rivm.nl/earss and (82)).
In 2005, neighboring countries which all showed a higher incidence rate for aminoglycoside
resistant K. pneumoniae isolates surrounded Austria. This situation aggravated in 2006 when the
resistance rate actually remained constant in Austria, but increased or stuck at high levels in most
countries around (exception: Hungary). In 2005, the Scandinavian countries Norway, Sweden and
Finland reported resistance rates of up to 5%. These rates decreased in 2006 for Norway and
Sweden below 1% and in Hungary from 25–50% to below 25%. The high incidence rates of
aminoglycoside resistance remained constant at high levels of above 50% in Greece and Bulgaria.
In summary, these data are representing of a highly dynamic fields (the horizontal gene pool)
where the essential components (resistance determinants) are floating around without significant
time or space limitation always adapting to changing environmental conditions (selection pressure).
It is noteworthy that the data also document a decrease in the resistance level within one year.
Thus, a temporal increase in resistance seems not to be inevitable.
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Table 18:

Antimicrobial resistance of Enterococcus faecalis from animals and food in
Norway 2001 – 2003 (224).

Antibiotic

Sample source

Ampicillin1)

Neomycin2)

Resistance (%)
2001

2002

2003

Bovine (meat)

0

n. a.

0

Ovine (meat)

0

n. a.

n. a.

Bovine (faecal)

0

n. a.

n. a.

Poultry (meat)

n. a.3)

0

n. a.

Poultry (faecal)

n. a.

n. a.

0

Pork (meat)

n. a.

0

n. a.

Porcine (faecal)

n. a.

0

n. a.

Bovine (meat)

0

n. a.

1

Ovine (meat)

0

n. a.

n. a.

Bovine (faecal)

0

n. a.

n. a.

Poultry (meat)

n. a.

0

n. a.

Poultry (faecal)

n. a.

3

n. a.

Pork (meat)

n. a.

2

n. a.

Porcine (faecal)

n. a.

2

n. a.

1) numbers of samples tested from each source: n = 74 (arithmetic mean)
2) numbers of samples tested from each source: n = 72 (arithmetic mean)
3) no data available
Table 19:

Antimicrobial resistance of Enterococcus faecium from animals and food in
Norway 2001 – 2003 (224).

Antibiotic

Ampicillin1)

Neomycin

2)

Sample source

Resistance (%)
2001

2002

Bovine (meat)

0

n. a.

0

Ovine (meat)

0

n. a.

n. a.

Bovine (faecal)

0

n. a.

0

Poultry (meat)

n. a.3)

0

n. a.

Poultry (faecal)

n. a.

n. a.

0

Pork (meat)

n. a.

0

n. a.

Porcine (faecal)

n. a.

0

n. a.

Bovine (meat)

0

n. a.

0

Ovine (meat)

0

n. a.

n. a.

Bovine (faecal)

2

n. a.

0.

Poultry (meat)

n. a.

0

n. a.

Poultry (faecal)

n. a.

0

n. a.

Pork (meat)

n. a.

0

n. a.

Porcine (faecal)

n. a.

0

n. a.

1) numbers of samples tested from each source: n = 48 (arithmetic mean)
2) numbers of samples tested from each source: n = 31 (arithmetic mean)
3) no data available
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In Norway, penicillin resistant isolates of E. faecalis and E. faecium were literally absent during the
observation period between 2001 and 2003 (see tables 18-19). Resistance to neomycin was also
marginal, reaching a top value of only 3% of non-sensitive E. faecalis isolates from faecal poultry
sources.
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Table 20:

Antimicrobial resistance of Escherichia coli from animals and food in Norway
2001 – 2003 (224).

Antibiotic

Sample source

2001

2002

2003

4.2

n. a.

n. a.

Poultry (meat)

n. a.

7

n. a.

Poultry (faecal)

n. a.

14

n. a.

12

n. a.

n. a.

<1

n. a.

Porcine (faecal)

4.3

6

n. a.

Porcine (clinical)

n. a.

13

n. a.

Bovine (faecal)

5.8

n. a.

3

Bovine (meat)

3

n. a.

8

Ovine (meat)

2

n. a.

<1

n. a.

n. a.

0

2000

2001

2003

1.5

0.8

n. a.

Poultry (meat)

0

n. a.

n. a.

Poultry (faecal)

n. a.

n. a.

n. a.

Poultry (clinical)

n. a.

n. a.

n. a.

3.2

n. a.

n. a.

Porcine (faecal)

n. a.

n. a.

n. a.

Porcine (clinical)

n. a.

n. a.

n. a.

Bovine (faecal)

n. a.

n. a.

n. a.

Bovine (meat)

n. a.

n. a.

n. a.

Ovine (meat)

n. a.

n. a.

n. a.

Reindeer (faecal)

n. a.

n. a.

n. a.

2001

2002

2003

Dog food

n. a.

n. a.

n. a.

Poultry (meat)

n. a.

0

n. a.

Poultry (faecal)

n. a.

<1

n. a.

Poultry (clinical)

n. a.

2

n. a.

Pork (meat)

n. a.

0

n. a.

Porcine (faecal)

0

<1

n. a.

Porcine (clinical)

n. a.

0

n. a.

Bovine (faecal)

0.6

n. a.

<1

Bovine (meat)

0

n. a.

0

Ovine (meat)

0

n. a.

0

n. a.

n. a.

0

Dog food

Poultry (clinical)
Pork (meat)

Ampicillin

1)

Reindeer (faecal)

Dog food

Pork (meat)

Kanamycin

Neomycin

2)

3)

Resistance (%)

Reindeer (faecal)

4)

n. a.

1) numbers of samples tested from each source: n = 111 (arithmetic mean)
2) numbers of samples tested from each source: n = 138 (arithmetic mean)
3) numbers of samples tested from each source: n = 110 (arithmetic mean)
n. a. = no data available
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Resistance to ampicillin in “environmental” isolates of E. coli appeared to be more common than
with E. faecalis and E. faecium in Norway. A maximum resistance rate of 14% was found in fecal
samples of poultry (range: 0–14%). Although data on aminoglycoside resistance of E. coli samples
were scarce, only 3.2% of all pork samples were resistant to kanamycin. Resistance to neomycin
was between 0 and 2% of the isolates (see table 20).
In summary, all these data indicate an overall low incidence of ampicillin/penicillin and
kanamycin/neomycin resistance in “environmental” bacterial isolates of Norwegian origin. These
data do not support the assumption of an indiscriminately high background level of the respective
resistance determinants in the environment.
3.4.6.4.

Conclusions

The resistance rates to antimicrobial agents vary considerably between bacterial species and
between the same species, but located in different countries. These data are the reflection of a
gene pool which is constantly in motion and reacting to changing environmental conditions (312).
Although the presented data were mainly obtained from clinical environments they may be
extrapolated to and may be valid in other environments, too.
For achieving an unambiguous statement concerning the background load of resistance genes in a
certain environment it must be cleared:
1
2
3

which bacterial strain(s) is (are) used as “resistance indicator”?
which resistance genes are specified for analysis of the current status?
which antibiotic preparation is under consideration?

Generalizations about the environmental background level of resistance without analyzing the local
status, as mentioned above, lead to misguiding and invalid results.
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3.4.7.

Clinical relevance of antibiotics inactivated by ARM genes

The following paragraphs should provide information to help evaluate the clinical and veterinary
relevance of antibiotic preparations which are inactivated by the products of ARM genes.

3.4.7.1.

Indications and areas of application of antibiotics inactivated by ARM
genes

The EFSA GMO Panel, affirmed by several serious review authors, maintains the proposition that
most of the antibiotics which are inactivated by ARM gene encoded proteins are outdated, of no
clinical use and/or replaced by more effective and less toxic antimicrobials. Therefore, an
introduction of additional resistance functions by ARM genes from transgenic plants would not lead
to significant disturbances of everyday antimicrobial chemotherapy (18, 84, 114). This generalizing
assumption is challenged by the observation of substantial differences in antibiotic usage patterns
and consumption throughout Europe (210, 224).
A thorough analysis of the human therapeutic and veterinary utilization of the contemplable
antibiotics, exemplified primarily for Austria and Germany, leads to an aberrant picture (see tables
20 and 21).
Kanamycin indeed is hardly used anymore. In Austria, there is no indication for kanamycin
administration and it is not commercially available (42, 304). In the United States, kanamycin is
preserved as second line antibiotic for the treatment of multi-drug resistant tuberculosis (11).
However, this is of no relevance for the risk assessment of nptII because kanamycin resistance in
Mycobacterium tuberculosis is assumed to arise solely by point mutations without the involvement
of horizontal gene transfer processes (111, 212, 300). In Austria neomycin and paromomycin may
be used for pre-operative bowel sterilization and for the treatment of hepatic coma (42).
Chloramphenicol is a second line antibiotic for severe infections of the intestinal tract. Tetracyclines
are extensively used in veterinary medicine. Doxycycline is an important human therapeutic
antimicrobial drug and extensively prescribed (42).
ß-lactams are of crucial importance for the therapy of severe infectious diseases. Ampicillin still is
the drug of choice for certain infections with enterococci and Listeria (304). Penicillin G is
extremely popular and necessary for the treatment of a vast range of antibiotic diseases of humans
and animals in Austria (see table 21).
It is noteworthy that most of the antibiotics under consideration are categorized as “critically” or
“highly important” by the WHO (at least, concerning the limitation of their application in animal
husbandry; see table 21) (324).
Table 22 displays all relevant indications of antibiotics inactivated by ARM genes in Austria and
Germany. The actual importance of antibiotics derived from ß-lactam and tetracycline is clearly
displayed.
3.4.7.2.

Problematic issues - aminoglycoside antibiotics

Amikacin and gentamicin are special cases concerning an ARM gene risk assessment: amikacin
plays a crucial role in the treatment of severe life threatening infections and is an essential
antimicrobial drug (304). However, it was not inactivated by nptII to a clinically relevant degree,
although such a function could be demonstrated for nptIII in vitro (see table 6) (241).
The clinically applied preparations of gentamicin are a blend of gentamicin C1, C1a and C2 (196).
But nptII inactivates only gentamicin B (84). Thus, nptII does not interfere with the current
antimicrobial therapy using gentamicin.
Kanamycin is usually only available as second line antibiotic for the treatment of resistant
tuberculosis. But it is assumed that resistances in the causative pathogen would not arise due to
the horizontal acquisition of an ARM (or any other) gene (111).
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Table 21:
Resistance
gene

Antibiotic resistance marker genes – relevance of the corresponding antibiotics (84)
Resistance

Human therapeutic applications of the corresponding antimicrobials

Inactivated
antibiotics

Range of use

Austria (42)

second-line antibiotic for multidrug
resistant mycobacteria (antituberculosis
drug) (11)

kanamycin

1)

kanamycin resistance

nptII

aph(3)-IIa

neomycin

geneticin

exclusive application as selective agent in
in vitro experiments

= G418

(butirosin)4)

(amikacin:

(Strepr/Specr)

streptomycin resistance

aadA

hygr
omy
cin
resis
tanc
e

in vitro inactivation
by nptII)4)

hph

oral: no indications

no application

selective bowel decontamination

hepatic encephalopathy, preetzoma, coma;
preoperative reduction of the bowel flora,
intestinal amoebiasis

n. a.
4)

(gentamicin B)4)

aph(4)-Ia

topical application: infections of skin and mucosa

(critically
important) (324)

minor
(critically
important) (324)

Veterinary medicine
Range of use

Relevance

infections in cattle, sheep,
goats, pigs, dogs and cats
(69)

minor

enteritis of calves, pigs,
poultry
eczema, dermatitis of cats,
dogs

minor

none

no application

none

minor

trichomoniasis in pigeons
(69)

minor

n. a.

n. a.

n. a.

n. a.

n. a.

n. a.

n. a.

(critically
important) (324)

n. a.

n. a.

none

pigs, poultry (USA)

none

minor

enteritis in calves, piglets,
dogs and cats.

no clinical usage

(paromomycin)4)

(ribostamycin)

Relevance
minor

no indication

topical application with skin, eye and ear
infections
bad oral absorption, in rare cases
intravenous/intramuscular application;
preoperative gut sterilisation, selective
bowel decontamination with high risk
patients; hepatic encephalopathy

2)

hygromycin B

streptomycin

spectinomycin

n. a.

n. a.
severe nosocomial infections by Gram
negative bacteria (sepsis, endocarditis,
pneumonia), see gentamicin (203)
important second-line antibiotic after
treatment failure with other
aminoglycosides (11),
important second-line antibiotic for
hospital acquired infections due to Gram
negative bacteria, which are resistant to
gentamicin and tobramycin

n. a.

n. a.

always in adjunction:

infections due to Gram
negative rods

high

monotherapy only:

urinary tract infections

used for bacterial strains which are resistant to
other aminoglycosides (esp. gentamicin)
first line drug for patients who suffer from severe
immunodeficiency/sepsis

(critically
important) (324)

high

mycobacteria, if resistant to other antibiotics

no application

no application

ototoxic, nephrotoxic;

open floride tuberculosis of the lung

second-line antibiotic for the treatment of
tuberculosis, gonorrhoea, brucellosis,
endocarditis induced by enterococci

brucellosis, pest, bartonellosis
tularemia

alternative drug for the treatment of
gonorrhoea (203)

n. a.

penicillinase-positive cocci (147)
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(critically
important) (324)

minor

Used in combination with
penicillin G in most farm
and pet animals. (69)
used orally and
parenterally in several
animal species in
combination with
lincomycin (69)

minor

minor
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Table 21:
Resistance
gene

Antibiotic resistance marker genes – relevance of the corresponding antibiotics (84) continued
Resistance

Inactivated
antibiotics

(Ampr)

nptIII
aph(3’)-IIIa

kanamycin resistance

blaTEM-1

ampicillin resistance

ampicillin

Human therapeutic applications of the corresponding antimicrobials
1)

Range of use
respiratory tract infections, urinary tract
infections
first-line drug for infections with enterococci,
Listeria monocytogenes

Austria (42)

see ampicillin

Relevance

only intravenously administered (296),
first-line antibiotic for the treatment of erysipelas,
animal bites, injuries (296)
enterococci induced endocarditis

high
(critically important)
(324)

listeriosis, no replacement for penicillin V (42)
infections due to penicillin G sensitive strains;
infections by streptococci, pneumococci,
meningococci;

penicillin G

Veterinary medicine
2)

treatment of lues, borreliosis, scarlet fever, angina,
erysipelas, rheumatic fever, endocarditis lenta,
erysipeloid, traumata, animal bites (especially
infections due to Pasteurella multocida), diphtheria,
tetanus, anaerobic celluitis, anthrax fever,
leptospirosis, actinomycosis
bacterial infections of various severities, localisations
and etiopathology due to sensitive pathogens (e.g.
sepsis, meningitis, head and
neck-, upper respiratory tract-, genitourinary tract-,
bile duct-, gastrointestinal tract-, skin-, soft tissue
infections etc.)

high

Range of use

Relevance

intestinal, urinary and
respiratory tract
infections in horses,
cattle, sheep, goats,
pigs, cats and dogs (69)

high

infections of cats and
dogs

high

(critically important)
(324)

urinary and respiratory
tract infections of cattle,
pigs, sheep

high
(critically important)
(324)

therapy of infections in
horses, cattle, sheep,
pigs, chicken, cats and
dogs (69)

high

see nptII

minor

amoxicillin

see ampicillin

kanamycin,
neomycin,
paromomycin,
ribostamycin,
lividomycin,
butirosin,
gentamicin B

see nptII

see nptII

minor

amikacin

see nptII

see nptII

(critically important)
(324)

n. a.

n. a.

isepamicin

n. a.

minor

n. a.

n. a.

high

severe infections by bacteria resistant to amikacin
(sepsis)
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Resistance
gene

cat
(Cmr)

Antibiotic resistance marker genes – relevance of the corresponding antibiotics (84) continued

Resistance

chlor-amphenicol
resistance

Table 21:

Inactivated
antibiotics

Human therapeutic applications of the corresponding antimicrobials
Range of use
broad-spectrum antibiotic with severe
adverse effects (aplastic anemia)

chloramphenicol

topical application with skin, eye and ear
infections
first line antibiotic with purulent meningitis
(patients allergic to ß-lactams).

n. a.
broad-spectrum antibiotic:

tetracycline resistance

Austria (42)

Veterinary medicine
2)

Relevance

second line antibiotic if incompatibilities with other
drugs exist: typhus, paratyphus, meningitis
induced by Salmonella, life threatening intraocular
infections, possible administration for treatment of
abcesses of the brain, melioidose, rickettsioses,
local treatment of ophthalmic infections

minor

only topical application; vaginal infections

minor

Range of use

Relevance

severe infections of nonfood producing animals
topical administration with
skin, eye and ear
infections

minor

extensively used in developing countries

tetracycline

tetA

1)

doxycycline

brucellosis, infections due to Chlamydia,
Mycoplasma, Rickettsia and Vibrio strains
acne treatment

community acquired pneumonia, unspecific
urethritis, urogenital infections, borreliosis, lues,
tularemia, other infections due to sensitive
bacteria; acne, chloroquine-resistant malaria (also
used in prophylaxis)

high
(highly important)
(324)

intrauterine (cattle), oral
use in cats and dogs (69)

minor

Oral application to pigs,
cats and dogs (69)

high

broad application, highest
quantity of use in vet.med.
(69)

high

pneumonia induced by mycoplasma sp.,
Chlamydia sp. and Rickettsia sp;

oxytetracycline

see doxycycline

urethritis, gonorrhoea, lues (allergy to penicillin),
lymphogranuloma inguinale, conjunctivitis by
chlamydia, trachoma, ornithosis, brucellosis,
borreliosis, bartonellosis, actinomycosis, listeriosis,
leptospirosis, tularemia, infections of the
gastrointestinal tract (Yersinia sp, Campylobacter
sp), cholera, severe acne and rosacea

high
(highly important)
(324)

1) Peculiarities of the use of the relevant antimicrobials in Austria.
2) Importance of the relevant antibiotic in the treatment of infectious diseases (severity of the disease, alternative therapeutics available etc.).
3) n. a.: no relevant data available
4) The variant of nptII usually used as marker gene in plants does not confer resistance to those antibiotic compounds placed in brackets (84).
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Table 22:

Clinical relevance of antibiotics inactivated by ARM gene products in Austria and Germany
Indications for Aminoglycosides

Antimicrobials

Austria

Outline (147)

* treatment of severe infections, if failure to respond to other aminoglycosides has occurred or high
prevalence of resistance to gentamicin is documented

Amikacin

* initial therapy for septicemia, severe organ infections, peritonitis, sepsis of the newborn etc. if
severe immunodeficiencies (e.g. malignome) exist
see gentamicin

* targeted therapy of severe infections resistant to gentamicin
* mycobacteriosis, if resistance to other antituberculosis drugs has occurred (AIDS Æ M. avium)
* important aminoglycoside for the treatment of sepsis

Germany
* treatment of hospital acquired pneumonia exclusively in combination
with other antibiotics
* only for short term therapies (3-5 days; exception: endocarditis)
(27)
* treatment of endocarditis induced by enterococci, infections by
Listeria sp. (318)

* alternative to streptomycin for the treatment of tuberculosis (42)

Butirosin

n. a.1)

Geneticin

n. a.

n. a.

n. a.

no application

no application

* always in adjunction: infections by Gram-negative rods (including Pseudomonas aeruginosa;
sepsis, infections of the respiratory tract, intraabdominal infections, endocarditis)

Gentamicin

newer aminoglycoside; broadspectrum, no activity against
streptococci and enterococci; otoand nephrotoxic; serum level
monitoring mandatory

Hygromycin

no application

Isepamicin

n. a.

Kanamycin

parenteral application

Lividomycin

n. a.

Neomycin

exclusively oral or topical
administration

* monotherapy: urinary tract infections
* second line antimicrobial for local treatments: eye, wound, bone infections
* rapid bactericidal effect, synergistic with ß-lactams (42)
* ”Refobacin is still in use for the treatment of a fresh primary open tuberculosis.“
”Aminoglycosides are still lifesaving for the treatment of pest and tularemia and have their role in
the treatment of sepsis.“ ”Important for these agents are the complicated adaptation of the right
dosis and the limited length of administration.“ (296)
no application

* treatment of hospital acquired pneumonia exclusively in combination
with other antibiotics
* only for short term therapies (3-5 days; exception: endocarditis)
(27)
* treatment of endocarditis induced by enterococci, infections by
Listeria sp. (318)

no application

* severe infections by bacteria resistant to amikacin (sepsis)
* spectrum similar to amikacin but also effective against amikacin resistant strains (42)
obsolete, commercially not available (42)

n. a.
n. a.

n. a.

n. a.

* treatment of superficial skin and mucosa infections
* instillation; oral administration for bowel decontamination not recommended
* outdated aminoglycoside, almost obsolete (42)

* short term topical application of neomcin/Bacitracin useful for
S. aureus infections (274)

* heaptic encephalopathy, precoma, coma

Paromomycin

exclusively oral or topical
administration

Ribostamycin

n. a.

Spectinomycin

penicillinase positive gonococci

* preoperative reduction of the bowel flora

n. a.

* intestinal amebiasis (enteritis and dysenteritis)
* only for local application (42)

Streptomycin

therapy for tuberculosis; frequent
development of resistance

n. a.

n. a.

n. a.

n. a.

* open, floride tuberculosis of the lungs (only in adjunction, no monotherapy!)
* brucellosis, tularemia in combination with tetracyclines, pest, bartonellosis (42)
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* single indication: therapy of tuberculosis (318)
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Table 22:

Clinical relevance of antibiotics inactivated by ARM gene products in Austria and Germany (continued)
Indications for ß-Lactams

Antimicrobials

Outline (147)

Austria

Germany

* bacterial infections of various severities, localisations and etiopathology due to
sensitive pathogens (e.g. sepsis, meningitis, head and neck-, upper respiratory
tract-, genitourinary tract-, bile duct-, gastrointestinal tract-, skin-, soft tissue
infections etc.) (42)

Amoxicillin

effective against
enterobacteriaceae; sensitive to
penicillinases by Gram positive
and Gram negative bacteria

* first line drug for (with/without ß-lactamase inhibitors): acute otitis media, acute
sinusitis, chronic sinusitis, laryngitis, pharyngitis; acute bronchitis if necessary,
acute exacerbations of chronic bronchitis grade II, community acquired pneumonia
* acute enteritis: alternative to ciprofloxacin

* complete resorption after oral administration (42)

* ulcus duodeni: in adjunction with clarithromycin and proton pump inhibitors

* high rate of resistance occurring in enterobacteriaceae and Haemophilus
influenzae (42)

* diverticulitis: in combination with ß-lactamase inhibitors or metronidazol

* a combination with ß-lactamase inhibitors for treatment of unknown pathogens
is recommended (42)

* uncomplicated female cystitis if pregnancy is suspected (otherwise different
medication) (317)
* calculated initial therapy for uncomplicated otitis media acuta
* mastoiditis, furuncle in the auditory canal: in combination with clavulanic acid

“The concentration of amoxicillin/clavulanic acid was increased to 2000 mg and
125 mg, respectively, over the last 15 years allegedly due to a rise in resistant
pneumococci. There is no reasonable explanation for this tenfold increase. The
preparation is obsolete.“ (296)
* medium spectrum penicillin (42)

Ampicillin

effective against
enterobacteriaceae; sensitive to
penicillinases by Gram positive
and Gram negative bacteria

* high prevalence of resistant strains of enterobacteriaceae and Haemophilus
influenzae (42)
* important antimicrobial for treatment of infections caused by enterococci and
Listeria sp., but no substitute for penicillin V, indicated for treatment of
endocarditis (enterococci) and listeriosis (42)
* ampicillin administration: i.v. Usually replaced by amoxicillin (296)

Penicillin G

effective against Gram positive
and Gram negative bacteria;
bactericidal during cell division,
inactivated by penicillinases of
staphylococci, gonococci,
Haemophilus influenzae,
Moraxella catharrhalis

* alternative agent for therapy of tonsilitis acuta after treatment failure (2)
* treatment of hospital acquired pneumonia only in combination with ß-lactamase
inhibitors (27)
* empiric therapy during premature rupture of the foetal membranes (318)
* mastoiditis: in combination with sulbactam (2)
* treatment of nosocomial pneumonia only in adjunction (27)
* treatment of chronic or acute bacterial infections independent of localisation and
severity of the disease including endocarditis, meningitis or sepsis (317)
* empirical therapy of infections by A + B streptococci; listeriosis during pregnancy
(318)

* infections due to penicillin sensitive bacteria (streptococci, pneumococci,
meningococci) (42)
* lues, borreliosis, scarlet fever, angina, erysipela, rheumatic fever, endocarditis
lenta, erysipeloid, traumata, infections due to animal bites (e.g. Pasteurella
multocida), diphtheria, tetanus, anaerobic celluitis, anthrax fever, leptospirosis,
actinomycosis (42)
broad therapeutic application, potent against Gram-positive bacteria, but
sensitive to ß-lactamases (42)
* first line drug for the treatment of erysipelas, animal bites and injuries (296)
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* first line drug for the treatment of erysipelas and monoinfections by streptococci and
pneumococci (318)
* empirical therapy of infections by A + B streptococci during pregnancy, endocarditis
(in combination with gentamicin) (318)
* complete recovery of endocarditis after parenteral administration: 98% (215)

Clinical relevance of antibiotics inactivated by ARM genes

Table 22:

Clinical relevance of antibiotics inactivated by ARM gene products in Austria and Germany (continued)
Indications for Chloramphenicol

Antimicrobials
Chloramphenicol

Outline (147)
broad-spectrum antibiotic
aplastic anemia

Austria

Germany

* second line antibiotic if other medications are not tolerated: typhus, parathyphus,
meningitis due to Salmonella, life threatening intraocular infections (42)
* possible administration for treatment of abcesses of the brain, melioidosis,
rickettsioses, local treatment of ophthalmic infections (42)

Administration only in rare cases with severe infections due to sensitive
bacteria, if other antimicrobials are ineffective or contraindicated: typhus,
parathyphus A + B, sepsis induced by Salmonella sp., meningitis, rickettsioses
(318)

Indications for Tetracyclines
broad-spectrum antibiotic
including Chlamydia sp and
Rickettsia sp.

Doxycycline

resistant strains highly prevalent
depositions in teeth of infants an
young children
therapy of complicated malaria
tropica in combination with chinine

* community acquired pneumonia, unspecific urethritis, urogenital infections,
borreliosis, lues, tularemia, other infections due to sensitive bacteria; acne,
chloroquine-resistant malaria (also used in prophylaxis) (42)
* broad-spectrum antibiotic, appropriate for the treatment of respiratory tract and
intracellular infections (42)

* alternative drug for the treatment of otitis media, bronchitis, community
acquired pneumonia (317)
* first line antimicrobial for the therapy of rickettsioses, pest, brucellosis, lues
(parenteral application) (318)
* light infections with Chlamydia or Mycoplasma(318)
* adjunction therapy: endocarditis induced by Coxiella burnettii, Brucella,
Bartonella (215)

* pneumonia induced by mycoplasma sp., Chlamydia sp. and Rickettsia sp. (42)

Oxytetracycline

rarely applicated

* urethritis, gonorrhoea, lues (allergy to penicillin), lymphogranuloma inguinale,
conjunctivitis by chlamydia, trachoma, ornithosis, brucellosis, borreliosis,
bartonellosis, actinomycosis, listeriosis, leptospirosis, tularemia, infections of the
gastrointestinal tract (Yersinia sp., Campylobacter sp.), cholera, severe acne and
rosacea (42)

n. a.

* bad resorption, obsolete (42)

Tetracycline

rarely applicated

* only topical application; vaginal infections (42)
* outdated antimicrobial, replaced by doxycycline and minocycline (42)

n. a. = no relevant information available
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3.4.8.

Conclusions

Penicillins and derivatives of tetracyclines which might be inactivated by ARM genes are still widely
used in daily clinical practice, and thus are crucially important antimicrobial drugs. For certain
types of infectious diseases they are the drugs of choice and under certain circumstances the only
treatment alternative. The characterization of these drugs as outdated and replaceable by other
preparations is unwarrantable.
The situation for the aminoglycoside antibiotics kanamycin, neomycin, paromomycin and
streptomycin is different. They appear to be administered rarely and only in exceptional situations
when they are the last chance for saving lives.
Still in daily, clinical routine use is gentamicin, which is not inactivated by nptII. The crucial
aminoglycoside amikacin is only inactivated by ARM gene proteins in vitro.

83

EFSA GMO ARM gene risk classification

3.5.

Antibiotic resistance marker gene risk
classification by the EFSA GMO Panel (84)

According to the EFSA GMO Panel, the following aspects should be taken into account for the risk
assessment of ARM genes:
1

2

The frequency of ARM gene transfer from transgenic plants to recipient bacteria
should be compared to the abundance of similar resistance genes already prevalent
in naturally occurring bacterial populations. A high prevalence of similar resistance
functions in receptor habitats would alleviate the risk for adverse health events
induced by newly introduced ARM genes.
Consideration should be given to the clinical relevance of the antibiotic preparations
inactivated by the corresponding ARM genes for human and/or animal therapeutic
applications. Inactivation of an outdated, highly toxic or already replaced antibiotic
would alleviate the risk for adverse health events induced by newly introduced ARM
genes.

According to the two criteria mentioned above the EFSA GMO Panel classifies ARM genes used for
plant gene technology into three risk groups (see table 23 and below):
Group 1:

nptII-gene, hph-gene

Group 1 contains ARM genes which are
1
2

already widely disseminated among soil and gut bacteria.
inactivate antibiotics that are of no or negligible clinical relevance.

According to the EFSA GMO Panel, it is highly improbable that these ARM genes transferred from
transgenic plants lead to a substantial alteration in the already existing pool of resistance
determinants. No adverse effects on human or animal health are to be expected by a potential
transmission of these kinds of ARM genes.
NptII and hph may be used as marker genes in transgenic plants intended for commercialization as
food and feed and for field trials. According to the EFSA GMO Panel, there is no rationale to restrict
or prohibit the use of these resistance genes. This is not necessarily the view of the more
cautiously regulation of the Austrian Competent Authorities.
Group 2:

cat-gene, blaTEM-1-gene, aadA-gene

Groups 2 comprises ARM genes which are:
1
2

already widely distributed among microbes present in natural environments (soil,
plant, water and mammalian gut).
inactivate antibiotics that are of limited use in animal and human antimicrobial
chemotherapy.

The presence of these ARM genes in transgenic plants may lead to minimal alterations in the gene
flow of already present antibiotic resistance determinants in the global gene pool and may interfere
with the treatment of infectious diseases of humans and animals to some extent.
The use of group 2 ARM genes should be restricted to field trials. The utilization in transgenic
plants for food and feed purposes is not recommended.
Group 3:

nptIII gene, tetA gene

Group 3 comprises ARM genes which inactivate antibiotics that are essential for human therapy of
infectious diseases. To provide the highest standard of preventive health care, irrespective of their
likelihood to be transferred from plant genomes to bacteria, these genes should be avoided in
transgenic plants and should not be applied for deliberate releases in field trials.
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Table 23:

Group

Criteria for classification
a)

I

The resistance functions are already broadly
disseminated in natural environments (e.g. in soil and
gut bacteria).

b)

Inactivation of antibiotics of no or only minor clinical
relevance. Limited use of such antibiotics in veterinary
medicine.

c)

The introduction of additional resistance genes via
GMOs leads to no significant changes in the background
level or dissemination rate of resistance genes in
natural habitats.

d)

The introduction of the ARM gene has no impact on
human or animal health.

a)

The respective resistance genes are already widely
disseminated in natural habitats (e.g. soil, water,
animal/mammalian digestive system, plants).

b)

The therapeutic application of the corresponding
(= inactivated) antibiotics is restricted to specific areas
of application.

II

III

Risk classification of ARM genes (EFSA GMO Panel) (84).

c)

A minimal increase in the level and dissemination rate
of antibiotic resistance may be expected due to the
additional immission of resistance genes from GMOs.

d)

A minimal negative impact on human and animal health
may be expected.

a)

ARM genes mediate resistance to clinically important
antibiotics.

b)

These resistance genes should not be present in the
plant genome to guarantee the highest possible
protection for human health care.

Resistance
Designation

kanamycin resistance

hygromycin resistance

chloramphenicol
resistance

ampicillin resistance

streptomycin resistance

kanamycin resistance

Gene

nptII
aph (3’)-IIa

hph
aph (4)-Ia

cat
Cmr

bla

TEM-1

Ampr

aadA
Strpr

nptIII
aph (3)IIIa

Inactivated antibiotics

kanamycin, neomycin, paromomycin,
butirosin, gentamicin B, geneticin (G418)

hygromycin

chloramphenicol

ampicillin, penicillin G, amoxicillin

streptomycin, spectinomycin

kanamycin, neomycin, paromomycin,
ribostamycin, lividomycin, butirosin,
gentamicin B,
amikacin, isepamicin

tetracycline resistance

85

tetA

tetracyclines
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3.5.1.

The EFSA GMO Panel’s ARM gene classification: Points to
consider

This risk classification by the EFSA GMO Panel provides an excellent basic framework for discussing
the risk assessment of ARM genes in transgenic plants. However, the analysis of the EFSA GMO
Panel contains some severe flaws, which have been challenged recently:
Horizontal gene transfer from plants to bacteria is, if happening at all, an extremely rare
event
The EFSA GMO Panel statement that horizontal gene transfer from transgenic plants to competent
recipient bacteria is an extremely rare event especially in natural habitats is basically correct.
However, concerning the risk assessment of ARM genes the frequency of gene transfer events as
argument for a low immanent risk is not cogent (224, 244). This may be exemplified by following
consideration: A single transfer event of an ARM gene from a transgenic plant to a bacterium may
be enough to establish a resistant founder generation of microbes which may later on interfere with
antimicrobial therapy directly or by passing on the resistance function to human pathogens. The
establishment of such a founder generation may take long periods and may remain undetectable
for some time (132).
There are also indications that horizontal gene transfer processes in natural environments are not
recorded properly using the currently available methodology (222, 227, 244). There are certain
limitations for acquiring quantitative data for environmental settings under laboratory conditions
and for detecting horizontal gene transfer from plants to bacteria under field conditions (107, 132,
256).
For all ARM genes there is already a huge pool of similar resistance genes existing in the
environment
The EFSA GMO Panel’s statement does neither take into account remarkable differences in the
levels of antibiotic resistance between bacterial species to the same antibiotic compound, nor does
it account for significantly different resistance rates of the same bacterial species in different
countries. For a serious risk assessment the local resistance profiles of certain bacterial monitoring
strains have to be collected. These local peculiarities have to be taken into consideration for a risk
assessment of the ARM gene under scrutiny.
Most of the antibiotics inactivated by ARM genes are outdated and no longer in use
The EFSA GMO Panel’s statement does not take into account remarkable differences in antibiotic
consumption and prescription patterns between different countries of the European Union. This
diverging antibiotic usage leads to completely different resistance profiles of clinical isolates in each
of these countries. These local peculiarities for the application of antimicrobials have to be taken
into consideration for a risk assessment of the ARM gene under scrutiny.
The EFSA GMO Panel points out that for group I ARM genes there is a 13-year history of
safe use of transgenic plants (especially in the United States)
The EFSA GMO Panel’s statement is not backed up by any controlled scientific study. During this
13-year period (expanded by Goldstein et al. to 15 years (114)), neither one has systematically
looked after any side effects among the American population, nor has any monitoring program
been active. In addition to this, no attempts have been made to specify the term “safe use”. To
claim a 13-year history of safe use only due to the fact that nobody has dropped down dead after
the consumption of a transgenic tomato during this period is ridiculous.
The EFSA’s risk classification scheme is challenged directly by the Working Party of the British
Society for Antimicrobial Chemotherapy, who is claiming a safe use of blaTEM-1, aph (3’) and aadA in
transgenic plants without any restrictions (18). The EFSA classifies two of them (blaTEM-1 and aadA)
as members of risk group 2, which therefore should be used only for experiments in field trials, but
not in plants for food or feed purposes.
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3.5.2.

Concluding general remarks and presentation of
competing views concerning a risk assessment of ARM
genes
1. Marginal low gene flow from plants to bacteria.

The most prominent argument for an unrestricted use of ARM genes in transgenic plants is the
marginal low frequency of gene transfer of ARM genes from the plant genome to competent
bacteria in natural environments (18, 84, 106, 114). However, gene transfer frequencies are of low
predictive value concerning long-term (adverse) effects (224).
2. Interference of ARM genes with antimicrobial chemotherapy in humans is
extremely unlikely due to the inactivation of outdated antibiotics (18).
This generalizing statement has to be considered extremely cautiously because, due to countryspecific differences in antibiotic usage patterns, each antibiotic has its local significance. A case-bycase risk evaluation is indispensable.
3. A huge reservoir of resistance determinants in the global gene pool
alleviates an additional input by ARM genes in natural habitats (18).
The components of the global pool of resistance genes are in a constant flow, reacting to
continually changing environmental conditions. Genetic information is constantly exchanged
between the participants of the microbial ecosystem. Thus, reports about the status of resistance
of certain environments are always to be considered as a snapshot of the actually occurring
situation.
A generalizing statement about the status of resistance in natural environments is unreliable.
4. Limitation of the number of ARM genes available for transgenic plants
There are proposals to limit the number of ARM genes licensed for genetic modification of plants
and some proponents recommend an ongoing moratorium for the remaining resistance genes (18).
5. DNA stability and marker elimination
For a risk assessment of ARM genes it should be taken into account that transgenic DNA survives
the passage through the mammalian gastrointestinal tract, although fragmented to some degree
and may be transferred to gut bacteria or intestinal epithelial cells (93). Attention should be paid to
the specific characteristics of the encoded DNA sequences, the properties of the receptor organisms
and the prevailing selective pressures in the environments they reside. Several FAO/WHO working
groups recommend sparing ARM genes and other non-essential sequences which could stimulate
transfer or recombination. The use of DNA fragments for recombinant DNA constructs without any
obvious function is rejected. Because the transfer of ARM genes to intestinal bacteria cannot be
excluded a priori the relevance of the corresponding inactivated antibiotics for human or animal
therapeutic applications have to be taken into account (93).
6. “Substantial equivalence”
All currently available, genetically modified foods and feeds underwent thorough risk assessment
procedures before their marketing. Therefore, they should not bear any higher risk for adverse
effects on animal or human health than their conventional counterparts (principle of “substantial
equivalence”). However, potential risks of newly introduced GMOs should be evaluated on a “caseby-case” basis taking into account the specific characteristics of the novel GMO and the specific
conditions prevailing in the environment where the GMO is planned to be released (325). The
concept of “substantial equivalence” as a safety assessment procedure providing sufficient
information on potential toxic adverse effects was contested (207). Nevertheless, it was
acknowleged as adequate tool for identifying safety issues especially if supplemented with new
profiling methods (e.g. genomics, proteomics, metabolomics) (166).

87

Concluding remarks

7. Role of ARM genes in plant gene technology
ARM genes have played a crucial role during the development phase of plant gene technology.
They have been proven to be effective and cost-efficient. In comparison to novel marker (and
marker excision) technologies they have shown a long history of safe use. ARM gene technology
has been cheap and readily available – a big advantage for developing countries. Antibiotics which
are inactivated by ARM genes have been of minor clinical relevance. An efficient gene transfer by
transformation in natural habitats has taken place so infrequently that it can be regarded as only
theoretically possible. No expert panel has ever been able to identify any significant risks induced
by ARM genes in transgenic plants. However, the public distrusts ARM gene technology, although
no scientific evidence is supporting this attitude. ARM genes in commercially available transgenic
plants will remain on the market. The available data do not support a ban. Alternative marker
technologies will be utilized in the next generation of transgenic plants applying for marketing
approval. A new risk assessment has to be performed in these new cases, which will increase the
development costs for transgenic plants – a serious drawback for small companies and academic
research (114).
8. Risks and benefits of ARM gene technology
Only a limited number of technologies is available for the production of transgenic plants. Some of
the proposed new technologies, which should help to avoid the use of ARM genes, are expensive,
bear new intrinsic risks or are instable and not ready for market application. Patenting impedes an
easy open access to these new technologies. Some of the newly developed technologies may cause
problems during the approval process because the competent authorities are not familiar with
them. An aggressive implementation of European legislation may lead to a bottleneck in marker
technologies available. The outcome of a risk/technology assessment depends on the scientific
progress in the field and from socio-cultural standards. Both may be changing rapidly, therefore a
constant re-assessment of the risk analysis process has to be envisioned. The concepts of “risks”
and “insecurity” are dependent on cultural norms and may differ substantially from country to
country (159).
9. ARM genes and the horizontal resistance gene pool
The consequences of ARM gene transfer from transgenic plants to bacteria substantially depend on
the flow of resistance encoding determinants in the gene pool, which connects soil or gut bacteria
(as primary acceptors) with human pathogens. DNA fragments, long enough for coding a functional
resistance gene remain intact under field conditions or in the mammalian gastrointestinal tract and
may participate in transformation. However, a final proof for the transfer of plant DNA to bacteria
via transformation including successful recombination with the bacterial host genome in natural
habitats is lacking. But the absence of experimental evidence does not preclude the possibility of
such processes. Maybe this is also an indication that the input of ARM genes into the global
resistance gene pool is an extremely slow event. The contribution to the global gene pool derived
by ARM genes is meager, in comparison to the alterations which are induced by gene transfer
processes due to antimicrobial chemotherapy in hospital and community environments. Moreover,
the uptake of ARM genes may reduce, at least for a certain period of time, the biological fitness of
the recipient. ARM genes do not pose a significant health risk for humans because the few resulting
resistant bacteria disappear in the huge amounts of resistant strains generated by inappropriate
antimicrobial chemotherapies, the transmission of mobile genetic elements and the overall
prevailing conditions in modern hospitals (106).
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5.

Appendix A

5.1.

DNA stability in natural environments

A prerequisite for a successful transformation event is the availability of intact DNA of sufficient
length. The size of a gene depends on the protein it codes for, but usually a typical bacterial coding
region will consist of at least 150 bp up to 6000 bp. For the regulation of the gene expression an
additional 100 – 500 bp are necessary. Thus, for an efficient horizontal gene transfer via uptake of
naked DNA fragments, between 250 and 6500 bp should exist for a reasonable time period in the
habitat of competent acceptor bacteria (144).
Although DNA is an exceptional stable molecule within living cells, especially due to continuously
working intrinsic DNA repair mechanisms,
Typical prokaryotic gene lengths
irreversible degradation processes start
immediately upon release into the extra-cellular
Coding region:
150 – 6000 bp
environment.
Regulatory elements:
100 – 500 bp
Functional gene:
250 – 6500 bp
In the following paragraphs spontaneously
processes of DNA decay, arising within and
outside of the cellular environment and rendering the DNA molecule unsuitable for transformation,
are discussed.

5.2.

Chemical nature of DNA

DNA is a double-stranded polymer with each strand consisting of a series of four different
nucleosides which are connected by phosphodiester bonds (see figure 4). Both strands are held
together by hydrogen bonds between the base pairs ofadenine and thymine and guanine and
cytosine, respectively, forming a double helix with approx. 2 nm in diameter. The surface of the
helix is negatively charged, thus DNA in solution behaves like a polyanion which can bind to
surfaces with a positive charge. The relative rigidity of the double helix structure makes DNA
especially susceptible to shear stress, resulting in double strand breaks and the loss of genetic
information (71).

5.3.

Chemical instability: Spontaneously generated
DNA lesions

Taken into account that DNA is the carrier of genetic information over generations it is an
impressively stable macromolecule. However, DNA suffers spontaneous lesions constantly induced
within and outside of the cellular environment. In the living organism cellular DNA repair enzymes,
more or less efficiently, counterbalance the resulting deleterious effects. Without any support of the
cellular repair machinery the structural integrity of the DNA double helix was constantly attacked
by physico-chemical processes (hydrolysis, oxidation, methylation) or by biochemical disintegration
due to nucleolytic enzymes.
The major reason for the intrinsic chemical instability of DNA is the absence of the 2’-OH group
present in RNA, resulting in the eponymous deoxyribose component of DNA. Although this
structural reorganization of the ribose moiety dramatically increases the stability of the phosphate
backbone, a very labile N-glycosyl bond susceptible to depurination is the price to be paid. The
spontaneously generated apurinic sites weaken the DNA double helix and lead to strand cleavage
(179).

5.3.1.

Non-enzymatic hydrolysis: Depurination

DNA constantly decomposes in unbuffered solutions at a very slow rate. The same is true for DNA
in cells at physiologic pH. Low pH promotes depurination of the phosphate backbone leading to a
loss of the purine bases adenine and guanine. However, the loss of purines was accelerated in
solvents of low ionic strength (181). The turnover of both bases in a single human cell by
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spontaneous depurination and subsequent DNA repair is estimated to be 2000 to 10000 molecules
per day. The same depurination rate can be expected for free DNA in solution. The elimination of
thymine and cytosine (depyrimidination) totals only 5% of the depurination rate. In solution the
DNA double helix was weakened at the apurinic site and was cleaved by ß-elimination within a few
days (179). The average lifetime of the DNA chain at an apurinic site in Mg2+ containing physiologic
buffers was estimated to be 190 h at 37°C (180).
An extended exposition in highly acidic environments induced hydrolysis of phosphodiester bonds
of the phosphate backbone, which led to a significant shortening and fragmentation of the DNA
strands (e.g. in the stomach) (144, 179).
The transforming activity of DNA is sensitive to single strand breaks, and thus the loss of
transforming activity under the described conditions is due to a combination of depurination and
subsequently induced single strand nicks (181).

5.3.2.

Non-enzymatic hydrolysis: Deamination

The main targets for spontaneous hydrolytic deamination are cytosine, which is converted to uracil,
and 5-methylcytosine, which is altered to thymine. The half-life for an individual cytosine residue in
single stranded DNA in solution at 37°C and pH 7,4 is estimated to be approx. 200 years. Pairing
complementary strands provide an excellent protection against deamination because embedded in
a double helix structure the half-life of the pyrimidine bases increases to 30 000 years.
Deamination of purines is of minor importance. It occurs only at 2-3% of the rate of cytosine
deamination. Adenine is converted to hypoxanthine and guanin to xanthine, whereas the latter
transition is especially susceptible to depurination because of the instability of the xanthine
deoxyribose bond (179).
Spontaneous deamination is of minor relevance concerning the stability of transgenes, but may
contribute to inactivation of the genetic information due to the introduction of mutations. The
biological activity may be compromised due to single strand nicks following the depurination of
xanthine (179).

5.3.3.

Oxidation

DNA is susceptible to degeneration when attacked by reactive oxygen species like hydroxyl and
superoxid radicals. This oxidative stress is usually a by-product of the normal cellular metabolism,
but is also encountered in extra-cellular environments. The resulting major base derivatives are 8hydroxyguanine, which pairs with adenine and formamidopyrimidines. Another possibility for DNA
lesions by oxidative damage is the formation of ring saturated derivatives of pyrimidine, like
thymine and cytosine glycols, and pyrimidine hydrates. These latter DNA constituents comprise
essentially non-coding bases. 8,5-cyclopurine deoxiribonucleosides and the formation of covalently
bound intrastrand purine dimers lead to substantial deviations in the B-helix conformation of the
DNA (179).
DNA degeneration induced by oxygen radicals reduces the biological activity of the DNA molecule
due to mutations and helical distortions.

5.3.4.

Non-enzymatic methylation

Alkylating agents are present in the environment and endogenously generated in cells (209). Sadenosylmethionine is a well-characterized intracellular non-enzymatic donor of methyl-moieties,
and adds CH3-groups preferentially to ring nitrogens of purines. The most abundant derivatives are
7-methylguanine and 3-methyladenine, the latter strongly cytotoxic. 3-methyladenine blocks
replication and is generated at a rate of about 600 molecules per day in each human cell. A
specialized DNA glycosylase is readily repairing the defect leaving an apurinic site, with all the
potential consequences described in the section about depurination (179). 7-methylguanine is only
poorly repaired, but an especially labile N-glycosyl bond provides an equilibrium between base
modification and loss within a few days (179). To a lesser extent the phosphodiester DNA backbone
is itself a target for methylation generating neutral phosphotriesters. These modified residues are
hydrolyzed much faster in water than their unmodified diester counterparts, leading to DNA single
strand breaks (209).
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5.3.5.

Irradiation: ionizing/UV

Ionizing radiation may induce DNA double strand breaks if it directly hits the macromolecule or
may generate, as secondary effect, reactive oxygen species or free electrons in solution.
Ultraviolet light is the major cause for pyrimidine dimers (especially thymidine-thymidine) by the
formation of intra-strand cyclobutane rings. This modification leads to severe distortions of the
helical structure and blocks the DNA polymerase (155).

5.3.6.

Enzymatic hydrolysis

Double stranded DNA is the primary target of DNase I, a divalent cation dependent endonuclease.
In the presence of Mn2+, DNase I cuts both strands of superhelical DNA approximately at the same
site. With Mg2+ as cofactor, DNase I preferentially induces single strand nicks on both strands of
the double helix independently (267).
In the mammalian gastrointestinal tract pancreatic nucleases and polynucleotidases/
phopshodiesterases actively decompose dsDNA into shorter fragments and eventually into
mononucleotides. Nucleosides are generated by mammalian nucleosidases by cleavage of the
glycosyl bond. The sugar phosphates are reused for nucleotide biosynthesis (144).

Factors leading to structural DNA decay
1
2
3
4
5
6

Low or high pH (<4 and >12)
High temperatures (>100°C)
Ionizing/UV radiation
Shear forces during specimen processing
Spontaneous depurination
Enzymatic cleavage by nucleases

Notes:
1

Chemical instability of DNA may be a relevant factor for assessing the quality of DNA after long storage
periods (e.g. in soil, forage etc.). PCR amplification of short gene fragments may still be possible and
indicative for the presence of a given gene in the test sample. However, the DNA matrix will no longer
support biological activity of the gene due to apurinic sites in the complementary strand or extensive
double strand breaks.

2

At low pH conditions, depurination is the first step of DNA lesion, followed by hydrolysis of 3’-5’
phosphodiester linkage cleavages leading to a measurable DNA fragmentation.

3

Spontaneous deamination is of minor relevance concerning stability of transgenes, but may contribute
to inactivation of the genetic information due to the introduction of mutations.
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Guanine

Cytosine

Thymine

Adenine

Fig 8: Target sites for spontaneously induced DNA lesions (modified) (179)
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5.4.

DNA stability in food and during food processing

DNA from genetically modified organisms is not considered to exhibit any differences in
susceptibility to degradation by chemical or enzymatic hydrolysis compared to DNA present in any
other food source (144).
GM food and feed constitute an inhomogeneous group of nutrients. Some of them are consumed
fresh and unprocessed. Other plant material is intensely processed to obtain nearly pure chemical
compounds like sugar or canola oil. Such refined products are unlikely to contain functional DNA
fragments which could impose a potential for gene transfers (134). In general, less processed
foods are more likely to contain intact genes. Some food matrices provide protective effects and
conserve DNA integrity even under adverse conditions as will be discussed below. In summary DNA
protective or destructive effects mediated by the food matrix have to be assessed on a case-bycase scenario and cannot be generalized.

5.4.1.

DNA content in food

The average intake of DNA via food was estimated to be about 0.1–1 g/person/day. About 1–10
mg (= 1%) of the ingested DNA were excreted again by feces every day (74). Cows ingested an
assumed 60 g of DNA per day (224). For the Austrian population it was calculated that approx. 22
mg of DNA and RNA from maize could be taken up on a daily basis by each citizen (144). If one
assumes that these nucleic acids derive from a genetically modified variety the consumer will
ingest only a minute quantity of 49 ng of the recombinant transgene DNA (potentially containing
also antibiotic resistance marker genes) per day. However, this amount of DNA equals 9 billion
copies of the transgene, which are exposed each day to the bacterial population inhabiting the
human ecosystem (see table 24).
Table 24:

DNA content of and estimated DNA intake from genetically modified crops
(modified) (144)
maize

soya

potato

(Zea mais)

(Glycine max)

(Solanum tuberosum)

Genome size

bp

2.292 x 109

1.115 x 109

1.597 x 109

Nucleic acid
content

µg/g food

1 500

6200

319

Per capita intake
of nucleic acids

µg/day

22 000

9000

41 000

Recombinant
insert

% genome

0.00022

0.00018

0.00075

µg/g food

0.0033

0.0113

0.0024

Per capita intake
of recombinant
insert

µg/day

0.049

0.016

0.312

molecules/day

9 x 109

2 x 109

5.8 x 1010

The length of the transgene insert in relation to the whole carrier genome size is of some relevance
concerning the transformation frequency of bacterial acceptors, since, in vivo, the whole plant
DNA, not only the relevant insert containing the genetic modification and/or the antibiotic
resistance marker gene, is competing for receptor attachment on the bacterial surface. In relation
to the whole plant genome size the length of the recombinant insert is only marginal (see table
24). This small fraction will reduce the chance for the uptake of an ARM gene because most
attachment sites will be blocked by non-modified plant DNA (18).

5.4.2.

DNA stability in food

A priori, common food sources do not provide conditions which will lead to rapid degradation of
extracellular DNA (224). Apparently, a wide range of different kinds of foods (milk, soya drink,
tomato-, orange-, carrot-, vegetable juice, canned cabbage, soy beans, shrimps etc.) support
transformation of E. coli indicating sufficient DNA stability in these environments (12). Some food
matrices even seem to provide protection against DNase activity and so help stabilize free DNA
(e.g. soy milk, tofu, fermented sausage; see table 25). Fresh plant material from leaves and grains
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usually contains – even after mechanical treatment - DNA fragments large enough to code for
functional genes. Various canola substrates like whole seeds, cracked seeds, meal and diets could
be shown to contain intact plant genes (6). However, many fruits and vegetables provide highly
acidic pH conditions, so an increased DNA degradation activity by acid hydrolysis must be expected
under such circumstances and disintegration of cellulose cell walls followed by the release of
endogenous nucleases may lead to deleterious effects on the integrity of free DNA (144).

Table 25:

DNA stability, food processing and matrix. Environmental conditions
providing protective effects
No substantial effect on DNA stability

Source

Method

Gene

Processing

pH

Detection

DNA
degradation
monitored
on agarose
gel

n. a.

DNA
degradation
monitored
on agarose
gel

n. a.

PCR

recombinant
insert

PCR

recombinant
insert

mechanical treatment

PCR

recombinant
DNA
(Lactobacillus
curvatus)

thermal treatment:
80°C / 5 min

Ref.

n. a.

intact high molecular weight
DNA

(46)

grinding and milling

n. a.

no effect on average
molecular weight of isolated
DNA (approx. 20 kb)

(46)

mechanical treatment

n. a.

protective matrix

4,7

protective matrix

5

1322 bp amplicon
detectable for 9 weeks

Linseed leaves and dry
grains
Wheat leaves and
grains
Fresh wet sugar beet
pulp
Fresh ryegrass
Ryegrass silage

no food processing
DNA isolation only

Soybean leaves and
grains
Maize grains, leaves
and silage

Wheat grains

Soy milk
(Roundup Ready Soya)
Tofu
(Roundup Ready Soya)
Fermented sausage
(“Kochsalami”)

vinegar

storage

(152)

(152)

(298)

strong protection of DNA

The DNA double helices reversibly dissociate at temperatures between 60°C and 90°C into single
strands. Also, alkaline conditions (pH > 12) lead to reversible dsDNA denaturation. By the lowering
of temperature and/or pH complementary single DNA strands reassociate to double helix
conformations. Prolonged incubation at temperatures higher than 100°C leads to irreversible
disruption of the phosphodiester backbone. Acidic pH conditions induce DNA depurination and
subsequent strand cleavage (144).
Food sterilization by UV-light or ionizing radiation lead to pyrimidine dimers and to DNA double
strand breaks. Fragmentation of DNA might also occur through mechanical shear forces (3) or
enzymatic treatment with nucleases (144). Heat treatment affects normal and transgene DNA to
the same extent (141)

Notes:
1
2
3

Steps involved in the production of soy milk include grinding and boiling.
Tofu production involve grinding the soybeans and the precipitation of proteins with acids or CaCl2.
Corn masa is produced by alkaline boiling of corn and is the source for Mexican corn based foods like
tortillas, corn chips, taco shells etc.
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5.4.3.

DNA stability during food processing

In most cases processing decreases the stability and persistence of DNA in food substantially, and
in general less processed foods are more likely to contain intact genes (240). Exposure to high
temperatures, chemical or mechanical treatment usually lead to DNA degradation and all these
effects are additive (134, 152).
The most important parameters influencing DNA stability during food processing are described in
table 26:
Table 26: Parameters influencing DNA stability in food and other natural environments
Parameter

Relevance

Effect on DNA

Reference

Shear forces

varies according to the
extents of processing

double strand breaks in
phosphate backbone

(3, 45, 140, 175)

pH

extreme pH destructive, but
varies according to the
extents of processing

hydrolysis, strand breaks,
deamination

(14, 90) (140)

Temperature

temperature >95°C for longer
periods irreversible
denaturation

double strand breaks in
phosphate backbone

(83, 315) (14,
90)

Nucleases

potentially high in raw or
fermented products

single and double strand
breaks

(13) (144)

Protection

DNA adsorption to food, clay
or soil particles or protection
by cellulose cell walls prevent
enzymatic attacks

protection against shear
forces, enzymes and heat

(67, 101, 107,
185, 188, 238)

Exposure to shear forces, extreme pH and temperatures and nucleases led to random cleavage of
DNA, reducing the availability of intact genes which might be transferred to receptor bacteria in
their natural habitats (144). Studying the effects of food processing on DNA stability with oilseeds,
potatoes, maize and soya it could be shown that extreme heat (>95°C for prolonged periods) or
autoclaving led to DNA fragmentation, which made a retainment of DNA fragments large enough to
code for intact genes rather unlikely (see table 27) (45, 46, 152). But autoclaving certainly did not
break DNA down to monomer level (71). The average size of plant DNA in processed food was
shown to be below 1.1 kb (152). In polenta from Bt maize the amplicon for the CryIA(b) gene was
lost after 5 min of boiling at pH 2-3 and only the 211bp fragment remained detectable for a little
bit longer (see table 27) (140). Heat treatment of pork reduced the average DNA fragment size of
1100 bp to fragments of only 300 bp (83). The same effect was detected in heated tomato
products (144). No amplification of target DNA could be observed from highly processed foods like
refined oil (from Glycine max) or sugar (from Beta vulgaris) (153, 240).
DNA from genetically modified organisms used in the production process may be also substantially
stabilized by the food matrix (see table 25). In the case of fermented sausages, pH and the
processing temperature did not influence the detectability of the recombinant DNA target of the
bacterial starter culture, and free DNA was detectable even after prolonged storage (9 weeks),
although most of the recombinant DNA remained entrapped within the killed host bacteria (298).
Moreover, free DNA was protected from DNase I mediated degradation by the food matrix (298).
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Table 27:

DNA stability, food processing and matrix. Environmental conditions which
lead to DNA fragmentation
Conditions promoting DNA degradation

Source

Method

Bt maize
(polenta: cooked and
thickend maize flour)

Gene

Processing

pH

PCR

cry1A(b)

boiling,
vigorous stirring

Detection

Ref.

1914 bp
211 bp
1914 bp
211 bp
1914 bp
≤ 211 bp

≤ 15 min
> 105 min
≤ 60 min
> 105 min
no detection
≤ 10 min

(140)

n. a.

< 100 bp

5 min

(214)

1h

neutral
9.5
2-3
boiling in water for more than
5 min

Maize
(cornmeal)

PCR

GAPDH
invertase

Soymilk
(Roundup Ready Soya)

PCR

le1

boiling

n. a.

≤ 1100 bp

Tofu
(Roundup Ready Soya)

PCR

le1

boiling

acid

After an incubation of 10 min
substantial degradation to
shorter fragments

PCR

cry1A(b)

Bt176 maize
corn masa
(tortilla, chips)
Potato
Apriori

extrusion at high
temperatures and/high
torque settings

boiling for 20 min
lime

alkaline
11

≤ 585 bp

20 min

≤ 792 bp

1h

15 min

PCR

nptII

boiling for 1 h

alkaline

Corn grains

PCR

ribulose 1,5
bisphosphate
carboxylase
(small subunit)

dry heat: 90°C

n. a.

A 577 bp
amplicon is
detectable

Soya DNA
white bread

PCR

n. a.

thermal treatment

n. a.

amplicon length is reduced to
≤ 500 bp

(152)

(46)

(299)

However, DNA remained stable in silage and in animal feedstuffs like wet sugar beet pulp or cereal
grains as assessed by agarose gel electrophoresis (46).

Table 28:

DNA stability, food processing and matrix. Environmental conditions
leading to DNA decay
Conditions destroying DNA

Source
Sugar beet
(sugar refinement)

Method

Gene

PCR

BNYVV coat
protein CP21

aphA

Soya oil refinement

PCR

n. a.

Oilseed rape cake

DNA
degradation
monitored
on agarose
gel

n. a.

Corn grains

PCR

Rubisco
(small subunit)

Processing
multistep extraction

Maize gluten

PCR

Flaked maize

PCR

Maize gluten

PCR

Cornflakes

PCR

(small subunit)
Rubisco
(small subunit)
Rubisco
(small subunit)
Rubisco
(small subunit)

Ref.

substantial DNA degradation within
minutes

(153)

degumming

no DNA detectable

(119)

chemical extraction

substantial degradation,

mechanical treatment

highly fragmented DNA

dry heat: 94°C

no amplification of 577 bp amplicons
possible

70°-130°C/x100 min/
pH 6.4-12

thermal treatment
(pressurized steam; autoclaving)

Rubisco

Detection

drying at 100°C for 1 h

(46)
1,4 kb amplicon full degradation

no amplicons
full degradation

rolling at 100°C

thermal treatment

no amplicons
full degradation

thermal treatment

Rubisco: ribulose 1,5 bisphosphate carboxylase

97

(99)

Appendix A – DNA stability in natural environments

5.5.

DNA stability in soil and aquatic ecosystems

High-molecularweight DNA of mostly microbial origin is present in considerable amounts in natural
environments. When introduced into wastewater, seawater, freshwater, sediments or soil this DNA
is readily degraded at high initial rates (188). DNA including transgenes nevertheless may persist
in soil for considerable time periods (up to several years) and is, free or bound to mineral particles,
available for uptake by competent bacteria (63, 227).

5.5.1.

Soil

Agricultural use of transgenic plants will result in the accumulation of transgenic DNA in soil and
surface waters (63). However, long-term perturbations to soil processes have yet to be
demonstrated (271).
Soil is one of the most complex microbial habitats with a dominance of solid surfaces and spatial
and temporal fluctuations of aqueous and gaseous phases. It consists of solid particles, which are
conglomerates of minerals and organic polymers (humus), dispersed water, inorganic ions, low
molecular weight organic molecules and gases (195).
Exceptionally long periods of DNA persistence in soil of several years have been reported. But this
physical detectability (usually by PCR) may not necessarily correspond to an equally prolonged
“biological activity” (i.e. DNA which would still be taken up and be incorporated into the genomes
of competent bacteria). This discrepancy between DNA persistence and its biological activity in soil
must be realized when DNA stability in soil environments is discussed (247). There is a a clear
difference between the physical and the functional significance of chromosomal DNA in soil (226).
Although an impressive bulk of information concerning interactions between DNA and soil has
emerged over the past decade, there is only few quantitative data (e.g. copy number of
transgenes) available, which would substantially ease the assessment of the relevance of
transgenes in soil biospheres.
There is a scientific consensus that the degradation rate of ARM genes and naturally occuring plant
DNA is similar and that a minor proportion of ARM genes will get into contact with bacteria present
in soil and phytosphere (224).
Usually µg-quantities of DNA can be extracted from 10 gram of soil (311). Differentiation between
cellular and free DNA is no trivial problem (188) and there may be a considerable sampling bias as
experiments with phage lambda DNA showed only recovery rates of up to 6% when added to soil
(101).
Table 29:

DNA stability in soil (224) (modified).
Detection
methods

Period of
detection

Detected
elements

Source of DNA

Extraction of total DNA,
PCR

120 d

NOS, 35S
CaMV

Ground tobacco leaf tissue added to soil
microcosm (327)

Extraction of total DNA,
PCR

77-137 d

NOS, 35S
CaMV

Tobacco leaves added to soil, potato
litter on soil surface (326)

Selective plating,
extraction of total DNA,
PCR,
hybridization

365 d

aacI

Field sites with transgenic plants

Extraction of total DNA
PCR

90-180 d

nptII

Soil microcosms with purified transgenic
sugar beet DNA (108)

Selective plating,
extraction of total DNA,
PCR,
hybridization

730 d

nptII

Field sites with transgenic sugar beet
plants (107)

Natural transformation
assay

> 730 d

nptII

Stored soil sampled from a potato field,
various other plant species (60)

Natural transformation
assay

365 d

nptII

field sites with transgenic sugar beet
plants (198)
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DNA is released during decay of plant litter (107, 239), from plants during normal growth, by
dispersal of pollen (63), by active secretion from microorganisms or during decomposition of dying
cells (188).
Within cells and possibly in soil, DNA exists as a condensed coil (71) providing some additional
protection against degradation compared to linear DNA. In soil, high levels of endonucleolytic
DNase activity of mainly prokaryotic origin is present (26, 63). After an initial rapid decay, only a
few percent are retained from the original amount, persistence of DNA was observed for several
months (see table 6) (107, 264, 287). Transgenic DNA from decaying roots and leaves of poplar
trees was only detectable in soil for 4 months (124), but genetically modified DNA from plant litter
was recovered up to two years under field conditions (107, 239). Interestingly, 45% could be
identified as free recombinant DNA (198).
Not only was DNA in soil used as carrier for genetic information but also as nutritial substrate for
microorganisms (116).
The extended period of stability in soil could be explained that DNA was adsorbed to the surface of
mineral particles (quartz, feldspar, clay “montmorillonite” etc.) which reduced the efficacy of
DNases (151, 187). DNA was also bound by humic acids (188). Adsorption was highest under
acidic pH conditions (pH 1; 19 µg DNA/mg clay) and lowest at pH 9 (10 µg DNA/mg/ clay) (151).
Binding depended on the sufficient availability of mono- and divalent cations, which help to reduce
the electrostatic repulsion between an anionic polymer (=DNA) and the negatively charged
surfaces of clay and quartz (188). Clay-bound DNA was shown to be protected against increasing
concentrations of nuclease (67). Upon adsorption to minerals from groundwater aquifer related
samples, DNA stability was increased at least 1000 times compared to unbound DNA. Adsorbed
chromosomal and plasmid DNA were able to transform B. subtilis showing linear chromosomal DNA
be more effective in transformation assays than plasmid DNA (263). Adsorbed DNA was still
biologically active and could transform competent bacteria (shown for B. subtilis (151, 186),
Acinetobacter BD413 (41), P. stutzeri (189)). However, Demaneche et al. showed that those
fractions of clay-bound DNA which were protected against the attack of nucleases were not
available for transformation (67). DNA was also taken up from non-sterile soil by Acinetobacter
(231) and P. stutzeri (287). The presence of bacterial cell debris in soil did not inhibit a DNA
transfer from these dead organisms, but seemed even to protect their DNA from biological
inactivation (226). The observed, relatively short period of transforming activity (4 days in sterile,
8 h in non-sterile soil) contrasted the earlier reported, long-term stability of DNA (up to years)
(226).
Table 30:

Adsorption characteristics of linear double stranded DNA to soil minerals
(188), modified.

Mineral

Cation

Cation
concentration

pH

(min)

(M)
Quartz sand
Clay minerals

Na+, K+, NH4+
Mg2+, Ca2+
Na+
Mg2+, Ca2+

0.05–4
0.001–0,2
0.1–5
0.0005–0,2

Time for 50%
maximum adsorption

5-9

5.2–8.9

1-15

1-5

Capacity
µg of DNA/g mineral
19
64
<13 700
<45 000

Transgenic DNA was detected for up to one year in the surface levels of soil around flowering
plants and it was concluded that deposited pollen played a decisive role in persistence (198).
Recombinant DNA was frequently found in extracts from the rhizosphere, where roots from
transgenic plants might conserve genomic DNA for a considerable amount of time retaining
transforming activity for up to 4 years (60).
Soil contains a high number of microorganisms (up to 109/g soil) (71). Eventually, these bacteria
release DNA actively and, in combination with extra-cellular DNA from dead cells of microbial, plant
and animal origin, increase the overall DNA content in soil (38). Dense microbial populations are
associated with high DNase activities since these microorganisms secrete nucleases to metabolize
DNA for nutrient purposes. The concentration of high molecular weight chromosomal DNA is
continually reduced, but supercoiled plasmid DNA appears to be more resistant to degradation by
DNases (71). PCR quantifications showed a rapid initial decrease of plant DNA in soil, although
some DNA remained detectable for longer periods of time (326, 327). In decaying plant material
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vegetable nucleases continued to be active in soil for some time after cell death and could attack
DNA molecules in combination with excreted DNases from the surrounding microbial community
(171, 308). The interface between the decaying plant material and the soil matrix termed
“residuesphere” was described to be a hot spot for bacterial growth and gene transfer by
conjugation. Although most of the endogenous DNA of a decaying plant was degraded during this
process, sufficient amounts of DNA would be released potentially biologically active into the soil
(38). Although not clearly related to DNA stability, it was reported that the addition of organic
acids, amino acids, sugars and inorganic fertilizers stimulated transformation of Acinetobacter
BD413 in sterile soil. In non-sterile soil the transformation frequencies at least were only 10%
compared to the situation in sterile soil (228).
These observations indicate that a minor proportion of transgenic DNA, including antibiotic
resistance marker genes, from growing or decaying plants will remain intact for a sufficiently long
period and will be available for uptake by competent bacteria in the environment. The degradation
rate of transgenic DNA including ARM genes is considered to be equivalent to the disintegration
rate of normal plant DNA. The persistence of DNA encoding antibiotic resistance in soil is not a
safety concern beyond the potential for uptake, spread and horizontal transfer to pathogenic
bacteria (224).

5.5.2.

Water

In natural freshwater and seawater DNA half-life was estimated to be several hours. A correlation
with the trophic status of the aqueous environment was reported, showing lower DNA hydrolysis
rates in habitats with low bacterial counts or microorganisms under starving conditions (188).
Table 31:

Naturally occurring DNA concentrations in aqueous environments (modified
according to (188)).
Location

DNA concentration
(µg/liter)

estuarine

6–44

Marine water coastal

Freshwater

2-15

offshore

0.2–17

oligotrophic

0.5–3.2

eutrophic

1.1–25

swamp

7.8

sediment

1*)

*) µg/gram sediment
The isolation of free DNA from water was much easier than from soil. The recovery of spiked DNA
is depended on the sampling site and usually lay between 72% and 93% (188). In ocean water
most of the DNA was associated with detrital material or dissolved (up to 63%)(188). DNA
concentrations in deep-sea sediments were extremely high (0.3 g/m2 in the top cm layer; a total of
0.5 gigatons worldwide) and approximately 60% were free, extra cellular DNA. The residence time
of DNA was calculated to be approximately 9 years, but nevertheless a significant turnover rate
due to high DNase activities had to be expected (65, 66). DNA was released in a similar way and to
a similar extent by normal and genetically modified organisms in aquatic environments (188). DNA
might be conserved and stabilized in viable but non-culturable cells. These starving microorganisms
might be the source of intact extra-cellular DNA after long periods of storage (33).
DNA moved vertically along the capillary fringe of groundwater aquifers, but was degraded after 24
h. The marker gene (35S-nptII fragment) was only detectable in lower levels (39). This movement,
which was induced by capillary forces, indicates that extra-cellular DNA could be taken up by
microorganisms temporarily and separated spatially(247).
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5.6.

DNA stability in forage and silage

Plasmid DNA in silage effluent was degraded within seconds, and maize chromosomal DNA within
minutes, as observed with agarose gel electrophoresis (78). Heat-inactivated silage effluent had no
destabilizing effect on plasmid DNA (see table 32). These observations indicate substantial DNase
activities in this environment, efficiently destroying high molecular weight DNA.
Table 32:

DNA degradation in forage and sheep digestion fluids (78) (modified)
Environment

Source of DNA

Incubation

Result

plasmid DNA

1h

degradation

chromosomal DNA

1h

degradation

plasmid DNA

n. a.

n. a.

chromosomal DNA

within minutes

degradation

plasmid DNA

2h

intact

plasmid DNA

within seconds

degradation

chromosomal DNA

within minutes

degradation

plasmid DNA

2h

intact

chromosomal DNA

n. a.

n. a.

Ovine saliva

Rumen fluid

Rumen fluid
(heat-inactivated)

chromosomal DNA

Silage effluent

Silage effluent
(heat-inactivated)

n. a.

no data available

PCR amplification showed detectability of amplicons specific for beta lactamase up to an incubation
period of 30 min in silage effluent. The full-length gene amplicon of the transgene in genetically
modified maize was only detectable for 5 min, whereas a nad5 specific amplicon deriving from
genomic DNA was again detectable for 30 min. These data were supported by results obtained
from transformation assays with plasmid DNA incubated in silage effluent for increasing time
periods: pUC18 DNA lost its biological activity completely after incubation for more than 1 min (see
table 10). In conclusion, silage provides conditions which do not support DNA integrity.
Table 33:

Survival time of target DNA estimated by PCR amplification (78) (modified)
PCR

Environment

bla

Source of DNA

size (bp)

cry1A(b)
survival
(min)

size (bp)

nad5

survival
(min)

size (bp)

survival
(min)

plasmid DNA

350/684

30

n. a.

n. a.

n. a.

n. a.

chromosomal DNA

350/684

30

1914

5

850 bp

30

Silage effluent

n. a.

no data available

If transgenic plants were directly fed to animals without previous processing, DNA would be
released during digestion (see section on DNA stability in the gastrointestinal tract).

101

Appendix A – DNA stability in natural environments

5.7. DNA stability in the gastrointestinal tract
Most extra-cellular DNA was substantially degraded in the gastrointestinal tract by nucleases,
which were secreted from both the digestive system itself and the endogenous intestinal bacterial
community (224). However, fragments of food ingested DNA were detectable throughout all
intestinal compartments and in the feces of all surveyed species. In some mammalian systems,
biologically relevant DNA fragments of more than 1 kb were reported (224). The rate of detection
in the various gut departments roughly correlated with the cellular copy number of the
corresponding gene. Thus, fragments from high copy number genes (e.g. chloroplast specific genes
with up to 1000 copies per chloroplast) were nearly universally detectable, whereas low copy
number nuclear genes showed varying and generally lower detection rates. Despite an everincreasing amount of information about DNA stability in various digestive systems, a majority of all
relevant studies do not deal with the exact copy number of the detected gene fragments, although
this would be one of the crucial parameters helping to seriously assess the risk potential for the
transfer of transgenes. Still, the exact environmental conditions which permit persistence of intact
DNA in the digestive system remain to be largely undetermined. Another drawback of many studies
is their reliance on test systems built on purified DNA, although most of the food ingested DNA may
well be associated with particulate material and/or proteins during its passage through the
gastrointestinal tract (224).
There are distinct differences between the DNA degradation rates in such diverse habitats as the
avian gut, the ovine rumen or the mammalian gastrointestinal tract, allowing no generalized
conclusions about stability of DNA in digestive systems. Each risk assessment will have to deal on a
case-by-case scenario with the peculiarities of the exposed GI tracts.
However, normal plant and antibiotic resistance encoding (transgene) DNA are degraded to a
similar extent in each respective digestive system.

5.7.1.

Sheep

Chromosomal DNA encoding a beta lactamase resistance gene was stable up to 24 h when
incubated in ovine saliva (see table 34). A near full length (1947 bp) cry1A(b) transgene was still
amplifiable after 1 h of incubation. Transfers of the same DNA constructs into ovine rumen fluid
resulted in almost instant disintegration (see table 34).
Table 34:

Survival time of target DNA estimated by PCR amplification (78) (modified).
PCR

Environment

Source of DNA

bla
size (bp)

cry1A(b)

survival

size (bp)

nad5

survival

size (bp)

survival

plasmid DNA

350/684

2h

n. a.

n. a.

n. a.

n. a.

chromosomal DNA

350/684

24 h

1914

1h

850 bp

1h

plasmid DNA

350

30 min

n. a.

n. a.

n. a.

n. a.

chromosomal DNA

350

1 min

1914

0 min

850 bp

1 min

Ovine saliva

Rumen fluid
bla
cry1A(b)
nad5
n. a.

TEM-1 beta lactamase; ampicillin resistance gene
insecticidal protein of Bacillus thuringiensis; lepidopteran-specific
NADH dehydrogenase subunit 5; mitochondrial
no data available

In the presence of ovine ruminal fluid, DNA was almost instantly degraded and bla, cry1A(b), and
nad5 amplicons were only detectable for a maximum incubation period of 1 min (5, 79). However,
recombinant DNA had been amplified from ruminal and duodenal digesta indicating that
degradation was not complete (79, 246). Sharma et al. investigated the fate of DNA in digesta
samples from the rumen, abomasum and the large intestine of sheep. They could show that a large
fragment of a high copy number chloroplast gene sequence deriving from Roundup Ready canola
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feed was present in all compartments of the digestive system in all tested samples (see table 35).
Fragments of the low copy number ribulose bisphosphate carboxylase gene showed varying
detection frequencies, but the short version of this fragment was detectable in more than 80% of
the abomasal digesta samples (range: 18 - 82%). The c4 epsps transgene was readily degraded in
the rumen, but was still detectable at a remarkable 64% in the large intestine (see table 35).
Table 35:

PCR detection frequency of various DNA amplicons in ovine digesta
samples (280) modified. (sample size: n = 11)
Target DNA charactreristics
Amplicon

Endogenous
plant DNA

Transgenic
DNA

Rubisco SF, LF
C4 epsps

5.7.2.

GI compartment

amplicons
length

gene copy
number

rumen

abomasum

large
intestine

Rubisco SF

186 bp

low

36%

82%

73%

Rubisco LF

540 bp

low

36%

18%

45%

Chloroplast

520 bp

high

100%

100%

100%

179 bp

low

9%

18%

55%

270 bp

low

9%

18%

27%

278 bp

low

36%

36%

64%

420 bp

low

18%

18%

64%

527 bp

low

18%

45%

55%

C4 epsps

Ribulose-1,5-bisphosphatecarboxylase short fragment, large fragment
5-enolpyruvylshikimate-3-phosphate synthase; glyphosate resistance

Pig

In a recent study Sharma et al. could confirm that endogenous and transgenic DNA fragments from
diets containing Roundup Ready canola did survive the way to the terminal gastrointestinal tract of
pigs (280). A clear correlation between amplicon size and copy number of the corresponding gene
and the frequency of detection in digesta samples could be established. A relatively large gene
fragment (520 bp) originating from chloroplast DNA could be amplified in all samples (see table
36). The detection of the large fragment of the chromosomal ribulose bisphophate carboxylase
gene was only possible in, approximately, one half of the tested samples, whereas the short
fragment was present in more than 80%. Detection rates for transgene epsps fragments were
generally lower, but peaked at 75% with a 278 bp amplicon. The presence of the entire epsps
transgene could not be established. There was no evidence for a different processing of transgenic
and endogenous DNA from food ingested genetic material in the porcine gut (280).
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Table 36:

Detection frequency of various DNA amplicons in porcine digesta
samples (280) modified. (sample size: n = 36)
Amplicon

Amplicon Gene copy
length
number

(source)
Endogenous
plant DNA

Transgenic
DNA

Cecum
(digesta samples)

Rubisco SF

186 bp

low

81%

Rubisco LF

540 bp

low

56%

Chloroplast

520 bp

high

100%

179 bp

low

61%

270 bp

low

33%

278 bp

low

75%

420 bp

low

64%

527 bp

low

39%

C4 epsps

Rubisco SF, LF Ribulose-1,5-bisphosphatecarboxylase short fragment, large fragment
C4 epsps
5-enolpyruvylshikimate-3-phosphate synthase; glyphosate resistance
Using a short chloroplast specific PCR amplicon, a time dependent degradation pattern in various
porcine gastrointestinal fluids was demonstrated (154). The 199 bp DNA fragment was clearly
detectable in stomach juice for 6 h after the last feeding with normal or Bt-maize, and for 8 h in
duodenal fluid (see table 37). Passage through the jejunum was critical for DNA integrity since the
amplicon was only amplifiable for 2 h, whereas the ileum provided somehow smoother
environmental conditions. Weak PCR signals were detectable in all gastrointestinal compartments
for 12 h. A Bt-maize specific cry1a fragment could not be amplified, possibly due to its low copy
number. No data about the detected copy number retrieved from these gastrointestinal
compartments were presented. The authors concluded, “It appears improbable to have a significant
transfer or survival of whole functional genes of more than 500 bp in the porcine gastrointestinal
tract.” (154).
Table 37:

Time dependent DNA degradation in the porcine gastrointestinal tract.
Detection of a chloroplast-specific 199 bp amplicon (154) (modified).

Compartment

Time after last feeding
2h

4h

6h

8h

12 h

Stomach juice

+

+

+

(+)

(+)

Duodenum

+

+

+

+

(+)

Jejunum

+

(+)

(+)

(+)

(+)

Ileum

+

+

(+)

(+)

(+)

(+)………weak signal
5.7.3. Mice and rats
In mice, fragments of ingested M13 bacteriophage and plasmid DNA were shown to survive the
passage through the gastrointestinal tract. The fragment sizes found in feces 1-7 h after feeding
were between 100–400 bp (with rare fragments up to 1700 bp) (276-278). However, 95% of the
ingested DNA was hydrolyzed after passing the duodenum and only 1 –2 % of the orally ingested
DNA persists transiently (144). In gnotobiotic rats, food DNA might persist in the lower GI tract
and might be available for uptake by intestinal bacteria (329).
Persistence of DNA in the stomach of rats was longer than expected and DNA within plant cells
showed a significant improvement of stability compared to naked DNA (137, 329). This observation
indicates that chromosomal plant DNA is not preferentially released in the stomach, and that the
gastrointestinal compartments following the stomach are of crucial relevance concerning DNA
stability. Plant cells were predominantly lysed in the small intestine. Consequently, the highest DNA
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degradation rates were found in the duodenal and jejunal compartments, without showing any
differences in the degradation rates between naked plant DNA and plant DNA within a cellular
envelope (194, 329).
Table 38:

Persistence of maize flour DNA in intestinal samples from germ-free rats
and rats associated with a human fecal flora (maize invertase gene amplicons)
(329) (modified).
Incubation

Intestinal sample

amplicon size

stomach

duodenum

Small intestine

jejunum

ileum

caecum
Lower GI tract
colon

+++:
++:
+:
-:

1h

6h

117 bp

+

+

213 bp

+++

+

321 bp

++

+

444 bp

++

+

117 bp

+

-

213 bp

+

-

321 bp

+

-

444 bp

-

-

117 bp

+

-

213 bp

+

-

321 bp

-

-

444 bp

-

-

117 bp

+

-

213 bp

++

-

321 bp

+

-

444 bp

+

-

117 bp

+

+

213 bp

+++

+

321 bp

+++

-

444 bp

++

-

117 bp

+

+

213 bp

+++

+

321 bp

+++

-

444 bp

+++

-

strong signal
medium signal
weak signal
no amplicon

In cecum and colon luminal samples, DNA degradation was markedly retarded leading to detection
periods of up to 22 h, whereas in mucous samples from the cecum DNA survived for 1 h only. An
interesting finding was that bacterial nucleases seemed to play only a negligible role compared to
GI tract endogenous DNases, since there were hardly any differences in DNA disintegration rates
between germ-free rats and rats associated with a human flora (329).
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Table 39:

DNA persistence in various intestinal fluids retrieved from rats monoassociated with E. coli AW200 (329) (modified).
DNA was extracted from GM potato tubers and incubated for the indicated periods
in various intestinal fluids collected from the GI tract of rats: the maximum
achievable amplicon size from the GBSS gene is indicated below.

Intestinal
sample

Incubation
0 min

5 min

10 min

20 min

1h

3h

19 h

43 h

Stomach

917 bp

218 bp

218 bp

218 bp

218 bp

-

-

-

Duodenum

420 bp

-

-

-

-

-

-

-

Ileum

-

-

-

-

-

-

-

-

Cecum

917 bp

917 bp

917 bp

917 bp

917 bp

917 bp

917 bp

917 bp

Colon

917 bp

420 bp

917 bp

420 bp

218 bp

-

-

-

In concordance with other animal models chloroplast specific DNA (representing high copy number
genes) could be found throughout the whole rodent gastrointestinal tract (see table 40).
Table 40:

Detection of maize flour DNA after a 3-day feeding period in different
intestinal samples from germ-free rats and rats associated with a human fecal
flora (329).
Intestinal
sample

Invertase

Chloroplast

gene-specific amplicons

gene-specific amplicons

Stomach

+

+

Duodenum

+

+

Jejunum

-

+

Ileum

-

+

Cecum

-

+

Colon

-

+

Faeces

-

+

Orally administered plasmid DNA re-isolated from diverse gastrointestinal compartments retained
biological activity as shown in transformation assays (329). No plasmid DNA could be retrieved
from animal feces (see table 41).
Table 41: Plasmid DNA persistence in the GI tract of rats after a 2 to 3-week feeding
period. Most abundant largest detectable fragment size retrieved from 8 animals (329)
(modified).
B. subtilis mono-associated rats

E. coli mono-associated rats

(3 week plasmid feeding)

(2 week plasmid feeding)

Stomach

421 bp

414 bp

Duodenum

118 bp

414 bp

Ileum

924 bp

414 bp

Cecum

924 bp

-

Colon

924 bp

-

-

-

Intestinal sample

Faeces
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5.7.4.

Human gastrointestinal tract

In vitro studies in human saliva showed a plasmid DNA half-life of 50 s (200). It was anticipated
that in vivo disintegration would yet be more rapid (201).
In human intestinal simulations, it was shown that transgene DNA from GM soya and maize was
able to survive the passage through the human small intestine (194).
DNA purified from genetically modified soya (Roundup Ready) or maize (Bt Maximizer maize) was
readily disintegrated in gastric and small bowel simulations (194). In gastric simulations 80% of
the introduced naked DNA were immediately degraded (194). DNA depurination induced by the
acidic environmental conditions was assumed to be the cause. If intact soya or maize was
incubated, no degradation of the transgene was detected. Possibly, the DNA was protected against
acidic conditions while kept within intact plant cells, or by association with proteins or particulate
material providing a buffering effect for protons. These observations were in accordance with data
obtained from experiments in the digestive system of rats (329). 34% of naked DNA remained
intact after an incubation of 30 min in a small intestine simulation. Interestingly, a similar
degradation rate was obvious in intact soy which was used in the experiment, too. After 3 h only
3% of the initial amount of DNA was detectable. The situation was different for maize DNA
associated with protein. 85% of the original amount of DNA was lost within 30 min. After 3 h of
incubation only 0.5% of the DNA were left. Addition of guar gum or tannic acid led to a reduced
degradation of naked soya DNA (194). Target genes and amplicon size used in this study are
summarized in table 42.
Table 42:

PCR detection in human intestinal simulation: target genes (194)

Source

Target gene

Amplicon size

Maize

cry1A(b)

1940 bp

cry1A(b)

151 bp

C4 epsps

509 bp

E35S promoter epsps

180 bp

Soya

Application

qPCR

qPCR

qPCR:……………quantitative polymerase chain reaction

Since many vegetables and plants are consumed raw or without extensive prior processing the
gastrointestinal compartments following the stomach are of crucial relevance concerning DNA
stability (329).
In an in vivo model system using ileostomists, it was shown that transgene DNA was able to
survive conditions of the human small intestine (220). However, it was reported that all transgenic
DNA was degraded within the colon (220).
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6.

Appendix B

6.1.

CALCULATING THE LEVEL OF RISK

THE ERMA New Zealand qualitative scales for describing adverse
effects (89).
6.1.1.

Qualitative risk assessment

Estimating the magnitude of the possible effects and the likelihood of their occurrence assesses
risks and benefits. For each effect, the combination of these two components determines the level
of that effect, which is a two-dimensional concept. Risk assessment may be qualitative or
quantitative. Qualitative assessment is informed by quantitative data where this is available.
Qualitative matrices are used to prioritize risks (and benefits), and to identify any risks that are
unacceptable. The measure of the level of risk (combination of magnitude and likelihood) is specific
to the application, therefore measures of level of risk should not be compared between
applications. However, the measures (descriptors) for different types of risk (human health,
ecological etc.) should be established so that they represent relative orders of magnitude.
6.1.1.1.

Magnitude of effect

The magnitude must be a measure of the endpoint (specified by the Act and the Methodology), and
is described in terms of the element that might be affected. The magnitude of the effect is not the
same as the effect itself. The qualitative descriptors for magnitude of effect are surrogate measures
that should be used to gauge the end effect or the ‘what if’ element.
Table 1 contains generic descriptors for magnitude of adverse effects (risks and costs). These
descriptors are examples only, and their generic nature means that it may be difficult to use them
in some particular circumstances. They are included here simply to illustrate how qualitative tables
may be used to represent levels of risk.
6.1.1.2.

Likelihood of effect occurring

Likelihood in this context applies to the composite likelihood of the end effect, and not either to the
initiating event, or any one of the intermediary events. It includes:
• the concept of an initiating event (triggering the hazard); and
• the exposure pathway that links the source (hazard) and the area of impact (public
health, environment, economy, or community).
The likelihood term applies specifically to the resulting effect or the final event in the chain, and will
be a combination of the likelihood of the initiating event and several intermediary likelihoods
(Qualitative event tree analysis may be a useful way of ensuring that all aspects are included). The
frequency or probability solely of the initial incident or hazard event should not be used (as it
sometimes is in the safety discipline).
The best way to determine the likelihood is to specify and analyze the complete pathway of the
“chain of events” from source to the final environmental impact or effect. Each event in the chain is
dependent upon the previous event occurring in the first place (see pp. 38-44, tables 5-7).
Likelihood may be expressed as a frequency or a probability. While frequency is often expressed as
a number of events within a given time period, it may also be expressed as the number of events
per head of (exposed) population. As a probability, the likelihood is dimensionless and refers to the
number of events of interest divided by the total number of events (range 0-1).
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Table 43: Magnitude of adverse effect
Descriptor

Magnitude of adverse effect
•

Mild reversible short-term adverse health effects to individuals in
highly localized area

•

Highly localized and contained environmental impact, affecting a few
(less than 10) individual members of communities of flora or fauna, no
discernible ecosystem impact

•

Low dollar cost of containment/cleanup/repair (<$5,000)

•

No social disruption1)

•

Mild reversible short-term adverse health effects to identified and
isolated groups2)

•

Localized and contained reversible environmental impact, some local
plant or animal communities temporarily damaged, no discernible
ecosystem impact or species damage

•

Dollar cost of containment/cleanup/repair in order of $5,000-$50,0003)

•

Potential social disruption (community placed on alert)

•

Minor irreversible health effects to individuals and/or reversible
medium-term adverse health effects to larger (but surrounding)
community (requiring hospitalization)

•

Measurable long-term damage to local plant and animal communities,
but no obvious spread beyond defined boundaries, medium-term
individual ecosystem damage, no species damage

•

Dollar cost of containment/cleanup/repair in order of $50,000$500,000,

•

Some social disruption (eg people delayed)

•

Significant irreversible adverse health effects affecting individuals and
requiring hospitalisation and/or reversible adverse health effects
reaching beyond the immediate community

•

Long-term/irreversible damage to localised ecosystem, but no species
loss

•

Dollar cost of containment/cleanup/repair in order of $500,000$5,000,000

•

Social disruption to surrounding community, including some
evacuations

•

Significant irreversible adverse health effects reaching beyond the
immediate community, and/or deaths

•

Extensive irreversible ecosystem damage, including species loss

•

Dollar cost of containment/cleanup/repair greater than $5,000,000

•

Major social disruption with entire surrounding area evacuated and
impacts on wider community.

Minimal

Minor

Moderate

Major

Massive

1)

The concept of social disruption includes both physical disruption, and perceptions leading to
psychological disruption. For example, some chemicals may have nuisance effects (through odor)
that result in communities feeling threatened.
2)

Note that the reference to ‘groups’ and ‘communities’ in the context of human health effects
includes the notion of groups defined by health status.
3)

The economic effects category has been given a surrogate magnitude. This is for demonstration
as a means of illustrating the type of magnitudes that might be encountered.
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Table 44:

Likelihood for adverse effect

Qualitative
Scale

Descriptor

Description

1

Highly improbable

Almost certainly not occurring, but cannot be totally
ruled out

2

Improbable (remote)

Only occurring in very exceptional circumstances

3

Very unlikely

Considered only to occur in very unusual circumstances

4

Unlikely (occasional)

Could occur, but is not expected to occur under normal
operating conditions

5

Likely

A good chance that it may occur under normal operating
conditions

6

Very likely

Expected to occur if all conditions met

7

Extremely likely

Almost certain

Table 44 provides an example of a set of generic likelihood descriptors for adverse effects. Note
that when estimating these likelihoods, the impact of default controls should be taken into account.
The table is not symmetrical. This is to allow for classification of very low probability adverse
effects.
In practical terms, where the exposure pathway is complex, it may be conceptually difficult to
condense all the information into a single likelihood. For any risk where the likelihood is other than
“highly improbable” or “improbable”, then an analysis of the pathway should include identifying the
“critical points”: the aspects that are the most vulnerable, and the elements where controls might
be used to “cut” the pathway (see pages 38-44; table 8).
6.1.1.3.

Calculating the level of risk

Using these qualitative descriptors for magnitude of effect and likelihood of the event occurring, an
additional two-way table representing a level of risk (combined likelihood and measure of effect)
can be constructed as shown in table 45, where six levels of effect are allocated: A, B, C, D, E and
F. These terms have been used to emphasize that the matrix is a device for determining which
risks require further analysis to determine their significance in the decision making process.
Avoiding labels such as “low”, “medium”, and “high” removes the aspect of perception.
The lowest level (A) may be deemed to be equivalent to “insignificant”. In this table “A” is given to
three combinations; minimal impact and an occurrence of improbable or highly improbable, and
minor impact with a highly improbable occurrence. In some cases where there is high uncertainty it
may be preferable to split this category into A1 and A2, where only A1 is deemed to equate as
insignificant.
For negative effects, the levels are used to show how risks can be reduced by the application of
additional controls. Where the table is used for positive effects it may also be possible for controls
to be applied to ensure that a particular level of benefit is achieved, but this is not a common
approach.
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Table 45:

Calculating the level of risk
Magnitude of effect

Likelihood

Minimal

Minor

Moderate

Major

Massive

Highly
improbable

A

A

B

C

D

Improbable

A

B

C

D

E

Very unlikely

B

C

D

E

E

Unlikely

C

D

E

E

F

Likely

D

E

E

F

F

Very likely

E

E

F

F

G

Extremely
likely

E

F

F

G

G

The table presented here is symmetrical around an axis from highly improbable and minimal to
massive and extremely likely. However, this will not necessarily be the case in all applications.
6.1.1.4.

Impact of uncertainty in estimates

Uncertainty may be taken into account in two ways. Firstly, when describing a risk a range of
descriptors may be used. For example, a risk may be allocated a range of very unlikely –
improbable, and minor – major. This would put the range of the risk as B through E.
Alternatively, the level of risk may be adjusted after it has been estimated on the grounds of
uncertainty.
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7.

Appendix C

7.1. ALTERNATIVES TO THE ARM
7.1.1.

GENE TECHNOLOGY IN

GMOS

Basic issues

The European legislation requires the phasing out of ARM genes in transgenic crops intended for
marketing by the end of 2004 and for GMOs used for deliberate releases in field trials by 2008 (1).
Moreover, in the public debate the reception of transgenic plants containing antibiotic resistance
genes is conflicting (159). Therefore, it was supposed that efforts should be made to develop
strategies to either:
1
2

replace antibiotic resistance marker genes by other selectable markers or
to excise or inactivate the respective marker genes from the genome of transgenic
organism before marketing.

In the meantime, there are some ARM gene alternatives available, but these newly developed
systems bear novel problems:
1
2
3
4

7.1.2.

They are less cost-efficient compared to the well-established ARM gene technology.
Some are insufficiently robust, need technological fine-tuning and are not ready for
commercial use.
Some are not freely available to the scientific community (restricted access due to
patenting and licensing)
They bear new intrinsic risks requiring completely new risk assessment procedures
(159)

New plant transformation systems

The efficiency of the initial genetic modification process (= plant transformation with transgene)
determines to a large extent the overall resource requirements for obtaining a transgenic plant fit
for commercialization.
The success of the establishment of new transformation systems depends on the following
parameters:
1. Maturity (i.e. stability) of the new method:
Changing a well-known and stable method for a less robust procedure is not
recommended if the standard method is supposed to be safe.
2. Resource intensity for research and development:
The resource intensity is essentially limited by the efficiency of the method used for
the transformation of the plant cells. The more efficient the initial transformation
event, the less resources would have to be allocated to the subsequent screening
process for the plant with the desired trait. This screening process comprises of
three steps:
1
2

The transgenic inserts are characterized and those plant cell lines that
contain only 1 copy of the recombinant DNA are selected.
That cell line that shows a stable expression of the trait will be selected and
tested for genetic modifications which may lead to adverse effects on
human health or the environment.

This presented scheme for the development of a commercially useful, transgenic plant may take up
to 10 years (159).
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3. Accessibility of the new technology:
Accessibility of the new technology is largely determined by the patent situation
and may be a substantial drawback for academic research, small companies and
developing countries (114)

7.1.3.

Assessment of costs of ARM gene alternatives

The resource intensity of the transformation process can be estimated by establishing the number
of those cell lines which have to be checked at each stage of the product development process.
This allows direct extrapolation of material and labor costs. The efficiency and the resource
intensity of different transformation technologies may be assessed by comparison to a wellestablished method (i.e. nptII technology) under identical conditions. Several selectable markers
compromise the efficiency of transformation. Methods for excision of these marker genes are likely
to require additional screening and breeding steps. All these considerations directly affect the
competitiveness of the involved company or academic research group. Accessibility to this new
technology is largely determined by the patent situation, and may be a substantial drawback for
academic research, small companies and developing countries (114). It may add substantially to
the costs of the new technology and is a major criterion for the choice of the new transformation
technology.
Maturity and stability of the new methodology, resource intensity and accessibility to the
technology have to be evaluated periodically because these parameters may be changing during
the course of time.

7.1.4.

Selectable markers and marker elimination methods
under the aspect of regulatory and market acceptance

Policy makers in the United Kingdom, the European Commission and the United Nations Food and
Agricultural Organisation/WHO stress the importance for reducing the amount of novel recombinant
DNA in transgenic organisms to an absolute minimum. The application of marker excision
technology is encouraged. However, the resulting requirements for research efforts are challenging
and have not been considered properly (159).
7.1.4.1.

Selection markers

For the choice of an appropriate selection marker basically two options are available:
1
2

cytotoxic (= negative) selection markers; and
metabolic (= positive) markers

7.1.4.1.1. Negative Selection markers
Negative selection markers mediate resistance against cytotoxins, which either inhibit growth of
non-transformed cells or kill plant cells directly. At present, selectable markers are employed which
usually confer resistance to antibiotics or herbicides.
7.1.4.1.1.1. Kanamycin resistance: nptII gene
The most abundantly used selection marker system is based upon the bacterial nptII gene which
confers resistance mainly to kanamycin and neomycin. The technology is proficient, mature and
cost-efficient. Reproducible protocols for successful transformation of a wide array of different
agricultural crops are available. The patent for the nptII coding region (including the appropriate
control elements) has never been extended to developing countries and will expire in the near
future (159, 260). The Competent Authorities responsible for the approval of transgenic plants are
familiar with the technology. A vast array of transgenic plants (Flavr Savr tomato, virus-resistant
papaya, insect-resistant potatoes, maize and cotton etc.) relying on this marker system has been
approved for marketing in several countries (USA, Argentina, Canada, EC, Mexico, South Africa,
United Kingdom). However, presence of the superfluous nptII gene in adult transgenic plants
exacerbates the risk assessment, although the safety assessment of recombinant DNA, nptII gene
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and protein enzyme is not associated with significant uncertainties. NptII is carried by a fraction of
gut bacteria, and thus human beings may have already been exposed to this protein for a certain
period of time without producing obviously deleterious effects (288). The enzyme was highly
substrate-specific and did not inactivate sufficiently clinically relevant aminoglycosides like
amikacin, and does not interfere with plant metabolism. The NPTII protein is easily degraded in the
mammalian gastrointestinal tract and produced no toxic reactions if overdosed 5000 times in a
mouse model (103, 159).
The focus on criticism lies on the fact that nptII genes, if transferred to pathogenic bacteria, have
the potential to interfere with antibiotic chemotherapy leading to reduced treatment options for
curing infectious diseases. For a serious risk assessment following issues should be considered:
1
2

The relative abundance of the same or similar resistance genes in naturally
occurring bacterial populations.
The clinical relevance of the inactivated aminoglycoside.

NptII was originally isolated from human gut bacteria. Cultivation and ingestion of crops containing
the nptII gene should not influence the frequency of this resistance determinant because this trait
is already endogenously present and readily disseminated within bacterial populations. The
frequency of horizontal gene transfer between bacteria is orders of magnitude higher than the
likelihood for an uptake of nptII from transgenic plants by soil or gut bacteria.
According to Konig et al., kanamycin and neomycin are nowadays clinically relatively irrelevant due
to their toxicity and a high prevalence of resistant strains. In clinical practice they have been
replaced by less toxic compounds (159).
Completely different is the situation for the relatively similar nptIII gene, which inactivates
amikacin. NptIII is to be avoided as a selectable marker in transgenic plants (84).
However, European legislation has determined a phasing out of ARM gene technology which also
encompasses nptII. Additionally, market acceptance of nptII is severely compromised, although
this technology is robust, stable, cost-efficient and easily accessible (159).
7.1.4.1.1.2. Herbicide tolerance
In maize the application of the glyophosate tolerance system is less efficient than the utilization of
the nptII marker technology. However, herbicide tolerance is a mature technology. Safety aspects
are easily assessed. Patent owners are usually companies which produce the herbicide. Thus,
accessibility to this system is limited or expensive (159).
Herbicide resistance in plants is not always a desired trait. Regulatory and market acceptance may
be the case under certain circumstances. For instance, in Western Europe, glyphosate is used to
control potato volunteers, thus herbicide resistance in potato plants is not desired. Moreover,
farmers could be seduced to apply herbicides without authorization (159).
7.1.4.1.2.

Positive metabolic markers

Positive selection markers allow transformed plant cells to grow on exotic growth media (unusual
carbon sources) which do not support the growth of unmodified cells, or produce precursors for
growth hormones that allow only the growth of transformed cells. The most important
representative of the marker class and closest to marketing is the enzyme phosphomannose
isomerase. Transformation frequencies are ten times higher compared to the nptII system in
maize. However, this methodology cannot be regarded as mature because successful
transformation protocols are only available for maize and sugar beet. Accessibility is restricted via
patenting and the Competent Authorities have no experience with this new system. This will
presumably lead to delays during the notification and the approval process. Interference with the
normal plant metabolism, resulting in pleiotropic effects, may be envisioned. Potential adverse
effects on the ecosystem due to plants which show a phenotypic growth advantage, compared to
their wild type counter parts, have to be considered. In summary, all these issues do not suggest
that positive metabolic markers are an equal alternative to the nptII technology (159).
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7.1.4.2

Selectable marker elimination

Marker elimination methods provide, besides an increased regulatory and market acceptance, the
additional advantage for a repeated transformation of the same cell line, allowing the introduction
of multiple transgenic traits by using the same marker gene.
For the removal of antibiotic or herbicide resistance marker genes the following three
methodologies may be applied:
3
4
5
7.1.4.2.1.

Co-transformation
Excision by homologous recombination
Recombinase induced excision
Co-transformation

Modified protocols for plant cell transformation with Agrobacterium tumefaciens result in the
integration of the selectable marker and the transgene into two different genomic loci,
preferentially into two different chromosomes. This constellation allows segregation of the two loci
by breeding, resulting in a cell line which has lost the resistance marker, but still contains the
desired transgene. The technology is considered mature and efficient (up to 25% of all cotransformed cell lines show marker segregation), but screening becomes more tedious and costly
because four times more cell lines have to be checked. Patents restrict accessibility to this
technology. However, no regulatory or market acceptance concerns are to be expected for
transgenic plants engineered by co-transformation because functionally irrelevant marker gene
sequences are clearly separated from the new transgenic trait, and do not appear anymore in the
adult plant (159).
7.1.4.2.2.

Homologous recombination

Due to homologous recombination between identical DNA sequences flanking a central region, this
central DNA fragment can be excised. However the naturally occurring recombination frequencies
in plants are rather disappointing and the whole process is difficult to control. The technique, at
this stage, is not yet considered mature , but may be promising for future applications (159).
7.1.4.2.3.

Recombinase induced excision

The recombinase enzyme cuts two short DNA recognition sequences and ligates the free ends after
the elimination of the DNA sequence positioned in between. The Cre/lox system from
bacteriophage P1 is predominantly used in plants relying on three different strategies:
1
2
3

Autoexcision
Transient transfer
Outbreeding with Cre carrying plant cell line

7.1.4.2.3.1. Autoexcision
The marker gene flanked by two lox-sequences is co-transformed with the cre gene. The
expression of the cre gene is regulated either tissue-specific, growth phase dependent or by an
inducible promoter. This is rather a new technology and complicated during execution. The
transformation efficiency is too low for commercial application. Patents limit accessibility.
Difficulties during the approval process may be expected because the Competent Authorities are
not familiar with this new technology. Moreover, it is not clear which methods should be applied for
the risk assessment because Cre/lox may induce unintended recombinations within the plant
genome. These unsolved problems may support opponents of the technology, which make market
acceptance more complicated (159).
7.1.4.2.3.2. Transient transfer
Transiently the CRE-Protein is directly transferred into the targeted plant cell via microinjection.
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7.1.4.2.3.3. Outbreeding with Cre carrying plant cell line
During the generation F1, plants were created which carry both the cre-sequences and the
transgene. In generation F2, out-crossing will eliminate the cre-sequences. A single lox insertion
site and the transgene will remain in the plant genome. This technology is mature and can be
applied in many plants of commercial interest. However, it is certainly more resource consuming
and less cost efficient than the nptII marker gene system (159).
7.1.4.3

Effects of the introduction of selectable marker elimination methods

In the following paragraphs, positive and negative aspects of an implementation of selectable
marker elimination methods, and some regulatory issues concerning approval and market
acceptance, will be discussed.
7.1.4.3.1. Positive aspects of selectable marker elimination
The major advantages of this new technology basically would be the:
1
2
3
4

elimination of gene sequences irrelevant for the adult plant or organism.
minimization of the input of foreign recombinant DNA into the plant genome.
possibility to re-transform the same transgenic cell line with the same marker gene
for the introduction of additional desired transgenic traits.
reduction of the possibility for gene silencing, which may take place if one or more
identical regulatory or coding regions are present in the targeted genome.

The first two issues would ease risk assessment, notification and approval process, and would
significantly increase market acceptance. The last issues cause experimental and technical
concerns because they would substantially increase the possibilities for manipulation of plant cell
lines (159).
7.1.4.3.2. Negative aspects of selectable marker elimination
The major disadvantages of this new technology basically would be the:
1
2
3
4

cost-efficiency of the presented alternative technologies compared to the
established systems (= nptII).
novel, intrinsic risks, which may have effects on regulatory issues and approval.
lack of maturity of the most promising method (autoexcision), which still cannot be
applied to a wide variety of different plant species.
restricted access to these new technologies (patents).

Technology assessment in this context is complicated by the rapid scientific progress in the field
and changes in societal norms and values. The assessment process, therefore, must be dynamic,
iterative and recursive, and must be adapted to new realities over time (159).
7.1.4.3.3. Approval process by Competent Authorities and market acceptance
Three factors which influence regulatory and market acceptance have been identified:
1
2

3

The familiarity with a technology simplifies risk assessment for the Competent
Authorities
The amount of regulatory measures which are assumed to be necessary to cope
with a potential hazard allows inferring the extent of uncertainty about the
anticipated risks. Or it is an indication for the limitation of suitable methods to
perform a confident risk analysis.
The market acceptance may differ substantially from the position of the regulatory
authority. Laypersons and experts may evaluate and interpret one and the same
risk completely different (159).
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In the United States and the EC all approval procedures start with the comparison of the transgenic
plant with its wild type non-modified counterpart (or a closely related variety of the same plant
species) which does not bear any risk and is assumed to be safe in application (the concept of
“substantial equivalence”) (92, 159, 166). Deviations which became evident during the evaluation
procedure will be checked in a second step in more detail. A prerequisite is the application of
generally accepted and validated methods for this purpose. The duration of the approval process
substantially depends on the chosen methods for plant transformation, especially if the
recombinant DNA has no obvious function in the adult plant and adds additional uncertainty to the
risk assessment procedure. These are usually DNA sequences known to be recombinogenic and
leading to gene rearrangements or genes for enzymes with a broad substrate specificity which may
interfere in plant metabolism.
The extent of the requirements for the approval process and its complexity may be an indicator for
the company to check, whether the development of the envisioned transgenic plant will be
worthwhile. Moreover, complex approval procedures produce a negative feedback loop between
regulators, politicians, mass media and public opinion.
Approval and market acceptance may be substantially accelerated if a different transgenic plant
produced by the same method has already been approved somewhere else. Substantial delays will
have to be expected if there is no consensus about the methods which should be applied for risk
assessment.
To avoid later on difficulties during approval and with market acceptance, it would be advisable
already to include regulators, stake holders and other interested parties in the decision making
process during the early phases of product development. This approach has to be evaluated
regularly, because the applied techniques and their perception in the public as well as social norms
and values are constantly changing (159). The terms “risk” and “uncertainty” are based on these
culturally embedded norms and values and may differ across societies. Therefore, the
establishment of internationally accepted standards for risk assessment for genetically modified
organisms and the publication of a clear requirements specification for the applicant is reasonable
(159).
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In this study antibiotic resistance marker genes (ARM genes)
used in genetically modified organisms are characterized. The
role of the horizontal transfer of ARM genes, which could potentially lead to the inactivation of antibiotics necessary for the
treatment of infectious diseases, is discussed.
Clinical and veterinary relevance of antibiotics which are inactivated by ARM genes is analyzed. Environmental backgroundlevels of antibiotic resistance functions are compared to country-specific antibiotic usage patterns. Risk analysis pathways
and alternatives to the ARM gene technology are considered.
The present report should provide supplement information for
Competent Authorities dealing with the phasing out of ARM
genes according to the Directive 2001/18/EC.
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