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fjfjoi^i, )7-e%* 

1. Dat het onderzoek naar genoverdracht in de bodem zich vooral richt op conjugatie 
wil niet zeggen dat transductie en transformatie geen rol spelen. 

Het optreden van "plate mating" bij het bepalen van de conjugatie frequentie in de 
bodem dient voorkomen te worden. 

Hoofdstuk 3, dit proefschrift 

3. Plasmiden, virussen, transposons en IS elementen zijn mede gezien hun wijd 
verbreide voorkomen waarschijnlijk niet alleen parasitair maar ook symbiontisch. 

Biel, S.W. and Hartl, D.L. (1983) Evolution of transposons: natural selection for 
Tn5 in Escherichia coli K12. Genetics 103, 581-592. 

Edlin, G., Tait, R.C. and Rodriguez, R.L. (1984) A bacteriophage lambda 
cohesive end (cos) DNA fragment enhances the fitness of plasmid containing 
bacteria growing in energy limited chemostats. Biotechnology 2, 251-254. 

Selectie voor een specifiek genotype, essentieel voor de overleving van een 
bepaalde bacteriesoort in zijn eigen niche, verklaart waarschijnlijk het feit dat 
bacteriesoorten, ondanks het optreden van genoverdracht, toch genetisch 
verschillend blijven (Young, 1992). 

Young, J.P.W. (1992) The role of gene transfer in bacterial evolution. In Genetic 
interactions among microorganisms in the natural environment, pp. 3-13. E.M.H. 
Wellington and J.D. van Elsas. Pergamon Press, Oxford. 

Genoverdracht is een natuurlijk proces en de aard van het gen en de selectiedruk 
zijn waarschijnlijk belangrijker dan de feitelijke overdracht van het DNA voor 
risico analyse onderzoek. 

Onzorgvuldige (spectaculaire) berichtgeving door actiegroepen tegen genetische 
modificatie maakt in het algemeen meer indruk bij de bevolking d * r t e t * y . £ j n - - _ n 

zorgvuldig gekozen weerwoord van een terzake kundige onderzoeker. ** 

Arnhemse Courant 21-01-91; Gelderlander, 18-01-91. ] 1\ JA | ^ J9gZf 

srricnt worden dan 7. Door goed samen te werken kan veel meer (onderzoeks) werk verricl 
hetgeen er door de individuen afzondelijk kan worden gedaan. 

8. Het voorin plaatsen van niet-rokers in een vliegtuig kan gezien de procentueel 
lagere overlevingskans bij een crash compenseren voor hun relatief hogere 
levensverwachting. 

4-^£ 



9. Het feit dat de kranten alleen in het voorjaar en de zomer veelvuldig melding 
maken van schennisplegers suggereert dat mensen gedreven worden door 
instincten. 

10. Het door Onderzoeksinstituten centraal beheren van onderzoeksbudgetten leidt tot 
frustraties bij, en vervroegd uittreden van, hoog gekwalificeerde productieve 
onderzoekers. 

Stellingen behorende bij het proefschrift "Conjugal gene transfer between bacteria in soil and 
rhizosphere" van Eric Smit. 

Wageningen, 18 januari 199$. 
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Let your acts be directed toward a worthy 
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they are to be models and examples, not means 
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Leo Szilard 
Ten Commandments 



CHAPTER 1 

Introduction 

The dramatic increase of agricultural and industrial productivity has created severe 
environmental problems. Soil and groundwater are often polluted with pesticides, xenobiotics 
and heavy metals. Introduction of bacteria could in some cases substitute pesticides, or serve 
as a soil remediation technique. Bacteria have been introduced into soil to promote plant 
growth (De Freitas and Germida, 1992; Gaskins et al., 1985; Lugtenberg et al., 1991 ; Schmidt 
and Robert, 1985), to control pests (Hofte and Whitely, 1985; Lugtenberg et al., 1991; 
Schroth et al., 1984) or to degrade polluting compounds (Alexander, 1981; Brunner et al., 
1985; Pipke et al., 1992). Many bacteria can be used for specific agricultural purposes. For 
instance Rhizobium species have been sprayed to serve as a natural fertilizer (Nutman, 1975) 
and Bacillus thuringiensis species and pseudomonads have been used for biocontrol (Schippers 
et al., 1987; Weller, 1988). Bioremediation of pollutants in soil and sediment by bacteria has 
been studied on laboratory scale and seems to offer possibilities (Brown et al., 1988; Focht, 
1988; Frick et al., 1988; Kilbane et al., 1983). In some cases, the use of natural isolates seems 
limited since the strains do not always survive or show the expected activity in the soil 
ecosystem (NAS, 1989). Nowadays, bacteria isolated from different ecosystems can be 
genetically modified for specific environmental purposes (Doyle et al., 1991; Duque et al., 
1992; Lindow, 1985; Lindow et al., 1989; Obukowicz et al., 1987; Ramos et al., 1991; Sk</>t 
et al., 1990; Van Elsas et al., 1991; Waalwijk et al., 1991; Watrud et al., 1985). 

Since it is nessecary to describe the term genetically engineered or modified microorganism 
(GEM), we adopted the definition given in Article 2 of the Directive of the European 
Communities (Commission of the European Communities, 1992), which is: "genetically 
modified organism means an organism in which the genetic material has been altered in a way 
that does not occur naturally by mating and/or natural recombination". Most environmental 
problems can not yet be solved since knowledge on and experience with applying GEMs is 
mostly limited to laboratory microcosm studies with a few species. The possibility of 
evaluating the use of these recombinant organisms in large scale field trials is limited, because 
of a lack of knowledge on the fate of the heterologous DNA and the possible effects of the 
GEMs on the ecosystem (Alexander, 1985; Covallo and Fiksel, 1985; Griffiths, 1981; Keeler, 
1988; Levin and Strauss, 1990; NAS, 1989; Sussmanetal., 1988; Suter, 1985; Tiedjeetal., 
1989; Wellington and van Elsas, 1992). 

To obtain basic knowledge on the fate of the organism and its DNA, microcosm studies have 
to be performed using model organisms under conditions simulating those of the environment. 
This thesis deals with the extent of transfer of recombinant DNA present in GEMs to other 
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bacteria. As a general introduction, the soil environment and the different processes involved 
in gene transfer will be discussed below. 

The soil environment 
Soil is a structured environment composed of solid, liquid and gaseous phases. All three 

phases are heterogeneous in terms of the distribution of different compounds within them 
(Smiles, 1988). In particular, components of the solid phase, i.e. inorganic substances such 
as clay, silt and sand, and organic matter (humic substances), are distributed unevenly (Van 
Veen and Van Elsas, 1986) and are often complexed in aggregates. Aggregates important for 
soil microorganisms are the clay-organic matter complexes, due to their charged surfaces and 
increased nutrient availability (Hattori and Hattori, 1976; Smiles, 1988). The solid phase is 
interspersed with the soil pore network containing the liquid and gaseous phases. The relative 
abundance of pores and their sizes determines the water retention capacity of soil, and thereby 
to a large extent the availability of water for soil microbes. 

Soil not directly under influence of plant roots can be regarded as an oligotrophic 
environment since it is generally poor in ready available carbon (Williams, 1985). The low 
amount of available carbon generally precludes bacterial growth and activity, and is estimated 
to be sufficient for only a few cellular divisions of the soil microorganisms per year (Gray and 
Williams, 1971; Shields et al., 1973). Nutrients may, however, become available in so-called 
"hot spots", e.g. in decaying material of plant/animal origin and trigger some microbial growth 
and activity. 

Plant roots represent one of the major sites of carbon input into soil (Curl and Truelove, 
1986; Lynch and Whipps, 1990). Both soluble compounds like root exudates and insoluble 
ones like remnants of root cortex cells are released in the rhizosphere. Root-released carbon 
is likely to be more available for soil bacteria than carbon present in the bulk soil as it is easier 
to degrade. Rhizosphere bacteria often show increased growth and activity due to the enhanced 
availability of organic carbon in the rhizosphere (Foster, 1988). Moreover, the water flow in 
soil induced by roots may enhance bacterial movement towards them. This may promote cell-
cell, cell-bacteriophage and cell-DNA contacts and influence gene transfer processes. 

Transformation in soil 
Studies on transformation in soil have been done on intact, disturbed and sterile soil 

systems. Simplified systems such as columns filled with pure sand or tubes with soil extract 
have also been used (Lorenz et al., 1988; Lorenz and Wackernagel, 1991). In these systems, 
which do not have much resemblence to natural soil, the occurrence of transformation as a 
gene transfer mechanism could be detected. First, several reports focused on the persistence 
of DNA when adsorbed to a mineral surface and its availability for transformation. Although 
in early studies DNA was found to be rapidly degraded in a (sandy) soil, its persistence has 
also been shown, in particular when adsorbed to montmorillonite clay (Greaves and Wilson, 



1970; Khanna and Stotzky, 1992). DNA added to soil was shown to persist for several weeks 
(Romanowski et al., 1992) and DNA adsorbed to pure sand was further shown to be resistant 
to DNase as opposed to its degradation in the unadsorbed state (Lorenz and Wackernagel, 
1987). Various studies showed that DNA adsorbed to clay or sand surfaces may indeed be 
available for transformation (Khanna and Stotzky, 1992; Lorenz et al., 1988; Romanowski et 
al., 1992). 

Development of competence is another factor of importance. Evidence provided by Lorenz 
et al. (1987, 1988) showed that Bacillus subtilis, adsorbed to sand particles, was in an state 
of enhanced competence. 

The first report of transformation in (sterile) soil was that by Graham and Istock (1978). 
They observed that two strains of Bacillus subtilis with different sets of chromosomal markers 
introduced into sterile potting soil, co-evolved into various different types, with exchange of 
certain linkage blocks. Transformation was invoked as the transfer mechanism involved, even 
though the process was insensitive to DNase. The occurrence of transformation rather than 
conjugation or transduction was further supported by the fact that incubation in soil of one 
parent strain with DNA of the other strain also resulted in the appearance of transformants. 
Later, Lee and Stotzky (1990) also reported that bacilli co-introduced into soil were able to 
exchange chromosomal markers, both antibiotic resistance and auxotrophic genes. 
Unfortunately, they did not provide conclusive proof since appropriate controls such as the 
addition of free DNA to soil lacked. 

A combination of these results seems to provide sufficient indication that soil may provide 
conditions conducive to transformation, although transformation in natural soil was only shown 
with Bacillus species (Graham and Istock, 1978; Lee and Stotzky, 1990). 

Transduction in soil 
Transduction requires the presence of donor bacteria on which bacteriophages are propagated, 

bacteriophage and recipient bacteria which are in turn infected by phages carrying genes from 
the donor bacterium. 

The chances for transduction in soil are probably enhanced by an increasing abundance of 
phages in soil following a burst of infected host cells, which act as reservoirs of phages 
(Reanney et al., 1983; Van Elsas, 1983). Soil nutritional conditions promoting bacterial 
activity were also shown to promote phage propagation (Van Elsas, 1983), since indigenous 
bacteriophages of different Bacillus spp. drastically increased their titers at 37°C in soil 
amended with nutrients but not in unamended soil. Recently, Herron and Wellington (1990) 
also presented data showing initial propagation of the temperate actinophage KC301 on its host 
Streptomyces lividans added to both sterile chitine- and starch-amended and non-sterile soils. 
Also, Stephens et al. (1987) showed that naturally occurring phage was responsible for the 
decline of introduced fluorescent pseudomonads in the rhizosphere of sugarbeet. However, the 
propagation of bacteriophage on hosts present in soil is probably limited to host densities above 
a certain threshold, estimated to be around 104 cfu per ml or g (Wiggins and Alexander, 



1985). 
Next to phage propagation and abundance, the persistence of phages in soil affects the 

chances for transduction. Herron and Wellington (1990) showed that the actinophage KC301 
steadily declined in soil following sporulation of the host. On the other hand, Germida (1986) 
and Stotzky (1980) provided data showing that bacteriophages and viruses sometimes persist 
in soil and survive different physical and chemical stresses for prolonged periods even in the 
absence of hosts. Persistence of bacteriophages T2 and MS2 was variable in different soils and 
was affected by soil type (Hurst et al., 1980). Soil temperature and texture was also shown to 
affect the persistence of two phages, MS2 and PRD-1, in two different soils (Straub et al., 
1992); at increasing temperature, the inactivation rate was higher. Further, phage was better 
protected from inactivation in a clay loam than in sandy soils. Drying of soils resulted in a 
complete disappearance of plaque-forming units. 

The actual potential for the occurrence of transduction in soil has been shown by Zeph et al. 
(1988) and Germida and Khachatourians (1988). Both groups showed that Escherichia coli 
cells added to soil could be reached by phage PI carrying selectable markers, and that the 
markers were stably inherited by the recipient cells. The reported frequency of transduction 
was 10"6 (Germida and Khachatourians, 1988). However, the report of Zeph et al. (1988) 
described a process more akin to phage conversion than to transduction, since a lysate was 
used that consisted entirely of phage particles containing the selected marker. Germida and 
Khachatourians (1988) used a transducing lysate obtained from donor cells marked with 
auxotrophic markers and Tn70. In addition, preliminary evidence for transduction of 
thiostrepton resistance by bacteriophage KC301 between streptomycetes in sterile starch- and 
chitine-amended soil was also given by Herron (1991). 

Transduction is thus likely to occur in soil, in particular in microsites where conditions are 
conducive. The frequencies of such transfers measured over a whole soil system may be 
extremely low. Therefore, it is difficult to assess the impact of transductional gene transfer on 
soil bacteria, at phage concentrations naturally found in soil. 

Conjugation in soil 
Conjugal gene transfer depends on close contact between donor and recipient cells under 

favourable conditions of temperature, pH, and possibly nutrient availability; often, cells 
adsorbed onto a surface form mating aggregates very efficiently in the presence of nutrients 
dissolved in an aqueous environment. Self-transmissible plasmids can mediate their own 
transfer since they carry both an origin of transfer (oriT) and the transfer (tra) genes which 
are nessecary for the formation of mating pairs, nicking of the plasmid and transfer of the 
DNA (Freifelder, 1987). They can also mobilize certain plasmids, carrying oriT, from a donor 
to a recipient bacterium by providing the transfer functions. Recently, the process of 
retrotransfer was discovered, i.e. the mobilization of a plasmid and even of chromosomal DNA 
into the (donor) strain containing the self-transmisssible plasmid (Mergeay et al., 1987; Top, 
1993). The occurrence of retrotransfer might have implications for transfer of recombinant 



DNA from introduced bacteria to indigenous ones, since self-transmissible plasmids with 
retromoblizing capacity have been found in bacteria in the environment (Diels et al., 1989; 
Don and Pemberton, 1985; Kelly and Reanney, 1984; Pickup, 1989; Sayler et al., 1990). 
However, there is still discussion whether retrotransfer is a one- or two-step process 
(Heinemann and Ankenbauer, 1993; Top, 1993). 

Our knowledge on the occurrence of conjugation between various different bacteria in soil 
has increased considerably in recent years (Henschke and Schmidt, 1990; Krasovsky and 
Stotzky, 1987; Richaume et al., 1989; Schofield et al., 1987; Van Elsas et al., 1988a, 1988b; 
Wellington et al., 1990). Circumstantial evidence for conjugal transfer has been obtained 
retrospectively, using indirect data such as the occurrence of similar plasmids in different 
chromosomal backgrounds of Rhizobium (Schofield et al., 1987). In these studies, however, 
it is unclear whether the actual transfer event occurred in noduli or in the soil. Experiments 
in which donor bacteria carrying transferable selectable markers, either or not accompanied 
by recipients, were added to soil, have provided more direct evidence of conjugal gene transfer 
(Henschke and Schmidt, 1990; Richaume et al., 1989; Stotzky, 1989; Top et al., 1990; Van 
Elsas et al., 1987, 1988a, 1988b, 1990; Wellington et al., 1990). Both plasmid-encoded (e.g. 
Van Elsas et al., 1987, 1988a) and chromosomal (Krasovsky and Stotzky, 1987) genes have 
been shown to be transferable in natural soil. Transfers between introduced Gram-positive 
donor and recipient cells, e.g. different Bacillus spp. (Van Elsas et al., 1987), and between 
introduced Gram-negative cells, e.g. between differentially-marked Pseudomonas fluorescein 
strains (Van Elsas et al., 1988a, 1988b) or from Escherichia coli to Rhizobium fredii 
(Richaume et al., 1989) have been detected in soil. Furthermore, the conjugative transposon 
Tn976 which is transferable in vitro from Gram-positive to Gram-negative bacteria (Bettram 
et al., 1991) was recently found to be transferred in nutrient-amended soil from introduced 
Bacillus subtilis to indigenous Streptomyces spp. (Natarajan and Oriel, 1992). Heterogramic 
transfer of this element however, has so far not been observed in soil, even though it is able 
to express its selectable marker, resistance to tetracycline, in Gram-positive and Gram-negative 
bacteria. 

Conjugal transfer in soil has been shown to be affected by many variable soil factors such 
as temperature, pH, organic matter and clay content, water availability (Stotzky, 1989; Van 
Elsas et al., 1988b; Van Elsas and Trevors, 1990). Briefly, the presence of nutrients, 
montmorillonitic clay minerals and plant roots and the absence of a competing microflora have 
been shown to promote conjugal plasmid transfer. Transconjugants could be detected in soil 
after the addition of nutrients (Top et al., 1990; Van Elsas et al., 1988a; Wellington et al., 
1990), after soil sterilization (Richaume et al., 1989) and in the presence of plant roots (Van 
Elsas et al., 1988b). In addition, the presence in soil of montmorillonite clay (Krasovsky and 
Stotzky, 1987) or bentonite clay (Van Elsas et al., 1988a) greatly enhanced conjugal transfer 
between introduced bacteria. Other soil variables also affected conjugation. Conjugation rates 
were highest at moderate pH, and very acid conditions did not permit transfer (Richaume et 
al., 1989; Stotzky, 1989). Soil organic matter content positively affected conjugal transfer in 



a sterile soil (Richaume et al., 1989), but it had a negative effect in the wheat rhizosphere 
under non-sterile conditions (Van Elsas et al., 1988b). 

It was shown that soil poses a barrier to cell-cell contact by Van Elsas et al. (1990), who 
reported that bacteria initially introduced into different soil portions which were subsequently 
mixed, were less able to transfer plasmid RP4 than cells added to the same soil portion, at 
different points in time. The presence of wheat roots alleviated the barrier effect of soil, 
allowing the detection of transconjugants also in the mixed soil portions. 

The oligotrophic conditions in soil pose a second barrier to conjugation, since cellular energy 
is needed for a successful conjugal transfer event. Most of the bacterial cells in soil are in an 
almost permanent state of starvation (Williams, 1985) and therefore presumebly unable to serve 
as donors or recipients in conjugal matings. 

Aims and outline of this thesis 
The aim of this work was to study the fate of recombinant DNA in bacteria introduced into 

soil. The main focus was to develop methods to enable the detection of conjugal gene transfer 
to indigenous soil bacteria, and to study the effect of different locations of the recombinant 
DNA, such as on a self-transmissible plasmid, on a mobilizable plasmid, or on the 
chromosome. 

The current state of the art and the problems of risk assessment research, as for instance the 
gaps between regulators, research and industry are discussed in Chapter 2. Of the three 
known DNA transfer mechanisms, conjugation seems to be an important process in the soil 
environment, since many selftransmissible plasmids have been found in soil and aquatic 
environments (Burton et al., 1982; Diels et al., 1989; Don and Pemberton, 1985; Kelly and 
Reanney, 1984; Pickup et al., 1989; Schmidt and Schlegel, 1989) and self transmissible 
plasmids have been shown to transfer under ecologically relevant circumstances (Brokamp and 
Schmidt, 1991; Fry and Day, 1990; Fulthorpe et al., 1991; Lacy and Leary, 1975; McClure 
etal., 1990; Mergeay etal., 1990; Top, 1993; Van Elsas et al., 1988a, b, 1990). Still several 
questions remained. The occurrence of conjugation on the transconjugant selective plates after 
the bacteria were isolated from soil was suspected to occur in donor/recipient experiments in 
soil. To prevent this, an adequate donor counterselection method had to be developed. The use 
of nalidixic acid and rifampicin in combination with a resistant recipient was shown to prevent 
plate matings significantly (Chapter 3). Secondly, there were no data on the occurrence of in 
situ plasmid transfer to indigenous soil bacteria. To detect transfer to indigenous bacteria two 
problems had to be solved, (a) a different donor counterselection method had to be developed 
to kill the donor, since the recipients were unknown and could not be selected for, and (b) a 
specific detection method was necessary to discriminate between transconjugants and naturally 
resistant bacteria which might grow on the selective plates. This was realized by the use of a 
phage specific for the donor strain allowing an effective donor counterselection, in combination 
with an unique target sequence that could be detected by colony filter hybridization with a 
labelled probe. This way, transfer of a marked derivative of RP4, RP4p, to indigenous soil 



bacteria was detected (Chapter 4 and 5). Different soil types could now be studied to assess 
the applicability of the method and to study the extent of transfer of RP4p to indigenous 
microorganisms (Chapter 6). Since selftransmissible plasmids were transferred relatively easily, 
they were not considered to represent the vectors of choice for recombinant genes. Other 
broad-host-range plasmids such as those of the IncQ group (which lack the tra genes) seemed 
more suitable, and had hardly been investigated in microcosm studies. Therefore mobilization 
of a recombinant IncQ plasmid was studied, in the presence and absence of the mobilizing 
Plasmid RP4p (Chapter 7). Finally, the effect of different genomic locations of marker genes 
on stability, transfer and expression was studied in long-term soil microcosms experiments 
(Chapter 8). 
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CHAPTER 2 

Risks associated with the application of genetically modified 
microorganisms in terrestrial ecosystems 

E. Smit, J.D. van Elsas and J. A. van Veen 

1. Introduction 
There are many potential applications of genetically modified microorganisms (GEMs) in 

agriculture, for instance in biological control of plant pathogens, in the stimulation of nitrogen 
fixation and in the enhancement of plant growth (Keeler, 1988). One of the obstacles still 
preventing the full-scale exploitation of the possibilities offered by genetic modification of 
microorganisms is the fear of unwanted effects on man, animals, plants and on the ecosystem 
by the release of these microorganisms. In many countries these concerns have led to 
restrictive measures imposed on releases both at a research scale and at a commercial scale. 
Whereas the usefulness of some restrictive measures will not be contested, criteria used have 
often been confusing especially to scientists involved in the field. A gap still exists between 
regulatory agencies, whose guidelines are usually too vague to provide a firm basis for 
research and scientists who perform experiments that do not always fit in the scheme of the 
guidelines of the regulatory agencies. This gap negatively influences progress in risk 
assessment studies. 

This paper will firstly attempt to link risk assessment theory with existing experimental data 
and techniques used and secondly to establish sound scientific criteria on which decision
making should be based. Emphasis will be on the effect of the genetic modification on GEM 
fate in the environment, in particular soil, and on possible ecological consequences of a GEM 
release. Furthermore, experimental bottlenecks such as the quantification of risk, and possible 
biological containment methods will be discussed. Finally a universal decision-making tree will 
be presented which could be useful in the case-by-case judgement process adopted by most 
regulatory agencies. 

2. Risk assessment theory and framework 
Assessment of the risk of production and use of chemicals and energy has been under 

development ever since these human activities became predominant in industrial countries. 
Much of the biotechnology risk assessment which is currently being developed is based on 
concepts originally put forward by the "chemical" risk assessment. According to Griffiths 
(1981), risk assessment can be defined as a means to provide an estimate of the risk of an 
unwanted potentially harmful event in terms of the likelihood of its occurrence and the severity 
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of its consequences. Risk assessment provides an analytical framework of obtaining and 
interpreting experimental data, with the objective of providing an estimate of the risk posed 
by a potentially harmful process or activity (Levin and Strauss, 1990). The most striking 
characteristics which distinguish the assessment of the risk of microorganisms from that of 
chemicals are the unique capabilities of microorganisms to grow and multiply, to exchange 
genes with members of the indigenous flora and potentially to move actively through an 
ecosystem (Katz and Marquis, 1990). This raises serious difficulties for microbial risk 
assessment as compared to that of chemicals where physio-chemical laws of dissipation and 
decay tend to reign. Several books and reviews have described the development of 
biotechnology risk assessment in recent years (Alexander, 1985; Covello and Fiksel, 1985; 
Domsch et al., 1987; Ginzburg, 1991; Levin and Strauss, 1989; NAS, 1989; Strauss et al., 
1985; Sussman et al., 1988; Suter, 1985; Tiedje et al., 1990; Van Elsas and Trevors, 1991) 
some of these focused on the potential risk posed on the environment by the deliberate or 
accidental release of GEMs. Many of the concepts put forward are based on the knowledge 
of the fate and effects of unmodified organisms released into the environment. However, a 
large gap still exists between theoretical risk assessment, i.e. the development of concepts and 
experimental risk assessment, the performance of experiments aimed at estimating risk, 
ultimately striving to solve the problem how to quantify risk having obtained experimental 
data. To tackle this problem a risk assessment framework has been invoked. As recently 
described by Strauss et al. (1985), a reasonable framework for assessing risks of released 
microbes may be based on the U.S.E.P.A. framework for assessing health effects of toxic 
chemicals in the environment. This scheme consists of 4 basic stages: (1) hazard identification, 
the actual identification or estimation of the hazard involved, (2) exposure assessment, the 
estimation of exposure to the potentially harmful agent, (3) dose-response assessment, the 
assessment of responses to doses of the agent in case of exposure, and (4) risk 
characterization, the final attempt to quantify the risk. This conceptualization, for being 
relatively straightforward and simple, has been adopted by a number of groups working in risk 
assessment. However, alternative frameworks have been proposed, the most striking being 
those of Tiedje et al. (1989) and the one of the NAS (1989). The latter one brings in the 
interesting concept of familiarity as a criterion for judgement, i.e. the more predictable the 
characteristics and behaviour of a GEM are, the lesser the risk of the occurrence of 
unpredictable events. The familiarity concept seems to provide a powerful risk management 
tool. As described by Strauss et al. (1985), "if there is experience with relevant aspects of the 
microbe, its intended use, and intended location, and no adverse effects have been noted, then 
no further analysis is necessary, however if any one of these aspects is unknown, then further 
analysis is necessary". However great the potential for this scheme, it will probably have to 
be worked out further in practical terms before it can be made operational. This review will 
further deal with aspects of the former U.S.E.P.A. framework. 

The ultimate goal of the risk assessment endeavour would seem to be to provide reliable, 
quantitative predictions of risks associated with the use of microbes in the environment. The 
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four-step scheme can be seen as a guideline for the acquisition of such information. Strauss 
et al. (1985) proposed that the outcomes (in "quantitative" terms) of the exposure and hazard/ 
dose-exposure assessments, taken together in a probabilistic or deterministic manner, would 
be able to provide some measure of risk ("risk characterization"). It is clear that any of the 
conceptual risk assessment procedures require information on the following: (1) survival of the 
introduced GEM in the environment, (2) the nature of the heterologous element, (3) 
localization and transfer of the heterologous element, (4) ecosystem effects. These data put in 
a framework of risk assessment of the type presented in Fig. 1, implies a case-by-case 
approach for every intended release. 

2.1 Hazard identification 
Generally speaking, hazard of activities potentially detrimental to man, animals, plants may 

be classified on a somewhat arbitrary scale which ranges from catastrophical via critical, 
controlled and marginal to negligible (see Table 1). Activities with both the highest and the 
lowest classification would seem to be judged easily from a risk assessment perspective. 
Activities with potentially catastrophical outcomes, such as the release of bacteria severely 
pathogenetic to man or animals and plants (as was done with Bacillus anthracis in the second 
world war), would obviously have to be severely restricted or forbidden, whereas activities 
with negligible risk (such as the use of modified Lactobacilli in cheese) would probably be 
liberated. If is in the middle categories, i.e. the activities of which the potential hazard may 
be rated as anywhere from critical to marginal, where problems emerge, since here judgements 
will have to be made based on disputable arguments. A precise detection of hazard under all 
environmental conditions is a difficult task and might require toxicological testing prior to 
environmental experiments. In addition, a judgement on the hazard of certain ecosystem effects 
is often difficult given the large natural fluctuations observed and the undefinedness of 
ecosystems. Criteria on the acceptability of ecosystem effects will have to be developed for 
each ecosystem based on the naturally occurring fluctuations of defined parameters (see also 
risk characterization). 

2.1.1 Exposure assessment 
Exposure assessment can be defined as the quantification of the exposure of man, plants, 

animals and the ecosystem to the effects of the released microorganisms. Exposure is thus 
linked to the fate of the introduced GEM in the environment which in turn is affected by 
microbial survival, competition, selection, transport and gene transfer (as will be discussed in 
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Table 1. Potential hazardous effects following GEM release 

Hazardous event Hazard ranking 

1. Pathogenicity to man, plants or animals + + + 

2. Disturbance of ecological balance + + + 
3. Causing unwanted biochemical reactions + + 
4. Mobilizing toxic chemicals + + 
5. Affect community diversity + 
6. Dominance over indigenous microorganisms + 
7. Dissemination of heterologous genes 47-
8. Input of extra C and N 

+ + + : catastrophical hazard 
+ + : critical hazard 
+ : between critical and controlled (depending on duration of the effect) hazard 
+/- : marginal hazard (depending on the gene) 

: negligible hazard 

practical risk assessment). There is an inherent dilemma in assessing exposure in that "accurate 
assessment would require testing in the field, but testing in the field would require prior 
estimation of risk and be therefore discouraged". Exposure assessment of an actual release 
requires information on the release method, the frequency and quantity in which the microbe 
is released, and on the climatic, geographic and hydrogeological characteristics of the release 
site. Monitoring data, i.e. data or models regarding persistence, growth or the transport of the 
microbe, and data on the identity, size and location of susceptible populations and processes 
are also needed (Gillet et al., 1985). Given the infeasibility of testing all organisms or 
processes, the identification of sensitive groups of organisms and ecosystem processes has been 
advocated (See Table 2). Obviously, methods should be available to convert the ambient 
exposure concentrations into doses taken in by the organism, population or ecosystem of 
concern. 

2.1.2 Dose-response assessment 
Microorganisms produce their effect in a dose-related manner which can be seen as a 

function of hazard and fate. The exact dose which produces an effect, however, will differ 
between microorganisms and be dependent also on environmental conditions. Some microbes 
may be neutral (produce no effect) when present in numbers below a certain threshold, 
whereas others may produce an effect even when only one cell is present. 
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2.1.3 Risk characterization 
Risk characterization combines the quantitative prediction of the exposure assessment with 

the quantitative dose-response data for each hazard identified. The outcome would be some 
quantitation of risk in the form of a number. Interpretation, use and communication of such 
"quantitation of risk" pose additional problems outlined in Levin and Strauss (1990). An 
example of final risk characterization is the case of a low-hazard organism of which high doses 
would be needed to obtain a response, which would represent little exposure of sensitive 
organisms, systems, or processes. Such an organism could probably be safely released, since 
its risk can be judged to be negligible. The case of a highly-hazardous organism with high 
exposure of sensitive organisms, systems, or processes would probably lead to a high risk 
figure, impeding its release. 

3. Practical risk assessment: gathering data 
As mentioned, the potential risk of introduced GEMs is controlled by bacterial factors 

determining their hazard (e.g. pathogenicity, invasiveness), and by exposure related factors 
such as organism survival and persistence, transport to other sites and gene transfer (enhancing 
the potential exposure due to expression of the heterologous genes in other organisms). Both 
types of factors are affected by environmental factors. It is primordial to obtain data on these 
factors, first in microcosms as long as both hazard and exposure are relatively unknown, and 
if the anticipated risk is acceptable, in the field. Some methods and procedures useful for 
exposure assessment will be briefly treated. However, the reader is referred to Wellington and 
Van Elsas (1992) and Stotzky et al. (1990) for a thorough description of detection methods 
useful in exposure assessment. 

The decision to allow the release of GEMs in a small-scale field trial is dependent on the 
possible anticipated risks of the introduction, the success of this introduction and the extent of 
the beneficial effect. The success of the introduction and the extent of the effect depends on 
the initial cell number, GEM survival, activity, gene expression and possibly even gene 
transfer. However, an increase of any of these parameters also results in a potentially greater 
environmental risk since the exposure might be enhanced. In this context it is tempting to allow 
the use of a GEM more readily when the beneficial effect seems to outweigh the potential risk. 
However, the decision should be made on scientific criteria based on experimental data (Katz 
and Marquis, 1990). This leads to the dilemma of the use of GEMs in the environment, since 
any diminishment of the risk by reduction 
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Fig. 1. A decision tree for the evaluation of the possible release of GEMs in the 
ecosystem. 
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of any of the factors inevitably leads to a reduction of the effect of the GEM introduction. For 
instance if the number of introduced bacteria is lowered, the effectiveness of the introduction 
may generally be reduced. While the effect of the introduction can be quantified (e.g. higher 
crop yields in agriculture, or decreased levels of toxic compounds), risk, composed of hazard, 
exposure and dose-response relationship, is not easy to quantify experimentally. Nevertheless, 
an attempt to do so will have to be made. Possible types of hazard are listed in Table 1, but 
as discussed earlier it is difficult or impossible to predict and assess all these potential hazards 
in detail. For instance, displacement of previously unknown species from the soil ecosystem 
upon introduction are undetectable because the soil ecosystem is heterogenous and our 
knowledge of the ecology and genetics of bacteria in soil is very limited. However, it is 
reasonable to state that the environmental fitness of GEMs should not be greater then that of 
the unmanipulated strain, assuming that the strain chosen for manipulation originates from the 
environment into which the GEM is introduced, if release of the GEM is to be acceptable. 
This would mean that each engineered strain has to be thoroughly studied in microcosm 
experiments, which coincides with the current opinion on GEM release that each release should 
be judged on a case-by-case basis. Comparing behaviour of the GEM with the wild-type 
organism in a series of experiments mimicking environmental conditions can be a way of 
quantifying the risk of displacement. 

The flow scheme depicted in Fig. 1 gives a basic set of questions and experiments which may 
lead to a decision whether the organism may be released in a small-scale field trial or not. The 
microcosm experiments that should be performed and the problems that could arise will be 
discussed in the next chapters. Although development of microcosms mimicking environmental 
conditions is very important for risk assessment studies, this subject will not be discussed in 
this review, since a number of papers on this subject have been published recently (Bolton et 
al., 1991; Elliot et al., 1986; Greenberg et al., 1988). 

In stead of discussing all possible environmental parameters influencing the fate of GEMs, 
the emphasis will lie on the effect of the genetic modification on the fate of the GEM and its 
DNA. 

3.1 Survival, competition and translocation 
Bacterial populations introduced into soil often show a progressive decline (Compeau et al., 

1988; Liang et al., 1982; Van Elsas et al., 1986; Van Elsas et al., 1989) and bacterial 
establishment has often been hindered by a lack of success due to poor survival of these 
bacteria in the environment (Van Elsas et al., 1991). Soil texture, moisture content, 
temperature, pH, the presence of plant roots, minerals, organic matter, competition and 
antagonism by other microorganisms and prédation by protozoa are all important factors 
influencing bacterial survival (Van Elsas and Trevors, 1991). These parameters should be as 
close to the natural situation as possible when performing microcosm experiments with GEMs. 

Sometimes it is assumed that a GEM will have a lower ecological fitness then the wild-type 
strain because of the extra metabolic load of the inserted genes (Lenski, 1991; Tiedje et al., 
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1989; Van Elsas and Trevors, 1991; Van Elsas et al., 1991). Given these facts one would 
expect that GEMs introduced into the environment will decline even more rapidly in numbers 
than the corresponding wild-type strains without exerting much of the intended effect of their 
introduction. However, some GEMs have been shown to have a slight growth advantage over 
the wild-type strain in chemostat cultures (Biel and Hartl, 1983; Edlin et al., 1984), but 
chemostat conditions can hardly be compared with environmental ecosystems. In competition 
experiments, GEMs or plasmid bearing strains have been shown to survive less well in soil 
then the wild-type strain when no obvious selection pressure for the GEM was present (Van 
Elsas et al., 1989; Van Elsas et al., 1991; Wang et al., 1990). This is thought to be a result 
of the extra metabolic load of the additional genes and it might ultimately lead to complete 
displacement of the GEM or loss of the extra genetic element or loss of expression of the extra 
trait. However, Orvos et al. (1990) did not detect any differences in survival between 
engineered and wild-type Erwinia carotovora in soil microcosms. However, in performing 
competition experiments one should always be aware that the experimental design, inoculating 
GEM and wild-type organism in the same soil portion or in separate soil portions may make 
much difference. Generally, no differences in survival are found when the strains are studied 
in separate soil portions, but sometimes differences are observed in jointly inoculated 
microcosms as was outlined by Van Elsas (1992). Williamson and Hartl (1991) studied 
survival and virulence of genetically modified Pseudomonas solanacearum strains with 
enhanced and reduced levels of both endopolygalacturonase A and endoglucanase, enzymes 
which are involved in pathogenesis. All modified strains, both with higher and lower levels 
of enzyme activities showed a reduced virulence and no enhanced survival in non-sterile soil 
in comparison with wild type organisms. This points to the fact that a lowered survival can be 
caused by factors other than just the extra metabolic load. In pathogenesis, several genes are 
often involved and instead of improving the competitivety of the strain by simply increasing 
the expression of one of the genes, survival was significantly lowered, possibly because of 
complete disturbance of the concerted gene expression. Strains capable of breaking down 
xenobiotics, on the other hand, have an advantage over other (non-degrading) bacteria, since 
many xenobiotic compounds are toxic for the resident microflora and reduce microbial 
diversity and thus competition (Mergeay et al., 1990). The use of GEMs for bioremediation 
of polluted soils seems promising since the pollutant itself exerts the selection pressure for the 
GEM (Brokamp and Schmidt, 1991), often providing a specific carbon source. Upon 
degradation of the compound the selection pressure will disappear and resident microorganisms 
may displace the GEM population (Chatterjee et al., 1982; Kilbane et al., 1983). 

The extent of active bacterial transport (migration) is generally considered to be limited in 
soil (Van Elsas and Trevors, 1991). However passive transport by wind, animals or 
percolating water has been suggested to represent a greater potential hazard. While transport 
by wind (Knudsen, 1989) or animals is hardly studied, water facilitated-transport has received 
more attention. Bacterial translocation by percolating water is determined by soil type and 
structure (Trevors et al., 1990) and by bacterial adhesion properties (DeFlaun et al., 1990; 
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Huysman, 1991). Genetic modification could alter these adhesion properties and thus influence 
translocation of the GEM in soil by water movement. DeFlaun et al. (1990) showed that 
Pseudomonas fluorescens mutants with different adhesion properties and different outer 
membrane profiles could be obtained by Tn5 mutagenesis. These mutants exhibited an 
increased mobility with the water flow in soil. It was shown that the integration of TnJ had 
interrupted a gene coding for a 34 kD outer membrane protein which apparently was involved 
in adhesion. This work shows that chromosomal insertions can potentially influence microbial 
transport in soil, although in this case the adhesion-minus mutants were specifically selected 
by an enrichment procedure. Translocation of a GEM should thus be experimentally studied 
as opposed to that of the wild-type organism (See Fig. 1). 

3.2 The nature of the heterologous element 
Current view among many scientists working in the field of biotechnology risk assessment 

is that the nature of the heterologous gene which is to be inserted is of great importance with 
regard to potential risks (Warwick Symposium on GEMs, 1990). The release of a GEM will 
never be allowed if the cloned gene is involved in pathogenesis of beneficial, or exposed non-
target organisms. The same holds for genes coding for compounds toxic to the same groups 
of organisms. If knowledge about adverse effects is absent, a testing procedure should be 
performed on non-target organisms which have a likelihood of exposure (Frederick and 
Pilsucki, 1990). Frederick and Pilsucki (1990) describe that while most Bacillus thuringiensis 
strains produce toxins that are very specific for certain insect genera or species, the ß-
endotoxin could have adverse effects in a wide range of organisms when ingested, by inhibiting 
ATP incorporation. 

One of the considerations besides toxicity is that genes from bacterial origin are in general 
more acceptable for use in bacteria then genes derived from eukaryotes. The more closely 
related the organism the heterologous gene was isolated from and the potential GEM are, the 
smaller the change is from an evolutionary point of view. Moreover, there seems hardly to be 
any barrier for the occurrence of natural gene transfer between closely related bacterial strains 
inhabiting the same environment. This implies that if the heterologous gene is present in 
bacteria that reside in the same environment as the strain which is to be manipulated, the gene 
could also end up in the potential GEM by a naturally occurring process. That this actually can 
happen was described by Hartly (1984). Hartly (1984) transferred genes of the pentitol operon 
from Klebsiella aerogenes into Escherichia coli K12 using a transducing phage, in order to 
study gene evolution. Almost simultaneously, an E. coli C strain was isolated from an other 
source, which contained the same pentitol operon in the same site on the chromosome. This 
spot proved to be a specific insertion site for transducing phage DNA. In this case a GEM had 
been constructed that actually already existed, and which was probably the result of a natural 
gene transfer (transduction) event. More recently Trieu-Cuot et al. (1991) also showed indirect 
evidence for natural genetic exchange when they found identical antibiotic resistance genes in 
various Gram-negative and Gram-positive species. The indirect evidence for the occurrence 
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of gene transfer events by comparing gene sequences in different organisms is more thoroughly 
discussed by Van Elsas (Wellington and Van Elsas, 1992). 

3.3 Localization and transfer of the genetic element 
The processes which can be responsible for transfer of genetic elements are transduction, 

transformation, conjugation and transposition. These processes have been shown to occur in 
natural environments and each of them, or combinations of them, can mediate the transfer of 
genetic elements between bacteria under different circumstances and with different 
probabilities. One of the important factors in this respect is the localization of the genetic 
element and the way it is cloned and inserted into the genome. The genetic element can be 
inserted in a plasmid, which can be either self-transmissible, mobilizable or non-mobilizable, 
or into the chromosome using a transposon, a disarmed transposon (Herrero et al., 1990) or 
by homologous recombination (Waalwijk et al., 1991). Despite their convenience, plasmids 
are generally not considered to be the vectors of choice for constructing GEMs for 
environmental release, because they can potentially be transferred to other bacteria by 
conjugation at fairly high rates (Curtis, 1988; Van Elsas and Trevors, 1991). Heterologous 
genes should preferentially be inserted into the chromosome by homologous recombination or 
by using a disarmed transposon. The use of an intact transposon with the gene is less 
advisable, since the transposon can still jump to other spots and into plasmids thus enhancing 
the transferability of the heterologous gene. The localization of the gene should, as a general 
rule, not increase its transfer frequency as compared to its location in its original host. This 
is obviously no absolute guarantee for not enhancing the possibilities for transfer of the gene, 
because other factors such as the host species, cell number and activity, the specific niche of 
the GEM allowing contact with other cells, differences in restriction system and the 
susceptibility to transducing phages, all might affect the gene transfer frequency. 

At present, experimental data on gene transfer in microcosms mimicking the environment are 
abundant. Conjugation was found to take place in soil with relatively high frequencies from 
an introduced donor to an introduced recipient strain when stimulating factors such as nutrient 
exudating plant roots, certain clay minerals, nutrients or xenobiotics were present (Richaume 
et al., 1989; Wellington et al., 1990; Mergeay et al., 1990; Van Elsas et al., 1988; Smit and 
Van Elsas, 1990; Stotzky, 1989). Plasmid transfer in soil from introduced GEMs to indigenous 
microorganisms, which might be more relevant regarding risk assessment than donor versus 
recipient experiments was also recently reported (Henschke and Schmidt, 1990; Smit et al., 
1991). Plasmid transfer has also been detected in river epilithon (Fry and Day, 1991), in lake 
water (O'Morchoe et al., 1988), in sewage (McClure et al., 1990) and in planta (Lacy and 
Leary, 1975). Transfer of plasmids carrying genes for the breakdown of xenobiotics and 
resistance of heavy metals has been reported to occur in environments polluted with these 
compounds (Brokamp and Schmidt, 1991; Fulthorpe and Campbell-Wyndham, 1991; Top et 
al., 1990). As a general conclusion regarding conjugal gene transfer in soil it can be 
hypothesized that any parameter which stimulates activity of the introduced strain (e.g. plant 
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roots, nutrients, certain clay minerals, lack of competition) also stimulates conjugal plasmid 
transfer. 

Gene transfer mediated by transduction was detected in soil (Zeph et al., 1988; Germida and 
Khachtourians, 1988; Lorenz and Wackernagel, 1991) and in lake water (Miller et al., 1990) 
and recently, evidence for the occurrence of transformation in sediments and aquatic systems 
(Paul et al., 1991; Stewart and Sinigalliano, 1990) has been provided. 

These data support the concept that bacterial gene transfer is a common process in nature 
(albeit with low frequency), and they lead to the prediction that almost any gene could be 
transferred at a certain time. The fact that all bacterial species are different and adapted to 
specific niches and that identical genes are not very commonly found in distantly related 
species seems to contradict this frequent occurrence of gene transfer (Young, 1989; Campbell 
et al., 1986). Selection probably plays an important role, the majority of the newly acquired 
genes will be neutral or even disadvantageous for the bacteria and only a very small percentage 
will improve the competitive ability of the recipient organism. Neutral or disadvantageous 
genes may disappear or change by mutation, inversion or deletion, since there is no selective 
pressure for their function (see also competition and selection). 

Some self-transmissible broad-host range plasmids can mediate the transfer of chromosomal 
DNA at frequencies between 103 and 10"8 (Haas and Reimmann, 1989). The presence of 
conjugative plasmids in environmentally-isolated bacteria has been confirmed (Pickup, 1989; 
Burton et al., 1982; Don and Pemberton, 1985; Schmidt and Schlegel, 1989; Sayler et al., 
1990) and should definitely be taken into account in studies aiming to assess gene transfer risk. 
On one hand, the presence of these plasmids suggests that plasmid transfer is probably 
common in nature and that introduction of GEMs is nothing to worry about because gene 
rearrangement and exchange is a natural process. On the other hand, selftransmissible plasmids 
present in the environment might be responsible for recruiting and transferring genes from 
introduced GEMs and thus increase the chances of gene transfer and therefore exposure. Kelly 
and Reanney (1984) introduced RP1 into several mercury resistant soil bacteria which were 
not capable of transferring the resistance trait. In laboratory transfer experiments, they 
observed high frequencies (20 % of the isolates tested) of co-transfer of the mercury resistance 
gene, and analysis revealed that the gene had integrated into RP1. Some plasmids (e.g. 
plasmids of the IncPl group) exhibit retrotransfer capability, i.e. they can mediate the transfer 
of plasmids or chromosomal DNA from other cells into the cell in which they are present 
(Mergeay et al., 1987; Diels et al., 1989). The presence of plasmids with retrotransfer 
capability in indigenous bacteria in the environment may result in the recruitment of 
chromosomally inserted genes from an introduced GEM at frequencies much higher then 
expected. Important in this respect is the observation of transfer of chromosomal DNA by the 
heavy metal resistance plasmid pMOL50, a derivative of plasmid pMOL28 obtained from an 
Alcaligenes species isolated from heavy metal contaminated soil (Diels et al., 1989). 
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