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Summary.

Initial work categorised 55 tetracycline resistant Bacillus strains into seven
groups according to phenotypic traits such as antibiotic resistance, substrate utilisation
and optimum growth temperature. Plasmid DNA was extracted from 48 of these
strains and probed with o.*’P-labelled probes to determine homology to known
resistance determinants. No hybridisation occurred to probes of the tet B, tet C or tet D
classes, but all the plasmids extracted from tetracycline resistant strains showed strong
hybridisation to the tet L resistance determinant. Plasmid DNA preparations from all
the strains produced multiple bands when run on agarose gels. Electroelution and
digestion of individual bands demonstrated that tetracycline resistant Bacillus isolates
contained two types of plasmid, both carrying the et L resistance determinant. Four of
the 55 strains carried the type 2 plasmid which was approximately 3.3 k.b. in size. The
remaining 48 strains carried the type 1 plasmid which was approximately 9 k.b.. Thirty
three strains carrying the type 1 plasmid also contained a 16 k.b. plasmid which did not
hybridise to the ez L probe.

Seven strains were isolated which contained no identifiable plasmid DNA.
Total genomic DNA was extracted from these strains and probed, however no
hybridisation occurred to fet L probes. Colony blots of these strains also revealed no
hybridisation to the zef L probe.

Finally, total plasmid DNA preparations from each of the 48 tetracycline
resistant strains were used to transform tetracycline sensitive Bacillus subtilis strains to
tetracycline resistance. All plasmid preparations could be used effectively in
transformations, and co-transfer of plasmids occurred in strains that contained more

than one type of plasmid.



Abbreviations.
Ap' Ampicillin Resistance.
b.p. Base Pairs.
CAMR Centre for Applied Microbiology and Research.
cce covalently closed circular.
°C degrees centigrade.
c.fu.  colony forming units,
Chlortc Chlortetracycline.
Cm"  Chloramphenical Resistance.
d day(s).
Doxy doxycycline.
DNA  deoxyribonucleic acid.
EDTA ethylenediaminetetraacetic acid.
h hour(s).
g gram(s).
mg  milligram(s) (10°g).
g microgram(s) (10°®).
GMMO Genetically Manipulated Microorganism.,
Km" - Kanamycin Resistance.
kb kilobase(s).
1 litre.
ml millilitre (107 1).
mi microlitre (10 1).
M molar.
Mino Minocycline.
mm millimetre.
pm micrometre.

Md  Megadalton.
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OxyTc
PCR
PEG
mRNA
TRNA
tRNA
pm
Sm
SDS
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kV

viv

w/v

optical density.
Oxytetracycline.
polymerase chain reaction.
polyethylene glycol.
messenger ribonucleic acid.
ribosomal ribonucleic acid.
transfer ribonucleic acid.
revolutions per minute.
Streptomycin Resistance.
sodium dodecyl sulphate.
species.

subspecies.

Tetracycline.

Tetracycline Resistance.
ultraviolet.

volt.

kilovolt.

volume per volume.

weight per volume.
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: Chapter 1:
INTRODUCTION



1.1 Genetically Manipulated Microorganisms.

Advances in the application of recombinant DNA, (rDNA), techniques have
extended the possibilities for the exploitation of genetically manipulated organisms,
(GMMOs), and there are now many opportunities to address a variety of socio-
economic issues such as pollution control, the fight against pests and diseases, and the
improvement of food production (Obukowicz 1988; Sussman ef al/ 1990). Likely
candidates for worldwide release include :

1. Rhizobia with increased nitrogen fixing ability.

2. Genetically modified avirulent derivatives of plant pathogens, for example,
Pseudomonas solanacearum.

3. Ice-minus Pseudomonas syringae.

4. Pseudomonads or rhizobia that carry Bacillus thuringiensis insect toxin genes.

5. Organisms modified to contain genes for the degradation of environmental
pollutants such as chlorinated organic compounds (Van Elsas 1992a).

Although the development of genetic engineering has been rapid, there has been, until
recently, little corresponding increase in knowledge about microbial ecology and
population genetics. The lack of information on the fate and impact of GMMOs
introduced into open environments has retarded the exploitation of recombinant DNA
technology.

There are serious concerns about the possible effects of deliberate or accidental
release of GMMOs into the environment. They pose potential adverse consequences
for natural, agricultural and urban ecosystems and have been the subject of numerous

workshops, reviews and conferences (Brown et al 1984; Halvorson et al 1985;
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Stotzky & Babich 1986; Klingmuller 1989; Sussman et al 1990; Atlas et al 1992;
Stewart-Tull & Sussman 1992; Colwell ef al 1992; Edwards 1993). These concerns
have also prompted strict regulations concerning the development of such “novel”
microorganisms (Berg et al 1974; Rissler 1983; M‘Cormick 1986; Domsch et al
1988). In Britain, regulation of the use of genetically engineered microorganisms is the
joint responsibility of the Health and Safety Executive, (HSE), and the Department of
the Environment (DoE). The HSE is concerned primarily with worker safety and with
possible effects on the human population, whereas the DoE is concerned with
environmental effects. It is the responsibility of these departments to ensure that every
aspect of a release programme is thoroughly tested before field trials begin (Williamson
1992).

Some of the more widely raised concerns over the possible release of GMMOs
into the environment are :
1. Advances in the practical techniques of genetic engineering have resulted in the
ability to create new varieties of microorganisms, plants and animals that may be
qualitatively or quantitatively different from a vast majority of variants that are found
in nature or that can be produced by conventional biotechnological techniques. It is
therefore impossible to predict the fate of these organisms once released into the
environment.
2. The results of the introduction of exotic species and changes in the roles of native
species that have occurred in the past have shown that new genotypes may become

incorporated into the trophic web with unpredictable results (Williamson 1992).
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3. Products of genetic engineering pose problems that are different to those posed by
non-living substances, essentially the capacity to replicate and the ability to spread to
new environments.
4. It is possible that traits of genetically engineered organisms that have been
developed to produce beneficial effects may be transmitted by plasmids, viruses or
other means to other organisms in which they may have adverse effects. It is also
possible that such novel genetic material may produce effects that are unexpected once
the organism has been released into the environment and is exposed to conditions
different to those in the laboratory (Kozyrovskaya et al/ 1984; Van Elsas 1992a).
5. Many GMMOs are specifically developed to utilize novel substrates; it is not known
what impact the ability to use these substrates will have on growth and development
and the modification of microenvironments.
6. Engineered organisms have potentially deleterious environmental impacts by
affecting the outcome of direct interactions among species (including the natural
regulation of pests by predators and pathogens), by altering the indirect relationships
among species, by influencing the biogeochemical processes that support all
ecosystems, and by changing the rate and direction of the evolutionary responses of
species to each other and to their physical and chemical environments.
It has therefore been suggested by numerous workers that the following criteria be
determined unequivocally before release takes place :
1. GENETIC

i) Rate and nature of horizontal genetic transfer.

ii) Stability of the engineered genetic change(s) (role of mobile genetic

elements).
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2. EVOLUTIONARY

i) Likelihood and nature of host range shifts.

ii) Likelihood of unregulated propagation.

iii) Likelihood of changes in virulence (parasites and pathogens).
3. ECOLOGICAL

1) Effects on competitors.

ii) Effects on prey/hosts/symbionts.

iii) Effects on predators/parasites/pathogens.

iv) Role of introduced organisms as vectors of pathogens.

v) Effects on ecosystem processes (biogeochemical effects).

vi) Effects on habitat.

The necessity of determining such a wide range of factors has promoted the
development of laboratory-contained microcosms as model environments for risk-
assessment studies. A microcosm is defined as a laboratory system which attempts to
simulate as far as possible the conditions prevailing in the environment under study,
(Wagner-Dobler ef al 1992). Such models can be used to generate data for modelling
without the regulatory constraints of large-scale field testing. A number of microcosms
have been developed and employed for assessing the survival and potential for gene
transfer between introduced bacteria in a variety of environments including lake water
(Awong et al 1990; Brettar & Hofle 1992; Warren et al 1992), river epilithon (Bale ef
al 1988; Wagner-Dobler ef al 1992), river water (Barcina ef al 1992), seawater
(Nybroe et al 1992), groundwater aquifier material (Jain ef al 1987), activated sludge

(Dwyer et al 1988), soil (Smith ef al 1985; Devanas ef al 1986a; Dijkstra ef al 1987,



Walter et al 1987; Bentjen et al 1989; Trevors ef al 1990), rhizosphere (Kluepfel &
Tonkyn 1989; Young ef al 1992), compost (Brooks ef al 1990), plants and insects
(Manceau et al 1986; Armstrong et al 1987), and particle dispersal in air (Knudson
1989). Chemostat studies have also been designed to mimic environmental conditions,
(Wimpenny et al 1983). These have been useful in studying the fate of both microbe
and DNA, and also for studying how well the intended function of the GEM is carried
out in vivo. However, the majority of studies have concentrated on Gram-negative
bacteria.

Most risk-assessment studies to date have concentrated on the determination of
the capacity of the GMMO for survival in the environment (Atlas ef a/ 1992). There
have been many reports that genetically manipulated organisms that thrive in the
laboratory are unable to survive once introduced into the environment, possibly as a
result of an increased metabolic burden due to the presence of plasmid DNA carrying
the novel genes, resulting in an inability to compete with indigenous microbial
populations and survive such factors as predation by protozoa and low nutrient
availability, (Levy ef al 1980; Liang 1982; Burton 1987, Acea 1988; Compeau et al
1988; Trevors et al 1989c; Wessendorf & Lingens 1989; Sinclair & Alexander 1989;
Van Elsas ef al 1991). Other workers have found that whilst introduced
microorganisms generally undergo a rapid decline in population numbers on
introduction into the environment, they reach a small but stable population size, the
maintenance of which may be aided by various factors such as the addition of bentonite
minerals, or the lack of predatory protozoa (Klein & Casida 1967, Chen & Alexander
1972; Zechman & Casida 1982; Devanas et al 1986b; West et al 1985; Heijnen et al

1991a,b; Macnaughton ef al 1992).
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Although loss of viability has been demonstrated in many cases, in some the
released organism has been able to survive in the natural environment, but has either
lost or rearranged the plasmid DNA that it is carrying (Griffiths ef al 1990; Sobecky et
al 1992). There are however, seemingly equal numbers of microcosm experiments the
results of which appear to demonstrate that the presence of plasmid DNA has neither a
detrimental nor an advantageous effect on the survival potential of a microorganism
and that such GMMOs are able to survive for very long periods, more than a year after
release in some cases (Gerba et al 1975; Flint 1987; Trevors 1987b; Amner ef al 1988;
Cruz-Cruz ef al 1988; Yeung et al 1989; Van Elsas et al 1989b,c; Wang et al 1989;
Van Overbeek et al 1990; Ramos ef al 1991; M Donald et al 1992b; Thiem et al 1994;
Duncan ef al 1994).

Discrepancies in the apparent survival abilities of introduced strains are often
due to differences between the strains used and the genetically engineered traits that
they possess. For example, species which are naturally found in the soil environment
will already possess the attributes necessary to survive there and will therefore,
provided the additional genetic information that they carry does not interfere with such
survival mechanisms, be much more efficient colonizers than would, for example
enteric, strains carrying the same additional genetic information. These differences in
results may also be partly due to deficiencies in the techniques used to monitor such
released organisms. Many authors have discussed the problems inherent to the use of
detection methods dependent on the culturability of the microorganism in question
(Lechevallier ez al 1987; Olsen & Bakken 1987; Pederson & Jacobsen 1993). Indeed it
has been speculated that only 1-5% of organisms can be isolated from the environment

using culture techniques, (Chen & Alexander 1972; Olsen & Bakken 1987; Roszak &



Colwell 1987, DeLong et al 1989). Recent advances in detection technologies should
ensure a more efficient determination of the survival of both the microorganism and its
DNA (Ford & Olsen 1977, Levin ef al 1987, Steffan & Atlas 1988, Pickup & Saunders
1990; O’Donnell & Hopkins 1993). Techniques such as fluorescent antibodies
(Desmonts et al 1990), DNA and RNA probes in combination with the polymerase
chain reaction (Sayler et al 1987, Bej ef al 1991b; Hendrick ef al 1991; Josephson
1991; Endo et al 1992; Selenska & Klingmuller 1992; Gray ef al 1992; Abbaszadegan
et al 1993), direct microscopic counts (Roser ef al 1987), and the development of
more effective marker systems (Drahos et al 1986; Morgan et al 1989; Shaw et al
1992, Silcock er al 1992; Stewart & Williams 1992; Duncan ef al 1994, Hwang &
Farrand 1994; Prosser 1994), may enable clarification of the situation.

There has also been a considerable amount of work on the development of
“killer” systems for use in GMMOs to enable the programmed death of a released
strain once its function has been fulfilled (Bej ef al 1988; Contreras ef al 1991; Molin
et al 1993; Recorbet et al 1993), as well as comparisons of a variety of control
mechanisms such as the application of biocides (Donegan et al/ 1991, 1992). Of the
other issues relevant to the possible release of novel GMMOs, only the risk of gene
transfer has been studied in as much detail as the survival capacity (see section 1.2).
Other pertinent issues such as the biogeochemical impact of a released species and its
likely effect on the indigenous microbial population have only infrequently been
investigated (Casida 1989; Austin e al 1990; Doyle et al 1991; Bej et al 1991a,1992).

In summary then, we are still far from being able to predict the possible
outcome of an accidental or deliberate release of a novel genetically manipulated

microorganism. Mathematical models are being developed that can incorporate the
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many factors that should be considered prior to release (Freter ef al 1986; Rees ef al
1989: Clewlow ef al 1990). However it is also important to gather more information
on the environmental processes prior to the addition of a novel organism to an
ecosystem. For example, we need to determine the extent to which gene exchange
occurs within indigenous bacterial populations. Also, a greater understanding of the
biogeochemical interactions that are vital for the stable maintenance of many

ecosystems is important, particularly in light of much recent work on bioremediation.
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1.2 Gene Exchange.

Recent activity in recombinant DNA technology has resulted in an increased
probability that genetically manipulated microorganisms will eventually be introduced,
either accidentally or deliberately, into natural habitats such as soils, waters or
sediments. Such microorganisms will contain novel DNA sequences, some
inadvertently inserted along with desired and, presumably, harmless sequences. There
are therefore potential dangers to the health of plants and animals, including humans,
and to other aspects of the biosphere (Stotzky & Krasovsky 1981). It is therefore
necessary to determine not only the potential for survival of such organisms and their
DNA, (see section 1.1), but also to what extent this novel DNA will be transferred into
the indigenous microbial population and also whether or not indigenous DNA will be
transferred into the GMMO where it may have unpredictable effects on the survival of
the organism and hence on its wider impact on the ecosystem. The study of gene
transfer in the environment has recently become an important mechanism for
determining the evolution of microbial populations in response to, for example, the
presence of pollutants or novel catabolites in the ecosystem. The importance of gene
transfer events in generating new genotypes that contribute to the evolution of
bacterial species and genera has also been investigated (Van Elsas et al 1990a,b).

Genes may be transferred horizontally from donor to recipient strains by
several mechanisms which have been well studied in the laboratory using characterised
strains and may not therefore be truly representative of mechanisms occurring in the
natural environment. However, laboratory-based systems have been useful in
determining the effects of various environmental factors on such processes and also in

the elucidation of the mechanisms of interaction necessary for successful gene transfer
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to occur (Trevors & Van Elsas 1989a; Trevors & Berg 1989b). The study of bacterial
gene transfer has had two basic approaches:

1. The past occurrence of genetic exchange events has been inferred by the nature and
distribution of specific gene sequences.

2. Specific model bacteria have been released into microcosms or natural environments
and both their survival and potential for gene transfer studied.

1.2.1 Transformation.

Transformation involves the uptake of a naked piece of double-stranded
chromosomal or plasmid DNA by a competent bacterial cell. After uptake, the
incoming DNA can be integrated into and then replicated with, the recipient cell
genome. The process of transformation has been well categorized and is reviewed by
Stewart & Carlson (1986). Inducing cells to take up and maintain heterologous DNA
in vitro has been one of the key factors in the development of genetic engineering,
however it is not known to what extent this process occurs in the environment.

Gene transfer by free DNA in the environment can be described as a multistep
process in which the following events are distinguished:

1. Active/passive release of functional chromosomal/plasmid DNA from bacteria.

2. Persistence of DNA either free or adsorbed to solid surfaces.

3. Competence development of potential recipient cells in the environment.

4. Uptake of free/particle-bound DNA by cells in the chemical environment of the
habitat in question .which may be quite distinct from that of optimal transformation
media used in the laboratory.

5. Propagation of DNA and eventual expression of a newly acquired trait

(Romanowski ef al 1992).

s bo |



Many bacterial species have been demonstrated to release either chromosomal
or plasmid DNA into growth media as part of their normal life-cycle (Catlin 1956). For
example both Bacillus subtilis and Acinetobacter calcoaceticus release DNA during
the growing phase in defined laboratory media (Sinha & Iyer 1971; Crabb ef al 1977).
DNA of a high transforming ability has also been identified in the supernatant of
cultures of Symechocystis (Lorenz & Wackernagel 1993). The production of
extracellular DNA has also been observed in genetically engineered strains of
Escherichia coli, Pseudomonas aeruginosa, Pseudomonas cepacia and
Bradyrhizobium japonicum in aquatic environments, the DNA being readily utilized by
the ambient microflora (Paul & David 1989b). Another obvious source of extracellular
DNA in the environment is cell lysis.

The presence of high molecular weight DNA has been well documented in both
aquatic and terrestrial environments. DNA is present in marine and freshwater
environments at high concentrations but appears to be preferentially used by the
indigenous microflora as a nutrient source rather than as a source of novel genetic
information (Paul ef al 1987, 1988, 1989a). DNA concentration has been shown to
decrease with distance from the shore and with depth of the water column (DeFlaun et
al 1987). However the molecular weight of such DNA is in the range 0.12 k.b.-35.2
k.b. in estuarine environments and 0.24 k.b.-14.27 k.b. in oligotrophic environments,
which is more than sufficient to contain intact gene sequences, and although
degradation of such DNA appears to occur rapidly after introduction, sequences have
been shown to persist at low concentrations for at least 24h (DeFlaun & Paul 1989;
Paul 1989a). Extracéllular DNA concentrations in marine and freshwater sediments

have been shown to be much greater than those present in the water column due to
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preferential binding of this DNA to sediment minerals and other sorptive surfaces such
as detritus, clay minerals and feldspars (Lorenz ef al 1981; Lorenz & Wackernagel
1988). This sediment-bound DNA has been demonstrated to be highly efficient in
transformations of both indigenous and introduced bacterial species as it is protected
from degradation and can be maintained in the environment for long periods
(Aardeema er al 1983; Jeffrey et al 1990; Stewart ef al 1991; Paul er al 1991,
Romanowski ef al 1991). This suggests that sediments or particulate habitats may be a
possible niche for natural transformations (Stewart & Sinigalliano 1990).

DNA present in soil is also strongly bound and therefore able to persist for long
periods; up to 60 days after inoculation has been recorded (Romanowski et al 1993).
Bound DNA has been shown to be up to 100 times more resistant to Dnase I than non-
bound and therefore may remain available to potential transformants for long periods.
DNA binds to organic materials in the soil such as humic and fulvic acids (Ivarson ef al
1982; Hayes & Himes 1986), and both DNA and microbial enzymes bind strongly to
clay minerals such as montmorillonite, with 1g of clay able to adsorb up to 30 000 mg
of DNA (Greaves & Wilson 1970, Sarker et al 1989, Paget et al 1992; Stotzky &
Burns 1982). Indeed in several transformation experiments involving soil microcosms,
the addition of montmorillonite has greatly increased transformation frequency due to
the protection of DNA from degradation and the attraction of microbial cells to the
mineral surface.

It is possible that the dynamic nature and nutrient stress typical of both soil and
aquatic environments may provide conditions which severely limit overall
transformation frequency, but which permit higher frequencies at specific sites (Van

Elsas 1992b). In the case of soil cutans, clay, sand and silt aggregates are often
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surrounded by water films and are separated by gas. The concentration of bacteria in
the cutan can be quite high, and the relative dispersal of cutan contents is often
restricted. Thus, a bacterium that induces competence by the accumulation of an
extracellular competence factor might achieve a sufficient concentration in this
microenvironment to allow competence induction (Stewart 1992).

Natural transformation has been observed in several genera and appears to
provide limited opportunities for genetic exchange (see review by Stewart 1992).
Streptococcus pneumoniae and Bacillus subtilis both exhibit natural competence and
are able to take up heterospecific DNA (Griffith 1928). However in Bacillus such
DNA is only maintained if a minimum of 70 b.p. homology exists to enable
recombination with the chromosome (Bott & Wilson 1967; Khasanor ef al 1992).
Plasmid DNA can also transform both Bacillus subtilis and Streptococcus pneumoniae
and will be maintained if suitable replication origins are present. However both species
exhibit a preference for multimeric plasmid DNA for successful transformation to
occur.

Haemophilus influenzae and Neisseria gonorrhoeae also exhibit natural
competence, but both discriminate against heterologous DNA (Sparling 1966;
Saunders & Saunders 1988). In Haemophilus, this is due to the recognition of a
specific base sequence which is present in approximately 600 copies in the genome but
only rarely in other DNA (Saunders 1979). N.gonorrhoeae also has a system for
discriminating against foreign DNA during transformation; both organisms are prone
to autolysis, releasing DNA in the process and both are highly competent, suggesting

that transformation may often occur in nature.
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Restriction enzymes appear to have no significant effect on Haemophilus or
Bacillus transformation (Stewart 1992). This implies that naturally occurring
transformation appears to be immune to host restriction, in contrast to the laboratory-
induced transformation of bacterial cells treated by various methods to enable them to
take up double-stranded DNA (Hirsch 1990). Natural transformation of competent
Bacillus has been demonstrated in both soil (Graham & Istock 1978,1979; Khanna &
Stotzky 1992), and sand (Lorenz ef a/ 1988), indicating the ability of the organism to
take up particle-bound DNA. Several other bacteria are able to develop natural
competence and undergo efficient transformation in the environment; for example,
Pseudomonas stutzeri in soil (Lorenz & Wackernagel 1991,1993), Pseudomonas
mendocina, P.alcaligenes, P.pseudoalcaligenes (Carlson et al 1983), Vibrio
parahaemolyticus and other marine Vibrio species in estuarine environments (Frischer
et al 1990), and Acinetobacter calcoaceticus in both groundwater and soil,
(Wackernagel et al 1992; Chamiér et al 1993). Numerous other genera have
demonstrated competence under laboratory conditions, these include Micrococcus
(Tigari & Moseley 1980), Mycobacterium (Norgard & Imaeda 1978), Achromobacter
(Juni & Heym 1980), Acinetobacter (Juni 1972), Azotobacter (Page & Sadoff 1976),
Methylobacterium (O’Connor et al 1977), Halobacterium (Mevavech & Werczberger
1985), Synechococcus (Chauat et al 1983), Anacystis (Golden & Sherman 1984), and
Streptomyces (Roelants et al 1976). Transformation in natural environments is
reviewed by Stewart (1992).

1.2.2 Transduction.
In transduction the donor DNA is packed into the capsid of a transducing

bacteriophage and injected into the recipient cell upon a subsequent infection.
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Generalized transduction occurs at low frequency and donor genes are transferred
randomly when pieces of the disintegrating donor chromosome are taken up by the
maturing phage particles. Lysogenic phages that integrate into a discrete site in the
host chromosome may transduce genes which lie next to this site if they are excised
imprecisely upon onset of the lytic cycle. Such events result in the transfer of specific
genes, a process called specialized transduction.

Transduction as a mechanism of gene exchange in the environment seems
advantageous because the nucleic acids are protected in the proteinaceous capsid of
the virus (Trevors & Oddie 1986). It is possible that bacteria may exploit transduction
to promote genetic transfer between closely related strains as indicated by the fact that
the bacterium Rhodobacter capsulatus releases random fragments of genomic DNA
into the medium that are smaller than phage heads and these can transduce other
strains (Hirsch 1990). Transduction involves both recognition and attachment steps
which limits its potential as a mechanism for the widespread dissemination of genes in
the environment, and it has remained relatively poorly studied as such.

Acquisition of host genomic DNA by phage as a mechanism of phage evolution
has been demonstrated in vitro in numerous species including Lactococcus lactis
(Moineau 1994), suggesting that the mechanism may be of equal importance in terms
of phage genetic evolution as it is in terms of bacterial evolution. Transduction occurs
in many natural environments in many species, for example, Escherichia coli with P1
in soil, marine and freshwater environments (Germida & Khachatourians 1988; Zeph ef
al ; Zeph & Stotzky 1989), Pseudomonas aeruginosa with F116 in the phyllosphere
(Kidambi ef al 1994), and Pseudomonas aeruginosa in freshwater (Saye ef al 1990).

High titres of Bacillus phage exist in soil microcosms (Zeph & Stotzky 1988), and
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several lines of evidence suggest that most aquatic bacteria are lysogenic or are in a
state of delayed lysis, with the concentration of phage in aquatic ecosystems often as
high as 10° viruses ml" (Bratbak ef a/ 1993). This suggests that lysogeny has the
potential to increase the size and flexibility of the gene pool available to natural
populations of bacteria. The ability to generate and select new genetic combinations
through phage mediated exchange may be significant in the face of a continuously
changing environment and may contribute to the apparent fitness of the lysogenic state
in natural ecosystems (Saye et al 1990).
1.2.3 Conjugation

Plasmids can mediate their own transfer from donor to recipient cells by a
process which requires cell-to-cell contact. Contact and possibly transfer of the DNA
itself occur through a sex pilus, an appendage grown on the donor cell surface which
interacts with specific sites on the surface of the recipient cell. The integration of a
conjugative plasmid into the donor chromosome by legitimate or illegitimate
recombination may lead to the transfer of chromosomal genes. Conjugative plasmids
may also mediate the transfer of nonconjugative plasmids when they both reside in the
same cell. This process, termed mobilization, occurs either by cointegrate formation
between the conjugative and nonconjugative plasmids, or the nonconjugative plasmid
may be transferred via the system coded for by the conjugative plasmid. The latter
depends on the presence of a mobilization (mob) site on the nonconjugative plasmid
(Trevors et al 1986).

Conjugation is the only mechanism of gene transfer that does not require DNA
homology and plasmids are known to be ubiquitous in a large variety of organisms. It

therefore represents the most likely means of widespread dissemination of gene
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sequences in the environment. Smit & Van Elsas (1990) have stated that conjugation is
part of bacterial communication and may be a means of accelerated bacterial evolution.
The importance of bacterial conjugation has been reviewed by Freter (1983,1990),
Klingmuller (1990), and Wilkins, (1990).

Many traits that confer advantages in stressed and hostile environments are
encoded by plasmids, and specific environmental habitats support dense and active
microbial communities where the requirement for cell-to-cell contact can be satisfied.
However there are several indications that conjugation may not be as widespread as
originally thought. The existence of intracellular barriers such as entry exclusion,
incompatibility between two plasmids residing in the same cell, and restriction-
modification systems which enable the recognition and degradation of incoming donor
DNA, act to prevent transfer. Also microorganisms exist in some environments, such
as marine and freshwater ecosystems, in very low densities with little opportunity for
cell-cell contact. The average count for bacterial numbers in a soil environment is 10°
c.fu./g dry wt, in comparison with 10° c.fu./ml for the lower, more nutrient rich,
reaches of river water, and 10* c.fu./ml for river water only 20m from a spring outlet
(Campbell 1983).

Conjugation has been demonstrated within and between species in the
laboratory, both with natural isolates and with laboratory strains, (see table 1.2.1). In
addition to laboratory systems for intergeneric transfer, the natural occurrence of gene
exchange between the bacterium Agrobacterium tumefaciens and its host plant has
been well documented (Buchanan-Waltaston er a/ 1985). It has been postulated that
such a system may imply that plants have access to a gene pool in the form of the

Gram-negative bacteria associated with them.
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Table 1.2.1 Gene Transfer by Conjugation demonstrated in vitro.

Donor Strain

Recipient Strain

References II

Mercury resistant natural
soil isolates

Mercury sensitive isolates

Kelly & Reanney 1984

Thiobacillus versutus T versutus Plasota et al 1985
Escherichia coli Vibrio spp. Paul et al 1992
Escherichia coli Enterococcus faecalis Davies 1990

Streptococcus lactis
S.agalactiae

Bacillus thuringiensis
Listeria monocytogenes
Staphylococcus aureus
Bacillus sphaericus

Enterococcus faecalis

Alcaligenes eutrophus
Citrobacter freundii
E.coli

Trieu-Cout ef al 1988

Escherichia coli

Bacillus subtilis
Clostridium
acetobutylicum
Enterococcus faecalis
Streptococcus Jaecalis
subsp. diacetylactis

Bertram et al 1991

Alcaligenes eutrophus

Pseudomonas oxalaticus

Friedrich ef al 1983

Streptococcus faecalis

Mycoplasma hominis

Roberts & Kenny 1987

Escherichia coli

Streptomyces spp.
Saccharomyces cerevisiae

Heinman & Sprague 1989
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