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(ABSTRACT)

The ability of a genetically-engineered Erwirzia carozovora subsp. carozovora (Ecc)

strain to transfer recombinant chromosomal DNA or plasmids to wildtype Ecc or

Pseudomozzasjluorescens was tested on filters, within soil microcosms, and in plama. Ecc
was engineered by chromosomal insertion of a disarmed end0—pectate lyase gene marked

with a 1.4kb DNA fragment conferring kanamycin resistance. Plasmids RPI and

pBR322 were introduced separately into engineered Ecc clones. These strains served as

donors in genetic transfer experiments. No transfer of the inserted kan marker or of
pBR322 was observed under any experimental condition. In Hlter matings, RPI was

transferred to wildtype Ecc at a frequency of 3.6 X 10*2 transconjugants per donor (TPD)
and to P. fluorescens at a frequency of 2.4 X 10*5 TPD. In matings conducted in potato

tubers inoculated using sewing needles, the respective frequencies were 4.0 X 10* and 2.0

X 10*, while matings on potato slices yielded frequencies of 4.7 X 10*2 and 2.3 X 10*2.
In soil microcosms, the maximum transfer frequencies observed were 2.3 X 10*5 and 8.4
X 10*5 TPD.
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Introduction

Humanity is now facing greater threats to its survival than ever before in history.
The massive increase in human population that has occurred over the past few centuries
and the associated increase in mechanisms for supporting our population are profoundly

affecting local ecosystems and the Earth as a whole. History is replete with examples

of societies that undermined the ecological foundation of their existence and foundered
as a result. For example, it is believed that the collapse of the Babylonian civilization
was due in part to the buildup of salt in their agricultural soils as a result of irrigation,
and overgrazing has greatly accelerated the desertiücation of North Africa. With our

current technological development, we are able to effect changes on a much broadcr
scale than previous societies. In short, it is possible that our planetary ecology is

" undergoing alterations that will have adverse effects on all known biota. Evidence to
support this possibility is abundant. The Earth could be entering a period of atmo-

spheric warming unmatched in the last ten millennia (Thompson er al., 1989). It is
possible that the layer of atmospheric ozone that shields the planet’s surface from the
majority of impinging ultraviolet radiation is decaying (Sander er al., 1989). The use of
artificial chemicals to bolster agricultural production enough to support our population,
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which has detrimental effects on the quality and biota of our lands and waters, is accel-
erating, although such chemicals are becoming less effective (Holden, 1989). Large—scale

loss of habitats such as the tropical rain forests to development are having profound
effects on such diverse factors as species diversity and global chemical and weather cy-

cles. When viewed as a whole, it appears that our planet cannot both absorb these in-
sults and support humanity indefinitely. We, as a society, can no longer ignore the

long-range effects that our existence and implicit activities are having on the global
ecosystem. Regulatory statutes that offer short-term protection oflocal environments

are no longer sufücient. These statutes must be redesigned to protect our global envi-

ronment for eenturies and millennia. It is imperative that we not only begin living in
such a manner as to minimize the negative impacts our activities impart on our planet,
but also to begin development of support mechanisms adapted to the altered environ-

ments we are creating on our planet.

Our society began its technological evolution with mastery of mechanical processes
and devices. Subscquent achievements came in the understanding of chemical processes
and the application of this knowledge to effect the solution of real—world problems. This

combination of mechanical and chemical developments allowed the developed societies
to attain their level of economic prosperity. However, many of these advances have

been possible only through the use of environmental subsidies, and we can no longer

count on further developments in these Helds to solve the problems we face.
One area of technology that has relatively languished in comparison is the devel-

opment of biological resources. \Ve can find solutions to our problems hidden in the

wealth of information stored in the genetic material of the biological systems surround-
ing us. As we unlock these secrets we will be able to develop the aforcmentioned sup-

port mechanisms that will allow our society to continue to prosper without exeessive
perturbation oflocal or global ecological functioning.
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Although mankind has been exploiting biological systems for such purposes as ob-
taining food, fuel, fiber, or transportation for perhaps a hundred millennia or longer, this
has occurred relatively slowly through selective breeding. It is now within our abilities
to accelerate this development and use of our biological resources through the tech-
niques of genetic engineering.

These techniques are currently being utilized to achieve a multitude of ends. Cropr il/l
plants are being engineered to enhance production and resist pests and diseases. Live-
stock have been treated with genetically-engineered vaccines. Microorganisms are being

' genetically altered to provide a number of unique commercially valuable services or to
enhance existing capabilities. Among the uses for genetically—engineered
microorganisms (GEM s) are such applications as degradation of hazardous compounds,
production of pharmaeeuticals, enhanced petroleum and ore extraction, and increased
nitrogen fixation. Microorganisms are also being developed to perform such biological
control functions for agricultural pest control and frost damage reduction on crops.

Many of these microbial uses involve the release of GEMs into the environment.
For others, the possibility of accidental release of GEMs exists. In both cases, the end
result is that organisms with new combinations of genes or with artificially constructed
genetic sequences are introduced into the environment. This introduction has received
much attention because of theoretical possibilities for ecological disturbance posed by
these organisms.

lt is proposed that the environmental release of GEMs may or may not adversely
affect ecosystem structure or function in a manner analogous to disturbances caused by

the introduction of non-indigenous species. This concern is based on uncertainties in
predicting how introduced GEMs and their anthropogenically-altered genetic material

could affect natural communities of microorganisms and the ecological cycles they in-
fluence. The comparison of GEMs and non-indigenous species, however, may not be
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valid since genetic manipulations of genomes within a species are quite small and deüned
compared to the more extensive differences between species.

The consequences of an environmental introduction of GEMs can, in many ways,
be assessed in a manner similar to that used to assess the environmental effects ofa toxic
chemical. However, there is a very important difference between GEMs and toxic
compounds; GEMs may have the ability to increase in mass and number in the envi-
ronment (Cairns and Pratt, 1985). It is this ability to proliferate in the environment that »

precludes the use of standard dose-response methodologies in assessing possible envi-
ronmental effects of GEMs (Fiksel and Covello, 1986), because it is information on the
proliferation of the DNA that is desired, not information limited to a single carrier of
that DNA.

, )\\
I

The Office of Technology Assessment (OTA, 1981) presented a model suggesting

( five stages or effects to be considered when assessing the risk posed by the release of
bioengineered organisms, including: a) the formation of the organism; b) the probability
of release or escape of the organism; c) the proliferation of the organism in the envi-

ronment, including the possible transfer of recombinant genetic information to other

organisms; d) the establishment of the organism in the environment; and e) the effects
of the organism on the environment. Of these stages, proliferation, establishment, and
environmental effects are of most concern in assessing possible ecological perturbations
or disruptions posed by the release ofa GEM. Additionally, since mechanisms exist that
allow for the transfer of DNA between a GEM and other microbiological organisms,

these effects cannot be easily separated (Fiksel and Covello, 1986). Alternatively, other

agencies, such as EPA, NIH, and USDA, feel that the function or product of the GEM
may be of primary importance in considering release (G.H. Lacy, personal communi-
cation).
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Because many GEMs will be derived from common microorganisms, it is the ex-
pression of the anthropogenically-altered genetic material in an unpredicted manner or
its interaction with other genes that would be responsible for any ecological perturba-
tions. Genetic transfer may allow indigenous mieroflora, with tentatively greater
survivability in the environment, to acquire recombinant genes. Even if a released GEM
cannot survive, colonize, or reproduce in the environment but transfers its
anthropogenically-altered genetic information to an organism that does have these abil-
ities, any effects associated with the phenotypic expression of this information could
become a permanent feature of the ecosystem. Therefore, the possibilities of a released
GEM transferring its recombinant genes to indigenous populations of microorganisms
and of these escaped genes becoming established in those populations must be evaluated.

It is important to note that all GEMs have been altered through manipulation of
DNA (deletions, for example) or by insertion of DNA from another organism. The use
of synthetic DNA sequences entirely of anthropogenic origin and bearing no homology
to any genetic sequences in nature to modify rnicroorganisms has not yet occurred.
DeFlaun and Levy (l989) reviewed the transfer of various antibiotic resistance determi-
nants and metabolic plasmids, and concluded that the potential for the movement of any
gene out of its host exists if the proper transfer machinery is present and if the environ-
ment is conducive to transfer. This conclusion was based on documented cases of
transfer and on the similarity of various plasmids isolated from host microorganisms of
varied relatedness.

If genetic material does flow across wide taxonomic boundaries to the extent that
now seems possible, the regulation of environmental releases on a case-by—case basis
may be unnecessarily impeding the use of some innocuous GEMs in üeld applications.
It has been proposed (Comeaux ez al., in press) that the relative risks associated with the
release of GEMs is in part associated with the origin of the engineered DNA. Among

Introduction 5



the riskiest of constructs and therefore deserving of closer regulatory and scientiüc
scrutiny than others are those in which the host and manipulated genetic sequences were
isolated from widely disparate habitats. The reasoning behind this argument was that
gene transfer would have allowed, at some time, all possible hosts and genetic sequences
present in a habitat to have interacted, and that these interactions were tested on the
proving grounds of natural selection. Lack of observation of these constructs in nature
may imply an unsuccessful interaction and, therefore, a low level of risk.

The adaptability and ability of microbial forms to endure selective pressures may
preclude the control or elimination of indigenous microorganisms that have acquired
recombinant DNA through genetic exchange, although Watrud (1985) suggests that
natural factors could control these populations. Alternatively, acquired genetic material
is not always maintained in a population. Bacteria and viruses show a remarkable
economy of DNA and genes. Unnecessary genes are often lost from the gene pool in
the absence of selective advantages due to the energy constraints placed on the host
organism by the maintenance of such material. Also, many recombinant forms are less
fit than their wild—type parental strains (Lacy et al. 1984). Unfortunately, our ultimate
concern is not for the "many" but for the possibly devastating "few".

Researchers have pointed out that the persistence of foreign genes must be studied
independently of organism persistence (Saylor and Stacey, 1986), and dispersion of the
genetic elements themselves must be addressed when considering the proliferation of
recombinant products (Hartl, 1985). Cairns and Pratt (1985) state that an attribute of
potential importance in ecological assessment is the transfer of genetic material to other
organisms. This is because mechanisms of genetic transfer, including transformation,
conjugation, transduction, and, possibly, cell fusion, exist by which microbiological
organisms can exchange or acquire genetic information. These mechanisms sometimes
operate only within a particular group of bacteria, but often allow for the transfer of
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DNA across wide taxonomic boundaries (Shapiro, 1985). Shapiro further points out
that DNA transfer is an integral part of the prokaryotic life-style, based on evidence
from the spread of antibiotic cleterminants within bacterial populations. '

It is therefore obvious that an important part of the hazard evaluation process for
determining the environmental consequences relating to the release of a GEM will be

concerned with determining the rate and extent of genetic transfer to and from
indigenous mieroorganisms. However, it must be pointed out that not all GEMs are

engineered by the same methods, and that these differences will necessarily imply the use

of various methodologies in the risk assessment framework. In general, the methods
must be based on the details of the case at hand (Hartl, 1985) and a site-specific or a

i case—by-case basis (Brown er al. 1984).

This research investigated the transfer of recombinant antibiotic-resistance genes
from Erwinia carotovora subsp. carozovora (Ecc) to other mieroorganisms. Ecc is a spe-

cies of plant pathogenic bacteria (Dye, 1969) of the Family Enterobacteriaceae which

usually lives epiphytically on the surfaces of a broad variety of plants. When the host

plant becomes physiologically compromised, the bacterium becomes pathogenic and
macerates the tissues of the plant with a battery of cell-degrading enzymes. The key

enzyme in this assault is ena'0-pectate lyase, which degrades the pectin component of cell

wall adhesives.

A genetically—engineered strain of Ecc has been developed in George Lacy’s labora-

tory (Department of Plant Pathology, Physiology, and Weed Science, VPI&SU) and has

had its pectolytic abilities reduced by the re-introduction of a partially deleted gene for

endo-pectate lyase. ln addition, a gene coding for kanamycin resistance was inserted
with the recombinant DNA into the bacterial chromosome in order to allow selection
of this strain from other species. This partially disarmed strain, designated L-833, is a
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prototype for construction of a biological control agent to reduce the estimated S100
million agricultural lossesstemming from soft rot.

There are numerous reasons for using this recombinant Ecc for genetic exchange
studies. Since the insertions of recombinant DNA have been made directly into the
bacterial chromosome, they are more stable than those borne on plasmids. _Rlasrnid-

X containing cells usually replicate more slowly and are sometimes less fit than their
wildtype counterparts (Lacy and Leary, 1975; Lacy GI al., 1984). Also, little information
exists concerning the transfer of chromosomally-encoded genes between species other
than Escherichia coli in their natural habitats (Saylor and Stacey, 1986). There is little
evidence for this type of transfer, and most transfer evidence concerns plasmid—borne
drug resistance. However, since many plasmids can mobilize chromosomal elements
there is no reason to assume this does not occur —it is just that appropriately sensitive
experiments have not been performed (Slater, 1985). The case can also be made that if
transfer between two organisms can be demonstrated under laboratory conditions, it
may also occur in nature (Slater, 1985); however, the frequency of transfer may vary
greatly among these systems.

The frequency of generic exchange among bacteria increases with the kinship of
donor and recipient bacteria, although generic exchange mediated by transformation or
conjugation may occur at least in low frequencies between very diverse organisms (Lacy

and Leary, 1979). For this reason, genetic exchange frequencies for plasmid and chro-
mosomal gene transfer was determined for organisms with degrees of relatedness to the
Ecc GEM.

The genetic exchange frequency among these bacteria was investigated under three
different circumstances: 1) in vizro; 2) in siru; and 3) in plama. There are reasons for

testing under each of these circumstances. Generic transfer between microorganisms is
promoted by such factors as increased population densities in rnicrobially-active envi-
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ronments, increased mating efficiency on surfaces and interfaces, the physical bulk of
DNA released by dead or decaying tissues, and the extended half-life of DNA in soils
with a colloidal content (Reanney et al. 1983). In vitro studies, using cells impacted on
a filter membrane, would allow the determination of transformation and conjugation
rates under the most controlled conditions. In planta studies, conducted in decaying
plant tissues, may give the most realistic estimates of the rate of genetic exchange in the
environment for these microorganisms due to the intimate associations of large numbers
of physiologically similar bacteria in this situation. Also, Lacy and Leary (1975), Lacy
(1978), and Lacy et al. (1984) demonstrated that the transfer of plasmids can occur be-
tween bacterial species and genera in planta at a much higher rate than is observed in
vitro. In situ studies in soil microcosms would allow the determination of rates for
transfer of genetic material in a somewhat natural environment, as Ecc occurs at least

transiently in soil incidentally upon release from decayed tissues (Stanghellini, 1982), and
DNA can persist in soil in an extracellular state (Reanney et al., 1983). In situ exper-
iments were also conducted in part due to a perceived paucity of data in the literature
concerning gene transfer in that medium.

Orvos (1989) has shown that the engineered Ecc does not exhibit significantly in-
creased survivorship or disruption of community structure in terrestrial microcosms
compared to the wild-type organisms. Scanferlato et al. (in review) have investigated the
effects that the introduction of this GEM would have on functional groups of
microorganisms in aquatic microcosms. The present experiments were conducted to
determine if genetic material inserted into the chromosome of a GEM would be trans-
ferred to other microorganisms at measurable frequencies. Such transfer would have a
profound impact on the legislative regulation of environmental releases of GEMS.
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Abstract “

Bacteria transfer genes by several mechanisms including transformation, conju-
gation, transduction, and cell fusion. Examples of gene transfer in simulated or natural
habitats are discussed. For genetically-engineered microorganisms, (GEMs), systems
may be used that minimize genetic exchange. However, total elimination of genetic
transfer from or to GEMs released into agricultural habitats is probably an unrealistic
goal. Therefore, considerations for planned releases should document and evaluate gene
movement from GEMs into indigenous bacterial populations and evaluation of the ec-
ological impact of that gene movement on community structure and function. Assess-
ment of risk should be based on reasonable interpretations of the results oflogical tests

W for potential hazards and perforce avoid tests for more esoteric potential hazards.

I. Biotechnology and Gene Transfer

This discussion will be limited to transfer of genetic material resulting from an en-
vironmental application of genetically- engineered microorganisms (GEMs) in the con-
text of plant production in agriculture. Specifically, we discuss gene movement among
bacteria in agricultural environments such as water, soil, and in plama. We exclude
consideration of genetic exchange occurring as a result of accidental release of GEMs
from industrial or research facilities and genetic exchange resulting from the use of
genetically-engineered eukaryotic organisms such as transgenic plants. ln planned agri-
cultural cultural applications, the GEM and its altered DNA sequences are well charac-

terized, circumstances of the application are known, the sites of application are defined,
and substantial data from preliminaiy environmental simulation tests exists.
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The National Institutes for Health (NIH, 1984) adopted as the deüriition of
recombinant DNA molecules those which are manufactured outside living cells by join-
ing natural or synthetic DNA segments to DNA molecules that can replicate in a living
cell, or those molecules resulting from the replication of the above. Genetic transfer
refers to the dissernination of genetic material through natural genetic exchange mech-
anisms. Gene escape refers to mechanisms and associated frequencies of genetic proc-
esses required for the movement of recombinant DNA from a GEM into an indigenous
bacterium. The circumstances under which exchange will be considered are limited to
field applications of agriculturally important GEM s.

A. Agricultural Applications of Genetic Engineering

Genetic engineering of rnicroorganisms holds great promise for agricultural de-
velopment and prornises to improve agricultural production on a worldwide basis.
There are basically two strategies for increasing yields:

l. Increased Availability of Nutrients. The first approach is to increase crop
production by increasing the concentration of nutrients available to crop plants.

An example of this is the application of nitrogen-fixing Rhizobium spp. to seeds
or soil. This process is extensively used at the present time. Thus, it is possible

that genetically-altered strains with enhanced nitrogen-üxing ability, increased af-
finity for nodulation of plants, or increased nodule occupation ability could be
developed.

_

2. Control of Detrimental Organisms. The second approach is to decrease or
elirninate some factor detrimental to agricultural interests. There are a great vari-
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ety of applications that fall into this category. One application is the use
recombinant microorganisms as microbial control agents, to reduce or eliminate
the effects of pathogenic or otherwise undesirable microorganisms. An example
of this type of GEM use is the Ice‘ Pseudomonas syringae pv. syringae (Lindow
1986). Application of these altered microorganisms placed wildtype lce‘ P.
syringcze in field trials and reduced frost damage to crops. A second application
of recombinant technology is to reduce agricultural losses due to insect pests. For
instance, the Baci!/us 1/zuringiensis subsp. kurszaki delta-endotoxin gene has been
transferred into root surface-inhabiting Pseudomonas jluorescens to produce a
microbial pesticide for the protection of plant roots from chewing insects (Watrud
ez al. 1985). Establishment of such specific toxins in normal epiphytes may reduce
the need (albeit temporarily) for agrichemicals. Thirdly, species-specific herbicides
could be constructed to eliminate specific weeds. For instance, an engineered

A microbe which could induce disease in Johnson grass [Sorg/wm halepense (L) Pers.]
A

on pastures and crop land would be of great value. Finally, bacteria may be en-
gineered to protect crop plants from herbicides to which they are normally sus-
ceptible (Hatzios, 1987).

B. Genetic Transfer Systems

There are four known mechanisms by which bacteria exchange or transfer genetic
material. These eflicient mechanisms probably account for some of the adaptive
ability and evolutionary success of bacteria. However, little is known about genetic
exchange in nature. Logically, we expect that genetic transfer frequencies are lower
in nature compared to the laboratoiy, but these frequencies have not been docu-
mented.
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1. Conjugation: Plasmid and Chromosomal Transfer. ln conjugation, cell-to-cell
contact must occur, and plasmid- or ehromosomally-encoded genes are passed
from the donor to the recipient bacterium. ln all cases examined, plasmids are
required for plasmid as well as chromosomal exchange (()’Connell, 1984).

a. Plasmid Transfer. Plasmids are classiüed as conjugative or non-conjugative.

l The smallest eonjugative plasmids are about 30 kiloDaltons (kD), while non-
eonjugative plasmids are usually smaller than 10 kD. Non—conjugative plasmids
may be transferred, or mobilized, by a eonjugative co-resident "helper" plasmid
(Leemans er al. 1981). The helper plasmid may provide mobility proteins that
interact with mobilization nucleotide sequences on the non-conjugative
plasmids (Willets & Wilkins, 1984). Recombinant DNA is usually manipulated
on non-conjugative plasmids which may be engineered to lack nucleotide se-
quenees associated with mobilization (Twigg & Sherratt, 1980). It is possible,
however, to mobilize these plasmids (Gealt er al. 1985); McPhearson & Gealt,
1986; Mancini er al. 1987).

b. Transfer of Chromosomal Genes. Conjugative transfer of chromosomal
genes is plasmid-mediated and may occur in three ways (Lacy & Leary, 1979):

i. Simple Plasmid Integration in the Chromosome. A conjugative plasmid
integrates in the chromosome, probably through insertion sequences that it

shares with the chromosome, and transfers DNA during conjugative plasmid

transfer. This type of chromosomal transfer occurs at the lowest frequency
and is analogous to the Ft transfer reported by Weinberg and Stotzky (1972)
in sterile soils.
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ii. Prime Plasmid Integration in the Chromosome. Prime plasmids contain
significant sequences from chromosomal DNA which allow more frequent
association and subsequent integration in the chromosome. This type of
chromosomal transfer occurs at an intermecliate frequency and is analogous
to the F’ system in Escherichia coli (reviewed in Lacy & Leary, 1979).

iii. High Frequency of Transfer. In high frequency of recombination (llfr)
systems, a donor strain has a plasmid stably inserted in its chro" chromo-
some which mediates uni—directional chromosomal transfer from the point
of insertion. The chromosome is transferred before the plasmid in this sys-

i
tem. This type of transfer occurs at the highest frequency.

2. Transformation. Bacterial transformation involves the uptakc of cell-free or
"naked" DNA by competent bacteria (Lacy & Leary, 1979). The factors deterrnin—

ing the competency of recipient cells are not fully understood. The process of
transformation differs between Gram—positive and Gram-negative bacteria. For
the Gram-positive bacteria, competence is initiated in the recipient cell through the
production ofa protein competence factor. Double-stranded linear DNA adheres
to a recipient cell and a single strand of this molecule is taken up by the recipient
cell. This strand is coated with proteins protecting it from nucleases, forming an
eclipse complex, and is integrated by recombination into the recipient chromo-
some. Gram-negative bacteria apparently do not produce competence factors and

require special treatments, notably by CaCl,, to induce competence, and only take
up circular DNA molecules (O’Connell, 1984).

Transformation in the environment may be facilitated by DNA released by
decaying microbial cells or excreted by living cells. This may be important in
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densely populated microniches such as diseased plant tissues which may be densely.
populated by one or a few species of bacteria in good physiological condition for
gene transfer and replication. Other bacteria, such as members of the genera
Hemophilus, Neisseria, Szreptococcus, Staphylococcus, Bacillus, Acinezobaczer, and
Pseudomorzas, excrete DNA and are naturally competent at some point during
their life cycle indicating, albeit indirectly, that transformation may occur in na-
ture. (Carlson, ez al. 1983; Trevors, 61 al. 1987). Adsorption to particulates may
protect DNA from nuclease digestion or render it biologically inaccessible (Trevors
er al., 1987). Low cell densities, common to some aquatic communities, reduce
opportunities for transformation (Reanney, ez al., 1983a&b).

Transfection is the uptake of naked phage DNA by competent bacteria and
occurs by a process similar to that of transformation; however, there is no need for
recombination since many phage replicate autonomously. Transfection or plasmid
transformation in nature has not been documented O'Connell, 1984). A

3. Transduction. Transduction results from phage infection of a recipient cell.
A defective phage injects bacterial DNA along with or instead of phage genetic
material from a lysed donor bacterium into the recipient bacterium. Two catego-
ries of transduction are recognized: generalized and specialized. In gereralized
transduction, any fragment of the infected donor’s chromosome can be incorpo-
rated into a phage protein capsule, transferred to a recipient bacterium, and in-
corporated into its genome. In specialized transduction, only those segments of
the donor genome flanking the prophage DNA may be transferred. Generalized
transducing phage usually cause the donor bacterium to lyse. Specialized trans-

ducing phage may replicate for generations within the host genome before causing
lysis. Transduction is generally limited by the phage host range.
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4. Cell Fusion. Possibly the most tenuous of hacterial genetic transfer mech-
anisms is cell or protoplast fusion (Stotzky & Babich, 1984). In this process, the
cell walls are removed from two bacterial cells and the resulting protoplasts fuse.
The chromosomes of the two cells form a heteroduplex and recombination may
occur. Protoplast fusion is a useful genetic technique for the intraspecific transfer
of genetic material among organisms as diverse as Szaphylococcus aurcus, B.
subrilis, and several other Bacillus spp. (Dancer, 1980).

II. Documented Genetic Exchanges in Nature or Simulated
Natural Settings

Accurate prediction of genetic dissemination or escape requires that the frequency
of genetic transfer be known (Strauss, er al., 1986).

A. Transformation

Graham and lstock (1978) demonstrated that Bacillus subzilis strains exchanged
linked chromosomal markers in sterile soil. Transfer frequencies were lower than
those in liquid culture. Some transfromants became dominant in soil (Graham &
lstock, 1979).

B. Conjugation

1. Plasrnid Transfer ln Planta.

a. Tomato (Lycopersicon esculen tum L. cultivar SA early dwarf red). Kerr
(1969) reported transfer of oncogenicity among Agrobczczerium speeies on to-
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mato plants resulting in conversion of non·pathogenic species to oncogens.
Stems of tomato plants were inoculated with oncogenic donors followed by
non-oncogenic reeipients. After six weeks, ocogenic transconjugants were re-
covered. While conjugative plasmid exchange was suggested, no evidence for
plasmid movement was presented. Van Larebeke et al. (1975) isolated
oncogenic transconjugants of A. tumefaciens from tumors on Kalanc/zoe
dczigremontiana and demonstrated the presence of a large plasmid in the
oncogenic transconjugants. Watson et al. (1975) conürmed that the plasmid in
the oncogenic donor was physically identical to the plasmid in the oncogenic
transconjugants. —

b. Lima Bean (P/zaseolus lirnensis Macf cv. Fordhook 242). Lacy and Leary
(1975) demonstrated conjugative transfer of plasmids amongphytopathogenic
pseudomonacls in planto. The wide host-range antibiotic resistance plasmid
RP] was transferred from E. coli into Pseudomonas syringac pv. glycinea and
P. s. pv. phaseolicola in lumens of the pods, in water-congested leallets, or on
the surface of leaflets. In planta transfer frequencies compared favorably with
in vitro frequencies and, in some cases, were higher. Phytopathogens containing
RP} caused disease on plants although some host specificity reactions were al-
tered.

c. Maize (Zea rnays L. University of Wisconsin inbred lines W64A and W117).
Plasmid RP1 was transferred among strains of Erwinia chrysanthemi pv. zeac in
pseudostems (rolled, non-expanded leaves) from the "stalks" of young maize
plants. In planta transfer occurred at an increased frequency compared with in
vitro matings. Transconjugants were pathogenic (Lacy, 1978).
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d. Radish (Raphanus sativa L. cv. Sparkler). Talbot et al. (1980) observed
transfer of antibiotic resistance plasmids on seed surfaces, germinating plants,
and on plant roots. They inoculated plants by soaking seeds with Klebsiella
recipients, sowing them on non-sterile soil, drenching the exposed seeds with
donors, and eovering the seeds with soil.

e. Pear (Pyrus cornmwzis L. ev. Bartlett). Lacy, et al. (1984) demonstrated
transfer of plasmids, mediating resistance to oxytetraeycline (OTC), from
Erwinia /terbico/a and P. s. pv. syringae to Erwinia amy/ovora in pear blossoms.
Receptacles of detached pear blossoms were inoculated. In planta transfer was
more efficient than in vitro. Transconjugants required more than 3.2 mg
OTC/mL for growth inhibition on agar. This causes concern with respect to üre
blight control using OTC, as the proliferation of R-plasrnids could render this
treatment ineffective. However, OTC-resistant transconjugants of E. amylovora

have not been reported although at least one release ofa similar plasmid (RP4)
has been made (Manceau, et al., 1986). Transconjugants were pathogenic, but
only about 0.03% of the bacteria recovered from diseased plants maintained

RPI indieating in planta selective pressure against the plasmid.

f Hazelnut (Cory/us avellana L. cv. fertile de Coutard). Dynamics of RP4

(similar if not identical to RPI) plasmid transfer between Xant/zomonas
campestris pv. corylina and E. herbicola in Hazelnut tissues under field condi-

tions were studied by Manceau et al. (1986). Wounded twigs were inoculated
in an experimental orchard. Transfer occurred in all seasons, but climatic fac-
tors influenced bacteria populations. Unlike the study by Lacy et al. (1984),
RP4 was stable in the inoculated strains as well as in E. herbicola in plcznta. This
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precedent for non-contained release of a plasmid mediating resistance to an
antibiotic used in chemotherapy may not be a good model for other plasmid
ecology studies.

2. Plasmid Transfer in Aquatic Systems. Trevors er al. (1987) revicwed
conjugative transfer in aquatic-derived environments.

a. Lumber mill eflluent. Talbot cz al. (1980) observcd transfer of plasmids in
simulated lumber mill elllucnts prepared as sterile aqueous suspensions of
redwood [Sequoia gigaizzea (Lindl.) Dccne.] sawdust.

b. Sterile Sewage. Altherr and Kasweck (1982) and Mach and Grimes (1982)
observed transfer of plasmids among E. coli, Prozcus mirabilis, Salmonclla
emcrizidis, and Shigella sormei using membrane dilfusion chambers to contain
mating cells in sterile sewage. Transfer frequencies were lower than in in vitro.
Gealt er al. (1985) recovered transconjugants from sterile sewage in which
plasmid rearrangements had occurred. Others have used synthetic sterile
wastewater to study plasmid exchange in a model waste treatment facility
(Mancini er al., 1987). Results of experiments in sterile sewage are dillicult to
relate to transfer frequencies in sewage; lower frequencies in non- sterile sewage
should be expected.

c. Lentic Systems. The transfer and stability of compatible (R1 and TPl20)
and incompatible (TP 125 and TP l 13) plasmids resident in E. coli were studied
in a continuous-flow, water-jacketed, üxed—bed column fermentor and in

_ dialysis sacs containing autoclaved pond water suspended in a freshwater pond

}
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(Gowland & Slater, 1984). Transconjugants were obtained at low frequencies
only from matings among compatible plasmids when high population densities
were used. Using water from a eutrophic pond in in vitro studies, transfer of
plasmids from donor strains to indigenous recipients occurred at 10*8

transconjugants/donor, 200-fold lower than with cultured recipients (Schilf &
Klingmuller, 1983).

d. Lotic Systems. ln matings carried out in filter-sterilized stream water among
E. coli strains, transfer was observed in nutrient broth-amended water but not
in non-amended water (Trevors & Oddie, 1986). A mercury- rcsistance plasmid
isolated from epilithic bacteria on river stones was transferred to Pseudomonas
aeruginosa recipients in non-enclosed experiments (Bale et al., 1987). Donors
and recipients, impacted on a ülter, were plaeed on the surface of stones na-
turally infested with epilithic bacteria in a canal. Matings occurring between
bacteria impacted on the filter prior to returning the stones to the water were
not clearly differentiated from matings that occurred in the canal; pre-
immersion transconjugants may have replicated during ineubation in the canal.
ln a more precise experiment, Bale et al., (1988) detected transfer of plasmids
from natural epilithic bacteria to Pseudomorzas putida recipients impacted on a
membrane attached to stones in a river bed.

3. Plasmid Transfer in Soil. Trevors et al. (1987) reviewed conjugative transfer in

soil—derived environments.

a. Sterile Soil. Trevors and Oddie (1986) studied matings in autoclaved soil
among E. coli strains. Plasmid transfer was observed in nutrient broth-
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amended, autoclaved soil, but not in non—amended soil. Conjugative plasmids
mobilized a non-conjugative plasmid from Streptomyces lividans to several
strains of Streptomyces in sterilized soil (Rafii & Crawford, 1988a&b).

b. Non—Sterile Soil. Schilf and Klingmuller (1986) observed transfer of
plasmids to indigenous bacteria from E. coli strains in agricultural soil at 10*9

transconjugants/donor; in vitro transfers occurred 200- to 300-fold more fre-
quently. Trevors and Starodub (1987) followed plasmid transfer in non—sterilei fi/iii
agricultural soil, where plasmid transfer was 10- to 57-fold lower than in broth
matings. Plasmid transfer was greater under aerobic than anaerobic conditions.
Soil adjusted to 80% of water holding capacity had more transconjugants than
soil with 20%. Wellington et al., (1988; personal communication) reported
transfer of plasmids from Streptomyces violaceolatus to S. lividans. ln amended
(1% starch and 1% chitin) and non—amended sterile soil, transfer frequencies
(6 X 109 and 6 X 10*9 transconjugants/donor, respectively were markedly higher
than in non-sterile soil (about 1 X 10*’ ).

4. Chromosomal Transfer.

a. Sterile Soil. Weinberg and Stotzky (1972) used E. coli recipients with
auxotrophic mutations and donors with F* plasmids or Hfr chromosomally-
inserted plasmids. Prototrophic recombinants at several 1oci were recovered;

Hfr donors were more effective than F+ donors. Soil supported E. coli growth
but growth and recombination were enhanced by montmorillonite. ln the

studies of Rafii and Crawford (1988a&b) using S. lividans (red pigmented) do-
nors to Strcptomyces jlavovirens (black pigmented) recipients, they observed a
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transconjugant with red and black pigments. This was originally interpreted as
evidence for chromosomal recombination. No evidence was presented to indi-
cate that the putative recombinant maintained the pigment gene(s) after
plasmid curing, that the transferred plasmid had not itself acquired the gene(s),
or that chromosomal DNA had been transferred into the recipient. Until these
questions are addressed, evidence for chromosomal recombination must be
considered as tentative (Rafii & Crawford, personal communication).

b. ln planta. To detect chromosomal recombination, antibiotic-resistant, di-
auxotrophic recipients and prototrophic, antibiotic-susceptible donors contain-
ing plasmid RP} of P. s. pv. ghrcinea were inoculated into soybean leaves
[Glvcine max (L.) Merr. cv. Kanrich]. Although recombinants were detected in
vitro (Lacy & Leary, 1976), none were observed in plartta (Lacy, 1975).
Contributory to failure to detect recombinants were several problems: microbial g
contamination, bacterio-static or —cidal plant extracts, and lack of llfr donors.

C. Transduction

}. Aquatic Systems. Morrison ct al. (1978) used phage to transduce P.
aerugirtosa in autoclaved reservoir water. They observed in situ transduction of

P. aerugirtosa to streptomycin resistance in flow—through environmental test
chambers suspended in the habitat. Saye et al. (1987) demonstrated transduction
of P. aeruginosa with a non- conjugative plasmid from a non-lysogenic donor to
either a lysogenic recipient or a non-lysogenic recipient incubated with phage par-

ticles. Large, non—porous teflon bags were lilled with non-sterile reservoir water
and suspended in the reservoir. The plasmid could be transferred only by a series
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of interactions: the phage must be induced from the lysogenized recipient and at-
tach to the plasmid donor or attach directly (free phage particles), lysogenize the
donor, be induced, package the plasmid, lyse the donor, attach to the recipient, and

inject the plasmid DNA. In the first trial, transductants were detected only in
autoclaved water. In the second, transductants were observed only in chambers
with non-sterile water.

2. Sterile and Non-Sterile Soil. Zeph et al. (1988) demonstrated transduction of
non—lysogenic and lysogenic E. coli strains in sterile and non-sterile soil amended

Q with montmorillonite or kaolinite. Transductants were detected less often in non-
sterile than in sterile soil. Transduction in nonsterile soil was not signiücantly af-
fected by the type or amount of clay added or by the nutricnt amendments.

Transduction of indigenous soil bacteria was not unequivocally demonstrated nor

was an exact determination of transduction frequency in soil accomplished.

D. Cell-Protoplast Fusion

This phenomenon may be limited to the laboratory where protoplasts are pro-

tected by aseptic techniques and proper osmotica. The possible occurrence of L-

forms, natural protoplasts of bacteria, and their evidently long·term maintenence in

plants may suggest a relatively rnicrobe-free, protoplast-supportive habitat where

protoplast fusion may occur (Paton, 1987).

E. Generalizations Concerning Genetic Transfer in Simulated or Natural llabitats

. V From the preceding discussion, we may form the conclusion that genetic transferl
occurs at lower frequency in soil and water habitats than in vitro or in sterile systems.
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In contrast, in planta transfers may occur at greater frequencies than in vitro. Other

factors may affect transfer:

1. High Populations. High bacterial densities found in microbially active habitats,

such as the rhizosphere, on surfaces of organic materials, or at interfaces (i.e.,

water/air, water/sediment) (Foster & Bowen, 1982) enhance mating. Surfaces,

interfaces, and plant tissues may promote transfer by physically stabilizing mating

pairs, supplying nutrients, or protecting from microbial competition (Lacy &

Leary, 1975; Lacy, 1978; Lacy et al., 1984). In the case of A. tumefacierzs, opines

present in crown gall tissue enhance growth and transfer of pTi plasmid in vizro

(Genetello er al., 1977; Kerr et al., 1977).

2. Free DNA. DNA released in habitats may promote transformation (Dancer,

1980).

3. Addition of Clay Minerals. Montmorillonite may promote growth and plasmid

transfer (Weinberg & Stotzky, 1972) but not transduction (Zeph et al., 1988).

4. Plasmid Host Range. Wide host-range plasmids, especially in incompatibility

groups P, X, C, and W, have the potential to transfer to diverse groups of bacteria

(reviewed in Lacy & Leaiy, 1979).

5. Plasmid Copy Number. High copy number plasmids may provide more op-
portunity for dispersal than low copy number plasmids (Shaw, 1987).
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6. Donor-Recipient Ratios. Donor to recipient ratios are important to gcnetic
transfer. IIigh ratios of donors to recipients in localized areas may be rare in soil
and in aquatic systems, but they may be common in plants (Lacy & Lcary, 1975;
Manceau, ez al., 1986; Gowland & Slater, 1984).

7. Spatial, Temporal, and Physiological Separation of Bacteria. In soil, on plant
surfaces, and in free flowing air and water, spatial separation of bacteria may
hinder transfer(Blakeman, 1982; Foster & Bowen, 1982; Lindow, 1982). Bactcrial

succession changes or the physiological state of putative recipients or donors may
preclude gene transfer.

8. Immobilization. Adherence of viruses, bacteria, and Bee DNA to soil particles,
organic material, and living organisms may reduce the opportunity for gene
transfer. Entrapping substances such as mucigels lectins, and slimes may contrib-
ute to this phenomenon (Foster & Bowen, 1982).

9. Genetic barriers. Restriction systems and plasmid incompatibility interactions
reduce gene movement.

10. Environmental conditions. Temperature, humidity, moisture level, salinity,
and pH affect transfer (Bale ez al., 1987; Trevors & Oddie, 1986; Trevors &
Starodaub, 1987; Weinberg & Stotzky, 1972; Wellington, 1988; Zeph, et al., 1988).

III. Risk Assessment For Genetic Dissemination

A. What is Risk Assessment?
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Risk assessment is "the process of obtaining quantitative or qualitative meas-
ures of risk levels, including estimates of possible health effects and other conse-
quences as well as the degree of uncertainty in those estimates" (Fiksel & Covello,
1986).

The Office of Technology Assessment (1981) suggests five elements to be
considered in assessment: 1) formation of the GEM; 2) intentional or accidental
environmental release; 3) proliferation potential of the GEM or recombinant DNA
following transfer to other microorganisms; 4) establishment of the organism or
recombinant DNA in the environment; and 5) environmental effects. Of primary
interest to our discussion is the transfer of recombinant genes to or from
indigenous microorganisms.

V

1. Basic Uncertainty. "Nothing we do has zero risk; intelligent choices are best
made when one can estimate the hazard of a particular course of action with rea-
sonable reliability" (Cairns, 1980). By necessity, risk assessment is undertaken prior
to an action; therefore, reliability of the estimate is fallible and there is an inherent
probability of error.

2. Components of Assessment. The Toxic Substances Control Act (1976) divides
risk assessment into two components: 1) hazard assessment, in which the potential
adverse effects of a course of action are identiüed then quantiüed in relation to
experimental exposure and 2) exposure assessment, in which the distribution of

effects is described in relation to the affected species. For new chemicals, hazard
assessment often involves comparison to activity of a similar compound while ex-
posure emphasizes the fate of the chemical in the environment and the amounts
which might reach other organisms.

Literature Review and Bibliography 27



l

3. lnverse-Correlation Rule. Relative to transfer of recombinant DNA, risk as-
sessment encompasses the assessment of hazard associated with the function en-
coded by the recombinant DNA and any hazard associated with the expression of
those sequences in the GEM or other recipient bacteria. In other words, the more
benign the nature and origin of the gene the less likely harm will be caused by the
expression of that gene in a GEM or other possible recipient.

4. llow Chemicals Differ from Bacteria in Assessment Philosophy. Although as-

sessing risk associated with environmental applications of GEMs has been com-

pared to the assessment for environmental application of hazardous chemicals,
V

there is a very important distinction between chemicals and microorganisms.

Chemicals may decrease in concentration due to dilution and degradation, but

GEMs or their recombinant DNA may reproduce, although this has not been

documented in recent literature (review of abstracts and posters in REGEM Pro-

ceedings, 1988). Bacteria may also mutate, evolve in response to selective pres-
sures, and disseminate or receive genetic information. As such, the use of standard

chemical dose-response methodologies to predict possible ecological perturbations

may be precluded. Alexander (1986) concluded that there are three possible results

following release of bacteria into a new habitat: 1) rapid elimination; 2) rapid de-

cline resulting in a small persistent population; and 3) establishment. Hazards as-
sociated with undetectable concentrations of remaining recombinant DNA must

be considered, although they conceivably present less risk than large population
levels (McCormick, 1986).

B. Detecting Gene Movement: Methodology Lirnitations

Literature Review and Bibliography 28



Variability of microorganism distribution in the environment dictates intensive
sampling to follow gene movement. lt is desirable to develop rapid, simple, and in-
expensive techniques to analyze environmental samples. Current methods capable
of detecting GEMs may be unable to distinguish recipients, or may be unable to dif-
ferentiate among them in a single process.

1. Plate Counts and Culture Techniques. Standard plate-counts and culture
techniques, incorporating selective media, are the simplest and least expensive de-
tection techniques. Enumeration of GEMs requires that there is a selective trait
associated with the inserted genetic material (Hagedorn, 1986). ln the absence of
marker genes, a selective medium must be developed that would discriminate be-
tween the GEM and wildtype microorganisms. Non-culturable cells may result in
undercounting of recipients

2. Direct Counts. lmmunofluorescent techniques and direct counts of
microorganisms are of value in detecting the GEMs. However, these techniques
are not effective in separately enumerating recipients. Alterations to the bacterial

cell wall due to environmental or physiological stresses results in undercounting
of organisms and adherence of the antibodies to dead bacteria results in including
non—viable units in the count.

3. DNA Analysis. Possibly the best approach is to focus on recombinant DNA

itself The method showing most promise is hybridization with recombinant DNA
sequence—specific probes. A promising modification involves the amplification of
target sequences extracted from environmental samples (Somerville er al., 1988)
and amplified by repeated cycles of polynierase-mediated replication (Ou er al.,
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1988; Saiki er al., 1988; Steifan & Atlas, 1988). With amplification, detection of
as little as one genome per gram of soil has been claimed. This technique does not
discriminate among sequences located in a GEM, a recipient, or free or adsorbed
in the habitat.

4. Other Tests. Other diagnostic tests, such as enzyme or protein assays could
give an estimate of cumulative microbial activity, but may be unable to cnumerate
viable organisms and have limited application in the detection of transferred
recombinant genes.

i

/l/Giiiiilnevitability of Gene Transfer

Selective pressure, changing environments, and competition for nutrients and
biological space require that organisms have mechanisms available for genetic

E

flexibility. Eukaryotes with large genomes (200,000 or more genes in plants;
1,000,000 or more in humans) have three mechanisms that aid them: they are often

4 diploid with two alleles for a single function, they may have sexual processes for
large—scale genomic mixing, and they may have space in their genomes for
pseudogenes which might be DNA accumulating genetic changes and evolving into
"new" genes. Prokaryotes, with relatively small genomes (3,000 genes) and no
sexual processes, have two advantages: short generation times allowing rapid
spread of successful genomes and several methods for genetic exchange. These
processes are so efficient in laboratory applications that we assume they function

in nature (Shapiro, 1985; Slater, 1985).
-

1. Gene Transfer Versus Gene Escape. The literature on gene transfer from GEMs
is confused on the difference between gene escape and transfer. Gene escape is the
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movement of recombinant DNA from the chromosome ofa GEM and its transfer
and establishment in a recipient cell. Gene transfer is simply the transfer of DNA
from cell to cell. The difference is important since gene escape must occur before
environment perturbation may be caused by indigenous recipients of recombinant
DNA.

2. Allowable Levels for Gene Escape. Ifwe accept that genetic transfer will occur
at some level, then we must either ban all introduction of GEMs or ascertain ae-
ceptable levels of gene transfer. We assert that the former approach is untenable,
so that the determination of realistic gene escape frequencies is necessary. Most

. studies of gene escape have been conducted with plasmid transfer; however, the
frequencies reported do not accurately reflect the necessary sequence of events in-
cluding plasmid acquisition by a GEM, interaction of the plasmid with chromo-
somal DNA, and plasmid transfer to a recipient bacterium. Since this entire
experiment has not been reported, we extrapolate an example for illustration: In
G.H. Lacy’s laboratory, gene acquisition by double crossover events between
plasmids and bacterial chromosomes occur in vitro at 10*° recombinants/donor in
Erwinia carotovora. Wellington et al. (1988) report acquisition of plasmids in
non-sterile soil at less than 10·7 transconjugants/donor in S. lividans. Ignoring
species differences, the frequency for gene escape from a GEM to an indigenous
recipient might be 10*7 (plasmid acquisition by the GEM) x 10*° (recombinant DNA
acquisition by the plasmid) x 10*7 (plasmid transfer to recipient). Therefore, the
predicted frequency for gene escape is 10*77 transconjugants/donor. Assuming 107

bacteria per gram of soil and soil density of 1.6g/cc, more than 10*7 bacteria occur
per 30cm-hectare-slice. This means that gene escape may be predicted once every
106 hectare-slices. Considering the diversity of bacteria in soil, their spatial dis-
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tribution, that not all cells in natural habitats are receptive to plasmid transfer, and
that many of the potentially receptive cells are not in a physiological state to re-
ceive and/or express plasmids, the actual frequency would be much lower and gene
escape is even more unlikely. Of course, other systems, using prime plasmids, Hfr
strains, or double transposon·containing plasmids and less harsh environments
such as aquatic or in plama habitats, may change this figure significantly. Obvi-

. ously, the low frequencies of gene escape described here will be difficult to dem-
onstrate in microcosms unless the component steps in gene escape are studied
independcntly.

3. Minimizing Gene Escape. Steps may be taken to reduce gene escape in nature,
but total elimination is unrealistic. One strategy is to develop an antidote-lethal
gene system as a method of biological containment for recombinant DNA. A le-
thal gene is linked to the recombinant DNA and a gene for the antidote to the le-
thal gene is inserted on the far side of the bacterial chromosome. If these genes
share a common regulatory region, the antidote gene will be expressed with the
lethal gene and neutralize it. Therefore, if the engineered gene is transferrcd, the
lethal gene will be transferred also. A better approach would be to insert four

genes--two lethal genes (Ll and L2) and two antidote genes (Al and A2). Genes

L1 and A2 would flank the engineered gene and genes L2 and Al would be some
distance away on the chromosome. If the engineered gene is transferred, continu-

ity among the respective antidote and lethal genes is broken and both recipient and
donor organisms die. The weakness of this system is that lethal genes may be
mutated to a non-lethal state and become disfunctional so that eventually gene
dissemination may occur.
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D. Environmental Impact of Gene Movement

The risk assessment strategy concerning the application of GEMs involves pre-

dicting the possible alteration of ecological parameters, such as disruption of com-
munity structure or function. In this context, we must decide if the transfer of the

recombinant genes to indigenous bacteria is of significance.

l. Levels of Safety. There are various levels of safety inherent in the application

of different types of genetically altered microorganisms. Utilization of GEMs re-

sulting from the deletion of a sequence of DNA is intuitively less risky than ap-

plication of the nonmanipulated wildtype (indigenous) strain. The use of GEMS

whose genomes have been amended by the insertion of some genetic sequence

poses more risk.

2. Weakness of Plasmid Models for GEM Release Studies. Currently, many re-

searchers are using plasmids as models for releasing GEMs. This is a poor model

for several reasons: plasmids are separate biotic agents with eeologies of their own

(Shaw, 1987), they are known to be easily disseminated from their vector microbes

(O'Connell, 1984), and plasmids are readily lost by dilution and environmental se-

lection from their vector microbes (Helling er al., 1981; Lacy er al., 1984). For these

reasons, genetic engineers designing organisms for deliberate release will select

chromosomal alterations to achieve their goals. Finally, for GEMs from commer-
cial laboratories, engineered chromosomes are more effective for protecting pro-

prietary interests since whole chromosomes are more difhcult to characterize
molecularly than plasmids.

Literature Review and Bibliography 33



3. Proposals for Exempting Classes of GEMS. Since genetic exchange to
I

indigenous microorganisms will occur, some standard must be used to decide
whether a certain rate or frequency of exchange is unacceptable. Failure by regu-
latory agencies to set standards, reliance on vague terms such as "excess" or "ex—

tensive" exchange, and too broad regulation result in continuing case-by—case
consideration of planned releases and slows research progress. Therefore, we sug-
gest two methods for assessing risk that would eliminate some classes of GEA/Is
from consideration of their potential for dissemination of recombinant DNA.

a. Origin of Recombinant DNA: A Proposal for Assessing Risk. One philos-
ophy for ranking the potential hazard of genetic dissemination from GEMs is
based on the type and source of the genetic alteration. Following the assump-
tion that alterations within a single genome or moving a gene already present
in a habitat are of lower potential risk than introducing a gene not present in
a single genome or habitat, an ordered list of relative potential risks may be
drawn up. At some points on the list, we should not be concerned about gene
dissemination; at other points we should be concerned with gene dissemination.
Certain assumptions are made to support a list of relative potential risks:

"Genes Will Move". We assume that genes will move in a
habitat at some frequency; therefore, the real possibility exists that
the construction will or has already occurred spontaneously in na-
ture. Lack of discovery of that spontaneous construction may re-
sult from lack of diligence in searching, evolutionary failure, or the
construction has not yet occurred.

"Time Aids Spontaneous Construction". Arguably, inoculum
intensity of GEMs may aid genetic dissemination since bactcria
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may be applied at high rates at least in a localized area (e.g. infested
granules applied in furrow to enhance root colonization). However,
we hypothesize that the geological time involved in the evolution
of a habitat-- even disturbed agricultural habitats--results in as
many opportunities for the spontaneous construction of similar
genomes.

"Genomes Are Selected". Selective pressure placed by the
physicochemical properties, indigenous bacteria, and environmental
conditions tends to maintain certain successful gcnomes and selects
against others. Successful organisms result from favorable inter-
actions of genes among themselves and with the environment.
Major changes in genotype are likely to impair phenotypes, not
improve them. Thus, except in special cases, organisms resultingiL
from genetic engineering are unlikely to be superior competitors in
their natural niche because of the disruption of interaction brought
about by the introduced gene or gencs (Hartl, 1985). In the ab-
sence of a strong selective advantage associated with a particular
gene, genetic material that does not confer some selective advan-
tage to the host organism may not be maintained within the
genome. Gene rearrangements possibly related to this phenomenon
have been reported (Gealt, er al., 1985; Jansson & Tiedje, 1988).
Since gene transfer mechanisms provide the opportunity for trans-

fer within and without habitats, the genetic determinants not found
within a particular environment are probably not selected.

"GEMs Will Be Re-introduced into the Same or Similar
Habitats". Since non-indigenous bacteria usually do not become
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established when introduced into a different habitat, indigenous
bacteria are selected for genetic manipulation and environmental
releases. Therefore, GEMs usually will be introduced into habitats
in which very similar organisms with similar genomes already exist.

b. List of Relative Risks Associated with the Origin of Recombinant DNA
(least to most potential risk).

i. Deletion of a gene from the wildtype genome.

ii. The enhancement or change in the regulation of a gene already present in
a wildtype genome. E

iii. Addition to a genome of a genetic construction not present in the
wildtype genome, but derived from genomes in the same habitat.

iv. Addition to a genome of a genetic construction not present in the
wildtype genome or derived from genomes not in the same habitat.

We propose that no appreciable risks exist in sections ’i’, ’ii’, or ’iii’.
However, in ’iv’ the potential risk of gene transfer should be considered."

c. Activity Encoded by Recombinant DNA: A Proposal for Assessing Risk.
Assuming that there is no danger to ecological functioning from the application
of the GEM, we must evaluate the possibility of adverse effects resulting from
expression of the genetic material by indigenous microorganisms. There are
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two choices; there will be either no or some effect. Since it is not feasible to test
every possible recipient in microcosms before release, judgements of possible
hazard must be made. However, most ecosystems are redundant in functional
capacities, and it is unlikely that the establishment of a single new trait could
have far-reaching effects on the environment (Cairns & Pratt, 1986; Stacey,
1985). We propose that the activity encoded by recombinant DNA can be used
to determinne if genetic dissemination is a potential risk. lf the recombinant
DNA does not mediate competitive advantage in the habitat, consideration of
genetic transfer is unnecessary.

d. List of Potential Risks Associated with the Function of Recombinant DNA.

i. DNA that does not encode for an obvious competitive advantage. DNA
c sequences, such as "lux" genes or B. zhurirzgiensis toxin genes inserted into

the chromosome of rhizoplane-inhabiting bacteria, probably will not confer
competitive advantages upon recipient bacteria.

ii. DNA conferring possible competitive advantages. Genes such as "lac"

genes, siderophore production genes, antibiotic resistance genes, or
bacteriocins may provide recipient bacteria with the ability to metabolize

additional substrates or to reduce competition for space and nutricnts by
antagonism.

iii. DNA possibly conferring detrimental phenotypes. Sequences encoding
for potential hazardous traits, such as pathogenicity, may require special
consideration. Since so many factors are important in pathogenesis (i.e.,
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degradative enzymes, toxins, extracellular polysaccharide production,

phytohormone production, host recognition, etc.), each genetic sequence

must be considered on an individual basis. In consideration of phenotypes
such as pathogenicity, some perspective for the role of organisms with these

phenotypes in nutrient cycling, bio-mass conversion, selection of successful

plants, biological control, and possible residence in the habitat must be ob-

served.

We propose that no appreciable risk is associated with section and gene

movement should not be a consideration. lf microcosm tests suggest no sig- Y
nificant community structure or function changes, then "ii" may not be impor-

tant for consideration. For section "iii", we suggest carcful consideration

focused on the activity of the gene and not the "pathogenic" origin of the DNA.

Most "pathogenic" gene functions should be classed into section or "ii" and
hence should not need to be considered.

IV. Summary

In this chapter, we have reviewed known examples of gene transfer in natural or

simulated habitats, suggested conditions that enhance or reduce genetic transfer, pro-

posed an approach for measuring gene escape, and speculated about two schemes for
considering the potential risk of genetic transfer. We assume that some of our opinions

will provoke discussion and experimentation which may lead to greater understanding
of the risks, if any, associated with genetic transfer associated with GEN/Is.
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Addenda (added in Thesis review).

Insert at 111. C. 2., following last paragraph:

Alternatively, recent studies reporting "directed mutation" may invalidate this logic.
Hall (1988) reports the appearence of double mutants for a catabolic determinant
(salicin utilization) at a frequency far greater than expected. Using E. coli K12 strain
X342LD (which requires two mutations sequentially in the bg! operon to utilize salicin)
he observed the appearence of double mutants at a frequency of 10* per cell. The indi-
vidual mutations are expected to occur at frequencies of 4 X 10* per cell division and
< 2 X 10**2 respectively, and are alleged to occur independantly of each other. lf so, this
observed frequency is approximately 10** greater than expected.

Hall, B.G. 1988. Adaptive evolution that requires multiple spontaneous mutations. l.
Mutations involving an insertion sequence. Genetics 120:887-897.
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Materials and methods

A. Bacterial strains and plasmids

Donor Organisms
A

Three recombinant strains of E. carozovora subsp. carozovora (Ecc) were used
in this study. Two of the strains were modißcations of a parental GEM. This _
parental strain, L-833, is the chromosomally-altered microorganism developed in
George Lacy’s laboratory. Pectate lyase genes from Ecc were cloned into plasmid 6* *"

‘”

pBR322 on an 8.7 kilobase pair (kbp) fragment and expressed in Escheric/zicz co/i
strain l·lB101 (Roberts ez al., 1986). A 5.5 kbp fragment of the inserted Ecc DNA
was deleted by digestion with Bglll and the remaining plasmid DNA was ligated
using T4 ligase. The resulting plasmid, pDR41, no longer mediated pectate lyase
activity as determined by isoelectric focusing and activity stain overlays (Reid and
Collmer, 1985). Plasmid pDR41 was further modihed by inserting the Pszl 1.4 kbp
fragment of Tn903 (kanamycin resistance) isolated from pUC4K (Vieira and
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Messing, 1982) into the Pszl site of pDR41. The new plasmid, pVS20, mediating
i

kanamycin resistance, was transferred into Ecc by conjugal triparental mating with
the helper plasmid pRK2013 (DeBoer, 1982). Substitutional mutagenesis was at-
tempted by curing pVS20 from Ecc in low phosphate medium (Torriani, 1960).

(VAKanamycin-resistant strain L—833 was recovered that contained no detectable
plasmids yet continued to produce a full spectrum of pectate lyases but was reduced
up to 30% in the ability to rot tuber tissue. The Tn903~derived fragment therefore

· is probably inserted in a cis-orientation to the wildtype genes in the Ecc chromo-
some. This strain was used to determine if transfer of inserted chromosomal ge-
netic (the kan marker) material from a GEM to other microorganisms would occur
in biparental matings conducted on filters, in plant tissues, or in soil.

The second strain, designated L—881, is an L-833 clone carrying plasmid
pBR322. The plasmid was inserted into L—833 via a triparental mating with E. coli
HB10l carrying the conjugal transfer promotor plasmid pRK2013 and E. coli
HBl01 carrying pBR322.

The third strain, designated L-879, is an L—833 clone to which plasmid RPI
was transferred by filter mating with E. coli/RP1 (L—127).

Rccipient Strains

The microorganisms used to test for reception of recombinant DNA from the
GEMs were organisms commonly found in soil or associated with plants in soil.
The first strain was Ecc EC14 designated L-880. This organism was chosen to de-
termine the frequency of genetic transfer within an extremely closely related strain
of bacteria under the conditions to be used. The other species used is Pseudomonas
jluorescens L-883, (ATCC 13525), a Gram negative organism of the Family
Pseudomonadaceae and remotely related to Ecc. Parental stocks of the recipient
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strains were received from stocks maintained by George Lacy. A phenotypic
marker was established in recipient strains (resistance to nalidixic acid) to enable
enumeration of their populations in tests and differentiation from donor
organisms..

Plasmids

Plasmid pBR322 is an "artificial" plasmid that was constructed for use as a new
cloning vehicle by combining genetic elements from three different plasmids
(Bolivar ez al. 1977). The replication region of pMBl (a plasmid closely related to
ColE1-K30) was linked to the ampicillin resistance gene from Tn3 (from plasmid
R1) and the tetracycline resistance gene from pSC10l (Hardy, 1981).

This plasmid has many important characteristics for use in molecular biology.
I t is smaller than other cloning vehicles previously in use, and the antibiotic mark-
ers (tetracycline and ampicillin) are not transposable. lt is a small plasmid (2.6 X
106 Da) which exists in high copy number (40 copies per cell; Hardy, 1981). Also,
it was constructed specifically lacking tra genes, and can only be transferred
through either transformation or bi- or tri·parental matings. Transfer efficiency is
signiücantly reduced compared to plasmid ColE1 (Bolivar er al., 1977). Use of the
pMBl replication region allows it to continue to replicate (like other Co1E1·type
replicons) in the presence of chloramphenicol while chromosomal replication is in-
hibited (Hardy, 1981). Use of this plasmid will determine the frequency of a non-
conjugal plasmid exchange froin GEMs to other microorganisms.

Strains of Pseudomonczs aeruginosa exhibiting greatly increased resistance to
carbenicillin were isolated from burn patients in the M.R.C. Industrial Injuries and
Burns Unit at Birmingham (U.K.) Accident Hospital (Lowbury er al., 1969). Be-
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cause of the sudden appearance of antibiotic resistance in the strains, it was sus-
pected that this resistance was due to an extrachromosomal gene rather than due
to strain selection to the antibiotic. Subsequent researchers (Fulbrook ez al, 1970;
Roe ez al, 1970; Sykes and Richmond, 1970; Olsen and Shipley, 1972; Grinsted er
al., 1972) showed that this R-factor resistance was due to plasmid acquisition by
the infecting microorganisms and that these plasmids could be easily transferred
(frequencies of transfer reported up to 1.5 X l0·‘ transconjugants per donor in
broth matings) between various types of microorganisms. Datta ez al. (1973)
demonstrated that these plasmids could be transferred from E. coli to gencra
(pseudomonads and members of the Rhizobiaceae) for which transfer of F-like and
I-like plasmids could not be demonstrated. They proposed to create a new in-
compatibility grouping, the P~incompatibility group, based on these lindings.

Stanisich and Holloway (1971) showed that R-factors were capable of mobi-
lizing chromosomal genes and transferring them between strains of P. aeruginosa.
They also found that resistance properties conferred by the plasmids changed with
various recipient strains, although it was not clear whether this was due to recom-
bination of the plasmid with the chromosome or incompatibility of certain plasmid
gene products with recipient physiology.

Holloway and Richmond (1973) presented evidence that some of the R-factors
(notably RPl and RP4) isolated from Lowbury’s strains were probably identical to
each other on the basis of antibiotic marker pattern, %G+C, buoyant density,
molecular weight, and hybridization data. Barth er al. (1977) showed the im genes
of RP4 were separated into two separate regions on the plasmid.

RP1 is a large plasmid (molecular weight of 40 X 106 Da; Holloway and
Richmond, 1973), and is a low copy number plasmid (1-2 copies per cell; Hardy,
1981).
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Antibiotics

Ampicillin is a semi-synthetic ß-lactam antibiotic that interferes with
peptidoglycan synthesis and turnover. This antibiotic was (Ampicillin trihydrate
#A6l40) obtained from Sigma Chemical Company (St. Louis, MO, USA).
Kanamycin is an aminoglycoside that inhibits protein synthesis (particularly initi-
ation of synthesis) and causes misreading of mRNA. It can also cause a loss of
control of permeability across the cytoplasmic membrane. The form used in this
study kanamycin monosulfate, (#K4000) was obtained from Sigma. Nalidixic acid
interferes with DNA replication by inhibiting the hal subunit of DNA gyrasc, the
enzyme inducing negative superhelical turns into CCC DNA. This antibiotic
(Nalidixic acid-free form #8878) was also obtained from Sigma. Tetracycline acts
by preventing enzymatic and non-enzymatic binding of aminoacyl-tRNA to the A
site of the ribosome. It can also inhibit polypeptide chain termination by interfer-
ing with the interaction of termination factors RF, and RF, with the termination
codons. Tetracycline hydrochloride #T3383 used in this study was obtained from
Sigma.

B. Methods

Culture growth

All strains were cultured in nutrient broth (NB; Bacto Nutrient Broth; Difco
Laboratories, Detroit MI USA) at 30°C shaken at l25RPM. When known num-
bers of cells were needed, cell concentrations were estimated turbidimetrically with
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a Spectronic Spec 20 spectrophotometer. Cell concentrations of approximately 108

CFU/ml are associated with a culture absorbance at 550nm of 1.0. This formula
was derived from viable plate counts of suspensions of bacteria adjusted
turbidimetrically to 1.0 at 550 nm. Cells grown in NB were harvested by
centrifugation at the late logarithmic stage of growth.

Antibiotic markcr cstablishmerzt

Donor, recipient, and transconjugant microorganisms were quantified sepa-
rately for all experiments on the basis of antibiotic resistance. This selection was
accomplished by plating mating suspensions on media containing antibiotics which
excluded the growth of the other strains. Recipient strains were enumerated on the
basis of their resistance to nalidixic acid (Nalidixic acid free form #8878, Sigmal
Chemical Company, St. Louis MO USA), while donor organisms were enumerated
on the basis of their resistance to kanamycin (Kanamycin monosulfate #K4000,
Sigma), tetracycline (Tetracycline hydrochloride #T3383, Sigma), ampicillin
(Ampicillin trihydrate #A6140, Sigma), or a combination of the three.

For antibiotic resistance establishment in recipient strains, cultures were seri-
ally diluted and spread plated on 1:10 diluted plate count agar (PCA, 2.35 g Bacto
Plate Count Agar plus 13.5 g Bacto Agar dissolved in one liter distilled water; Difco
Laboratories) amended with low concentrations of nalidixic acid (3 to 10 pg/ml to
begin). Spontaneous mutants resistant to the antibiotic were recovered, recultured

in NB, and plated onto PCA containing higher concentrations ofnalidixic acid (20,
40, and 60 ng/ml). This process was repeated for P. jfuorescens until mutants re-
sistant to 100 pg/ml are recovered. For L-880 (Ecc recipient), resistance was diffi-
cult to establish on PCA. This strain was mutated in NB amended with the
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antibiotic and then plated onto amended PCA. Donor organisms were already
supplied with antibiotic markers (Kan' of 55 ng/ml kanamycin monosulfate for
L-833, and Tet* of 15 ag/ml tetracycline HC1 and Amp' of 45 ag/ml ampicillin for
pBR322 and RP1). All strains were maintained on amended PCA to prevent con-
tamination and loss of plasmids.

Calculation of transferßequency.

The frequency of transfer of the genetic markers was calculated as
transconjugants per donor (TPD) and as transconjugants per recipient (TPR). Por
each mating, the number of transconjugants observed was divided by the number J AL},
of donors or recipients recovered from the mating. When transconjugants were

notobserved,the highest frequency consistent with having observed no
transconjugants was used. This was calculated by substituting the number of

transconjugants observed with the largest possible number of transconjugants

present consistent with having observed none. Por example, on a triplicate plating
ofa 10** dilution, the detection limit is 1 CPU per three plates. This would give an
average CPU/ml count of 0.333 X 100 = 3.33 X 10** CPU/ml. lf no

transconjugants were observed, the observed count must be less than this average

(< 3.33 X 10**). However, if the assumption is made that the transconjugant

microorganisms are randomly distributed in the sample, the probability P of ob-

serving no transconjugants is equal to 6*** . By letting P(0) be less than the desired
certainty level, we can solve the equation for u to determine the highest probable

number of transconjugants consistent with having observed none. As such, at a
certainty level of 5%, u < 2.9957. If 108 organisms were tested and no
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transconjugants were observed, the true frequency may be as high as 3 X 10*8 at the

5% probability level or as high as 7 X 10*8 at the 0.1% probability level.

In vitro matings

In vitro transfer was quantiüed by impacting recipient and donor cells on

membrane filters and allowing the cells to interact. Approximately 108 CFU of

recipients and of donorsI were impacted on 0.45 tt pore size Metricel® membrane

filters (Gelman Sciences lnc., Ann Arbor MI USA) using a Millipore Swinnex

25mm filter apparatus (Millipore Products Division, Bedford, MA, USA). Recipi—

ent cells were impacted first, followed by impaction of donor cells. Six matings

were conducted, one for each combination of the three donor and two recipient *

strains. The bacteria-impacted membranes were placed on unamended PCA plates

and incubated for 24 hours at 30°C. At the end of the incubation period cells were
resuspended in 50 ml sterile distilled water (SDW) by vortexing. The suspensions

were concentrated to a pellet by centrifugation at 8000 g for 15 minutes. The

pellets were then resuspended in 1 ml SDW, serially diluted, and plated on PCA

A containing appropriate antibiotics to detect total CFU of donors, recipients, and

transconjugants. The PCA contained 55 pg/ml kanamycin monosulfate to enu-

merate L-833, 15 ag/ml tetracycline and 45 ag/ml ampicillin for L-879 and L—881,

100 ag/ml nalidixic acid for L-880 and L·883, and either kanamycin + nalidixic

acid or tetracycline + ampicillin + nalidixic acid for the putative transconjugants.

In planta transfer
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In these experiments, whole potato (So/anurn tuberosum L. cv. Russet
Burbank) tubers or slices were inoculated with donor and recipient cells. Cultures
were streaked for isolation on agar plates and allowed to grow between 72 and 96
hours. The eyes of sewing needles were filled with bacteria removed from the agar
and the needles were plunged eye-first into the potato to a depth of 5 mm. Sepa-
rate inocula of recipients and donors were used for each mating. Needles contain-
ing donors were plunged 5 mm from recipient inoculation sites. For tuber slices,
the needles were plunged into the sliced surface. The potato matings were incu-
bated in covered lucite boxes and incubated in a dark incubator at 30°C for 7 days.
Glass rods lain on the floor of the boxes kept the potato mating from contacting
the moist paper towels on the bottom of the boxes. After this incubation period,
the matings were removed from the incubator. A small portion of the rotted tissue
was excised and suspended in SDW. Following vortexing, the suspensions were
serially diluted and plated as in in vitro matings.

In situ matings

In situ studies were conducted using soil rnicrocosms inoculated with donor
and recipient microorganisms. The soil used was a Ielaytor loam obtained from
alfalfa Helds at Virginia Polytechnic Institute and State University Whitethorne
Farm near the New River in Montgomery County, VA. The physical and chemical
characteristics of this soil were recorded by Orvos (1989). Field samples of the soil
were sieved through a 2-rnm mesh sieve and air dried. Moist soil was stored in the
Iaboratory in a sealed five gallon bucket until use. When needed, soil was removed,
sieved through a 2-mm mesh sieve, and air-dried for 96 hours. Samples of the
sieved moist soil were placed in a drying oven at l0O°C for 48 hours to determine
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moisture content. Appropriate volumes of donor and recipient cultures were
centrifuged, resuspended in SDW, and mixed into the soil to get : 108 CFU / g soil
each of recipient and donor cells with a soil moisture content equal to the original
concentration (12% by weight). Dried soil was placed in a one quart Zip-Lock®
bag during addition of cells. Cell suspensions were added dropwise to the soil in
2.0 ml aliquots and mixed thoroughly. The entire recipient cell suspensions were
added and mixed before donor suspensions were added.

One-quart mason jars were used as microcosm containers. Approximately 100
grams of inoculated soil was placed in each microcosm. Microcosms were main-
tained at 20°C in incubators. Air was supplied to the microcosms through
aquarium pumps and hosing. The air was hydrated by bubbling it through distilled
water contained in an Erlenmeyer flask to reduce dehydration of the soil. Incoming
and outgoing air was filtered by passage through a 0.20 um pore size Maxi Culture
Capsule (Fisher Scientific, Raleigh, NC, USA) to prevent addition of
microorganisms larger than viruses to the microcosms and to prevent dispersal of
recombinant microorganisms from the microcosms. Soil samples were removed
from the microcosms periodically, serially diluted in SDW, and plated on selective
media as described above. Cycloheximide (#C6255, Sigma) was also added to PCA
at a concentration of 150 ag/ml in addition to the antibiotics to reduce fungal
growth on the plates. Along with the antibiotic-amended media used to enumerate
donors, recipients, and transconjugants, samples were plated on PCA amended

with only cycloheximide to enumerate total colony forming units (CFU) in the soil.
For matings involving L-833 and L-881, single microcosms were used because

of the lack of transfer observed in vitro and in plama. The matings involving L-879
were conducted in triplicate (three microcosms). This was done due to ensure that
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the transfer frequencies were measured reliably, as preliminary studies exhibited
some variability in transconjugant detection.

Isolation of the plasmid RPI from the putative transconjugants resulting from
the matings of L-879 with L—880 and L-883 was to be conducted. Multiple at-
tempts using the protocol of Birnboim and Doly (1979) were made in an attcmpt
to isolate the plasmid from L-879. A negative control (L-880) was also utilized in
each of these tests. All attempts were unsuccessful. Two modifications of this
protocol were also attempted unsuccessfully. In each case, there was no difference
in the electrophoretic separations between the positive and negative controls. Two

final attempts were made using a protocol supplied by Dennis Dean (Anaerobe

Laboratory, VPI&SU) designed for isolating plasmids of very high molecular

weight. These attempts were also unsuccessful.

The presence of the plasmid in the putative transconjugants was proved indi-
I

rectly. This was accomplishcd by showing that the antibiotic resistance could be

transferred from the putative transconjugants to other microorganisms. Ten cul-

tures each of putative L-880 and of L-883 transconjugants were mated with

Escherichia coli L-104 (resistant to 250 pg/ml streptomycin (Streptomycin sulfate,

#$-6501, Sigma)). in static overnight broth matings. Separate 10 ml culture tubes

of NB were inoculated with each putative transconjugant and E. coli and were in-

cubated at 30°C and 125 RPM in an orbital shaker. Two ml aliquots of each cul-

ture were spun down in a microcentrifuge and resuspended in 100 ul SDW. The

resuspended cells of each putative transconjugant culture were added to 4 ml NB
followed by resuspended E. coli cells. These tubes were incubated without shaking

overnight at 30°C. Following this mating, donor, recipient, and mating cultures
were simultaneously streaked on three different media to determine the antibiotic

Materials and methods 61



1 11 I

resistances of each. The cultures were streaked on PCA containing either A)
streptomycin; B) nalidixic acid; or C) tetracycline plus streptomycin.

Filter matings were also conducted using these putative transconjugants and
E. coli using the protocol described previously.
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Results

In vitro transfer. The frequencies of transfer of the chromosomal and plasmid
markers observed in 24-hour filter matings are shown in Table l. For matings in-
volving L-833 and L—88l, transfer of the involved genetic markers was not ob-

served. The frequencies reported are the highest which still include zero

observations of transconjugants within their 95% confidence intervals.

In planta transfer. The frequencies of transfer of the chromosomal and plasmid

markers observed in matings conducted in potato tubers and on tuber slices are

shown in Tables 2 and 3. For matings involving L—833 and L-881, transfer of the

involved genetic markers was not observed. The frequencies reported are the
highest which still include zero observations of transconjugants within their 95%

confidence intervals. The matings conducted in whole potato tubers were con-

ducted for seven days and the tubers exhibited little decay, although donor and re-
cipient communities were established in the wounds and transconjugants were
recovered. The tuber slice matings were terminated after only six days because the
slices exhibited excessive decay.

R
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Table 1. Frequency of in vizro transfer ef chromesomal vs. plasmid—
borne genes

Donor Recipient Frequency, T1’1)‘ Frequency, TPR2
L-8333 X 1,—880" N.().3 (< 8.30 X 10*") N.(). (< 1.21 X I0'")
L-833 X 1,-8836 N.(). (< 1.25 X l0*‘") 1\1.0.(< 8.54 X 10·")
L-8797 X L-880 3.59 X 10*2 9.44 X 10*2
1,-879 X L-883 2.35 X 105 4.30 X 10*‘
L—88l3 X L-880 N.(). (< 1.06 X I0'") N-Ü. (< 1.51 X l0'°)
L-881 X 1,-883 l\1.0. (< 1.82 X 10*‘") N-Ü (< 1-15 X 10°’")

‘T1’D = transconjugants per clonor2TPR_ = transconjugants per recipient
31,-833 = Erwinia car0l0v0m subsp. caro/ovora (Ecc) GEM
"L-880 = Bee 1\1al' mutant
3N.O. = transfer not ebservecl; liigliest frequency probable at 95%
confidenee level is reported

61,-883 = PS€l1dOI71OI1ClS_f7LlOl’(?S(T€I7S 1\1a1’ mutant
71,-879 = 1,-833/RP1
31,-881 = 1,-833/pBR322
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Table 2. Frequency of in p/ama transfer of chromosomal- vs. plasmid-
borne gencs for matings conducted in whole tubers.

Donor Recipient Frequency, ”l‘l’I)‘ Frequency, TPR3

1,-8333 X 1,-8803 N.().3 (< 1.18 X 10*) NO. (< 8.78 X 10*)
L-833 X L-8833 NO. (< 1.38 X 10*) N.(). (< 1.03 X 10*)
L-8797 X 1,-880 3.97 X 10** 3.39 X 10**
L-879 X L—883 1.99 X 10** 4.00 X 10**
L-8813 X 1,-880 1\l.(). (< 7.61 X 10**) N.(). (< 1.95 X 10*)
1,-881 X 1,-883 N.O. (< 1.83 X 10*) N.(). (< 9.20 X 10*)

*TPD = transconjugants per clonor
ZTPR = transconjugants per recipient
31,-833 = Erwinia carozovora subsp. carozovora (Ecc) GEM
"L-880 = Ecc 1\1a1' mutant

· SND. = transfer not observed; highest frequency probable at 95%
confidence level is reported
6L-883 = Pscudomonas_/Yuorcscerzs 1\la1' mutant
71,-879 = 1,-833/RP1
**1,-881 = 1,-833/pBR322
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Table 3. Frequency of in planza transfer of chremesomal- vs. plasmi<1—
borne genes fer matings conducted in petato slices.

Denor Recipient Frequency, T1’1)' Frequency, TPR2
1,-8333 X 1,-880" N.O.3 (< 8.69 X 10·°) N-O. (< 8.78 X 10*2)
L-833 X 1,-8836 N.O. (< 4.19 X 10*°) NO- (< 1-70 X 10**)
L-8797 X 1,-880 4.73 X 10*2 2.80 X 10*2
L-879 X I,-883 2.32 X 10*2 1.38 X 10*2
L-8813 X 1,-880 N.O. (< 2.93 X 10*2) N.(). (< 2.04 X 10*2)
L-881 X 1,-883 N.O. (< 1.67 X 10**) N.O. (< 6.95 X 10*2)

2TPD = transconjugants per donor
2TPR = transcenjugants per recipient
3L-833 = Erwinia carotovora subsp. caromvora (Ecc) GEM
"I,-880 = Ecc 1\lal' mutant
3N.O. = transfer not observedg higliest frequency probable at 95%
conüdence level is reported
6L—883 = PS€Lld0I7’l0I1(1S_/Zll01'(?SC(7l7S Nal' mutant
21,-879 = 1,-833/RP131,-881 = 1,-833/pBR322
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In situ transfer. For these mating experiments, the data are plotted out show-

ing the logm of recovered CFU of donors, recipients and transconjugants (if any)

per gram of soil against the sampling time. Figures 1 to 4 show the results obtained
from matings involving L-833 and L-881 as donors and L—880 and L-883 as recipi-

ents. No transconjugants were recovered from any of these matings. The numbers
of total CFU recovered from plating on PCA amended with the antifungal
cycloheximide are also shown. These microcosms were not sampled as intensely
as those involving L—879 because of the lack of transfer of the kan marker from

L-833 and of pBR322 from L-881 observed in in vitro and in planta matings.

Figures 5 to 7 show the data from the three microcosms in which L-879 was
mated with L-880. The data are plotted as described above. Transconjugants were
not recovered beyond 120 hours after inoculation of the soil. The sample taken

from Microcosm 3 yielded no transconjugants at the 60 hour sampling. However,
transconjugants were recovered from the sampling at 72 hours. This may have

been due to variable densities of the donor and recipient microorganisms in the
microcosm soil. This lack of recovery of transconjugants does not imply that

transconjugants were not present in the samples. Rather, it implies that the num-
ber of transconjugants present was less than the detection limits for this exper-

imental procedure. For these samplings, the lowest soil dilution plated was 103.

The average from three plates at this dilution when no transconjugants were re-

covered would give a maximum number of 0.333 X 103 CFU per gram of soil. This

is equal to a detection limit of 2.52 log CFU per gram of soil. Figure 8 illustrates
a graph of the combined microcosms results. The data for each sample removed
from the three microcosms was averaged to obtain mean values for each strain at
each sampling time.
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Figure I. Results obtained from mating Erwinia carotovora
subsp. camzovora (Eec) I.-833 X Ecc 1--880 in soil. Error bars of
i the standard error of the mean arc included for each point but
are obscured by the symbols. L-833 = Ece GEM; I,-880 = Ecc
Nal' mutant; Total CFU = total soil colony-forming units re-
covered on PCA at each sampling. Transconjugants were not
observed.
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Figure 2. Results obtained From mating Erwinia carozovora
suhsp. caromvora (Ecc) L-833 X Pseudomonas jluorcsccns I,-883
in soil. Error bars of i the standard error of the mean are in-
cluded Tor each point but are obscured by the symbols. L-833
= Ecc GEM; L-883 = P. jluoresccns Nal' mutant; Total CFU
= total soil colony-forming units rccovcred on PCA at each
sampling. Transconjugants were not ohserved.
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Figure 3. Results obtained from mating Erwinia carozovora
subsp. car010v01·a(Ecc) L-88} X Ecc L-880 in soil. Iirror bars of
i the standard error of the mean are included Tor each point but
are obscured by the symbols. L-881 = Ecc I,-833/pBR322; L—880
= Ecc Nal' mutant; 'Total CFU = total soil colonyforming units
recovered on PCA at each sampling. Transconjugants were not
observed.
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Figure 4. Results obtained From mating Erwinia caromvora
subsp. carozovom (Ecc) L—88l X Pseudomonas_/Zuorcscens L-883
in soil. Error bars oF i the standard error 0F the mean are in-
cluded For each point but are ohscured by the symhols. L~88l
= Ecc L—833/pBR322; L—883 = P. jluorcscerzs Nal' mutant;
Total CFU = total soil colony—Forming units recovered on PCA
at each sampling. Transconjugants were not observcd.
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Figure 5. Results obtained from mating Erwinia carotovora
subsp. carozovora (Ecc) L-879 X Ecc 1,-880 in soil (Microcosm
1). Error bars of i the standard error of the mean are included
for each point although some are obscured by the symbols.
L-879 = Ecc L-833/RPl; 1,-880 = Ecc Nal' mutant; Total CFU
= total soil colony-forming units recovered on PCA at each
sampling. Transconjugants were not observed after 72 hours.
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Figure 6. Results obtained from mating Erwinia carozovora
subsp. carozovora (Eee) I,-879 X Eee [,-880 in soil (Mierocosm
2). Error bars of i- the standard error of the mean are included
For each point although some are obscured by the symbols.
L—879 = Eee L-833/RPI; I,-880 = Eee Nal‘ mutant; Total CFU
= total soil eolony—F0rming units recovered on PCA at each
sampling. Transconjugants were not observed after 72 hours.
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Figure 7. Results obtained from mating Erwirzia carozovom
subsp. carozovora (Ecc) L-879 X Ecc I.,-880 in soil (Microcosm
3). Error bars of i the standard error of the mean are included
for each point although some are obscured by the symbols.
L—879 = Ecc L-833/RP}; L-880 = Ecc Nal' mutant; Total CFU
= total soil colony—forming units recovered on PCA at each
sampling. Transconjugants were not observed at T = 60 hours
or after 72 hours.
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Figure 8. Combined data from the three Erwinia carorovora
subsp. carotovora (Ecc) L—879 X Ecc L—88O soil microcosms. All
data points were averaged for each strain or for total soil CFU.
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ing.
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Figures 9 to 11 show the observed frequency of transfer of RPI expressed as
TPD and TPR at each sampling for these matings. The frequency is not shown for
cases when transconjugants were not recovered. Figure 12 shows the mean of the
transfer frequencies observed in the three microcosms. For this figure, the observed
transfer frequencies from the three microcosms were averaged and displayed by the
time the samples were obtained. For sampling times when transconjugants were
not observed in all microcosms, the value presented is the mean of the frequencies
from those microcosms in which transconjugants were observed.

Figures 13 to 15 show the data from the three microcosms in which L-879 was
mated with L-883. The data are plotted as described above. Transconjugants were
not recovered beyond 96 hours after inoculation of the soil although the
microcosms were sampled only one time past this time (at 312 hours, data not
shown). The microcosms were sampled at equal times. Transconjugants were not
observed in samples from Microcosms 1 and 2 taken at 72 hours, although they

were observed in the sample from Microcosm 3 at that time and in all samples

taken at 96 hours. The possible reasons for this lack of observed transconjugants
' have been discussed above. Figure 16 is a composite of the data from the three

microcosms. Each of the data points for the different strains were averaged to
obtain a mean for all of the microcosms.

Figures 17 to 19 show the observed frequency of transfer of RPl expressed as

TPD and TPR at each sampling for these matings. As above, the frequency is not
shown for cases when transconjugants were not recovered. Figure 20 shows the

mean transfer frequency observed in the three microcosms. Again, the observed
transfer frequencies from the three microcosms were averaged and displayed by the

time the samples were obtained. For sampling times when transconjugants were
not observed in all microcosms, the mean is of the observed frequencies.
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Figure 9. Ohserved frequencics of transfer of plasmid RP} in
Erwinia carolovora subsp. carolovora (ECC) l,—879 X Fcc L-880
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Figure 13. Results obtained From mating Erwinia carozovora
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covered on PCA at each sampling. Transconjugants were not
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Figure 14. Results obtained from mating Erwinia caromvora
subsp. carolovora (Ecc) L—879 X Pscudomonas j7u0rcscer1s L-883
in soil (Microcosm 2). Error bars ofi the standard error of the
mean are included for each point although some are obscured by
the symbols. L-879 = Ecc L-833/RPI; L-883 = I’. _/Yuorescens
l\lal' mutant; Total CFU = total soil colony-forming units re-
covered on PCA at each sampling. Transconjugants were not
observed at T = 72 hours or after T = 96 hours.
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Figure [5. Results obtained From mating Erwirzia carozovora
subsp. carozovora (Ecc) L—879 X Pscudomonas jluorcscens L-883
in soil (Microcosm 3). Error bars of-; the standard error of the
mean are included [or each point although some arc obscured by
the symbols. L—879 = Ecc L-833/RP}; [,-883 = I’. jluorescens
Na[' mutant; Total CPU = total soil colony—[orming units re-
covered on PCA at each sampling. Total CFU was not recorded
on Day 4.
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Figure I6. Combined data from the three Erwinia carozovom
subsp. carotovom (Ecc) L—879 X Pscudomonas_/Zuorcscens L-883
Soil microcosm. All data points were averaged for each strain or
for total soil CFU. Error bars of i the standard error of the
mean are included for each point although some arc obscured by
the Symbols. L-879 = Ecc L-833/RP]; l,—883 = P. fluorescens ‘
NalR mutant; Total CFU = total soil colony-forming units re-
covered on PCA at each Sampling. Transconjugants were not
observed at T = 72 hours or after T = 96 hours.
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Figure !7. Olwserved frequencies of transfer of plasmid RP! in
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jluorescens L-883 Microcosm l obtained at each sampling time.
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recipient. Transconjugants were not observed at T = 72 hours
or after T = 96 hours.
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Figure 18. Observed frequencics of transfer of plasmid RP1 in
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Figure 19. Ohserved frequencics of transfer of plasmid RP1 in
Erwinia carozovora subsp. camtovora (Ecc) l,-879 X Ilseudomonas

jluorescens L—883 Microcosm 3 ohtained at each sampling time.
TPD = transconjugants per donor; TPR = transconjugants per
recipient. Transconjugants were not ohserved after 96 hours.
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The results obtained from the filter matings ofthe putative Ecc L-880 and P.
_/Yuorescens L-883 transconjugants from in sizu matings with Ecc L-879 are pre-
sented in Table 4.
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Table 4. Frequency of transfer of plasmicl RP1 from in sim
transeonjugants of Erwiizia caroiovora and I’soudomoizas jluorcsccns to
Eschcrichia coli in filter matings.

Donor Recipient Frequency, T[’[)‘ Frequency, TPR2
L—880T3 X 1,-l04" 7.30 X l0" 8.00 X 10**
[,-883TSX [,-104 2.94 X 10* 5.03 X 10*2

ITPD = transeonjugants per donor
ZTPR = transeonjugants per recipient
31,-880T = Erwinia carolovora subsp carotovora
transconjugant from [,-879 X 1,-880 in sim matings

AL-104 = Eschcriclzio coli
SL-883 = I’seua'omoi1asjluorcsccns transconjugant from
1,-879 X L-883 in sim matings

Results 90



11

Discussion

In these experiments, microorganisms were introduced into situations where

genetic exchange was possible. Donor organisms with specific genetic markers

were allowed to mingle with recipient microorganisms bearing different selective
traits. The populations were then sampled to determine if genetic exchange had

occurred. Genetic exchange was quantified as the frequency of transfer and ex-

pressed as the number of transconjugants observed per donor microorganism or

per recipient. When transfer of the genetic markers was not observed, the highest

frequency possible consistent with the observed bacterial counts according to the

Poisson distribution was calculated, and transfer was assumed to occur at or below

this frequency.

In vitro transfer. These results serve as a standard with which to compare re-

sults obtained in other experiments. Neither the inserted kan marker nor plasmid
pBR322 were transferred from the GEM to the recipient strains at observable fre-
quencies in these experiments. lntraspeciüc transfer of the plasmid RP1 occurred
at a frequency three orders of magnitude greater than interspeciüc transfer.

Discussion 91



In planta transfer. As with in vitro matings, the chromosomal kan marker and
plasmid pBR322 were not transferred from the GEM to the recipient strains at
observable frequencies. Plasmid RP1 was transferred intraspecifically at a lower
frequency than in vitro for matings conducted in whole tubers, but roughly the
same frequency was observed in tuber slices as was observed in vitro This may be
due either to the presence of fewer cells in the whole tuber matings than in the
tuber slice matings or to less intermingling of the donor and recipient cells in the
whole tuber matings.

Plasmid RP1 was transferred interspecifically at greater frequencies in p/anta
than in vitro. The transfer frequencies observed in whole tubers and in tuber slices
were one and three orders of magnitude greater than in vitro transfer. This type
of phenomenon has been observed before, as Lacy and Leary (1975) demonstrated.

For these experiments, intraspecific transfer of RP1 occurred at frequencies
double the frequencies of interspecific transfer. This may be due to antagonism
between the strains involved.

Cho et ai. (1975) studied the transfer of R plasmids from P. aeruginosa to
various Erwinia specics. They found that plasmid RP1 was transferred to E.
carotovora at a frequency of6 X 10*5 TPD when donors and recipients were mated
at a 1:10 ratio in four hour static broth matings. This figure is quite in agreement
with the data presented in this study for the reverse transfer (RPI from Erwinia to
Pseudomonas ; 2.35 X 10*5 TPD) when differences in mating procedures and strains
are considered.

In situ transfer. As with in vitro and in planta matings, the chromosomal kan
marker and plasmid pBR322 were not transferred at observable frequencies in soil.

The highest frequencies of intraspecific transfer of plasmid RP1 were observed in
samples taken 60 and 72 hours after inoculating the soil. These observed frequen-
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cies were roughly one order of magnitude lower than the observed in vitro fre-
quency. Maximum interspecific transfer frequencies of plasmid RPl between Ecc
L-879 and P. jluorescens L-883 were observed at 96 hours after soil inoculation, and
were greater than frequencies observed in vitro. These results intuitively seem to
contradict the in vitro observations, unless an antagonistic relationship between the
two strains which is exacerbated when the strains are impacted on filters is miti—
gated in soil.

The lack of success in attempts to isolate plasmid RPl may be attributable to
the physical characteristics of this plasmid. RPl is a very large plasmid and exists
in low copy number. The protocol of Birnboim and Doly is designed to separate
plasmids from chromosomal DNA by relying on the different annealing character-
istics exhibited by these two types of nucleic acid structures when dissolved in a salt

{

q solution. But because RPl is a very large plasmid, it anneals at a rate more char-
acteristic of chromosomal DNA than of plasmid DNA. Dean's method is more
applicable to plasmids of higher copy number. In this case, the plasmid was ob-

I

scured by chromosomal DNA contamination.

ln each case involving transconjugants of L—880 and nine of the matings in-
volving L-883, donor strains were not observed on media containing streptomycin3
or tetracycline, recipients were not observed on media containing nalidixic acid or
streptomycin and tetracycline, and mating cultures did not grow on media con-
taining nalidixic acid. This indicates that the donors were susceptible to
streptomycin, recipients were susceptible to nalidixic acid and tetracycline, and that
following the mating, transconjugants appeared resistant to streptomycin and
tetracycline but not to nalidixic acid. lt is unlikely that simultaneous spontaneous
mutations to multiple antibiotics would occur at frequencies high enough to ac-
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count for these observations, although extraordinarily high mutation rates have
been observed in some metabolic operons (llall, 1988).

For the tenth L-883 mating, transconjugants resistant to streptomycin and
tetracycline were not observed. This does not necessarily mean that RP1 was never
present in the putative transconjugants. It may be that the tetracycline determi-
nant was lost from the plasmid in the clone selected for the propagation of this
particular isolate.

These experiments indicate that chromosomally-inserted genetic material is not
transferred at observable frequencies. It is not possible to state that the inserted
kan marker was not transferred to the recipient strains. lf it was transferred to the
recipient strains, the frequency of transfer was below the detection limits of the
experimental procedures used.

These experiments have also shown that genetically-engineered
microorganisms are able to transfer plasmids to other microorganisms. One ques-
tion not answered by these experiments is whether a chromosomally-altered GEM
transfers plasmids at frequencies different from the wild—type strain.

It was not possible to assess the frequency of mobilization of the inserted kan
marker by RP1 and subsequent transfer to the recipient strains because of the
Kan' implicit in RPI.

Transfer of RPl to microorganisms other than the designated recipient strains
was also not detectable because of the Na1' used to exclude non-recipient cells from
bacterial counts.

- lt may be possible that transfer frequencies approaching 1 could be observed
if complete mixing of donor and recipient cells could be achieved.
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