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Introduction 
Understanding the molecular basis of living systems provides phenomenal 
opportunities in combating disease, increasing agricultural productivity, 
improving the environment and utilizing hitherto untapped biological resources. 
The advent of recombinant biology has been hailed as the last significant scientific 
revolution of this century and has generated in the developing world immense 
hope for improving human welfare and securing the food supply. 

Molecular genetics not only unleashed tremendous power to manipulate live 
forms, but also increased our insight into gene exchange processes and fate of 
transgenic organisms. This in turn resulted in some of the concerns about the 
inherent safety of biotechnology applications and products. It was soon to be 
realised that a balanced approach was needed to ensure the fruition of the promise 
of biotechnology without compromizing human health and environmental safety. 

The issue of the sustainable management of biotechnology has, therefore, 
become a key one particularly in the developing world where the necessary 
standards for the development, handling, application and commercialisation of 
biotechnology products are often absent and are a major consideration in the work 
of the United Nations entities. 

Perceivable risks to human health and the environment may arise either as a 
direct' result of the properties of transgenic organisms or alternatively as an 
'indirect' result of changing socioeconomic conditions brought about by the 
application of recombinant technologies. The emphasis of this volume is mainly 
on such 'direct' effects. We believe that our current understanding of biological 
and environmental processes allows considerable objectivity in identifying and 
assessing potential direct' risks, at least qualitatively. A conscious effort has been 
made to separate risk assessment from risk management issues as the latter are 
subject to - among others - cultural perceptions and are at times motivated by 
socioeconomic interests. 

This volume is intended to provide an unbiased technical guide to those 
dealing with genetically modified organisms at the research or regulatory level. 
Reference to existing regulations is meant to bring into perspective the different 
oversight approaches at the national level and thus help the reader derive his/her 
own conclusions as to what may be optimal in a given situation. 

We wish to express our sincere thanks to Dr Y. Pervikov of WHO and Dr M. 
Malusynski of the Joint IAEAIFAO Division for their support in preparing this 
volume. 

Hamdallah Zedan 	 George T. Tzotzos 
United Nations Environ,nent 	 International Centre for 
Programme (UNEP) 	 Genetic Engineering and 

Biotechnology (ICGEB/UNIDO) 
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Chapter one 
Biological Risk Assessment: An Editorial 
Overview of Some Key Policy and 
Implementation Issues 
George T. Tzotzos 
ICGEB Vienna Office, UNIDO, Vienna International Centre, Vienna, Austria. 

For a number of years the promise of biotechnology to alleviate disease and con-
tribute to sustainable fonns of development has been dimmed by concerns over the 
intrinsic safety of transgenic organisms. In the early days of recombinant DNA 
technology, the complexity of genetic interactions coupled with the lack of practi-
cal experience were awesome enough to justify a cautious approach towards the 
handling and releasing of transgenic organisms. Although, we now have consider-
able knowledge of the properties of recombinant systems and a vast volume of data 
gathered from different applications of biotechnology these concerns have not yet 
diminished. In the developing world, sensitization that countries be turned into 
testing grounds for new recombinant products has sometimes turned caution into 
fear. Considerations of this kind have often overshadowed the benefits developing 
countries are to derive from the application of genetic engineering. 

In response to these conjectural or real concerns, the United Nations Industrial 
Development Organization (UNII)O), the United Nations Environment Programme 
(UNEP) and the World Health Organization (WHO) formed in 1985 the Informal 
Working Group on Biosafety. The Group was enlarged in 1991 with the addition of 
the Food and Agriculture Organization of the United Nations (FAO). The present 
volume was commissioned by the Group and is meant to help scientists and regu-
lators in conceptualizing the major issues underlying biological safety as well as 
improve their understanding of how these affect the policy to regulate biotechnol-
ogy. 

The wealth of scientific data and knowledge mentioned earlier has not reduced 
the controversy of the international debate on biosafety. Efforts to harmonize bio-
technology regulations have met with little success. This is because international 
regulation has not moved in phase with the rapidly expanding frontier of scientific 
knowledge. To a large extent, it is also due to the manifest differences among coun-
tries in: 
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Public perception of biotechnology. 
Industrial policy. 
Regulatory capability. 

For as long as these differences persist, it may be difficult to achieve a global 
consensus on a unique set of regulations. 

The factors that shape public perception and therefore determine the accept-
ability or not of biotechnology are dealt with in Chapter 2 of this volume and do not 
need to be further discussed here. 

Industrial Policy 

In the industrialized world, the commercial utilization of gene technology is of 
strategic importance in maintaining and/or increasing global market share. This is 
quite clearly not the case with most developing countries, where, on the one hand, 
there is little capacity to engage in commercial biotechnology and on the other 
conventional genetic technologies can still contribute greatly to national wealth 
generation. 

In the top tier biotechnology countries private investment is directly linked 
with innovalion and timely product development and commercialization are essen-
tial for early returns on investment. Delays arising from administrative obstacles, 
in particular, are thought to increase the risk of investment and be major disincen-
tives for product development. 

Regulations have become a prime consideration in forming a product develop-
ing strategy, at the corporate level, and part of the overall industrial policy at the 
national level. The drive to relax regulatory oversight has to be seen as part of the 
effort to maintain the technological advantage that has been achieved with massive 
inputs of capital resources. The rationale for regulatory relaxation is based on the 
severe limitations of the present regulatory regimes in responding to the demands 
imposed by the rapidly increasing number of recombinant products in a time frame 
and at a cost that would be acceptable to industry. Their structural shortcomings are 
becoming manifest through the burdensome bureaucratic procedures and superflu-
ous testing protocols that are inordinately costly and lengthy (De Greef, 1991). The 
erosion of the basis of the regulatory philosophy by scientific advances and the 
accumulated experience in dealing with transgenic organisms and products is thought 
to be justification enough for regulatory review. 

The main thesis put forward in calling for the review of procedures is that 
"engineered" genetic recombination permits much greater predictability of gene 
expression than is the case with "conventional" methods and that furthermore, 
transgenes do not represent risks that are conceptually different in nature from 
those associated with the use of native organisms, or organisms modified by "con-
ventional" technologies (NAS, 1987). This, it is argued, invalidates the very ra- 
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tionale of legislation, which in many countries is based on the method by which a 
genetic modification has been brought about. Consequent to this argument, the 
focus of regulation should be the safety, quality and efficacy of a product (product-
or risk-based regulation) (Wyngaarden, 1990). To continue with a process-based 
regulation would be to stigmatize a technology with a safety record which is, so far, 
immaculate. 

On current trends, it is reasonable to expect a certain convergence in policy 
from technology-based regulations to product- or risk-based ones and a concomi-
tant simplification of review procedures. This may be easier in those cases where 
the characterization of the end points of biological risk is relatively easy as in the 
case of food (e.g. toxicity, allergenicity, lack of nutritional value). To give an exam-
ple, the concept of substantial equivalence in food safety is currently being debated 
as a direct attempt to simplify regulatory review. According to this "the need for 
and extent of any safety evaluation should be based on a comparison between the 
new food and the analogous conventional food, if one exists" (Miller & Flamm, 
1993). Further attempts at simplification, in other areas of biotechnology applica-
tion, may eventually lead to the exclusion from regulatory oversight of groups of 
GMOs, products and methods of genetic manipulation. 

In environmental applications, however, where the potential hazards cannot 
often be easily identified, looking alone at the end product of transgenesis is not 
sufficient as what needs also to be understood is the interaction of the transgene 
with its ecosystem. The power of recombinant technologies to allow a much greater 
range of combination of genetic traits than is possible in nature or by using "con-
ventional" methods has a bearing on environmental safety (Tiedje et al., 1989). 
Consequently, the method of genetic manipulation may constitute a useful trigger 
for regulatory oversight, while risk could still be assessed with respect to the prop-
erties of the GMO alone. It has been suggested that a type of hybrid approach 
would be preferable to product-based regulations also in terms of administrative 
simplicity. The latter, despite the soundness of the intellectual premise on which 
they are based, may lead to regulatory confusion arising from the difficulty to cat-
egorize organisms on the basis of distinct risk levels (Lesser & Maloney, 1993). 

Regulatory Capability 

Biotechnology regulation in industrialized countries has been pro-active. That is, it 
has been enacted long before the products of the technology came to the market 
place. The picture in developing countries is one of striking contrast. With the ex-
ception of a handful of countries no legislation has been so far enacted to cover the 
products of recombinant biotechnology. The situation is due to change imminently 
under pressure from the demand to test and commercialize large numbers of 
transgenic products, if this lack of regulation is not to constitute yet another barrier 
to technology transfer. 
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The adaptation of existing legislation to cover the use and products of 
recombinant technologies has been proposed as an effective way of moving away 
from the obsolescent notions of process-based regulation while at the same time 
avoiding the bureaucratic delays of formulation and enactment of new legislation. 
The appropriateness of this approach is, however, questioned on the grounds of 
practicability and - in the case of environmental regulation - on grounds of concep-
tual soundness (see Chapter 7, pp. 137-139 of this volume). 

An alternative approach that has been proposed is that of adopting guidelines 
instead of regulations as the latter are inflexible and unable to keep up with ad-
vances in science and the changing social consensus. Guidelines on the other hand 
have the necessary flexibility to adapt timely and with a minimum of administra-
tive intervention to such changes (Persley etal., 1992). Although this is, in princi-
ple, true, it fails to recognize the fact that most developing countries have no previous 
history of voluntary compliance to guidelines and codes of conduct. Legislation 
may, thus, be the only avenue of regulatory implementation. The introduction of 
broad stipulations permitting interpretation, and of clauses for periodic reviews 
and amendments may provide the necessary flexibility to respond to the changing 
demands of the industry and society. 

What will eventually determine the appropriateness of any approach is the 
ability to monitor and overview regulatory compliance. Phrased differently, the 
capacity to identify, evaluate and manage biological risk. This capacity is generally 
lacking in the vast majority of developing countries. The reasons for this have been 
adequately analysed elsewhere (Cohen and Chambers, 1991). The role of interna-
tional institutions in strengthening national capability for biological risk assess-
ment is the subject of the next section. 

International Support Mechanisms 

The identification of biological hazards and the evaluation of the effects thereof 
focuses on the intrinsic properties of the transgenic organism itself, the interaction 
of the transgene with time receiving environment and its potential effects on target 
and non-target organisms. A number of biological methodologies have been pro-
posed and these are reviewed elsewhere (Strauss, 1991). They are also dealt with as 
the central theme of the individual chapters of this volume. Suffice to say here that 
all of them rely on judgemental reasoning for the prediction of risk. Some, despite 
their methodological rigour (Royal Commission on Envimnmental Pollution, 1991, 
GENHAZ), have been rejected as putting too much strain on resources. They, nev-
ertheless, merit treatment for they provide a good "road map" to direct most of the 
questions to be asked in ascertaining the safety of transgenic releases. 

The "qualitative/judgemental" nature of risk assessment relies on expertise cov-
ering a wide range of scientific disciplines. In industrialized counthes, regulatory 
formulation and implementation is being accomplished by national and institu- 
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tional committees and expert panels. The replication of this model in the develop-
ing world would require institutions, human and fmancial resources that are far 
beyond the means of the great majority of countries. International development 
agencies are being called upon to provide assistance in the formulation of regula-
tory policy and, increasingly, also in the evaluation of specific field trials. 

The establishment of international expert panels for risk assessment of field 
releases of transgenic products in developing countries is useful in the short term, 
but the limitations of such panels in the long run have to be recognized. Their 
operation as surrogate to national institutions may prove difficult to sustain under 
the pressure of the geometrically increasing numbetof applications for field trials 
and commercialization of transgenic products and the costs associated with them. 

Assistance in defining the terms of reference and the operational framework of 
national and institutional biosafety committees is likely to have a long term posi-
tive impact on strengthening national capacity in biotechnology. International agen-
cies have an important role to play in increasing the awareness of the socioeconomic 
merits of the technology and in motivating governments to establish such commit-
tees as an essential step enabling technology transfer. International assistance in 
the training of scientists and administrators in the art of risk assessment is the most 
cost effective measure. Experience has shown that lack of education in the scien-
tific concepts underlying biosafety has resulted in gross misinformation of the gen-
eral public and in unproductive administrative measures. Human resource 
development should, therefore, be an integral part of the assistance package of-
fered by international agencies involved in the promotion of biotechnology. 

Finally, if demand on human and fmancial resources is to be reduced without 
compromising safety to human and animal health and the environment, there has to 
be a serious effort to move away from qualitative judgment of risk to quantitative 
risk evaluation. Until now this has been a near impossible task. This is because the 
range of the scientific knowledge base from which risk assessors have to distil data 
covers a vast array of disciplines (see Indicative List of Data Requirements for 
Biological Risk Assessment, below) and at the same time data are being generated 
at a phenomenal rate. 

Data Requirements for Biological Risk Assessment (Indicative List) 

Parent organism (taxonomy, molecular biology, physiology, reproduction). 
Transgenic organism (molecular biology, reproduction). 
Method of transgenesis. 
Method, amount and frequency of introduction. 

S. Fate of transgene (transport, reproduction, transfer, establishment). 
Toxicity of transgene products and intermediary metabolites. 
Effective dose for toxicity. 
Susceptible non-target organisms. 
Effect on non-target organisms. 
Site characteristics. 
Ecological effects. 
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Navigation and data capture from existing databases is confounded by the het-
erogeneity of their design. Furthermore, the scarcity of validated models and the 
fact that veiy often the outputs of one need to be used as inputs for another makes 
integration and quantification of the various subsets of the total knowledge base 
extremely difficult. The management of biological information and availability of 
tools that permit data interpretation and modelling in risk assessment will, thus, 
determine the effectiveness and reliability of methodology. 

Knowledge system technology, albeit at an early stage of development in bio-
logical risk assessment, can be utilized to facilitate regulatory procedures and re-
duce the burden on human and financial resources. It should eventually become a 
valuable tool in providing decision support to expert panels. 

Investment, therefore, in an integrated information support environment for 
biological risk evaluation merits serious attention. Such an environment needs to 
be transparent, requires advanced information management systems and standard-
ized communications and database search protocols. Whereas technically feasible 
in varying degrees of sophistication, the magnitude of the task and the need for 
cooperation with the private sector make such proposition possible only as the 
result of international cooperation. 

This volume, it is hoped, will contribute towards the understanding of the sci-
entific principles of risk assessment and of the less tangible issues involved in risk 
management. Readers from the developing world may derive some guidance on 
how to set up oversight mechanisms in step with developments in science and in-
ternational regulatory policy. 
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Chapter two 
Public Perception of Biotechnology 
Marion Leopold 
Université du Québec a Montréal, Canada. 

Introduclion 

How the public perceives biotechnology is of critical importance to countries and 
firms seeking to compete in this new technological frontier. Public perception can 
affect the timing and direction of innovation in biotechnology, as well as the rates 
of diffusion of the technology, its products and services. In fact, significant adverse 
public reaction to a given product or application may keep the latter from ever 
reaching the marketplace. 

Public perception of biotechnology is not only an important question, but also 
a complex one. It is shaped by a wide spectrum of factors, including country-spe-
cific levels of GNP, income distribution and education; national traditions and his-
tory; the role of government, industry, the media and advocacy groups. Public 
perception also covers a broad range of issues, including human and environmental 
safety, ethics, legal questions, economic and socioeconomic impact. Furthermore, 
public attitudes can undergo rapid shifts in response to unforeseen events, such as 
when a breakthrough biopharniaceutical is brought to market only to be challenged 
on cost/benefit or risk/benefit grounds. Finally, the impact of public perception on 
commercial biotechnology cannot be gauged on purely scientific grounds, as that 
impact may be great even if the perception is founded on scientifically unsound or 
non-scientific considerations. 

In addition, the public itself is not a singular entity, and as such does not repre-
sent a homogeneous set of interests, attitudes and values. Accordingly, various public 
responses must be properly weighted. 

This chapter examines public perception as it has evolved since the mid- 1970s, 
and assesses its actual and potential impact upon the development of commercial 
biotechnology. To that effect due account is taken of the overt expression of that 
perception, particularly as it has shaped and been shaped by the regulatory process 
(An Overview of Public Debate on Biotechnology), and the opinions of a larger 
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spectrum of voices as revealed through surveys (Public Perception of Biotechnol-
ogy). Finally, the question of public perception is raised in the context of less-
developed countries, particularly those that have entered or are attempting to enter 
the field of biotechnology (Developing Countries). 

The following pages deal primarily with biosafety and, to a lesser extent, the 
socioeconomic impact. Given the objectives of this volume, critical issues such as 
ethical concerns over the practice of human gene therapy, animal transgenesis, and 
the patenting of life forms are not addressed. 

An Overview of Public Debate on Biotechnology 

When the techniques of genetic engineering were still at the embryonic stage in the 
early 1970s, a group of pmminent scientists involved in rDNA research voiced 
concern about potential biological hazards resulting from certain rDNA experi-
ments. In a letter published in Science on July 26, 1974,' they called for a volun-
tary worldwide moratorium on the relevant experiments and for an international 
conference aimed at discussing biosafety with respect to rDNA experimentation. 
This conference, which took place in 1975 at the Asilomar Conference Centre in 
Pacific Grove, California, culminated in the drafting of a statement of principle 
that presented a pmposed set of standards for rDNA research 2 . Immediately fol-
lowing the conference, the newly formed Recombinant DNA Advisory Committee 
(RAC) of the National Institutes of Health (NIH) 3  set to work on transforming the 
statement into formal guidelines4. Many countries would follow the United States 
lead. 

This series of events was unusual in more than one way: the initial debate on 
biosafety, including the move to establish guidelines, came from within the scien-
tific community itself; public policy issues were introduced and acted upon at a 
time when advanced biotechnology was still nascent, the considerable, often drama-
tized national and international press coverage given to these events and to the 
disagreements they generated among scientists served as an early eye-opener for 
the public. 

Based on strict niles of physical and biological containment of rDNA, the NIH 
guidelines addressed only federally-funded laboratory experiments. In practice, 
however, both non-governmental institutions and private firms would comply with 
the guidelines, presumably to give maximum credibility to their research practices. 
Scientists and firms also deemed it in their best interest to avoid inflexible statutory 
regulations. This position proved to serve the research community well; the safety 
record of laboratory experiments in genetic engineering rapidly demonstrated that 
concerns related to such experiments had been exaggerated, and containment re-
strictions were progressively relaxed. A similar pattern emerged in the EC, although 
individual member states would position themselves differently in this respect. 

Shortly after the NIH guidelines were issued in 1976, the first incident of overt 
public opposition to rDNA research (and to NIH oversight procedures) took place 
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in Cambridge, Massachusetts. Harvard University plans to set up a genetic engi-
neering research lab drew an angry "not in my back yard" response from local 
community groups. This in turn caught the attention of the national and interna-
tional media, as well as that of Massachusetts Senator Edward Kennedy, who was 
quick to initiate Senate subcommittee hearings on the appropriateness of existing 
regulations governing research in biotechnology5 . 

In the ensuing years, more and more local organizations entered the debate on 
genetic engineering, particularly in communities where university research was 
active; following Cambridge's lead, several states and communities introduced their 
own legislation governing rDNA research. In response to these moves and to what 
appeared to be a general public concern, more than a dozen bills aimed at regulat-
ing genetic engineering were filed in Congress. For lack of adequate support, none 
of these would be enacted into law, and the position of the NIH as sole regulator 
was reinforced. 

By the mid-1980s, the context in which biotechnology evolved had undergone 
several important changes. The main thrust of the technology had shifted from the 
university laboratory to the commercial arena. A significant number of initially 
sceptical, large corporations had begun to enter the game, primarily through strate-
gic alliances with start-up firms 6 . Government had come to see biotechnology as a 
critical technology, with an important role to play in international competition. 
Finally, new public policy and public perception issues were raised, as biotechnol-
ogy moved into non-medical applications such as agriculture and bioremediation; 
concerns shifted from potential risks related to the accidental discharge of engi-
neered organisms to health and safety risks associated with the intentional release 
of such organisms. 

Because biotechnology had become an increasingly high-stake economic game 
and because new elements of potential risk had been introduced, public debate over 
biosafety and over the need to find a more adequate regulatory mechanism took on 
a new sense of urgency. On the question of risk assessment related to environmen-
tal release, intense controversy developed within the scientific community, pining 
molecular geneticists against ecologists, and confronting two competing scientific 
paradigms7 . The debate also drew in new advocacy groups including, prominently, 
environmentalists and, in the EC, their parliamentary representatives. Proponents 
of biotechnology, such as industry trade associations, individual corporations and 
related research interests, also began to take a more active stance. 

Much of the policy debate would play itself out in the regulatory arena, where 
the shift in focus from the laboratory to commercial applications had generated the 
need for additional, sector-specific safety and health rules. In the United States of 
America, this role would be taken up by the Food and Drug Administration (FDA), 
the Department of Agriculture (USDA) and the Environmental Protection Agency 
(EPA) in their respective areas ofjurisdiction. For a host of reasons, the regulatory 
environment became extremely complicated and confusing. Attempts to overcome 
these drawbacks, including the issuing, in 1986, of a "Coordinated Framework for 
the Regulation of Biotechnology" 8 , were not particularly successful. However, the 
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fact that no biotechnology-specific legislation was passed left open the possibility 
of progressive regulatory adjustments. In the EC, stringent, biotechnology-specific 
directives, covering both products and processes, created other types of externali-
ties. 

For industry stockholders, biosafety regulation was a mixed blessing. On the 
one hand, government approval was a necessary means of "legitimizing" products 
(and, in the EC, processes); but at the same time, major regulatory delays in most 
application sectors were creating serious barriers to competitive market entry 9 . 

Active opponents of biotechnology or of specific applications would continue 
to work with broad-based coalitions, including, now, environmental groups. Gov-
ernment lobbying, representation at Congressional hearings, litigation, communi-
cating through the media, as well as organized boycotts and the sabotaging of field 
tests were some of the tactics that would put pressure on the regulatory agencies 
and interfere with the timely market introduction and diffusion of specific prod-
ucts. 

At the present time, an imponant confrontation between the United States bio-
industry and its detractors concerns genetically engineered foods. Having failed to 
stop innovation in this area, opponents are now fighting for the labelling of such 
foods. Wary of the impact of organized opposition on public opinion, the FDA, 
under whose aegis foods are regulated, is presently reviewing its position on the 
question of identifying the processes used in producing foods. 

As the above attempts demonstrate, most opposition to biotechnology has been 
the work of activists who have put together broad-based alliances of special inter -
est groups. Through skilful use of institutional mechanisms and the media, these 
constituencies have had considerable success in lengthening innovation time-frames 
in several biotechnology application sectors. This being said, it would be incorrect 
to assume that organized advocacy groups and their ad hoc allies represent public 
opinion in general. 

Public Perception of Biotechnology 

A critical and judicious use of public opinion surveys can be helpful in attempting 
to establish: (i) how a wide cross-section of the public perceives biotechnology; (ii) 
what factors shape their perceptions; and (iii) how the latter are likely to affect the 
market entry and diffusion of the various products and services of biotechnology. 
Most such surveys conducted to date do not take into account economic factors, 
such as the question of product pricing. If for no other reason than this, survey 
results can give only a first approximation of biotechnology's success in the mar-
ketplace. 

Relevant results of three recent surveys are presented and assessed here 10. With 
respect to the Eurobarometer survey, on the whole, the findings were quite similar 
to those of the two United States studies; for that reason, they are not accounted for 
separately, except in one instance. It should, however, be noted that differences in 
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public perception among EC member states are often considerable. Cross-country 
variations are dealt with elsewhere in this chapter. 

Survey Results 

How the Public Perceives Biotechnology 

Most people agree that the risks of genetic engineering are largely exagger-
ated (Survey A). 

This does not entail an unqualified endorsement of genetic engineering, as a 
large majority of the public feels that strict regulation is needed (A). 

In a majority of cases there is a split in public perception between support for 
(closely scrutinized) small-scale, experimental testing and lack of support for large-
scale commercial applications of the technology (A). 

Generally speaking, the public is disposed to believe that biotechnology may 
have a favourable impact on food quality and nutrition (B). 

Factors Shaping Perception 

The level of education and religious allegiances are key explanatory variables 
of the negative perceptions of a minority of the population (Survey A). 

The lack of majority support for large-scale commercial applications of bio-
technology is largely due to the influence exerted by environmental groups. The 
latter are often given more credibility than federal agencies (A). 

This may change over the long run if allegations by such groups are success-
fully counteracted (A). 

Scientific literacy diminishes the impact of fears induced by environmental 
groups (A). 

Available research on public awareness and attitudes does not provide enough 
elements for the design of effective educational programmes (B). 

Informal means of diffusing information, particularly the media, face a public 
that is increasingly avid for information on biotechnology (B). 

The setting of clear standards is also called for. For example, food labelling 
information may become a powerful tool for meeting public concerns on biotech-
nology applications. The usefulness of such a tool depends, however, on levels of 
education and awareness (B). 

Trust in government agencies is positively coffelated to the level of education 
and awareness (B). 

Rhetoric and exaggerated expectations fed by "science fiction" approaches 
increase uncertainties (B). 

Media representatives, educators and health professionals are important agents 
for enhancing public awareness (B). 

Making the public feel part of the decision-making process plays an important 
role in public acceptance (B). 
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12. The reliability of information sources on biotechnology are rated as follows: 
consumer organizations, 27%; environmental organizations, 23%; schools, univer-
sities, 17%; public authorities, 7%; animal-welfare organizations, 5%; religious 
organizations, 3%; political organizations, 1%; trade unions, 1%; industry, 1%; 
don't know/no answer, 15% (C). 

Effects of Public Perception on Commercial Opportunities 

The majority believes that fears resulting from risk exaggeration seriously 
damage product development (Survey A). 

Ex-ante, some degree of private (and public) uncertainty is unavoidable: the 
full extent of consumer response cannot be realized until products are on the mar-
ket (B). 

An increasing awareness regarding food safety coupled with a gap between 
public acceptance and technical progress may lead to a slowdown in the develop-
ment of applications and market entry (B). 

Given an acceptable safety threshold, public acceptance is likely to be more 
influenced by product price than by product quality considerations (B). 

Assessment of Surveys 

The Learning Curve in Public Perception 

Public perception is a function of five main country-specific variables: economic 
affluence; education; social and institutional means of participation; cultural and 
religious values and traditions; and random variables (e.g., particularly traumatic 
historical events). 

The maturity of public opinion and the means of expressing it cannot be taken 
as a constant over time. A learning process is involved whereby, with social devel-
opment, public opinion can be expected to play an ever increasing role through 
ever more sophisticated means of expression and participation. It may be legiti-
mate to wonder whether, even in today's most advanced countries, society has 
achieved an historical summit in this learning process. This circumstance relativizes 
the degree of assertiveness of any conclusion arrived at by means of opinion polls. 

Target Populations ofAdvocacy Groups 

As already noted, advocacy groups tend to address specific audiences according to 
the specific impact of different applications. As far as the public at large is con-
cerned, a relationship can be postulated between the level of education and the 
influence of advocacy groups over different segments of the public. At one ex- 
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treme, the segment of the public with no scientific literacy or no literacy at all is 
unlikely to be reached. At the other extreme, the segment of the population that is 
as highly scientifically literate as to be able to form an opinion of its own is also 
unlikely to fall under the influence of advocacy groups, which may address them-
selves to religious, moral or other kinds of prejudices. Finally, there is the intenne-
diate segment of the public, which is literate enough to understand what the issues 
under debate are about, but not enough to make their own judgement. This is the 
target segment that is most likely to fall under the influence of advocacy groups as 
far as the population at large is concerned. 

Public Choice as Indicators of "Revealed" Public Opinion 

Rational market choice involves perfect information and minimum thresholds of 
economic affluence. Insufficient market choice leads to a sparsity of evidence on 
revealed public opinion. This latter situation arises because, in the relative absence 
of choice, people tend to accept risks, even if they are considerable. Insufficient 
choice may also lead to the need for public intervention. This situation is found in 
underdeveloped countries and among the least affluent segments of society in in-
dustrial countries. 

Relative Competitiveness 

If productiprocess innovation leads to an equivalent product, the public will react 
to competitive pricing. 

DeveJoping Countries 

I. In developing countries there is a need for an environment that is institution-
ally, politically, socially, educationally, and culturally enabling. 
2. Commonalities and differences with respect to industrial countries include 
the following. 

Widespread relative market failure makes it difficult to determine "re-
vealed" public perception. 

Developing countries are behind on the learning curve. 
The same variables as in industrial countries shape public perception; their 

relative weights change across countries. 
Those developing countries that have entered or are attempting entry into 

biotechnology may also be those where a greater percentage of the population 
is capable of making rational decisions; however, as in the most industrialized 
countries, that percentage remains relatively small. In this context, the ques-
tion of income distribution must be taken into account, countries like Brazil or 
India have a biotechnology industry but particularly high rates of poverty and 
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illiteracy. Broad-based public opinion cannot develop when large segments of 
the population are illiterate and/or uneducated. 
(e) Target populations for advocacy groups are, on the whole, much smaller 
in developing countries. In the least developed countries, these populations 
may be absent (as may be the advocacy groups). 
(1) The role of traditional values and religion may, in many instances, exert 
more influence on public perception than in industrial countries. 

In developing countries, non-governmental organizations are presently 
the advocates of public opinion. 

Because of their neutrality, international organizations, particularly the 
specialized agencies of the United Nations system, can also be expected to 
play an important role in enhancing public awareness in developing countries. 

Notes 

Berg, P., Baltimore, D., Boyer, H.W., Cohen, S.N., Davis, R.W., Hogness, D.S., Nathans, 
D., Roblin, R., Watson, J.D., Weissman, S. & Zinder, N.D. (1974) Potential biohazards of 
recombinant DNA molecules. Science, 185, 303. 

Accounts of the Asilomar conference and of the events that ensued can be found in 
much of the literature dealing with the history of biotechnology. Among other sources: (a) 
Gore, Jr., Sen. A. & Owens, S. (1985) The Challenge of Biotechnology. In: Yale Law and 
Policy Review, Vol. 3, No. 2, Spring; (b) Krimsky, S. (1991) Biotechnics and Society: The 
Rise of Industrial Genetics. Praeger Publisher, New York; (c) Olson, S. (1986) Biotechnol-
ogy. An Indusity Comes ofAge. NationalAcademy Press, Washington, DC; (d) Watson, J. & 
Tooze, J. (1981) The DNA Story. W.H. Freeman & Co., San Francisco; and (e) Yanchinski, S. 
(1989) Biotechnology: A Brave New World? Lutterworth, Cambridge. 

The RAC was established in October 1974 at the request of the initial group of scien-
tists. 

The GuidelinesforResearch Involving Recombinant DNA. National Institutes of Health, 
June 1976. 

Oversight Hearings on the Implementation ofNIH Guidelines Governing Recombinant 
DNA Research: Joint Oversight Hearing of the Subcommittee on Health and Subcommittee 
on Administrative Practices. 94th Congress. United States Congress. Senate. 22 September, 
1976. As referred to by Plein, L.C. (1990) Biotechnology: Issue development and evolution. 
In: Biotechnology: Assessing Social Impacts and Policy Implications, Webber, D.J. (ed.). 
Greenwood Press, Connecticut. 

The increased interest of industry is attributable to several factors: rapid progress and 
promising results on the scientific front; the 1980 United States Supreme Court ruling mak-
ing genetically engineered organisms eligible for patenting (Diamond v. Chakrabarty); and, 
the generally pm-technology and deregulatory environment that characterized the Reagan 
Administration. 

For more on the scientific debate, see Krimsky, S. (1991) Biotechnics and Society: The 
Rise of Industrial Genetics. Praeger Publisher, New York. 
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Office of Science and Technology Policy, Federal Register, 51, June 1986. 
Time lags due to regulatory externalities stemmed from a complex interplay of factors 

including, in the United States of America, bottlenecks related to risk assessment, overlaps 
in regulatory jurisdiction, the fact that some of the agencies were both regulators and pro-
moters of biotechnology, a lack of qualified regulators and adequate infrastructure, and ef -
fective lobbying by opponents of biotechnology. Cf. Leopold, M. (1993) The 
commercialization of biotechnology, the shifting frontier. In: Biotechnology R&D Trends. 
Science Policy for Development, Tzotzos, G.T. (ed.), Ann. New York Acad. Sci., 700, pp. 
214-231. The New York Academy of Sciences, New York. 

(A) United States Congress, Office of Technology Assessment, New Developments in 
Biotechnology - Backg round Paper: Public Peiveptions ofBiotechnology, OTA-BP-45, United 
States Government Printing Office, Washington, DC., May 1987. (Survey conducted in Oc-
tober-November 1986, among a national probability sample of 1273 American adults.). (B) 
floban, T.J. & Kendall, P.A. (1992) ConsumerAttitudes about the Use of Biotechnology in 
Agriculture and Food Production (summary of a report to the United States Department of 
Agriculture, Extension Service), Raleigh, North Carolina. (Survey conducted in February-
March 1992, by telephone [random digital dialling] with 1228 adults across the United States 
of America.). (C) Marlier, E. (1992) Eurobarometer 35.1: Opinions of Europeans on Bio-
technology in 1991. In: Biotechnology in Public: a Review of Recent Research, Durant, 
J. (ed.). Science Museum for the European Federation of Biotechnology, London. (Survey 
conducted in March-April 1991, simultaneously in the 12 countries of the European Com-
munity, among a representative sample of 12 800 people 15 years and over.) 



Chapter three 
Risk Assessment and Contained Use of 
Genetically Modified Microorganisms 
(GMMs) 
John Grinsted 
University of Bristol, United Kingdom. 

Introduction 

Since genetic engineering first became a practical proposition in the early 1970s, it 
has become subject to governmental or quasi-governmental control in many coun-
tries. The reason for such measures is the perception that there are potential risks 
inherently associated with this technique that are qualitatively different from and 
intrinsically more hazardous than those posed by "natural" organisms. 

Experience has not supported these conjectures. As regards the properties of 
an isolated recombinant organism, they are defined by its known components; and 
as regards the initial construction of libraries for the isolation of the clones, there is 
no evidence that any unexpected hazards occur. 

It is the case, however, that dedicated regulation of genetic modification is in 
place in many countries, so that the detailed assessment of even the most innocu-
ous experiment involving this technique is a legal requirement. it is also the case 
that the genetic modification is an additional factor that must be taken into account 
in any overall risk assessment of genetically modified organisms (GMOs). in this 
chapter, hazards that are normally associated with microorganisms and how they 
are handled in the laboratory are described. Hazards peculiar to GMOs, how these 
hazards can be assessed and the resulting alignment with containment are then 
discussed. Procedures in the United Kingdom are used as the basis for this chapter. 
In particular, Categorization of Pat Izogens According to Hazard and Caiegories of 
Containment, 2nd edition, 1990 (HMSO ISBN 0 11885564 6) and ACGMIHSE 
Notes of Guidance for work involving genetic modification have been consulted 
extensively. The principles underpinning these procedures are universal and in-
form any sensible assessment of the risks involved. 

17 
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Categorization of Microbiological Hazards 

With respect to assessing risk in the contained use of GMOs, it will generally be 
microbiological hazards that will be significant: there should be no problem in 
containing higher organisms. (With flowering plants, proper precautions to contain 
pollen would have to be taken.) With microorganisms in general, the overriding 
potential hazard is pathogenicity, the capacity to infect and cause disease within a 
particular host. Other factors that must be taken into account are any toxic, aller-
genic, or other biological effect of the non-viable organism, or of its components, 
or of any product expressed by the organism. The concept of toxicity should not be 
liniited to lethality, but should include such things as mutagenicity, carcinogenicity, 
neurotoxicity, and environmental effects. 

Infection followed by the development of disease will depend on the microor-
ganism's ability to multiply in the host, balanced against the host's capacity to 
control or limit this proliferation. Thus, a fundamental attribute of bacterial patho-
genicity is the ability to enter the host and find a suitable niche. Entry is not simply 
a casual contact between host and infectious agent, and the microbe's surroundings 
may change profoundly between the initial site of entry and the final resting place. 
Thus, many pathogens must possess the genetic machinery that enables growth in, 
or toleration of, several different environments. Moreover, a specialized pathogenic 
trait may not be expressed until the infecting organism encounters a particular en-
vironment within its host. Generally, then, pathogenicity is not a simple character-
istic, and virulence determinants like anti-phagocytic capsules, bacterial toxins, 
and bacterial pili, as well as more complicated factors associated with entry and 
persistence within hosts may be involved. 

The pathogenic potential of microorganisms varies, and they are usefully cat-
egorized according to pathogenicity. This classification can then be used to deter-
mine an appropriate level of containment. For example, in the United Kingdom, 
microorganisms are allocated to one of four levels: 

Hazard Group 1: Organisms that are most unlikely to cause human disease. 
Hazard Group 2: Organisms that may cause human disease and which might 

be a hazard to laboratory workers, but are unlikely to spread to the community. 
Laboratory exposure rarely produces infection and effective prophylaxis or effec-
tive tiatment is usually available. 

Hazard Group 3: Organisms that may cause severe human disease and present 
a serious hazard to laboratory workers. They may present a risk of spread to the 
community, but there is usually effective prophylaxis or treatment available. 

Hazard Group 4: Organisms that cause severe human disease and are a serious 
hazard to laboratory workers. They may present a high risk of spread to the com-
munity, and there is usually no effective prophylaxis or treatment. 

Organisms in Hazard Groups 2, 3 and 4 are "pathogens". Organisms allocated 
to these levels are shown in Table 3.1. 
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The intention of the categorization is to fit appropriate containment to patho-
genic organisms, bearing in mind that containment must be designed to protect 
both the worker and the public at large. Thus, increasing Hazard Group levels cor-
respond to increasing levels of containment. In matching hazard group with con-
tainment level, the pathogenic potential, route of transmission, epidemiological 
consequences, and host susceptibility are considered. The possibility and conse-
quences of any failure of containment must also be considered, and, where appro-
priate, emergency plans must be prepared to secure the safety of people and of the 
environment in the event of an accideni 

An important element of containment is strict adherence to standard operating 
practices and techniques. Good laboratory practice must be the basis of all levels of 
containment. This consists of the following practices and procedures. 

Local codes of practice for the safety of personnel must be formulated and 
implemented. 

Laboratory personnel must receive instruction in the procedures conducted in 
the laboratory. 

The laboratory should be easy to clean. Bench surfaces should be impervious 
to water and resistant to acids, alkalis, solvents, and disinfectants. 

If the laboratory is mechanically ventilated, an inward air flow should be main-
tained by extracting room air, and the system must be interlocked to prevent posi-
tive pressurization of the room in the event of failure of the extraction fan. The 
ventilation system should also incorporate a means of preventing reverse air flow. 

The laboratory should contain a washbasin or sink that is used only for hand 
washing. 

The laboratory door should be closed when work is in progress. 
Laboratory coats or gowns should be worn in the laboratory and removed 

when leaving the laboratory suite. 
Eating, chewing, drinking, smoking, storing of food, and applying cosmetics 

must not take place in the laboratory. 
Mouth pipetting must not take place. 
Hands must be disinfected or washed immediately when contamination is sus-

pected, after handling viable materials, and also before leaving the laboratory. 
All procedures must be performed so as to minimize the production of aero-

sols. 
Effective disinfectants must be available for routine disinfection and for im-

mediate use in the event of spillage. 
Bench tops should be cleaned after use. 
Used laboratory glassware and other materials awaiting disinfection must be 

stored in a safe manner. Pipenes, if placed in disinfectant, must be totally immersed. 
All waste materials must be made safe before disposal either by autoclaving 

or by incineration. 
Materials for autoclaving or incineration must be transported without spillage 

in robust leak-proof containers. 
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This level of containment is appropriate for work with microorganisms of Hazard 
Group 1 (i.e., non-pathogens). A summary of the UK requirements for work at 
higher levels of containment is shown in Table 3.2. Levels 3 and 4 are high contain-
ment, in which all work is carried out in a microbiological safety cabinet; they are 
particularly relevant where there is potential danger from aerosols. 

It must also be remembered that the environment as a whole must be consid-
ered. Thus, while the considerations above refer specifically to hazard to human 
health, there are microorganisms that are pathogenic for other animals or for plants. 
Use of such pathogens may be restricted for this reason, and, in any case, such 
possible effects in case of accidental release must be considered in a risk assess-
ment, and suitable containment must be used. 

Should GMMs Be Treated Differently from Other 
Microorganisms? 

The possibility that genetic modification might affect the host range of the host 
organism, or its capacity to utilize different substrates, or might convert the host 
into a pathogen, or alter its balance with ecologically interrelated populations must 
all be considered. But such considerations of possible hazards would be called for 
by any newly-isolated organism. Are there hazards unique to GMMs, which de-
mand a different set of criteria for the risk assessment? It is certainly the case that 
recombinant organisms will often contain genes and produce compounds not nor-
mally found in microorganisms, and these factors must be taken into account. But 
is this so different from assessing the hazards associated with a newly-isolated 
natural microorganism? A different sort of judgement must be made in assessing 
possible hazards associated with gene libraries, in which there may be millions of 
different clones. The assessment here is not that different from deciding on the 
hazard posed by a clinical specimen, in which there may be pathogens. 

With a fully-characterized recombinant organism (a clone of E. coli K12, for 
instance), there is no reason to think that the hazard will be any more than indicated 
by the insert and its product. The risk assessment will then simply be a considera-
tion of the extent of expression of the insert and the chance of damage caused by 
the product of such expression. With a clone using an uncharacterized host (a pri-
mary cell line, for instance), more care would be taken (as would be the case with 
non-GMMs) due to the possibility of activation of unknown agents or pathways 
(e.g., retroviruses or oncogenes). With a recombinant virus, the possibility of in-
fectious spread must of course be seriously considered, but then this would be done 
anyway when working with any virus. 

The major unknown is not with isolated clones, which will have been charac-
terized to some extent, but with gene libraries (i.e., during the original isolation of 
the clones). Here there is the potential for completely unknown combinations of 
sequences with unknown effects. It was this that was the major original worry that 
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precipitated the current regulation of genetic modification. This point can be ap-
proached in a number of ways; for instance, one might consider the chances of 
unexpectedly deriving a pathogenic strain of the host bacterium, or of unexpect-
edly changing a eukaryotic cell line; and there is also the experience of twenty 
years of work in this field. 

As discussed briefly above, pathogenicity is not a simple characteristic. Many 
genes must interact appropriately for a microbe to cause disease: the pathogen 
must possess and appropriately express characteristics such as recognition factors, 
adhesion ability, toxigenicity, and resistance to host defence systems. Single-gene 
modifications of organisms with no pathogenic potential or history, or the intro-
duction of several genes not contributing to pathogenicity do not appear likely to 
result in unanticipated pathogenicity. Moreover, with respect to pathogenicity, con-
siderable experience and extensive data can be used to define parameters of con-
cern. For instance, with one of the favourite hosts, E. coli K12, many of the 
characteristics associated with wild-type E. coli (which is a Group 2 pathogen - 
Table 3.1) have been lost, including the cell-surface K antigen, part of the LPS side 
chain, the adherence factor (fimbriae) that enables adherence to epithelial cells of 
human gut, resistance to lysis by complement, and some resistance to phagocyto-
sis. The genetic information for four of these five characteristics is widely sepa-
rated on the chromosome, and it is reasonable to conclude that there is practically 
no chance of accidental transfer of these genes during a genetic modification ex-
perimeni In addition, E. coli K12 does not survive very well outside specific growth 
media in the laboratory. Without the capability to survive in the environment, 
and to infect hosts, very few conceivable hazards that might be inadvertently 
incorporated would pose much risk. So, with such a well-characterized and en-
feebled host cell, it seems extremely unlikely that anything untoward could happen 
by accident. And all the evidence of the last twenty years supports this contention. 

With a less well-characterized host, the unexpected is, perhaps, more likely, 
simply because less is known about the organism, and there is no experience of 
use. This could, for instance, easily be imagined with primary mammalian-cell 
lines. It is inconceivable that the cell culture in itself could pose any threat (assum-
ing that it were properly handled), but one could imagine activation of viruses - 
although general experience with such cell lines suggests that this is unlikely. 

The construction of gene libraries from all types of organisms in many types of 
host cells has a long and safe record. Although this does not, of course, prove that 
a disaster could not happen (the hypothetical event may only occur at very low 
frequency), it does, in conjunction with the theoretical considerations, lead to a 
feeling of quiet optimism that the primary isolation of clones is basically a safe 
procedure (unless, of course, the intention is to isolate some harmful characteristic). 
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Risk Assessment of GMMs and Assignment to Containment 
Level 

The 6MM is simply a potential pathogen, which might also have an effect on the 
environment if it were to escape. The three components of the GMM are the host 
organism, the vector, and the insert. (Where the vector is a virus, the recombinant 
virus will be a GMM in its own right, and the "host" and the "vector" will be the 
same.) These components can be separately assessed, and the amalgamation of the 
assessments gives a measure of the risk associated with the recombinant organism 
as a whole and indicates an appropriate containment level. The characteristics of 
the host and of the vector often provide a degree of "biological containment", where 
the enfeebled state of the host, and/or the inability of the vector to transfer to other 
organisms impede spread of the recombinant outside the laboratory. 

The host itself, if a microorganism, will probably already have been assessed as to 
its pathogenicity: for instance, it might be in a list such as that shown in Table 
3.1. This assessment will be the basis for further considerations. (Prima facie, 
the level of risk for the GMM cannot be less than that of the host itself.) It is, of 
course, usually the case in genetic engineering experiments that, at least with 
bacteria, the host is non-pathogenic (Hazard Group 1 in Table 3.1). Another 
factor that must be considered is the capacity of the host to survive outside the 
laboratory. This would be of relevance in the event of an accidental release 
from containment; if the host could become established in the environment, 
then so would the recombinant DNA ("vertical transfer" of the recombinant 
molecule). E. coli K12 hardly survives in the environment: it is "disabled". 
There are also especially disabled strains of E. coli K12 (such as MRC 1 and 
1776), which could only survive in the most specialized growth media. As-
pergillus oryzae, Bacillus subtilis and Saccharomyces cerevisiae can also be 
considered to be especially disabled. Eukaryotic cell lines also cannot, of course, 
persist independently outside the laboratory, and, as long as they are unable to 
colonize the worker and contain no known adventitious agent, they also can be 
considered to be especially disabled. An essential requirement in deciding 
whether a cell line fulfils these criteria is that it should have had a long history 
of safe, uneventful use in the laboratory. 

The vector has to be considered both for its own potential for pathogenicity and for 
its ability to transfer to other organisms ("horizontal transfer" of the DNA). 
This latter is important in consideration of the consequences of accidental re-
lease since it could result in transfer of the recombinant DNA to organisms that 
have access to various different niches in the environment. 

Vectors for bacteria. Most vectors used in E. coli contain no sequences encoding 
pathogenic characteristics. They do, however, usually contain selective 
markers such as resistance to antibiotics. These characteristics must be 
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considered in the context of current medical practice, in particular whether 
the genes involved could be transferred to strains where their presence 
would prejudice treatment. The particular markers commonly used (resist-
ance to penicillin, or to tetracycline, or to chloramphenicol, for example) 
already occur widely in the environment, and their escape would not cause 
a problem. As regards the potential transferability of the vector, most com-
monly-used E. coli vectors are transfer-deficient. There are two factors 
that must be considered here: some plasmids encode functions that enable 
the plasmid to be transferred to other bacteria (they are, thus, Tra+); others 
are Tra- , but can be mobilized by Tra plasmids - they are Mob. So, it is 
possible to have plasmid vectors that are Tra+ (self-mobilizable), or Tra - , 
Mob+ (mobilization-defective) or Tm - , Mob-  (non-mobilizable); vectors 
in these groups show decreasing capabilities of transfer to other microor-
ganisms. The host range of plasmid vectors is also relevant; for instance, 
some plasmids can transfer to and be maintained in many different genera 
(e.g., RSF1O1O and derivatives, RP4 and derivatives). Such plasmid vec-
tors obviously increase the chances of transfer to and establishment in 
other organisms of recombinant DNA. 
Vectors from other bacteria must be considered in a similar way: many 
genera contain plasmids that have the capacity for transfer. Table 3.3 shows 
the mobilization potential of some commonly-used bacterial vectors. 

Vectors for higher eukaryotes. Some of the vectors shown in Table 3.3 are 
shuttle vectors designed for construction of recombinants in E. coli and 
then for studies of transient or stable expression in animal or plant cell 
lines. Some of these vectors contain sequences from eukaryotic viruses, 
such as mouse mammary-tumour virus or SV40. Such vectors can be con-
sidered not to be harmful as long as no infective particles are involved (see 
discussion of infective vectors below). Vectors which integrate into the 
chromosome may also be considered to be non-mobilizable. 

Eukaryotic viral vectors. Certain vectors for eukaryotic cells are based on 
explicit pathogens (viruses), which may indeed retain some of their patho-
genic characteristics. Some such vectors are infective but replication-de-
fective, so that they can deliver the DNA to the target cell, but cannot 
replicate as viruses there (examples are retrovirus-based vectors). Here, 
one must consider what type of cells are susceptible (if human cells can be 
infected, the worker may be at risk), and what chance there is of correction 
of the replication deficiency by complementation by or recombination with 
latent viruses in the host. If the vector is a replication-proficient virus, 
consideration must be given to the chances of the insert affecting the patho-
genicity or the tropism of the virus. 

Access is a measure of the probability that a recombinant DNA could enter the 
environment (including the human body) and survive there. It is a function 
of the host and of the vector. For instance, a non-mobilizable vector (see 
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Table 3.3. Mobilization properties of various vectorsa 

Non-mobilizable vectors 

E. co/i 	 pAT1 53, pACYC1 84, pBR327, pBR328, pUC series, 
pBluescript II, pMTL20, pBS, pG EM, pBEMEX, pUR222, 
pUCBM, pSP series, pEX series, pCAT series, pT3/T7, 
pEUK, pMAM, pMSG, pEMBL, pSELECT 
Criteria for non-mobilizable vectors are considered to be 
met by bacteriophage X vectors with restricted host 
range, such as ACharon 3A, 410, XGEM, XEMBL, 
?.gtll, XZAP 
Criteria for non-mobilizable vectors are considered to be 
met by bacteriophage M13 vectors used in a host 
containing a Tra F plasmid 

B. subtilis 	pUB110, pC194, pSi 94, pSA2100, pE194, pT127, 
pUB112, pC221, pC223, pAB124, pBD series 

Mobilization-defective vectors 

E. coil 	 pBR322, pBR325, pACYC1 77, pKK233-2, 
pKK338-1, pBTacl, pBTrp2, pKC30, pKT279, pFB 
series, pNOl 523, pSVL, pKSV1 0, pGA482, pNOS, 
pHSV1O6 

'See text for definitions. 
Source: This list is based on Information InACGM/HSEIt)OE Note 7. 

Table 3.3) used in a strain of E. coli K12 would have a very low access, as 
would any vector in a cell line, provided that no infective virus is involved. 
In the case of recombinant infective viruses, access to sensitive hosts will 
be very high and the result may be a productive infection resulting in more 
recombinant particles. 

The insert is, of course, the component that requires the most careful assessment 
(the host and vector will usually already be well characterized and properly 
assessed). The major point with the insert is the possibility of gene expression 
and the hazards posed by the gene product. These considerations give rise to 
two more risk factors, damage and expression. 
Damage is associated with the known or suspected biological activity of the 

DNA or of the gene product it encodes, and the levels and nature of the 
product required to elicit this activity. Factors such as the activity of the 
expressed protein and any toxic, allergenic, or pathogenic effects that it 
might have are relevant. 
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It may be that the biological activity of a pmtein is dependent on the host 
cell system in which it is expressed. For example, some proteins expressed 
at high levels in E. ccli are incorrectly folded and are present in insoluble, 
biologically inactive inclusion bodies. Another example of dramatically 
different effects depending on the location of the insert would be an 
oncogene: in a bacterium, even if expressed, it would be hannless; the 
DNA has to get into a mammalian cell to exert the effect. The full biologi-
cal activity of other molecules is dependent on post-translational modifi-
cation, which will only occur in certain host cells (usually eukaryotic). A 
further consideration should be whether the protein is synthesized as a 
fusion product. Thus, careful consideration of the details of the 
recombinants often indicate that prima facie damage factors can be miti-
gated. Guideline examples given in the United Kingdom for levels of dam-
age are: 

A toxic substance or pathogenic determinant that is likely to have a 
significant biological effect. 

A biologically active substance which might have a deleterious effect 
if delivered to a target tissue, or a biologically inactive form of a toxic 
substance which, if active, might have a significant biological effect. 

A biologically active substance which is very unlikely to have a del-
eterious effect, or could not approach the normal body level (e.g., less than 
10% of the nonnal body level). 

A gene sequence where any biological effect is considered highly 
unlikely either because of the known properties of the protein or because 
of the high levels encountered in nature. 

No foreseeable biological effect (e.g., non-coding DNA sequence). 
Expression is a measure of the anticipated or known level of expression of the 

inserted DNA. The identity of the promoter must be considered: the insert 
itself might contain one, but generally the promoter will be part of the 
vector, particularly where a high level of expression is sought. The level of 
expression from the most active promoters can result in the insert direct-
ing synthesis of greater than 10% of soluble protein in the host cell. Activ-
ity will decrease through increasingly less efficient promoters, to no 
promoters at all. And, of course, the insert may only contain non-express-
ible DNA. 

In the United Kingdom, numbers are put on Access, Expression and Damage, 
and the product of the three numbers then determines the containment level appro-
priate for the GMM. (This final nwnerical procedure is not appropriate with viral 
vectors because they are infectious agents.) Here are some examples of contain-
ment levels assigned to the use of various GMMs after assessment following the 
above guidelines: over-expression of harmless proteins using standard pBR322-
based vectors in E. coli K12, containment level 1; over-expression of harmless 
proteins in eukaryotic cell lines (assuming no infective virus is involved), contain- 
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ment level 1; over-expression of a biologically active protein such as interleukin-2 
using a mobilization-defective vector in E. coli K12, containment level 2; a repli-
cation-defective retroviral particle carrying the interleukin-2 gene and capable of 
infecting human cells, containment level 2; a replication-defective retroviral parti-
cle carrying an oncogene and capable only of infecting murine cells, containment 
level 2; a replication-defective retroviral particle carrying an oncogene and capable 
of infecting human cells, containment level 3. 

In addition to these assessments of isolated clones, gene libraries have to be 
assessed. Here there is the problem of the unknown; in particular, how should "dam-
age" be assessed. If a eukaryote is the source of the library, it is likely that a ge-
nomic library will be less hazardous than a cDNA library, since it is likely that only 
in the latter will most genes be expressible. But even with cloning from the chro-
mosome there is the possibility of picking up some adventitious agent such as a 
latent virus. As stated above, all the evidence suggests that such unexpected out-
comes are unlikely. Thus, if the origin of the library is a harmless, well-defined 
organism, it is reasonable to assume that there is very little chance of hazard, and 
containment level 1 is appropriate. If the library comes from a pathogen, however, 
the overall level of containment should be appropriate for that pathogen (Table 
3.1); when defmed clones have been isolated from the library, realistic measures of 
damage can be assigned, and it may be that a lower level of containment will be 
appropriate. 

Work Under Containment (Large Scale) 

Industrial scale growth of GMMs is not intrinsically more hazardous than the use 
of the organism in the laboratory; it is mainly the scale of operation, and hence the 
possible escape volume, concentration, and duration of exposure, that have increased. 
Balanced against this is that most of the uncertainties related to the organism at the 
laboratory stage have been eliminated: the organism will be strictly defined, and 
the chances of the production strain becoming pathogenic are negligible. In most 
cases, traditionally safe microorganisms will have been modified by inserting seg-
ments of DNA to facilitate manufacture of new products, and no safety considera-
tions will be raised beyond those that might be called for by the products themselves. 

The crossover point between "lab scale" and "large scale" has often been taken 
as 10 litres. This is clearly arbitrary, and, in the United Kingdom, the definition 
with respect to work involving GMlvls is "the use of a cell or organism constructed 
by genetic manipulation, for example, in a laboratory-scale reaction vessel, for 
pilot-plant work or commercial manufacture". Recommendations for containment 
on a small scale are not wholly appropriate for large-scale production, but act as a 
starting point for assessment: the underlying philosophy in the assessment for the 
laboratory-scale experiments will be relevant in determining the nature and extent 
of the control measures required. Standards of work protection should not fall be- 
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low the small-scale guidelines, but additional expertise may be required to estab-
lish specific containment criteria. But there is, of course, a huge resource of exist-
ing experience in fermentation techniques in which the strict application of 
containment has been necessary. 

There are steps involved in downstream processing, each of them requiring 
individual assessment. For example, any consideration of risk must take into ac-
count factors such as whether the organism is killed in the fermenter before down-
stream processing. Methods of processing microorganisms on a large scale have 
the potential for aerosol generation and widespread contamination. In some cases, 
the risks presented by other aspects of the process and by the product may dictate 
the level of physical containment. 

The vast majority of large-scale applications of GMMs will use organisms of 
intrinsically low risk, which warrant only minimal containment. This level of mini-
mal containment is known as Good Large-Scale Practice (GLSP). GLSP will in-
volve no containment measures beyond those required for process needs. The 
following fundamental principles of occupational safety and hygiene should be 
applied for GLSPas well as for all levels of containment: 

To keep workplace and environment exposure to any physical, chemical, or 
biological agent at the lowest practicable level. 

To exercise engineering control measures at source and to supplement these 
with appropriate personal protective clothing and equipment when necessary. 

To test adequately and maintain control measures and equipment. 
To test when necessary for the presence of viable process organisms outside 

the primary physical containment. 
To provide training of personnel. 
To formulate and implement local codes of practice for the safety of person-

nel. 

To allow designation of GLSP, the overriding consideration is that the GMM 
must not be a pathogen, should be as safe in the bioreactor as the host organism, 
and should have no adverse consequences in the environment. In arriving at the 
designation, environmental aspects should be taken into account. It is an inherent 
feature of large-scale work, and especially of GLSP, that microorganisms will be 
released incidentally at various stages of the fermentation process and at the early 
stages of downstream processing. These organisms impinge on the environment. 
The following factors should be considered in an assessment of the potential risk to 
the environment 

The volume/biomass likely to be released. 
The known or predicted behaviour of the organism, including factors affect-

ing its survival, multiplication, and dissemination. 
The description of the ecosystems into which organisms could be dissemi-

nated, and the known or predicted impact in such ecosystems, including effects on 
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plants, animals and microorganisms (e.g., pathogenicity, toxicity, virulence, 
allergenicity, colonization). 
4. The availability of techniques for the detection, identification, and monitoring 
of the organism, and for detecting transfer of new genetic material to other organ-
isms. 

Conclusions 

It is obvious that there are characteristics unique to GMMs that must be properly 
assessed so that a realistic estimate of the risk involved in using such organisms can 
be made, and appropriate containment can be prescribed. The principles and exam-
ples discussed above provide a basis for this assessment. 

It should also be obvious from the preceding discussion that there is no real 
scientific justification for special regulations for genetic engineering; the potential 
risks are just another factor that has to be considered in risk assessment. Although 
it is probable that the public is not so sanguine, and that, politically, dedicated rules 
are required, the regulation of safety must command respect of operators as well as 
the public. This requires that rules be soundly based. While the vast majority of 
experiments involving genetic modification are manifestly harmless and present 
negligible risk, in many countries, all such experiments are subject to over-rigor-
ous, officious regulation. 
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Introduction 

During the last ten years, significant advances have been made in methods of han-
dling DNA in the laboratory and in ways of introducing genes into crop plants. 
These have provided new opportunities to modify world crops in novel ways. Bio-
technology will have a profound effect on the ability to provide plants with many 
new properties. It will be possible to produce plants that have enhanced resistance 
to pests and diseases, have modified protein and oil content, and have improved 
nutritional properties. There will eventually be opportunities to protect crop plants 
against environmental stress, such as drought, high salinity, or cold. Biotechnology 
is also capable of providing new pharmaceutical and other chemical substances 
synthesized in Situ within crop plants in environmentally acceptable ways. As a 
consequence, the consumer is likely to gain from a wider choice of plant-derived 
products. However, the ability to insert into crops genes derived from unrelated 
organisms, and even to synthesize genes in the laboratory, causes concern among 
some people. The insertion into plants of a Bacillus thuringiensis gene responsible 
for the production of an insecticidal protein, for example, may give rise to the 
evolution of insect-resistant strains (Williamson, 1993). 

The new technology is regulated by statute or Convention in almost all coun-
tries in the industrialized world. Traditional methods of modifying plants 1  tend not 
to be regulated, although in many countries there are some controls on the intro-
duction of novel (imported) species. Historically, crop plants have not been sub-
jected to formalized risk/safety analysis or risk management as there is a mass of 
knowledge, understanding and experience regarding the procedures for managing 
the introductions of crop plants developed by a wide range of breeding methods 
36 
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(OECD, 1992). In traditional breeding, crops are improved by cross-pollination 
between plants with desirable characteristics, followed by selection of progeny 
with new gene combinations. Improvement by plant breeding methods is possible 
when the genes controlling the characteristics of interest are found within the crop 
species itself or within species that are sexually compatible with it. Various tech-
niques have been used over the history of traditional plant breeding to increase the 
choice of genes available through traditional breeding, and they include now em-
bryo culture, ovary culture, and protoplast fusion. Even when a novel hybrid plant 
can be obtained, there may be failure of chromosome pairing, or the genetic recom-
bination necessary to introduce the foreign genes into the crop species. 

Transgenic Plants 

It was only about 20 years ago that enzymes were discovered that were able to cut 
DNA molecules at specified sites (restriction enzymes), and others that were able 
to join DNA fragments together again (ligases). These enzymes have made it pos-
sible to develop recombinant DNA techniques to create, in the laboratory, new 
combinations of genes and gene control sequences. 

In the early 1980s it became possible to introduce laboratory-modified DNA 
sequences into whole tobacco plants, and to ensure that the introduced genes 
(transgenes) were inherited in a simple Mendelian manner through pollen and egg 
cells. A transgenic plant is one which has received a segment of DNA that has been 
manipulated by recombinant DNA techniques, and the foreign segment of DNA 
has been integrated into the plant's genome. 

Since the early developments in recombinant DNA technology, a wide range 
of restriction enzymes have been discovered which are able to cut DNA at a variety 
of specific positions along the molecule. There has also been development and 
refinement of DNA hybridization techniques, which make it possible to detect spe-
cific DNA sequences in plants, to determine the numbers of copies and the struc-
tural integrity of the transgenes inserted. Recent advances in genetic mapping 
techniques have also made it possible to determine the chromosomal location of a 
transgene within the total plant genome. 

Methods of Producing Transgenic Plants 

One of the principal hurdles that have prevented the routine modification of crop 
plants is the difficulty of introducing foreign DNA into a plant cell. The process of 
DNA introduction into plants (called transfonnation) was first achieved in tobacco, 
and has been relatively easy to achieve in other solanaceous species (potato, petu-
nia, various Nicotiana species). With certain other crop species, especially the ce-
reals, it has been less easy. Species that have been transformed to date are shown in 
Table 4.1. Many approaches to transformation have been attempted, and the suc-
cessful methods used at present fall into four groups (Potrykus, 1990, 1991). 
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Agrobacterium 

The Agrobacterium method of transformation is used widely to transform 
dicotyledonous species. There are two principal species, Agro bacterium tumefaciens 
and A. rhizogenes, which in their wild-type form are pathogens causing crown gall 
disease and hairy root disease, respectively. Many dicotyledonous species are sus-
ceptible to infection by Agrobacterium species (De Cleene & Dc Ley, 1976), brought 
about by the incorporation of genes from an independently replicating plasmid 
within the Agro bacterium cell, which then become incorporated into the host plant. 
The introduced DNA modifies the phytohormonal levels within infected cells, and 
either causes a disorganized proliferation of cells and the formation of a gall (A. 
tumefaciens), or the production of a mass of roots covered with hair (A. rhizogenes) 
(Bevan, 1984). 

The disease-causing genes are carried between specialized 1-DNA (transform-
ing DNA) border sequences on the independently replicating circular plasmid DNA 
molecule. By recombinant DNA methods, it has been possible to remove the dis-
ease-causing genes, so that the Agrobacterium organism is no longer pathogenic. 
New vector plasmids have also been constructed which enable foreign genes to be 
inserted between the 1-DNA borders. Agrobacterium cells carrying the gene(s) of 
interest are then incubated with cultured cells of the recipient crop plant, and 
transgenic plants are regenerated from them. Only a small proportion of the treated 
plant cells eventually become transformed, so it is usually necessary to incorporate 
selectable marker genes (usually conferring resistance to a particular antibiotic) 
between the T-DNA border sequences. To select the transgenic plants, the corre-
sponding antibiotic is added to a plant regeneration medium where only transgenic 
plants are able to grow normally. 

The major restriction to the use of this technique is that many plants, particu-
larly cereals, are extremely difficult to transform because of the lack of a wound 
response (Potrykus, 1991). 

DNA Uptake into Plant Protoplasts 

Protoplasts are plant cells that have had their cell walls removed by enzymatic 
treatment. They can be produced from various parts of the plant (often from leaves 
or hypocotyls) and are bounded by the plasma membrane. This membrane is deli-
cate and its integrity can be affected by polyethylene glycol treatment or by passing 
an electrical current through a protoplast suspension. The DNA to be introduced is 
added to the medium surrounding the suspended protoplasts, and the chemical or 
electrical treatment allows the DNA to enter. In a small proportion of protoplasts, 
the foreign DNA becomes incorporated into the cell genome. 

As with the Agrobacterium method, it is usual to insert a selectable antibiotic-
resistance marker gene in order to select the transformed protoplasts and the cell 
colonies that develop from them. Plant-tissue culture procedures are subsequently 
used to regenerate whole transgenic plants. 
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Particle Bonthardment 

The Agrobacterium and protoplast methods have often proved to be inadequate for 
the transformation of recalcitrant species. Cereals are not normally hosts to 
Agrobacterium, and routine and reliable regeneration of plants from cereal 
protoplasts is difficult and often dependent on the genotype. The technique of par-
ticle bombardment was developed in an attempt to overcome some of these prob-
lems; it involves coating metal particles (usually tungsten or gold particles, 1mm in 
diameter) with DNA and shooting them into plant cells capable of subsequent plant 
regeneration. Particles can be propelled by various means, including 0.22in. blank 
cartridges, compressed gasses, or the instantaneous evaporation of a water droplet 
caused by an electrical discharge. The small metal particles, with their DNA coat-
ing, enter the plant cells and become lodged there. In a tiny proportion of the re-
cipient cells, the DNA becomes incorporated into the genome, and transgenic plants 
can be regenerated from them. As with the other methods, it is usual to incorporate 
a selectable marker gene. 

Partial Digestion of Cells in Multicellular Structures 

A method which now looks promising for the transformation of cereals is the par-
tial digestion of immature embryos with enzymes, followed by the stimulation of 
DNA uptake by exposure to an electrical current (electroporation). Eventually, plants 
are regenerated from the transformed cells of the embryo. This method has the 
potential advantage of using immature embryos which often have a high capacity 
for plant regeneration. More experience with this approach will be required before 
it can be established how widely applicable it may be for the transformation of a 
range of gramineous species. 

Number and Position of Transgenes Inserted 

The number of copies of transgenes that become incorporated into the nuclear ge-
nome varies among independently transformed plants and with the method of trans-
formation used. The integration of one T-DNA copy with the Agrobacterium method 
is common, but higher numbers are observed. Multiple T-DNA inserts do occur, 
and occasionally the presence of 20-50 copies is reported. The position of inser-
tion of T-DNA within the nuclear genome is believed to be random. In several 
studies, the position of T-DNA has been mapped using the Restriction Fragment 
Length Polymorphism (RFLP) method, and there is yet no evidence that there are 
preferred sites of insertion (Chyi etal., 1986; Ambros et al., 1986). Most genes are 
incorporated into the nuclear chromosomes, but there are reports of transfonnation 
of the plastid component of the cytoplasmic genome (O'Neill etal., 1993). 
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Structure and Expression Stability of Transgenes 

Structural rearrangement of inserted DNA can occur, and it is often desirable to use 
molecular analysis to determine whether the introduced DNA is intact. The expres-
sion of introduced genes can vary considerably among different independently trans-
formed plants. In some instances there is a positive association between the level of 
expression of a transgene product and the number of transgene copies present, but 
this is not always the case, and a negative association has also been reported (Hobbs 
er aL, 1990; Jefferson et al., 1990; Blundy et al., 1991). It is known that transgene 
expression can be down-regulated or switched off. This gene suppression is often 
associated with methylation of cytosine nucleotide residues at particular locations 
within the introduced DNA (Selker, 1990; Scheid et aL, 1991). 

Another problem arises from the tissue-culture process used to regenerate 
transgenic plants, which is known to introduce variation (somaclonal variation). 
This is not influenced directly by the transgene(s) inserted, but it is a change origi-
nating from the process of growing plant cells in culture. Somaclonal variation can 
be epigenetic or genetic. If epigenetic, the variation is not inherited in subsequent 
sexual generations. Genetic variation originates from gene or chromosomal muta-
tion, and is heritable. To overcome the practical problems associated with variation 
in transgene expression and somaclonal variation, in practice, it is necessary to 
produce a range of independently transformed plants (frequently more than 100) 
and to select individual genotypes which have the desired phenotype (Larkin & 
Scowcroft, 1981; Karp, 1991; Dale & McPartlan, 1992). 

The consequences of somaclonal variation in transgenic plants are not likely to 
be any more significant than those of its presence in their non-transgenic counter-
parts. In the production of a transgenic plant variety it will be necessary to elimi-
nate any undesirable variation of this kind during the selection programme. The 
consequences of instability in transgene expression will lead in most cases to re-
duced transgene expression and to a change in phenotype such that the transgenic 
plant becomes more like its non-transgenic original. However, if the function of a 
transgene is to down-regulate the expression of an undesirable plant product, for 
example, the consequences of instability may potentially present a hazard that would 
need to be considered as part of a risk assessment (see below). 

Review of Existing Regulations 

According to the estimates of the Organisation for Economic Co-operation and 
Development (OECD, 1993), there had been 864 releases of modified plants up to 
1992. Of these, 316 had occurred in the United States of America, 302 in Canada, 
and 217 in the European Community. Releases have occurred in at least 22 coun-
tries (Dale et al., 1993). 

The regulations governing the use of transgenic plants in containment and fol-
lowing release into the environment vary considerably between countries. There 
has been, and continues to be, a gradual move from voluntary schemes to statutory 
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ones, particularly for intentional releases into the environment. Where possible, 
existing legislation has been applied to the production, maintenance and release of 
genetically modified plants, but frequently these have not been adequate to cover 
the potential environmental effects from the release of lransgenic plants. 

In the United Kingdom, for example, contained work has been covered by the 
Health and Safety at Work Act of 1974 (Royal Commission on Environmental Pol-
lution, 1989). Since physical and biological containment implied little risk to the 
environment, the presumption had been that those at risk were only those woiting 
with modified organisms, or working in the same facility where such organisms 
were contained. The United Kingdom regulations covering the manufacture or use 
of genetically modified organisms in containment have recently been changed to 
bring them into line with the European Directives. The term "containment" is used 
in describing safe methods for managing infectious agents in the laboratory envi-
ronment where they are being handled or maintained. The purpose of containment 
is to reduce or eliminate the exposure of laboratory workers, other persons, and the 
outside environment to potentially hazardous agents (US HHS, 1993). 

In 1990, the Commission of the European Communities issued Directives on 
the contained use of genetically modified microorganisms (CEC, 1990a) and the 
deliberate release into the environment of genetically modified organisms (CEC, 
1990b). These Directives are binding on all EC countries. It is the responsibility of 
each of the member countries to bring into operation national legislation enforcing 
the Directives. By the end of 1992, national legislation had been adopted in Den-
mark, France, Germany, the Netherlands and the United Kingdom. Ireland and 
Italy had adopted enabling legislation which was to allow regulations to be intro-
duced. Belgium. Greece, Luxembourg, Portugal and Spain and were in the process 
of introducing the necessary legislation. 

In the United Kingdom, new sets of regulations for both contained use (of 
microorganisms as required by the Directives, and separately of other organisms, 
such as plants) and deliberate release came into force in February 1993. These are 
intended to implement the requirements of the European Directives, the Environ-
mental Protection Act, 1990, and the Health and Safety at Work Act, 1974. 

In the United States of America, three agencies share the responsibility for 
regulating the use of transgenic plants, whether in containment or in environmental 
applications. They are the United States Environmental Protection Agency (EPA), 
which is responsible for care of the environment, the United States Department of 
Agriculture (USDA), which is concerned with the safety of crop plants and the 
wholesomeness of food products, and the Food and Drug Administration (FDA), 
which has a mandate to ensure the efficacy and safety of food and pharmaceutical 
products (Levin & Strauss, 1993). These agencies have laws which charge them 
with the responsibility for humans, crops and the environment. They are also re-
sponsible for achieving a balance between risks and benefits. The laws relevant to 
products of gene technology are systematically presented in a coordinated frame-
work published in the Federal Register in June 1986. The principal United States 
statutes regulating biotechnology are the Federal Insecticide, Fungicide and Ro- 
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denticide Act, which regulates pesticides, including modified organisms where they 
are used as pesticides (FIFRA: 7 USC, sec 136-136y), the Toxic Substances Con-
trol Act, which authorizes regulation of new and existing chemical substances, in-
cluding microorganisms (TSCA: 15 USC, secs 2601-2654), and the Federal Food, 
Drug and Cosmetic Act, which regulates food derived from microorganisms, plants, 
and animals, food additives, pharmaceuticals, cosmetics, and medical devices 
(FFDCA: 21 USC, sees 30 1-392). In addition, the Federal Plant Pest Act and the 
Plant Quarantine Act (7 USC, sec lSOaa-jj) cover a number of transgenic plants 
and microorganisms. In the United States of America, the deliberate release of a 
modified organism, whether at an experimental or "marketing" stage, may be sub-
ject to a number of federal laws, and more than one agency may have to be con-
sulted. In addition, a number of States (particularly Wisconsin, Minnesota and North 
Carolina) have adopted their own legislation, or review any intention to release 
modified organisms under existing Federal and State legislation (Royal Commis-
sion on Environmental Pollution, 1989; Levin & Strauss, 1993). In general, a plant 
is regulated if it is being imported, moved interstate or released, and if the donor or 
the vector are plant pests. Plant pests may be so designated by the Director of 
Biotechnology, Biologics and Environmental Protection (BBEP), or are listed in 
statute (7 CFR), or are unclassified. If a plant has pesticidal properties it would also 
be regulated under the FIFRA rules. A plant may be removed from the list in §340.2 
by the Director of BBEP in response to a petition, and therefore be exempt from 
regulation. It is also possible for any person to petition the Director to add a plant to 
the list, bringing it within the regulatory system. The USDA is obliged to respond 
to any given petition within 180 days. 

In the European Union, authorization for experimental releases of modified 
plants is given in the individual countries after a risk assessment has been made. 
This risk assessment is based on data supplied by the applicant and is carried out by 
the "competent authority" 2  within the relevant country. The decision must be given 
within 90 days of application. In the United States of America, authorization de-
pends on the USDA making an assessment of the impact of the release on agricul-
ture and the environment, again on the basis of data submitted by the notifier. The 
USDA has to deliver its opinion within 120 days. If the modified plants contain 
pesticides, the EPA also has to carry out a review. 

The use of existing legislation in the United States of America means that 
regulation is product -specific. New legislation in the European Community has 
made the regulatory regime process-specc: it is triggered by the process by which 
the transgenic plant is made. These are examples of the different approaches to 
legislation which have been adopted. In practice, they converge. Countries all round 
the world are adopting models related to these, depending mainly on the type of 
legislation already in place. Latin American countries, for example, are assumed to 
have plant quarantine systems and regulations to deal with plant introductions. It is 
assumed that these will have to be altered to deal with genetically modified organ-
isms (Inter-American Institute for Cooperation on Agriculture, 1991). 
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In the next few years, transgenic plants will move into widespread use as crop 
varieties, which will imply the possibility of both intentional and unintentional 
movement across national borders. Therefore, international harmonization of stand-
ards and procedures is essential. The OECD has been active in developing guide-
lines for the contained use of transgenic organisms and for their release. These 
activities have led to the production of reports (OECD, 1986, 1990) and of a dis-
cussion document (OECD, 1992). Although the OECD has no statutory authority, 
it has stimulated international discussion and has defined procedures which mem-
ber countries may agree to adopt. The main impact of the work of the OECD is in 
influencing policies in its member countries and thereby aiding the move towards 
similar approaches and standards. It has significantly influenced the formulation of 
regulations in industrialized countries. 

Various international initiatives are now being mounted with developing coun-
tries through several organizations, including the United Nations Industrial Devel-
opment Organization (UNII)O) and the United Nations Environment Programme 
(UNEP). The aim of these initiatives is to facilitate the development of common 
standards of biosafety. As part of these activities, UNH)O, on behalf of a Joint 
Working Group on Biosafety made up of representatives from UNTI)O, UNEP, 
WHO and FAO, has published a "Voluntary Code of Conduct for the Release of 
Organisms into the Environment" (UNII)O, 1991). In addition, UNIDO is promot-
ing an international Biosafety Information Network and Advisory Service (BINAS), 
whose role is to provide access to data and advice from experts in the setting-up of 
national authorities - where they do not already exist - that are qualified to handle 
releases of genetically modified organisms. 

In many countries, regulatory oversight of the introduction of modified organ-
isms into the environment is triggered by the process by which a product is made, 
rather than by the actual properties of the product. Although the eventual risk as-
sessment regards the modified plant, taking into account parental and vector prop-
erties, the reason for regulation is that the plant has been made using the new 
techniques. It is argued that some products may be dangerous because of their 
novelty, and that their novelty arises from the process by which they are produced 
(Williamson, 1993). It is the likelthood of damage to the environment (including 
human health and safety) which provides the rationale for regulation. The novelty 
of the product within the receiving environment implies a risk which needs assess-
ing. The method used in making the plant is not necessarily important, although 
gene technology allows modifications which could not have been achieved using 
other methods. If process is the basis for regulation, plants made using traditional 
techniques may not be regulated, yet may pose a greater risk to the environment 
than those made using the new methods. The precision obtainable through current 
gene technology may result in a lower risk because the effects are more predict-
able. This argument implies the imposition of regulation on all introductions, regu-
lation for particular properties (e.g., plants carrying pesticidal properties), or 
complete deregulation of introductions. The European Community has chosen to 
use the process of gene modification to trigger a risk assessment and regulatory 
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system. The United States of America has chosen to regulate only those introduc-
tions which include a known and regulated phenotype. Although the most unpor-
tant criterion for regulation is the protection of the environment, many countries 
have assumed that public acceptance of the products of the new technologies is a 
legitimate reason for regulation. A stringent risk assessment, open to the public in 
both the European Community and the United States of America, is likely to do 
more to reassure those concerned about the use of the new technology than any 
other approach to the introduction of modified species of crop plants. The Inter-
American Institute for Cooperation on Agriculture considers that one of the rea-
sons for regulation is "addressing the legitimate concerns of the general public 
regarding the safety of biotechnology" (1991). 

Review of Risk Assessment Methodologies 

There are various approaches to risk assessment. Those addressing the contained 
use of genetically modified plants are concerned with establishing good standards 
of laboratory practice, the efficiency and security of containment facilities, and the 
effects of the modified organisms on human health (OECD, 1986; Royal Commis-
sion on Environmental Pollution, 1989; CEC 1990a; Levin & Strauss, 1993). Most 
schemes assessing the risks do so under the headings "Access", "Expression" or 
"Damage". "Access" is a measure of the probability that a modified "microorgan-
ism"3  (or the DNA within it) will be able to enter the human body and survive 
there. "Expression" is a measure of the anticipated or known level of expression of 
the inserted DNA. "Damage" is a measure of the likelihood of harm being caused 
to a person by exposure to a modified organism (Advisory Committee on Genetic 
Manipulation, ACGMIHSE, 1986, 1993). Until recently, inmost countries, assess-
ment of risk to the environment from the contained use of modified organisms was 
not required. In Europe, CEC Directive 90/219 (CEC, 1990a) requires an assess-
ment of risk to the environment even though the containment (which may be physi-
cal, chemical, or biological) is intended to stop escape or to minimize the probability 
of escaped organisms surviving in the environment. 

What are the hazards posed by modified plants? Unwanted attributes of crop 
plants may include the tendency of a seLf-pollinated line to outcross because of 
self-sterility or other factors. There may also be a tendency of the plant to become 
a weed. The modified plants may yield toxic substances in the product, or the target 
range of the toxin deliberately inserted into the modified plant may differ from that 
of the donor organism. The response of the modified organism to other organisms 
in the environment, and the reaction of other organisms to the modified plant may 
change (OECD, 1992). Any of these may pose a risk to humans working with or 
consuming the products, or to the environment. Where pesticides are introduced 
into the modified crops, the actual response may be much wider than expected, 
with consequences for the ecosystem. In addition, the modified plant may display 
unwanted changes in appearance, susceptibility to environmental stress, or end-use 
characteristics. "In many cases, the effects have been scale-dependent and, there- 
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fore, become apparent during the scale-up process" (OECD, 1992). 
It has been proved that it is virtually impossible to formulate a "quantitative", 

structured method for the assessment of risk to the environment resulting from the 
deliberate release of a modified plant. For example, it is not thought possible to 
estimate the probability of a plant becoming a weed when released, as the charac-
teristics of "weediness" are not easily defined (Fitter et aL, 1990; Williamson etal., 
1990). "The complexities of the natural environment and ecological interactions 
mean that risk estimation is, in most cases, more a question of qualitative evalua-
tion rather than of quantitative analysis" (UK DOE, 1993). Therefore, risk assess-
ment procedures for the release of transgenic plants require a detailed comparison 
of the transgenic plant with the plant genotype it was derived from. The procedures 
also require consideration of the interaction of the modified organism with the 
particular environment into which it is to be introduced. Although the methodolo-
gies in various countries differ, most ask similar, detailed questions about the modi-
fied organisms and the environment in attempting to perform a risk assessment. 
The system used by most countries lists a very large number of questions relating 
to the organism, release site, and the wider environment (Table 4.2). The informa-
tion required is essentially the same in all countries. It involves a number of steps 
which identify the hazards associated with an introduction into the environment 
(UK DOE, 1993). 

Containment 

Physical Containment in the Laboratory 

It is generally assumed that there is a progression from laboratory cell culture, 
through growth room, glasshouse and experimental field trial, to the possible com-
mercial release of modified plants. Information from each stage of this "step-up 
structure", as well as from equivalent structures for releases of similarly modified 
organisms, or about the use and release of modified organisms in other countries 
should be available in the formulation of a risk assessment. 

Cultures of plant cells fall within the scope of the CEC Directive on the con-
tained use of modified microorganisms (CEC, 1990a). Once they are planted out, 
however, they are no longer thought of as microorganisms, and different controls 
apply within the member countries of the European Community. The physical con-
tainment of transgenic plants within the laboratory, tissue-culture rooms, and growth 
cabinets is maintained by good laboratory practice. Unlike microorganisms, plants 
can be monitored relatively easily. Care has to be taken to ensure that pollen and 
seeds produced under laboratory conditions are prevented from escaping. Care 
should also be taken to label plants correctly and to prevent mislabeling or the 
inadvertent mixing of different transgenic plants. As part of good laboratory prac-
tice it is also essential to maintain a high level of quality control of DNA sequences, 
constructs, transgenic plants, especially those received from other laboratories, and 
verify the reproducibility of experimental results. 
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Table 4.2. A summary of the information required to submit a proposal for the 
field release of transgenic plants in the European Communitya.  (This provides the 
basic information for risk assessme n tb) 

General information 
Name and address of the organization wishing to release transgenic 
plants, including the names and qualifications of the personnel responsible 

Information about the DNA donor organism, the recipient plant species 
and the transgenic plant 
2.1 Characteristics of the transgene donor organism(s) and of the recipi-

ent plant species, including: 
• scientific name and taxonomic details 
• geographic distribution 
• potential for genetic exchange with other organisms 
• genetic stability 
• pathogenicity 
• toxicity 
• allergenicity 

2.2 Characteristics of the gene vector used to introduce the transgene(s) 
into the recipient plant species, principally: 

• the nature and source of the vector 
• properties of the DNA sequences present in the vector 

2.3 Characteristics of the transgenic plant including: 
• a description of the DNA sequences and the methods used to 

prepare and insert the DNA introduced 
• the extent to which the introduced sequences are limited to the 

DNA required to perform the intended function(s) in the 
transgenic plant 

• a description of the transgenic plant 
• a description of how the genotype and phenotype of the 

transgenic plant differ from those of the plant from which it was 
derived 

• stability and level of expression of the transgene(s) 
• allergenicity or toxicity of the transgenic plant products 

3. 	Information about the conditions of the release and the receiving 
environment 
3.1 A description of the proposed release, including: 

• purpose of the release 
• proposed planting date 
• plot size 
• number of transgenic plants 
• agronomic methods 
• methods of eliminating the transgenic plant material if found to 

be necessary 
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Table 4.2. cont. 

3.2 A description of the release site and the wider environment, including: 
• geographical location 
• proximity to humans 
• local flora and fauna 
• target and non-target ecosystems 

Information about the interaction between the transgenic plants and the 
environment 
4.1 Characteristics of the transgenic plant which may affect its survival, 

multiplication and dissemination 

4.2 A description of the interaction of the transgenic plant with its environ-
ment, including: 

• relevant information obtained from earlier release studies on the 
likely environmental impact 

• the possibility for gene transfer to other plants or to micro-
organisms 

• the possibility for dispersal of the transgenic plants themselves 
or their propagules 

• methods used to verify genetic stability of the transgenic plants 

4.3 An assessment of the potential environmental impact, including: 
• the likelihood of excessive plant population increase 
• the influence on non-target organisms 

Information on monitoring, control and emergency response plans 
5.1 A description of monitoring techniques, including: 

• methods for identifying the transgenic plants 
• methods for identifying the transgenes if transferred to other 

plants or organisms 

5.2 A description of methods for controlling the site, including: 
• minimizing spread of transgenic plants 
• methods to protect the site from intrusion 

5.3 A description of methods of discarding waste plant material 

5.4 A description of emergency plans to removed or destroy the 
transgenic plant material and to terminate the experiment if it is 
considered necessary 

• From EC Directive 90/220. 
b Risk to human health and the environment. 



50 	 P.J. Dale & J. Kinderlerer 

Physical Containment in Specially Designed Glasshouses 

Growing and handling transgenic plants in a containment glasshouse is essentially 
the same as in the case of those in the laboratory and involves the use of good 
laboratory type practices. Glasshouses should be designed to withstand freak weather 
conditions and to keep insects out and pollen in. Decisions need to be made, usu-
ally with the guidance of an institutional biosafety committee, on the nature of the 
containment procedures appropriate for the particular type of transgenic plant. For 
example, work involving transformation using sequences from non-indigenous 
pathogens are likely to require very high containment facilities and procedures. 
These may include controlled and filtered airflow through the glasshouse environ-
ment. Control of water outlets and sterilization from the glasshouse may also be 
appropriate. Autoclaving soil and plant material coming Out of the glasshouse will 
also be necessary. Good labelling practice is important. A review of "Good Prac-
tice" that might be adopted is in ACGM, Note 10, which provides guidance on 
work with modified plants and plant pests (ACGMJHSE, 1989). 

Environmental Releases 

A comprehensive risk assessment procedure is required once transgenic plants are 
released into small scale experiments and eventually into commercial production, 
because once released, recovery of the transgenic plants or pollen and propagules 
cannot be assured and is often not possible or practical. It is against this back-
ground that the scientists responsible for the release, the institutional biosafety 
committees and the international biosafety groups must assess whether it is accept-
able to release specific transgenic plants and if necessary, what restrictions should 
be imposed. 

There are various procedures which can achieve a level of "field containment" 
which aims to restrict or limit the possible environmental impact of the transgenic 
plant release experiment. Field containment measures can include isolation from 
sexually compatible species, prevention of flowering, use of male sterile lines and 
the use of thorough plant disposal and subsequent monitoring procedures. 

Data Required for Risk Assessment 

An example of the information required for risk assessment is given in Table 4.2. 
The method of presenting data varies from one authority to another, but the infor-
mation required is essentially the same. The categories outlined in Table 4.2 will 
need some explanation. The process involves the identification of possible hazards 
associated with the modified organism, the envimnment into which it is to be re-
leased and the interaction of organism and environment. Once the hazard has been 
identified, it is possible to assess both the risk of that hazard occurring and the 
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magnitude of harm it may cause. If the hazard is small and the probability of it 
happening is high, the risk to the environment remains small. 

General Information 

It is considered important that the staff and the institution responsible for cariying 
out the release have a sufficiently high level of expertise and experience to carry 
out the proposed release of transgenic plants, and to be responsible for any field 
containment and monitoring that is deemed necessary. 

The DNA Donor Organism, the Recipient Plant Species, and the Transgenic 
Plant 

Donor Organism. It is essential to have information on the donor organism and 
the recipient plant species. Information on the recipient species will establish a 
baseline against which to compare the transgenic plants. Knowledge of the donor 
species will highlight the kind of information required from the transgenic plant. If 
the donor is a plant pathogen, for example, this will raise questions in the risk 
assessment exercise about the possibility of recombination between the integrated 
DNA from the pathogen and pathogens that may infect the transgenic plant subse-
quently. The possibility of transcapsidation may also need to be considered where 
the sequences inserted code for a viral coat protein to confer resistance to certain 
viral diseases. When the modified cell is infected by another virus, transcapsidation 
of the latter with the coat protein of the original donor virus might be possible, and 
this may, in turn, affect viral host range. 
Transformation Vector. Information is required on the DNA vector used during 
the transformation process employed to introduce the transgenes. Antibiotic-resist-
ance genes are generally used to facilitate the screening of transfonned cells. Other 
DNA sequences may act as linking sequences with the vector, or may provide other 
functions associated with the use of recombinant DNA methods. With certain trans-
formation systems, carrier DNA is sometimes used to aid the transformation proc-
ess. It is therefore necessary to know the nature of this DNA, so that any 
consequences can be considered during the assessment process. 
Transgenic Plant. It is important to give a description of the transgenic plant, 
including molecular data on the inserted transgenes, the stability of expression, 
whether there is any change in allergenicity, toxicity, and the capacity of the 
transgenic plant to persist in agricultural habitats or to invade natural habitats. It is 
essential here that the corresponding unmodified plant genotype is used as a con-
trol, so that changes in plant phenotype caused by the transgenes can be measured. 

The Conditions of the Release and the Receiving Environment 

Although the scientific or commercial purpose of the release may not have any risk 
consequences, it is important that the biosafety groups charged with the assess- 
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ment of risk have perspectives against which to assess the release. The risk to the 
environment requires qualitative judgements; therefore, an essential part of the risk 
assessment philosophy is a case-by-case analysis, and that, based on the accumu-
lated experience, there is a progression towards streamlined and simplified proce-
dures where appropriate (see Conclusions, below). Providing information on the 
objectives of the release, its size and design, and the agronomic treatments to be 
used is important both for the risk assessment of the particular release and for the 
national and international learning process. 

Ecological information on the release site is also important. This should in-
clude a survey of plant species that might be growing in the vicinity of the release, 
as well as information on what is known about the nature of pollen dissemination 
and the distances over which pollen can give successful pollination. 

The location and type of the anticipated target organisms must be specified. 
The target organisms are those which the transgenes are targeted to affect. For 
transgenes containing the insecticidal BE protein, it may be a particular class of 
insect pest; for a viral coat gene, it would be a particular viral pathogen. Non-target 
organisms are ose which are not the pninary target of the modification, and they 
include those that are affected inadvertently. If the transgene has an effect on an 
insect that is not considered to be a pest, this should be noted. There should also be 
a consideration of whether the transgenic plant becomes a better or worse host, 
andIor is harmful to organisms that might be associated with the crop. The risk of 
harm to the environment includes harming non-target organisms. 

The Interaction Between Transgenic Plants and Their Environment 

In order to determine the impact of the transgenic plant on its environment, it is 
important to describe changes in the transgenic plant that may alter its invasiveness 
in wild habitats, its persistence in agricultural habitats, or its ability to propagate 
itself sexually or asexually. It is also important to take note of earlier studies with 
similar transgenic plants. It is necessary to determine the possibility of the transfer 
of the transgene to the same or a related plant species (wild or cultivated) or to 
microorganisms, and - if this is the case - what the consequences of that gene trans-
fermigbtbe. 

Monitoring, Control, Waste Treatment and Emergency Plans 

Once plants are released from containment, and particularly if they are allowed to 
flower and set seeds, the plants, seeds and pollen carrying the transgenes may move 
out of the immediate release environment. An important part of the risk assessment 
is to determine the extent to which it is possible to monitor transgenes after the 
release, and the efficiency with which it is possible to destroy plant material if it 
becomes necessary. Efficient methods of identifying transgenic plants, or transgenes 
present in non-target species may be necessary. This may be done by a visual marker 
(e.g., 3—glucuronidase), a selectable marker (e.g., antibiotic resistance), or molecu-
lar analysis (e.g., PCR and Southern hybridization). 
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There are ways of minimizing genetic exchange which might be considered 
(see below). It may also be appropriate to describe ways in which plant material 
can be destroyed at the end of the release experiment or, if necessaiy, during the 
course of the experiment. 

Carrying Out the Risk Assessment 

The first releases of a modified plant will be experimental. Commercial releases 
may follow once the results of the experimental release have been analysed. It is at 
this experimental stage that the major risk assessment will have to be made and 
evaluated. The aim of the risk analysis is to identify either changes in the expen-
mental protocol or methods by which the GMO may be confined in order to mini-
mize risk to the environment or to human health. 

The information outlined above is usually assembled by the scientists wishing 
to cany out the release of transgenic plants. Although the act of assembling the 
information inevitably involves a consideration of potential risks by the release 
team, the risk assessment process should be carried out by a multidisciplinary 
biosafety committee made up of people with expertise in genetics, molecular biol-
ogy, environmental science, agriculture, plant pathology, and other fields where 
appropriate. It may even be useful to include representatives of local government 
and local environmental pressure groups in order to ensure public satisfaction with 
the care being taken to minimize risk to humans or to the environment. 

The first level of assessing a release proposal should be at the institute level - 
the assessment should be carried out by an institutional biosafety committee. The 
benefit of carrying out an assessment locally is that the members of the committee 
will have local knowledge and usually have a good understanding of the scientific 
principles. It also provides a way of spreading local responsibility for the release to 
members of the institute that are not directly involved in the release. The institu-
tional biosafety committee would also have responsibility for monitoring the site 
after the release, informing people at the institute of the release and of the risk 
assessment, and enhancing accountability. It would monitor the activities of the 
release team and ensure that any unexpected events are reported. 

This risk assessment involves detailed consideration of all parts of the pro-
posal, calling for further information if required, and requesting, where necessary, 
additional precautions. When the institutional biosafety committee has approved 
the conditions for the experimental release to its satisfaction, there may still be 
other levels of risk assessment. 

For example, these may be national biosafety committees, which are also 
multidisciplinary. These bodies similarly go through the release proposal and can 
make further recommendations or require that the proposal be changed. The over -
sight process may involve interviews with members of the release team. Finally, 
international or regional biosafety committees may also be set up (like the one 
established by the European Union). These may become appropriate as regional 
trade agreements are ratified. 
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What Kind of Risks Might Be Identified? 

Assessing risk is not an exact science. It is difficult to put a value on the degree of 
risk. It is never possible to establish that releasing a transgenic plant will involve no 
risk. All of the activities people are involved in pose a degree of risk, no matter 
what kind of precautions are taken. The essential feature of risk assessment is to 
determine how the transgenes might alter risk compared with the non-transgenic 
crop; therefore, the starting point must be the use of the unmodified crop plant as a 
baseline against which to compare the effect of the inserted transgenes. There will 
undoubtedly be questions that cannot be answered because the relevant data are not 
available. For instance, it is not known for certain whether plant genes can be trans-
ferred to microorganisms, and there is much we do not know about the nature and 
consequences of "gene flow" (see next section) from conventionally bred crops to 
related weed species. Biosafety committees have to take into account both knowl-
edge and ignorance to arrive at a decision on the acceptability of a release and what 
additional information or precautions may be necessary. 

In cases where detailed scientific knowledge is not available, it is important to 
use the experience of conventional plant breeding to aid the risk assessment proc-
ess. Plant breeding has been carried out (first as the result of serendipity and later 
intentionally) for thousands of years, and many of the genes being inserted by 
recombinant transformation fall into classes very similar to those manipulated by 
the conventional plant breeder. 

Potential Risks from the Release of Transgenic Plants 

One of the major concerns associated with the release of modified organisms is 
that the inserted information may be transferred to wild populations. The process 
of introgression is of concern to many authors as a mechanism which may lead to 
undesirable traits being transferred from modified organisms (Gregorius & Steiner, 
1993). Interspecific hybridization is a common process, notwithstanding the barn-
em that exist to crossbreeding, but most hybrids are rare and the majority are ster-
ile. "Gene flow" is believed to be highly restricted (Levin, 1984), but there is some 
evidence that this may be misleading (UK DOE, 1993). Modified plants could, in 
theory, become weeds difficult to control, possibly in Contexts other than their nor-
mal agricultural environment. A review of risk assessment of genetically modified 
plants introduced into the environment has appeared recently (Diet.z, 1993). 

There are several routes of transgene escape, as for example when the plant 
invades seminatural habitats, or when the transgene is transferred to another crop 
or to a wild relative (possibly by introgression), and persists on the agricultural 
land, in verges, ditches or waste-tips. It is likely that the spread of transgenes can 
be checked with methodology similar to that used to detect any other single gene 
trait (UK DOE, 1993; p. 30). 

What then are the risks associated with the release of modified organisms? 4  Is 
it possible to confme the modified organism within the release site, and if it were to 
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"escape", would it pose a problem for the environment? Could it, for example, 
survive or persist outside the managed "site" within which it has been released? 
There are differences in the potential of crop plants to transfer from the environ-
ment in which they are placed, and in their ability to establish feral populations. If 
this happened, would it matter? Could the inserted genes be transferred to other 
plants of the same type or to wild relatives? 

The risk assessment must take the host or parental plant as its starting poinL Is 
the host plant capable of surviving outside the normal agricultural environment? 
Does it have relatives in the external or agricultural environment into which gene 
transfer is possible? The modification must then be considered both in terms of 
making any resulting transgenic plant more likely to survive and with respect to the 
safety of the gene product in the environment. 

Some areas that need to be considered are outlined below: 

Selectable Marker Genes 

Most transgenic plants contain a selectable marker gene that is used during the 
transformation process. The characteristics of a marker gene are that: 

It should enable sthngent selection with a minimum of non-transformed plants 
escaping the selection. 

The selection should result in a large number of independent transfonnation 
events and should not interfere significantly with regeneration. 

The marker should work well in a large number of species. 
There should be an assay which allows confirmation of the presence of the 

marker. 

Antibiotic-resistance genes are used as they meet all of the above criteria. The 
nptll gene, which confers resistance to the antibiotic kanamycin, is most com-
monly used. This antibiotic has been superseded for clinical use in the United States 
of America. The resistance marker also gives resistance to the antibiotic neomycin, 
which is still prescribed in some countries for clinical and veterinary use. There are 
also other aminoglycoside antibiotics that are used as markers. Although several 
extensive studies have concluded that the likelihood of the transfer of this gene 
from transgenic plants to microorganisms is negligible, and that the transfer would 
probably be of little consequence if it did happen (Calgene, 1990), there is a con-
tinuing debate about whether it is acceptable for this kind of selectable marker 
gene to be present in commercial transgenic varieties. 

Alternatives to antibiotic-resistance markers have been used. These include 
herbicide-resistance markers (Yadav et al., 1986). There have been a number of 
suggestions for replacing antibiotic marker genes in plant systems. The Cre-lox 
system involves the production of two sister lines of modified plants, one contain-
ing a gene coding for a bacterial recombination enzyme, the other containing the 
antibiotic-resistance gene flanked by sites for the action of the enzyme. When the 
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two lines are crossed, the marker gene should be excised (Dale & Ow, 1991). It is 
believed that this system would be difficult to apply in vegetatively propagated 
food crops, such as potatoes. 

Gene-fusion markers are used to confirm the expression of proteins within the 
inserted gene, rather than for the selection of the modified organism. One of the 
most commonly used markers is the 3—glucuronidase gene from Escherichia coli 
(Jefferson et al., 1986). 

Herbicide Tolerance 

A range of herbicide-tolerance genes have been introduced into various crop plants. 
Herbicide resistance was one of the first traits subject to genetic modification once 
the mechanisms of resistance had been characterized. In general, the resistance is a 
dominant single gene trait (Mazur & Falco, 1989). 

One of the principal attractions of this application is that it supplies a means of 
providing selectivity for herbicides that are quickly degraded in the environment. 
An environmental risk that needs to be considered is whether the transgenic crop 
plant that is herbicide-tolerant may become a weed that is then difficult to control. 
Another factor that needs to be considered is the likelihood of the herbicide-resist-
ance genes becoming established in weed populations by hybridization between 
crop and weeds. If the hybrids are fertile, they may be difficult to control in an 
agricultural system which depends for weed control on the same herbicide, or in 
adjacent crops that are dependent on that herbicide. If there are other adjacent 
populations of the same crop which have been modified to be tolerant to different 
herbicides, would a crop plant resistant to multiple herbicides pose additional prob-
lems within either the agricultural or the natural environment? 

Were the herbicide tolerance to be transferred to non-managed, non-agricul-
tural species within the "wild" environment, would there be cause for concern? 
Such environments are not normally subject to herbicide treatment, and the pres-
ence of wild relatives of crop species displaying resistance may be of little signifi-
cance. The risk assessment should auempt to identify the possible consequences of 
such a transfer. 

Pest and Disease Resistance 

Transgenes conferring pest or disease resistance could bestow a selective advan-
tage on a crop plant and make it more persistent on agricultural land and more 
invasive in wild habitats. The transgenes could similarly confer a selective advan-
tage if transferred to related wild plant species. Another aspect that needs to be 
considered is the effect of the resistance genes on pest and pathogen populations. If 
the transgene provides a very efficient defence, it is possible that the pest or patho-
gen will rapidly become resistant This is a phenomenon that is well known in 
conventional plant breeding, and the concern is arguably more about devising a 
sound agricultural strategy than assessing risk, but the possibility of using the same 
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resistance gene in a range of different crops by transformation means that this pros-
pect has to be taken seriously. 

One of the most important uses of this technology for the insertion of genes 
leading to pest-resistance has been the use of Bt toxins. A problem that may be 
associated with the use of Bt toxins is the evolution of resistance in the target pests. 
This resistance is due to reduced affinity for the toxin to a mutant membrane receptor 
(Gill etal., 1992). Transgenic crops containing proteinase inhibitors may pose similar 
problems, and their use should be carefully planned to avoid the evolution of resist-
ant pests. 

Viral coat-protein genes are frequently used to give protection against particu-
lar viruses. There is currently a debate about whether this strategy might modify 
the host range of plant viruses by a process of transcapsidation. Creamer & Falk 
(1990) have detected transcapsidation events in mixed infections of luteoviruses in 
the field. This process does not in itself create a new virus, as the coat-protein 
genes are unaltered, but may temporarily alter the specificity. There are also con-
cerns over the recombination between the viral sequences expressed by the plant 
and those of the infecting virus. The concerns will relate to the presence of other 
viruses capable of transcapsidation within the receiving environment. 

Resistance to Stress Conditions 

Resistance to stress conditions such as drought, saline soils, heavy metals, cold, 
high temperature is a complex phenomenon; therefore, the isolation of genes con-
ferring enhanced stress resistance will take time. Plant genes induced by stress 
(heat, cold, salinity, heavy metals) have been identified (Fraley, 1992), so it is likely 
that plants with enhanced tolerance will become available in the next few years. 
Transgenic plants of this type will present a particular challenge for risk assess- 
ment because this change may enable plants to grow in habitats where they were 
unable to grow before, and may confer a selective advantage on plants to which the 
transgenes may transfer by cross-pollination. 

The exotic-species model, where a plant is transferred to a different country 
and becomes a dominant species, is sometimes used to illustrate what might result 
from the release of transgenic plants. While this is not a good general model for 
assessing the consequences of inserting one or a few genes into a crop to modify it 
in very specific ways, it may be relevant to instances where plants are modified to 
make them grow in new kinds of habitats. The results of a risk assessment in these 
cases may be that more information is required on the nature of any competitive 
advantage conferred by the transgene under the specific conditions of the release. 

Toxicity or Allergenicity 

The gene product may be toxic in the plant or parts of the plant, or it may modify 
the allergenic properties of the crop for food or products in the environment (e.g., 
pollen). Toxicity may apply to organisms other than the target organism, and harm 
may be inflicted on the ecosystem. 
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Consequences of the Large-Scale Use of Transgenic Crops 

The risk assessment required when considering the widespread use of a transgenic 
crop variety is essentially the same as for small-scale releases, but there are some 
important differences. Field containment measures, including those to prevent flower 
production and to destroy all plant material on the release site (field plot), are no 
longer possible. The risk assessment must therefore take into account the possibil-
ity of cross-pollination between the transgenic crop and adjacent non-transgenic 
crops and weed species. Transgenic plants will have the opportunity to become 
established in a range of natural habitats, and there will be the possibility of a 
recurrent migration of pollen transferring the transgenes to wild populations. In 
habitats where the crop plants vastly outnumber the sexually compatible wild spe-
cies, the transgenes may become established in those wild populations even if they 
confer a selective disadvantage compared with the wild-species counterparts not 
carrying the transgene. 

There will be the opportunity for transgenic plants to be taken intentionally or 
inadvertently to other countries, including to those geographical areas that have a 
different spectrum of sexually compatible weed species. A small-scale risk assess-
ment considers the distribution of sexually compatible species in the location of the 
release site. Large-scale releases raise the question as to what geographical limits 
should be placed on the environment considered in the assessment scheme. 

Rare events which might not be evident in small-scale releases may be signifi-
cant on a large scale. For example, transgene instability on a small scale may be 
unacceptable in crop varieties used on a large scale. 

There are also questions of agricultural strategy. For example, how far is it 
prudent to progress towards the introduction of several different herbicide-resist-
ance genes into a crop species? Will this lead to multiply-resistant weeds? Also, 
what will be the consequences of the same or similar pest- or disease-resistance 
genes being present in many different crops. The experience of conventional plant 
breeding points to the increased likelihood for resistant pests and pathogens to 
emerge. 

Other scale-dependent questions regard the toxicity and allergenicity of the 
crop and the nature of the breakdown products of the transgenes when the plant 
decays. 

Options for Managing Risk 

The opportunities for managing risk in small-scale releases are principally con-
cerned with achieving an acceptable level of field containment and of monitoring 
the site during the release and afterwards. Increased containment can be achieved 
by the inclusion of buffer crops, or cages, or by bagging flowers in the field. Per-
mission for the first release experiments in the United Kingdom required the de-
flowering of all plants in the experimental ploL While ensuring that the probability 
of transferring the introduced gene to other plants was low, this procedure could 
only be applied to small-scale field trials. 
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The options for containment following widespread release of a transgenic crop 
variety are limited, and a risk assessment before the commercial release of a 
transgenic variety must take this into consideration. 

It is important that the risk assessment leading to commercial release is thor-
ough and open to scrutiny and considers all the evidence available from the small-
scale releases carried out with the same and similar transgenic plant material. As 
mentioned in the previous section, there may be difficulties associated with large-
scale releases. Some mitigating action might be considered for large-scale releases. 

There is now a wide range of plant promoters available for giving transgene 
expression in specific tissues in the plant. It may be desirable to restrict the expres-
sion of a particular protein to those parts of the plant where it is required. In the 
case of a pest that attacks leaves, for instance, it would suffice if insecticidal pro-
tein were expressed only in leaves. There may also be opportunities in the future to 
use a constitutive promoter to give expression in most parts of the plant, but to use 
a strategy to switch off transgene action in very specific tissues, for example, in 
pollen, where there may be the possibility of an allergic response. 

The use of male sterile transgenic plants may be considered desirable to pre-
vent the dispersal of transgenes by pollen. 

There may also be instances where it is possible or desirable to grow transgenic 
crops in areas where no sexually compatible wild relatives grow naturally. 

In order to prevent genetic contamination, it may be occasionally desirable to 
grow a particular type of transgenic crop (e.g., oilseed crops with a particular fatty 
acid composition) in areas free from non-modified crops. 

It may also be necessary to call in a variety if the results are considered unsat-
isfactory. 

Conclusions 

From the earliest releases of transgenic plants, the intention was to progress case 
by case, to build up experience, and on the basis of that experience, to simplify the 
regulatory requirements and oversight. In the European Union and the United States 
of America, streamlining or fast-tracking is now developing. In both regulatory 
systems, particular crop species and transgenes are being identified that have been 
tested in release experiments many times and have provided acceptable results. In 
these instances, the time taken for regulatory approval has been reduced substan-
tially. The harmonization of release criteria and the move towards simplified regu-
latoiy oversight will no doubt continue to be an area of active international discussion 
in the coming years (UK DOE/ACRE, 1994a,b). 

One of the disadvantages of discussing the process of risk assessment is that it 
places undue stress on risk and largely neglects benefits. The ability to transfer 
genes across wide taxonomic boundaries provides a very powerful means in re-
search seeking to understand how genes are regulated and how they influence phe- 
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notype. It provides a valuable opportunity to extend the advances achieved by con-
ventional plant breeding and to improve crop plants in many novel ways that are 
relevant to developing countries. 

In looking forward to the widespread international use of lransgenic crop plants, 
it will be necessary to go beyond a focused consideration of environmental impact 
in the immediate release environment, since we all have a responsibility to our 
communal global environment. 

Notes 

"Traditional breeding means practices which use one or more of a number of methods 
(e.g., physical andJor chemical means, control of physiological processes) which can lead to 
successful crosses between plants of the same botanical family" - a definition agreed by the 
European Community (UK DOE/ACRE, 1993). Throughout history, these methods have 
allowed the selection of desirable or required traits in plants. 

A "competent authority" is one or more designated governmental organizations re-
sponsible (in each member state) for the regulation of activities involving genetically modi-
fied organisms. 

"Microorganism" as referred to here includes all cells in tissue culture. 
"Risk" in the context used here is risk to humans and the environment, including other 

crop plants. 
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Introduction 

Powerful new molecular methods for DNA manipulation provide a means of con-
structing microorganisms with genotypes which would not occur by natural ex-
change, and with a degree of precision not previously available. These novel genetic 
combinations can be produced so that the activities of microorganisms in existing 
processes are improved or new functions introduced. This chapter concentrates 
specifically on the genetic manipulation of rhizobia and mycorrhizas, their appli-
cation in agricultural ecosystems and the hazards, risks and benefits this work may 
generate. The development of safe work procedures to answer public concern and 
allay fears commonly expressed about this emergent technology is included. 

Why Modify Microorganisms Genetically? 

Microorganisms have had many beneficial applications in agriculture and have been 
used safely for decades, bringing great benefits to humans. In many instances, these 
applications can be performed more effectively by microorganisms that have been 
genetically modified, either by classical means (e.g., spontaneous mutation or re-
combination) or by molecular techniques (e.g., site-directed mutagenesis, DNA 
cloning and cell fusion). Molecular methods have two advantages over classical 
methods. First, the precision of many of the molecular methods allows fully char-
acterized modifications to be made, in some cases to the determination of specific 
alterations of bases in the DNA nucleotide sequence. Greater precision in the con-
struction and characterization of desired genotypes allows scientists to make better 
judgements about the safety of genetically engineered microorganisms (GEMs). 
Second, they permit the formation of novel combinations which are impossible to 
obtain using classical methods, allowing scientists to bypass natural barriers to 
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genetic exchange. However, the biological effects of novel combinations are un-
known and, before release of GEMs into the environment can be contemplated, the 
risk of a specific gene combination and the hazards associated with a GEM must be 
evaluated. The long history of introductions of naturally occurring microorganisms 
into the environment for agricultural purposes provides extensive data on which 
assessments of the risk can be based. While it is clear that certain microorganisms 
can be used safely in the environment without knowing their precise roles in the 
community or ecosystem, it is difficult to assess all potential risks when unfamiliar 
organisms are being used. 

The Use of Rhizobia and Mycorrhizas in Agriculture 

Nitrogen Fixation 

It has long been known that bacteria in the genera Rhizobium and Bradyrhizobiuin 
enter into symbiotic relationships with leguminous plants, forming nodules on their 
roots. They fix atmospheric nitrogen in a form which can be used in plant growth, 
thereby increasing yield. Consequently, nitrogen-fixing bacteria have attracted con-
siderable attention regarding genetic improvement (Schmidt & Robert, 1985). In-
deed, twenty applications involving R. meliloti were received by the regulatory 
authority in the United States of America from 1983 to 1989, which comprised 
55% of all requests for releases of microorganisms in that period (Levin & Strauss, 
1991). 

Rhizobia are an indigenous component of the soil microbiota and live inde-
pendently before interacting with plant roots. However, they are mostly inactive: 
they are merely surviving in a nutrient-poor environment and are subject to preda-
tion by other soil microorganisms. The root nodule provides a protected environ-
ment enhancing microbial growth and survival, and, following plant death, the 
bacteria are returned to the soil when the nodule decays. 

However, some soils have low natural populations of rhizobia, or contain rhizo-
bia which will not nodulate an introduced crop, e.g. pasture legumes introduced to 
Australia. It is impractical to raise the numbers of naturally occurring rhizobia or 
change the species present by direct addition to the soil, and so inoculants contain-
ing appropriate rhizobia are added during sowing to seeds of forage (e.g., alfalfa, 
clover, medic) and grain legumes (beans, peas and soybean). Any new rhizobia 
applied as inoculants must function and compete successfully in the complex and 
dynamic soil ecosystem, and the largest increases in productivity have occurred 
following introduction of a non-indigenous Rhizobium with a non-indigenous leg-
time, e.g., Bradyrlzizobium sp. with soybean in the United States of America and 
Eastern Europe. 

The most economical way of providing the nitrogen needed for optimum plant 
growth in legumes is to inoculate with selected strains of rhizobia which have im-
proved nitrogen-fixing characters (Ham etal., 1971). The nitrogen fixing efficiency 
of rhizobia varies greatly with a host plant (Batzli etal., 1992), providing a source 
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of genetic diversity for strain improvement. There have been many attempts to 
improve the symbiosis by using selected strains of rhizobia, but the main problem 
in producing a suitable inoculum is competition from indigenous strains in the soil. 
Selections must be made which will compete with indigenous strains so that they 
can occupy a majority of nodules on legume plants in the field. Genes and pheno-
types of rhizobia which influence competitive nodulation have been identified, e.g. 
competitiveness is related to serotype in soybean bradyrhizobia (Robert & Schmidt, 
1985). 

Phosphate and Micronutrient Capture 

Symbiotic mycorrhizal associations are formed between fungi in the Basidiomycota, 
Zygomycota or Ascomycota and the roots of about 85% of all herbaceous and 
woody plants (Harley, 1989), including nearly all economically important crops, 
both in temperate countries and in the tropics. Mycorrhizas are associated with the 
concentration and transport of phosphate and other micronuthents, principally cop-
per, zinc and manganese to the plant, in return for which they receive carbohy -
drates from the plant. Consequently, they are often found in plants that grow in low 
phosphate or other nutrient-poor soils. They thus have great potential to improve 
plant growth, productivity and survival in agricultural, horticultural and natural 
ecosystems, particularly in areas of marginal productivity, where they also have a 
role in soil stability and erosion control. However, improvements in plant growth 
are not universal for all mycorrhizal species involved. Individual species differ 
significantly in their effectiveness to promote growth with changes in soil fertility, 
pH and drought (Bethlenfalvay, 1992a). Ecotypes adapted to high concentrations 
of heavy metals, aluminium or salt have also been identified. 

Fungi in the Basidiomycota and Ascomycota typically form two types of 
mycorrhizal associations with the roots of woody trees and shrubs. In the first type, 
called an ectomycorrhiza, the mycelium grows on the surface of the roots and be-
tween the outer cortical cells and spreads out into the surrounding soil and litter 
layer forming a many branched network. When environmental and physiological 
conditions are suitable, the mycelium forms a fruiting body (a structure bearing 
sexually produced spores) either above ground, as mushrooms and toadstools, or 
below ground, as truffles. Spores produced by asexual means are seldom produced 
in these fungi, although some may form vegetative structures such as cords, 
rhizomorphs and scierotia. Ectomycorrhizas are a major feature of temperate and 
boreal forests and over 5000 species have been recorded. Ectomycorrhizal fungi 
are not very host specific and green plants are also not very selective in the fungi 
with which they form mycorrhizas (Harley, 1989). Consequently each tree species 
is typically infected by one of several different mycorrhizal species. 

Some fungi in the Basidiomycete genus Rhizoctonia form associations with 
the seedling roots of orchids in which the mycelium invades the inner cortical tis-
sues, termed an endomycorrhiza. The interaction is precarious for the seedling, as 
the fungal partner may overcome and destroy it. However, the symbiosis is essential 
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for the early growth and establishment of the plant, and the fungal partner disap- 
pears as the plant matures. Endomycorrhizas are also formed between many tropi- 
cal trees and basidiomycete fungi, many trees having up to 30 mycorrhizal species. 

Fungi in the Zygomycota mostly form associations with woody and herba-
ceous plants in which hyphae grow between the root cortical cells, forming large 
sac-like structures called vesicles and also branched feeding structures called 
arbuscules which penetrate root cells. This association is termed a "vesicular-
arbuscular" mycorrhiza (VAM fungi) and is an extremely common and widespread 
type of root infection. YAM fungi seldom reproduce sexually and typically only 
produce resting spores, called chlamydospores. They are also the most common 
mycorrhizal type formed with nodulated, nitrogen-fixing legumes (Barea et al., 
1992). Soils typically contain several species of VAM fungi, all of which may colo-
nize the roots of most crop plants, but which have strain-dependent responses to 
host and soils, suggesting that a combination of fungi is required at the plant-soil 
interface for maximum nutrient capture (Bethlenfalvay, 1992b). 

Several genera of ectomycorrhizal fungi have been cultured on artificial media 
in the laboratory, e.g., Tuber (Fontana, 1977; Mischiati & Fontana, 1993), Pisolithus, 
Laccaria, Hebeloma, Suillus, Scieroderma, Thelephora and Paxillus (Jeifries & 
Dodd, 1991), which facilitates inoculum production and would permit genetic 
manipulation. 

Despite their many benefits, and the variety of techniques available for evalu-
ating and manipulating them (Hayman, 1984), VAM fungi have not been widely 
used in crop production for several reasons. 

Each YAM isolate potentially elicits different host responses, and so selection 
of the best inocula from the large number of existing populations is difficult 
(Bethlenfalvay, 1992a). The difficulty and high cost of producing inoculum and the 
poor development of application technologies exacerbate this problem. All YAM 
fungi are obligately biotrophic symbionts, and so axenic cultures are extremely 
difficult to produce. Dual cultures can be produced with roots or root organ cul-
tures of living host plants, usually on solid, or in liquid media, from which inoculants 
may be prepared (Sylvia & Jarstfer, 1992). Although it has not yet been possible to 
culture mycorrhizal fungi in quantity in pure culture, Gigaspora Fnagaritae has 
been grown in a medium containing 2% CO2 and flavonols (Bécard et al., 1992). 
Development and improvement of such methods have promise for improving yield 
in axenic culture. 

Land Regeneration 

The focus of agricultural research in developed countries has moved from crop 
production above all else, and attention has been given to the effects of agricultural 
practice on the environment, both in temperate and tropical ecosystems. In arid, 
semiarid and sub-humid areas of the world, over-grazing, deforestation and un-
regulated cultivation techniques contribute to soil erosion which has led to 
desertification in many areas. Re-vegetation of such ecosystems with low water 
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and nutrient (nitrogen and phosphorus) availability can be started using woody 
legumes. These plants develop symbiotic associations with both rhizobia and 
mycorrhizas which help the plants to grow in stressed conditions. Attempts to re-
cover desertified ecosystems with native legumes inoculated with selected VAM 
fungi and rhizobia increased outplanting performance, plant survival and biomass 
development in a desertified Mediterranean ecosystem (Herrera et aL, 1993). The 
symbiosis has also been exploited to ieclaim poor quality land (Skujins & Mien, 
1986; Allen, 1989; Morgan etal., 1990) and phosphate-polluted soil (Sylvia, 1990), 
and in forest regeneration both in temperate (Perry et al., 1987) and tropical eco-
systems. 

Means of Genetic Modfi cat ion 

Genetic modification usually involves either the removal of a trait by mutational 
inactivation of the encoding gene or by deletion of the DNA region encoding these 
determinants, or addition of a new trait, by gene insertion into the chromosome or 
indigenous plasmids or by introducing a new plasmid encoding a trait. Piasmids 
are circular, double-stranded, autonomously replicating DNA molecules which are 
widely distributed among bacteria. They do not often encode genetic characters 
(phenotypes) essential for the more routine aspects of cell growth and survival, and 
so are dispensable to the cell. 

The genetic material of Rhizobium consists of a static chromosome and several 
plasmids of high molecular weight (102_103  kilobase pairs) which can be exchanged 
by conjugation. In Rhizobium, the nitrogenase structural genes, the nodulation genes 
and elements of the host-specific determinants are found on a single large plasmid, 
the symbiotic (sym) plasmid. Other genes relevant to nodulation and nitrogen fixa-
tion have been found in the chromosome and in other plasmids. Most genetic modi-
fications have involved additions of foreign genes to, or deletions of native genes 
from these plasmids, mostly the sym plasmid. 

Ectomycorrhizai fungi have been modified by transformation, a process which 
involves making protoplasts (cell-wall free protoplasmic units) by incubating myc-
elium with a lytic enzyme in the presence of osmotic stabilizers such as sorbitol or 
KCI. Plasmids containing foreign genes, or intact genes, can then be added and in 
the presence of polyethylene glycol and CaC12 become incorporated into the fun-
gus genome. Transformed protoplasts are spread onto selective culture media, where 
transformants regenerate cell walls and grow hyphae. There have been no attempts 
to genetically modify VAM fungi or endomycorrhizal fungi. 

Genetically Modified Rhizobia and Mvcorrhizas 

The introduction of genetically engineered strains of rhizobia with enhanced nitro-
gen fixing capacities will be important for meeting the future demands of agricul-
ture. Inputs of, and dependence on, manufactured nitrogenous fertilizers could be 
greatly reduced and the fossil fuels used in fertilizer production could be conserved. 
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Substantial environmental benefits would be obtained from the ensuing reduction 
of nitrate pollution in runoff water fed to lakes and streams. Genes and phenotypes 
of rhizobia which influence competitive nodulation have been identified, e.g., mo-
tility and chemotaxis, cell surface polysaccharides involved in recognition-adhe-
sion mechanisms, bacteriocin production, rate of infection, a gene product which 
blocks nodulation by other strains, substrate responsiveness and growth rates on 
soil substrates. Modifications to enhance competitiveness, investigate host specificity 
(the hsn gene), and increase nodulation (the nod gene), nodule occupancy, and 
nitrogen fixation (the nf gene) have been attempted. Marker genes containing ii-
fampicin resistance, the TO transposon, nodulation characters, nitrogen-fixation 
characters and then pTA2 plasmid have also been inserted as tracking devices be-
fore release (Wellington et al., 1993). Rhizobium plasmids have been transferred 
by conjugation to the non-fixing species Agro bacterium tumefaciens, which subse-
quently acquired the ability to initiate a symbiotic relationship with an appropriate 
host legume (Martinez et al., 1987). Another long-term objective is to construct 
rhizobia capable of infecting non-nodulating plants such as wheat and barley which 
normally require the addition of much nitrate fertilizer for healthy growth. The 
potential cost savings in cereal crop production are enormous. 

Methods for the genetic manipulation of fungi have advanced greatly in recent 
years, but inability to grow all types of mycorrhizas in axemc culture has hindered 
progress in this field. Consequently, there is only one report of an attempt to geneti-
cally manipulate a mycorrhizal fungus, the endomycorrhizal Basidiomycete 
Laccaria laccata, which was transformed for resistance to the antifungal compound 
hygromycin B (Barrett et al., 1990). The transformant contained genes from Es-
cherichia coli and Aspergillus nidulans which were able to function in a 
taxonomically unrelated fungus. Barrett et al. (1989) reported conditions for the 
transfonnation of ten species of ectomycorrhizal fungi, and Meinharat & Esser 
(1987) characterized the plasinids of morel fungi (Morchella spp.) which could be 
used for vector transport. The potential to improve the ectomycorrhizal symbiosis 
is now available, provided specific genes beneficial to the symbiosis can be identi-
fied. 

Releases of Native and Genetically Modified Strains 

The deliberate, large-scale release of bacteria into the environment in many cli-
matic regions and soil types has occurred for almost a century by the inoculation of 
legume seed with rhizobia (Catroux & Armarger, 1992). Inoculants consist of pure 
cultures of Rhizobium species and strains from different geographical origins, or 
mixtures of known and unknown microorganisms, adapted to local soil and climate 
conditions, and to plant genotypes. Non-indigenous species have been introduced, 
e.g., Bradyrhizobium japonicuin, in the United States of America and in Europe, 
and improved strains of a single species have been introduced into preexisting 
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populations. Consequently, many non-indigenous rhizobia with new genotypes have 
been established in soils worldwide. Several releases of engineered rhizobia into 
soils have taken place using marked strains of Bradyrhi zo bium japonicum and Rhizo-
bium meli!ori (Wellington et al., 1993). 

There have been many deliberate releases of ectomycoffhizas, endomycorrhizas 
and VAM fungi in temperate and tropical soils, particularly to increase food crop 
production and to establish forest trees, and for environmental land reclamation 
(Jeffries & Dodd, 1991; Bethienfalvay, 1992a). Examples are: inoculation of chick-
peas in Syria (Weber et al., 1991); of %'gna parkeri in Florida, United States of 
America (O'Donnell et al., 1992); of cassava in Colombia (Sieverding & Toro, 
1988; Dodd etal., 1990); of pigeonpea in India (Sivaprasad & Rai, 1991); and of 
Pinus and Euca!yptus in the Philippines (Jeifries & Dodd, 1991). Occasionally 
dual inoculation with mycoffhizas and nitrogen-fixing bacteria is done, e.g., inocu-
lation of the plants Eleagnus and Spheherida in Canada (Visser et al., 1991). In-
oculum of ectomycorrhizas is nonnally added by incorporating small quantities of 
raw soil containing the fungus, as inoculum production in the laboratory requires 
much space and is labour-intensive. There have been no releases of genetically 
engineered mycorrhizas to date. 

Risk Assessment 

The biological consequences of the release of novel genotypes produced by either 
classical or molecular manipulation methods into an uncontained ecological situa-
tion are only partially understood and so a risk assessment must be made for each 
release. The traditional framework for risk assessment is a methodical progression 
via analytical steps which has the following aims. 

First, to identify potential hazards which may arise from a novel genetic com-
bination. 

Second, to estimate the probability that a hazard will cause actual hann (i.e., 
the risk) by assessment of exposure to the hazard and its consequences, and by 
assessment of the level of risk by consideration of the magnitude of harmful conse-
quences and the likelihood of their realization. 

Third, to select and assign appropriate containment and control measures (also 
termed risk management). 

This approach is sometimes difficult to apply to risk assessments of GEM re-
lease, because the possible outcomes of an event are numerous and complex. Al-
though scientists have previously relied on judgement, analogy and results from a 
few contained-release experiments, more quantitative information is now available 
to predict the risk associated with each experiment. Since the origin and function 
of each gene, the cloning method used and the ecosystem into which it will be 
released are usually specific to a given product, most of the world's regulatory 
authorities have adopted a case-by-case approach for risk assessment. Once corn- 
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mon themes appear, a general basis for analysis, applicable worldwide might be 
adopted. It is important to remember that risk assessment should balance perceived 
hazards against potenthl benefits. 

Information Requirements in Filing and/or Reviewing Applications for Field 
Trials of Rhizobia and Mycorrhizas 

Familiarity with particular microorganisms, their functions and their target envi-
ronments is important when assessing potential environmental effects. Risk assess-
ment should include information on: 

The type of genetic modification and the properties it confers upon the micro-
organism, including its host range. 

The potential for gene transfer from the introduced microorganism to other 
microbiota. 

The biological properties of the microorganism, its persistence and survival. 
The functional role of the organism in the ecosystem. 
Transport of the microorganism within the site by deliberate means (applica-

tion method) and from the site by natural means (climatic effects) and mechanical 
and animal vectors. 

The possible effects on ecosystem structure and function should a genetic trait 
persist longer than intended or spread to a non-target environment or organism. 

The means to ensure the health of personnel involved in the application. 
Containment and control measures for the protection of human health and 

safety. 
A contingency plan in the event of an unplanned release, including termina-

tion procedures. 
Names of staff responsible for the release and the location and date of the site, 

including the number of site visits to be made. 
Plans to monitor the health of workers carrying out the experiments, to in-

clude an occupational record of experiments done, organisms used, and gene prod-
ucts expressed. 

This list does not reflect an order of priority - all information requirements are 
equally important. Risk assessment is best carried out locally by a Genetic Ma-
nipulation Safety Committee which should include representatives from all staff 
involved in the experiments including culture collection and waste disposal, and 
administrative staff as well as researchers. Expert advice on risk assessment should 
also be available from a competent, national (governmental) body, if required. Each 
experiment involving a GEM should have a separate risk assessment and a record 
of the risk assessment for each experiment should be retained for 10 years after the 
work has ceased. An assessment should be reviewed if there is any reason to sus-
pect that assessment is no longer valid because of a significant change in activity. 
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Potential Hazards Arising from Releases of Native and 
Genetically Engineered Rhizobia and Mycorrhizas 

Release of Native Rhizobia into the Soil 

Strains of Rhizobium may be highly stable once introduced into soils (Jansen van 
Rensburg & Strijdom, 1985; Brunel et al., 1988), and much care must be taken 
before introducing a non-indigenous species or selected strain. The introduction of 
a wealdy nodulating, but highly successfully competitive, soil saprotrophic strain 
of Rhizobium may preclude the introduction of a strain with improved nodulating 
ability, but less competitive ability, at a later date. Also, the introduction to soils of 
a strain with high nodule occupancy, but variable or low nitrogen-fixing ability 
may be difficult to eliminate later (Weber et al., 1989). In the United States of 
America, Bradyrhizobium japonicum serotype USDA 123 is dominant in eight 
midwestern states because it is more competitive, although it is an inefficient nitro-
gen fixer and excludes more efficient nitrogen fixers. This problem may be com-
pounded if the strain is later shown to injure plants or reduce yields. Examples of 
deleterious rhizobia—legume interactions are chlorosis induction in soybean by many 
serogroup 76 strains of Bradyrhizobium japonicum (Minamisawa, 1989), leaf-roll 
in pigeon pea by Rhizobium strain 1HP324, and chlomsis in Phaseolus vulgaris 
induced by Rhizobium tropici type B strains (O'Connell & Handelsman, 1993). 
Similarly, serotype USDA 76 is dominant in seven southern states, although these 
strains have a high incidence of rhizobitoxine (Fuhrmann, 1990). The example of 
Rhizobium tropici illustrates the caution that must be applied to inoculation stud-
ies, as it tolerates high temperatures, acidity and high concentrations of aluminium 
and is believed to be a suitable candidate for inoculation into tropical soils (Graham 
et al., 1982). 

Release of GEMs into the Soil 

It is important to remember that the presence of foreign DNA in a GEM is not 
hazardous in itself, but its influence on the expression of phenotypic traits and 
mobility of the genetic material might generate hazards. Consequently, the pro-
posed release of genetically engineered strains of microorganisms has generated 
much concern both within the scientific community and the general public. Con-
cern has been centred on: the survival of the GEMs, particularly their persistence 
and cany-over to subsequent crops; their transport from the site of application; 
their potential to disseminate genetically engineered DNA to the indigenous mi-
crobial population; and their potential to disrupt microbially-mediated ecological 
processes, and hence, wider ecosystem function and stability. The exposure of en-
dangered species and alteration of host range and use of antibiotic resistance genes 
as markers have also been considered. Methods and approaches for investigating 
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gene transfer between different species (horizontal gene transfer) and ecosystem 
effects in Situ have been recently developed and results are now becoming avail-
able which can help to allay most of the concerns expressed. 

Gene Transfer in Bacteria 

Gene transfer between bacteria in the environment occurs by one or more of three 
mechanisms. Conjugation or transduction, in which DNA is protected during 
transfer, have a reasonably high probability of occurrence in the environment Trans-
formation, which involves uptake of naked DNA, unprotected from the environ-
ment, has a relatively low probability of occurrence in the environment. 

Conjugation 

This is a parasexual process (there is no random reassortment of genes) requiring 
cell-to-cell contact between donor and recipient cells, which occurs widely in both 
Gram-positive and Gram-negative bacteria During conjugation, plasmids are trans-
ferred from one cell to another either via a long, flexible or short, rigid pilus in 
Gram-negative bacteria, or via a DNA transport pore in Gram-positive bacteria. 
Plasmids which can code for all the functions needed for conjugation, including 
sex pilus formation, are termed conjugative. These may also mediate the transfer of 
other, non-conjugative plasmids when they are both in the same donor cell - a 
process called mobilization. The integration of a conjugative plasmid into the do-
nor chromosome may also effect transfer of chromosomal genes. The degree to 
which any organism participates in gene transfer depends on the host and recipient, 
the plasmid involved and environmental factors. 

There are two variations on this theme. Transposon-tnediated conjugation, in 
which a transposon (a specific mobile DNA sequence) changes its position within 
the bacterial genome, and moves between a plasmid and the chromosome. 
Transposons are capable ofconjugal transfer between cells with or without plasmids 
and are probably the most important means of gene transfer between distantly-
related microorganisms. They are often associated with antiobiotic-resistance genes. 
In ret rot ran sfer, donor cells inherit markers from the recipient at frequencies simi-
lar to those transferred from the donor - a process of reciprocal genetic exchange. 

Transduction 

Bacteria may be parasitized by viruses called bacteriophages (or phages) which 
infect a cell, multiply inside it, burst it and then infect new cells. This type of phage 
life cycle is termed lytic. Another type of phage infects a cell, but its DNA is incor-
porated into the host genome and replicated along with it, until it is excised and 
multiplies inside the host cell, finally bursting it to release more infective phages 
This type of life cycle is called a lysogenic (or temperate) life cycle. The transfer of 
genetic information between cells by bacteriophage particles acting as vectors is 
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called transduction, of which two types are recognized. Generalized transduction 
is where any genetic element within the host cell has an equal probability of being 
transduced by the phage vector. It occurs at low frequencies when pieces of the 
disintegrating donor chromosome are taken up by the maturing phage particles. 
Both chromosomal and plasmid genes can be transduced. Specialized transduction 
is the second type, where only specific genetic elements are transferred. 

Transformation 

Transformation is the process by which a piece of double-stranded DNA is taken 
up by a bacterium, integrated with the cell genome and replicated with it. Cells 
must shift from a non-competent to a competent (i.e. transformable) state to be able 
to absorb exogenous DNA. In bacterial cultures, DNA is released from cells by 
random lysis and by controlled release from a fraction of the population and may 
be taken up by the same or different species. Free DNA is present in the envimn-
ment from decaying microbial cells (incidental or passive release), or is excreted 
from living cells (deliberate or active release) (Stewart et al., 1983). Gene transfer 
by free DNA in the soil can be envisaged as a multi-step process involving release 
of the functional chromosomal and plasmid DNA, persistence of the released DNA, 
competence development in potential recipient cells, uptake of free or particle-
associated DNA, and propagation of the DNA followed by expression of the newly 
acquired trait. Following uptake and expression, exogenous DNA could be trans-
ferred to other bacteria by conjugation, transduction after phage attack or transfor-
mation after autolysis. 

Factors Affecting Gene 'fransfer in Bacteria and Evidence for Gene Transfer 
Among Rhizobia in Soil 

Horizontal gene transfer does occur between bacteria in the soil (Stotzky, 1989), 
but field soils are highly variable in composition and are subject to uncontrolled 
climatic change and so are difficult to study. Experimental research has therefore 
used model systems, mostly soil microcosms, to study the effects of environmental 
factors on gene transfer, which also satisfies restrictions on the release of GEMs 
into the environment. Only recently has the transfer of genetic material from GEMs 
to indigenous microorganisms been studied in natural environments, under realis-
tic conditions of substrate concentration and population densities, which is essen-
tial if the data are to have predictive value. 

Initially, the dangers of accidental release of genetically engineered bacteria 
into the environment drew attention to conjugation as the means of intercellular 
transmission of genetic information, as the diversity of bacteria in which plasmids 
have been identified indicated widespread occurrence of this phenomenon. Soil 
habitats support dense and active (if often transitory) microbial communities so 
that cell-to-cell contact readily occurs, but barriers such as entry exclusion, host 
and foreign plasmid incompatibility, and restriction modification systems which 
recognize and degrade incoming donor DNA may act to prevent transfer. Conjuga- 
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tion requires a high metabolic state in both donors and recipients, which is often 
low in soil due to the scarcity of growth substrates, but may be high in the rhizosphere 
or on the root surface. 

Early studies to determine the frequency of plasmid transfer within soil used 
model systems and sterile soil. It was shown that plasmids could be exchanged 
among strains of single species of common soil bacteria (Weinberg & Stotzky, 
1972; Graham & Istock, 1978) and between a common soil bacterium and Rhizo-
biumfredii, (Richaume et aL, 1989). Clay, organic matter, soil pH and temperature 
all affected transfer frequency (Richaume et al., 1989). Studies carried Out in non-
sterile soil demonstrated transfer of the pea plasmid pJB5JI between strains of fast-
growing rhizobia (Kinkle & Schmidt, 1991) and of the plasmid r68.45 from 
Bradyrhizobiumjaponicum to several strains of Bradyrhizobium sp. (Kinkle et al., 
1993). However, plasmid pJP4 was only transferred to two recipient strains of 
Bradyrhizobium sp. indicating some specificity. Evidence shows that gene transfer 
by conjugation does occur in the soil despite the many physiological and environ-
mental barriers. 

Evidence for DNA transfer within nodules is uncertain. In sterile systems, 
plasmids were transferred between rhizobia in pea nodules (Johnston & Beringer, 
1975) and Rhizobium ,ne!iloti in alfalfa nodules (Pretorius-Gruth et al., 1990). In 
non-sterile soil, Kinkle et al. (1993) found transconjugants of Bradyrhizobia in 
soybean nodules, but the absence of both parental strains suggested colonization of 
sterile nodules by transconjugants, and that conjugation had occurred in the soil, in 
the rhizosphere or on the root surface. Additions of organic matter or the presence 
of plant roots stimulated plasmid transfer (Kinkle & Schmidt, 1991; Kinlde etal., 
1993). 

Transduction occurs in a large number of environmentally significant bacteria 
and bacteriophages, and may be the major mechanism of both chromosonmi and 
plasmid DNA dissemination in some species (Novick etal., 1986). Transductional 
transmission of DNA occurs between Gram negative bacteria in the soil (Germ ida 
& Khachatourians, 1988; Zeph etal., 1988), although genes are only transmitted at 
low levels in E. coli, the most studied organism. However, the very strict host range 
of most phages limits their potential to act as vectors for gene spread (Reanney et 
aL, 1983). Bacteriophages have been isolated from all of the major groups of rhizo-
bia (Staniewski, 1987) and their potential to act as vehicles for genetic exchange 
has been demonstrated in vitro. Generalized transduction type occurs for several 
phages of Rhizobium m.e!i!oti, R. leguminosarum and Bradyrhizobium japonicuin 
and specialized transduction in phages of R. meliloti: all have a lysogenic (temper-
ate) development (Sik etal., 1980; Buchanan-Wollaston, 1979; Shah etal., 1981; 
Svab etal., 1978). As the lysogenic mode of development has been found in several 
groups of rhizobia and also Bradyrhizobiumjaponicum (Abebe etal., 1992), there 
is a large potential to transfer genetic information by transduction between differ-
ent rhizobia. 

To date, transformation between rhizobia has not been demonstrated in the 
soil, however, the potential for its occurrence does exist. Studies using soil micro-
cosms (either pure sand or sand-clay models or natural soils) indicate that transfor- 
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mation may occur in the soil. Pseudomonas stutzeri and Acinetobacter calcoaceticus 
can be transformed with high frequency in soil extracts (Lorenz & Wackernagel, 
1991; Lorenz et al., 1992), and Bacillus subtilis can take up mineral-associated 
DNA (Lorenz & Wackemagel, 1991). Soils and surfaces probably stabilize DNA 
by binding it to clay particles and protecting it from nuclease digestion, thereby 
forming potential microenvironments for natural transformation, and increasing 
the probability of its uptake (Greaves & Wilson, 1970). Many bacterial species can 
develop natural competence for DNA uptake in the soil (Lorenz & Wackernagel, 
1988), and plasmid DNA may persist long enough to be available for uptake by 
competent recipient cells (Romanowski et al., 1992). In the soil, continuous pro-
duction and release of DNA would constitute an extracellular gene pool, available 
for sampling by bacteria. Although transformation can occur between bacteria in 
soil (Stotzky, 1989), lack of data makes it difficult to predict the probability of gene 
absorption and expression by bacteria. Low cell densities may further reduce the 
opportunity for transformation in the soil. 

These three processes probably all act in concert between members of a soil 
microbial community. The potential for gene exchange between distantly related 
microbes within the soil ecosystem depends on the following processes; insertion 
(restriction/modification of the foreign DNA may occur in the host cell), integra-
tion into the host genome, establishment and expression of the gene. It is likely to 
be more frequent among clones of the same species than among more distantly-
related organisms. Factors influencing successful transfer include cell densities, 
number of phages, concentration of available DNA, the activity of nucleases, tem-
perature, density, nutrient status and the physiological state of the host. In princi-
ple, organisms in the laboratory manipulated to cross genetic barriers may be able 
to transfer genes to other microorganisms in the field, but transfers in nature are 
infrequent and infrequently documented. 

The problem that many soil organisms cannot be cultured, or have not yet been 
cultured, on artificial media because they are stressed or dormant has yet to be 
addressed. Under conditions of starvation, bacteria may produce very small cells 
(ultramicrocells) which are viable, but which cannot be detected by culturing on 
standard media (Colwell etal., 1985; Roszak & CoIwell, 1987). In fact, it has been 
estimated that the majority of genetic diversity lies amongst the uncult.urable frac-
tion of microbial communities. This fraction might act as a reservoir into which 
particular engineered genes could escape and subsequently fail to be recognized by 
conventional culture techniques, although it would be recognized by a specific gene 
probe. 

The Persistence of Rhizobia in the Soil: Ecological Considerations 

Persistence can be viewed as either that of the introduced organism, or of the ge-
netic material incorporated during its modification, in new genetic combinations 
resulting from gene transfer. The soil supports a complex, indigenous microbiota 
so that advantageous traits such as rapid utilization of substrates, high maximum 
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growth rate and antibiotic production may be needed if the microorganism is to 
colonize successfully in competition with indigenous microorganisms. The sur -
vival, persistence, replication and success of both natural and recombinant DNA in 
bacterial conununi ties will depend on many factors, including the host and its geno-
type (competitiveness, substrate utilization, environmental range and host range), 
the novel gene and its effect on the cell's phenotype, its frequency of transfer, its 
mutability and the selective pressure imposed by the cellular environment. Only a 
new combination with greater fitness 1  than the indigenous genotypes has the like-
lihood of persisting. In most cases, GEMs are disadvantaged due to the metabolic 
burden associated with carriage and expression of additional functions, although 
some have shown enhanced fitness 1  (Hartl et al., 1983; Edlin et al., 1984) in the 
laboratoty. However, a modification could enhance persistence if it changed fit-
ness, by, e.g., enhancing survival in the presence of an environmental toxin or in-
creasing its ability to metabolize a substrate. Environmental factors which affect 
persistence of the GEM and stability and expression of its genome include soil 
type, nutrient and moisture availability, pH, temperature, inhibitory chemicals and 
biological factors such as predation and competition (Stotzky & Babich, 1984). 
Long-established microbial communities resist invasions by non-indigenous or-
ganisms (Liang eral., 1982), and proliferation is unlikely to occur in environments 
such as the plant rhizosphere, being more likely in restricted density or diversity 
environments. 

Species of Rhizobium present in soil are unlikely to be active, merely surviving 
in a low nutrient, adverse environment. When they interact with plant roots, they 
enter an environment which is both nutrient rich and which protects them from 
predation by flagellates and other eukaryotes, and from attack by viruses or other 
bacteria. Thus, occupation of a specific niche (the nodule) enhances survival in the 
face of competition with the result that non-indigenous species of rhizobia are of-
ten highly stable once introduced into soils (Brunel et al., 1988). Environmental 
factors which enhance survival of rhizobia introduced into soils include the plant 
rhizosphere, clay content, temperature and inoculum size: those reducing survival 
include predation, and raised water content (Wellington et al., 1993). 

Natural selection favours isolated, but genetically advantaged populations, thus 
improving the chance of the establishment of novel phenotypes (and genotypes) in 
existing communities. However, simple genetic changes can debilitate a bacterium 
when faced with competition from other members of the microbial community. In 
spite of these considerations it  has  been found that the introduction of DNA as 
plasmids, tninsposons or chromosomal rearrangements, or the deletion of DNA 
has no consistent effect on the survival of rhizobia in soil microcosms (Wellington 
et al., 1993). 

Spread and Dispersal of Rhizobia 

Rhizobia may be dispersed from the plots during application, leached through the 
soil, run off in surface water or particles, disseminated by wind, and transported by 
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animals, humans or machinery. In practice, transport is often very limited for soil 
microbes as most are firmly attached to soil particles. Controlling dispersal by 
insects may be difficult in a field situation, but is often ignored because of the small 
scale of field trials. However, both the wild type and engineered strains of a 
fluorescent Pseudomonas were detected both on and in the foliar tissue and 
herbivorous insects after seed inoculation at planting (KlUpfel & Tonkyn, 1990), 
which suggests that spread by vectors may be important. 

Gene Transfer and Dispersal in Mycorrhizas 

Dispersal of genetic information may occur through vegetative growth, spore dis-
persal and hyphal anastomosis. The hyphae of ectomycorrhizas and VAM fungi are 
not restricted to the host plant and grow out into the surrounding soil, sometimes 
infecting other plants nearby. This process may be repeated until several, some-
times many, plants become connected together by a network of hyphae between 
their roots. Carbohydrates may flow from plant to plant through hyphal networks 
formed by ectomycorrhizas (Read eral., 1985). When new nuclei are formed dur-
ing hyphal growth, genes will spread throughout the area covered by the host plant 
and further out into the surrounding soil. 

The hyphae of many ectomycorrhizal Basidiomycetes can fuse with each other 
to form complex networks by a process known as anastomosis. In the soil, compat-
ible hyphae meet, the hyphal walls break down and fuse, and their respective 
protoplasms and subcellular organelles mix, thereby effecting gene transfer from 
one mycelium to another. However, only some mycelia within a species are able to 
fuse with each other. Some show incompatibility reactions, which has led to the 
creation of anastomosis groups for these fungi, which may be useful for identifica-
tion (e.g., in the plant pathogenic fungus Rhizocwnia). The existence of anastomo-
sis groups is poorly known in other Basidiomycetes and deserves considerable 
research attention before release of genetically engineered mycorrhizas can be con-
templated. 

Ectomycorrhizal fungi produce their fruiting bodies above ground from which 
spores are dispersed by air currents or by attachment to insects. Fruiting bodies 
may also be eaten by a variety of animals (mammals, molluscs and man). Some 
Ascomycete mycorrhizas form subterranean fruiting bodies (truffles) and produce 
volatile chemicals which act as attractants to foraging animals, which excavate the 
fungi, eat them and disperse their spores in their faeces. Genes may be dispersed a 
long way from the original site of the Ascomycete or Basidiomycete fruiting body, 
and also have the potential to be incorporated into bacteria in the animal's gut by 
spore lysis or damage followed by transduction. 

Anastomosis and the formation of wind-dispersed sexual spores does not oc-
cur in VAM fungi, which only form chlamydospores in the soil or in root tissues. 
These may be dispersed by wind if they are brought to the surface, but have fre-
quently been found in the guts of rodents which may bring about dispersal (Silver-
Dowding, 1955). The hyphae of VAM fungi also contain bacteria and bacteria-like 
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objects (Scannerini & Bonifante, 1991), and their chiamydospores are parasitized 
by several species of soil-inhabiting Chytridiomycete fungi (Paulitz & Linderman, 
1991), although the potential for gene transfer to these organisms is unknown. 

Persistence of Mycorrhizas in Soil 

Mycorrhizas can persist for long periods of time as dormant spores, as mycelium in 
plant tissues (especially in wood), as hyphal cords in soil, and as sclerotia (resistant 
aggregations of hyphae). Any of these could be formed away from the inoculation 
site following hyphal growth in soil, thereby dispersing widely a genetically engi-
neered mycorrhiza. 

Effects of Introduced Genetically Engineered Rhizobia and Mycorrhizas on 
Ecological Processes 

Introduced engineered rhizobia might disrupt the nitrogen cycle locally, if they 
were capable of substantial growth in soil. Although there is no information on the 
effect of rhizobia on the nitrogen cycle, the effect of five introduced model GEMs 
in a soil perfusion system showed that four had no effect on ammonification, nitri-
fication or de-nitritication, or on the population dynamics of the microorganisms 
responsible for these processes (Jones et al., 1991). In only one GEM, a strain of 
Enterobacter cloacae carrying a plasmid, were the rates of nitrification and NO 3 -
slightly lower than the unmodified host control, but this was not considered to be 
large enough to constitute an ecologically significant effect. 

The association of engineered rhizobia with non-target hosts might lead to 
enhanced fitness 1  and displacement of indigenous plants. Similarly, if a recombinant 
genotype conferred a competitive advantage on an ectomycorrhizal fungus, the 
plant associated with it might gain a competitive advantage over other mycorrhizal 
or non-mycoirhizal species and displace them. Following spread in the soil, the 
genotype might also be able to interact with other mycorrhizal species improving 
their performance, or induce a mycorrhizal relationship in previously non-
mycorrhizal plants. Unfortunately, most studies following release of native 
mycorrhizas or native and engineered rhizobia have not measured changes in the 
composition of plant communities, and so effects on host vigour are unknown. 
This area deserves considerable research attention. 

Means of Mitigating Potential Risk 

Risk mitigation can be achieved by decontamination procedures, environmental 
gene control, reducing the occurrence of environmental gene transfer, containment 
by disabling, and monitoring their spread in the environment. Planned introduc-
tions must include appropriate methodology for monitoring the released microor- 
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ganisms around the test site. Monitoring provides data on the organism's effective-
ness, survival, spread and genetic stability, and permits detection of any unexpected 
spread or biological effects. 

Decontamination 

Decontamination of contained environments into which GEMs have been released 
for initial trials can be achieved by autoclaving or disinfectant application. How-
ever, these methods cannot be used in field sites, either at the end of a trial or in an 
emergency, because of the heterogeneous nature of the area and the potential for 
adverse effects on crops and associated organisms. Decontamination methods for 
field sites have, instead, been based on methods developed for the control of plant 
pathogens released at field sites. These mostly employ burning, tilling or removal 
and autoclaving of the crop residue, and biocide application (Smitley & McCarter; 
1982; National Research Council, 1989). Although several methods have been pro-
posed, few have been tested and fully evaluated. Results show that conventional 
plant disease control methods may not provide satisfactory control of released GEMs 
and may adversely affect indigenous microorganisms (Donegan etal., 1992), indi-
cating the need to develop more effective and selective control methods at field 
sites. 

Gene Construction 

Because gene exchange does occur in bacteria it is desirable to use gene combina-
tions which minimize the possibility of transfer. Generally, genes should be intro-
duced onto the chromosome of the target microorganism or non-conjugal and 
iminobilizable plasmids (either indigenous or introduced). 

Environmental Gene Control 

Genes can be placed under the control of a promotor that responds to inducing 
stimuli in a manner most appropriate for the intended function in the environment. 
In Rhizobium, it is possible to induce gene expression by adding secondary plant 
metabolites, such as flavonoids present in root exudates (Firmin etal., 1986). Con-
sequently, the rhizobia only express their genes when in the presence of a legume 
root. 

Reduction of Environmental Gene Transfer 

In bacteria, this can be achieved by deletion of genes required for self-transfer, use 
of small, non-self-transmissible, poorly-mobilizable plasmids as cloning vectors 
and placement of the novel material on the bacterial chromosome. Short-term sur-
vival is essential for the released Rhizobium to compete successfully with indig-
enous populations in the soil ecosystem to perform their desired functions. But if it 
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persists beyond the intended period of usefulness, it may be necessary to use con-
tainment, e.g., by suicide genes (MoIm et al., 1987). 

Gene transfer in mycorrhizal fungi under natural conditions needs much inves-
tigation before control methods can be devised. While it is likely that the potential 
for gene transfer between VAM fungi is small, the potential for transfer within 
species of ecto- and endomycorrhizal species may be great. Genetically modified 
mycorrhizas would have to be disabled to ensure that hyphal anastomosis and 
basidio- or ascospore production did not occur. Strains engineered for host specificity 
would ensure that spread into non-target plant hosts did not occur. 

Reducing the Risk of Survival of GEMs After Release 

All native and indigenous strains of Rhizobium can survive in temperate soils, but 
little attempt has been made to reduce their survival, because it is more important 
to ensure survival to enhance plant growth. The long-term survival of deliberately 
released GEMs in the environment is undesirable, although limited survival is es-
sential for most released organisms to carry out their allotted tasks. Consequently, 
safeguards to ensure that survival does not occur after an accidental release must be 
built into a development strategy. 

Complete physical containment of organisms released for agricultural purposes 
is impractical and so strains with reduced survival, reduced reproductive capacity, 
low resistance to a predictable environmental change (seasonal heat or cold), or a 
tendency to lose the specific function of concern are selected. The incorporation of 
additional nutritional requirements is also possible. Lethal genes for cold- or heat-
sensitivity, or toxin accumulation could be inserted into the genome or plant geno-
types which restrict nodulation by a given strain of bacteria might be used, but 
these may cause the elimination of the strain before it has had any effect. 

Bacteria may be rendered incapable of replication by including lethal genes 
(suicide genes) activated under certain enviromnental conditions triggering cell 
death. The activation time can be chosen by the investigator and they can be trans-
ferred quickly in vitro between bacterial hosts. Other genes may be used which are 
effective when expressed at altered levels, or times, or without expression of a 
protecting gene. Examples are, the genes encoding bacteriocins, restriction 
endonucleases or plasmid-encoded lethal genes, such as the hok (host killing gene) 
on plasmid Ri which is lethal to a wide range of bacterial cells (Molin etal., 1987). 
Another type of suicide plasmid is one which permits survival in the presence of a 
toxin, when it has maximum toxin-degrading activity, but which imposes a meta-
bolic burden in its absence, thus putting the microorganism at a competitive disad-
vantage. The disadvantage of control of a GEM by lethal genes is that it may result 
in recombinant DNA being available transiently for transduction. However, rates 
of degradation in soil are high (Greaves & Wilson, 1970) and the residence time for 
dissolved DNA is very short, so it is unlikely that this will occur under field condi-
tions. 
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Experience has shown that killing of bacterial populations has been incom-
plete with all of the constructs used to dale (Cuskey, 1992). Survivors have been 
isolated which have lost the containment plasmid, or have deleted, mutated or 
rearranged plasmids which no longer confer a conditional phenotype which 
suggests that further research into lethal genes is required before they can be 
recommended unreservedly. 

Similarly, suicide genes could be inserted into mycorrhizas, but as yet none are 
known, although it might be possible to clone in genes from other organisms such 
as bacteria. VAM fungi could be engineered to ensure that they did not produce 
chlamydospores. 

Detection of Introduced Organisms 

Great emphasis has been placed on the detection and enumeration of soil bacteria 
released in field inoculation studies as an essential requirement of risk assessment 
for introduced GEMs. Therefore, much attention has been given to developing 
methods for investigating the fate of bacteria in the soil. Traditional methods relied 
on identification by selective plating and fluorescent antibody techniques, but these 
are not sensitive enough for the detection or enumeration GEMs. Attention has 
focused on methods for the detection of released microorganisms at very low con-
centrations in the soil and for in Situ detection. 

Bacteria can be detected and identified by the use of cloned marker genes. 
Such genes should have normal expression and stable inheritance, no effect on 
strain survival, no ability to be transferred to other members of the soil ecosystem 
and should not affect plant growth. Genes for antibiotic resistance, heavy metal 
tolerance, bioluminescence (the prokaryotic luxA and luxB or eukaryotic luc genes), 
red pigmentation (prodigiosin), catechol 2,3-dioxygenase (the xylE gene) and 
polygalacturonidase (the pglA gene) production, or the chromogenic -galactosi-
dase !acZ and lacY genes can be cloned into donor, recipient and transconjugant 
bacteria. It is desirable to avoid using antibiotic-resistance genes as markers, as 
they often impose substantial metabolic burdens on their hosts (Lee and Edlin, 
1985) and they may contribute to the proliferation of antibiotic-resistant microor-
ganisms. But, the presence of many multiple antibiotic-resistant bacteria in pristine 
environments suggests that caution may be exaggerated. 

Detection of ectomycorrhizal fungi usually involves isolation and culture on 
agar media in the laboratory followed by attempts to induce fruiting bodies to form, 
or reaction with known tester strains. yAM fungi are obligately biotrophic and so 
methods for detection involve examination of infected roots. Most methods in-
volve clearing and staining roots with tiypan blue, chlorazol E or fuchsin, which 
kills the fungal hyphae (Phillips & Hayman, 1970) but autofluorescence of 
arbuscules, cytofluorimetry (Bianciotto & Bonfante, 1992) and histochemical stain-
ing for fungal alkaline phosphatase hold much promise for detection in situ (Tisserant 
et al., 1993). In both ectomycorrhizas and VAM fungi, the use of specific gene 
probes would greatly benefit tracking. 
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As only a small proportion of soil microorganisms is culturable, analysis of 
directly extracted DNA has the potential to detect specific genes of otherwise cryp-
tic organisms and the persistence of a recombinant gene under natural conditions. 
Techniques usually require the extraction of DNA from soil, but others may be 
used in Situ. Examples of techniques available include transformation assays, im-
munological methods, specific DNA or RNA probes homologous to synthetic oh-
gonucleotide sequences inserted into chromosomes or plasmids (Holben etal., 1988; 
Hahn etal., 1989), which may also be fluorescently labelled (Hahn, et. al., 1992), 
and the PCR technique (Steffan & Atlas, 1988) which may be used in Situ (Tebbe & 
Vahjen, 1993), although interfering huinic acids must be removed. Stable tagging 
of Rhizobium meliloti with the firefly luciferase gene using a mini-Tn5 delivery 
vector permitted the detection of R. ineliloli in the presence of more than 10 5  CFU 
per plate with no effect on growth rate or survival between marked and wild-type 
strains. This system could also be used for cell biomass determinations (Cebolla, et 
al., 1993). Yang etal. (1991) localized Rhizobium RNAs in pea root nodules, thus 
providing a method for localization in plant tissues. 

The great variation between microbial communities, soil types and moisture 
contents, and the dynamic interaction between a microbe and its host during the 
growing season indicate the importance of field data when predicting environmen-
tal risk. These molecular techniques can also be used to monitor the spread of 
bacteria from field sites. Mathematical models may also be useful in predicting the 
spread and dispersal of microorganisms, e.g., fate and transport models (Corapcioglu 
& Hariclas, 1984; Strauss & Levin, 1991) and multimedia models (e.g., MICROBE-
SCREEN), developed to assess the dispersal and fate of microorganisms released 
into air, surface water or soil. Fate and transport models combined with dose—response 
models, or epidemic models which focus on host population charueteiistics, may also have 
value in pmviding preliminary assessments of envimnmental risk fim release of GEMs 
(feng & Yuen, 1991). Spread into birds, insects and other plants is seldom examined 
and requires more research attention. 

Field Tests 

Small-scale field tests are useful for assessing risk when potential ecological ef-
fects are great,but their scale has been used as an excuse to avoid comprehensive 
risk assessments, e.g., on transfer to birds, insects and mammals. Field releases 
may also reveal consequences that were overlooked or incorrectly analysed. 

Future Trends 

Benefits from advances in genetic engineering have been slow to appear because of 
the lack of knowledge regarding the fate and effects of engineered microorganisms 
in the environment. This has been a direct result of poor research funding for basic 
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micmbial ecology worldwide. However, modem methods based on molecular bi-
ology are now available for estimating intra- and interspecific gene exchange among 
rhizobia, for detecting very small numbers of microbes in the soil, for tracking and 
monitoring the spread of microbes in soil and for estimating their impact on the 
environment. 

In many cases, there are now quantitative data about the release of both native 
and GEM rhizobia which is required for risk assessment. There have been no re-
ports of gene transfer to indigenous populations by conjugation and neither trans-
formation nor transduction of species in the genus Rhizobium have been 
demonstrated in the environment in field experiments to date. Consequently, many 
of the earlier fears about spread, genetic exchange and disruption of nutrient cy-
cling are being allayed. This is not unexpected as commercial legume inoculants 
have been added to soil in enormous numbers for about a century without causing 
adverse environmental effects. 

The less-well known bacterial genus Frankia is generating much interest as a 
potential partner for nitrogen-fixation, because it can interact with a much wider 
range of host plants than Rlzizobium, covering species as diverse as alders and 
Ceanothus. So, it may be relatively easy to engineer Frankia to infect plants out-
side its usual host range, such as conifers which would allow planting density to be 
increased. 

Genetic engineering will allow greater precision in tailoring nitrogen-fixing 
bacteria to specific crops and will produce a more carefully characterized and safer 
product than hitherto. Most applications involving the release of GEMs have re-
quired the organism to disappear or self-destruct after its function has been com-
pleted. In contrast, one of the goals of nitrogen fixation research is to make 
nitrogen-fixing bacteria persist in a soil community despite intense competition 
from the indigenous soil bacteria. Persistence as a requirement rather than a disad-
vantage has not been considered by regulatory framewoits and attention must be 
given to this aspect. 

The potential for manipulation to improve mycorrhizas is immense (Hirsch, 
1984) and has been suggested for several crops as diverse as cassava (Pistorius & 
Verschuur, 1989) and pine and eucalypt trees (Swart & Theron, 1990). However, 
most research on mycorrhizas has concentrated on nutrient cycling and crop im-
provement. Consequently, there is a dearth of information about their capacity to 
exchange genetic material with other fungi in the field, their interactions with other 
fungi and other soil organisms, the spread of native and introduced myconhizas, 
and their survival and persistence in the environment. Methods for detection in the 
soil are only in their infancy compared with those developed for rhizobia, although 
some, such as DNA probes, should be suitable for detection of mycorrhizas. Since 
this information is a prerequisite for assessing the risk of a GEM release, there 
have been no releases of genetically engineered mycorrhizas, and it is unlikely that 
release will occur in countries with well developed regulatory frameworks, until 
substantial basic research has been undertaken. The procedures adopted for bacte-
ria are tried and tested and the principles can be applied to mycorrhizas. 
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Conversely, endomycorrhizas would most likely be used in the laboratory spe-
cifically for inoculation onto orchid seeds. It would be relatively easy to contain a 
fungus engineered to improve seedling establishment without parasitism of its host. 
Gene transfer from fungus to plant (if it were to occur) could be monitored, and the 
persistence of the fungus prior to release of the plant (commercial sale or reintro-
duction into the wild) could be tested. 

The Future of Releases and Regulation 

Irrational concerns which ignore the significant body of case histories indicating a 
lack of adverse effects on the environment should be ignored. A series of case 
histories has established the correctness of the current approach to risk assessment 
and regulatory frameworks in developed countries, and has done much to reduce 
concern among the general public. However, public concern has persisted despite 
growing scientific assurances that GEMs can be safely produced. Risk assessments 
alone will not solve the problems of public acceptance, because scientists and the 
general public have different perceptions of harm. Scientists should consider the 
impact of biotechnology on social and economic systems if their work is to receive 
widespread acceptance. 

Regulation and Public Concern 

The choice of regulatory framework for risk assessment will affect the type of data 
required for the risk assessment and thus the type of data required for permit appli-
cations. An important aspect of early (in a technology's) life risk analyses is their 
value as precedent, as future risk analyses will usually be based on them. Much 
experience has been gained since the first risk assessment by the United States 
Environmental Protection Agency (USEPA) for the planned release of genetically 
modified ice-nucleation negative (ma -) bacteria in California in the early 1980s. 
Quantitative knowledge, screening criteria and logical deduction can now be ap-
plied to a proposed introduction to assess risk. Although the chances of an epi-
demic are low, if it occurs, it will reduce public confidence and breed mistrust. So, 
it is important to include legislative, financial and emergency response procedures 
to deal with potentially unique risks. The regulatory framework should flow from 
the risk assessments and include public debate and information about site selection 
for trials, although commercial considerations may preclude this. 

International Regulation of GEM Release 

Strategies for regulating GEM research are especially well developed in North 
America (United States of America and Canada), Europe (particularly the EC coun-
tries) and Australasia. This is due to the historical science base of these countries 
and the rapid development of these technologies in relatively rich countries. Devel-
opment strategies should ensure the most rational use of finite resources while also 
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ensuring that products can be safely delivered to consumers. Complication stir-
rounding the establishment of biotechnology regulations in developing countries 
are due to several factors, including the diverse array of agencies involved in bio-
technology research and testing (e.g., the International Agricultural Research Cen-
tres, donor agencies [the World Bank, United States Agency for International 
Development, European Community, Food and Agriculture Organization of the 
United Nations, United Nations Industrial and Development Organization etc.]), 
governments and research institutes of developing countries, private industry and 
various environmental groups. Lack of regulatory structure and finances, of confi-
dence in decision-making expertise, of coordination with international organiza-
tions, of funds and technical expertise for risk assessment, and the fear that 
regulations will stifle scientific innovation, all constrain the development of re-
sponsible regulatory policy (Cohen & Chambers, 1991). Regulatory infrastructure 
may be non-existent or undenieveloped or be unenforced because of cash con-
straints. Public consultation may be infeasible and the means to collect data or 
assess environmental impact are unavailable. Therefore approval is often granted 
without national regulatory systems being in place (Cohen & Chambers, 1991). 
Consequently, donor countries usually insist that research involving genetic engi-
neering sponsored by a host country should be conducted under conditions that 
meet the standards for health and environmental protection of that country, and be 
approved by its regulatory body. Field-testing cannot easily be done in the host 
country due to the wholly different nature and unknown behaviour of different 
ecosystems. However, developing countries which are embarking on biotechnol-
ogy can benefit greatly from the experience and expertise of developed countries 
without the accompanying start-up costs. 

Note 

1. 	"Fitness" is used here in an ecological context to mean "ability to survive and persist in 
competition with other organisms". 
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Chapter six 
Microbial Pesticides: Safety Considerations 
Morris Levin 
Maryland Biotechnology institute, Centre for Public issues in Biotechnology, 
University of Maryland, College Park, Maryland, United States of America. 

Introduction 

Insects, like humans, are susceptible to a whole range of disease microorganisms. 
The control of insects by disease agents has long been a goal of agricultural re-
search. As a result, microbial insect-control agents are widely used, and genetic 
engineering techniques are being applied to broaden their usefulness in terms of 
range and overall effeci 

Many esthnates of the commercial value of microbial pesticides are available. 
Meadows (1990) estimated a market value of US$100 million per year. Jutsum 
(1988) estimated US$160 million per year. Both point out that microbial pesticides 
make up a very small part, 1-2%, of total expenditures on pesticides of approxi-
mately US$20 billion annually. 

The toxicity of chemical pesticides has necessitated safety controls by most 
countries, and there exists an international code of conduct on the distribution and 
use of pesticides (FAO, 1986). Although this code does not specify that it is appli-
cable only to chemical pesticides, biological considerations, such as growth, sur-
vival and infectivity, are not mentioned. 

Microbial pesticides are used because they are more selective and biodegrnd-
able, hence environmentally friendly, and it is these factors that are seen as increas-
ing their use. For example, Bacillus thuringiensis is an effective pesticide because 
it produces toxins that are active against particular insect pests. Currently, products 
containing some form of B. thuringiensis comprise 80-90% of the microbial pes-
ticides, both "natural" and engineered, that are purchased and used. These products 
contain live or killed bacteria suspended in a variety of media and at different con-
centrations, including native strains which have been conjugated to contain a number 
of different B. Ihuringiensis toxin genes, and bacteria of different species and 
genera (killed or live) which contain B. thuringiensis toxin genes. 

93 
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Growing pressure to reduce the use of chemical pesticides, combined with 
increased research and advances in production techniques, will inevitably result in 
a larger maiicet share and an increased diversity of microbial pesticides. As the 
market share increases, the releases into the environment will increase in scale, and 
more types of microorganisms will be used. The application of the DNA technol-
ogy promises new strains with increased potency and a wider host range. Research 
has been reported on the addition of extra toxin genes to B. thuringiensis, the use of 
viruses as pesticidal agents, the addition of new toxin genes (scorpion, mite) to 
selected bacteria, and the direct introduction of microbial toxin genes into crop 
plants. 

Much consideration has been given to the putative impact of large-scale use of 
microbial control agents - "natural" and engineered - on the environment (Brill, 
1985; Chandler, 1985; Halvorson et al., 1985; Lenteren, 1986; Frommer et al., 
1989; Tiedje etal., 1989; USEPA, 1989). This chapter will focus on safety consid-
erations involved in the field testing and large-scale use of such microbial pest-
control agents. To do so calls for a discussion of the differences between natural 
and engineered pesticides, and a brief survey of the elements of risk assessment. 

Natural versus Engineered Microbial Pest-Control Agents 

Natural Agents 

Natural microbial pest-control agents (MPCAs) have been used for many years. 
The first to be applied on a large scale, Bacillus popilliae, was registered for use 
with the United States Government in 1948, and was employed to control the Japa-
nese beetle. Bacillus thuringiensis (variety berliner) was registered in 1961. It was 
isolated in Japan following an outbreak of disease in silkworms. Since 1948, seven 
bacteria, four viruses, three fungi, and one protozoan have been registered in the 
United States of America. Innumerable pesticides, each containing a mixture of 
organisms (for example, a mixture of several species of B. thuringiensis) or the 
same organism in a different type of suspension medium or concentration, have 
been registered for use. Over the years, researchers have improved these products. 
For example, they have developed, by simple laboratory procedures, more potent 
strains or strains which are more resistant to environmental stress. 

The improvement procedures involved intensive efforts to isolate new strains 
(Meadows, 1990) evolved by natural selection through exposure to artificial, labo-
ratory environments, a process similar to the development of microbes for indus-
trial use in contained facilities (e.g., fermenters). These naturally produced strains 
have improved the usefulness of MPCAs and have not resulted in significant changes 
in regulatory scrutiny. This type of genetic manipulation takes advantage of natural 
forms of genetic recombination. These are conjugation, transduction, and transfor- 
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mation (Tortora et aL, 1989). Each of these phenomena has been the subject of 
intensive investigation. 

Transformation was the first form of genetic change in nature to be identified 
by microbiologists; it was first reported in 1934. Transformation involves the death 
and subsequent lysis of a bacterial cell, followed by the release of DNA which can, 
under certain conditions, be taken up and utilized (i.e., inserted into the host ge-
nome) by surrounding bacteria. This allows the engineering of microorganisms, 
under controlled laboratory conditions, the result being new strains which are more 
suited to particular tasks (Watson etal., 1983; Stewart, 1992). 

Transduction is the outcome of viral infection in bacteria After infection, the 
viral genes are expressed, resulting in the production of viral DNA and viral coat 
protein. This is followed by the assembly of the mature virus particles and the 
release of the particles from the cell. Transducing particles are formed by inappro-
priate packaging of host DNA in place of viral DNA (Miller, 1992). 

Conjugation is the transfer of DNA between donor and recipient bacteria that 
requires cell-to-cell contact and is resistant to the action of deoxyribonuclease (an 
enzyme which digests any DNA with which it comes into contact). The process is 
usually plasmid-controlled, but may also be controlled by transposons. Conjuga-
tion was first identified in the early fifties (Mclntire, 1992). Plasmids may be re-
moved from a cell by a technique known as curing, the result being the loss of 
plasmid-associated genes. Replacement with alternate plasmids results in a differ-
ent spectrum of genetic capability, such as pesticidal action. Some plasmids are 
easily exchanged (capable of self-transfer), while others require the presence of 
transfer-proficient plasmids (Tra) before genetic transfer can occur. 

It has been shown that all of these processes occur in nature, where genetic 
exchange between related species is a common phenomenon. Several researchers 
have demonstrated that it occurs both in water and soil environments, and that the 
exchanged information is expressed (Stotzky & Babich, 1984; Miller, 1992; Saye 
& O'Morchoe, 1992; Walter & Seidler, 1992). 

Genetically Engineered Agents 

Molecular biology has increased the potential of improving MPCAs. The term 
"genetic recombination" has taken on a different meaning. Detailed knowledge 
about plasmids, enzymes involved in DNA metabolism, genes, and gene structure 
has made it possible to isolate genes and transfer them in a functional state to other 
organisms (Tortora et al., 1989). The transfer is accomplished using a vector (e.g., 
plasmid, virus) into which foreign DNA has been inserted (recombinant DNA). 
DNA from any source can be inserted into a plasmid for use with a specific host. 
The plasmid can then be transferred into the host, where expression of the DNA 
usually occurs. 

This enables the transfer of genetic information at will between diverse spe-
cies, genera and kingdoms. The Ti plasmid of the genus Agrobacteriutn is an exam-
ple of a plasmid used to transfer recombinant DNA from bacteria to plants. This 
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method, which has enabled the production of pest-resistant plants, is presented in 
detail in Chapter 4 by Dale and Kinderlerer. Similarly, bacteria which yield mam-
malian proteins or hormones have been produced using plasinids engineered to 
contain the corresponding mammalian genes. 

Risk assessment data requirements for genetically engineered microorganisms 
generally include data intended to enable the assessors to determine the probability 
of dissemination of the genetic material to the indigenous microbial community. 
The issue is that, if the genetic material is transferred to another microorganism, it 
may be expressed, thus multiplying any effect, and/or it may be expressed differ-
ently, posing new problems (e.g., the level of expression may change). This may 
occur due to mobilization of transfer-deficient plasmids or self-transfer. 

Experimental data derived from the diverse systems available for transferring 
DNA between microbes is difficult to interpret. Any of a large number of unrelated 
conjugal plasmids, cloning vectors, transducing phages, or transposons may be 
used. The data may reflect properties peculiar to the method, the environment, or 
the organism. Researchers recognized that some of this confusion could be allevi-
ated if a series of plasmids, "benchmark plasmids", could be employed in different 
laboratories and under various environmental conditions (Zylstra et al., 1992). To 
this end, two series of benchmark plasmids have been created: self-transmissible 
and non-self-transmissible. These are both based on the R388 plasmid, which car-
ries resistance to trimethoprim and sulphonamide, making it easy to detect. The 
benchmark plasmids have been of value in assessing survival and transfer of ge-
netic material in environmental situations. 

If one releases large numbers of genes into new environments, bypassing the 
process of natural selection, one may affect the path and rate of evolution. This is 
due to the relationship between the genetic material, the environment, and the process 
of natural selection. If genetic material is added in large enough amounts, the like-
lihood of mutation is increased, which leads in turn to an increased likelthood of a 
successful mutant surviving. In addition, if the genetic material is exchanged with 
indigenous microbes, it may multiply and mutate. Meadows (1990) states that ge-
netic exchange is the only risk factor unique to engineered organisms. All other 
factors are related to existing characteristics which have been transplanted (cross-
breeding simply changes the location of genes within a species; genetic engineer-
ing results in many more copies of the genetic material in significantly different 
species and environments, increasing the probability of transfer and mutation). 

However, to limit genetic exchange, plasmids have been produced, by altering 
the nucleotide sequences, that are not able to function in the exchange process 
(disarmed plasmids). Once inserted into select hosts, they prevent the latter from 
passing genetic material to other microbes. Nevertheless, under certain circum-
stances, helper plasmids can enter the cell, resulting in the mobilization of the 
disarmed plasmids (Zyistra et al., 1992). 

These developments have led to increased regulatory scrutiny. 
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Rationale for Regulatory Control 

It is widely accepted that detennining the risk associated with the use of biopesticides 
requires identification of the hazard involved and of the exposure level (NAS, 1983, 
1987; NRC, 1989; OECD, 1986; United Kingdom, 1993). These two factors must 
be estimated, and the results must be combined in order to produce a risk assess-
ment (NAS, 1983). On the basis of the risk assessment, regulatory officials can 
make decisions about the feasibility of using a particular agent. The term "risk 
management" refers to regulatory action taken by the governmental body involved. 
Management varies depending on the particular case. Different options are open to 
the regulator depending on the particular statute and set of regulations involved. 
Thus, in the United States of America, regulators operating under the Toxic Sub-
stances Control Act (TSCA) can allow applicants a one-time use for experimental 
purposes, or a limited use in particular locations or for specific purposes, a new 
application being required for each different use or location (Giamporcaro, 1993). 

Hazard refers to the properties of the agent itself (e.g., virulence, potency, host 
range). Exposure refers to characteristics of the agent such as stability, resistance 
to environmental factors, and transportability, and, of course, to the amount to be 
used in the field. The data requirements for the risk assessment of a given product 
or activity reflect the components of these two factors. 

Data requirements also reflect the purpose of the statute they support and the 
special interests of the governmental body which developed the statute. Thus, in 
the United States of America, the Federal Insecticide, Fungicide and Rodenticide 
Act specifies the type of agent which is covered (pesticide), and the protection 
required (human health and the environment). In some instances, in a tropical coun-
try, for example, emphasis may be placed on protecting biodiversity. 

Potential Risks Concerning the Release of Biological Control 
Agents: General Issues 

Microbes are used by man for a variety of purposes, such as the production of 
fermented foodstuffs, baking, and the production of speciality chemicals. Microbes 
developed and used for these purposes are generally benign and highly adapted to 
industrial settings (Brill, 1985). MPCAs differ greatly. These organisms have one 
role: to control a pest by inhibiting its growth or reproduction, or by causing imme-
diate death. Also, they have been selected and/or engineered for their ability to 
survive in nature. Thus, the possibility of adverse effects is built in. In addition, 
chemical agents differ from MPCAs in that they do not reproduce in nature. That 
being the case, risk assessment procedures for chemical agents need not take into 
account the growth and survival issue. Therefore, guidelines and protocols have 
been developed (e.g., USEPA, 1989) for assessing risks associated with the envi-
ronmental use of microbial pesticides. The guidelines (Table 6.1) describe in 
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Table 6.1. Major components of points to cons idera 

SUMMARY OF TRIAL 
Objective 
Feasibility 
Benefits and risks 
Justification 

GENETIC CHARACTERISTICS OF ORGANISMS (PARENTAND RECIPIENT) 
Identification 

• Taxonomic description 
• Methods used for taxonomy 

Genotype 
• Characterization of genetic material: 

Chromosome, transposon, plasmid 
Potential for gene transfer 

• Capability of transduction, transformation, conjugation 
• Evidence for exchange in nature 

Phenotype 
• Rationale for selection 
• Anticipated changes in host 
• Culture requirements, life cycle, habitat 
• Pathogenicity data (type, virulence) 
• Antibiotic resistance and production 
• Survival and persistence data 
• Control mechanisms: 

Natural agents, effective disinfectants 

III 	INTRODUCTION OF GENETIC MATERIAL 
How modified 

• Source and function of inserted DNA 
• Methods used for identifying, isolating and inserting the 

DNA 
Vector 

• Identification 
• Site of gene insertion 
• Method of introduction to host 
• Characterization of inserted genes: 

Location, amount, stability, remaining vector DNA 
Comparison of MPCA with parent 

• Laboratory data describing relative survival, persistence, 
multiplication and dissemination 



Microbial Pesticides: Safety Considerations 	 99 

Table 6.1. cont. 

IV 	ENVIRONMENTAL CONSIDERATIONS (PARENT AND RECI PIENT) 
Organism 

• Habitat 
• Survival factors: 

Microcosm data, environmental conditions favouring 
or adversely affecting survival and growth 

• Data describing survival, replication, dissemination and 
potential for biological interaction 

• Identification of specific potential adverse effects 
Trial 

• Conditions of trial 
• Location 
• Site characteristics: 

Probability of dissemination, description of target and 
non-target population present 

• Containment 
• Procedures to be employed: 

Onsite containment procedures (physical, biological), 
transportation procedures, employee training, 
security procedures 

Monitoring 
• Procedures to be employed: 

Description of techniques (discuss sensitivity and 
reliability) 
Discuss available data on recovery, sensitivity and 
reliability of techniques with MPCA and parent 

Mitigation procedures 
• Termination procedures 
• Disposal procedures 
• Disinfection procedures 

• Table summarizes points that should be considered from Australian, Canadian, EC, New Zealand, 
OECD and United Slates (EPA, USDA) sources. 

general terms the type of data which could be required. These are known as 
"points to consider". It is assumed that the biological agent will be dispersed on a 
large scale and at a high concentration. Also, that it is subject to environmental 
effects in the sense of drift due to high winds and/or possible re-growth and subse-
quent secondary spread. Not all of the parameters identified in the "points to con-
sider" document would be relevant for all MPCAs. The guidelines are meant to 
identify all possible issues and provide a menu for the selection of items which are 
relevant to a particular case. The parameters identified in Table 6.1 appear in the 
guidelines or requirements (if no guidelines are available) of Australia (1990), 
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Canada (Agriculture Canada, 1993), the European Community (CEC, 1990), New 
Zealand (1992), OECD (1990) and the United States of America (USEPA, 1989; 
USDA, 1990). This commonality reflects the scientific basis for evaluating the 
hazard and exposure factors involved in releasing MPCAs into the environment In 
all cases, the lists of parameters were prepared by panels of academic, government 
and industry scientists. These factors are most clearly elucidated in a special fea-
ture article by l'iedje etal. (1989). The article discusses the parameters with regard 
to the potential for environmental impact. The Australian guidelines, published 
shortly after the article appeared, were developed independently, but are very close 
in content and structure. 

Other experts (Kalmakoff & Miles, 1980; Day & Fiy, 1990; Fry & Day, 1990; 
Meadows, 1990) have discussed the potential interactions between released organ-
isms and the environment in terms of the importance of various environmental 
parameters. Meadows lists the known environmental considerations (e.g., tempera-
ture, moisture, nutrient availability) and discusses their significance as factors in 
the persistence and survival of microbes. Fry and Day examine the issue in general 
and use B. tlzuringiensis as an example for an extensive discussion of specific ef-
fects with actual data. They point out that there is no evidence of adverse ecologi-
cal or health effects despite widespread and heavy utilization of the organism as a 
pesticide. More recently, it has been reported that pests have developed resistance 
to the B. thuringiensis toxin (USDA, 1992). Although this is not an adverse eco-
logical effect, it has been suggested that the potential loss of this MPCA as an 
effective pesticidal agent be considered as part of the risk assessment 

The Tiedje article and the Australian guidelines are excellent examples of at-
tempts to provide a guide describing the amount of information required for a cred-
ible risk assessment. In both cases, four attributes are identified: 

The genetic alteration. 
The phenotype of the wild-type organism. 
The phenotype of the engineered organism. 
The specific environment involved. 

Each attribute is defined by seven to nine items which delineate particular char-
acteristics. The level of consideration required for each item under each attribute is 
specified. The level is determined by the specific alteration made, the degree of 
knowledge available about the attribute, or some inherent characteristic of the at-
tribute. Genetic alteration, for example, is defined as requiring information about 
the character and stability of the added DNA, the nature of the alteration (e.g., 
deletion, alteration), the function and source of the DNA, the vector and its source, 
as well as information about any vector RNA or DNA which remains in the altered 
genome. In all cases, the more information available (either from the general scien-
tific literature or from experiments done to specifically develop data for the organ-
ism in question), the less the need for risk assessment consideration. For example, 
if the source of the vector or transferred DNA is a pathogen, additional information 



Microbial Pesticides. Safety Considerations 	 101 

will be required as to the relationship of the vector or DNA to the pathogenicity of 
the donor. 

The phenotype attributes specify characteristics such as level of domestica-
tion, ease of control, pest status, survival, range and prevalence of gene exchange 
for the wild-type organism and infectivity, changes in substrate utilization, resist-
ance to disease or natural enemies, as well as changes in susceptibility to antibiot-
ics, changes in environmental limits, and similarity to previously released phenotypes 
for the altered organism. Thus, if the environmental limits have been broadened, 
additional scrutiny is called for. If there has been no change or the limits have been 
narrowed as a result of genetic alteration, no additional scrutiny is needed, and the 
category may be ignored if literature data or experimental data support such a con-
clusion. 

Table 6.2 identifies data requirements for an MPCA and indicates which are 
necessary in all cases and which may be called for under particular circumstances. 
Thus, a detailed analysis of the product and some information about the toxicology 
of the MPCA, as well as information about anticipated and known effects on non-
target organisms are required in all cases, while in-depth toxicity testing and haz-
aid information may be required if early data warrant it The requirements listed in 
Table 6.2 are taken from the USEPA Subdivision M document (USEPA, 1989). 
However, the requirements established by USDA (1990), Australia (1990), OECD 
(1990), European Community (CEC, 1990), New Zealand (1992), and Canada (Ag-
riculture Canada, 1993) are similar. In 1973, the World Health Organization pro-
posed a tentative scheme for evaluating the efficacy and safety of MPCAs for pest 
control (WHO, 1973; see also Kalmakoff & Miles, 1980). Five stages were pro-
posed, in a manner similar to the USEPA tier system. Information about the organ-
ism (identification, characterization, non-target as well as target effects), and 
vertebrate infectivity tests were suggested as initial data requirements. If a review 
of the initial data warranted it, field data and more detailed infectivity and host-
range data would be requested. In the US EPA scheme, the "may be required" items 
are called for if the required items indicate a significant potential for adverse im-
pact. It must be pointed out that the required items are not mandatory in all cases. 
The USEPA pesticide office has a waiver procedure for particular data require-
ments if it can be shown that they are not germane to the risk assessment. An 
applicant may request a waiver if sufficient justification can be provided. For ex-
ample, a product containing B. thuringiensis as the active ingredient might have 
the toxicology requirements waived on the basis of a long history of safe utiliza-
tion. 

The data required in the areas listed in Table 6.2 would provide regulators with 
an indication of the "probability of occurring" and the potential effects. It would 
offer information concerning all aspects of the organism involved, possible inter-
actions with the environment at the test site, long-term effects, genetic exchange, 
and containment and monitoring issues. Information about these parameters has 
been requested by most of the countries promulgating risk assessment procedures. 
Some counthes request or develop information about social, cultural and economic 
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Table 6.2. Summary of requirements for registration of an MPCA 

Product analysis 	Toxicology 	Hazards to non-target 
organisms 

Required: 
Product identity 

Manufacturing process 

Properties (physical and 
chemical) 

Inactive ingredients 

Submission of sample 

May be required: 

Acute toxicology 

Hypersensitivity 
incidents 

Results of tissue culture 
tests (for viral agents) 

Acute toxicity 
Reproductive effects 
Oncogenicity 

Effects on: 
Terrestrial and 
aquatic wildlife 
Non-target plants and 
insects 

Chronic pathogenicity 
testing 
Fish life cycle studies 
Simulated or actual field 
testing 

In addition, if the required data indicate a potentiol problem. envimnmer,tal expression data may be 
required. These data would document the MCPAs ability to survive and replicate in the environment 
proposed for use. Based on USEPA requirements (IJSEPA. 1989). 

impact. There is no agreement concerning the advisability of including risk assess-
ment data requirements for these parameters. There is no doubt, however, that so-
cial, cultural and economic issues will play a role in the final decisions made by 
regulatory agencies about particular products, but this will depend on the product 
and the country where its use is applied for. What may be acceptable in one loca-
tion may not be acceptable elsewhere. The rationale for rejection may be based on 
"hard science" information (differences in climate, diversity of endogenous spe-
cies in the new environment), or on economic or social issues - the product may 
threaten a segment of the local agro-industry, or it may be a potential threat to a 
natural resource which is so important that even a low-pmbability effect is not 
tolerable. 

Protocols describe methods to develop the data, and thus assure data quality 
and reliability. They describe specific assays and techniques to develop required 
information about the product, its toxicology, the hazard to non-target organisms, 
environmental considerations (expression in Situ), and product perfonnance. They 
provide detailed information about the assay procedures (e.g., number of samples, 
replicates, conditions of the test, duration, etc.). Protocols were initially developed 
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Table 6.3. Data points for hazard assessment 

TEST PRINCIPLES 
Test at multiple of anticipated dose 
Maximum hazard dose used if positive results obtained 

SINGLE SPECIES TESTS 
Avian single dose oral toxicfty 
Avian dietary toxicity 
Freshwater fish acute bio-assay 
Freshwater invertebrate test 
Non-target plant 
Non-target insect 
Honey bee 
Estuarine non-target species 

because data produced by different techniques and using different standards were 
not sufficiently reliable and comparable to permit a credible risk assessment. They 
are developed by the regulatory body and are tested before being issued or recom-
mended. Tables 6.3 and 6.4 list protocols available for determining hazard (Table 
6.3) and exposure (Table 6.4). These protocols are listed and fully described in the 
USEPA Subdivision M (USEPA, 1989). 

In 1991, the Royal Commission on Environmental Pollution issued a report 
which described potential effects of engineered organisms and regulatory mecha-
nisms, as well as control and mitigation techniques. The report defined a proposed 
computerized scheme for risk assessment, GENHAZ, which would provide re- 

Table 6.4. Data points for exposure assessment 

SPECIFIC DATA REQUIRED: 

Biological fate of gene 
• Habitat of MPCA 
• Survival and replication factors 
• Gene flow 
• Gene construct, probability of transfer and expression 
• Expression level 

Chemical fate of gene 
• Fate of gene/gene product in soil 
• Fate of gene/gene product in water 
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viewers with a structured list of information requirements relating the proposed 
test, use, and organism to potential impacts. It also provided a format for discuss-
ing and identifying the specific data in order to estimate exposure and hazard in a 
particular case. In general, this scheme required more data input than procedures 
currently in use elsewhere. In 1993, the Commission decided to tenninate the projeci 

Containment and Mitigation 

Two types of containment of microorganisms have been proposed: physical and 
biological. Physical containment implies the use of structures (greenhouses) or 
netting (in the case of engineered insects) in order to eliminate the possibility of 
dispersal of the engineered organisms. Biological containment can be achieved in 
two ways. The organisms can be used or tested in a location inimical to its survival 
and/or dispersal (e.g., tested on plots in a climate which requires continuous altera-
tion in order to permit survival - a desert climate may be suitable if enough water is 
supplied), or the organisms can be altered to preclude survival outside a limited 
area. The latter can be accomplished by the inclusion of a suicide gene or the al-
teration of the organism's ability to utilize nutrients. For example, Esclzerichia coli 
K12 requires specific nutrients not normally present in environmental situations. 

The use of chemicals, heat treatment, or other forms of sterilization is not con-
sidered confinement, but rather mitigation, that is, removing the organism from the 
site and minimizing effects. 

Confinement means controlling and minimizing spread. Dissemination can be 
minimized, and effects can be managed. Quarantine standards have been applied 
with success and permit the testing of organisms in varied geographical locations. 
It is necessary to understand the organism involved, its mode of replication, its 
reactions to environmental stress, and, in particular, its host range. A judicious 
choice of location can effectively confine an organism to a particular area. Patho-
gens require specific hosts in order to survive and persist. Organisms which cannot 
tolerate extreme cold are better tested in regions with severe winters. While a small 
percentage of the population may survive, the level will be low enough to preclude 
significant adverse effects. 

Only one disease, smallpox (Fenner et al., 1988), has been eradicated in the 
history of mankind, and this was done at great expense and after many years of 
concerted effort. However, it is possible to control microbial population levels by 
using specific methods. These controls can have effects in the short, intermediate 
or long term (Table 6.5). The selection of a method depends on the particular situ-
ation, feasibility, and costs involved. In the case of a microbe which has infected 
animals or plants, attempts at confinement by incineration or deep burying of the 
infected material may be called for. 

Chemicals may be employed to decontaminate fields (Table 6.6), but they will 
not completely eradicate the target population. The total population will be re- 
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Table 6.5. Controlling unwanted microorganisms 

Immediatea 	 Short termb 	 Long termc 

Fumigation 	 Fumigation Fumigation 
Flooding 	 Flooding Flooding 
Chemicals 	 Chemicals Erosion control 

Erosion control Soil amendments 
Soil amendments 

a Hours to several days to achieve effect. 
b Up to three years to achieve effect. 

Longer than three years to achieve effect. 
Source: Adapted from Vidaver and Stotzky (1992). 

duced, perhaps to undetectable levels, but total eradication is not assured. The in-
digenous populations of microbes will be replenished from edges of the field, or by 
tilling in soil from adjacent fields, and this will limit the re-growth of the target 
microbe. Care must be used in applying chemicals since all are toxic. 

Biological control has been suggested, and ongoing research indicates a possi-
bility for containment and control (Cuskey, 1992). Plasmids containing environ- 

Table 6.6. Common control chemicals 

Common name Chemical name Dosage 
(litres/ha) 

Plant 
toxicitya 

LDb 

Methyl bromide Bromomethane 450_900c Toxic 1 
Ethylene 1,2-Dibromomethane 19-94 Toxic 150 
dibromide 
(EDB) 
Chlorinated 1,2-Dichloropropane, 1,3- 100-500 Toxic 140 
hydrocarbons dichloropropene and 

others 
Methylisothio- Same 600-1200 Toxic 280- 
cyanate 650 
Dibromochioro- 1,2-Dibromo-3- 19-38 Toxic 172 
propane chloropropane 
(DBCP) 
Chloropicrin Trichloronitromethane 300-500 Toxic 1 

a Pertains to crop plants. 
b Mammalian. 

kg/ha. 
Source: Adapted from Vidaver & Stotzky (1992). 
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mentally-controlled lethal genes provide a mechanism to eradicate the altered mi-
crobe if the selected environmental stimulus changes. Two types of lethal genes 
have been used: one which attacks the cell's DNA and one which attacks the cell 
wall (i.e., lyses the cell). Control can be achieved by the presence of a repressor 
gene which is activated by a particular compound in the environment. Alterna-
tively, the lethal gene is controlled by a convertible promoter gene, such asfimA, 
which is active in one orientation which it achieves on a random basis. Any MPCA 
containing this combination of lethal and promoter genes would ultimately die off. 
The use of these techniques would provide safety assurance to risk assessors. How-
ever, these methods have not been tried in the field. There is a possibility of muta-
tion of the lethal gene or of the control gene. There is also the issue of the lytic 
enzyme or DNA-degrading enzyme affecting other microbes. 

Summary 

The issues involved in assessing the risk of using microbial pesticides have been 
considered by many regulatory bodies and by panels of scientists convened by 
regulators or scientific organizations. In general, the recommendations are similar, 
regardless of the origin or make-up of the group. This similarity speaks for the 
science base for assessing risks. The application of critical thinking to determine 
data requirements, and the use of population-theory and ecological principles as 
foundations have resulted in agreement as to the basic information needs for deci-
sion making. 

The important parameters and the need for measurements are clearly deline-
ated. However, some authors have pointed out the need for additional research to 
provide better means for developing necessary data (McCormick, 1986; Levin et 
al., 1987). McCormick points out the need for greater sensitivity in field-test meth-
odology. Levin and colleagues describe the research being conducted at USEPA to 
provide more sensitive and reliable techniques. 

The application of the fmdings, or data, derived for risk assessment purposes is 
subject to interpretation based on the regulatory framework in which it is perceived. 
The same product may not be acceptable in all situations or locations. As indicated 
above, factors relevant to a particular product, geographical area, or economic situ-
ation may affect the decision. 

There has been much discussion about whether the focus should be on the 
process or the product. In general, one cannot evaluate a product without some 
knowledge of the process. Thus, in all regulatory schemes, information about the 
process is required. However, this requirement is not intended to imply that, simply 
because a product is the result of biotechnology research, it is hazardous and re-
quires risk assessment. Rather, as it has been illustrated, regulatory attention is paid 
to all releases into the environment, with similar risk-based decisions made for all 
products. 
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Introduclion 

In one sense, genetic manipulation has been practised for thousands of years in the 
breeding of various species of domestic animals. It has taken but a few hundred 
years for humans to derive, from a common wolf stock, dogs as diverse as the 
Pekinese and the Great Dane. In these breeding efforts, whether "scientifically" 
designed or not, animals displaying the "desirable" traits are allowed to breed, and 
the "undesirable" traits are bred out. This type of genetic improvement, upon which 
all classical breeding experiments are founded, relies on chromosomal recombina-
Lion and the random assortment of chromosomes to bring together desirable traits - 
a lengthy and costly business. Modern technologies in animal breeding represent a 
dramatic change: nuclear transfer, cloning, sexing, and transgenic biology may 
generate dramatic shifts in the phenotypes of animals. These changes may bring 
new benefits - but what problems to they pose? This chapter discusses the nature of 
transgenic animals and recombinant proteins within the framework of the impact 
of these technologies on the environment. It will include references to existing 
regulations, especially those of the United States of America and the United King-
dom, which have taken different approaches to the same problems. It is interesting 
to note that, whereas the United States Department of Agriculture (USDA) has 
approved over 300 releases of transgenic plants, only a single contained release of 
a transgenic animal (carp) has been fully implemented. This is accounted for by the 
fact that the great complexity of the traits being introduced into animals has raised 
numerous questions at the scientific level and has been frequently the source of 
public concern. 

110 
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Scope of Definitions 

The remit begs the question: what defines a genetically manipulated organism 
(GMO), a transgenic animal, or a recombinant protein? A transgenic animal is a 
simple concept; in essence, it is any animal whose genome contains DNA sequences 
(a transgene) not found in either parent. In research experiments, this DNA 
may direct the synthesis of a functional protein, such as growth hormone 
or z 1 -antitrypsin; it may direct synthesis of a marker protein, such as 13-
galactosidase; or it may simply serve by itself as a DNA marker in the 
genome. Each of these is an example of transgenesis, although only the first cat-
egory is designed to alter the physiology of the animal. This is the category on 
which this chapter will concentrate. The transgenic animal may be derived by one 
of several routes (see "Production of recombinant genomes" below), each of which 
will bestow different characteristics on the organism. 

Recombinant proteins are derived from DNA that has been manipulated in 
Vitro (rDNA), and may be produced by joining together "natural" gene sequences, 
by deleting gene sequences, or by adding synthesized DNA sequences. A narrow 
definition of a recombinant protein is that it contains sequences that differ from 
those found in nature. A broader definition, and one that is usually applied, is that 
a recombinant protein is a protein synthesized from an exogenous gene or transgene, 
whether in Escherichia coli, yeast, animal cells in culture, or a transgenic animal. 
The following section argues that this definition is an unfortunate one for those 
concerned with safety. 

Are Recombinant Genes and Proteins Special? 

Recombinant genes and genomes are special because of their means of production. 
They are founded on technologies that are only about 15 years old. But what con-
sequences does this have for their safety? The safety of any product, whether bio-
logical, chemical, or physical, is defined by its behaviour, or properties, and not by 
its method of production (Miller, 1991). The safety of an automobile is defined by 
its behaviour in safety tests, and not by whether it is made by hand or on a produc-
tion line. In this sense, GMOs do not form a special category because of their 
means of production, and it is widely accepted that this means of production is not 
associated with special risk categories. If the behaviour or properties of a recombinant 
product (gene or protein) differ from those of natural products, then it is important 
to assess the implications of that novel behaviour. 

For example, a transgene may be less stable than an endogenous gene. This is 
an example of a property that must be addressed in assessment. However, it is the 
biological properties of the novel genotype that determine behaviour in the envi-
ronment. This applies as much to novel "natural" genomes as to recombinant 
genomes. The release of the rabbit, an entirely novel, but also an entirely "natural" 
genome, in Australia has had wide-ranging consequences for the ecosystem, and 
has caused damage on a scale that is unlikely to result from most planned releases 
of transgenic animals. 
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In a similar way, recombinant proteins do not necessarily represent a special 
risk category because of their means of production. Although genetic manipulation 
may be used to produce a protein with properties that are not found in nature, in 
order to determine the hazards associated with that protein, one will largely follow 
the same guidelines used to assess any novel food, drug, or industrial component. 
The environmental consequences of recombinant genomes thus do not differ in 
kind from the consequences of natural, but exogenous genomes. 

Production of Recombinant Genomes 

Transgenic Animals 

The history of producing transgenic animals is a little over ten years old (Brinster 
etal., 1981). During this time, several mechanisms by which DNA can be incorpo-
rated into an animal have been developed (Fig. 7.1, Table 7.1). 

Microinjection. DNA is injected into the pronucleus of the fertilized egg (usually 
into the larger, male pronucleus); this mechanism has been used to generate the 
vast majority of transgenic mouse lines, as well as the transgenic lines of almost all 
livestock species. Microinjection has also been used to generate transgenic fish and 
poultry (Chen & Powers, 1990; Love et al., 1994). In these cases, because the 
nucleus is either poorly visible or not detectable at all, the DNA is often deposited 
in the cytoplasm. Although this method is largely reliable, the site of integration is 
random, the number of copies of DNA that integrate can be unpredictable (though 
this can be targeted towards a range of zero to two or three copies by using low 
concentrations of DNA), and a proportion of animals will be mosaic (not all cells 
contain the transgene). However, breeding programmes meant to establish the 
transgenic line can be used to select individuals containing only one copy, to deter-
mine that expression is at appropriate levels, and to establish that the homozygous 
transgene is stable in the host genome. Once these parameters are determined, the 
transgene will behave as any "normal", endogenous, host gene. 

Embryonic-Stem (ES) Cells. Embryonic-stem (ES) cells are cells derived from the 
early embryo that can be grown in culture and then iturned to a recipient embryo, 
where their progeny will contribute to all the tissues of the developing organism 
(Evans & Kaufman, 1981). During the culture period, foreign DNA can be intro-
duced into the cells using simple methods, and the expression and stability of the 
transgene can be verified. The major advantage of ES cells is that very subtle modi-
fications can be introduced into the host genome (Thomas & Capecchi, 1990). 
Constructs can be designed that are homologous with a host gene, but contain an 
interruption or modification of that gene's sequence. In rare cases, the DNA 
transfection in vitro will lead to integration into the endogenous gene, based on the 
homology between the transgene and the endogenous gene. In this way, those gene 
sequences can be altered at any level of subtlety, from a single base-pair change to 
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deletion of much of the protein-coding region (Bradley, 1993). So far, this sophis-
ticated technology applies only to mammalian species, and principally to rodents. 
Much effort and considerable expense is devoted around the world to obtaining 
reliable ES cell cultures from domestic species in order to use these invaluable 
techniques with agriculturally important species (Notarianni et al., 1990). 

Retroviral Vectors. Retroviral vectors have held much promise since their devel-
opment in the early 1980s (Miller etal., 1983). Retroviruses are RNA viruses that 
make a DNA copy of themselves during replication; this DNA copy then integrates 
into the genome of the host cell. Using recombinant DNA technology, the genes 
that code for viral proteins can be removed, leaving only those sequences that are 
necessary for the integration of DNA into the host genome. Foreign DNA can then 
be added to these viral sequences and transferred to recipient cells using a "helper" 
cell line that provides the deleted viral functions. Because of problems regarding 
expression stability and fears about the safety of viral vectors, such experiments 
have been limited in animal biotechnology. However, they have been used to pro-
duce transgenic poultry (Salter & Cnttendon, 1989; Chen et al., 1990) (in which 
retroviruses were first discovered), and they have also been the only tool used to 
date for human gene therapy (Anderson, 1992; Fox, 1993), and may be resurrected 
for livestock species. 

Sperm-Mediated DNA Transformation. Sperm-mediated DNA transformation is 
the technique of potentially widest application, but is also that with the most unre-
liable history (Brinster et al., 1989; Gandolfi et al., 1989; Lavitrano et al., 1989). 
Because it is a very simple technique (it basically consists of mixing DNA with 
sperm and then performing in vitro fertilization), it could be used in laboratories 
throughout the world. However, its low reliability, coupled with questions about 
the stability of transgenes, keeps this technique at the research stage. 

Other techniques, such as electroporalion, have been tried and have found applica-
tion in some areas in which the more "conventional" methods have proved unreli-
able (Xie et al., 1993). 

Recombinant Proteins 

Many therapeutic proteins are used in human and animal medicine. The majority 
of these are derived from animal or human tissue. It has been possible to purify 
extremely low concentrations of, for example, growth hormone from porcine or 
human pituitaries, and Factor IX from human blood has also been purified to ac-
ceptable levels. Recent concern has focused on the possibility that such human or 
animal tissues might be contaminated with slow viruses or retroviruses. Fortunately, 
such concerns have evolved contemporaneously with recombinant DNA technolo-
gies, and a variety of synthetic systems have become available (Goeddel, 1990). 
Table 7.2 lists a selection of those currently in use as well as some that are in 
development. 
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Escherichia coli. Escherichia coli was used for efficient production of recombinant 
proteins more that 15 years ago (Genentech produced human insulin in 1978), and 
continues to be a popular method today: there is a wide variety of expression vec-
tors, and many simple purification procedures have been developed. Glutamate-S-
transferase (GST) fusion vectors are one example; the fusion protein is readily 
isolated because the GST component will bind to a column containing reduced 
glutathione. Such vectors also include a recognition site for a protease (usually 
thrombin or Factor XA) situated between the GST and the foreign protein. The 
GST component can be removed from the purified fusion protein by proteolytic 
cleavage. 

The most common problems with these systems are poor solubility of the prod-
uct or inappropriate post-translational modification. It is quite common to find that 
the expressed products are deposited as insoluble complexes. Inappropriate modi-
fication is a legacy of evolution: glycosylation, sulphation, and proteolytic cleav-
age are often different in bacterial and eukaiyotic cells. To produce a heavily modified 
polypeptide, it is often best to choose a eukaryotic system. 

Yeast Systems. Yeast systems have the advantage that yeast culture has been a 
popular method for fermentation for many years, and the technology is well estab-
lished. Many yeast vector systems have been established, and most of them rely on 
the use of yeast regulatory sequences for efficient expression. Both sulphation and 
glycosylation can be efficiently obtained (Moir & Dumais, 1987), although 
glycosylation in yeast may not accurately mimic glycosylation in higher eukaryotic 
cells. 

Cultured Cells. Cultured cells have been the hosts for probably the greatest array 
of expression systems: DNA can be introduced using electroporation, chemical 
transfonnation, microinjection, or viral vectors, and mammalian cell cultures are 
used extensively in research for the production of foreign proteins and for thera-
peutic monoclonal antibodies. 

In insect cells, the main vector systems are based on baculoviruses which, 
during their normal life cycle in insect larvae, produce large amounts of the protein 
polyhedrin. This product is dispensable for the lytic cycle. Many groups have used 
the regulatory sequences from the polyhedrin gene to drive expression of foreign 
protein (Luckow & Summers, 1988). The baculovirus genome is large and difficult 
to manipulate, and a variety of vector systems have been developed to maximize 
the efficiency of protein production (Davies, 1994). 

Animals. Animals have been used as "bioreactors". The surplus protein synthetic 
capacity of the mammary gland and the haematopoietic system can be recruited to 
the production of recombinant proteins. Such experiments are discussed below in 
"Applications of Transgenic Animals". 
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Applications of Recombinant Genomes 

Transgenic Animals 

Classical breeding has sought, since the domestication of animals, to alter the char -
acteristics of animals in order to make them more "desirable" to humans. One of 
the first steps was to reduce the "wild" behaviour patterns; a more recent example 
is the 2.5-fold increase in milk production per animal between 1945 and 1983 (Seidel, 
1986). Transgenesis may also seek to produce such changes: it offers methods to 
generate either subtle or dramatic changes in phenotype. 

It may induce the "improvement" of an existing trait in an animal. In these 
cases, transgenesis is used to circumvent or to improve upon the alternative of 
existing breeding programmes designed to fix a desirable trait in an already valu-
able line. The transgenic approach might thus be used to make a livestock species 
grow faster (Pursel et al., 1989). 

It may introduce entirely new properties into a species. In this approach, a 
foreign protein might be produced in a transgenic animal (for example, pharma-
ceutical proteins in the milk of ungulates [Archibald et al., 1990; Ebert et al., 1991; 
Wright et al., 1991]),  or it may confer new disease-resistant properties (Salter & 
Cnttendon, 1989; Erickson & Izant, 1992), or alter the immune system to generate 
new histocompatibility antigens or new antibodies (Bruggemann et al., 1991), or 
confer new digestive capabilities to improve the calorific use of less digestible 
feedstuffs (Hazlewood & Teather, 1988). 

Some examples of transgenic animals are listed in Table 7.3. 

Recombinant Proteins 

The range of application of recombinant proteins is as wide as the current use of 
"natural" proteins (Table 7.4). Any industrial process, from brewing or cheese-
making to the production of pharmaceuticals, may, potentially, be modified by the 
use of either recombinant proteins or of microorganisms producing such proteins 
(Enari, 1991; Gill & Zaworski, 1991). Indeed, in the United Kingdom, genetically 
engineered rennin is used in the production of cheese, and engineered yeast in the 
production of bread and in the pilot-scale production of beer. By 1991, the United 
States Food and Drug Administration (FDA) had approved more than 12 therapeu-
tic agents and vaccines, and had permitted the clinical testing of some 800 more, 
derived from rDNA (Miller, 1991). By mid-1992, some 40 versions of these phar-
maceutical products were approved for use in one or more country (Bienz-Tadmor, 
1993). Recombinant proteins have thus become well established in industrial and 
clinical life. 

The use of recombinant proteins as vaccines or as biopesticides offers many 
new opportunities. Research into the responses of the organism to recombinant 
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Table 7.4. Selected recombinant proteins 

Effective 	Disease/path - Production/vector References 
protein 	ogen 	system 

Insulin 	Diabetes 	Plasm idlE. coil 	Goeddel et aL, 1 979a 

(Deletion) 
	

Cholera 	Deletion mutant of Levine et aL, 1988 
Vibrio cholerae 

0-antigen (Vibrio Cholera 	Salmonella typhi 	Tacket et aL, 1990 
cholerae) 

HIV antigen 	AIDS 	Vaccinia virus 	Moss, 1991 

HIV antigen 	AIDS 	BCG vaccine 	Stover etaL, 1991 

Neurotoxin 	Plant pests 	Baculovirus 	Tomalski & Miller, 1992 

vaccines is providing a better understanding of the relative contributions of cell-
mediated and humoral immune systems, as well as identifying the optimal meth-
ods of presenting recombinant antigens to the immune systems. The two main 
approaches to vaccine production are to delete genes that confer pathogenicity from 
the pathogenic organism, or to insert genes encoding major antigens of the patho-
gen into a non-pathogenic vector (such as vaccinia virus or adenovinis) (Moss, 
1991; Jacobs, 1993). 

Live attenuated vaccines are commonly used for prophylaxis in human and 
animal populations; indeed, such use can be regarded as the largest introduction of 
GMOs, with an enormously successful history (Miller, 1991). In Europe, rabies is 
commonly carned in the fox populations. In campaigns using attenuated virus strains, 
it was found that the proposed vaccine remained pathogenic in rodents (and the 
raccoon, a major vector in the United States of America) and could revert to viru-
lence. In a major environmental test, a recombinant vaccima-rabies surface glyco-
protein vaccine appeared to be highly effective in eradicating rabies from the fox 
population in a 2200 km2  region of southern Belgium (Brochier et al., 1991). This 
programme followed the recommendations of the World Health Organization 
(WHO) for research and trials with oral rabies vaccines (WHO, 1989). 

Destruction of crops by arthropod pests causes a major loss of production 
throughout the world. The possibility of control by viral pathogens of these pest 
species has focused on baculoviruses, because they are stable, effective and spe-
cies-specific. Normal virus infection, however, allows the host to live and to con-
tinue feeding for several days while the virus replicates. Virus vectors similar to 



128 	 D. Powell 

those described above can be modified to express genes that paralyse or kill the 
host more quickly (Tomalski & Miller, 1992). An alternative approach has been to 
remove the viral genes that allow the host to continue feeding after infection 
(O'Reilly & Miller, 1991). These elegant systems provide a great deal of hope for 
efficient, safe pest management. 

Existing Regulations 

History of Regulations 

There are as many sets of regulations as there are counthes that practise genetic 
manipulation. In 1991, the United Nations Industrial Development Organization 
(UNIDO) published its Voluntary Code of Conduct for the Release of Organisms 
into the Environment (UNII)O, 1991), one of the intentions of which was to har-
monize global recombinant DNA guidelines. In the United Kingdom, in addition 
to two European Community (EC) Directives (CEC, 1990a,b) and the Genetic 
Manipulation Regulations, with 11 Notes of Guidance (ACGMIHSE, 1989), there 
are nine Acts of Parliament on the production and release of GMOs. Australia Ia-
bours under the weight of 23 regulations. Many countries have attempted to use 
existing legislation (such as for the regulation of animal health, the environment, 
foods, or chemicals) to cover many aspects of the use of GMOs, and have adopted 
additional regulations to supplement these. In many ways, this is a reasonable course 
of action. As propounded above, transgenic products will in most cases represent 
no risk different in kind from those posed by other novel products derived by con-
ventional technology. If one accepts this concept, it may be that the existing legis-
lation will cover the safety aspects at issue - the release of the organism, the safety 
of the individual, the safety of the food or of the drug product. The important re-
quirement is that each country addresses the question and develops a system of 
assessment. 

Regulation has fallen into the two major camps of process versus product. 
Many countries have chosen to regulate genetic manipulation at the laboratory level 
(i.e. the process of producing the GMO) and have subsequently extended this regu-
latory oversight to large-scale use and release. This has largely been the experience 
in the United Kingdom, where assessment (see below) is applied specifically to 
GMOs. By contrast, the United States of America has developed, after consider-
able and still rumbling debate, a risk-based oversight of environmental experiments 
that addresses risk by examining the nature of the organism (with less emphasis on 
the means of production) and its intended release site (Medley, 1992; Miller et al., 
1990; Miller, 1991). 
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Safety in the Production of GMOs 

The area where legislation must be most carefully studied is the production and 
assessment of GMOs, for it is at this stage that the organism is novel and 
uncharacterized. In the United Kingdom, the regulations, together with the associ-
ated Notes of Guidance, were originally framed in the 1970s and early 1980s. With 
a greater perception of the risks of laboratory-scale work, many of the original 
Guidelines were modified (ACGM/FISE, 1989). Nevertheless, these regulations 
still maintain that, if there is a risk of expression of the foreign DNA, then the 
categorization is raised to a higher level. Similarly, if the protein product has toxic 
properties, then a still higher level may be required. Clearly then, a fundamental 
understanding of the DNA sequences being manipulated is crucial to properly as-
sessing, and therefore perhaps relaxing, the safety criteria imposed. If an arbitrary 
scale of factors that indicate "access" to the protein (i.e. the likelihood that the 
GMO or its DNA will enter the hwnan organism and survive) is used, the "expres-
sion" of the protein (defmed by whether the site in the vector is designed to make 
the cloned protein) and "damage" by the protein (a measure of the risk to the health 
of the worker) give a combinational assessment of the relative risk; this then allows 
categorization of the experiment into one of four classes. This categorization is 
based on work with non-recombinant pathogenic organisms. 

Two of the Notes of Guidance (ACGMIHSE, 1989) adopted in the United King-
dom (Notes 1 and 5) govern the use of oncogenic nucleic acid sequences and 
eukaryotic viral vectors. Because of the possibility of human infection, the restric-
lions on the use of such systems are tighter. However, it should be noted that no 
human infection has clearly been shown to be due to laboratory work with a GMO. 

Contained Use and Release 

Safety and Assessment Committees 

As far as possible, the proponents of a release should ensure that they exercise the 
maximum amount of care in planning their intended action. There is thus a need for 
an expert body with a range of interests to examine releases that are sufficiently 
novel to cause concern, whether these releases are of transgenic or non-transgenic 
species. The role of such a body is to bring to bear its expertise on the question of 
release. In the United Kingdom, such a committee would include many of those 
who had planned the release as well as those in control of the research establish-
ment, since the responsibility for safety lies with them (Royal Commission on En-
vironmental Pollution, 1991). In addition, it might be important for such a body to 
include experts in: 

Genetics 
Ecology 
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Safety 
Molecular biology 
Botany 
Entomology 
Environmental health 

In the United States of America, it is normal to include in such a committee an 
ethicist (with a background in philosophy or religion). 

The task of the committee is to investigate the security of the release site, to 
use their skills to apply lateral thinking in order to envisage risks, and to attempt to 
estimate their significance and consequences. It is important that, at an early stage, 
the public is made aware of the intended release. Openness in discussing proposed 
releases is an important part of informing the public about perceiving hazards and 
the methods of estimating their likelihood, and of persuading people that all rea-
sonable precautions have been taken. 

Contained Use of Recombinant Genomes 

For many transgenic species, containment at the research level is already practised 
as part of good animal husbandiy. Special care will normally be taken to exclude 
access to research animals by their wild-type relatives. Similarly, care will be taken, 
especially since each of the animals is extremely "valuable" at this stage, to ensure 
that no escape into the environment is possible. Also, conventional pest-control 
methods should be used to prevent the access of common pests to the research site. 
Such restrictions apply to all transgenic species. Those organisms, for example, 
insects or fish, that are not easily contained should be held with particular care. The 
assessment of the research on transgenic carp at the Alabama Agricultural Experi-
ment Station in Auburn (Auburn, AL, USA) found that there is no significant im-
pact of the release of modified fish into a contained facility (USDA, 1990). In its 
67-page assessment, the Station considered five alternative approaches to contain-
ment and took into consideration such aspects as flooding leading to the release of 
the carp. A similar proposal for the contained release of transgenic catfish was 
subject to an equally or even more rigorous assessment (Fox, 1992). 

Release of Recombinant Genomes 

Potential Hazards of Transgenic Animals 

The release of novel genotypes into the environment has a history of several hun-
deed years. In the area of biological pest control, hundreds of organisms have been 
released into new locations in an attempt to eradicate pests of agronomically im-
portant crops (DeBach & Rosen, 1991). One of the first successful releases was 
that of the vedalia ladybeetle, with the intention to control cottony-cushion scale in 
California in 1888-9. A long examination of ladybeetles fmally led to the selection 
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of a suitable Australian species. More recently, a large-scale attempt to control the 
cassava mealybug in Africa has been undertaken. In this case, the predator is a 
South American organism, Epidinocasis lopezi. 

The history of such releases has seen many great successes. There have also 
been failures, most often when the relationship between predator and prey - or host 
and parasite was understood only poorly. The major lesson from these experiments 
(many of which have been carried out over the last hundred years) is that a sound 
understanding of the ecology of the new location is essential. The ecology of the 
host population (be it plant or animal) and its relationship with the pest are most 
important. An assessment of the validity of the new control agent in contained 
facilities is also crucial. Steps such as these have proven essential if the risks are to 
be minimized. 

The successful introductions (as well as the unsuccessful ones) emphasize the 
requirement for a background understanding of such ecosystems. The introduction 
of an entirely novel (exotic) genotype into the environment will, in most cases, 
have much more extreme consequences than the introduction of a transgenic or -
ganism. Information about hazards arising from the release of transgenic animals 
can be sought under several categories (Table 7.5). Through laboratory and re-
search-site assessment, many of the characteristics of the transgenic organism can 
be compared with those of homologous, non-transgenic individuals - its feeding 
behaviour, its sexual and aggressive behaviours, and its movement can be assessed 
under containment. It is clear that some of these hazards will be of minor relevance 
to some experiments; however, the regulations of most nations require that they be 
considered. 

Potential Hazards of Recombinant Proteins 

The hazards attached to recombinant proteins are most often of the same type as 
those attached to the parent products. In the case of humans, these are risks of 
allergic reactions or of side-effects of a type that occurs with currently used thera-
peutic products such as insulin. These risks are exacerbated by the use of recombinant 
gene technology. 

Food safety has been addressed recently by several groups (WHO, 1991; OECD, 
1992). Among recent concerns have been areas as diverse as the use of bovine 
growth hormone (or bovine somatotropin, bST) to increase milk yields, and the 
possibility of activating "toxic" genes in fish. Bovine somatotropin injected into 
dairy cattle can increase milk production by 10-15%. The concern over human 
health focuses on the possibility of the effects of bST consumed. In fact, growth 
hormones are inactivated when ingested, this particular concern seems to be well 
answered (Juskervich & Guyer, 1990). 

The question over fish is more complex: could fish toxin genes be activated by 
the effects of Iransgene integration or expression? The fear is founded on the suspi-
cion that fish may contain toxin genes, whereas current evidence indicates that they 
do not (Berkowita & SØrenson, 1994). Indeed, toxins have never been detected in 
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common food fish species, and even in toxic fish (such as the pufferfish) it appears 
to be bacterial commensals that produce the toxin. 

It is important to consider that undesirable outcomes or side-effects may be 
produced in novel ways, but also to approach these possibilities in a rational way 
that examines the level of risk in the context of our current practices. 

Safety and Risk Evaluation - Transgenic Animals 

Transgenic Animals 

In the United Kingdom, the procedure of preparing for a release is currently cov-
ered by the GENHAZ system (Royal Conmrission on Environmental Pollution, 
1991). This is based on the chemical industries' assessment scheme and is de-
signed to force the assessors to examine potential consequences of the release, no 
matter how unlikely, and, more important, to make them predict outcomes as pre-
cisely as possible (Table 7.6). At the time of writing, this process is under review; 
UK regulation of biotechnology has recently been criticized by the House of Lords 
Science and Technology Select Committee as being "excessively precautionary, 
obsolescent, and unscientific, [imposing] an unnecessary burden to academic re-
searchers and industry alike" (UK House of Lords' Science and Technology Select 
Committee, 1993). New proposals suggest that experience and familiarity play a 
much larger part in a streamlined approach and that stringent review is reserved for 
potentially hazardous or the most novel of applications. It is still instructive, how -
ever, to look at the principles that could apply to the release of novel genomes, 
those for which no local experience exists. With increased understanding and fa-
miliarity, such a stringent approach will not be necessary. The essential compo-
nents are a set of keywords and guide words designed to help frame these questions. 
One such guide word is "WFIERE ELSE"; it may be necessary to ask: What hap-
pens if the DNA is detected somewhere other than at its original integration site? 
What happens if expression occurs in tissues other than the intended site? What 
happens if the organism is found at a location other than its intended release site? 
By considering these combinations of keywords and guidewords against the back-
ground of a wide range of understanding, the large majority of possible (as well as 
unlikely) outcomes must be defined. 

Clearly, the implications of the release of a GMO are more severe if the organ-
ism cannot readily be recovered. Transgenic fish are a case in point. Growth hor-
mone (Gil) and cold-tolerance genes have been introduced into lines of fish. It 
appears that both experiments have been successful at the laboratory level: transgenic 
fish containing GH genes have been produced that grow larger than their non-
transgenic relatives; similarly, more cold-tolerant fish have been obtained by using 
the antifreeze gene. 

At an intuitive level, it might be thought that both such populations could pose 
a threat to natural ecosystems, the larger fish feeding more aggressively, the cold- 
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tolerant fish displacing natural species from cooler waters. In the contained re-
leases of transgenic carp, several factors argue against this (USDA, 1990; Fox, 
1992). 

Escape of any fish is an unlikely event, and an escape could not involve the 
large numbers required to establish a new genotype in the environment. 

The mirror carp chosen for the growth experiments is less hardy than the natu-
rally-occurring domestic carp - it is at a selective disadvantage. 

Small numbers of escaping fish are unlikely to become established (fixed) in 
the environment; they may well be geographically isolated and their breeding pat-
terns may differ from those of their non-transgenic relatives. 

The transgene is unlikely to become fixed in the natural population unless it is 
under positive selection pressure. 

Even if the lransgenic fish became fixed in the local environment, it would 
still be subject to the biological control (disease, predators, food shortage) that 
affects the natural carp. 

Therefore, in a well-designed release, it is possible to identify not only artifi-
cial factors influencing the ecological balance, but also the (perhaps more impor-
tant) natural biological barners. Because the GMO is usually a weaker, domesticated 
strain of natural relatives, the types of barriers that might operate can, if necessary, 
be studied in some detail. 

The risk assessment should be examined by a competent body that is inde-
pendent of the research group. Invariably, national review bodies will be estab-
lished, but it is important now, and will become more important in the future, that 
such national bodies communicate with one another (see below). Communication 
between national bodies will allow the shared knowledge to act in a streamlining of 
review through past experience. Each body will have many of the specialized skills 
of the committee members preparing the release assessment and, in addition, will 
include competent persons who will examine national regulations and laws. 

Safety and Risk Evaluation - Recombinant Proteins 

Many countries throughout the world have established guidelines for the assess-
ment of novel foods, drugs, and biology-based industrial components. These as-
sessment protocols, which can take many years to complete for new therapeutic 
agents, provide most or all of the tools for the assessment of proteins produced by 
genetic manipulation. Indeed, recombinant proteins are often more similar to their 
parental products than are novel products generated by classical means. The EC, 
however, currently proposes a new level of oversight for food products obtained by 
genetic manipulation. By contrast, the US FDA and the OECD have determined 
that new foods should be assessed on the basis of the novelty of their characteris-
tics. It seems that this approach is the more valid, relying, as it does, on the charac-
teristics of the product and on the effects of the product on the individual(s). 
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Recently, in the United States of America, a new set of guidelines for evaluat-
ing novel drugs has been introduced. Prompted in part by the educated and frank 
criticism coming from the AI1)S community, the FDA has attempted to expedite 
the release of new drugs through accelerated testing and approval. This example 
served to remind the developed world that a regulatory programme designed for 
careful, highly scrutinized approval can seem harshly inappropriate to the indi-
vidual facing death. Regulation and risk assessment are invariably balancing acts 
between cost and benefit, and there is a need to recognize that the cost to the indi-
vidual may sometimes be absolute. 

Impact After Release 

A controlled release allows the time to determine the properties of the GMO through 
several seasons of breeding (Fig. 7.2). Laboratory experiments will reveal many of 
the alterations that may have occurred in the behaviour of the GMO, but it is in 
more natural environments that behaviour may be fully assessed. If it is felt to be 
necessary, a contained release will allow the study of behaviour in competition 
with natural species. Many of these concepts would be part of normal good agricul-
tural practice. New strains of domestic animals or fish will normally be tested be-
fore being used on a large scale to replace a current organism. Such an assessment, 
for example of increased milk production through non-transgenic means in cattle, 
would include several generations in order to determine the stability of the pheno-
type and to detect any deleterious effects on the organism. These steps are essential 
in all classical breeding programmes before an acceptable breeding line can be 
established. In a similar way, a controlled release of GMOs that are sufficiently 
novel, or sufficiently distinct in their properties from their parent animals, provides 
the opportunity to investigate the impact of these differences. 

The classical common sense of breeding programmes, then, applies as much to 
new strains produced by the interbreeding of selected animals as it does to GMOs. 
In aquaculture, the introduction of a novel food species requires as much attention 
and care as the use of a genetically modified fish stock. 

Conclusions 

Biology, Common Sense and Release 

One of the difficulties in preparing a chapter on transgenic animals or recombinant 
proteins is that it quickly becomes clear (as clear, I hope, to the reader as to the 
author) that these categories of recombinant genomes encompass an enormous ar-
ray of technologies, designs, hopes and hazards. These methods are often less simi-
lar to one another than they are to classical breeding and selection techniques. 
When considering the risks attached to such manipulated organisms, the biological 
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Fig. 7.2. Levels of assessment of novel genomes and proteins. 
Assessment is a continual process, as indicated by the arrow at the left. Major 
uncertainties about GMOs exist at the levels of research and development, particu-
larly in relation to stability of the genetic modification and stability of the phenotype. 
By the time a GMO has been characterized sufficiently to consider release, these 
questions, largely unique to GMOs, should have been answered. The remaining 
questions at the stages of contained and full release are questions that pertain to all 
novel genotypes. With GMOs, familiarity can play a large part in such assessments. 
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principle and guiding force should be that it is the properties of the animal or pro-
tein that primarily dictate the hazards, not the means by which that animal or pro-
tein was derived. Acceptance of this argument may well mean that existing legislation 
can be used to regulate recombinant DNA releases. The products of genetic manipulation 
can, in most cases, be compared with novel foods, proteins, or crops produced by 
traditional means, except that we often understand far more clearly the genetic 
changes in the GMO than we do in the "traditional" product. Most countries have 
legislation that covers hazardous, pathogenic or exotic organisms, unapproved drugs, 
and chemicals, as well as their testing. Such statutes may well provide sufficient 
regulatory oversight. The extent of the difficulty in controlling exotic (i.e., non-
manipulated) organisms is a problem that should not be underestimated. Each year, 
approximately 11 potential pests enter the United States of America through all 
modes of unintentional transfer, and seven of these are likely to be injurious (DeBach 
& Rosen,1991). There is also the human dimension: in 1986, the USDA inter-
cepted, at ports of entry, nearly 50 000 attempted introductions of exotic organ-
isms. It is important to remember that some "traditional" practices in agriculture or 
industry are less sophisticated and may be more hazardous than biotechnological 
solutions to the same problem. 

Against this must be set the public perception of genetic manipulation. It is 
important that the public - the consumer - is aware that the type of change wrought 
by genetic manipulation is often more subtle, more predictable, and more defined 
than the changes produced by classical means. It is important to remember, how-
ever, that there are many groups who object on ethical grounds to the use of all 
animals or of specific animals. For some of these people, certain types of genetic 
manipulation may never be acceptable. Many devout religious groups in the United 
Kingdom would not countenance food products containing DNA based on pig se-
quences - even if the DNA used were synthesized in vitro. However, education 
about the nature of traditional and recombinant methods and about the presence of 
foreign DNA (actually most often made in E. co/i) can play a part in reassuring 
many people that recombinant DNA does not alter the fundamental nature of the 
host organism. 

However, the arguments about regulation have recently increased. In the United 
States of America, the experience gained with the release or movement of about 
1000 genetically modified plants has led to a proposal that regulatory "...over-
sight should be more commensurate with scientific indications of potential 
risk ... comparable with that historically applied to conventional plants" (Hunter 
et al., 1992). However, the policies pursued by the US FDA are still being formed, 
and Jeremy Riflund's Pure Food Campaign pressure group and, more recently, the 
Union of Concerned Scientists have attempted to revive the public debate and to 
direct it against transgenic products (Hoyle, 1992, 1994). Criticism of the Euro-
pean regulations was raised in 1989 (Miller, 1991), and the debate about the need 
for stringent regulations and the influence they have on investment has raged since 
(Young & Miller, 1989; Hodgson, 1992; Kathuri et al., 1992). It appears now that 
many releases will fall under the influence of the new, less process-based iegula- 
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tions, rather than under those originally proposed. Nevertheless, only six of the 
twelve member states of the European Community have even partially ratified these 
proposals. 

It is important to appreciate that regulatory decisions are very significant fac-
tors in the industrial view of investment opportunities. Bayer AG of Germany and 
NOVO Industry of Denmark have both established major research and develop-
ment facilities outside their home centres in part as a reaction to the rigorous regu-
lations imposed. There are, therefore, two sides to the regulatory question. 
Regulations that are very stringent may discourage investment: conversely, bio-
technology companies are also reluctant to invest in countries that do not have a 
regulatory framework in place. The need is to establish such a framework in each 
country that addresses local needs as well as taking a global view - a familiar politi-
cal and social problem. Various aspects of the social, economic and technological 
implications of biotechnology for the developing world have also been discussed 
recently (DaSilva et al., 1992). 

Framing Legislation 

With these social and economic constraints in mind, it may be valuable to ask 
oneself how to frame legislation and what is the need for new legislation (Table 
7.7). The starting point is to examine existing legislation, in order to determine 
whether most or even all aspects of the release of GMOs can be covered. All coun-
tries hold that the safety and risk assessment of the production of GMOs forms a 
special category that requires legislation. This is based on the view that in many 
cloning experiments the precise nature of products generated cannot be predicted. 
In the case of the release and use of transgenic animals or proteins, many countries 
have made use of the existing (perhaps modified) legislation. In the United King-
dom, such legislation includes the Environmental Protection Act and the Food and 
Environment Protection Act; in the United States of America, the Coordinated 
Framework for the Regulation of Biotechnology establishes that existing laws (such 
as the Animal Quarantine Laws) are sufficient to regulate the products of biotech-
nology. 

In the absence of appropriate existing legislation, the discussion in this book 
and the guidance supplied by the Voluntary Code of Conduct for the Release of 
Organisms into the Environment (UNIDO, 1991) provide a framework for general 
principles. 

International Resources 

There are several bodies that seek to harmonize and integrate international biosafety, 
for this is inevitably a transnational concern. UNI])O was instrumental in bringing 
together a panel to draw up the Voluntary Code of Conduct for the Release of Or-
ganisms into the Environment (UNTI)O, 1991) and has established research insti-
tutes, under the International Centre for Genetic Engineering and Biotechnology 
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Table 7.7. Checklist for legislation on release 

What controls already exist for: 
• novel exotic organisms 
• new strains of animals produced for food 
• new food or drug products? 

What is legislation designed to protect: 
• the consumer 
• the worker 
• the GMO 
• species that interact with the GMO 
• the environment? 

How novel are the products of genetic manipulation: 
• growth and reproductive regulation 
• disease resistance 
• increased efficiency (e.g. stress tolerance, feed efficiency) 
• production of novel proteins? 

What risks do such products imply: 
• genomic risks common to all breeding programmes, e.g. more 

aggressive behaviour, wider ecological range 
• special risks arising from the nature of the rDNA, e.g. stability, 

gene transfer, novel product, novel expression patterns? 

New legislation for recombinant genomes: 
• include all releases of novel or unfamiliar organism, not only 

GMOs 
• establish natural body of experts, independent of proposers 
• use international experience (databases, previous releases) and 

expertise 
• legislate to be flexible, to simplify and generalize wherever 

possible on the basis of experience 
• engage public (the consumer) in the debate 
• respecting commercial confidentiality, keep assessment open 
• establish monitoring and termination protocols 

(ICGEB), in Trieste and New Delhi, designed to assist technology transfer between 
the industrial and the developing world. ICGEB, which is an autonomous intergov-
ernmental institution, is "owned" by its member states, and with its flexibility, is 
responsive to the changing needs of those countries. It also maintains a computer 
network, ICGEBnet, that can give access to many of the databases worldwide (Simon 
& Pongor, 1992). In addition, UNIDO has set up an international Biosafety Infor-
mation Network and Advisory Service (BINAS), which has designated national 
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nodes in a number of countries. These BINAS national nodes are meant to provide 
expertise and information support to biosafety authorities. In this way, an efficient 
network of information is planned to be established at the pivotal level of those 
involved in the formulation and administration of biosafety regulation. Both infor-
mation and expertise could be formally and, perhaps even more important, infor-
mally exchanged through these channels. Lists of contacts in regulatory authorities 
as well as in companies intending to carry out releases will lead rapidly to the 
dissemination of information, the rationalization of procedures, and the elimina-
tion of duplicated effort. The emphasis of biosafety regulation must be on main-
taining a safe posture founded on sound biological principles, and on using the 
information we have and will gain in the coming years around the world to refine 
regulation through the removal of unnecessary legislative burdens that address non-
existent or unimportant conjectural risks. 
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Institute, College Park, Maryland, United States ofAmerica. 

Introduction 

As biotechnology develops and advances, scientists will employ genetic engineer-
ing techniques to develop ever-increasing numbers and varieties of new animate 
and inanimate products. Most of these products will be tested and used on land, but 
some will be applied in the aqueous environment. Inevitably, two questions arise. 
Do genetically modified aquatic organisms pose special or unique problems to risk 
assessors and regulators? Do inanimate biotechnology products present special risks 
when applied in the sea? The answers to these questions are important not only for 
the sake of securing public and environmental health, but also because, if the an-
swers are affirmative, appropriate management procedures and regulations will have 
to be developed and instituted. 

The objective of this chapter is to answer these questions, that is, to try to 
determine whether genetically modified (hereafter transgenic) aquatic animals and 
plants or inanimate biotechnology products pose special risks to humans or the 
enviromnent. In order to make this determination, four issues have to be consid-
ered. First, what are the potential applications of transgenic aquatic macroorganisms 
or inanimate products obtained from transgenic organisms? Second, are there stand-
ards, guidelines, or procedures pertaining to the use or release of transgenic aquatic 
animals or plants and, if so, what are their content and reach? Third, have contain-
mentor other mitigating approaches been developed that aim to manage the use or 
release of transgenic aquatic animals or plants and, if so, how effective are they? 
Fourth, have risk assessment schemes pertaining to the use or release of transgenic 
aquatic macroorganisms or genetically engineered products been developed and, if 
so, how effective are they? 

The four sections that follow, accordingly, address each issue in turn. In the 
concluding section, the fmdings from the preceding sections are amalgamated in 
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order to determine whether biotechnology as applied to the aquatic environment 
poses, or is likely to pose, especially vexing safety problems to researchers, risk 
assessors and regulators. 

Possible Applications of Transgenic Aquatic Macroorganisms 
and Inanimate Products from Transgenic Organisms 

Aquatic biotechnology, which may be defined as "the application of scientific and 
engineering principles to the processing of materials by aquatic biological agents 
to provide goods and services", is one of the more rapidly developing and growing 
fields of general biotechnology (Zilinskas et al., 1995). As discussed in a World 
Bank study, this field has especially promising applications for coastal and island 
developing countries (Ziinskas & Lundin, 1993). Most applications of genetically 
modified aquatic animals and plants, at least in the short and medium term, will be 
in aquaculture. Inanimate products from transgenic organisms are likely to have a 
wider range of uses in the aquatic environment, in applications related to animal 
health, bioremediation and antifouling. 

Applications of Transgenic Aquatic Macroorganisms 

Many authors have written about the research, development, and possible applica-
tions of transgenic aquatic macroorganisms (Renn, 1986; Colwell, 1987; Chen & 
Powers, 1990; Powers etal., 1991; Chen et al., 1992; Devlin & Donaldson, 1992; 
Hallerman & Kapuscinski, 1992; Donaldson & Devlin, 1993). An analysis of the 
contents of this body of work indicates that transgenic aquatic macroorganisms 
may be developed to enhance six sets of properties. 

Metabolism - the genetic control over metabolic pathways may be modified 
to speed up maturation, attain larger adult growth, increase reproduction rates, lower 
the amount of fat in body tissues, and/or improve food utilization. For example, 
research in this area already has led to the development of transgenic carp and 
catfish containing growth hormone genes from trout, and these transgenic organ-
isms grow faster and larger than their wild relatives (Chen & Powers, 1990). 

Physiology - the physiological characteristics of organisms may be altered so 
that they are better able to tolerate colder or warmer water, saltier or less salty 
water, higher concentrations of metals or pollutants, and/or smaller concentrations 
of dissolved oxygen. An example of relevant research is the attempt in Canada to 
develop transgenic salmon containing genes from the Arctic flounder coding for an 
antifreeze protein which will enable it to grow in cold water of 10°C or less (Shears 
etal., 1991). 

Biochemistry - aquatic plant species may be engineered so that they overpro-
duce substances valuable as pharmaceuticals or speciality chemicals. For example, 
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several projects are under way to develop transgenic macroalgae that produce larger 
quantities of carrageenans than do wild species (Robinson, 1985), or to improve 
the yields of -camtene and other speciality chemicals from aquacultured micmalgae 
(Brown et al., 1989). 

Settling - the spat from most molluscan species require specific chemical sig-
nals before they will settle and grow on a surface (Morse, 1991). If the spat of 
species valuable to aquaculture could be engineered to settle where and when the 
aquaculturist desires, the efficiency of aquaculture operations would increase sig-
nificantly. 

Disease resistance - research can be aimed at increasing an organism's ability 
to resist infections by engineering its immune defence system to produce more or 
different cytokines, higher concentrations of antibodies against common bacterial, 
viral and fungal pathogens, and/or immune enhancers. These research goals as yet 
are theoretical because little is known about the immunology of aquatic vertebrates 
and invertebrates. 

Behavioural biology - since some species being raised in aquaculture have 
the destructive trait of eating their eggs and fry, research may be directed at chang-
ing behaviour by, for example, genetically altering the quantity or type of hor-
mones being secreted in aquacultured animals. Before applications can be envisaged 
in this area, basic research will have to clarify the biological basis of behaviour in 
fish and shellfish species. 

Applications of Products from Genetic Engineering in the Aqueous 
Environment 

Inanimate products obtained from genetically engineered organisms for applica-
tions in the terrestrial environment are used for many purposes, such as to improve 
health in humans and animals, remediate toxic pollutants, and enhance agriculture. 
Since the development of aquatic biotechnology lags behind "terrestrial" biotech-
nology by at least a decade, only three sets of applications from research in this 
field can be foreseen in the short term: aquatic animal health, bioremediation, and 
biotilnilbioadhesion. 

Animal Health 

Through biotechnology, unique vaccines may be developed against bacterial and 
viral diseases that commonly afflict aquatic organisms (Meyer, 1991). Vaccines 
will protect fish, shrimp, and other aquaculture organisms from diseases that now 
periodically decimate stocks, causing enormous economic damage in Asia and Latin 
America (Arthur & Sheriff, 1991). For example, research seeking to develop a 
vaccine that will protect salmon from infectious haematopoietic necrosis (IFIN) is 
quite advanced. Prototypes of three kinds of vaccines have been developed and 
tested in the laboratory (Powers, 1990). When injected, all three types protected 
fish against the IFIN virus. However, the first (a conventional type of killed vac- 
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cine) proved ineffective when administered in water. The second, a live attenuated 
type, was effective via water-borne inoculation, but questions regarding its safety 
have not been resolved. The third type, which is a recombinant vaccine, shows 
most promise in tenns of efficacy, safety, and price. It stems from research done by 
scientists at the Oregon State University in the United States of America, who have 
identified, characterized, and cloned several genes coding for proteins that elicit 
antibody formation in fish. High levels of some proteins have been expressed 
(Engleking & Leong, 1991). The candidate vaccine is now being scaled up, and 
approval is being sought from the United States Department of Agriculture (USDA) 
to test it in the field. 

Substances other than vaccines may have protective functions. For example, 
an extract from the shellfish Ecteinasciiiia turbinada protects eel from infection by 
the bacterium Aeromonas and in general enhances the immunological defences of 
blue crab, crayfish, and prawn (CoIwell, 1986). More actual, the Phillips Petro-
leum Company Norway claims that its product, called Macrogard, a glucan pro-
duced by yeast., improves the efficiency of vaccines and helps farmed fish to resist 
disease (Hoffman, 1990). 

Bioremediation 

Bioremediation is the use of microorganisms or their products to break down pol-
lutants and wastes in soil or water into harmless or less toxic end-products. Be-
cause bioremediation is relatively harmless to the environment, it holds significant 
advantages over conventional techniques, which usually rely on harsh physical or 
chemical treatment procedures to clean contaminated sites. As its techniques are 
perfected, bioremediation may become the preferred approach for cleaning pol-
luted harbours, waterways, and other structures, as well as for decontaminating 
estuaries, mangroves, and similar sensitive coastal communities (Holloway, 1991). 

Microorganisms are not covered in this chapter, so readers interested in micro-
bial bioremediation are referred to Chapter 9 on biotreatment operations by Morris 
Levin, as well as to a publication on bioremediation for marine oil spills by the 
United States Office of Technology Assessment (OTA, 1991). However, two types 
of inanimate microbial products may be used in bioremediation procedures - dis-
persants and surfactants. Dispersants act to separate oil spills into small particles of 
oil, which then are easily transported from the surface to the water column and the 
sea bottom. Dispersants enhance microbial bioremediation because dispersed oil is 
more susceptible than massed oil to attack by microorganisms. Surfactants reduce 
the surface tension of the oil-water interface, allowing the oil to emulsify in the 
water. Surfactants produced by bacteria generally are non-toxic and biodegradable. 
For instance, a biological surfactant produced by Pseudomonas aeruginosa, when 
tested in the Prince William Sound, was found to increase the rate of oil removal 
from sand and rocks on beaches (Harvey et al., 1990). Another biological sur-
factant, named Emulsan, has been isolated from the marine bacterium Acinetobacter 
calcoaceticus. It is widely used to clean oil-holding tanks in tankers and other 
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ships. Emulsan is also being tested in applications for enhanced oil recovery from 
oil wells and for pollution control (Weiner, 1985). 

Biofilm/Bioadhesion 

Whenever an object is immersed in natural water, aqueous microorganisms settle 
and secrete adhesive substances that allow them to adhere to it, forming a film. 
Soon, marine plants and invertebrates are attracted to the colonized surface, so they 
also settle, in the process creating a conspicuous crusL Organisms enmeshed in this 
crust produce acids, which corrode piers, derricks, and other structures. Encrusta-
tion also increases hull drag in ships, raising operating costs by 20-40 % (Costerton 
& Lappin-Scott, 1989). At present, paints containing heavy metals are used to coat 
exposed surfaces in order to repel organisms and prevent them from settling. How-
ever, these paints are toxic to workers and pollute seawater. 

Aquatic biotechnology research seeks to clarify the molecular basis of the set-
tling and adhesion process; findings may be used to develop clean methods for 
preventing the settling by marine organisms on ships and marine structures. For 
example, research could lead to the development of a non-toxic biological film that 
repels colonizers or interferes with settling. Conversely, the adhesives that encrust-
ing organisms secrete and use to attach themselves to surfaces are interesting to 
industry because they can be used as powerful glues that set underwater or in other 
wet sites (Strausberg & Link, 1990). Indeed, genes in mussels and clams that code 
for the production of adhesives have been cloned and expressed in industrial mi-
croorganisms. Such marine adhesives have already been used to bond underwater 
structures and to fasten immobilized microorganisms on media in glass columns. 
Marine adhesives are also undergoing testing for use in humans, to bond bones in 
orthopaedic surgery, and to implant teeth in dental procedures (Strausberg & Link, 
1990). 

Standards, Guidelines, or Procedures Pertaining to the Use or 
Release of Transgenic Aquatic Animals and Plants or 
Inanimate Products in the Aqueous Environment 

It can be said with certainty that as yet there are no standards, guidelines, or proce-
dures pertaining to the use or release of transgenic aquatic animals or plants into 
the aquatic environment. This is probably due to the fact that aquatic biotechnol-
ogy is at an early stage of development, with only a few of its products approaching 
the application stage. Therefore, there has been little reason for anyone to try to 
assess the risk of an activity that might take place at some indeterminate time in the 
future, and further, an activity that cannot as yet be fully defined. However, this 
situation will undoubtedly change in the next few years since, as mentioned above, 
products from genetically engineered organisms will soon be used in applications 
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that may affect lakes and oceans, and scientists will seek permission to test transgenic 
fish in the open aqueous environment. A sign of the future is that two species of 
transgeaic fish already are being tested in closed, open-air ponds. If these tests 
prove successful, it would seem that the next step is for their developers to strive 
for more realistic testing in the open aquatic environment. 

Since one cannot refer to standards, guidelines, or procedures specific to aquatic 
biotechnology or to biotechnology developments related to the aqueous environ-
ment, the history and experience of general biotechnology must be examined in 
order to identify the biosafety problems that such activities have generated and to 
consider regulatory measures that were taken to alleviate them. 

Advanced biotechnology research can engender two types of products - inani-
mate products and transgenic organisms. Each of these two categories poses un-
portant questions to regulators: Do inanimate products yielded by genetically 
engineered organisms present risks above and beyond those posed by convention-
ally obtained products to humans, other animals, or plants? Would the deliberate 
release of transgenic animals and plants into the aqueous environment create haz-
ards to existing life forms or to the environment itself? 

With respect to inanimate products from genetic engineering, two main les-
Sons have been learned by national regulatory agencies and international organiza-
tions since 1981, when the first genetically engineered product was presented for 
review. First, the process whereby a product is obtained does not present regulatory 
problems above or beyond those raised by conventional processes. In other words, 
whether a particular industrial fermentation process employs genetically engineered 
microorganisms or microorganisms developed through classical breeding and se-
lection techniques matters little; the same standards of good manufacturing and 
safety practice apply in both instances. Second, the testing of genetically engi-
neered products need not differ from that of conventionally obtained products; the 
same criteria of safety and efficacy apply equally to both. Thus, the regulatory 
situation is similar wherever in the world governments have promulgated or adopted 
regulations for inanimate products obtained through genetic engineering. No coun-
try, apparently, has enacted regulations aimed specifically at inanimate biotechnol-
ogy products. Further, biosafety regulations, schemes, or guidelines developed by 
international agencies, such as the institutions of the European Community, the 
Organisation for Economic Co-operation and Development (OECD), and the World 
Health Organization (WHO), treat inanimate products from advanced biotechnol-
ogy the way they treat products from conventional research and development 
(OECD, 1986). To illustrate the point, OECD has formulated biotechnology guide-
lines based on these criteria for its member nations (OECD, 1986, 1992). Simi-
larly, an inter-agency working group, established jointly by the Food and Agriculture 
Organization of the United Nations (FAO), the United Nations Environment Pro-
gramme (UNEP), the United Nations Industrial Development Organization 
(UNII)O), and WHO, has developed a set of guidelines that are intended to be used 
by governments of developing countries as models for local laws (UNII)O, 1992). 
However, to reiterate, no set of guidelines specifically addresses risks associated 
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with aquatic biotechnology or the application of inanimate products in the aquatic 
environment. 

The second issue, which concerns the deliberate release of living transgenic 
organisms, is currently receiving much attention from the scientific community 
and the public. The two major risks of deliberate release are that the introduced 
organism may harm directly the environment or any of its inhabitants, and that a 
gene or genes from the introduced organism's genome may disperse and become 
integrated in the genome of a non-target organism. These concerns, as well as risk 
assessment schemes, are described and discussed on pp. 158-166. 

Preventing or Controlling the Release of Transgenic Organisms 
into the Aqueous Environment 

Apparently, no government or international agency has developed containment or 
other mitigating approaches to prevent or control the release of transgenic plants or 
animals into the aqueous environment. This being the case, it is useful to see whether 
an analogous situation exists from which one might draw lessons pertinent to fu-
ture schemes relevant to transgenic aquatic plants or animals. 

The world's experience with managing the dispersals of exotic marine organ-
isms, i.e., aquatic animals or plants that have been transported from their normal 
habitat to a new environment, seems to suggest possible problems related to future 
introductions of another type of exotic organism: transgenic aquatic plants or ani-
mals. Therefore, information can be drawn from past instances in which aquatic 
organisms were introduced into new sites, and on the basis of this information one 
can identify risks that may be inherent to the future field testing of transgenic aquatic 
organisms, assess the likelihood of the risks being realized, and devise methods 
whereby risks may be lowered or eliminated. Accordingly, one must consider past 
natural and mediated dispersals and discuss what may be learned from them, and 
then review national and international attempts to prevent or control damaging in-
troductions. 

Dispersals of Aquatic Species 

The most usual mechanism whereby species disperse naturally is range expansion 
(Mann & Rosenfield, 1992). Because little scientific effort has been directed at 
clarifying this phenomenon, it is not well understood. Therefore, no predictions 
can be made about the range-expansion possibilities of an aquatic organism con-
sidered for introduction into a new site. The lack of scientific data regarding range 
expansion is certain to cause problems for investigators attempting to assess the 
risks associated with a proposed deliberate introduction of an aquatic species into a 
new locale. It probably would make little difference whether the organism in ques-
tion came from a foreign location or were genetically engineered, since the same 
uncertainties regarding range expansion would be present in both cases. 
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Mediated dispersals of aquatic species are the deliberate or accidental intro-
ductions, by human actions, of species into a habitat where they have never existed 
before. The accidental introductions of exotic species by human actions probably 
commenced when mankind took up sailing, with ships carrying organisms from 
one place to another in their ballasts (Aquatic Nuisance Species Task Force, 1992; 
Canton, 1992a), or encrusted on or bored into their wooden hulls (Peterson, 1992). 
The construction of inter-oceanic and inter-lake canals extended the range of ships, 
and also opened new migratory paths for organisms. Traders have shipped crusta-
ceans, fish, and molluscs to markets far away from the fishing grounds. Pathogens 
that afflict these fishery products have been carried along (Carlton, 1989). Owners 
of personal aquaria have discarded ornamental fish and other organisms by releas-
ing them into local waterways (Andrews, 1992). It is easy to see how aquatic spe-
cies numbering in the thousands have accidentally been transported across the globe 
in innumerable patterns since transoceanic trading commenced and, as a conse-
quence, how an unknown but significant percentage of them have been able to 
successfully colonize new sites. 

Besides being responsible for accidental introductions and transfers, traders 
have removed aquatic species from temtories where they were indigenous and 
transported them to new sites for some preconceived purpose. Such deliberate in-
troductions of exotic aquatic species, like the deliberate introductions of animals 
and plants on land, most often have been done to develop aquaculture and fisheries, 
but in some cases, the aim was to affect the environment (Welcomme, 1986; Stickney, 
1992). In the 1950s and 1960s, there were large-scale deliberate introductions of 
fish and shellfish throughout the Third World to improve or establish aquaculture, 
including the African Tilapia into Asia and Latin America, Indian major carps into 
Southeast Asia and Latin America, and the black tiger shrimp (Penaeus monodon) 
and the white shrimp (P orientalis) into many Asian and some Latin American 
countries. Examples of deliberate introductions for environmental aims include the 
introduction of the fish species Ganibusia affinis and L.ebistes reticulatus, which 
preferentially feed on mosquito larvae, into parts of the world where nndaria is 
endemic, and the introduction of the grass carp (Ctenopharvngodon idelle), which 
is used to control the over-growth of aquatic plants, into hundreds of canals and 
other waterways throughout the world's tropical and subtropical regions. 

In the late 1970s and early 1980s, large-scale introductions included striped 
bass (Morons saxatilis) into the United States west coast region, the Pacific oyster 
(Crassostrea gigas) into the United States of America and Canadian west coast 
regions and into France, the Pacific salmon (Oncorhync/zus species) into Atlantic 
waters, the pink salmon (0. gorbuscha) into the Arctic Sea coastal waters of the 
former Soviet Union, a shrimp species from Panama (P stylirostris) into Hawaii, 
and the Pacific seaweed (Undaria pinnatzjida) into France (Sindennann, 1986; 
Welcomme, 1986). More recently, in 1989, the macroalgal species Euc/zema 
spinosum was transported from the Philippines to Zanzibar, where it is now cul-
tured, harvested, dried, and exported to Europe, where polysaccharide is extracted 
for use as a food conditioner (Zilinskas & Lundin, 1993). 
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Many of the deliberate intnxluctions have benefited local populations and im-
proved the economies of recipient countries. However, like introduced species on 
land, some aquatic introduced species have caused damage ranging in severity from 
barely discernible to serious. For example, while G. affinis prefer to eat mosquito 
larvae, they will also devour eggs and fry of other fish. The grass carp transmits a 
cestode capable of causing disease in other species of fish. The Pacific seaweed 
Sargassum muticum, which was inadvertently introduced with C. gigas, eventually 
grew so dense along the English and French coasts of the English Channel that it 
started to interfere with transport and recreational activities. The widely introduced 
shrimp P vannamei carries a pathogen called infectious hypodermal and haemat-
opoietic necrosis virus, which has spread in aquaculture facilities throughout the 
Pacific rim counthes, decimating shrimp stocks. 

An extensive literature addresses the causes and effects of damaging disper-
sals. Some authors discuss and analyse problems pertaining to aquaculture gener -
ally (Carlton, 1992b; Courtenay & Williams, 1992; Davidson et al., 1992); others 
write about more specific problem areas, including those pertaining to aquatic plants 
(Neushul etal., 1992), molluscs (Farley, 1992), shellfish (Kern & Rosenfield, 1992; 
Lightner etal., 1992), and finfish (Ganzhom etal., 1992; Thorgaard & Allen, 1992). 
By analysing the effects of past mediated dispersals, whether accidental or incau-
tious deliberate introductions, six lessons may be derived (Zilinskas etal., 1995): 

An introduced animal may disrupt local fauna through competition or preda-
tion. In the worst case, the introduced exotic species may annihilate one or more 
wild species. 

The introduced species may damage or disrupt some aspect of the habitat into 
which it is introduced, thereby upsetting natural balances, which can lead to the 
degradation or destruction of the local environment. 

In some cases, a host stock introduced into a new locale will suffer genetic 
degradation. In other words, when an introduced species breeds with wild species 
inhabiting the new locale, some of the favourable genetic characteristics that it 
possesses may be lost or degraded. 

Conversely, wild species inhabiting the locale into which the exotic species 
has been introduced may undergo genetic degradation. For example, if the intro-
duced species were to breed with indigenous wild species, the adaptations for sur -
vival that the wild species have evolved may become diluted or may disappear in 
hybrid progeny. Even worse, important genes may be lost if the exotic species 
displaces or replaces the wild species. 

In addition to posing risks themselves, introduced species may carry or con-
tain exotic disease agents capable of infecting susceptible indigenous species. The 
newly introduced disease agent can cause damage that differs in both quantity and 
quality from that caused by the host organism. 

Once an introduced species has successfully colonized a locale, it may be-
come endemic and impossible to eliminate. 
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If a general lesson can be derived from the history of introductions of aquatic 
species, it would be that, while accidental introductions, such as that of the zebra 
mussel into North America, probably have caused more damage than deliberate 
introductions, the latter also have significantly harmed local and regional habitats, 
as the plight of the Mrican lakes demonstrates (Baskin, 1992). Further, our predic-
tive powers are not sufficiently sophisticated to predetermine whether or not the 
candidate species for introduction indeed will directly or indirectly cause damage 
to native species or the environment; nor is it possible to predetermine whether the 
cost of damages stemming from introductions will ultimately outweigh benefits. 
Therefore, a certain degree of risk will always accompany introductions. 

Controlling the Dispersal of Exotic Aquatic Organisms 

Due to the problems that dispersals of aquatic organisms have engendered through-
out the world, many governments have adopted and implemented control meas-
ures. At times, guidelines developed by intergovernmental and non-governmental 
organizations have formed the basis for national legislation. It is useful to review 
briefly national and international measures that seek to control the dispersal of 
aquatic organisms. 

National Measures to Control Introductions 

After having reviewed available information about introductions of exotic fish into 
Australia (McKay, 1984), Canada (Crossman, 1984), Mexico (Contreras-B & 
Escalante-C, 1984), New Zealand (McDowall, 1984), Oceania (Maciolek, 1984), 
Puerto Rico (Erdman, 1984) and the United States of America (Ziinskas et al., 
1995), it is possible to draw three general conclusions about their effects and the 
response of governments to damaging introductions. 

First, it is clear that every country and region has suffered some negative ef-
fects from deliberate or accidental introductions of exotic aquatic organisms. How-
ever, since some of the surveyed countries, such as Mexico, do not keep detailed 
records of introductions, and most states keep no such records, or record only rudi-
mentary data, the full impact of introductions throughout the world cannot be de-
termined. 

Second, when faced with the unequivocal fact of one or more damaging intro-
ductions, governments usually react by promulgating rules or laws that seek to 
prevent further damaging introductions. These laws or regulations tend to be of 
two kinds. In the first instance, laws are passed that focus on deliberate introduc-
tions, and some time later, additional laws are promulgated that seek to prevent 
accidental introductions. 

Third, national laws that seek to control and manage deliberate introductions 
list several criteria for rejecting a proposed introduction. Rejection criteria com-
mon to national laws include: 
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Whether the organism under consideration has a proven capacity for causing 
environmental damage by, for example, rapid reproduction, method of feeding, or 
having an unusual ability to survive or disperse at the new site. 

Whether the organism is exceptionally voracious or aggressive. Whether the 
organism is capable of inflicting harm to man or other animals by, for example, 
being able to inflict wounds with sharp teeth, venomous spines, or electric organs. 

Whether the organism is capable of canying or spreading infectious or para-
sitic agents that may harm indigenous populations. 

Attempts by governments to prevent accidental introductions are a more diffi-
cult endeavour. Usually, an accidental introduction with catastrophic consequences 
triggers legislative attempts to prevent recurrences. For example, in the United States 
of America, the disastrous accidental introduction of the zebra mussel prompted 
Congress to pass Public Law 101-646, also known as the Non-Indigenous Aquatic 
Nuisance Prevention and Control Act of 1990 (Zilinskas etal., 1995). Although the 
primary impetus for the passage of this law was congressional concern about the 
zebra mussel infestation of the Great Lakes, it provides a framework for a set of 
actions addressing accidental introductions generally. It has five objectives: (i) to 
prevent, for example, through ballast water management, the introduction and dis-
persal of exotic species into United States waters; (ii) to coordinate federally sup-
ported research and prevention activities regarding aquatic nuisance species, 
especially the zebra mussel; (iii) to institute control measures to prevent and con-
trol non-intentional introductions of exotic species through means other than bal-
last water; (iv) to mmiinize impacts when exotic species become established; and 
(v) to establish a national program to help states control zebra mussels (Kern & 
Rosenfield, 1992). It is probable that other countries have adopted similar legisla-
tion to prevent accidental introductions. 

International Measures 

On the international level, several sets of codes and rules dealing with dispersal 
have been promulgated (Canton, 1992c; Jacob, 1994). The seminal event was the 
adoption of the Revised Code of Practice to Reduce Risks for Adverse Effects 
Arising from Introductions and Transfers of Marine Species, a code designed by 
the International Council for the Exploration of the Sea (ICES) in 1973 (and re-
vised in 1979). Other codes of practice, position statements, and conventions on 
the subject have been issued by the American Fisheries Society (1973), the UN 
Conference on the Law of the Sea (1982), the Council of Europe (1984), FAO's 
European Inland Fisheries Advisory Commission (1984), and the International Union 
for Conservation of Nature and Natural Resources (1987). The overriding objec-
tive of these codes and statements is to dirret concerted international actions to 
avert future accidental introductions and to prevent adverse effects from deliberate 
introductions. None of the codes mentioned here are binding on states, however. 
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Risk Assessment Schemes Related to the Use or Release of 
Transgenic Animals or Plants into the Aquatic Environment 

No risk assessment schemes have been developed as yet to determine specific risks 
pertaining to a proposed use or release of transgenic animals or plants into the 
aquatic environmeni This being the case, the next two sections examine risk as-
sessment schemes used in the two fields that constitute marine biotechnology (gen-
eral biotechnology and marine biology), and then, a third section suggests how 
they might be amalgamated to encompass transgenic aquatic macroorganisms. 

Risk Assessment Schemes Used in Biotechnology Applications 

The United States National Research Council (NRC) has scrutinized the issues 
related to the field testing of genetically engineered microbes or plants in terrestrial 
situations and concluded that there are three essential criteria for evaluating the 
risks associated with a proposed release (NRC, 1989): 

Is there sufficient knowledge about the properties of the organism and the 
environment into which it may be introduced? 

Can the organism be confmed or controlled effectively? 
What are the probable effects on the environment, should the introduced or-

ganism or a genetic trait it carries persist longer than intended or spread to non-
target organisms? 

OECD, which already began to consider the biotechnology safety issue in 1983 
(Teso, 1992), published its guidelines for the field testing of genetically manipu-
lated organisms in 1992 (OECD, 1992). Its scheme is substantially the same as that 
of the NRC, including the three essential criteria for evaluating risks. However, for 
the purpose of evaluating the safety of testing aquatic organisms in the field, it is 
useful to review specific measures developed by OECD related to evaluating the 
field testing of plants. Although these measures pertain to the terrestrial environ-
ment, it is likely that similar measures will be developed when schemes for future 
field tests in the aquatic environment will be formulated. The specific measures 
refer to the biology of the organism and to the site where the proposed test is to take 
place (OECD, 1992). 

Biology of the Organism 

When evaluating possible risks associated with the field testing of a plant species, 
certain characteristics of that species must be considered, as follows: 

1. The reproductive potential and biology of the plant, such as its flowers, polli-
nation requirements, and seed characteristics, and the history of the plant's control-
led reproduction in an environment similar to the test site. 
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The mode of action, persistence, and degradation of any newly acquired toxic 
property. 

The characteristics of the biological vector used to transfer DNA to the plant. 
The possible interactions with other species and biological systems. 

Test Site 

Certain characteristics of the proposed field testing site need to be taken into ac-
count for the safety evaluation, as follows: 

Significant ecological and environmental considerations related to the site that 
might bear on the sale carrying out of the field test, such as the water runoff pattern, 
water table, wind patterns, and other meteorological and geophysical phenomena 
peculiar to the test site. 

The size of the site, including a possible safety zone. 
The site's geographic location as related to the nearby or distant presence of 

biota that could be affected by the organism being tested. 

Specific methods for safely managing the field testing of genetically engineered 
organisms are in a state of flux. Referring to the experience of the United States of 
America in this area, proposals for testing genetically engineered organisms in the 
field are dealt with on a case-by-case basis by the USDA, specifically by its Animal 
and Plant Health Inspection Service (APHIS). 

The first step inherent to any proposal considered by the USDA is the drafting 
of a thorough environmental-impact statement. The statement addresses health and 
safety concerns by considering both direct and indirect effects stemming from the 
proposed release. It must provide convincing evidence for a conclusion that the 
proposed release would probably not significantly alter or harm any aspect of the 
environment or its biota. If the USDA assesses the project as having a negligible 
impact on the environment, this finding is widely publicized before a final decision 
is made in order to give the public and its representatives the opportunity to scruti-
nize the environmental impact statement and to comment on it. The agency takes 
these comments, as well as statements made by other interested parties, into ac-
count before it makes its decision. USDA and the United States Environmental 
Protection Agency have given imal approval to over 900 field trials of genetically 
engineered organisms, most of them plants. No negative effects have so far been 
observed, indicating that the United States scheme seems to be working, at least in 
the short term (Miller et al., 1991). 

Referring to the NRC and OECD criteria, the field testing of transgenic terres-
trial animals is hardly mentioned. This is because they usually are easy to contain, 
and, even if set free or accidentally released, the transgenic animal undergoing 
testing is not likely to disperse easily or cause damage. However, one cannot be so 
complacent about the prospective field testing of aquatic animals. There are two 
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reasons for concern when dealing with aquatic organisms. First, an important re-
productive characteristic of most aquatic animals is that they release thousands to 
millions of fertile eggs or spawn into the water that surrounds them. Second, water 
is a very good carrying medium, being gentle to living organisms and proteinaceous 
genetic material. Also, most water is not still; rivers flow into lakes and oceans, and 
ocean water is moved around by eddies, currents and wind. Thus, the barriers that 
researchers use to contain terresthal animals cannot be used or duplicated to con-
tain aquatic animals; instead, new containment systems must be designed and de-
ployed. 

Although several different species of aquatic macroorganisms have been trans-
formed, only two of them are undergoing open-air testing: transgenic carp and 
catfish. The technical aspects of these tests are as follows. 

The carp being tested is a scaleless variant of the common carp (Cyprinus carpio), 
called mirror carp, which has been genetically modified by the insertion of two 
types of foreign genetic material - a gene coding for a trout growth-hormone 
gene and a so-called Rous sarcoma virus promoter, which is a genetic marker. 
The transgenic carp was developed by a team including scientists from the 
Centre of Marine Biotechnology, Maryland, Stanford University, California, 
and Auburn University, Alabama (Chen & Powers, 1990; Chen etal., 1992). In 
1990, the team submitted a proposal to the United States Department of Agri-
culture (USDA), requesting permission to raise 50000 fry that had been spawned 
from nine transgenic carp in ten outdoor pools. The team proposed that after 
three months the number of fry be reduced to 300 per pond; these were to be 
marked for identification and studied for the next 15 months. The fish were 
then to be destroyed before reaching sexual maturity. The ponds stocking the 
fish were to be well protected by fences, nets and filters, and there was to be no 
direct connection between the ponds and the existing waterways. Further, if a 
natural event such as a hurricane were to threaten the integrity of the testing 
site, the fish being tested could have been killed by toxic chemicals on very 
short notice. 

After performing an environmental assessment of the proposed project (USDA, 
1990) and presenting its findings at a series of public hearings, and after hav-
ing received comments and critique from interested members of the public and 
from public interest groups, the USDA decided on a "Finding of No Signifi-
cant hnpact", that is, it determined that the... "experiment with transgenic carp 
presents no significant risks to the environment (Anonymous, 1990)". It gave 
approval for the experiment to proceed, beginning in the spring of 1991. Ac-
tual testing of the transgenic carp began in June 1991. A few months later, a 
similar open-air test protocol was proposed for a newly developed transgenic 
catfish, which had an inserted growth-hormone gene from rainbow trout (Anony-
mous, 1991). This proposal was approved by the USDAin early 1992 (Anony-
mous, 1992). 
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For the purpose of this chapter, it is useful to compare the testing conditions 
for the transgenic carp and catfish to the three criteria formulated by the NRC (and 
defacto sanctioned by OECD). First, in scientific terms, the carp and catfish have 
been extensively studied, so they are well characterized. The insertion of a trout 
growth-hormone gene will not change either fish's physical properties, except the 
one bearing on growth. Whether the alien gene would change their behaviour pat-
terns is, of course, a question that can be answered through testing. Since the test-
ing is being carried out in a closed, artificial system, the environment into which 
the transgenic fish is introduced is known. For these reasons, the first criterion is 
largely satisfied. Second, unless a deliberate, criminal attempt is made to release 
the fish, the conditions under which the testing of the transgenic carp and catfish is 
taking place preclude the possibility of escape. Thus, certainly, the second criterion 
is also met: the organism being tested is confmed and controlled effectively. The 
third criterion is not applicable since the test conditions preclude persistence or 
spread. 

Clearly, the open-air testing of the transgenic carp and catfish is so circum-
scribed and controlled that it resembles more closed-system testing than true field 
testing in the aquatic environment. Nevertheless, since scientists are entering a new 
realm of testing (the aqueous environment), and the test subjects themselves are 
unique, the approach that has been taken is a prudent one. If these tests go well, and 
there is no reason at this time to believe otherwise, the requirements for future 
open-air testing can be eased. Such a progression of relaxation occurred in the 
development of field testing in the terrestrial environment; it probably will be re-
peated in the aqueous environment. 

Risk Assessment Schemes for Proposed Introductions of Aquatic Species 

Due to the uneven implementation of the ICES code, Dr Carl Sindermann has de-
veloped several strategies for dealing with future proposals for introductions 
(Sindermann, 1986, 1992). The first of these strategies deals with the unsatisfac-
tory state of international management measures related to controlling introduc-
tions of naturally occurring aqueous animals and plants. Here, UN agencies and 
non-governmental organizations should take the lead in educating the public, policy-
makers, and national regulatory agency personnel about the damage that the im-
portation of a non-indigenous species can do to native stocks and the local 
environment. Once national authorities have become sensitized to the problems 
that might accompany or result from introductions, they would be in a good posi-
tion to recognize that it is in the best economic interest of a country to have a strong 
regulatory regime in place in order to prevent unauthorized introductions and to 
delineate the conditions under which authorized introductions may proceed. 

The strategy most relevant to this chapter emphasizes regional approaches to 
controlling the transfer of organisms, where the governments involved ensure uni-
formity and continuity. Whatever approach is adopted by a government, it should 
be implemented according to the general operating principles set forth in the ICES 



162 	 R.A. Zilinskas 

code. These principles are based on the assumption that risks from introductions 
are never zero. This being so, national regulatory regimes should be designed so as 
to minimize risks from proposed introductions. Risk reduction includes, inter alia, 
a thorough study, in its natural habitat, of the organism proposed for introduction, 
assessing the possibility of developing native stocks as an alternative to introduc-
ing a new stock, stressing the introduction of non-migratory species over migratory 
species, and establishing a mechanism for the continuous monitoring of the intro-
duced stock. It is particularly important that the scientific implications of a pro-
posed introduction be analysed before the event through a review of ecological 
considerations, such as competition and predation; genetic considerations, includ-
ing the potential for hybridization and change in gene frequency; behavioural con-
siderations, including interactions between the introduced and native species; and 
pathological considerations, including the possibility that the introduced species 
will carry along with it new infectious diseases (Sindermann, 1986, 1992). 

A more detailed and comprehensive protocol than that proposed by Sindeimann 
for guiding the evaluation process for proposed exotic fish introductions has been 
developed by Kohler and Stanley (1984). Their approach is tiered, with five levels 
of review, each requiring progressively more information (see Fig. 8.1). The evalu-
ation process is carried out by an "Exotic Fish Protocol Committee", which is set 
up to deal with a specific proposal of introduction. 

The first review level is to determine the feasibility of the proposed introduc-
tion. Will the introduced species respond to some need not being met by indig-
enous species? Will the stock be sufficiently available to meet future needs? Will 
removal of members of the introduced species endanger it? Is escape likely from 
the testing site? If any of these criteria cannot be met, the proposed introduction 
should probably be disapproved. 

The second review level deals with the introduced organism's ability to accli-
matize itself to the new habitat (i.e., form a self-sustaining population), should it 
escape. If the proposed organism's acclimatization potential is high, it might be 
better to forego introducing it. 

The third review level consists of a benefit-cost analysis. If it is likely that the 
organism proposed for introduction will cause unacceptable damage to the envi-
ronment or present hazards to humans, it should not be introduced. 

The fourth review level consists of researching the scientific literature and 
databases according to the format used for a FAO Species Synopsis. In addition, 
research should generate complete information on the environmental impacts of 
past introductions of a similar nature. 

The fifth review level allows the Exotic Fish Protocol Committee to request 
that additional research be carried out, for example, to resolve remaining questions 
or clarify potential problems. Depending on what research is required, and on the 
findings of the additional research, the five-level evaluation process may have to be 
repeated. 
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Elements of a Future Risk Assessment Scheme for the Field Testing of 
Genetically Engineered Fish 

After a transgenic aqueous animal or plant is developed in the laboratory, its testing 
should begin in a contained, open-air facility like the ones used in Alabama to test 
transgenic carp and catfish. Such tests are likely to generate many data on the growth 
patterns of the transgenic species, its behaviour, and so forth, but since they are 
being carried out in closed systems, they cannot be considered more than proto-
types of the future field testing in the open aquatic environment. Nevertheless, they 
do allow testing to proceed safely, while providing researchers with the opportu-
nity to become familiar with testing procedures, permitting regulators to assess the 
risks pertaining to aqueous macroorganisms and enabling them to formulate guide-
lines or rules for testing based on these assessments. However, because such test-
ing is elaborate and expensive, it is hardly an undertaking to be taken on lightly. 
Also, it should be recognized that the number of research units in the world that 
could carry out such a test is rather small. 

No one so far has proposed to test genetically modified organisms in the open 
aquatic environment Here, the tester, and the regulator, would face special prob-
lems, not encountered in closed-system testing, even if it is carried out in open-air 
facilities. Similar to field tests in the atmosphere (Stetzenbach et aL, 1992), tests 
performed in the open aquatic environment may not insure the biological isolation 
of the organisms being tested. Biological isolation cannot be guaranteed for two 
major reasons: first, due to the reproductive characteristics of marine 
macroorganisms, which often involve the emission of large numbers of eggs or fry 
into the aquatic environment, and, second, because of the three characteristics of 
the aquatic environment - the continuity of the aqueous space, the perpetual motion 
of water and particles suspended in it, and the potential existence of unfamiliar 
biological modes of gene dispersion (Zilinskas & Lundin, 1993). Further, the ma-
jor lesson drawn from past introductions of exotic organisms is that, if and when 
members of the aquatic species being tested escape, neither the probability of their 
survival nor their subsequent dispersal via natural mechanisms can be predeter-
mined; in other words, the consequences of escapes are incalculable. In view of 
these difficulties and uncertainties, the evaluation process for a future open-field 
test of aquatic macroorganisms must be designed with extreme care. 

Such an evaluation process could be an adaptation of the one developed by 
Kohler and Stanley and described above. Thus, a five-tier protocol would be fol-
lowed, with guidance provided by an ad hoc test committee set up by the research 
institute's biosafety committee. 

Thus, the first review level would determine the feasibility of the proposed 
introduction, including the scientific feasibility of the testing, the possible value of 
the transgenic species to science or to industry (or both), and the likelihood of test 
subjects escaping from the test site. 

The second review level would deal with the transgenic organism's ability to 
acclimatize itself to the new habitat, should it escape. If the transgenic organism's 
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acclimatization potential is deemed to be high, it should not be tested in the field 
unless it is first sterilized (see below). 

The third review level would consist of assessing the risk of the testing. The 
risk assessment would seek to find Out if it is likely that the lransgenic organism 
proposed for testing will cause unacceptable damage to the environment or present 
hazards to humans. The risk assessment scheme that would be followed could very 
well be adapted from those developed by the NRC and/or OECD for use in field 
tests in the terrestrial environment, as described and discussed above. 

(A factor that is not taken into account in the NRC/OECD risk assessment 
schemes is the reproductive potential of aquatic animals. As discussed above, the 
emission of large numbers of eggs by aquatic organisms and the ability of moving 
water to disperse the eggs over a wide area create a situation unlike that found on 
land. It would seem, then, that the best means by which risks related to the field 
testing of transgenic fish and shellfish can be reduced is to sterilize all test subjects 
slated for outgrowth in culture. Fish, for example, may be sterilized by two meth-
ods. First, certain hormones can be administered to fish embryos that render them 
sterile. Researchers do not favour this method since it cannot achieve 100% sterili-
zation, and hormonal residues may contaminate food fish. Second, fish eggs can be 
treated so the progeny are triploid [each fish carries three sets of chromosomes 
rather than two].  Triploids are sterile. For added safety, triploid induction can be 
combined with further treatment that produces an all-female progeny. Triploid fe-
males are 100% non-fertile. However, non-sterile broodstock would have to be 
maintained in secure containment facilities apart from the test site [Kapuscinski, 
1990].) 

The fourth review level would consist of researching the scientific literature 
and databases according to the format used for an FAO Species Synopsis in order 
to generate complete information on the impacts of past introductions of a similar 
nature. Even though little or no information might be found pertaining to the 
trausgenic organism itself, it should be remembered that this transgenic organism 
is genetically nearly identical to its wild relative, since only one gene (and its operon) 
has been added or changed. Thus, the consequences of introducing, say, a transgenic 
carp into a test site would most probably be about the same as those of past intro-
ductions of its wild relatives into new sites. 

The fifth review level probably would consist of the test committee requesting 
additional research to be carried out, for example, in order to clarify site character-
istics or the reproductive potential of the test subject. We can hypothesize that more 
infonnation would be required to define the ecoregion containing the test site, clarify 
sub-regions of the ecoregion, delineate reference sites to be used for comparison 
purposes, and so forth. Depending on what this research finds, the five-level evalu-
ation process might be repeated. 
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Conclusions 

Does aquatic biotechnology or, more specifically, do inanimate products and aquatic 
organisms obtained through genetic engineering pose special or unique problems 
to risk assessors and regulators? From the descriptions, discussions, and analyses 
presented in the foregoing sections, it appears that the answer is both no and yes. 

Natural inanimate products, whether of terrestrial or aquatic origin, are char-
acterized in the same manner. For example, carbamates, lactones, and terpenes will 
have certain general characteristics in common whether they were isolated from a 
sponge or a terrestrial plant, although their structures may vaiy widely. Undoubt-
edly, as more organisms from extreme environments are collected, screened, and 
investigated, exceptional compounds, showing antibiotic, antiviral, antitumour, and 
other properties, will be found. However, if the experience of general biotechnol-
ogy is a guide, no matter how unique the structure of an aquatic natural product, it 
will not create a novel situation, or uncommon hazard, demanding a new risk as-
sessment scheme or regulatory regime. For example, if a unique marine toxin is 
discovered, its physiological action is not likely to differ markedly from that of a 
known toxin; nor is its toxicity likely to be significantly greater than that of known 
toxins. Therefore, testing done according to established procedures would eluci-
date the chemical structure of the new compound, explain its mode of action, and 
eventually assess its effectiveness and safety. 

Similar to natural inanimate products, a cell-culture system using genetically 
modified microorganisms and developed through aquatic biotechnology techniques 
will not create an unusual situation demanding extraordinary control measures or 
regulations. For example, the development of a recombinant vaccine against a vi-
rus-caused fish disease would most probably be done using procedures similar to 
those used to develop vaccines for other animals; the field testing of the fish vac-
cine would most likely follow established animal vaccine testing procedures; and 
the whole developmental and testing process would be monitored adequately by 
existing national regulatory authorities. Consequently, current protocols for testing 
products yielded by conventional or advanced biotechmques are appropriate for 
use in the testing of aquatic biotechnology products. For these reasons, inanimate 
products of biotechnology employed in the aqueous environment do not present 
special or unique problems to risk assessors or regulators. 

It would seem that, if anyone attempted to take advantage of the superior char-
acteristics of a transgenic fish species by intensively culturing it in cages or pens 
emplaced in a pond, lake, river or brackish-water estuary, the possibility of some 
transgenic fish escaping would be high. The consequences of such an escape can-
not be calculated, but could range from non-discernible or minimal to severely 
damaging to existing wildlife. If past experience of terrestrial field testing of or -
ganisms is a guide, no ill effects would be likely to result as long as the test subject 
has been minimally altered genetically by having a single alien gene inserted in its 
genome. 
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Today, the possible field testing of aquatic transgenic organisms resembles the 
situation that existed about ten years ago, when field tests involving terrestrial plants 
were inuninent. However, one can argue that, in contrast to this earlier period, 
scientists now can access the experience of past field tests to draw lessons for fu-
ture aquatic field testing. In addition, better methods for assessing risks have been 
developed, and sophisticated techniques for detecting and tracking genetic mate-
rial are available. Today's scientists are thus better prepared in several ways than 
were yesteryear's researchers. First, they should be able to adopt risk assessment 
methodologies that have proven their worth in the terrestrial environmeni Sugges-
tions of how this may be done are presented above. Second, they should be better 
prepared to draft comprehensive environmental impact statements prior to testing, 
employing the newly adapted risk assessment methodologies. Third, these risk as-
sessment schemes should prove adequate for designing safe test protocols and in-
stituting efficient mechanisms for monitoring test events and the long-term effects 
of tests. 

Having stated that today scientists are probably better prepared to consider 
undertaking field tests of transgenic aquatic organisms, it is still quite difficult to 
evaluate and determine the possible effects of field testing transgenic aquatic ani-
mals, plants, and microorganisms. Furthermore, as noted above, current risk as-
sessment schemes either do not relate well to the aquatic environment or are 
inappropriate. Even the schemes employed to assess the risks related to the deliber-
ate or accidental introduction of exotic aquatic animals or plants, which have a 
long history, are still being developed and perfected. In view of these shortcom-
ings, it can be stated that no existing regulations or laws are adequate for managing 
the field testing of transgenic aquatic animals or plants. The conclusion is unavoid-
able - the present regulatory situation does not favour the testing of a transgenic 
aquatic macroorganism in the open environment. Due to the many uncertainties 
that would accompany such a field testing, regulatory agencies should defer mak-
ing such decisions until research in biological oceanography, microbial ecology, 
and environmental toxicology have clarified in detail the mechanisms of dispersal 
of organisms and genes in the aquatic environment, and a satisfactory risk assess-
ment methodology for the field testing of aquatic transgenic organisms has been 
developed. 

Note 

1. Terms relevant to dispersal used in this chapter are in accord with the defmitions elabo-
rated by the International Council for the Exploration of the Sea (ICES) (Mann & Rosenfield, 
1992). Accordingly, an introduced species is one that has intentionally or accidentally been 
transported and released into an environment outside its present range. A transferred species 
is any species that by intent or accident has been transported and released within its present 
range. Species may be introduced or transferred through natural actions or in the course of 
human activities. 
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Introduction 

The effects of pollution on our environment and ourselves are becoming increas-
ingly evident in statistics describing changes in ecological and health indicators. 
These effects are manifested by their negative impact on tree stands in forests around 
the world, on water and air purity, on other specific indicators of ecological bal-
ance, and by their impact on human health. Some of these problems are associated 
with the production of goods used in our daily lives. Wastes generated by manufac-
turers of automobiles, petroleum products, industrial chemicals, pesticides, plas-
tics, paper, etc., have been and are still being placed in dump sites around the world. 
Many of these effects are the result of emissions from industhal facilities, urban 
populations (automobiles, beating), and agricultural sources (pesticides, fertiliz-
ers). These pollutants have diverse impacts, ranging from the well-known (global 
warming, depletion of the ozone layer) to the not so well-known (ground-water 
depletion and spoilage) (Council on Environmental Quality, 1979). Many of the 
wastes are directly toxic to humans and hazardous to the environment. 

Most of the waste is disposed of in landfills, stored in containers, or simply 
dumped on the ground. This practice has been going on for decades, resulting in 
the existence of many filled sites containing unidentifiable wastes. There are ap-
proximately 14 000 industrial sites in the United States of America, and about 265 
million tons of hazardous waste are produced annually. Table 9.1 lists the com-
mon types of wastes found in typical waste dumps in the United States of America. 
The volume and type of waste material varies greatly, as does its toxicity. More 
than 6000 sites have been cleaned up since 1982. In the Netherlands, the costs of 
soil-rehabilitation efforts are estimated by the European Community to reach $10 
billion by the year 2000 and $30 billion over the following decade (Ports. 1991). 
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Table 9.1. Sample of waste types at a Superfund NPL a  site 

Material Quantity 
(gallons) 

Oyster shells with copper 6 000 
Oil and water 58 150 
Paint 2457 904 
Perchloroethylene 800 
Paint/Formaldehyde 4250 
Paint thinner/stripper 90 025 
Paint and plastic sludge 251 885 
Polychlorinated biphenyls 14 000 
Paint sludge and epoxy 9 740(yd 3 ) 

Pesticide-affected fabric 500(lbs) 
Perchlorethylene, oil and alcohol 18 400 
Pesticides 7 582 
Phenolic resins 89 360 
Phenol-formic acid and methylene 900 
Phosphoric acid solution 2 940 
Phosphorus 350(lbs) 
Potassium cyanide and candy 168(lbs) 
Poisoned cookies (arsenic) 2(boxes) 

S  USEPA National Priority List she, to be remedlaled with EPA Superfund monies. 
Source: Supertund Innovative Technology Program, USEPA; EPA/540/5-911004 (1991). 

The solution to the problem is not clear. Choices must be made concerning the 
methodologies for site clean-up, and it has to be decided which sites are to be 
treated first and by what means. The available techniques are physical (such as 
incineration, immobilization), chemical (such as neutralization), or biological (use 
of natural or engineered microbes), each of them having specific advantages and 
disadvantages regarding, among other things, costs, safety issues, and the time 
needed to complete the task. 

The use of microbes to degrade waste is not new. Man has been using microbes 
to treat sewage wastes for centuries, and the process is still being improved upon 
(Mckinney, 1962; Nicholas, 1987; Sterritt & Lester, 1988). With the advent of bio-
technology, biological techniques are being re-examined and improved, and ge-
netic engineering techniques allow the alteration of microbes that can degrade 
noxious materials more rapidly. 

It must be kept in mind that it is not sufficient to develop technical solutions 
that can be demonstrated in the laboratory. Regulatory issues, safety considera- 
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tions, business and market issues, and social and political considerations - all play 
major roles in the application of technically possible solutions. 

This chapter will describe the development and use of microbes to degrade 
hazardous waste, and will review briefly procedures for degrading common wastes. 
Potential health and ecological problems associated with commercial-scale appli-
cations will be identified, and mitigation and control methods discussed. 

Biodegradation 

J3iodegradation is the process of mineralization of organic material by microbes. 
This environmental process has been known for centuries. Organic matter is cycled 
from organic to mineral material through the action of microbes (Marx, 1989). 
Organic compounds are reduced to CO2  and 1120  via aerobic or anaerobic metabo-
lism. In the anaerobic process, CH4  is produced. In the carbon cycle, atmospheric 
carbon dioxide is incorporated into organic compounds by photosynthetic organ-
isms. In the sulphur cycle, bacteria process inert sulphur and organic sulphur-con-
taining compounds. In both cases, many tons of material are changed every year as 
a result of microbial action. For example, it has been estimated that 6000 tons of 
sulphur pass through the cycle annually. 

Over the millennia that microbes, plants and mammals have coexisted, the 
microbial capability to degrade (decompose) organic matter has evolved in parallel 
to the ability of plants and animals to produce different types of organic matter. 
Nevertheless, the first synthesized oianochloride compound, ethyl chloride, was 
prepared in 1940, while large-scale synthesis of chlorinated organic compounds at 
commercial levels has been made possible only during the past few decades. This 
short time frame has not permitted the development of microbial systems capable 
of coping easily and rapidly with the onslaught of xenobiotic chemicals (Hutzinger 
& Verkamp, 1981; Rochkind et al., 1986). Many xenobiotic chemicals are resistant 
to microbial attack and/or are toxic to the microbes, hampering man's attempts to 
harness this resource. Nevertheless, microbes that can degrade many xenobiotic 
compounds with different degrees of ease and at different rates (Table 9.2) have 
been isolated from locations contaminated with various xenobiotic chemicals. The 
environmental isolates vary greatly in their ability to degrade congeners of chlorin-
ated aromatic compounds. Some can degrade more than one compound and at dif-
ferent rates. Abramowicz (1989) demonstrated similar results in soils contaminated 
with polychlorinated biphenyl (PCB) compounds. Twenty-six isolates capable of 
degrading a wide variety of PCB congeners were found. He proposed combining 
their genetic capabilities to produce a single more useful microbe. 

Some compounds are mineralized by a mix of organisms. This fact leads to the 
use of a mix (consortium) of natural isolates that has the capability of degrading a 
number of target compounds. In some cases, the identification of the microbes in 
the consortium has been accomplished, but in many cases, the consortium used 
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Table 9.2. Nutrftional versatility of strains when selected hydrocarbons are 
present as the sole carbon and energy source 

Pseudo- Pseudo- 6a 	Dja 	PB 
monas monas 
putida 	oleo- 

vorans 

Toluene + + +-t-. - + 
2-Chlorotoluene ++ .+-+ -i-i-s. i-i- + 
3-Chiorotoluene +++ +4+ ++++ +++ 
3,4-Dichiorotoluene +++ -s--s-s. -i-i-s-s. i-s-+ -i-s-s. 
2,6-Dichlorotoluene ++ -s-i- -s-s-s. ++ + 
Xylenes + + .5-s. + + 
Benzoate +-s-s.-i- -i--s.-s.+ -i-s-s-s. +-t--s-+ -s-s-i-i- 
3-Chlorobenzoate - - .s-s- - - 
4-Chlorobertzoate + + +++ + + 
2,4-Dichlorobenzoate -s--I- + -i-s-s. + 
3,4-Dichlorobenzoate -i--s-s-+ .s-s-s-+ +4-5--s. -s.++ 
2,4-Dichloro - ++ .4-I- 

phenoxyacetic acid 
2,4-Dichlorophenol + + ++ + - 
2,4,5-Trichloro- ++ ++ 4-5-5-4 -i-i-s. -s-i+ 
phenoxyacetic acid 

Environmental Isolate of unspecified genus and species. 
Source: Adapted from Pleie (1982). 

contains an unknown number of unidentified microbes. A consortium of microbes 
may be involved in the sense that specific microbes may be needed to act over the 
range of specific components of the waste mixture, or in the sense that a combina-
tion of microbes may be needed for a particular compound (Table 9.3). Some mi-
crobes are active only as members of specific pairs. In this process (co-metabolism), 
the compound being degraded serves as an energy or carbon source (Atlas & Bartha, 
1987). The work of Pfaender & Alexander (1972) and that of Sakazawa and col-
leagues (1981) illustrate the fact that whei co-metabolism is involved, the species 
designation of the organism(s) involved is often not known, although in most cases 
the genus is specified. When consortia of microbes are involved, the end products 
of metabolism are identified, but the micmorganisms are often not specified (Nielson 
et al., 1987; Fliermans etaL, 1988). It has been suggested that whatever man can 
make, nature can degrade (Sterritt & Lester, 1988). 

Microbes are sensitive to environmental conditions. In general, acidity orailca-
linity in the neutral range and temperatures close to normal body temperature are 
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optimal. However, some microbes are active at extreme temperatures (psychrophilic 
and themiophilic bacteria), and these characteristics are being exploited in specific 
waste-treatment situations. It has been estimated that the efficiencies of psychrophilic 
bacteria are 60-70% of those of the mesophiles (Bioremediation Report, 1991). It 
must be kept in mind that microbial metabolism is susceptible to shifts in environ-
mental conditions, that a buildup of intermediate metabolic products may occur, 
and that some of these products may be more toxic than the original material. Tet-
rachloroethylene (a known animal carcinogen) can lead, through degradation, to 
the accumulation of vinyl chloride (a known hwnan carcinogen) under conditions 
of anaerobic degradation (Barrio-Lage et aL, 1986). McCall and colleagues (1981) 
reported that during the degradation of 2,4,5-trichiorophenoxyacetic acid, in addi-
tion to CO2 , concentrations of 2,4,5-trichlorophenol and 2,4,5-trichioroanisole were 
found in the soil. 

Research is being conducted in many laboratories with the aim of enhancing 
the degradative ability of natural microbes (Rojo etal., 1988), while other researchers 
are attempting to create altered microbes with enhanced degradative scope and 
rates. Rojo ha lemonstrated the integration of enzymes from five different cata-
bolic pathways of three different, distinct soil bacteria into one strain. Attention is 
also focusing on isolates that can survive and flourish after being released at a 
waste site (Neidle etal., 1987; Dwyer et al., 1988). Some researchers are attempt-
ing to understand better the enviromnental parameters that control the metabolic 
rates and genetic composition of microbial flora in Situ (Olson & Goldstein, 1988) 
with the objective of manipulating environmental parameters to enhance selected 
degradative characteristics of the natural flora. The United States National Science 
Foundation conducted a workshop to discuss the feasibility of field applications of 
environmental biotechnology (Sayler et al., 1988). Although no large-scale field 
applications of engineered microbes have been conducted, tests with mutated iso-
lates have been made, and other tests are planned for engineered strains 
(Bioremediation Report, 1991). 

Attempts to exploit more fully the degradative ability of microbes on a com-
mercial scale take several forms. The oldest and most direct is the enhancement of 
sewage treatment by a modification of the treatment process (Hall & Melcer, 1983). 
Mizrahi (1989) reviewed the various treatment methods and the modifications in 
biogas digestors, the anaerobic digestion technology, and the managerial aspects 
that lead to a more efficient operation of sewage plants. All of the sewage-treat-
ment methods involve three components: the physical manipulation of the environ-
ment, the chemical augmentation of the microbial nutrient mixture, and the 
augmentation of the microbial population (by adding natural organisms, by engi-
neering a microbe with superior performance characteristics, or by stimulating the 
growth of indigenous microbes by adding appropriate nutrients). The development 
of biotreaunent began with the development of methods of accelerating the rate of 
degradation of sewage and generating effluents less harmful to human health and 
the environment. Early treatment of sewage consisted of sprinkling it on large ar-
eas of land (an area of about 0.4 ha was required for each 100 persons). Studies at 
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the Lawrence Experimental Station in Massachusetts in 1889 led to the use of gravel 
as a percolating filter. This work was followed by the development of anaerobic 
digestion and then aerobic digestion of sewage at Davyhulme, Manchester (United 
Kingdom). Aerobic digestion, which is simply adding air to the digestion mixture, 
when combined with the use of an inoculant from previous digestions, shortened 
the digestion period from five weeks to twenty-four hours (Stemtt & Lester, 1988). 
This is perhaps the earliest example of using naturally adapted microbes to en-
hance the degradation of waste material. 

Many different procedures have been developed to permit and enhance contact 
between microbes and the target pollutant. Table 9.4 describes some of the most 
common procedures and the safety issues associated with each. Clearly, the use of 
immobilized microbes or fixed-film bioreactors will result in minimizing the re-
lease of microbes into the environment, thus minimizing the possibility of adverse 
environmental or health effects. In addition, any type of reactor can be combined 
with appropriate systems for disinfecting the effluent to assure containment of the 
microbes involved in the process. Soil-treatment systems and applications involv-
ing subsurface reclamation or land farming will lead to an extensive dispersal of 
microbes. In these situations, emphasis must be placed on assuring that the 
microbe(s) are innocuous. 

In general, experience has shown that no single component is ideal for all sites 
and that some combination is essential to obtain optimal degradation. In addition, 
at some polluted sites, some form of physical or chemical pre- or post-treatment 
may be necessary. 

In the United States of America, over 100 companies are actively engaged 
in applying scale-up procedures for biodegradation techniques to clean up waste 
sites. Most are also involved in research that seeks to improve the biodegrada-
tion process without the use of engineered organisms. Major firms, such as 
Dow Chemical and General Electric, are involved in developing and imple-
menting methods for the biotreatment of wastes. A number of companies have 
formed an association and produced a compendium describing successful instances 
of biotreatment on a commercial scale (Applied Biolreatment Association, 1989). 
Microbes have been employed successfully to clean up some of the Alaskan coast-
line after the Exxon Valdez spill (Crawford, 1990) as well as at other locations in 
the United States of America and in Europe (Stone, 1984; Bluestone, 1986; Sav-
age, 1987; Keeler, 1991). They have also been used to control odours from treat-
ment plants (Grubbs & Molnaa, 1987). To date, only non-engineered isolates have 
been used as inocula. In many cases, such as the Exxon Valdez spill, treatment 
consists of adding nutrient material to enhance the growth of indigenous microbes. 
The use of engineered microbes offers the possibility of faster degradation of a 
broader range of compounds. However, the engineered organism may not persist as 
well in environmental situations (Lenski, 1991) and may not survive long enough 
to accomplish the objective. In addition, there is public resistance and hence govern-
mental reluctance to use engineered microbes in environmental applications. When 
these considerations are balanced against the availability of naturally occurring mi- 
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crobes, alone or in consortia, capable of mineralizing most target compounds, the 
basis for a commercial emphasis on the use of naturally occurnng micmbes is clear. 

Procedures Involved in On-Site Biodegradation 

It is now generally accepted that the application of biotrealment must include a 
thorough hydrological and physical analysis of the site involved, as well as labora-
tory and field studies to determine the appropriate strategy and the possible need 
for some form of physical or chemical pre- or post-treatment. The physical aspects 
of the site must be determined from the perspective of the effect on the metabolism 
of the microbes to be added or nurtured. The native microflora must be examined 
for degradative capability and for nutrient requirements. Finally, the degradative 
process must be successfully demonstrated in the laboratory, and it must also be 
shown to be effective on a large scale (Wick & Pierce, 1990). This holds whether 
the treatment is to be in Situ, in which case the material to be treated is not moved 
from its location and is treated by altering the moisture content, nutrients, or micro-
bial flora at the site and under natural conditions, or whether the treatment is to take 
the form of transferring the material to reactors in which exposure to microbes 
under controlled conditions will occur. If the treatment is to be conducted in Situ, 
the monitoring procedures, including the selection of the compounds to be moni-
tored, the sampling times and locations, and the duration of the monitoring period 
must be established before the project begins. Cost and regulatory considerations 
must also be taken into account at this stage. 

Site Examination 

A complete survey leading to a thorough understanding of the waste site is essen-
tial for the success of the project. This includes a characterization of both waste 
and site. The type of waste material will govern the choice of microbes and the 
need for physical or chemical treatment. The type of soil and hydrology involved at 
the specific site will govern both the schedule for addition and the need for nutri-
ents and moisture. One to two years can be required for site evaluation. Keystone 
Environmental Resources spent two years studying the soil beneath and immedi-
ately adjacent to a contaminated area (Campbell et al., 1989). During this time, the 
physical aspects, such as site hydrology, soil type, subsurface conditions, and cli-
mate characteristics, were defined, while at the same time laboratory studies to 
determine the characteristics of the microbial flora and the impact of the pollutants 
on the flora were carried out. 

Results of feasibility trials showed that the microbes present at the site could 
degrade the contaminating material if appropriate nutrients and moisture were sup-
plied. The Keystone project involved the addition of nutrients (nitrogen, phosphorus, 
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minerals) as well as nitrate as an alternate electron acceptor. Typically, to degrade 
approximately 1000 gallons of hydrocarbon material, 10 000 lbs of oxygen and 
875 lbs of ammonia nitrogen would be required. Approximately 7000 lbs of bacte-
ria are produced in the process. 

A sampling procedure was developed to provide monitoring of both the suc-
cess of the treatment and the level of nutrient available. In this procedure, the chlo-
ride content was monitored as an indication of mineralization, and direct pollutant 
measurements were made at three upstream and three downstream wells. After 12 
weeks of treatment, approximately 90% of the contaminant had been removed. In 
other field applications, a 98-99% reduction in the levels of carbon tetrachloride, 
chlorobenzene, ethyl benzene, toluene, 1,1,1-trichioroethylene and xylene was 
achieved. 

Identification of the microbes involved is not commonly attempted at the spe-
cies level. The degradation process often involves a consortium of microbes, in-
cluding strains in the genera Nocardia, Pseudomonas, Acinetobacter, and 
Flavobacterium. Biodegradation is often the result of the metabolic activity of a 
group or consortium of microbes. One company reports that as many as thirty-two 
different microbes were involved in degrading a specific gasoline spill (Bluestone, 
1986). In general, the more complex the mixture, the more complex the consortium 
of microbes (Bluestone, 1986; Olson & Goldstein, 1988). Research seeking abet-
ter understanding of the relationship between the genetic capability of the entire 
microbial population at a given site and the phenotypic expression of biodegrada-
tion (Olson & Goldstein, 1988) is ongoing. The intent is to develop methods to 
identify and augment, in Situ, the specific genes that contribute to the degradation 
of specific compounds, rather than provide enough nuthents to result in general 
microbial growth. This would require a much deeper understanding of the factors 
controlling gene expression and multiplication under environmental conditions, 
but could lead to a less expensive and more rapid degradation of wastes, with less 
potential for adverse environmental effects. For more recalcitrant wastes, modified 
organisms may be developed, or otherwise the use of some form of bioreactor 
would be required. 

To date, no engineered organisms have been used in in Situ situations involving 
release into the environment, because of regulatory considerations. Modified nu-
crobes have been used in bioreactors. Bioreactors provide containment of the mi-
crobes, and thus their use permits avoiding some of the environmental issues. In 
addition, they provide control over the physical conditions of the biodegradation 
process. The temperature, time of contact with the microbes, nutrient levels, and 
concentration of the material to be degraded can be optimized. The use of Sequencing 
Batch Reactors (SBRs) to treat leachate is described by Irvine eal. (1982) and by 
Wick & Pierce (1990). The efforts of Irvine's group focused on a leachate from a 
contaminated industrial site. Initially, the leachate was placed in storage tanks in 
contact with "non-sterile raw waste feed" from a wastewater plant for up to 19 days 
prior to being filtered through granular activated carbon (GAC) columns. Modified 
organisms were added to the reactors. 
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Table 9.5. Parameters and compounds monitored 

For regulatory compliance a 	 For monitoring the process 

pH 
Benzene 
Hexachlorocyclobutadiene 
Hexachiorocyclopentadiene 
Monochlorobenzene 
Monochlorobenzotrifluoride 
Monochlorotoluene 
Phenol 
Tetrachlorobenzenes 
Tetrachioroethylene 
Total organic carbon 
Trichlorobenzenes 
Trichioroethylene 
2,3,5-Trichlorophenol 

pH 
Benzoate 
Biological oxygen demand 
Chlorendic acid 
o-, rn-and p-Chlorobenzoic acids 
Oxygen consumption rate 
Phenol 
Suspended solids 
Total organic halide 

Must meet compliance levels set by USEPA. 
Source: Adapted from Levin & Goal! (1993). 

Ultimately, a neutralization step coupled with the augmentation of the micro-
bial population by the addition of pure cultures isolated from the indigenous popu-
lation was instituted (Wick & Pierce, 1990). A unique strain of Pseudomonasputida 
that was adapted to the SBR environment and possessed degradative abilities not 
found in the original strains was isolated, cultivated, and added to the existing mi-
crobial mix in the SBRs. The SBRs were operated as closed systems. All volatile 
organic material was trapped on GAC and recycled through the SBRs. 

Table 9.5 lists the parameters monitored to permit evaluation of the efficacy of 
the process and to assure regulatory compliance. Intensive monitoring requires a 
careful selection of locations and times, and an equally careful handling of sample 
material. The analytical methods used to estimate the concentrations of compounds 
under regulatory control must be acceptable to the regulatory agency, and appro-
priate quality-assurance procedures are required. This is an essential and expensive 
part of any biotreatment project. 

The SBRs were operated on a 24 hour cycle. The annual treatment volume was 
in excess of 10 cubic metres. The reduction of monitored compounds varied greatly. 
Chlorobenzoic acid (ortho- and meta-) was not detectable (sensitivity of measui-
ment 3.5 mg/I) with starting levels of 763 and 219 mg/I, respectively. Total organic 
halide levels were reduced from 1062 to 319 mg/I (70%). The SBR process had the 
greatest effect on total organic carbon and phenol, achieving a reduction of more 
than 99% from starting levels of 10 575 and 1553 mg/I, respectively. The SBR- 
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treated leachate still required GAC treatment to meet discharge standards. How-
ever, because of the biotreatment, the amount of carbon needed was dramatically 
reduced. The replacement of carbon filters shifted from a daily procedure to ap-
proximately three times per year. The cost reduction was calculated at approxi-
mately US $30 per cubic metre of water treated. 

Other types of batch reactors include the use of microbes and/or enzymes at-
tached to a support material. In this procedure, the reactor serves as a packed col-
umn through which the liquid to be treated is passed. Figure 9.1 illustrates such a 
system, in this case developed by Biotrol Inc., and used in the Superfund Innova-
tive Technology Evaluation programme of the United States Environmental Pro-
tection Agency (USEPA SITE, 1988; Ellis & Stinson, 1991). The units can be 
operated aerobically or anaerobically and permit control of the temperature, reten-
tion time, conditioning of the waste liquid (pH, nutrient adjustment), and monitor-
ing of the influent and effluent. The microbial population can be altered to permit 
degradation to treat a broad spectrum of contaminants. Biotrol has also developed 
a soil-scrubbing procedure to release bound material to the liquid phase, thus per-
mitting treaiment in the bioreactor. 

Many variations of a few basic procedures of biotreatment of contaminated 
soil and water have been developed and reported on. These include the use of pro-
prietary equipment, cultures, and nutrient formulations. Table 9.4 describes the 
basic procedures that have been applied commercially to treat liquids and soils 
under contained, controlled conditions and in situ. These can be divided into two 
basic types: bioreactors that involve some type of liquid/microbe interaction, and 
soil treatments in which the contaminating material is treated while still adsorbed 
onto particles. The bioreactors generally involve soil washing, in which desorption 
of the target compounds is accomplished by treatment with solvents or a specific, 
often proprietary, washing solution. The liquid is then treated by exposure to mi-
crobes in digestion tanks (SBRs), or in aqueous treatment systems or fixed-film 
bioreactors, where the microorganisms are attached to some form of support and 
the liquid is passed through. Soil-slurry systems and land farming involve in situ 
mixing of soil, nutrients, and moisture in various proportions to achieve maximum 
contact between the microbe and the target compounds. 

Methods to maximize contact between microbes and the material to be treated 
include solubilizing the material and increasing the exposure area by using any of 
a variety of physical media providing attachment surfaces. The use of enzymes in 
"immobilized" systems has also been proposed. The contaminated liquid would be 
pumped through a column containing an immobilized enzyme that would catalyse 
one step in the biodegradation process. The cost and efficacy of this approach have 
not yet been established. 

Soil systems, such as that used in the Keystone project, rely on nutrient and 
moisture addition, with constant tilling to provide contact between the microbes 
and the material to be digested. Environmental parameters (pH, temperature) are 
manipulated to maximize the reaction rates and the end products obtained. Exist- 
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Table 9.6. Comparison of treatment methods 

Type of treatment 	Cost per cubic 	Time 	Major problems 
yard 	 (months) 

(US$) 

Incineration 	 250-800 

Fixation 	 90-125 

Landfill 	 150-250 

Biotreatment 	40-100 

	

6-9 	Emissions; 
high energy 
consumption 

	

6-9 	Decomposition; 
leaching 

	

6-9 	Seepage; 
long-term 
containment 

	

18-60 	Metabolic 
by-products; time 
factor; release of 
microbes 

Source: Adapted from Levin & Gealt (1993). 

ing microbial populations are augmented by adding cultures of microbes grown in 
the laboratory (either as taken from the site, or after selection for specific degradative 
characteristics). 

Treatment rates vary greatly depending on the type of material, the physical 
characteristics of the site, the goal of the operation in terms of acceptable final 
concentrations of pollutants, and the scale selected for the operation. Reported rates 
range from 60 000 gallons of leachate per week to 1.7 tons of soil per month. One 
bioreactor is being used to treat daily 700-1000 lbs of cyanide residue from a steel-
coking operation (McConnick, 1985). 

The report on the proceedings of the Hazardous Materials Control Research 
Institute symposium on biotreatment (1989) and the USEPA SITE report (1988) 
contain detailed descriptions of specific techniques. Most of the techniques dem-
onstrated significant removal of pollutants. Generally, 80-98% of the compound(s) 
being monitored was removed. Although in some cases complete removal is not 
achieved, the volume of material requiring treatment is significantly reduced, pro-
viding large cost and time savings. 
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Cost 

Cost figures can be found in a number of sources (Rishel etal., 1984; McCormick, 
1985; Bluestone, 1986; Savage, 1987; Wick & Pierce, 1990). However, a compari-
son of costs between various modes of remediation is difficult because one must 
take into consideration more than the direct estimation of actual expenses. Each 
process has advantages and disadvantages, and costs vary greatly. The type of ma-
terial and site characteristics are major factors. Table 9.6 compares the cost per 
cubic yard, the time required for a large project, and a few of the major problems 
involved. Biotreatment is the least costly if one considers only immediate cost. It 
requires the least energy and can result in mineralization of the waste material into 
innocuous products. However, biotrealment takes longer and does not necessarily 
result in clean-up to the levels required by national or local regulations. This fact 
may lead to the need for additional treatment and additional cost. But biotreatment 
does result in significant reductions in the volume of the waste, thus cutting the 
cost of follow-up treatments. 

Health and Environmental Hazards 

Under ideal conditions, all biodegradation attempts would result in the mineraliza-
tion of the target compounds. Aerobic processes would yield carbon dioxide and 
water, and anaerobic processes would yield methane and inorganic ions. As indi-
cated above, biodegradation is not a new process. However, the use of engineered 
microbes to enhance the process and a more widespread use of biological methods 
for the treatment of wastes have raised some risk-assessment issues not previously 
considered and have placed greater emphasis on existing issues. 

Assessing the risks associated with environmental applications of engineered 
and natural microbes has been the subject of active research over the past decade. 
There is general agreement that the estimation of risk involves the identification 
and quantification of the hazards involved, and a coupling of that information with 
the exposure factor. Numerous authors and organizations have suggested proce-
dures and protocols for evaluating the risks associated with the environmental ap-
plication of engineered or natural microorganisms (OTA, 1985; Tiedje etal., 1989; 
NRC, 1989; Levin & Strauss, 1991; Ginzbw, 1991). There have been debates 
over the issues involved in risk assessment (Sharples, 1987; Davis, 1987). Methods 
to monitor and control the microbes have been developed and reviewed in general 
(OECD, 1986; Levin et al., 1987, 1992; Biotechnology Action Programme, 1990), 
and specifically (Katz & Marquis, 1991; Sharples, 1991; Vidaver & Stotzky, 1992; 
Vandenbergh, 1992; Lindow et al., 1992). 

There is general agreement that the methods of waste degradation involving 
biotechnology will result in a more complete mineralization of the target material 
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at less cost in terms of energy utilization. However, three types of problems are 
recognized when considering the environmental application of microbes for waste 
treatment 

Generic problems associated with the use of microbes (engineered or natural 
isolates); 

Problems associated with the microbial process of waste degradation; 
Specific problems associated with uncontained techniques used to enhance 

the rate of microbial degradation. 

There is also general agreement as to the need to assess the risks associated 
with the environmental application of engineered or exotic (i.e., non-indigenous) 
microbes. 

Generic Problems Associated with Using Microbes to Degrade 
Wastes 

The environmental application of chemical products is well accepted, and methods 
to assure safety have been developed and proven over the past decades. Many of 
the concerns regarding the environmental application of microbes are similar, and 
initial attempts to deal with health and safety issues have been based on method-
ologies developed to assess the risks associated with the use of chemicals in envi-
ronmental situations. Milewski (1985) defined the problems associated with the 
field-testing of engineered microorganisms, and presented a list of points to con-
sider in evaluating a proposed field application. These included: 

Genetic considerations. Identification of the parental organism, the host or-
ganism, and the genetic material to be transferred, as well as information describ-
ing the construction of the modified organism, the means of transfer, and the stability 
and expression of the introduced material. 

Environmental considerations. Information about the organism to be modi-
fied, including habitat, general distribution, survival, reproduction, and dispersal 
characteristics; a discussion of biological interactions to indicate host range, inter-
actions with other organisms, possible impact on biological cycling processes, and 
the likelihood of exchange of genetic information with other organisms in nature. 

Field-test information. Description of the proposed test (objectives, signifi-
cance, and justification) and of any relevant laboratory data regarding survival, 
replication, and dissemination of the modified organism; a description of the con-
ditions of the field test, including numbers of organisms, location, specific target 
organisms that would be affected, and methods to contain and monitor the trial. 
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These points have been re-emphasized over the years (USGAO, 1988; Sharples, 
1991), and they answer five main questions: 

Will the organism survive? 
Will it multiply? 
Will it spread to other sites? 
Will it be harmful? 
Will it transfer genes to other non-target organisms? 

The National Academy of Sciences (NAS, 1987) summarized the problem by 
stating that the "assessment of the risks of introducing engineered organisms into 
the environment should be based on the nature of the organism and the environ-
ment into which it is introduced". Subsequently, the issues of decontamination and 
mitigation have been raised (Vandenbergh, 1992). 

Although most of the early emphasis was on agricultural applications, these 
generic safety issues apply equally to the introduction of microbes (engineered or 
natural) for waste-treatment purposes. Since risk is a function of hazard and expo-
sure, the answers to the above questions provide a basis for assessing the risks 
involved in using a microbe in a particular environmental situation. 

Problems Associated with Microbial Degradation of Waste 

Health Issues 

Two distinct health issues are involved when assessing risks associated with 
biotreatment. These are: (i) possible effects on workers; and (ii) possible public-
health effects. These are related in terms of cause (incomplete mineralization and 
microbial growth), but are distinct in tenns of means to control or avoid. These 
effects may be the result of exposure to compounds produced as a result of the 
treatment process, or to microbes used or augmented as a result of deliberate al-
terations of the environmental characteristics of the site. 

Physical treatment methods will result in the transfer of material from one 
medium to another (for example, water to soil, or water to air). Microbial biodegra-
dation will, in theory, result in complete mineralization. However, degradation may 
not be complete, and intermediate products of microbial metabolism may accumu-
late (i.e., biotransformation vs. biodegradation). These biotransformation products 
may be less, more, or as toxic as the initial material. They may be less, more, or as 
mobile as the initial material. And they may be less, more, or as persistent as the 
initial material. Differences in mobility and/or persistence will lead to changes in 
exposure levels, that could result in adverse effects. Longer exposure to higher 
levels of a less toxic material could result in an unanticipated expression of toxic- 
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ity. As indicated before, partial degradation of polyvinyl chloride can result in the 
accumulation of vinyl chloride, a known human carcinogen. Other examples in-
clude the conversion of amines into N-nitrosamines in the presence of nitrites or 
nitrogen oxides (Ayanba & Alexander, 1974; Greene etal., 1981) and the accumu-
lation of chlorobenzoate as a result of the partial biodegradation of PCB congeners 
(Sayler etal., 1988). 

If partial degradation (biotransformation) occurs, additional risk assessment 
issues are raised. One must ascertain the toxicity, mobility, and persistence of the 
accumulated metabolite. These will detennine the potential for adverse effects on 
the environment, non-target organisms and humans. The extent and path of partial 
degradation will determine the type and quantity of compounds present. Many tests 
are available to determine the harmful effects of specific compounds on biological 
tissue (Loomis, 1978; Paustenbach, 1989). 

However, the prediction of the specific metabolite and its concentration may 
not be possible. Environmental factors (pH, temperature, moisture content) and the 
presence of indigenous microbes may greatly affect the extent of degradation. Tests 
for individual compounds do not provide information on possible synergistic ef-
fects of mixtures of chemicals, although tests are available that attempt to measure 
the toxicity of complex mixtures of chemicals (Irvin & Akgerman, 1987; Irvin, 
1989). 

It can be assumed that the specific microbes selected (or engineered) for use in 
degrading the waste material will have been shown to be innocuous relative to 
human and other non-target animals or insects. However, as indicated above, 
biotreatment involves the addition of nutrients to support the metabolic activity of 
the desired microbes. This will not create concern in the case of closed systems; 
however, in non-contained systems, the growth of other microbes normally present 
may occur, including those pathogenic to humans or other non-target animals or 
insects. The exposure of workers or populations to these microbes would result in 
adverse effects. 

Health issues related to incomplete mineralization would result from the expo-
sure of populations via contaminated water or air. If it is demonstrated that ground-
water contamination is possible, water safety can be assured by the use of test wells 
that permit the monitoring of effluent from the site. Similarly, discharge water can 
be monitored. It must be stressed that monitoring is necessary only if the metabolic 
intermediates are known to be hazardous, and an incomplete digestion is likely. 
Airborne contamination, wherein microbes are dispersed generally by dust pailicles, can be 
dealt with as described below (under Pmblems Associated With Non-Enclosed Systems). 

Environmental Issues 

There has been much public concern and speculation about the possibility of ad-
verse environmental effects generated by runaway engineered organisms in envi-
ronmental applications. The possibility of effects on non-target organisms, on 
biological cycles, and on human health has been discussed. To date, after almost 
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700 field tests of engineered microbes or plants, there is no record of such prob-
lems. In one instance (Short et al., 1991), researchers evaluating the efficacy of 
Pseudomonas strains that had been engineered to degrade 2,4-dichiorophenoxyacetate 
found that 2,4-dichiorophenol (a toxic intermediate metabolite) accumulated in the 
soil. The accumulation of 2,4-dichlorophenol resulted in a loss of 90% of the fun-
gal population in the soil. 

The possibility of an adverse effect requires that environmental applications be 
reviewed for safety considerations. Cavalieri (1991) has proposed that microcosms 
be used to predict the environmental consequences of the application of engineered 
microorganisms. Microcosms can provide information about persistence, survival, 
and specific effects of the modified microbe in question relative to the unmodified 
host. While the information from microcosms may not be entirely representative of 
results under field conditions, it will provide a basis for deciding whether or how 
field-testing should proceed. Similarly, based on microcosm data, the process could 
be modified, safety precautions instituted, provisions for confinement or mitiga-
tion devised, and effective monitoring protocols designed. 

Problems Associated with Non-Enclosed Systems 

There is considerable variation in the methods for biotreatment due to the variable 
nature of the material to be Ireated, the physical characteristics of the site, as well 
as due to climate and regulatory considerations. Clearly, the more control the op-
erator has over the bioremediation system, the greater the likelihood of a success-
ful outcome, and the less the likelihood of adverse effects. The batch reactor provides 
the most control, followed by the various types of holding tanks or semi-enclosed 
bioreactors. Finally, natural or modified ecosystems provide the least control. Batch 
reactors are closed systems, and the microbes can be thought of as contained and 
not free to enter the environment. At the same time, the physical/chemical environ-
ment can be controlled to assure complete mineralization. Holding tanks and semi-
enclosed reactors provide limited control. These vary from small to large, open 
(fenced to restrict entry) or covered lagoon-type enclosures, to greenhouse-type 
structures covering mounds of contaminated soil. 

These semi-enclosed systems may employ an augmentation process in which 
additional microbes are intnxluced, or a treatment by which nutrients are added in 
order to enhance the growth of indigenous microbes. Very often, nutrients and mi-
crobes are added simultaneously. Most microbes are not identifiable in natural situ-
ations. Also, 5% of the microbes in a soil sample cannot be cultured in laboratory 
situations, generally due to the lack of an appropriate medium, and are considered 
to be in a viable, non-culturable state. With the addition of nutrients in 
uncharacterized field situations, bacteria, fungi, and protozoa will multiply. Many 
of these will have their associated viruses. Some of these microbes could be hu-
man, animal, or plant pathogens responding to the added nutrients and altered growth 
conditions. 
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These microbes may cause infection or allergic reactions (especially among 
workers on the site), or may produce toxins. Perhaps the best example of a normal 
soil bacterium that can cause infection is Clostridium tetani, which infects through 
a puncture wound. Other bacteria, such as Bacillus subtilis, are known to produce 
allergic reactions in workers. According to Emmons (1962), "the fungi that cause 
systemic mycoses are normal and more or less permanent members of the soil". In 
addition, exposure to fungi results in allergic reactions, and some fungi produce 
toxins. 

The use of enclosed systems (i.e., covering the lagoon or reactor with canvas 
or plastic) is encouraged as a means of minimizing the dispersal of microbes. While 
enclosing the site will minimize exposure in the case of the general public, within 
the closed system, workers may be exposed to high concentrations of microbes via 
dust particles or spray. Moistening the surface of the soil being treated at sites will 
reduce the amount of dust in the air. In some cases, face masks may be advisable. 

Containment and Mitigation 

Total eradication of unwanted microorganisms is rare, but reduction to acceptable 
levels (i.e., below the level of unacceptable economic or health impact) is possible. 
Absolute containment of microorganisms is not possible and, based on experience 
with both beneficial and detrimental microorganisms, not essential (Vidaver & 
Stotzky, 1992). Vidaver and Stotzky propose the use of the more realistic term 
"confmement" in place of containment. Confinement does not imply that the mi-
crobe will not spread beyond the point of application, but rather that it can be 
effectively managed, the adverse effects being minimized. Most microorganisms 
are confmed biologically by their individual requirements for nutrients and mois-
ture, and by their sensitivity to environmental conditions (i.e., their ecological niche). 

Additional strategies involve the use of debilitated organisms or the construc-
tion and use of safe cloning vectors with limited ability to transfer or survive out-
side the original host, and the use of replicons sensitive to temperature or other 
environmental factors (Cuskey, 1992). The use of debilitated microbes is not prac-
tical in environmental applications. However, several conditionally lethal systems 
for the control of released bacteria have been designed and tested. These include a 
temperature-sensitive system (where DNA repair does not occur at cold tempera-
tures), a conditionally lethal construct wherein the organism has an inducible meta-
bolic pathway which can be activated only by the presence of an innocuous chemical 
not normally present in the environment of the microbe, and which includes a "sui-
cide" gene that interferes with a key metabolic feature essential for the survival of 
the cell. The gene is controlled by the presence (induced) or absence (derepressed) 
of the waste in question. If the waste concentration falls below a critical level, the 
gene is activated. Alternatively, the gene is always active, and a second gene pro-
vides protection. The activity of the second gene is controlled by the concentration 
of the waste being treated. 
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Table 9.7. Time frames and methods for controlling or eliminating unwanted 
effects of free-living microorganisms associated with plants and animals 

Microorganism l mmediatea 	 Shorttermb 	Long te rmc 
association 

Free-living 	Fumigation 
Flooding 
Chemicalsd 

Plants 
	

Burning (eradication) 
Quarantine 
Tillage 
Chemicals 
Irrigation/flooding 
Insect vector control 
Machinery sanitation 
Runoff water control 
Solarization 

Fumigation 
Flooding 
Chemicals 
Erosion control 
Soil amendments 

Quarantine 
Chemicals 
Crop rotation 
Cultivar rotation 
Irrigation/flooding 
Heat treatment 
Soil solarizaton 
Erosion control 

Fumigation 
Flooding 
Erosion control 
Soil amendments 

Crop rotation 
Cultivar rotation 
Soil amendments 
Weed control 
Erosion control 

Animals Incineration 
Quarantine 
Slaughter 
Bird, rodent, insect 
control 

Runoff water control 
(insects) 

Physical security 

Quarantine 
Antibiotics, drugs 
Bird, rodent, 
insect control 

Physical security 

Antibiotics, drugs 
Bird, rodent, 
insect control 

Physical security 

a Hours to several days to achieve eflectiveness. 
b Up to three years to achieve effectiveness. 

Longer than three years. 
d Choice and availability of chemical for target microorganisms dictale feasibility and 

approach. 
Source: Adapted from Vidaver & Stotzky (1992). 

Decontamination (or mitigation) of the environment of niicrobcs has been stud-
ied and is discussed by Vidaver & Stotzky (1992). It is important to keep in mind 
that each situation is different, and that procedures for decontamination will differ. 
A case-by-case approach is essential. The type of organism, the physical envi-
ronment, the nature of the modification, and the season must all be consid-
ered. Knowledge about the organism, whether it is a wild type or has been 
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modified, is critical to designing a decontamination protocol. Table 9.7 lists 
methods of decontaminating soils, plants and animals, if they are contaminated 
with a hazardous microbe, and provides an indication of the time required to achieve 
effectiveness. Plants and animals are presented because of the possibility of con-
tamination during a field application. Thus, in the event of contamination of ani-
mals (straying onto the site), incineration, quarantine, or slaughter could be employed 
immediately to minimize the spread of the microorganism. Birds, rodents, and run-
off water must be considered as alternate sources of microbial dispersal. Plants that 
are growing on the site may be contaminated with the microbe. If the microbe is 
considered a hazard, the plants should be immediately destroyed (burning, tillage) 
or quarantined (if a future use is being considered). Long-term solutions are pre-
sented for use in the event the project has a long life span, and the problem is 
recurrent. The issue of physical security, especially with animals, cannot be over-
emphasized. Strong, tall fences will eliminate the presence of most unwanted mam-
mals and will insure against trespassers. 

Details of soil sterilization to decrease the bacterial levels at the site are given 
in Table 9.8. Specific soil fumigants in common use in the United States of America 
are identified. As can be seen, most have general effectiveness. All are toxic to 
plants and animals and must be used with care. Use of a fumigant will significantly 
lower the population densities of all microorganisms present in the soil. But sterili-
zation is not achieved, and over time, the remnants of the microbial flora will re-
produce, and densities will increase. The new population may be similar to the 
previous one in terms of types and relative numbers of individual types, or it may 
differ radically, depending on which portion of the population survived the fuiniga-
tion and at what level. There is a possibility that the introduced microbe could be 
the dominant type. For this reason, it is recommended that the treated site be re-
inoculated with uncontaminated soil from the surrounding area. This will most 
likely result in the replacement of the original indigenous microbial flora and will 
significantly decrease the probability that the introduced microbe would flourish. 

Lamptey et al. (1992) discuss methods of decontamination specifically ori-
ented toward small- or large-scale field trials with Bacillus, which are generally 
more refractive. They suggest that if the problem area is small enough, the upper 
layer of soil (including plants and associated fauna) could be dug up and sterilized. 
They propose the use of steam (121 °C for 15 mm) or irradiation using a 6000 

source (3000 krad/h for 3 h or 3 had/h for 96 h). For larger sites, where excavation 
would be impractical, direct application of steam is recommended. This can be 
accomplished by burying steam pipes (80 cm apart), and supplying steam from a 
boiler (106  kcal/h). A more widely used system is "steam stripping": PVC sheets 
are spread over the area to be treated and weighted down, and steam is pumped 
under the sheets. Temperatures ranging from 54 to 100°C have been observed. The 
process can be repeated at intervals to destroy germinated spores. These proce-
dures could be used with any microorganism. 
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Glossary of Terms 

eDNA: The complementary DNA copy of eukaryotic mRNA made by using the 
enzyme reverse transcriptase, a type of DNA polymerase found in retroviruses, 
whose function is to synthesize DNA from an RNA template. By virtue of its 
ongin from mRNA, cDNA lacks the intron sequences which are usually present 
in the corresponding genomic DNA of eukaryotic organisms. 

Embryonic-stem (ES) cell: An undifferentiated cell derived from an early mam-
malian embryo that is able, after culture in vitro, to contribute to the tissues of 
a developing, recipient embryo. Such cells can be used for gene transfer. 

Gene flow: The movement of genes between populations or between different parts 
of the same population. 

Gene library (gene bank): A very large number of recombinants from a cloning 
experiment which together contain a complete collection (or nearly all) of the 
DNA sequences in the entice genome of the particular organism whose DNA 
was cloned. (Also referred to as a genomic library.) A cDNA library, by 
contrast, is constructed using cDNA. 

Genetic engineering (or gene manipulation): Broadly, the use of recombinant 
DNA (rDNA) techniques to alter the sequences of DNA molecules. Two unre-
lated DNA molecules may be joined together to produce a molecule with novel 
properties. In the UK, the legal defmition of gene manipulation is "the forma-
tion of new combinations of heritable material by the insertion of nucleic acid 
molecules, produced by whatever means outside the cell, into any virus, bacte-
rial plasmid or other vector system so as to allow their incorporation into a 
host organism in which they do not naturally occur but in which they are capa-
ble of continued propagation." 1  

Genome: The complete DNA complement of an organism comprising the sequences 
of all its DNA. 

Genotype: The genetic content of an organism, defined by its DNA sequences. 
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The genotype determines many of the aspects of the phenotype of an organ-
ism. The genotype may be modified by classical breeding programmes or by 
gene manipulation. 

GMO: Genetically modified organism. Any organism modified by the enormous 
variety of techniques of modem molecular biology, from a cell of the gut bac-
terium Escherichia coli modified by bacteriophage transformation, through 
plants modified by a biolistic gun, to animals modified by ES cell incorpora-
tion. 

Homozygous: The state in which both copies of a gene (on the pair of chromo-
somes) are identical. Also may refer to pairs of chromosomes that are equiva-
lent. If the two copies of the gene are dissimilar they are said to be hetero-
zygous. 

Introgression: The gene transfer between species mediated through repeated back-
crossing of hybrid individuals to one of the parents. 

Microinjection: The introduction of DNA (or, rarely, RNA) into the nucleus of a 
recipient cell. In animal transgenic biology, one of the pronuclei of the newly 
fertilized egg is microinjected with about 3 p1  (3 x 10 ml) of a solution con-
taining DNA. 

Molecular cloning (gene cloning): The amplification of a recombinant DNA mol-
ecule and any gene product whose synthesis it directs by propagation of a line 
of genetically identical organisms all of which contain the recombinant DNA 
molecule. 

Mosaic: An individual that contains cells of two or more genotypes. Such an indi-
vidual results from the introduction of ES cells into an embryo, or from the 
integration of a transgene into only some of the cells of the very early embryo. 

PCR: Polymerase chain reaction. An in Vitro method for the enzymatic synthesis 
of specific DNA sequences, using two oligonucleotide primers that hybridize 
to opposite strands and flank the region of interest in the target DNA. A repeti-
tive series of cycles involving template denaturation, primer annealing, and the 
extension of the annealed primers by DNA polymerase results in the exponen-
tial accumulation of a specific fragment whose termini are defmed by the 5' 
ends of the primers.2  

Phenotype: The expressed characteristics of an organism, determined by the inter-
action between its genotype and the environment. Thus, an organism that ex-
presses growth hormone and is expected to grow more rapidly may not do so 
without an adequate supply of food. 

Recombinant DNA (rDNA): Composite DNA molecules in which foreign DNA 
has been inserted into a vector molecule using gene manipulation techniques. 

Restriction enzymes: Certain bacterial enzymes that can cleave DNA at specific 
points or restriction sites characterized by a specific sequence of bases (usu-
ally four or six base pairs long) in the DNA. 

RFLP: Restriction fragment length polymorphism. Polymorphic restriction site 
resulting in production of differing lengths of DNA that distinguish individu-
als when their DNA is cut with the particular restriction enzyme. The frag- 
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ments of DNA can be detected with radioactive probes and used as markers in 
breeding and gene mapping experiments. 

Somaclonal variation: Variability commonly found among plants that have been 
regenerated from tissue cultures. 

Southern blotting: A method originally described by Southern 3  by which DNA 
restriction fragments separated by gel electrophoresis may be transferred from 
the gel to a nitrocellulose or nylon membrane. The DNA fragments can subse-
quently be screened with radioactively labelled, complementary DNA sequences 
or probes in order to detect the presence of those sequences. 

T-DNA: The transforming DNA occurnng as specialized sequences which border 
the disease-causing genes on the independently replicating plasmids of 
Agro bacterium spp. 

Transfection (transformation): The process of altering the genetic constitution of 
a cell by introducing foreign DNA. Typically, transformation is used to de-
scribe such introductions into bacterial cells, and transfection for introductions 
into animal cells. In vitro experiments use simple methods to transfer DNA 
into such cultured cells. 

Transgene: The DNA introduced into the genome of a recipient organism: typi-
cally used when the DNA is stably integrated into the host genome. A transgenic 
organism is one which has received a segment of DNA that has been manipu-
lated by recombinant DNA techniques, and the foreign segment of DNA has 
been integrated into the organism's genome. 

Vaccine: Classically, an attenuated form of a disease-causing organism that con-
fers immunity against infection by the parent, virulent organism. Recombinant 
vaccines typically cause production of the crucial immunity-inducing protein 
components in a non-pathogenic vector, most commonly vaccinia virus, the 
organism used as a vaccine for smallpox. 

Vector: A self-replicating carrier DNA (occasionally RNA) molecule into which 
foreign DNA can be inserted to allow its propagation and amplification. 

Notes 

Old, R.W. & Primrose, S.B. (1985) Principles of Gene Manipukuion. Blackwell Scien-
tific Publications, Oxford, UK. 

Erlich, H.A. (ed.) (1989) PCR Technology. Stockton Press, New York. 
Southern, E.M. (1975) Detection of specific sequences among DNA fragments separated 

by gel electrophoresis. I. Mol. Biol., 98, 503-517. 



Acronyms and Abbreviations 

ABTA Applied Biotreatment Association (USA) 
ACGM Advisory Committee on Genetic Manipulation (UK) 
ACRE Advisory Committee on Releases to the 

Environment (UK) 
AFS American Fisheries Society 
APHIS Animal and Plant Health Inspection Service (USA) 
ASM American Society for Microbiology 
BBEP Biotechnology, Biologics and Environmental Protection 

(USA) 
BINAS Biosafety Information Network and Advisory Service 

(UNIDO) 
CEC Commission of the European Communities 
DOE Department of the Environment (UK) 
EC European Community 
EPA Environmental Protection Agency (USA) 
FAO Food and Agriculture Organization of the United 

Nations 
FDA Food and Drug Administration (USA) 
FFDCA Federal Food, Drug and Cosmetic Act (USA) 
FHS Fisheries Health Section (USA) 
FIFRA Federal Insecticide, Fungicide and Rodenticide Act 

(USA) 
GEM Genetically engineered microorganism 
GENHAZ 14th Report of the Royal Commission on Environ- 

mental Pollution (UK) 
GLSP Good large-scale practice 
GMM Genetically modified microorganism 
GMO Genetically modified organism 
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GNP Gross national product 
HMCRI Hazardous Materials Control Research Institute (USA) 
HSE Health and Safety Executive (UK) 
ICES International Council for the Exploration of the Sea 
ICGEB International Centre for Genetic Engineering and 

Biotechnology 
ISNAR International Service for National Agricultural Research 

(The Hague, Netherlands) 
LPS Lipopolysaccharide 
MPCA Microbial pest control agent 
NAS National Academy of Science (USA) 
NIH National Institutes of Health (USA) 
NRC National Research Council 
OECD Organisation for Economic Co-operation and 

Development 
RAC Recombinant DNA Advisory Committee (NIH) 
RREL Risk Reduction Environmental Laboratory (USA) 
SBR Sequencing batch reactor 
STP Sewage treatment plant 
TSCA Toxic Substances Control Act (USA) 
UN United Nations 
UNEP United Nations Environment Programme 
UNTDO United Nations Industrial Development Organization 
US HHS US Department of Health and Human Services 
USDA United States Department of Agriculture 
USEPA United States Environmental Protection Agency 
USGAO United States General Accounting Office 
WHO World Health Organization 
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