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(ABSTRACT) 

Microcosms were used in this research to assess the environmental risk associated with 

two types of stressors: genetically-engineered microorganisms (GEMs) and toxic chem- 

icals. Approaches used to evaluate the potential environmental impact of these two 

stressors are fundamentally different, and arise mainly from the fact that the GEMs are 

living and capable of replication. Risk assessment for genetically-engineered Erwinia 

carotovora strain L-864 included investigations of its persistence and effect on structure 

and function of aquatic microcosms. Densities of genetically-engineered and wildtype 

E. carotovora declined at the same rate in water or in sediment, falling in 32 days below | 

the level of detection by viable counts. Selective media, antibiotic resistance, and most 

probable number analysis were used to enumerate genetically-engineered E. carotovora 

in environmental samples. This technique was able to detect as few as | to 10 target 

cells/10 g soil. In thermally-perturbed aquatic microcosms, genetically-engineered E. 

carotovora persisted significantly longer than in unperturbed microcosms, suggesting the 

vulnerability of stressed ecosystems to colonization by GEMs. Competition study 

showed that the genetically-engineered E. carotovora did not displace the wildtype strain. 

Effects of genetically-engineered and wildtype strain on indigenous bacteria belonging 

to specific functional groups important in nutrient cycling were similar: inoculation of 

either strain caused a temporary increase in densities of total and proteolytic bacteria,



while it did not affect amylolytic and pectolytic bacteria. Treatment with engineered 

bacteria did not change biomass values of the receiving community, but caused a 

transitory increase in its metabolic activity. The inability of genetically-engineered E. 

carotovora to persist, displace resident species, and affect metabolic activity of a com- 

munity indicates a low risk of adverse ecological effects in aquatic systems, Microcosms 

were also used to assesss environmental risk for toxic chemicals. A study was conducted 

to assess the fate of sediment-associated copper and to investigate its effects on the 

structure and function of the aquatic community. Most of the added copper was bound 

to sediment particles. In microcosms containing 100 ug Cu/kg sediment, chlorophyll a 

content and respiration significantly decreased compared to the control. Addition of 

1000 ug Cu/kg sediment caused a decrease in production, respiration, 

respiration/biomass ratio, ATP, and chlorophyll a. The last study compared responses 

of Simocephalus exspinosus (Daphnidae) to copper during a single-species test to re- 

sponses of S. exspinosus populations in a microcosm test. Responses of S. exspinosus 

were similar in both test systems: there was an increased production of young at 30-46 

ug Cu/l, while the organisms did not survive exposure to concentrations > 100 wg Cu/l. 

In these studies, microcosms showed a potential to predict fate and effects of chemical 

and biological contaminants released into the biosphere.
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Prologue 

This research deals with environmental risk assessment associated with two types of 

stressors: toxic chemicals and genetically-engineered microorganisms (GEMs). In order 

to predict the changes that might result from the presence of these stressors in the en- 

vironment, various risk assessment methods have been developed. The risk associated 

with chemical substances released into the environment has been traditionally evaluated 

using laboratory bioassays. The efficacy and suitability of such standardized test meth- 

ods for predicting community-level responses to toxicants is currently being questioned 

(Cairns, 1989; Kimball and Levin, 1985; Moore and Winner, 1989). Risk assessment 

methods for genetically-engineered microorganisms intended for environmental use are 

still under development (Dean-Ross, 1986; Fiksel and Covello, 1986; Tiedje et al., 1989). 

In the studies reported here, microcosms were used to assess the environmental risk 

associated with geneticaily-engineered microorganisms and toxic chemicals. Microcosm 

systems were used as surrogates of natural ecosystems because of their potential to 

provide information on the fate and effects of chemical and biological contaminants re- 

leased into the biosphere. 
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Microcosm has several definitions. According to Giesy and Odum (1980), microcosms 

are “artificially bound subsets of naturally occurring environments which are replicable.” 

Leffler (1980) defines them as “small, living models of ecosystem processes,” and Suter 

(1985) as “laboratory systems designed to physically simulate some portion of the am- 

bient environment.” Microcosms are used because they bridge the gap between labora- 

tory tests and field tests. They can be employed to predict deleterious effects of physical, 

chemical, or biological stressors on ecosystems. 

Both GEMs and toxic chemicals are similar in that they can cause perturbations in 

ecosystem structure and function when released into the environment; however, ap- 

proaches used to evaluate their potential environmental impact are fundamentally dif- 

ferent. Investigation of potential deleterious effects due to GEMs presence requires 

knowledge of a microorganism’s genotype and its biological and ecological properties. 

The problems that complicate risk assessment arise mainly from the fact that the stressor 

is living. The GEMs may exchange their engineered DNA with the other 

microorganisms, and, although not harmful in the original GEM, the manipulated DNA 

may become expressed and act unpredictably in the new host (Comeaux, 1989). The 

transport of GEMs to habitats away from the site of their release and the possibility of 

their persistance in undetectably low concentrations are important in assessing the risk 

in GEMs release (McCormick, 1988). Since GEMs, unlike toxic chemicals, may multi- 

ply and increase in concentration under favorable conditions, the dose-effect paradigm 

cannot be applied (Cairns and Pratt, 1986). 

In order to determine the risk associated with genetically-engineered Erwinia 

carotovora, this study used microcosms that simulate the environment of interest. 

Microcosms were contained (to minimize risk of GEMs escape) and small in size (to 

ensure intact decontamination). This approach eliminated the dangers associated with 

field tests that result from the absence of reliable recall mechanisms for GEMs. 
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Risk assessment of genetically-engineered E. carotovora included investigation of its 

persistence and its effect on microcosm structure and function. Colonization by GEMs 

is most likely to succeed in ecosystems from which the predators and competitors have 

been eliminated; therefore, this study investigated the survival of genetically-engineered 

E. carotovora in a system in which the chance for colonization was maximized (Chapter 

3). Since the ability to detect GEMs present in low densities in environmental samples 

is important in evaluating any risk in their release, an inexpensive, quantitative, and 

sensitive enumeration technique was developed (Chapter 2). The persistence of 

genetically-engineered £. carotovora in the presence of its wildtype parent in a competi- 

tion study was also investigated (Chapter 4). The impact of genetically-engineered and 

the wildtype strain on indigenous bacteria belonging to specific functional groups im- 

portant in nutrient cycling is described in Chapter 1. Chapter 4 describes the effects of 

GEMs on structural groups of indigenous bacteria, on biomass, and on the metabolic 

activity of the receiving community. 

The potential effects of chemical substances released into the environment have been 

determined traditionally by laboratory toxicity bioassays. Such an approach has been 

often criticized for lack of environmental realism and its inability to accurately predict 

the response of the ecosystem receiving the toxic materials (Cairns, 1989; Giesy and 

Odum, 1980; Kimball and Levin, 1985). Recently, scientists and regulatory agencies 

became increasingly aware of the potential of microcosms in studying the fate and effects 

of chemical contaminants released into the biosphere. Microcosms possess a greater 

environmental complexity than single-species tests, integrate responses of higher levels 

of biological organization to toxic stress, and enable impact studies on system-level 

properties that cannot be done at the lower levels of biological organization (Kimball 

and Levin, 1985). The advantages of microcosm over ecosystem studies are replicability, 

that enables statistical testing of the effects of manipulation; reduced residual variability 
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typical of natural systems; and lack of environmental damage that might occur in ex- 

posing natural systems (Giesy and Odum, 1980). Because of these properties, microcosm 

tests are considered to be effective tools in environmental impact assessment. 

Microcosms were used to assess the fate of sediment-associated copper and to inves- 

tigate its effects on the structure and function of the aquatic community (Chapter 5). 

The study described in Chapter 6 compared responses of individuals to a toxic substance 

during a single-species test to the responses of populations of the same species in a more 

complex system. 

Some caution should be applied in interpreting results of microcosm tests. Natural 

ecosystems are far more complex than microcosms, and they should never be treated as 

a small replica of a real-world situation (Harte et al., 1980; King, 1980). Because of their 

isolated nature, microcosms do not have a normal influx of materials; diurnal and sea- 

sonal changes that occur in nature are difficult to simulate in microcosms; and they 

suffer from the “container effect” since they have an unrealistic surface to volume ratio. 

The behavior of toxic substances or genetically-engineered microorganisms may be al- 

tered in microcosms, and, thus, the extrapolation of results to the specific ecosystem 

should be performed with caution. Microcosms are useful as screening tools for pre- 

liminary evaluation of ecological fate and effects, but the results require validation on a 

larger scale. Hazard assessment should be performed across the levels of ecological 

complexity, starting with simple, laboratory tests and moving toward the tests that are 

more complex and environmentally realistic (Cairns, 1989; Dean-Ross, 1986). 
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Chapter 1 

Genetically-Engineered Erwinia carotovora in Aquatic Microcosms: Survival 

and Effects on Functional Groups of Indigenous Bacteria * 

ABSTRACT 

Survival of genetically-engineered Erwinia carotovora strain L-864, with a kanamycin 

resistance gene inserted in its chromosome, was followed in the water and sediment of 

aquatic microcosms. The density of genetically-engineered and wildtype E. carotovora 

strains declined at the same rate, falling in 32 days below the level of detection by viable 

* This chapter is published in Appl. Environ. Microbiol. 55:1477-1482, with the authors 
V. S. Scanferlato, D. R. Orvos, J. Cairns, Jr., and G. H. Lacy. 
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counts. We examined the impact of the addition of genetically-engineered and wildtype 

strains on indigenous bacteria belonging to specific functional groups important in nutrient 

cycling. Up to 16 days, the densities of total and proteolytic bacteria were significantly 

higher (p < 0.05) in microcosms inoculated with genetically-engineered or wildtype E. 

carotovora, but decreased 32 days after inoculation to densities similar to those in control 

microcosms. Inoculation of genetically-engineered or wildtype E. carotovora had no ap- 

parent effect on the density of amylolytic and pectolytic bacteria in water and sediment. 

Genetically-engineered and wildtype E. carotovora did not have significantly different ef- 

fects on the densities of specific functional groups of indigenous bacteria (p > 0.05). 

INTRODUCTION 

The risk related to the introduction of genetically-engineered microorganisms (GEMs) 

depends on their establishment in the environment. Only if the GEMs have the ability 

to survive, multiply, or transfer genetic material to other organisms within an ecosystem 

will they have a lasting impact and cause significant perturbations (28). Therefore, 

ability to predict the survival and colonization of GEMs within an ecosystem is a key 

element in assessing risk of their release (29). Because GEMs may spread to adjacent 

ecosystems, it is also essential to determine their survival under conditions that differ 

from those within the system into which they are released (5). 

GEMs introduced into the environment interact with indigenous populations (16, 17, 

26). There is concern that GEMs may displace indigenous bacterial populations im- 

portant in nutrient cycling and detritus mineralization in aquatic systems. Thus, GEM 

introduction might alter fundamental processes, such as energy, carbon, and nutrient 

cycling, that rely mainly on bacterial species or products (5, 9). This is especially im- 

portant in aquatic ecosystems in which the greatest amount of biomass and residual 

carbon is in the form of detritus and its processing accounts for the greatest amount of 
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energy (31). Bacteria important in decomposition and mineralization are considered to 

be susceptible to the effects of GEMs (5, 6). 

Bacteria belonging to definite functional groups can indicate occurrence of certain 

ecological processes in the ecosystem, such as transformations of various compounds 

of carbon, nitrogen, and phosphorus (22). Amylolytic, proteolytic, and pectolytic bac- 

teria are among the groups involved in detritus mineralization and their presence is 

characteristic of a certain type of degradation in the system. Bacteria from each func- 

tional group can be isolated from its natural habitat and detected by growth on selective 

media (10). 

A genetically-engineered strain of the plant pathogen Erwinia carotovora was chosen 

for this study for its potential ecological and economic significance as a biological con- 

trol agent. Persistence and effects due to the introduction of genetically-engineered E. 

carotovora have not yet been examined in an aquatic environment. Erwiniae seem to 

be commonly present in aquatic systems (11, 13, 18). Certainly, water is important in 

the transport of these pathogens (3, 15). The objectives of the study were: (a) to assess 

the persistence of the genetically-engineered and wildtype E. carotovora in aquatic 

microcosms, and (b) to determine the potential impact of genetically-engineered and 

wildtype £. carotovora on certain functional groups of indigenous bacteria involved in 

mineralization. 

MATERIALS AND METHODS 

Bacterial strains. Erwinia carotovora subsp. carotovora is a plant pathogen that 

causes soft rot and produces a battery of enzymes (pectate lyases, cellulases, 

phospholipases, and proteases) that are responsible for the breakdown of plant tissue 

components (7, 14). The genetically-engineered E£. carotovora strain L-833 was con- 

structed from wildtype E. carotovora strain L-543 by disarming in vitro an extracellular 
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pectate lyase on a plasmid by deletion mutation, inserting a DNA fragment from Tn903 

conferring kanamycin resistance, and chromosomally inserting part of the engineered 

plasmid in a cis relationship to the wildtype pectate lyase gene in the pathogen’s chro- 

mosome (2). Genetically-engineered strain L-833 is 30% reduced in its ability to rot 

potato tuber tissue compared to the wildtype (Fig. 1). We used spontaneous rifampicin 

mutants of L-543 and L-833 designated L-863 and L-864, respectively, in these studies 

to aid in isolation. These mutants are resistant to 150 ug/ml rifampicin. Growth and 

biochemical characteristics of the genetically-engineered strain are identical to the 

wildtype strain (data not shown). 

Microcosm preparation and sampling. Simple microcosms were constructed from 850 

ml glass Mason jars. Sterile jars were filled with 300 ml of sediment collected from 

Pandapas Pond, Montgomery County, Virginia, which has been described elsewhere (4), 

and covered with 550 ml of water from the same site. A flow-through system delivered 

air to the water column. Microcosms inoculated with different doses of genetically- en- 

gineered or wildtype £. carotovora and uninoculated control microcosms were incu- 

bated at 20°C and illuminated on a 12-h light 12-h dark cycle. 

Preparation of bacterial cultures, inoculation, and sampling. Cultures of genetically- 

engineered and wildtype £. carotovora were grown for 24 h in nutrient broth at 30° C, 

with shaking at 150 rpm, to a density of approximately 10? CFU/ml estimated 

turbidiometrically at 550 nm. Cells were harvested by centrifugation at 10,000 x g for 

15 min, washed in sterile distilled water, recentrifuged, and resuspended in 10 ml of sterile 

water. Microcosms were inoculated into the water phase with 10’, 10°, or 10? CFU/ml 

to assess the survival of E. carotovora in aquatic microcosms. The bubbling aerator 

mixed the inoculum into the water. The effect of E. carotovora on indigenous aquatic 

bacteria was assessed in microcosms inoculated with 10° CFU/ml, using non-inoculated 

microcosms as controls. A pipette was inserted into the 10-cm water column to a depth 
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FIG. 1. Potato tuber tissue inoculated with the wildtype pathogen (L-543) and 
genetically-engineered strain (L-833). Tuber slices were inoculated with eye-of-the- 
needle method (21). 
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