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ABSTRACT 

Pacific Northwest Laboratory compared intact soil-core microcosms and the field for 

ecosystem structural and functional properties after the introduction of a model genetically 

engineered microorganism (GEM). This project used two distinct microbial types as model 

GEMs, Gram-negative Pseudomonas sp. RCl. which was an aggressive root colonizer, and 

Gram-positive Streytomyces liyjdans TK24. The model GEMs were added to surface soil in 

separate studies, with RCl studied throughout the growth of winter wheat ITriticum aestiyum), 

while TK24 was studied throughout a ten month period. Also, RCl was used in studies 

conducted during two consecutive field seasons (1988 to 1990) to detennine how year-to-year field 

variability influenced the calibration of microcosms with the field. 

Populations of RCl in soil decreased more rapidly at 2rc. but population size at the three-leaf 

stage of wheat growth were similar in the field, and in microcosms incubated either at 22°C or in a 

growth temperature with temperature fluctuations that simulated average field values. In 

comparing populations ofRCI in microcosms and the field, populations on the rhizoplane of 

wheat were the same at the three-leaf stage, and colonization with depth at the final boot-stage of 

wheat growth was also similar. There was some variability between microcosms and the field for 

ecosystem functional parameters. The study conducted with RCl the second year found trends 

similar to the first year for the survival of RCI in soil, colonization of wheat roots at the three-leaf 

stage of growth, and microbial structural properties. Differences in trends found the first and 

second year were rhizoplane colonization by RCl at-the boot stage of wheat growth, shoot 

biomass, and soil dehydrogenase activity. In the TK24 study, the population ofTK24 had a 

slower rate of decline in soil than RCl. The main conclusions of this research were that intact soil­

core microcosms can be useful to simulate the field for studies of microbial fate and effects on 

ecosystem structural and functional properties. In general, microcosms in the growth chamber, 

which simulated average field variations, were similar to the field for most parameters or 

differences could be attributed to the great extremes in temperature that occurred in the field 

compared to the microcosms. Better controls of environmental variables including temperature and 

moisture will be necessary to more closely simulate the field for future use of microcosms for risk 

assessment. 
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EXECUTIVE SUMMARY 

Microcosms consisting of intact soil-cores are a potential tool for assessing the fate and risks 

associated with the release of genetically engineered microorganisms (GEMs) to the environment. 

Before a microcosm design can become a standard tool for biotechnology risk assessment, the 

microcosms must first be calibrated to ensure they adequately simulate key parameters in the field. 

The principal objective of this project was to calibrate, by comparing key results obtained from 

intact soil-core microcosms with the field, for microbial fate, and ecosystem structural and 

functional properties and the resultant effect of introduced microorganisms on these properties. 

This project used two distinct microbial types as model GEMs, Gram-negative Pseudomonas sp. 

RCl (RCl), which is an aggressive root colonizer, and Gram-positive Streptomyces liyjdans 

TK24 (TK24). The model GEMs were added to surface soil in separate studies, with RCl studied 

throughout the growth of winter wheat (Triticum aesriyum), while TK24 was studied throughout a 

ten month periOO. Also, RCl was used in studies conducted during two consecutive field seasons 

(I 988 to 1990) to determine how year-to-year field variability influenced the calibration of 

microcosms with the field. 

In the first year of this project (October 1988 to September 1989), four systems were 

compared: intact soil~core microcosms located in the laboratory at ambient temperature (22°C) and 

in a growth chamber with temperature fluctuations that simulated average conditions in the field, 

field lysimeters, and field plots. These four systems were inoculated with the rifampicin~ resistant 

rhizobacterium RCI and planted to winter wheat The fate of RCI in soil and on the wheat 

rhiroplane was detennined as a function of time in the various systems. Populations of RCI in 

soil decreased more rapidly at ambient temperature, but population size at the three-leaf stage of 

wheat growth was similar in all four systems. Population densities of RCl on the rhiwplane of 

wheat were the same at the three~ leaf stage in all four systems. Similar trends were observed in the 

extent of root colonization by RCl as a function of depth at the boot stage of wheat growth, except 

at the middle depth where there was a range of three orders of magnitude among the various 

treatments. In general, results from microcosms incubated at ambient temperature in the laboratory 

or in the growth chamber were similar to those obtained from the field with respect to the survival 

and colonization of the rhizoplane by the introduced Pseudomonas sp. However, the results from 

the colonization of roots from the middle depth suggest caution in using microcosms for simulating 

the survival and dispersal of introduced microorganisms in the field . 

A study of the effect of the introduced RCl on ecosystem snuctural and functional properties 

v 



as well as a comparison between the four systems was also conducted the first year (October 1989 

to September 1990). The effects of introducing RCl on structural properties, including wheat 

rhizoplane populations of total and fluorescent pseudomonads, total heterotrophic bacteria, and the 

diversity of total heterotrophic bacteria were determined. Of the different structural measurements, 

the fluorescent pseudomonads were present on the rhizoplane in significantly lower population 

densities in RC1-inoculated soil in both microcosms and the field. Conditions for microbial 

growth and activity in soil appeared to be most favorable in the growth chamber microcosm, as 

evidenced by higher heterotroph populations and species diversity on the rhizoplane at the three­

leaf stage of wheat growth. Ecosystem functional parameters as detennined by soil dehydrogenase 

activity, plant biomass production, and 15N fertilizer uptake by wheat were different at the four 

locations. Soil dehydrogenase activity, stimulated by the addition of alfalfa, was exaggerated in 

microcosms compared to the field. In general, the growth chamber microcosms, which simulated 

average daily high and low field temperatures, were better predictors of field behavior than the 

microcosms incubated continuously at 22°C. However, while some parameters and/or trends were 

identical in the growth chamber microcosms and the field (e.g., shoot biomass), others were quite 

different (e.g., soil dehydrogenase activity, species diversity on the rhizoplane). It is likely that 

favorable diurnal temperatures and moisture conditions, which were maintained in the growth 

chamber, favored higher general microbial populations and activity. The growth chamber used in 

this study was not able to simulate winter conditions because of a lower temperature limit of 5°C. 

These results emphasize the need to control, monitor, and/or simulate key environmental variables, 

such as moisture and temperature, to better calibrate microcosms with the field. 

The second year (October 1989 to September 1990), experiments with soil-core microcosms 

located in a growth chamber with temperature fluctuations that simulated average daily high and 

low temperatures in the field and field lysimeters were repeated with RC1 to obtain an additional 

year of microcosm-field data for assessing year-to-year variation. The decline in the population of 

RC1 in surface soil was similar in the microcosms and the field and was also similar to the first 

study. There was no difference in the colonization of wheat roots by RC1 at the three-leaf stage. 

similar to first year results. The population of RCl on the rhizoplane at the boot stage of wheat 

was different than the first year with significantly higher populations associated with the 

microcosms than the field and the distribution of RCl on the rhizoplane as a function of depth in 

the microcosms was also different from the field. Microbial structural properties of the rhizoplane 

were very similar in the microcosms and field, similar to the previous year's results. Shoot 

biomass and dehydrogenase activity of soils were no different in the microcosm and the field at the 

three-leaf stage of wheat growth, but were lower and higher, respectively, in microcosms versus 

the field at the boot stage. These results were different than the previous year where the growth 
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chamber and the field had a similar final biomass. 

The second year (October 1989 to September 1990), experiments with soil-core microcosms 

located in a growth chamber with diurnal temperature fluctuations were compared to field 

lysimeters for the fate of the introduced Gram-positive bacterium TK24, and its effects on 

ecosystem structural and functional properties. Soil populations of TK24 declined less than 2 log 

units over the ten-month study. There were no differences between the microcosms and the field 

for the soil population of TK24 until after 45 weeks when the population was 1 log unit higher in 

the microcosms. At the initial sampling in the fall, soil dehydrogenase activity was larger in the 

microcosms than the field and inoculation with TK24 depressed activity. Dehydrogenase activities 

were higher in microcosms than in the field during the winter and summer, but there were no 

differences at the spring sampling. Soil B-glucosidase activity was higher in microcosms than the 

field during the winter and summer, but were the same during the fall and spring. Aerobic 

heterotroph and actinomycete populations were higher in microcosms than in field soils during 

winter and summer, while the field had larger populations in spring. The rate of 14C-cellulose 

mineralization was similar until early May when there was a flush of 14ffi2 in the field. The 14C­

labelled soil microbial biomass was significantly larger in the microcosm than the field, while 

inoculation with TK24 had no effect. In summary, results obtained for most parameters using 

microcosms in a growth chamber were similar to those obtained in the field, or differences could 

be attributed to the greater extremes in temperature that occurred in the field compared to the 

microcosms. 

The results from all first- and second-year studies suggest that microcosms can accurately 

simulate the field with respect to the fate and effects on ecosystem structural and functional 

properties of both Gram-negative and Gram-positive introduced microorganisms. However, better 

controls of environmental variables including temperature and moisture will be necessary to more 

closely simulate the field for future use of microcosms for risk assessment. 
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1.0 INTRODUCTION 

Intact soil-core microcosms are a potential tool for assessing the fate and risks associated with 

the release of genetically engineered microorganisms (GEMs) to the environment. Microcosms are 

an attractive option for determining the fate and environmental risks associated with the release of 

GEMs, because tests and microorganisms can be contained within the laboratory. Also, intact soil­

core microcosms retain many structural and functional elements of the ecosystem, which are 

present in the field, possibly making them useful field models. Before a microcosm design can 

become a standard tool for biotechnology risk assessment, the microcosm must first be calibrated 

to ensure they adequately simulate key parameters in the field. 

Pacific Northwest Laboratory conducted this research for the U. S. Environmental Protection 

Agency - Corvallis Environmental Research Laboratory through Interagency Agreement lAG 

DW89933345-0I-O. 

The scope of the project was to compare intact soil-core microcosms and the field for 

ecosystem structural and functional propenies after the introduction of a GEM. This project used 

two distinct microbial types as model GEMs, Gram-negative Pseudomonas sp. RCl, which was 

an aggressive root colonizer, and Gram-positive Streptomyces lividans TK24. The model GEMs 

were added to surface soil in separate studies, with RC1 studied throughout the growth of winter 

wheat (Triticum aestivum), while TK24 was studied throughout a ten month period. Also, RCI 

was used in studies conducted during two consecutive field seasons (1988 to 1990) to determine 

how year-to-year field variability influenced the calibration of microcosms with the field. 

The rest of this repon is organized into four sections. Sections two and three describe studies 

conducted concurrently the first year (October 1988 to September 1989), which investigated four 

systems: microcosms located in the laboratory at ambient temperature (22°C) and in a growth 

chamber with temperature fluctuations thal simulated average conditions in the field, field 

lysimeters, and field plots. Section two describes the survival and fate of the introduced 

rhizobacterium, Pseudomonas sp. RCl riflOO (RCI), in the four systems. Section three describes 

the effect of the introduced RCI on ecosystem structural and functional propenies and compares 

these parameters in the four systems. Section four describes studies conducted the second year 

(October 1989 to September 1990), which compared microcosms located in a growth chamber 

with temperature fluctuations that simulated average daily high and low temperatures in the field, 

and field lysimeters for the fate ofRCI and effects on ecosystem structural and functional 
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properties. This second year study (October 1989 to September 1990) also compared results 

obtained in this study with those obtained the previous year (October 1988 to September 1989) to 

determine the effects of year-to-year field variability on the field-calibration of microcosms. 

Section five describes studies conducted the second year (October 1989 to September 1990), 

which compared microcosms located in a growth chamber with temperature fluctuations that 

simulated average daily high and low temperatures in the field, and field lysimeters for the fate of 

the Gram-positive bacterium Streptomyces lividans TK24 and effects on ecosystem structural and 

functional properties. TK24 provided a comparison of the survival, ecosystem effects, and 

microcosm-field comparisons for Gram-positive (TK24) and Gram-negative (RCl) bacteria. 

Each of the following sections of this repon have been written so that they contain enough 

information to be considered separate pieces of work and can be read alone. For this reason, there 

is some repetition in Introduction of each section. 

1.2 
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2.0 FIELD CALIBRATION OF SOIL-CORE MICROCOSMS: FATE 
OF A GENET!CALL Y ALTERED RHIZOBACfERNM 

2.1 SUMMARY 

Microcosms containing intact soil cores are a potential tool for assessing the risks of releasing 

genetically engineered microorganisms (GEMs) to the environment. Before microcosms become a 

standard assessment tool, however, they must first be calibmted to ensure that they adequately 

simulate key parameters in the field. Four systems were compared: intact soil-core microcosms 

located in the laboratory at ambient temperature and in a growth chamber with temperature 

fluctuations that simulated average conditions in the field, field lysimeters, and field plots. These 

four systems were inoculated with rifampicin-resistant Pseudomonas sp. and planted to winter 

wheat. Populations of the Pseudomonas sp. in soil decreased more rapidly at ambient temperature, 

but population size at the three-leaf stage of wheat growth was the same in all four systems. 

Populations of the Pseudomonas sp. on the rhizoplane of wheat were the same at the three-leaf 

stage in all four systems, and colonization with depth at the final OOot stage-sampling was also 

similar. In general, microcosms incubated at ambient temperature in the laboratory or in the 

growth chamber were similar to the field with respect to the survival and colonization of the 

rhizoplane by the introduced Pseudomonas sp. 

2.2 INTRODUCTION 

Terrestrial microcosms incubated in the laboratory are potential tools for evaluating the fate 

and effects issues associated with the release of genetically engineered microorganisms (GEMs) 

into the environment (Cairns and Pratt 1986, Omenn 1986, Strauss et al. 1986, Trevors 1988). 

Microcosms have been used to assess the fate of chemicals (Gile et al. 1982, Van Voris et al. 

1985) and the interactions of pollutants and microorganisms (Pritchard and Bourquin 1984). 

Microcosms are attractive for determining the environmental risks associated with the release of 

GEMs, because tests and microorganisms can be contained within the laboratory. Microcosms 

have been shown to be cost-effective for evaluating the fate, transport, and toxicity of chemicals 

(Van Voris et al. 1983). Recently, microcosms consisting of intact soil cores have been used to 

evaluate the fate and ecological effects of transposon mutants of Azospirillum lipoferum with corn 

(ill !!!.iU!.i) and wheat (Triticum aestivum) (Bentjen eta!. 1989) and a deleterious wheat root­

inhibiting Pseudomonas sp. with wheat (Fredrickson et al. 1989). However, to have credibility as 
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field models, microcosms need to be calibrated with observations from the field (Dean-Ross 1986, 

Fredrickson eta!. 1990b, Gillett and Witt 1979, Pritchard and Bourquin 1984). 

A rhizobacterium of the Pseudomonas sp., which was capable of inhibiting the root growth of 

winter wheat (Fredrickson and Elliott 1985), as well as the growth of other microorganisms in 

vitro (Bolton et al. 1989), was selected for this study of field calibration. This organism is an 

aggressive colonizer of roots, which can reach high populations on both the rhizoplane 

(Fredrickson and Elliott 1985) and various plant residues (Fredrickson eta!. 1987, Stroo eta!. 

1988). The objective of this research was to determine the comparability of results obtained in 

microcosms with those obtained in the field by assessing the fate of root-colonizing Pseudomonas 

sp. in soil and in the wheat rhizoplane in field plots, field lysimeters, and intact soil-core 

microcosms. Section 3.0 describes the comparability of microcosms and the field for ecosystem 

structural and functional analyses. 

2.3 MATERIALS AND METHODS 

2.3.1 Bacterial Strain and Media 

The isolation and characterization of Pseudomonas sp. strain RC1 was described by Bolton 

and Elliott (1989). A spontaneous mutant of this root-growth inhibiting rhizobacterium, which 

was resistant to 100 IJ.g rifampicin mJ-1, was isolated for this study. This strain, Pseudomonas sp. 

RCI riflOO, will be referred to as RCI. The medium of Sands and Rovira (1970), amended with 

50 ~J.g rifampicin (Sigma® Chemical Company, St. Louis, Missouri) mi-1 (Sands rifSO), was used 

to enumerate RCl. 

2.3.2 Field Site. Microcosms. Inoculation. and Locations 

The field site was located on the Arid Lands Ecology Reserve contained within the U.S. 

Department of Energy's Hanford Site in southeastern Washington State. The study site receives 

19.5 em of annual precipitation and has a mean annual temperature of 10°C (Rickard and Vaughan 

1988). The soil is classified as coarse-silty, mixed, mesic, Xerollic Camborthid. The native 

vegetation is predominantly Awopyron spicatum, &ill secunda, and a cryptogamic soil lichen 

crust. This same soil type is used for irrigated agriculture or dry land winter wheat production in 
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other areas of southeastern Washington. 

Intact soil cores for use as microcosms (17 .5 em diameter, 60 em length) were obtained from 

the field site using a steel coring device containing Driscopipe® (polyethylene pipe, Phillips 

Petroleum Co., Dallas, Texas), as described by Van Voris (1988). The intact soil cores, held 

inside the polyethylene pipe after removal from the driving tube, were returned to the laboratory. 

The surface soil (top 15 em) was removed from all cores and combined, mixed, and sieved to pass 

a 2-mm screen. The sieved surface soil was divided into four equal portions for the soil 

treaonents. The four soil treatments included inoculation with RC1, with and without a 1% (w/w) 

alfalfa amendment (dried at 60°C and chopped), and uninoculated with and without an alfalfa 

amendment Inoculum was prepared by growing RCl on Sands rif50 agar and harvesting by 

flooding agar plates with sterile deionized water and dislodging the cells with a sterile bent glass 

rod. The alfalfa-amended soil received 1.7 x JOB colony forming units (CFU) of RC1 g-1 dry soil, 

while the unamended soil received 5.5 x 107 CFU g-1 dry soil. A solution of lSN-labeled 

ammonium sulfate was added to all treatments for a final enrichment of 15 atom % lSN and aN 

addition equivalent to 100 kg N ha-1 . All treatments were brought to a final soil moisture content 

of 16% with tap water. 

There were three sites (the laboratory, a growth chamber, and the field) with four location 

treatments (ambient microcosms incubated in a laboratory, microcosms incubated in a growth 

chamber, field plots, and field lysimeters). The ambient microcosms were incubated at 22°C 

(ambient laboratory temperature) and maintained as described by Bentjen et al. (1989). 

Photoperiod was set at 12-h with an initial light intensity at the soil surface of 400 j..l.Einsteins m-2 

(4100K UltralumeTM lamps, Phillips Lighting Co., Bloomfield, New Jersey). Growth chamber 

microcosms were incubated under a cycling temperature regime that approximated the average daily 

minimum temperature during the night and the average daily high temperature during the 

photoperiod at the Hanford Site (Stone et al. 1983). A photoperiod of 10-h was used to simulate 

fall and winter and a photoperiod of 12-h was used for spring and summer. A micro­

meteorological weather station, which measured air temperature and precipitation, was located near 

the field site. Average daily air temperature profiles for the field, growth chamber, and laboratory 

are shown in Fig. 2.1. 

The field site included both soil-core lysimeters and microplots, to evaluate the influence of a 

restricted rooting zone on the survival and fate of RC1. The field lysimeters consisted of intact 

soil-cores within polyethylene pipe, which were placed back into the soil at the field site. The 

bottoms of the microcosms and field lysimeters were wrapped with polyester monofilament cloth 
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FIGURE 2.1. Average Daily Temperatures at the Three Study Sites Over the Duration of the 
Experiment. 

(160 mesh) to prevent root movement outside the core. The field plots consisted of 17.5-cm­

dia.meter and 15-cm-deep open-ended rings of polyethylene pipe placed into the ground at the field 

site, the soil removed, treated as described earlier, and replaced. All soil cores and plots were 

replicated four times and seeded with five 'Daws' winter wheat seeds that were later thinned to two 

wheat seedlings. Soil inoculation and placement at the four locations occurred on October 29, 

1988. Microcosms, field plots, and field lysimeters were routinely watered with tap water as the 

soil dried. 
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2.3.3 Nondestructive Samplin~ 

RCl populations in the surface soil (0 to 15 em depth) were measured as a function of time at 

the four locations. Approximately 25 g of soil was removed from the surface, taking care not to 

disturb the wheat plants. Soil samples were serially diluted, plated onto Sands rif50 agar, and 

colonies counted after incubating at 22°C for 24 to 48 h. Soil populations of RC1 are reponed on a 

per g dry weight (105°C, 24 h) of soil basis. 

At the three-leaf stage, one wheat seedling was removed with intact roots from each of the 

laboratory and growth chamber microcosms and the field on 18, 45, and 144 days after planting, 

respectively. The soil adhering to the roots was removed by washing the root in a sterile dilution 

blank. The washed roots were then macerated using a sterilized mortar and pestle, and the 

resulting macerate was serially diluted and plated onto Sand rif50 to enumerate rhizoplane 

populations of RC1. Rhizoplane populations of RCl are reported on a per gram dry weight (55°C, 

48 h) of root basis. 

2.3.4 Desrructive Samplin~ 

Microcosms, field lysimeters, and plots were sacrificed at the boot stage of wheat growth, 

which was reached at 67, 110, and 205 days after planting for the ambient microcosms, growth 

chamber microcosms, and field plots and lysimeters, respectively. Field lysimeters were removed 

from the field intact. The 15-cm-deep ring delineating the field plots was removed and replaced 

with a 15-cm-diameter, 60-cm-long, PVC pipe, the same size as the soil-core microcosms. The 

PVC pipe was driven straight into the ground and excavated to obtain intact soil cores with the 

same dimensions as the microcosms. Wheat shoots were then cut at the soil surface. Two cuts 

were made along the length of the polyethylene pipe using a saber saw and the intact soil-core was 

divided into three sections (top: 0 to 15 em, middle: 15 to 35 em, and bonom: 35 to 55 em). The 

outer 1 em of soil and root, at the pipe-soil interface, was pared to avoid samples that may have 

received RC1 from surface water that migrated at the soil-pipe interface. Roots from the three 

sections (top, middle, and bottom) were processed as described earlier. 

2.3.5 Experimental Desi~n 

The experimental design was a 2 x 2 x 4 completely randomized factorial design with two 
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inoculation treatments (with RC1 and without), two alfalfa treatments (amended and unamended), 

and four locations (ambient microcosms, chamber microcosms, field lysimeters, and field plots). 

Log transformed data were used for the statistical analysis of microbial plate counts. Results from 

four replicates were statistically analyzed using a fixed-effects model (StatViewTM II Program, 

Abacus Concepts, Inc., Berkeley, California). Duncan's multiple range test was used to test 

differences among means (p~O.OS), but only when F-tests (ANOVA) for main effects or 

interactions were statistically significant, to ensure a consetvative estimate of treatment mean 

differences (Steel and Torrie 1980). 

2.4 RESULTS AND DISCUSSION 

The population of RC1 in surface (0 to 15 em depth) soil declined more rapidly in the order: 

ambient microcosm > chamber microcosm > field plot = field lysimeter (Fig. 2.2). The end point 

of each curve is the soil population at the final destructive sampling (the boot stage of wheat 

growth). The addition of alfalfa to the surface soil initially increased the population of RC1 in soil 

compared to the unamended soil (Fig. 2.2). When populations of RCl in soil were compared at 

the various locations at the three-leaf stage of wheat growth, the populations in soil amended with 

alfalfa were significantly higher than those in soil not amended, independent of location (fable 

2.1 ). The ambient microcosms with alfalfa had the highest population of RC 1 in soil at the three­

leaf stage, while the unamended field plots and lysimeters had the lowest (fable 2.1 ). At the final 

destructive sampling, there was no significant effect on the population of RC1 in soil as a result of 

the alfalfa amendment, although populations in the soil of the chamber microcosms (4.3log CFU 

g-1 dry soil) were significantly higher than at the other locations (2.9, 3.0, and 3.1 log CFU g-1 

dry soil in the ambient microcosms, field plots, and field lysimeters, respectively). 

The variations in temperature at the four locations could have contributed to the variation 

found in microbial sutvival between microcosms and the field, because variation in temperature is a 

major factor that influences microbial sutvival and growth in soil (Beringer and Bale 1988). The 

ambient laboratory microcosms were maintained at 22°C, whereas the growth chamber was 

programmed to simulate the 30-year average fall and then spring field temperatures, with average 

high and low temperatures used for the light and dark periods, respectively. Winter could not be 

simulated in the growth chamber because temperatures below 5°C could not be attained. The 

surface air temperature of the field plots and lysimeters was below freezing during several periods, 

with a low of -l8°C (Fig. 2.1). RCI is a psychrophile, which grows well in culture at 4°C (Bolton 
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FIGURE 2.2. Surface Soil (0 to 15 em Depth) Populations of The Introduced Pseudomonas sp. 
RCl riflOO in the Various Microcosm and Field Treatments 

TABLE 2. I . Mean Surface Soil (0 to 15 em Depth) Populations of Pseudomonas sp. RCl riflOO 
at the Seedling (Three-Leaf) Stage of Wheat Growth in the Various Microcosm and 
Field Treatments with and without an Alfalfa Amendment 

Location 

Ambient microcosm 
Chamber microcosm 
Field plot 
Field lysimeter 

+ Alfalfa - Alfalfa 
(log CFU/g dry root) 

7.0eCb) 
6.3d 
5.5bc 
5.3b 

5.7bc 
5.8c 
4.3a 
4.0a 

(a) Time from planting to reach the three-leaf stage of wheat growth. 

Tune(a) 
(days) 

18 
45 

144 
144 

(b) Means followed by the same letter are not significantly different (p~.05, n=4) 
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and Elliott 1989) and was able to survive throughout the winter in the field and maintain relatively 

high populations in soil (1()6 CFU g·l dry soil). The relatively constant and higher incubation 

temperatures probably contributed to the more rapid decline in the population of RCl in the 

ambient microcosms than in the growth chamber or in the field. The varying populations of RC1 

in soil at the three sites as a function of time, demonstrate the importance of calibrating microcosms 

for use as field analogues. It is interesting to note that the population of RCl in soil was the same 

at the fmal sampling for the ambient microcosms and the field, despite a threefold difference in the 

length of time from the start of the study (Fig. 2.2). The stage of plant growth may be a better 

calibration point than elapsed time for comparing the survival of RC1, because the environmental 

factors that influence wheat growth (i.e., temperature and moisture) are also key factors that 

influence rhizobacterial growth and survival in soil and the rhizoplane. Therefore, it is important to 

measure the populations of introduced rhizoplane colonizers in soil at key periods linked to specific 

stages of plant development (i.e., plant phenology or units such as degree-days) as well as a 

function of total elapsed time. 

Soil moisture can also influence the survival and growth of microorganisms in soil (Beringer 

and Bale 1988). The total amount of water added to the three sites throughout the study was 

similar, with the ambient microcosms, growth chamber microcosms, and the field site receiving 

8.7, 9.2, and 8.9 L of water, respectively. However, water additions at the three sites were 

distributed differently as a function of time. Precipitation at the field site amounted to 3.4 Land 

occurred at variable intervals and intensity mainly during the winter, while a total of 5.5 L of tap 

water was added incrementally throughout the spring when the surface soil (10 em) became dry. 

Water was also added to the ambient and growth chamber microcosms when the surface soil 

became dry. The length and extent of soil wet/dry cycles at the three sites could have been 

different and affected the survival of RC1. More research is needed to understand how soil 

wet/dry cycles influence microbial survival and fate and how soil wet/dry cycles influence the use 

of microcosms as field surrogates. 

The rate of decline in the population of RC1 in soil in this study was in agreement with 

previous studies, which investigated the fate of bacterial populations after inoculation of surface 

soil (Fredrickson et al. 1989, Nesmith and Jenkins 1983, van Elsas et al. 1986). In a previous 

study with RCl transposon Tn,l mutants, the soil population declined by 3.5 log units after 54 

days in soil-core microcosms incubated at 21 to 23°C (Fredrickson et al. 1989). In this study, 

rifampicin-resistant mutants of RCI declined by 4.3 and 4.7 log units in ambient laboratory 

microcosms with and without an alfalfa amendment, respectively, after 45 days (Fig. 2.2). The 

more rapid decline of RCl in this study may have been the result of differences in soil type, genetic 
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marker, or both. The study with Tn,l mutants of RCI was conducted in Palouse soil (Fredrickson 

et al. 1989), whereas Ritzville soil was used in this study. Palouse soil has a higher organic 

carbon content (2.0%) than Ritzville soil (1.1% ), which may favor the survival of RC1. In 

addition, RC1 was initially isolated from Palouse soil (Bolton and Elliott 1989). The mechanism 

of antibiotic resistance in these two strains is different. The rifampicin-resistant mutants of RC1 

were spontaneous mutants, which typically have an altered ribosome structure preventing binding 

of the antibiotic. The To.} mutants are resistant to kanamycin via direct enzymatic detoxification. 

Rifampicin-resistant mutants of Pseudomonas sp. can be affected in their growth, competition, and 

survival in soil when compared to the parent strain (Compeau et al. 1988). This suggests that the 

rifampicin-resistant mutants used in this study may not have been as competitive as the parent or 

transposon mutants. However, To.} mutants of Rhizobium le~mjnosarum can also be 

ecologically and biochemically impaired when compared to the parent strain (Brockman et al. 

1991). The results from this and other studies (Brockman et al. 1991, Compeau et al. 1988) 

indicate that genetic alterations of bacteria must be considered when evaluating the environmental 

competency of microorganisms. 

There was no difference in the colonization of wheat roots by RC1 at the three-leaf stage of 

wheat growth as a result of location or alfalfa amendment. Colonization ranged from 8.3 to 9.1 

log CFU g·l dry root, with an average across all treatments of 8.7 log CFU g·l dry root. RCI was 

able to colonize the rhizoplane to the same extent at the three sites regardless of the inoculum size 

of RC1 in soil at the three-leaf stage (Table 2.1) or differences in the time of incubation. The 

colonization of the rhizoplane by RC1 may have been more dependent on plant factors than on the 

survival of RCl in surface soil. 

At the final sampling (boot stage of wheat growth), the population of RCI on the rhizoplane 

decreased with increasing depth (Fig. 2.3). This decrease in the population of an introduced 

microorganism on the rhizoplane as a function of depth confirms previous observations with RCI 

(Fredrickson et al. 1989) and with Pseudomonas sp. biocontrol agents in the laboratory (Howie et 

al. 1987), and the field (Weller 1984). The amendment with alfalfa did not influence the 

population of RCl on the rhizoplane, which was similar to the three-leaf stage sampling. There 

was no difference in the colonization of wheat roots in the top segments of the soil-cores by RC1 at 

the boot stage of wheat growth as a result of location (Fig. 2.3). Colonization ranged from 6.5 to 

6.9 log CFU g·l dry root, with an average across all treatments of 6.6 log CFU g·l dry root. The 

mean population of RCl on the rhizoplane in the top segment of the core (0 to 15 em depth) 

therefore decreased approximately two log units from the seedling (8.7 log CFU g·l dry root) to 

the boot stage sampling (6.6log CFU g·l dry root). Fredrickson et al. (1989) found a similar 
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FIGURE 2.3. Wheat Rhizoplane Populations of the Introduced Pseudomonas sp. RCl riflOO as a 
Function of Depth in the Various Microcosm and Field Treatments at the Final Boot 
Stage Sampling. Error bars represent the difference between treatment means 
(p$0.05, n=8). 

decrease in population of RCI on the rhizoplane with increasing plant growth. Bacterial 

populations in the wheat rhizosphere have been shown to decrease as the plant matures and decline 

sharply as it enters the flowering stage (Sivasithamparam et al. 1979). 

There was generally close agreement between the various locations for populations of RCl on 

the rhizoplane at the bottom segments of the soil core. However, the field plots had a population 

of RCI on the rhizoplane in the bottom segment of the soil core that was one log unit less than the 

field lysimeters. This may have been caused by differences in the distribution of roots between the 

two treatments and/or water infiltration through the soil profile. The polyethylene pipe (17.5 em 
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diameter, 60 em length) enclosing the ambient and growth chamber microcosms and field 

lysimeters restricted lateral and, to a lesser degree, vertical wheat root growth and possibly 

enhanced water movement through a confined volume of soil. Visual observations of the 

distribution of roots in dissected cores indicated that the density of roots below the top 15 em in the 

microcosm and lysimeter soil cores was greater than in the field plots soil cores. The polyethylene 

pipe may result in an enhanced density of roots in a volume of soil when compared to unrestricted 

growth in the field. These observations indicate that when soil-core microcosms are used to assess 

microbial survival and fate on the rhizoplane, the length of time for which results from microcosms 

simulate the field will be dictated in part by the plant species, the volume of soil within the core, 

and the rate of plant growth. Studies that evaluated nutrient leaching from soil cores, as a means to 

assess the impacts of microorganisms on ecological processes, also supponed this conclusion 

(Fredrickson et al. 1990a). 

The greatest variation in the rhizoplane populations between the locations was in the middle 

segment of the soil cores (Fig. 2.3), where the chamber and ambient microcosms differed by 

almost three orders of magnitude. The population of RCl on the rhizoplane in the ambient and 

chamber microcosms was lower and higher than in the field (Fig. 2.3), respectively. It is unclear 

why there was such a large discrepancy in the populations of RC1 on the rhizoplane in the middle 

segment. These results suggest a measure of caution in blindly accepting laboratory and growth 

chamber based data for simulating field survival of an introduced organism. Also, the larger 

difference in the rhizoplane populations in the middle layer at the four locations demonstrates the 

imponance of quantifying bacterial populations at different soil depths and not relying on a single 

composite sample for evaluating bacterial survival and fate. 

The coefficients of variation (CV) for colonization of the rhizoplane by RC1 at the final boot 

stage at each of the four locations (n=8, because averages used both alfalfa levels, as the alfalfa 

amendment was not significant at the boot stage) were calculated for all three depths to compare 

variations among microcosm and field replicates. One criticism of microcosms is that they can be 

inherently variable. In this study, the CY s for the population of RC1 on the rhizoplane were very 

similar in the top soil layer for the four locations (Table 2.2). This may be the result of the removal 

of the surface soil from the microcosms, field lysimeters and field plots, which was then 

composited, sieved, and mixed. The low CY for the field plots in the bottom soil layer was caused 

by the low population of RCI present and because several samples had populations below the 

detection limit of 3.7 log CFU g-1 dry root; the detection limit was used to calculate the means. 

The CV for the chamber microcosm was similar to the field lysimeter demonstrating that 

microcosms may exhibit the approximate statistical variability observed in the field. 
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TABLE 2.2. Coefficients of Variation for Mean Rhizoplane Populations of Pseudomonas sp. 
RCI riflOO at Three Depths at the Final Boot Stage Sampling of Wheat in the 
Various Microcosm and Field Treatments. 

Location Depth (em) 

Ambient microcosm 
Chamber microcosm 
Field plot 
Field lysimeter 

0 to 15 

7.5 
6.9 
8.6 
6.2 

15 to 35 

(coefficient of variation, %, n=8) 

23.1 
6.7 

12.4 
7 .4 

35 to 55 

11.9 
22.1 

3.6 
25.4 

In summary, these results demonstrate that intact soil-core microcosms can model field 

survival and the colonization of the wheat rhizoplane by a rhizobacterium. Results from the final 

sampling of the population of RC1 on the rhizoplane at the middle depth suggest a measure of 

caution in using laboratory and growth chamber based data for simulating field survival of an 

introduced organism. The stage of plant growth was determined to be a better reference point for 

predicting the fate of this bacterium in the field from microcosm results than the length of time from 

inoculation. These results demonstrate that limitations exist in using soil-core microcosms as field 

models for assessing the risks associated with the field release of GEMs and that more research is 

needed to investigate these limitations. 
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3.0 FIELD CALIBRATION OF SOIL-CORE MICROCOSMS: ECOSYSTEM 
STRUCTURAL AND FUNCTIONAL COMPARISONS 

3.1 SUMMARY 

Microcosms containing intact soil cores are a potential biotechnology risk assessment tool for 

assessing the ecological effects of genetically engineered microorganisms before they are released 

to the field. However, microcosms must first be calibrated to ensure that they adequately simulate 

key field parameters. Soil-core microcosms were compared with the fidd in tenns of ecological 

response to the introduction of a large inoculum of a rifampicin-resistant rhiwbacterium, 

Pseudomonas sp. RCI. RCl was inoculated into intact soil-core microcosms incubated in the 

laboratory at ambient temperature (22°C) and in a growth chamber with temperature fluctuations 

that mimicked average field values and into field lysimeters and plots. The effect of the introduced 

bacterium on ecosystem structure, including wheat rhizoplane populations of total and fluorescent 

pseudomonads, total heterotrophic bacteria, and the diversity of total heterotrophic bacteria, was 

determined. Fluorescent pseudomonads were present on the rhizoplane in significantly lower 

numbers in soil inoculated with RCl, in both microcosms and the field. Conditions for microbial 

growth appeared to be most favorable in the growth chamber microcosm, as evidenced by higher 

populations of heterotrophs and a greater species diversity on the rhizoplane at the three-leaf stage 

of wheat growth. Ecosystem functional parameters, as detennined by soil dehydrogenase activity, 

plant biomass production, and 15N-fenilizer uptake by wheat were different in the four systems. 

The stimulation of soil dehydrogenase activity by the addition of alfalfa was greater in the 

microcosms than in the field. In general, growth chamber microcosms, which simulated average 

field temperatures, were better predictors of field behavior than microcosms incubated 

continuously at 22°C. 

3.2 INTRODUCTION 

The effects of genetically engineered microorganisms (GEMs) on the structure and function of 

ecosystems must be known before GEMs are released into the environment (Tiedje et al. 1989). 

Microcosms are one option for obtaining preliminary infonnation on the fate and effects of GEMs, 

because tests and microorganisms can be contained within the laboratory (Cairns and Pratt 1986, 

Omenn 1986, Strauss eta!. 1986). Recently, microcosms containing intact cores of soil have been 

used to evaluate the fate and ecological effects of transposon mutants of Azospjrillum lipoferum 
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(Bentjen et al. 1989) and a deleterious wheat (Triticum aestivum)-root inhibiting Pseudomonas sp. 

(Fredrickson et al. 1989). However, before microcosms can be used as a standard biotechnology 

risk assessment tool, they must first be calibrated with field observations, in order to be effective 

field models (Dean-Ross 1986, Fredrickson et al. 1990b, Gillett and Witt 1979, Pritchard and 

Bourquin 1984). 

The evaluation of ecological processes has been suggested as an indicator of the impacts to the 

ecosystem resulting from the introduction of GEMs (Cairns and Pratt 1986). Intact soil-core 

microcosms retain many structural and functional elements of the ecosystem, which were present 

in the field. The best measure of whether or not soil-core microcosms mimic the field and are 

useful for biotechnology risk assessment is if similar ecological structure and function are found 

(O'Neill et al. 1988). Changes in nutrient cycling processes are often used to determine the 

disturbance of ecosystems (Dean-Ross 1986) and for field calibrating microcosms for microbial 

function (Pritchard and Bourquin 1984). Previous studies have investigated intact soil-core 

microcosms for structural effects on ecosystems including the displacement of Rhizobium 

leguminosarum and nitrifiers from the rhizosphere of wheat and maize~ !l.1..aj:§) by inoculated 

with A. lipoferum (Bentjen et al. 1989) and of aerobic heterotrophic bacteria on the wheat 

rhizoplane by a Pseudomonas sp. deleterious to the growth of wheat (Fredrickson et al. 1989). 

Ecosystem functional effects have also been investigated in laboratory microcosms, including the 

effect of fly ash on the primary productivity of plants and the uptake of elements (Tolle et al. 1983, 

1985), the effects of A. lipoferum on the N content of wheat and maize leaves (Bentjen et al. 

1989), and the export of soil nutrients from microcosms resulting from leaching and uptake by 

plants (Fredrickson et al. 1990a). 

The objective of this research was to detennine the comparability of results obtained from 

microcosms with those obtained in the field for ecosystem structural and functional propenies. 

The approach was to determine the effect of a rhizobacterial Pseudomonas sp. on the structure and 

function of the ecosystem when introduced to soil, which was planted with winter wheat, in field 

plots, field lysimeters, and intact soil-core microcosms in the growth chamber and the laboratory. 

The fate of this introduced rhizobacterial Pseudomonas sp. in microcosms and the field is 

described in Section 2.0. 

3.2 



3.3 MATERIALS AND METI!ODS 

3.3.1 Bacterial Strain. Field Site. Microcosms. Inoculation. and Locations 

A description of the bacterial strain, field site, soil-core microcosm collection, inoculation, and 

treatment locations is presented in Section 2.0. Briefly, intact soil-core microcosms (17.5 em 

diameter, 60 em length), field lysimeters ( 17.5 em diameter, 60 em length), and field plots ( 17.5 

em diameter, 15 em deep open-ended rings) contained four surface soil (0 to 15 em depth) 

treatments, including: I) inoculation with Pseudomonas sp. RCI (hereafter referred to as RCI ), 

which was resistant to 100 )..l.g rifampicin mi- 1 (Section 2.0), and a soil amendment of 1% (w/w) 

alfalfa (dried at 60°C and chopped); 2) inoculated with RCl and unamended; 3) uninoculated and 

amended with alfalfa; and 4) uninoculated and unamended. Soil inoculation and placement at the 

four locations, including: 1) microcosms incubated at ambient laboratory temperature (22°C) 

(ambient microcosms); 2) microcosms incubated in a growth chamber (chamber microcosms) with 

temperature fluctuations that simulated field averages; 3) field lysimeters; and 4) field plots, 

occurred on October 29, 1988. The soil amended with alfalfa received 1.7 x 108 colony fanning 

units (CFU) of RCl g-1 dry soil (oven-dried at 105°C for 24 h), while the unamended soil received 

5.5 x 107 CFU g·l dry soil. A solution of 15N.Jabeled (NH4)2S04 was added to all treatments for 

a final enrichment of 15 atom% 15N and aN addition equivalent to 100 kg N ha-l. All treatments 

were brought to a final soil moisture content of 16% with tap water. All microcosms, field 

lysimeters, and field plots were seeded with five 'Daws' winter wheat seeds, which were later 

thinned to two wheat seedlings, and routinely watered with tap water as the soil dried. 

3.3.2 Sampline 

A description of the sampling protocol is presented in Section 2.0. Briefly, there were two 

samplings of winter wheat, one at the three-leaf stage and a final destructive sampling at the ix>ot 

stage of growth. At the three-leaf stage, one wheat seedling with intact roots was removed from 

the ambient microcosms, chamber microcosms, and field lysimeters and plots at 18, 45, and 144 

days after planting, respectively. The final sampling was conducted at 67, II 0, and 205 days after 

planting, respectively. At the final sampling, the intact soil-cores from each treaonent were divided 

into three sections as a function of depth (top: 0 to 15 em; middle: 15 to 35 em; and bottom: 35 to 

55 em). 

3.3 



3.3.3 Ecosystem Structural Measurements 

The soil adhering to wheat roots from seedlings at the three~ leaf stage and from wheat roots at 

three soil depths from the boot stage was rinsed off in sterile water. Microbial populations on the 

rhizoplane were detennined by macerating the washed roots in a sterile mortar and pestle, serially 

diluting, and plating the appropriate dilutions onto media, including Sands medium (Sands and 

Rovira 1970) for total and fluorescent pseudomonads, Sands medium amended with 50 IJ.g 

rifampicin (Sigma® Chemical Company, St. Louis, Missouri) m]-1 (Sands-rif50) for RCI, tryptic 

soy agar (TSA) (Manin 1975) for total aerobic heterorrophs, and most probable number (MPN) 

tubes for denitrifiers (Tiedje 1982) and ammonium~oxidizing bacteria (Schmidt and Belser 1982). 

Microbial populations are reponed on a per gram dry weight (55°C, 48 h) of root basis. The 

fluorescent pseudomonad population was detennined by examining individual colonies on dilution 

plates of Sands medium for fluorescence under UV light. The pseudomonad population, which 

was fluorescent, was expressed as a percent of the total pseudomonad population counted on 

Sands medium. 

Several indices of species diversity (Atlas and Bartha 1987) were calculated for the 

heterotrophic bacteria present on the rhizoplane. Each distinct colony type and all members 

representing that colony type were enumerated on TSA plates from the appropriate dilutions. 

Distinct colony types were treated as separate species. Species diversity was calculated as species 

richness, the Shannon~ Weaver Index (Shannon and Weaver 1963), evenness, and equitability as 

described in Atlas (1984). 

3.3.4 Ecosystem Functional Measurements 

The biomass of wheat shoots was detennined at the three-leaf and boot stage of growth. 

Wheat shoots were cut at the soil surface, dried at 55°C for 48 h, and weighed. Plant material was 

ground to pass a 100-mesh screen, and the total Nand atom% ISN contents of wheat shoots at the 

boot stage were determined by combustion· mass spectrometry (Dumas combustion/reduction -

Mass Spectrometer Continuous Flow Technique, ISOTEC Inc.). The percent recovery of N 

fertilizer by wheat shoots was calculated using the methods of Hauck and Bremner (1976): 

%recovery= 100 x <g shoot N) x (atom% 15N excess in shoot) 
(g fertilizer N added) x (atom% lSN excess in fertilizer) 
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Dehydrogenase activity in the surface (0 to 15 ern depth) soil was determined at the three-leaf 

stage of wheat growth using a modification of the method of Tabatabai (1982). Soils were 

incubated for 24 h. The absorbance from a control soil (no triphenyltetrazolium chloride added to 

the soil) was subtracted from the absorbance from a treated soil (triphenyltetrazolium chloride 

added to the soil) to arrive at the soil dehydrogenase activity. Data are reponed on a per g dry 

weight (105'C, 24 h) of soil basis. 

3.3.5 Experimental Desie-n 

The experimental design was a 2 x 2 x 4 completely mndomized factorial design with two 

inoculation treatments (with RC1 and without), two alfalfa treatments (amended and unamended), 

and four locations (ambient microcosm, chamber microcosm, field lysimeters, and field plots). 

Log transformed data were used for the statistical analysis of microbial plate counts, unless 

otherwise mentioned in the text. All soil results are reponed on an oven (105°C, 24 h) dry weight 

basis. Results from four replicates were statistically analyzed using a fixed-effects model 

(Stat View™ II Program, Abacus Concepts, Inc., Berkeley, California). Duncan's multiple range 

test was used to test for differences among means (p~0.05), but only when F-tests (ANOV A) for 

the main effects or interactions were statistically significant, to ensure a conservative estimate of 

treaonem mean differences (Steel and Torrie 1980). 

3.4 RESULTS AND DISCUSSION 

3.4.1 Ecosystem Structural Comparisons at the Three-Leaf Stmw of Wheat Growth 

The population of pseudomonads (defined as the numbers of colonies on Sands medium) on 

the rhizoplane of wheat was significantly higher in treatments inoculated with RC1 and those 

amended with alfalfa (fable 3.1). There was no significant effect of location and there were no 

significant interactions among the treatments. When the populations of RCI on the rhizoplane (see 

Section 2.0) were expressed as a percent of total pseudomonads on the rhizoplane (using non­

transformed data), there was no difference resulting from location or alfalfa amendment (fable 

3.1). Greater than 80% of the total pseudomonads on the wheat rhizoplane was the introduced 

rhizobacterium, RC1. The percentage of total pseudomonads on the rhizoplane that fluoresced on 

Sands medium was significantly higher in microcosms in the growth chamber than in the three 
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TABLE 3. 1. Ecosystem Structural Measurements on the Wheat Rhizoplane at the Tirree-Leaf Stage of Growth. The means of the 
main effects of location, alfalfa amendment, and inoculation with Pseudomonas sp. RCl are presented. 

Pseud.QmOtlf..l:S. sn. RCl 
%of %of % Fluorescent 

Treaonent Pseudomonads Bacteria pseudomonads(a) bacteriaCb) pseudomonads(c) 

(log CFU/g dry root) 

Location 

Ambient microcosms 8.3a(d) 9.0a 86a 48a 
Chamber microcosms 8.8a 9.4a 82a 36a 
Field plots 8.4a 9.2a 85a 20a 
Field lysimeters 8.7a 9.la 83a 58 a 

Alfalfa Amendment 

With 8.8a 9.5a 76a 27a 
Without 8.3b 8.9b 9la 53b 

Inoculation with Pseudomonas sp. RCl 

With 8.8a 9.3a 84a 4la 
Without 8.3b 9.la Ob Ob 

(a) Sands-rif50 counts from Section 2.0 divided by Sands counts using non-tranformed data 
(b) Sands-rif50counts from Section 2.0divided by TSA counts using non-transformed data 
(c) Percent of colonies on Sands plates that were fluorescent 

lOb 
18a 
lOb 
8b 

15a 
9b 

lb 
24a 

NJ4-0xidizing Denitrifiers 
bacteria 

(log CFU/g dry root) 

3.lb 6.6a 
2.5c 7.2a 
3.6a 6.4a 
3.2b 6.6a 

3.6a 7.0a 
2.7b 6.6a 

3.2a 7.la 
3.0a 6.2b 

(d) Main effect means in the same column that are followed by the same letter are not significantly different (p,; 0.05, n=l6, 32, and 32 
for location, alfalfa amendment, and inoculation with Pseudomonas sp. RCl, respectively) 



other locations (Table 3.1). The percentage was lower in treatments that received RCI and was 

higher when alfalfa was added. This decrease resulting from the inoculation with RCI is not 

surprising, because RCI, which was the dominant pseudomonad population on the rhizoplane at 

this sampling, is non-fluorescent (Bolton and Elliott 1989). Therefore, RCI out-competed a 

significant proportion of native soil pseudomonads for colonization of the root surface and also 

altered the bacterial composition of the rhizoplane by decreasing the percentage of fluorescent 

pseudomonads. Previous work has demonstrated the ability of these deleterious rhizobacteria to 

compete favorably in the rhizosphere and on the rhizoplane (see Section 2.0, Fredrickson et al. 

1989, Fredrickson and Elliott 1985). The high population of the introduced RC1 (approximately 

lOS CFU g-1 dry soil) likely conoibuted to the exclusion of fluorescent pseudomonads on the 

rhizoplane. This exclusion phenomena has also been observed for phylloplane colonization by 

epiphytic bacteria (Lindow 1987). 

It has been suggested (Tiedje et al. 1989) that because there is a considerable redundancy of 

function in microbial communities, the displacement of a microbial species in the ecosystem as a 

result of direct competition with an introduced species would probably not be deleterious. 

However, the exclusion of a broad group of bacteria, which encompasses a number of species, 

such as the fluorescent pseudomonads, from the rhizoplane of wheat could be deoimental to plant 

growth, even though it did not appear to be so in this study. A number of fluorescent 

pseudomonads can function as biological control agents of root pathogens in the rhizosphere 

(Murdock eta!. 1984, Scher and Baker 1982, Weller 1983). 

When RCl populations (see Section 2.0) were calculated as a percent of total aerobic 

heterotrophs on the rhizoplane (using non-transformed data), there was no significant effect of 

location. However, the addition of alfalfa significantly decreased the percentage of RCl (Table 

3.1). The addition of alfalfa probably stimulated the population of total bacteria in soil, allowing 

them to compete more favorably on the rhizoplane with RCI (Table 3.1). RC1 competed 

favorably with aerobic heterotrophic bacteria on the rhizoplane in the unamended soil, where RCl 

comprised over one-half of the total aerobic heterotrophs on the rhizoplane (Table 3.1). Although 

RCI was stimulated in the soil by the addition of alfalfa, RCl did not achieve higher populations 

on the rhizoplane in soil amended with alfalfa than in the unamended soil (see Section 2.0). 

Therefore, the decreased percentage of total bacteria on the rhizoplane that were RCl in soil 

amended with alfalfa was the result of an increase in total heterotrophs on the rhizoplane, while the 

population ofRCl remained approximately the same. 

The population of ammonium-oxidizing bacteria associated with the rhizoplane at the three-leaf 
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stage was significantly different at the four locations (Table 3.1). The alfalfa amendment 

significantly increased the population of ammonium-oxidizers, whereas inoculation with RCI had 

no effect. The relative niches of RCl and ammonium-oxidizing bacteria on the rhizoplane are 

different and, therefore, effects caused by RCI inoculation would not be expected. The increase in 

ammonium-oxidizing bacteria when alfalfa was added may have been caused by an increase in soil 

ammonium from the mineralization of alfalfa N. However, soil Nfi4+ and N03· levels were not 

measured in this experiment. The ammonium-oxidizing population on the rhizoplane in the field 

plot and lysimeter treatments were significantly different, although the differences are probably not 

ecologically significant, as the means differed by only one-half Jog unit. 

Populations of deninifiers on the rhizoplane were not significantly affected by location or 

alfalfa amendment (fable 3.1 ). However, inoculation with RCI significantly increased the 

denitrifier population presumably because RCI was a major population on the rhizoplane, which 

can denitrify (presumptive evidence from the procedure of Tiedje, 1982). 

Species richness and the Shannon-Weaver index of species diversity for heterotrophic bacteria 

on the rhizoplane were significantly higher in the chamber microcosms than in the three other 

locations (Table 3.2). Species richness represents the number of species normalized to the number 

of total individuals (Atlas 1984) and, therefore, is a measure of the variability of the microbial 

population. The Shannon-Weaver index is a measure of the diversity of species, which is 

comprised of both species richness and relative species abundance (Atlas and Banha 1987) and is 

used as an indicator of the abundance and distribution of individuals within the various species. 

The higher species richness and Shannon-Weaver indices in the chamber microcosms compared to 

the three other locations may have been the result of more favorable temperature and moisture 

conditions present in the growth chamber (see Section 2.0). This may also be indicated by the 

increase in soil dehydrogenase activity, a measure of general microbial activity, in the chamber 

microcosms compared to the three other locations at this same time period, i.e., the three-leaf stage 

of wheat growth (fable 3.3). The growth chamber could not simulate completely average field 

temperatures, because it has a lower temperature limit of 5°C. Also, although the total amount of 

water added to the soil for the four locations was similar, the amendments as a function of time 

were different (see Section 2.0). The two environmental factors of temperature and moisture could 

have resulted in more favorable conditions in the soil and rhiwplane of the growth chamber. 

Inoculation with RC1 had no effect on species richness or the Shannon-Weaver index 

determined for the heterotroph population on the rhizoplane (Table 3.2). Although the alfalfa 

amendment had no effect on species richness, the Shannon-Weaver index increased with the alfalfa 
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TABLE3.2. Species Diversity Indices on the Wheat Rhizoplane at the Three-Leaf Stage of Growth. The means of the main 
effects of location, alfalfa amendment, and inoculation with Pseydomonas sp. RCl are presented. 

Treatment Richness Shannon-Weaver Evenness Equitability 

Location 

Ambient microcosms 4.0b(a) 2.0b 2.3a 0.7a 
Chamber microcosms 6.6a 2.7a 2.5a 0.8a 
Field plots 4.0b 2.3b 2.7a 0.8a 
Field lysimeters 3.8b 2.lb 2.4a 0.7a 

Alfalfa Amendment 

With 4.6a 2.5a 2.7a 0.8a 
Without 4.6a 2.2b 2.3b 0.7b 

Inoculation with Pseudomonas sp. RCl 

With 4.6a 2.2a 2.3b 0.7b 
Without 4.6a 2.4a 2.6a 0.8a 

(a) Main effect means in the same column that are followed by the same letter are not significantly different (p .S 0.05, n = 16, 
32, and 32 for location, alfalfa amendment. and inoculation with Pseudomonas sp. RCI, respectively) 



w -0 

TABLE 3.3. Ecosystem Structural Measurements on the Wheat Rhizoplane at the Boot Stage of Growth. The means of the main 
effects of location, alfalfa amendment, depth, and inoculation with PseudQmQnas sp. RCl are presented. 

Treannent Pseudomonads Bacteria 
(log CFU/g dry root) 

Location 

Ambient microcosms 6.4c(C) 8.0a 
Chamber microcosms 7.la 8.3b 
Field plots 6.4c 8.4b 
Field lysimeters 6.8b 8.8c 

Alfalfa Amendment 

With 6.8a 8.4a 
Without 6.5b 8.3b 

Depth 

Top (0 to 15 em) 7.3a 8.6a 
Middle (15 to 35 em) 6.8b 8.4b 
Bottom (35 to 55 em) 6.0c 8.0c 

Inoculation with Pseudomonas sp. RCl 

With 6.5b 8.3a 
Without 6.8a 8.4a 

(a) Sands-rif50 counts from Section 2.0 divided by Sands counts 
(b) Sands-rif50 counts from Section 2.0 divided by TSA counts 

Pseudomonas sp. RCl % Fluorescent 
% of pseudomonads(a) % of bacteria(b) pseudomonads 

36a 2.6a 15a 
51 a 6.8b 16a 
3la 1.5a 15a 
49a 0.5a 20a 

32b 2.3a 18a 
51 a 3.4a 15a 

54a 2.2a 15a 
58 a 6.lb 18a 
14b 0.3a 16a 

42a 3a llb 
Ob Oa 23a 

(c) Main effect means in the same column that are followed by the same letter are not significantly different (p ~ 0.05, n = 48, 96, 
64, and 96 for location, alfalfa amendment, depth, and inoculation with Pseudomonas sp. RCl, respectively) 



amendment (fable 3.2). This increase in the Shannon-Weaver index as the result of the alfalfa 

amendment may have been related to a stimulation of the growth of the general soil microbial 

population causing a more even distribution of individuals among the various species. This is 

supported by the evenness and equitability indices, which were also higher in the soil amended 

with alfalfa (Table 3.2). Evenness and equitability decrease when dominant populations are 

present and indicate whether individuals are evenly distributed among the various species (Atlas 

1984). The evenness and equitability indices were no different at the four locations (Table 3.2). 

However. inoculation with RCl significantly decreased evenness and equitability. because RCl 

was dominant on the rhizoplane, and the distribution of individuals among the various species was 

skewed. 

3.4.2 Ecowstem Structural Comparisons at the Boot Stage of Wheat Growth 

Populations of total pseudomonads on the rhizoplane at the boot stage of wheat growth were 

significantly different as a function of location, alfalfa amendment, depth, and inoculation (Table 

3.4). There was a greater than one log-unit decrease in the population of pseudomonads with 

increasing depth. The location by depth intemction was significant with the population of 

pseudomonads on the rhizoplane declining, in general, with an increase in depth, although the 

magnitude of the decline varied with location (Fig. 3.1 ). The alfalfa by depth interaction was also 

significant because the alfalfa amendment increased the population of pseudomonads on the 

rhizoplane only in the amended surface layer. 

Location had no effect on the rhizoplane population of RCI calculated as a percent of the total 

pseudomonads (Table 3.4). The percent of total pseudomonads consisting ofRCI decreased 

when alfalfa was added and at the 35-to 55-cm depth. The alfalfa by depth interaction was again 

significant. The decrease in the proportion of RCI present as a function of depth was the result of 

a greater decline in the population of RCl on the rhizoplane with increasing depth (see Section 2.0) 

than of the total pseudomonad population (Table 3.4). This would be expected, as RCl was 

inoculated only in the surface soil. Weller (1984) found a similar reduction in the percentage of 

fluorescent pseudomonads, consisting of a seed-inoculated Pseudomonas fluorescens as a function 

of distance from the seed along the wheat root. These results demonstrate the imponance of 

quantifying broad microbial groups, such as total pseudomonads or heterotrophs, in addition to the 

introduced organism. This information is necessary to understand what proportion of the carrying 

capacity of the rhizoplane/rhizosphere is composed of the introduced organism. 
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TABLE 3.4. Ecosystem Functional Measurements (Soil and Plant) at the Three-Leaf and Boot Stage of Wheat Growth. The 
means of the main effects of location, alfalfa amendment, and inoculation with Pseudomonas sp. RCl are 
presented. 

Treatment Soil dehydrogenase activity(a) Shoot biomass (g) Boot stage shoot N 
Three-leaf stage Three-leaf stage Boot stage %total N atom% 15N 

Location 

Ambient microcosms lO.Oab(c) 0.02b 5.7c 3.9a 5.36ab 
Chamber microcosms 11.7a 0.07a 15.3a 1.7b 5.25bc 
Field plots 6.9c 0.06a 11.7b 1.2c 4.99c 
Field lysimeters 8.2bc 0.05ab 13.7ab 1.7b 5.57a 

Alfalfa Amendment 

With 14.0a 0.04b 14.0a 3.2a 1.87b 
Without 4.4b 0.06a 9.8b 1.4b 7.96a 

Inoculation with Pseudomonas sp. RC 1 

With 9.2a 0.06a 12.2a 2.2a 4.85a 

Without 9.2a 0.04a 10.9a 2.la 5.85a 

(a) ~g triphenylformazan produced If I drY soil 24 h-1 
(b) Percent recovery of fertilizer N by wheat shoots= 100 x (g shoot N) x (atom% 15N excess in shoot) 

(g fertilizer N added) x (atom % ISN excess in fertilizer) 

Fertilizer usedCbl 
(%) 

26a 
28a 
14b 
27a 

17b 
29a 

23a 
25a 

(c) Main effect means in the same column that are followed by the same letter are not significantly different (p ~ 0.05, n = 16, 32, 
and 32 for location, alfalfa amendment, and inoculation with Pseudomonas sp. RCl, respectively) 
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FIGURE 3.1. Wheat Rhizoplane Populations (Log Colony Forming Units (CFU) g-1 Dry Root) 
of Total Pseudomonads as a Function of Depth in the Various Microcosm and Field 
Treatments at the Final Boot Stage Sampling. Error bars represent the difference 
between treatment means by Duncan's Multiple Range Test (p$;0.05, n=8). 

The percent of total pseudomonads present as RCl decreased as a function of time as 

evidenced by results from the three-leaf and boot stage samplings (fable 3.1 and 3.4). The 

population of RCl on the rhizoplane (see Section 2.0) declined more rapidly than the population of 

total pseudomonads as a function of time (fable 3.1 and 3.4). A fluorescent pseudomonad, 

suppressive to the take-all (Gaumannomyces mminis) pathogen of wheat, aggressively competed 

with native pseudomonads and bacteria on the wheat rhizoplane when it was inoculated onto seeds 

(Weller 1983). Weller (1983) also found the proportion of fluorescent pseudomonads, total 

pseudomonads, and total bacteria present as the introduced pseudomonad decreased as a function 
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of wheat growth, similar to the results of this study. There was no difference in the percent of 

pseudomonads on the rhizoplane, which were fluorescent, as the result of location, alfalfa 

amendment, or depth (Table 3.4). Inoculation with RCI again resulted in a significant reduction in 

the number of fluorescent pseudomonads on the rhizoplane (fable 3.4 ), although this difference 

was less than it was at the three-leaf stage (Table 3.1 ). 

Bacterial populations of total heterotrophs on the rhizoplane were one to two orders of 

magnitude higher than the populations of total pseudomonads (Table 3.4). Location, alfalfa 

amendment, and depth all significantly influenced heterotrophic populations. Total heterotrophic 

bacteria on the rhizoplane decreased as a function of depth, although the magnitude of the decline 

varied at the different locations (Fig. 3.2). When the numbers of RCI were calculated as a percent 

of the total heterotrophic population on the rhizoplane, the chamber microcosm had the highest 

percentage of the four locations and the middle depth had the highest percentage of the three depths 

(fable 3.4). These percentages at the boot stage of wheat growth (Table 3.4) were nearly tenfold 

less than those observed at the three-leaf stage (Table 3.1 ). The alfalfa amendment did not alter the 

proportion of total heterotrophic bacteria that were RCI, in contrast to the three-leaf stage sampling 

(Table 3.1). 

3.4.3 Ecosystem Functional Comparisons 

The activity of soil dehydrogenase at the three-leaf stage of wheat growth varied among the 

four locations and was significantly higher in soil that received alfalfa, while inoculation with RCl 

had no effect (Table 3.3). The soil dehydrogenase activity was assayed at all four locations during 

the same phenological stage of wheat growth. The addition of alfalfa increased soil dehydrogenase 

activity to three times that of the unamended soil (Table 3.4 ), which coincided with increases in 

populations of total pseudomonads and total bacteria on the rhizoplane (Table 3.1). The location 

by inoculation by alfalfa amendment interaction was significant, with the treatments in ambient and 

chamber microcosms exhibiting larger differences among treatments that received RCI or alfalfa 

than in the field plots or lysimeters (Fig. 3.3). The inoculated and uninoculated treatments without 

alfalfa did not have significantly different soil dehydrogenase activities at the four locations. The 

principal difference between the four locations was associated with the alfalfa amendment. The 

ambient and chamber microcosms amended with alfalfa had significantly higher dehydrogenase 

activity than the field treatments. 

The biomass of wheat shoots was used in this study as an integrated measure of plant growth 
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FIGURE 3.2. Wheat Rhizoplane Populations (Log Colony Forming Units (CFU) g-1 Dry Root) 
of Total Heterotrophic Bacteria as a Function of Depth in the Various Microcosm 
and Field Treatments at the Final Boot Stage Sampling. Error bars represent the 
difference between treatment means by Duncan's Multiple Range Test (p~.OS, 
n=8). 

and function in the various treatments. Wheat shoot biomass at both the three-leaf and boot stage 

samplings was significantly different at the various locations (Table 3.3). Inoculation with RCl 

had little influence on shoot biomass at either stage of plant growth. These results are similar to 

those obtained in earlier microcosm studies in the laboratory, which showed that Tn.5. Tox+ and 

Tox· mutants of RCI had no effect on the biomass of wheat shoots at boot stage (Fredrickson et al. 

1989). The alfalfa amendment significantly decreased wheat biomass at the three-leaf stage (Table 

3.3). In contrast, the alfalfa amendment significantly increased the biomass of wheat shoots at 

boot stage (fable 3.3). This reversal may have been caused by the additional plant nutrients, 
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mainly N, supplied during the decomposition of the alfalfa. Increased plant N in wheat shoots at 

the boot stage and a lower proportion of fertilizer utilized by wheat in the soil amended with alfalfa 

supports this conclusion (Table 3.3). The low biomass of wheat shoots in the ambient 

microcosms at the three-leaf and boot stage samplings indicated that incubation of soil-core 

microcosms at ambient laboratory temperatures did not simulate the growth of winter wheat in the 

field. The growth chamber, with diurnal temperature fluctuations, was considerably better at 

simulating the the growth of winter wheat in the field, at both the three-leaf and boot stage, as 

evidenced by shoot biomass values that were similar to those in the field treatments (Table 3.3). 

Although laboratory incubated microcosms may not always duplicate results from the field, they 

may still be useful for predicting results, or at least trends, in the field (Fredrickson et al. 1990b, 

Pritchard 1982). For example, Tolle et al. ( 1983, 1985) constructed dose-response curves relating 

fly ash concentrations to plant productivity. This allowed the utilization of microcosm results to 

predict the effect of fly ash on alfalfa (Medicago sru:h:a), timothy (Phleum praetense), and oat 

(A vena .s.at.iYa) productivity and elemental uptake in the field. 

TheN and atom% 15N contents of the wheat shoots at the boot stage of growth were 

significantly influenced by location (Table 3.3). Wheat grown in field plots had a significantly 

lower recovery of fertilizer N than the three other locations (Table 3.3). The field plots were 15-

cm-deep open-ended rings, which enclosed only the surface treated soil. The wheat roots and 

15N-1abeled fertilizer in the field plots, unlike the field lysimeters and microcosms, were not 

constrained by the polyethylene pipe to a depth of 60 em. Wheat roots in the plots were able to 

grow laterally below the pipe and explore a greater volume of soil. The root distributions in the 

field plots and the field lysimeters were visually different, with a greater root density in the field 

lysimeters than in a similar volume of soil from the field plots (see Section 2.0). Also, the 

polyethylene pipe prevented lateral movement of the 15N-labeled fertilizer to a depth of 60 em. 

Differences between the movement or dispersion of chemicals in field plots and in microcosms 

have been noted before. For example, Jackson and Levin ( 1979) found that although microcosms 

predicted transport of arsenic in the field, the microcosms were more sensitive to arsenic-induced 

stress than field plots, probably the result of the confinement of the arsenic in the microcosm and 

the greater dispersion in the unconfined field plots. 

The addition of alfalfa to the soil increased theN content, but decreased the atom% 15N 

enrichment, of the wheat shoots. Mineralization of organic N in the alfalfa would have supplied 

unlabeled N for plant uptake, thereby decreasing the 15N content of the shoot. Also, the addition 

of organic material to the soil can result in a "priming effect," where native soil organic matter is 

mineralized at a faster rate than in the unamended soil (Stevenson 1986), which would have also 
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increased the unlabeled N available for uptake by the plant. This effect was also apparent in the 

lower utilization of fertilizer when the soil was amended with alfalfa. Inoculation with RCl did not 

influence shoot Nor atom% 15N content. The percent recovery of fertilizer N by wheat shoots in 

the field lysimeters and microcosms (Table 3.3) was within the range reported for wheat grown in 

field lysimeters (Fredrickson et al. 1982). 

3.5 CONCLUSIONS 

In this study, soil-core microcosms were used to predict the effects of an introduced 

rhizobacterium on the srructure and function of a soil ecosystem. However, there were variations 

and differences between the location treatments corresponding to differences between the 

microcosms and the field. In general, soil-core microcosms in a growth chamber favored the 

survival and the colonization of the rhizoplane by both introduced and indigenous microbial 

populations. It is likely that favorable diurnal temperatures and moisture conditions, which were 

maintained in the growth chamber microcosms in comparison to the two field treatments or ambient 

laboratory microcosms (see Section 2.0}, favored general microbial growth and activity. Low 

plant biomass was produced in the ambient microcosms compared to the field and growth 

chamber, indicating that ambient laboratory conditions did not simulate the field as well as the 

growth chamber. These results emphasize the need to control, monitor, and/or simulate key 

environmental variables, such as moisture and temperature, to better calibrate the behavior of 

microcosms with the field. Confinement of the soil cores by polyethylene pipe was not a major 

factor influencing the behavior of soil-core microcosms in comparison to the field. This was 

evidenced by the relatively few statistically significant differences between the field lysimeters and 

plots for ecosystem srructural and functional measurements. 
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4.0 FATE AND ECOLOGICAL EFFECfS OF AN INTRODUCED 
RHIZOBACfERIUM IN MICROCOSMS AND THE FIELD 

4.1 SUMMARY 

Microcosms are being increasingly used for assessing the fate and risks of releasing 

genetically engineered microorganisms (GEMs) to the environment. However, before microcosm 

results can be used to predict microbial fate and effects in the environment, they should be 

compared with the field to ensure they provide comparable results. Intact soil-core microcosms 

were established in a growth chamber with temperature fluctuations that simulated 30-year average 

conditions in the field. Lysimeters were established in the field and the results from both the 

microcosms and lysimeters were compared for the fate of an introduced rifampicin-resistant 

rhizobacterium, Pseudomonas sp. RCl, and effects on ecosystem structural and functional 

properties. Soil populations of RCl declined at a similar initial rate in microcosms and the field, 

but were significantly higher in soil from the microcosm by the three-leaf stage of wheat growth. 

The soil population of RCl was the same at the boot stage of wheat growth. The extent of 

colonization of wheat seedling roots by RCl at the three-leaf stage was similar, but by the boot 

stage sampling rhizoplane populations were significantly higher in microcosms than the field. The 

size and diversity of rhizoplane microbial populations were very similar in the microcosms and 

field or could be attributed to variations in the population of RCl. Wheat shoot biomass and soil 

dehydrogenase activity were similar in the microcosms and the lysimeters at the three-leaf stage of 

wheat growth, but were lower and higher, respectively, in microcosms compared to the field at the 

boot stage. In general, microcosms incubated in a growth chamber were able to simulate the 

microbial fate and effects of an introduced rhizobacteriaJ stmin in the field. 

4.2 INTRODUCDON 

Microcosms are an attractive option for obtaining preliminary data on the fate and ecological 

effects issues associated with the release of genetically engineered microorganisms (GEMs) into 

the environment, because tests and microorganisms can be contained within the laboratory (Cairns 

and Pratt 1986, Omenn 1986, Strauss et al. 1986, Trevors 1988). Microcosms have been used to 

assess the fate (Gile et al. 1982, Van Voris et al. 1983, Van Voris et al. 1985), transport (Van 

Voris et al. 1983), and toxicity of chemicals and pollutants (Pritchard and Bourquin 1984, Van 

Voris et al. 1983). Recently, intact soil-core microcosms incubated in the laboratory were used to 
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evaluate the fate and ecological effects of transposon mutants of Azospirillum lipoferum (Bentjen et 

al. 1989) and a wheat (Triticum aestivum)-root colonizing Pseudomonas sp. (Fredrickson et al. 

1989, 1990a). However, before microcosms can be used as a standard tool for biotechnology risk 

assessment, they must be compared with the field to ensure that they are effective field models 

(Dean-Ross 1986, Fredrickson et al. 1990b, Gillett and Witt 1979, Pritchard and Bourquin 1984). 

The evaluation of ecosystem structural and functional parameters has been suggested as an 

indicator of the impacts to the environment resulting from the introduction of GEMs (Cairns and 

Pratt 1986). Soil-core microcosms retain many aspects of the structural and functional components 

of the terrestrial ecosystem, which are present in the field. Changes in nutrient cycling processes 

are often used to determine the disturbance of ecosystems (Dean-Ross 1986) and for field 

calibrating microcosms for microbial function (Pritchard and Bourquin 1984 ). Previous laboratory 

studies have investigated using intact soil-core microcosms for evaluating microbial effects on 

structural (Bentjen et al. 1989, Fredrickson et al. 1989) and functional (Bentjen et al. 1989, 

Fredrickson et al. 1990a. Tolle et al. 1983, 1985) properties of terrestrial communities. 

Pseudomonas sp. RCl, previously determined to be an aggressive root colonizer (Fredrickson 

et al. 1989) and capable of inhibiting winter wheat root growth (Bolton and Elliott 1989) as well as 

the growth of other microorganisms in vitro (Bolton et al. 1989), was selected for this study. The 

objective of this study was to compare results obtained in this study with studies conducted the 

previous year (see Sections 2.0 and 3.0), to determine the influence of year-to-year variability in 

the field on both the fate and ecological effects of an introduced microorganism and on the 

comparability of microcosm results with the field. 

4.3 MATERIALS AND METHODS 

4.3.1 Bacterial Strain. Field Site. Microcosms and Lysimeters. and Inoculation 

The bacterial strain used in this study, was a spontaneous rifampicin resistant mutant of 

Pseudomonas sp. strain RCl, hereafter referred to as RC 1 (see Section 2.0), which was resistant 

to 100 JJ.g rifampicin ml-1. 

The field site was located on the Arid Lands Ecology Reserve contained within the U.S. 

Department of Energy's Hanford Site in southeastern Washington State. The study site receives an 
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average of 19.5 em of annual precipitation and has a mean annual temperature of 10°C (Rickard 

and Vaughan 1988). The soil is classified as coarse-silty, mixed, mesic, Xerollic Camborthid. 

This soil type is used for irrigated agriculture or dryland winter wheat production elsewhere in 

southeast Washington, but was in native grass at the field site. 

Intact soil cores for use as microcosms and field lysimeters (17.5 em diameter, 60 em length) 

were obtained from the field site using a steel coring device containing Driscopipe® (polyethylene 

pipe, Phillips Petroleum Co., Dallas, Texas), as described by Van Voris (1988). The surface soil 

(top 15 em) was removed from all cores and combined, mixed, and sieved to pass a 2-mm screen. 

The two surface soil treatments included inoculation with RCl and uninoculated. Inoculum was 

prepared by growing RC1 on Sands agar (Sands and Rovira 1970) supplemented with 50 J.Lg 

rifampicin (Sigma® Chemical Company, St. Louis, Missouri) ml·l (Sands rif50) and harvesting by 

flooding agar plates with sterile deionized water and dislodging the cells with a sterile bent glass 

rod. The soil inoculated with RC1 received 2.3 x 1()7 colony forming units (CFU) of RC1 g·l dry 

soil (oven dried at 105°C for 24 h). A solution of ammonium sulfate was added to all treatments at 

100 kg N ha-l. All treatments were brought to a final soil moisture content of 16% with tap water. 

The microcosms were incubated in a growth chamber under a cycling temperature regime that 

approximated the average daily minimum temperature during the dark cycle and the average daily 

high temperature during the photoperiod at the Hanford Site (Stone et al. 1983). A photoperiod of 

10-h was used to simulate fall and winter and a photoperiod of 12-h was used for spring and 

summer. A micro-meteorological weather station, which measured air temperature and 

precipitation, was located near the field site. Air temperature profiles for the field and the growth 

chamber during the course of the experiment are shown in Fig. 4.1. 

The field lysimeters consisted of intact soil cores within polyethylene pipe, which were taken 

in a manner similar to that used for the microcosms and placed back into the soil at the field site. 

The bottoms of the microcosms and field lysimeters were covered with polyester monofilament 

cloth (160 mesh) to prevent root movement outside the core. All soil cores were replicated six 

times and seeded with five 'Daws' winter wheat seeds that were later thinned to two wheat 

seedlings. The study was started on October 25, 1989. Microcosms and field lysimeters were 

routinely watered with tap water to maintain soil moisture at approximately -0.03 MPa (water 

content of 16% ). 
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FIGURE 4.1. Average Daily Air Temperatures at the Three Study Sites Over the Duration of the 
Experiment. 

4.3.2 Sampling and Fate of RCI 

The surface soil (0 to 15 em depth) was sampled as a function of time by removing 

approximately 25 g of soil, taking care not to disturb the wheat plants. The soil was serially 

diluted, plated onto Sands ri£50 agar, and the colonies counted after incubating at 22°C for 24 to 48 

h. Soil populations of RCl are reponed on a per gram dry weight (105°C, 24 h) of soil basis. 

At the three-leaf stage of wheat growth, one seedling was carefully removed with intact roots 

from each of the microcosms and field lysimeters at 35, and 119 days after planting, respectively. 
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The soil adhering to the roots was removed by gently washing the root with sterile deionized 

water. The washed roots were then macerated using a sterilized monar and pestle, and the 

resulting macerate was serially diluted and plated onto Sands rif:SO agar to enumerate the rhizoplane 

populations ofRC1 . Rhizoplane populations are reported on a per gram dry weight (55°C, 48 h) 

of root basis. 

Microcosms and field lysimeters were sacrificed at the boot stage of wheat growth, at 124 and 

194 days after planting, respectively. Field lysimeters were excavated from the field intact and 

wheat shoots were cut at the soil surface for both microcosms and lysimeters. Two cuts were 

made along the length of the polyethylene pipe using a saber saw and one half of the pipe was 

removed to expose the intact core. The intact soil core was subsequently divided into three 

sections (top: 0 to 15 em, middle: 15 to 35 em, and bottom: 35 to 55 em). The outer 1 em of soil 

and root, at the pipe-soil interface, was pared to avoid samples that may have received RC1 from 

water that migrated at the soil-pipe interface. Roots from the three sections (top, middle, and 

bottom) were processed as described earlier for determining RC1 populations. 

4.3.3 Ecosystem Stryctural Measurements 

Rhizoplane bacterial populations were enumerated at the three-leaf and boot stage of wheat 

growth by plating root macerate dilutions onto Sands medium for total and fluorescent 

pseudomonads and tryptic soy agar (TSA) (Manin 1975) for total aerobic heterotrophs. Colonies 

arising on Sands medium, which is semi-selective for bacteria in the genus Pseudomonas, were 

enumerated and populations designated as total pseudomonads. The fluorescent pseudomonad 

population was determined by examining individual colonies on dilution plates of Sands medium 

for fluorescence under UV light and was expressed as a percent of the total pseudomonad 

population counted on Sands medium. The population of RCl on the rhizoplane was expressed as 

a percent of the total pseudomonad and total aerobic heterotroph populations by dividing Sands-rif 

50 counts into Sands and TSA counts, respectively, using non-transformed data. 

4.3.4 Ecosystem Functional Measurements 

The biomass of wheat shoots was determined at the three-leaf and boot stage of growth. 

Wheat shoots, which were cut at the soil surface, were dried at 55°C for 48 h and weighed. 
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The inorganic-N content (Nl-4-N and N03-N) of the soil was determined (Keeney and 

Nelson 1982) in the surface soil at the three-leaf stage and at all three depths at the boot stage of 

wheat growth. The inorganic N content of the KCl extracts was determined with a continuous­

flow N analyzer. The total weight of soil at all three depths in the microcosms and field lysimeters 

was determined at the boot stage of wheat growth. 

Dehydrogenase activity in the surface (0 to 15 em depth) soil was determined at the three-leaf 

and boot stage of wheat growth using a modification of the method of Tabatabai ( 1982). The 

absorbance from a control soil extract (no triphenyltetrazolium chloride added to the soil) was 

subtracted from the absorbance from a treated soil extract (triphenyltetrazolium chloride added to 

the soil), which were both incubated for 24 h, to arrive at the soil dehydrogenase activity. 

All soil data are reported on a dry weight (1 05°C, 24 h) of soil basis. 

4.3.5 Experimental Desi ~n 

The experimental design was a 2 x 2 completely randomized factorial design with two 

inoculation treatments (with RCl and without) and two locations (microcosms incubated in a 

growth chamber and field lysimeters). Log transfonned data were used for the statistical analysis 

of microbial populations. Results from six replicates were statistically analyzed using a fixed­

effects model (StatViewTM II Program, Abacus Concepts, Inc., Berkeley, California). Fisher's 

least significant difference at p~O.OS was used for all treatment mean comparisons, but only when 

F-tests (ANOV A) for main effects or interactions were statistically significant (Steel and Torrie 

1980). 

4.4 RESULTS AND DISCUSSION 

4.4.1 Fate of RC1 

The rate of decline in the population of RCl in the surface soil was similar in the microcosms 

and the field (Fig. 4.2). Microcosm plants reached the boot stage at 124 days while in the field this 

stage was not reached until 194 days, mainly because of the more favorable temperatures in the 

growth chamber. The population of RCl in the surface soil was significantly higher in the 

microcosms than the field at the three-leaf stage of wheat growth (5.9log CFU g-1 dry soil> 4.5 
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FIGURE 4.2. Populations of the Introduced Pseudomonas sp. RCl in Surface Soil (0 to 15 em 
depth) from the Microcosms and the Field. The sampling time for the three-leaf 
stage is shown in the figure, while the curves end at the boot stage sampling. Error 
bars represent standard deviations at each sampling time. 

log CFU g-1 dry soil), while the population decreased to similar values at the boot stage (4.2 log 

CFU g-1 dry soil and 3.6 log CFU g-1 dry soil for microcosms and field, respectively). The rate 

of decline in the population of RCI in microcosm and field soil found in this study was consistent 

with results obtained the previous year (see Section 2.0), except there was a significantly higher 

boot stage population of RCI in the microcosms incubated in a growth chamber (4.3 log CFU g-1 

dry soil) when compared to the field (3. 1 log CFU g·l dry soil). These values are the same and/or 

extremely close to values obtained in this study, suggesting that small differences in the inoculum 

level of RCI (2.3 x 107 CFU g-1 dry soil in this study and 5.5 x 107 CFU g-1 dry soil the previous 
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year) and year-to-year climatic variability in the field did not greatly influence the decline of RCl in 

soil. 

There was no difference in the colonization of wheat roots by RCl at the three-leaf stage of 

wheat growth in the microcosms or the field (Table 4.1 ), even though the soil population of RCl at 

the three-leaf stage in the microcosms was significantly higher than the field. These results are 

similar to the previous year (see Section 2.0). The population of RCl on the rhizoplane of wheat 

at the final boot stage sampling was significantly higher in the microcosms than the field when all 

depths were averaged (Table 4.2). The population of RCl on the rhizoplane also decreased as a 

function of depth (Table 4.2 and Fig. 4.3). There was a significant interaction of location and 

depth for the population of RCl on the rhizoplane (Fig. 4.3) with the microcosm having a rapid 

decrease at the bottom depth, while the field had a rapid decrease at the middle depth. The 

population of RCl on the rhizoplane in the surface layer was significantly higher in the microcosm 

than the field (Fig. 4.3). These results for the surface layer at the boot stage are in contrast with 

the three-leaf stage sampling where there was no difference between microcosm and field 

rhizoplane populations of RCl. These results are also different from those obtained the previous 

year (see Section 2.0) where rhizoplane populations in the surface layer were similar in 

microcosms and the field at the boot stage sampling. The microcosms overestimated the 

colonization of the rhizoplane by RCl in the field and also had a different pattern of colonization as 

a function of depth (Fig. 4.3) when compared to the previous year (see Section 2.0). In the 

previous study (see Section 2.0) there was an increase in the rhizoplane population of RCl in the 

middle soil layer of the growth chamber microcosms when compared to the field lysimeters. 

This study and the previous one (see Section 2.0) demonstrate the importance of quantifying 

rhizoplane bacterial populations as a function of depth. In this way, movement of the introduced 

bacterium through the soil by roots and/or by percolating water can be quantified. The variation 

between the field and the growth chamber in this study and between this study and the previous 

year (See Section 2.0) could have been caused by temperature and moisture variations. 

Temperature variation between the field and the growth chamber was significant (Fig. 4.1 ). The 

addition of water in the field and microcosms also varied as a function of time. The length and 

extent of soil wet/dry cycles as well as infiltration of water into the soil-cores was different in 

microcosms and the field and from year-to-year and could have accounted for differences in 

rhizoplane populations of RCl. Percolating water increased the transport of Rhizobium sp. and 

Pseudomonas sp. in laboratory soil columns (Madsen and Alexander 1982), while irrigation 

increased bacterial transport and colonization of the rhizosphere of potato (Solanum tuberosum) in 

the field (Bahme and Schroth 1987) and pea (Pi sum sativum) in the laboratory (Chao et al. 1986). 
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TABLE 4.1. Microbial Populations on the Rhizoplane of Wheat at the Three-Leaf Stage of Growth. The Means of the Main Effects 
of Location and Inoculation with Pseudomonas sp. RCI are Presented. 

Treatment RCl Pseudomonads Bacteria RCl 
(log CFU/g dry root) % of pseudomonads(a) % of bacteria(b) 

Location 

Microcosms 
Field 

8.2a(d) 
8.2a 

8.2a 
8.3a 

Inoculation with Pseudomonas sp. RCl 

With 
Without 

8.2a 
Ob 

8.2a 
8.3a 

8.6b 
9.1a 

8.8a 
9.0a 

(a) RCl counts divided by pseudomonad counts using non-tranformed data 
(b) RCI counts divided by bacterial counts using non-transformed data 
(c) Percent of colonies on Sands plates that were fluorescent 

96a 
86a 

91a 
Ob 

44a 
18b 

3la 
Ob 

% Fluorescent 
pseudomonads(c) 

8a 
Sa 

Ob 
18a 

(d) Main effect means in the same column that are followed by the same letter are not significantly different (p S: 0.05, n = 12 for 
location and inoculation with Pseudomonas sp. RCl) 
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TABLE4.2. Microbial Populations on the Rhizoplane of Wheat at the Boot Stage of Growth. The means of the main effects of 
location, depth, and inoculation with Ps~ygQmona~ sp. RCI are presented. 

Treatment RCl PseugQmQnads Bacterill RCl 
(log CFU/g dry root) % of pseudomonads(a) % of bacteria (b) 

Location 

Microcosms 6.4a(d) 6.7a 8.2a 
Field 4.8b 6.4a 7.9a 

Depth( e) 

Top 6.9a 6.7a 8.4a 
Middle 5.5b 7.0a 8.2a 
Bottom 4.4c 5.9b 7.6b 

Inoculation with Pseudomonas sp. RCl 

With 5.6a 6.4a 7.9a 
Without Ob 6.7a 8.2a 

(a) RCl counts divided by pseudomonad counts using non-tranformed data 
(b) RCl counts divided by bacterial counts using non-transformed data 
(c) Percent of colonies. on Sands plates that were fluorescent 

54 a 9a 
27b 2a 

86a lla 
34b 6a 
lc Oa 

40a 6a 
Ob Ob 

%Fluorescent 
pseudomonads(c) 

Sa 
5a 

5a 
9a 
6a 

6a 
7a 

(d) Main effect means in the same column that are followed by the same letter are not significantly different (p ~ 0.05, n = 36 for 
location and inoculation with PseygQmQnas sp. RC1 and 24 for depth) 

(e) Depths were 0 to 15 em, 15 to 35 em, and 35 to 55 em for top, middle, and bottom of the cores, respectively. 
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FIGURE 4.3. Populations of the Introduced Pseudomonas sp. RC1 on the Rhizoplane of Wheat 
as a Function of Depth in Microcosms and the Field at the Final Boot Stage 
Sampling. Error bars represent the least significant differences between treaunent 
means (pg}.05. n=6). 

Bacterial movement with root growth has been postulated to be caused not only by water flow 

down the roots (Chao et al. 1986), but also by bacterial attachment to the root and movement as the 

root grows (Howie et al. 1987). Rigorous control and measure of soil water content and 

movement is necessary to determine more precisely how water movement influenceS root 

colonization in microcosms and the field. 
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4.4.2 Ecosystem Structural Comparisons 

The population of pseudomonads on the rhizoplane (i.e., colonies that grew on Sands 

medium) was the same at the two locations and for the two inoculation treatments at the three-leaf 

stage of wheat growth (Table 4.1). When the population of RCl was expressed as a percent of 

pseudomonads on the rhizoplane, there was no difference between microcosms and the field. 

Greater than 90% of the pseudomonads on the seedling rhizoplane were RCl. Inoculation with 

RCl decreased the percent of fluorescent pseudomonads as was the case in an earlier study (see 

Section 3.0), because RCl is non-fluorescent (Bolton and Elliott 1989) and dominated the 

pseudomonad population on the rhizoplane (Table 4. 1 ). Populations of total rhizoplane bacteria 

were higher in the field than the microcosms, while inoculation with RCl had no effect on total 

bacterial populations (Table 4.1 ). The previous year (see Section 3.0), trends were similar except 

the bacterial populations on the rhizoplane were the same microcosms and the field. Results from 

this and the previous study (see Section 3.0) demonstrate the importance of quantifying both the 

introduced organism and potential competitors (e.g., total pseudomonads and/or total heterotrophic 

bacteria). By quantifying competitors, possible displacement of soil-borne organisms can be 

determined and the proportion of the rhizoplane carrying capacity composed of the introduced 

organism can be calculated (i.e., percent of pseudomonads and percent of bacteria). 

The population of pseudomonads and bacteria on the rhizoplane also decreased as a function 

of depth at the boot stage sampling (Table 4.2). There was no significant difference as the result of 

location or inoculation with RCl, nor were there any significant interactions. There was no 

significant difference in the percent of fluorescent pseudomonads on the rhizoplane at the boot 

stage sampling resulting from location, depth, or inoculation with RCl (Table 4.2). The percent of 

the total bacterial population composed of RCl was only significantly different as the result of 

inoculation with RCl with no significant interactions (Table 4.2). The percent of pseudomonads 

on the rhizoplane that were composed of RCl decreased as a function of depth because the 

population of RCI on the rhizoplane decreased at a faster rate than the pseudomonad population as 

depth increased (Table 4.2). 

The differences found between the microcosms and the field for rhizoplane bacterial 

populations in this study and a previous one (see Section 3.0) suggest caution in using microcosms 

as field surrogates. Results suggest that microcosms may be limited by the ability to control key 

environmental variables such as moisture and temperature. This study and previous ones (see 

Sections 2.0 and 3.0) used 30-year average values for field simulation. The growth chambers 
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used were unable to precisely simulate winter conditions because of low temperature limitations 

(5°C). A useful next step in microcosm-field simulations would be to use an environmental 

chamber with greater temperature and humidity range to simulate 30-year average values or actual 

field temperatures and humidities. Actual field temperature could be simulated by recording field 

conditions and then programming these conditions into the environmental chamber. It still remains 

to be seen how well must the environmental conditions in the growth chamber simulate the field to 

adequately simulate GEM fate and ecosystem effects in the field. 

4.4.3 Ecosystem Functional Comparisons 

The dry weight of wheat shoots was no different in microcosms and the field at the three-leaf 

stage and inoculation with RCl had no effect at either the three-leaf or boot stages (Table 4.3). 

However, the biomass of wheat shoots in the field was significantly higher than in the microcosms 

at the boot stage (Table 4.3). The previous year (see Section 3.0), microcosms incubated at 

ambient laboratory temperature were unable to simulate wheat shoot growth in the field, while 

microcosms in the growth chamber simulated wheat shoot growth in the field quite well. Thus in 

the first study (October 1988 - September 1989), the growth chamber simulated the field for wheat 

biomass production (see Section 3.0), while in this study (October 1989 - September 1990) it did 

TABLE 4.3. Ecosystem Functional Measurements (Soil and Plant) at the Three-Leaf and Boot 
Stage of Wheat Growth. The means of the main effects of location and inoculation 
with Pseudomonas sp. RCl are presented. 

Treatment 

Location 

Microcosms 
Field 

Soil dehydrogenase activity(a) 
Three-leaf stage Boot stage 

9.0b(b) 
8.2b 

13.9a 
7.9b 

Inoculation with Pseudomonas sp. RC1 

With 
Without 

8.0c 
9.2bc 

9.7b 
12.la 

(a) jlg triphenylfonnazan produced g·l dry soil 24 h-1 

Shoot biomass (g) 
Three-leaf stage Boot stage 

o.osc(b) 
0.05c 

0.06b 
0.05b 

8.6b 
11.5a 

lO.Oa 
lO.la 

(b) Data from the three-leaf and boot stage samplings were statistically analyzed together so that 
the main effect means at both sampling times that are followed by the same letter are not 
significantly different (p ~ 0.05, n = 12 for location and inoculation with Pseudomonas sp. 
RCl) 
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not (this section). Also, wheat biomass production in the growth chamber in this study (Table 4.3) 

was less than the previous year (see Section 3.0). The temperature in the growth chamber was 

very similar in this study and the previous year, while the field temperature varied substantially 

from year to year (Fig. 4.1 and Section 3.0). This suggests that some factor other than 

temperature, such as soil moisture, influenced wheat shoot biomass. The simulation of field soil 

moisture regimes in microcosms would require more rigorous monitoring and control of field and 

microcosm soil moistures. This could be accomplished by using soil moisture monitoring devices 

such as tensiometers or gypsum blocks. 

The dehydrogenase activity of the surface soil was the same in the microcosm and the field at 

the three-leaf stage, but was significantly higher in the microcosms at the boot stage sampling 

(Table 4.3). Inoculation with RCI had no effect on soil dehydrogenase activity, except at the boot 

stage where inoculation with RCI resulted in a decrease in soil dehydrogenase activity. In a 

previous study (see Section 3.0), soil dehydrogenase activity was significantly higher in the 

microcosms than the field at the three-leaf stage of wheat growth and there was no difference 

resulting from the inoculation with RCI. The dehydrogenase activity was not determined at the 

boot stage in this earlier study. 

The mean nitrate and total inorganic N contents of the surface soil were significantly higher in 

the microcosms than the field (Table 4.4) when the three-leaf and boot stage analysis were 

combined. There was a significant interaction between time and location for the nitrate and total 

inorganic N. The microcosms at three-leaf stage had a much larger nitrate pool (36.4 J..Lg N g-1 dry 

soil) than the lysimeters (13.6 J..Lg N g·l dry soil), which resulted in significant differences in the 

main effect means for location. The ammonium content of the soil was similar at both locations. 

Soil in the microcosms was sampled earlier than the field, 35 and 119 days after planting, 

respectively, because of the different times required to reach the three-leaf stage. It may have been 

that nitrate in the field soil leached below the top 15 em, was assimilated by the plant, or was 

denitrified. Inoculation with RCI had no effect on soil inorganic N pools in the surface layer of 

soil (Table 4.4). 

The total amount of inorganic N in the soil-cores from the microcosms and the field lysimeters 

was determined at the boot stage sampling by multiplying the inorganic N content on a dry weight 

of soil basis (J..Lg N g·l dry soil) by the total amount of soil in the various microcosm and lysimeter 

layers. The nitrate and the total inorganic N content of the soil were similar in microcosms and the 

field (Table 4.5). The ammonium content of the soil was significantly higher in the field than the 

microcosms (Table 4.5), presumably because a few of the replicates had detectable quantities of 
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TABLE 4.4. Inorganic N (Nl4-N, N03-N, and their Sum) Content of the Surface Soil (0 to 15 
em Depth). The means of the main effects of location, sampling time, and 
inoculation with Pseudomonas sp. RCl are presented. 

Treatment 

Location 

Microcosms 
Field 

Sampling time 

Three-leaf 
Boot 

NOJ-N 

22.9a(a) 
9.3b 

25.0a 
4.5b 

Inoculation with Pseudomonas sp. RCI 

With 
Without 

15.8a 
16.la 

·(!J.g N/g dry soil) 

18.7a 
12.7a 

27.9a 
0.2b 

16.9a 
14.4a 

41.6a 
22.0b 

52.9a 
4.7b 

32.7a 
30.6a 

(a) Main effect means in the same column that are followed by the same letter are not significantly 
different (p ~ 0.05, n = 24 for location, sampling time, and inoculation with Pseudomonas sp. 
RCl) . 

ammonium (data not shown). There was a significant interaction of location by depth with the 

bottom soil layer of the lysimeters having a substantial increase in the ammonium content when 

compared to the other depths and the microcosms (data not shown). The nitrate, ammonium, and 

total inorganic N content of the soil increased as a function of depth (Table 4.5) suggesting a more 

efficient uptake by the plant from the surface soil presumably because of an increased density of 

roots in the surface soil and/or leaching of nitrctte into the soil-cores. Inoculation with RCI had no 

effect on the pools of inorganic soil N. 

Year-to-year variability was found in comparing this study to previous ones (see Sections 2.0 

and 3.0) for the colonization of the rhizoplane by RCl at the boot stage and in wheat biomass 

production at the boot stage; however, for the majority of parameters similarities and differences 

between microcosms and the field were the same. These results suggest that while microcosms 

may be useful for simulating the field to study the fate and effects of an introduced microorganism, 

better controls of both temperature and moisture regimes may be necessary to more closely 

simulate the field. 
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TABLE 4.5. Inorganic N (Nl-4-N, N03-N, and Their Sum) Content of Soils as a Function of 
Depth at the Boot Stage Sampling. The inorganic N content of the soil on a weight 
basis was multiplied by the total weight of soil to provide the total weight of N. 
The means of the main effects of location, depth, and inoculation with 
Pseudomonas sp. RCl are presented. 

Treannent 

Location 

Microcosms 
Field 

Depth (b) 

Top 
Middle 
Bottom 

16702a(a) 
16222a 

12555b 
17456a 
19169a 

Inoculation with Pseudomonas sp. RCl 

With 
Without 

17446a 
15503a 

().lg N) 

240b 
2356a 

444b 
200b 
3259a 

1219a 
1409a 

16942a 
18578a 

12999c 
17656b 
22428a 

18665a 
16912a 

(a) Main effect means in the same column that are followed by the same letter are not significantly 
different (p ~ 0.05, n = 36 for location and inoculation with Pseudomonas sp. RCI and n = 
24 for depth) 

(b) Depths were 0 to 15 em, 15 to 35 em, and 35 to 55 em for top, middle, and bottom of the 
cores, respectively 
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. . 5.1 SUMMARY 

5.0 FlEW CALIBRATION OF SOIL-CORE MICROCOSMS 
INOCULATED WITH STREPTOMYCES LIVIDANS TK24 

Intact soil-core microcosms, a potential tool for assessing the fate and effects of releasing 

genetically engineering microorganisms (GEMs) to the environment, must first be calibrated with 

the field to ensure that they adequately simulate key parameters. Soil-core microcosms located in a 

growth chamber with diurnal temperature fluctuations were compared with a field site in 

Southeastern Washington State for the fate of the introduced Gram-positive bacterium, 

Streptomyces liyjdans TK24 and its effects on ecosystem structural and functional properties. Soil 

populations ofTK24 declined less than 2log units over the 10-month study (November 1989 to 

September 1990). There were no differences between the microcosms and the field for the soil 

population ofTK24 until after 45 weeks when the population was 1 log unit higher in the 

microcosms. At the initial sampling in the fall, soil dehydrogenase activity was larger in the 

microcosms than the field and inoculation with TK24 depressed activity. Dehydrogenase activities 

were higher in microcosms than in the field during the winter and summer, but there were no 

differences at the spring sampling. Soil B-glucosidase activity was higher in microcosms than the 

field during the winter and summer, but were the same during the fall and spring. Aerobic 

heterotroph and actinomycete populations were higher in microcosms than in field soils during 

winter and summer, while the field had larger populations in spring. The rate of 14C-cellulose 

mineralization was similar until early May when there was a flush of 14C(h in the field. The 14C­

labelled soil microbial biomass was significantly larger in the microcosm than the field, while 

inoculation with TK24 had no effect. In summary, results obtained for most parameters using 

microcosms in a growth chamber were similar to those obtained in the field or differences could be 

attributed to the greater extremes in temperdture that occurred in the field compared to the 

microcosms. 

5.2 INTRODUCDQN 

Soil-core microcosms have been used to study the potential effects to the ecosystem from 

genetically engineered microorganisms and chemicals released into the environment (Fredrickson et 

al. 1990b). In previous laboratory studies of microcosms containing soil-cores from agricultural 

ecosystems, the survival and fate of Azospirillum lipoferum In~ mutants in soil, plant tissues and 

5.1 



insects were studied (Bentjen et al. 1989). The effects of inoculation with A. lipoferum on 

nutrient cycling was also studied by chemically analyzing leachates from microcosms containing 

soil-cores (Fredrickson et al. 1990a). In another laboratory study, Pseudomonas sp. RC1, an 

aggressive wheat root-colonizing pseudomonad was transported through the soil-core by 

percolating water as demonstrated by its presence in microcosm leachates. Earthworms harvested 

from the microcosms also had detectable levels of RCl in their intestines (Fredrickson et al. 1989). 

All of these studies used microcosms incubated in the laboratory. 

To be useful for predicting the fate and effects of genetically engineered microorganisms when 

released into the ecosystem, however, laboratory microcosms must be calibrated with the field 

(Dean-Ross 1986; Fredrickson et al. 1989, 1990b; Gillett and Witt 1979; Pritchard and Bourquin 

1984). For calibrating microcosms with field observations, Pseudomonas sp. RCl was 

introduced into the surface soil and winter wheat was planted. Ecosystem structure and function 

(see Section 3.0) and microbial fate (see Section 2.0) were compared in field lysimeters, field 

plots, microcosms incubated in a growth chamber, and microcosms incubated at 22°C in the 

laboratory. Populations of RC1 in soil declined faster in microcosms incubated in the laboratory 

than those in the field and growth chamber. However, when the stage of wheat growth was used 

to compare RC1 population in soil, all tre.atments were similar. 

These microcosm-field comparisons (see Sections 2.0 and 3.0) used a Gram-negative 

Pseudomonas sp. While there have been many reports of survival and gene exchange in Gram­

negative bacteria (Trevors et al. 1987), there have been few using Gram-positive bacteria (Graham 

and !stock 1979; Wang et al.1989). In many cases little is known of the possible microbial 

ecological effects of a Gram-positive bacterium introduced in to the ecosystem. Many species of 

Gram-positive bacteria can form spores that may persist for a long period of time because they are 

not as vulnerable to growth limiting conditions such as moisture, temperature, and nutrients as 

Gram-negative bacteria. Foreign genes carried by such genetically manipulated Gram-positive 

bacteria would be expected to persist longer when released into the environment in comparison to 

gram-negative. In this study, a Streptomyces sp. was used as the model genetically engineered 

microorganism. Streptomyces spp. are a group of spore-forming bacteria which are native to soil 

and are important in the breakdown of recalcitrant C compounds (Williams et al. 1984). Although 

Streptomyces have been studied extensively in the laboratory, there have been few studies of their 

long-term survival and effects on the soil ecosystem. In a laboratory study (Wang et al. 1989), 

four Streptomyces spp. introduced at log 6 to log 7 cfu/g into nonsterile soil remained at population 

levels of log 2 to log 5 cfu/g after 10 months, depending on the species or strain tested. 

Therefore, there is the possibility that Streptomyces may persist for long periods of time when 
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released into the field and, when conditions are favorable, transfer foreign DNA to native soil 

bacteria (Rafii and Crawford 1988). 

Recently, many genetically engineered strains of Streptomyces spp. have been produced. A 

genetically manipulated strain, .S.. lividans TK23-3561, was found to increase mineralization of C 

in soil amended with lignocellulose in a 30-day laboratory study (Wang et al. 1989). Because 

Streptomyces are commercially important, many of these genetically engineered strains may be 

used in large bioreactors or deliberately released outside the laboratory for use in composting. For 

example, Streptomyces lividans TK24 was transformed with plasmids carrying a cellulase 

(Ghangas and Wilson 1987) and a xylanase (Ghangas et al. 1989) gene from Tbermomonospora 

~. with a concomitant high level of gene expression and secretion into the culture medium. 

Laboratory studies must mimic the field in order for fate data to be used for predictive models. 

In this study, we compare the fate and ecosystem effects of Streptomyces livjdans TK24 (TK24) 

introduced into intact soil-core microcosms in a growth chamber and field lysimeters for 10 

months. 

5.3 MATERIALS AND METHODS 

5.3.1 Bacterial Strain and Media 

Streptomyces liyidans TK24 (TK24) was obtained from Don Crawford (University of Idaho, 

Moscow, Idaho) and was maintained on the medium of Kuster and Williams (1964). TK24 was 

chosen because it has been used extensively as a recipient for recombinant DNA (Crawford 1988) 

and has favorably survival characteristics in soil (Wang et al. 1989). 

5.3.2 Fjeld Site. Microcosms. and Inoculation 

The field site was located on the Arid Lands Ecology Reserve contained within the U. S. 

Department of Energy's Hanford Site in southeastern Washington State. The study site receives 

19.5 em of annual precipitation and has a mean annual temperature of l0°C (Rickard and Vaughan 

1988). The soil at the field site is classified as coarse-silty, mixed, mesic, Xerollic Camborthid. 

This soil type is used for irrigated agriculture and for dry land winter wheat production in other 
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areas of southeastern Washington. 

Intact soil cores for use as microcosms (17 .5 em diameter, 60 em length) were obtained from 

the field site using a steel coring device containing Driscopipe® (polyethylene pipe, Phillips 

Petroleum Co., Dallas, Texas), as described by Van Voris ( 1988). The intact soil cores, held 

inside the polyethylene pipe after removal from the driving tube, were returned to the laboratory. 

The surface soil (top 15 em) was removed from all cores and combined, mixed, and sieved to pass 

a 2-mm screen. The sieved surface soil was amended with 1.0% cellulose (Sigmacell®, Sigma 

Chemical Company, St. Louis, Missouri) and divided into two equal portions. One soil treatment 

was inoculated with TK24, and the other soil treatment was not inoculated. Inoculum was 

prepared by growing TK24 on R2YE agar (Hopwood et al. 1985) and harvested by flooding 

R2YE plates with sterile deionized water and dislodging the spores with a sterile bent glass rod. 

The inoculated soil received log 6.4 colony forming units (cfu)/g dry soil (105°C for 24 h) of 

TK24 spores. The soil was thoroughly mixed in a V -mixer. Sufficient water was added to the soil 

to bring the soil to a water potential of -0.03 MPa or a soil moisture content of 16% as determined 

by pressure plate (Klute, 1986). 

The mineralization of 14C-labelled cellulose was studied in minitubes in the field and in the 

growth chamber. Mini tubes consisted of PVC pipe (4.3 em diameter, 24 em length) containing 

250 g of sieved surface soil spiked to a specific activity of 3.66 x 1Q5 dpm/g soil with finely 

ground uniform-14C-labelled cellulose (from Nicotiana tobacum, specific activity 51.0 mCi/g, 

Dupont, Wilmington, Delaware) The bottom of the PVC pipe was covered with polyester 

monofilament cloth (160 mesh) and the soil added. Two 17- x 60-cm polyethylene pipes, 

containing a total of six mini tubes were used for each treatment. The minitubes were placed in the 

soil-cores and soil was filled in around the tube to the same level as in the minitubes. A C(h trap, 

consisting of a vial containing 2.5 ml of 2.0 M NaOH, was placed inside the minitube and the 

upper end of the minitube was plugged with a Teflon-wrapped rubber stopper. The C(h traps 

were changed weekly or biweekly as the mineralization decreased with a subsample analyzed for 

14C content by liquid scintillation counting. 

The soil cores were placed in either a growth chamber or back into holes at the field site. 

Growth chamber microcosms were incubated under a cycling temperature regime that 

approximated the average daily minimum temperature (dark period) and the average daily high 

temperature during the photoperiod at the Hanford Site (Stone et al. 1983). A photoperiod of 10 h 

was used during the fall and winter months and a photoperiod of 12 h was used for spring and 

summer. A micro-meteorological weather station, which measured air temperature and 
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precipitation, was located near the field site. Air temperature profiles for the field and growth 

chamber are shown in Fig. 5.1. 

The field lysimeters consisted of intact soil cores within polyethylene pipe, which were placed 

back into the soil at the field site. The bottoms of the microcosms and field lysimeters were 

covered with polyester monofilament cloth (160 mesh) to prevent soil movement outside the core. 

All treatments were replicated six times. Soil inoculation and placement at the four locations 

occurred on November 2, 1989. The study ended on September 11 , 1990. Microcosms and field 

lysimeters were routinely watered with tap water to maintain soil moisture at approximately -0.03 

MPa. 
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FIGURE 5.1. Average Daily Air Temperatures in the Growth Chamber and the Field During the 
Study Period. 
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5.3.3 Samp1in2 

There were four seasonal samplings of the surface soil which occurred in late November, 

early March, early June, and early September. The surface soil was sampled at these four times 

for populations of total aerobic heterotrophs and actinomycetes, the soil enzyme activities of 

dehydrogenase and (}-glucosidase, and 14C-labelled microbial biomass. Additionally, surface soil 

was sampled as necessary to monitor TK24 soil populations. 

Microbial populations were enumerated by dilution spread plate methods using the following 

media: A 0.1 X strength solution of Trypticase Soy Broth (Difco , Detroit, Michigan) solidified 

with 15 agar giL (Difco) for total aerobic heterotrophs; Actinomycete Isolation Agar (Difco) for 

actinomycetes; and Starch-Casein mineral salts media of KUster and Williams (1964) amended with 

carbenicillin (25 mg/L), streptomycin (50 mg!L), nystatin (50 mg/L), Benomyl (Methyl 1-

[Butylcarbamoyl]-2-benzimidazolecabamate; Chas. Lilly, Portland, Oregon) (50 mg/L), and 

cycloheximide (500 mg/L) for TK24. All antibiotics except Benomyl were obtained from Sigma 

Chemical Co (St. Louis, Missouri). 

The B-glucosidase and dehydrogenase activities of the soil were assayed in triplicate by the 

method of Tabatabai (1986), but extracts were clarified by centrifugation at 13,000 x g for 15 min 

instead of by filtration. 

The 14C incorporated in biomass was measured by a modification of the chloroform 

fumigation method of Jenkinson and Powlson (1976). Approximately 10 g of soil was used and 

the 14C(h evolved after fumigation trapped in 5 ml of I M NaOH. The activity of the trapped 

14C(h was determined by liquid scintillation counting (Beckman LS 9800, Irvine, California); 0.2 

ml of the NaOH solution from each trap. The specific activity of the 14C-cellulose was used to 

convert the 14C counts (dpms) into ng of 14C(h evolved and this was divided by 0.41 (Anderson 

and Domsch 1978) to provide the microbial biomass 14C. Microbial biomass 14C was calculated 

with and without subtracting a 10-day control (no fumigation). 

5.3.4 Experimental Desi2n 

The experimental design was a 2 x 2 completely randomized factorial design with two 

inoculation treaonents (with TK24 and without) and two locations (microcosms incubated in a 

growth chamber and field lysimeters). Log transformed data were used for the statistical analysis 
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of microbial plate counts. Results from six replicates were statistically analyzed using a fixed- · 

effects model (StatViewTM II Program, Abacus Concepts, Inc., Berkeley, California). Fischer's 

least significant difference test was used to test differences among means (p~.05), but only when 

F-tests (ANOV A) for main effects or interactions were statistically significant (Steel and Torrie 

1980). 

5.4 RESULTS 

Growth chamber air temperatures were not as extreme as those in the field during the winter 

and summer months, but average spring and fall temperatures were comparable (Fig. 5.1). The 

variation found in the field temperature was not simulated in the growth chamber. The diurnal 

temperatures were not increased in the growth chamber during the spring months (Fig. 5.1) to 

determine the effect that divergent temperatures would have on the response of TK24 soil 

populations, which until that time were similar in the microcosms and the growth chamber (Fig. 

5.2). Microcosms in the growth chamber were watered weekly or biweekly to maintain a soil 

water content approximately equal to that of the field (approximately 16%). 

The soil populations ofTK24 declined less than 2 log units over the course of the 10-month 

experiment (Fig. 5.2). Although there were significant differences between populations ofTK24 

in the microcosm and field soils at week 18, these differences were generally less than 0.25 log 

units until May. However, at the final soil sampling after 45 weeks (late August), the soil 

population of TK24 in the field was tenfold less than the population in microcosm soils. 

Community structural and functional measurements consisted of plate counts of total aerobic 

heterotrophs and actinomycetes and activities of the soil enzymes dehydrogenase and 6-glucosidase 

at the four seasonal samplings (Fig. 5.3). There were no interactions between experimental factors 

at any of the samplings. Statistical differences among treatment means for soil dehydrogenase and 

6-glucosidase activities were in agreement with each other. There were significant differences 

among each seasonal sampling as well as among treatments. At the fall sampling, soil inoculated 

with TK24 had lower soil dehydrogenase activities as did field soil compared to microcosms. 

Dehydrogenase activities of soils were higher in microcosms than in the field at the winter and 

summer sampling points. There were no differences in the activity of soil dehydrogenase among 

any of the treatments at the spring sampling. The B-glucosidase activity in soils followed similar 

trends identical to dehydrogenase activity except that at the fall sampling there were no differences 
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FIGURE 5.2. Streptomyces lividans TK24 Population in Microcosms and Field Soils as a 
Function of Time. 

because of soil inoculation. 

Statistical differences in populations of aerobic heterotrophs and actinomycetes among 

treatments were also in general agreement. At the fall sampling, there were significantly higher 

populations of both aerobic heterotrophs and actinomycetes in the inoculated soils, although the 

differences were small(< 0.12log units). At the winter sampling microbial populations were 1 to 

1.5 log units higher in microcosm than in field soils, but by the spring sampling, the field 

populations had increased and were significantly higher than in the microcosm soils. Aerobic 

heterotroph populations at the summer sampling were higher in microcosm soils than in the field 
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soils, but there were no differences in actinomycetes populations. 

The cumulative mineralization of 14C cellulose was similar for all soil treaunents until early 

May when there was a flush of 14CD2 from the field soils (Fig. 5.4). There was no such flush in 

the microcosms. There was no difference in cellulose mineralization between the inoculated and 

non-inoculated treatments. There was a large flush of 14C02 during the first week of the 

experiment, which was most likely caused by penurbations of the soil system by wetting the 

previously dried soil, soil mixing, and the addition of the cellulose substrate, therefore this initial 

flush was not included in the Fig. 5.4. The 14C(h evolved over the first week averaged 11.646 

kdpm/tube. During the 10-month course of this study, approximately 0.17 %of the amended 14C 
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FIGURE 5.4. Cumulative 14C(h Evolved from Sealed Minitubes Containing Soil Amended with 
14C-Labelled Cellulose as a Function of Time. Results are presented in 10,000 
disintegrations per minute (kdpms). 
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·cellulose was mineralized. 

The amount of 14C incorporated into soil microbial biomass, as expected from the 

mineralization data, was low and at the level of ng biomass-14C/g soil (Table 5.1 ). Similar results 

were obtained when soil microbial biomass was calculated with and without subtracting the control 

soil respiration. The 14C-labelled soil microbial biomass means were significantly larger in the 

microcosm than the field, while inoculation with TK24 had no effect (Table 5.1). The 14C­

biomass values were approximately the same at the first three samplings but had increased by the 

final sampling in the summer (Table 5.1). There was a significant interaction between location and 

time with the summer sampling having a larger increase in 14C-biomass in the growth chamber 

than the field (data not shown). 

TABLE 5.1. 14C-Labelled Soil Microbial Biomass of the Surface Soil (0 to 15 em Depth). 
Microbial biomass was calculated from both the fumigated sample alone and from 
the fumigated minus the control sample. The means of the main effects of location, 
sampling time, and inoculation with Streptomyces lividans TK24 are presented. 

Treatment Biomass C Biomass C 

Location 

Microcosms 
Field 

Sampling time 

Fall 
Winter 
Spring 
Summer 

(Fumigated only) (Fumigated minus control) 
------------( n g biomass-14Cf g dry soi 1 )------------

17a(a) 
8b 

6b 
3b 
2b 

42a 

13a 
3b 

4b 
2b 
lb 

32a 

Inoculation with S~ptomyces lividans TK24 

With 
Without 

13a 
13a 

6a 
lla 

(a) Main effect means in the same column that are followed by the same letter are not significantly 
different (p S 0.05, n = 48 for location and inoculation with Streptomyces lividans TK24, and 
24 for sampling time for the fumigated only and n = 41 for location and inoculation with 
Streptomyces lividans TK24, and 20 for sampling time for the fumigated- control) 
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5.5 DISCUSSION 

The differences found in ecosystem structural and functional parameters between the 

microcosms incubated in the growth chamber and the field lysimeters can be accounted for by 

temperature differences. Field lysimeters were subjected to lower temperatures in the winter and 

higher temperatures in the summer than were microcosms (Fig. 5.1). These greater temperature 

extremes probably resulted in the lower soil enzyme activities and microbial populations. 

Decreased temperatures, and possibly fewer wet and dry cycles in the growth chamber, were 

responsible for the higher TK 24 populations in microcosms compared to the field at the final 

sampling. The population of TK24 in microcosm and field soils were very close up until week 32 

(Fig. 5.2) when temperatures in the field and growth chamber diverged considerably (Fig. 5.1 ). 

The higher temperatures in the field likely decreased the viability of TK24 in the field. 

The population ofTK24 declined at a very slow rate in soil, with only a 2log unit decrease 

over the 10 months. This is in contrast to other microcosm-field comparison studies, which used a 

Gram-negative root-colonizing pseudomonad. In a previous study (October 1988 to September 

1989) (see Section 2.0), the soil population of the root-colonizing pseudomonad RC1 was 

followed in microcosms and the field. There was a 3.5 log unit decline in population of RC1 in 

microcosms incubated in a growth chamber after 3 months, while it took 5.5 months in the field to 

reach the same value, and only 1 month in microcosms incubated at ambient laboratory 

temperature. In a subsequent study (October 1989 to September 1990) (see Section 4.0), for the 

soil population of RCI to decrease approximately 3.5 log units in microcosms incubated in the 

growth chamber it took 4 months, while the same decline took 6 months in the field. Thus, the 

population of Gram-positive spore-forming bacteria used in the present study declined more slowly 

in both the field and in growth chamber microcosms than did the Gram-negative bacteria used by 

our laboratory in related studies. This demonstrates the importance of conducting long-term 

survival studies based on knowledge of the introduced strain. It is not surprising that TK24 had a 

slower population decline than RCl, because TK24 is a spore-former and was added to the soil as 

spores. The rate of decline of TK24 population in this study was in agreement with a previous 

study where a spore inoculum was used (Wang et al. 1989). 

During the fall, winter and early spring, when the soils in the field lysimeters remained moist 

and received no additional water, the soils in the microcosms were watered biweekly because the 

constant air circulation dried the soil surface. There was little difference in populations of TK24 

between the field and microcosm soils. During the summer the field soils were watered weekly. 
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The population of TK24 in field soils declined during the summer. This decline in the field soil 

may be a function of both higher soil temperature and the extremity of the wet and dry cycles rather 

than the number of cycles. 

Soil dehydrogenase activity was the most sensitive of the functional parameters measured in 

this study. Significant differences in both inoculation and location were observed at the fall 

sampling, whereas other parameters detected differences only from inoculation. Higher activity of 

soil dehydrogenase in microcosms at the winter sampling was probably caused by the higher 

temperature in growth chamber inoculated microcosms as compared to the field. Soil 

dehydrogenase activity in inoculated treatments was significantly lower than the uninoculated 

treatments at the fall sampling and cannot be explained by temperature differences. Because 

dehydrogenase activity is used as an indicator of general soil microbial activity, it may be that the 

decrease was caused by the suppression of soil microbial activity by germinating TK24 SJX>res. 

Fall populations of total aerobic heterotrophs and actinomycetes were significantly higher in 

inoculated microcosm and field soils, although the differences were small. TK24 was able to grow 

on the media used to enumerate aerobic heterotrophs and actinomycetes. Therefore, the increase in 

the populations of heterotroph and actinomycetes populations in soil was probably caused by the 

growth ofTK24 on these media and not from a direct effect. 

The B-glucosidase activity of soil was highest in the fall and summer (Fig. 5.3). A high level 

of activity would be expected at the initial (fall) sampling as the cellulose added would induce these 

enzymes and there may have been an initial germination of some of the TK24 spores. £. lividans 

has some B-glucosidase activity (Kiuepfel eta!. 1986). The high level of activity at the summer 

sampling may have been caused by the higher temperature. 

The lower populations of aerobic heterotroph and actinomycete populations in the field during 

the winter and the lower aerobic heterotroph populations in the summer were probably due to the 

more extreme temperatures in the field. Temperatures were most similar at spring sampling. 

Microbial populations in the field in the spring, for example, were 0.1 to 0.21og units higher than 

in the microcosms. 

The rate of mineralization of cellulose added at I% (wt/wt) was most likely limited by N 

and/or other essential elements, although the type of cellulose added might have played a role. 

Because of its hydrophobic nature, cellulose availability may have been limited, even though it was 

extensively mixed into the soil. The flush of 14C-cellulose mineralization in the the field in May 
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suggests a nutrient turnover occurred in the field. The fact that no apparent turnover took place in 

the growth chamber microcosms is not unexpected. Less extreme temperatures in the growth 

chamber during the winter, including the absence of freezing temperatures, as well as numerous 

wet and dry cycles from repeated waterings are probably the main factors contributing to the lack 

of a spring flush in the microcosms. The field soils needed no water until May and experienced 

many below-freezing temperatures. 

It is clear that temperature was a major environmental variable controlling microbial growth, 

survival, and enzyme activities in microcosm soil versus the field. Environmental chambers in 

which temperature extremes can be programmed are not widely available. The growth chamber 

used in this study had a lower temperature limit of 5°C. The results from this study suggest that if 

field temperature and moisture conditions could be simulated exactly in an environmental chamber, 

then chamber-incubated microcosms would more closely trac:k the field for the given year. This 

could be accomplished by off setting the chamber experiment and inputting the field meteorological 

data. However, this approach may not be as useful as a general predictive tool as using the 30-

year average because it does not take into account year-to-year variation in field conditions. The 

fate and ecological effects of Pseudomonas sp. RCl were studied for two consecutive years in 

microcosms incubated in a growth chamber and in the field (see Sections 2.0- 4.0). In general, 

we found (see Section 4.0) that year-to-year variability can affect certain field calibration end points 

such as wheat root colonization by RCI at the boot stage of growth and final wheat shoot biomass, 

while other variables such as the decline in soil populmion of RCI and microbial sOllctural 

properties on the rhizoplane were similar from year-to-year. Results from (see Sections 2.0 - 4.0) 

suggested that while microcosms could simulate the field with respect to the fate and effects of a 

Gram-negative rhizobacterium, bener environmental controls of temperature and moisture would 

be necessary for the use of microcosms for risk assessment. 

In summary, growth chamber-incubated microcosms simulated the field quite well for 

microbial fate and effects. Exceptions include a flush of 14CD2 from the field soils in early May 

and the higher populations of TK24 in microcosm soils at the summer sampling, both of which 

could be attributed to differences in temperature and water regimes. The differences in microbial 

populations and enzyme activities at the winter and summer sampling points were attributed to the 

inability of the growth chamber to mimic temperature extremes in the field during these periods. 
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