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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. RC1, which was an aggressive root colonizer, and
Gram-positive Streptomyees lividans TK24. The model GEMs were added to surface soil in
separate studies, with RC1 studied throughout the growth of winter wheat (Triticum aestvum),
while TK24 was studied throughout a ten month period. Also, RC1 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.

Populations of RC1 in soil decreased more rapidly at 22°C, 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 of RC1 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
ecosystern functional parameters. The study conducted with RC1 the second year found trends
similar to the first year for the survival of RC1 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 RC1 at-the boot stage of wheat growth, shoot
biomass, and soil dehydrogenase activity. In the TK24 study, the population of TK24 had a
slower rate of decline in soil than RC1. The main conclusions of this research were that intact soil-
core microcosms can be useful to simulate the ficld 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.






XE RY

Microcosms consisting of intact soil-cores are a potential tool for assessing the fate and risks
associated with the release of genetically enginecred 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.
RC1 (RC1), which is an aggressive root colonizer, and Gram-positive Streptomyces lividans
TK24 (TK24). The model GEMs were added to surface soil in separate studies, with RC1 studied
throughout the growth of winter wheat (Triticum agsfivum), while TK24 was studied throughout a
ten month period. Also, RC1 was used in studies conducted during two consecutive field seasons
{1988 to 1990) to determine how year-to-year field vaniability 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 fluctnations that simulated average conditions in the field,
field lysimeters, and field plots. These four systems were inoculated with the rifampicin-resistant
rhizobacterium RC1 and planted to winter wheat. The fate of RCI1 in soil and on the wheat
rhizoplane was determined as a function of time in the various systems. Populations of RC1 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 RC1 on the rhizoplane 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 RC1 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
treatnents. 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 inroduced microorganisms in the field.

A study of the effect of the introduced RC1 on ecosystem structural and functional properties



as well as a comparison between the four systems was also conducted the first year (October 1989
to September 1990). The effects of introducing RC1 on structural properties, including wheat
rthizoplane 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 determined 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 w 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 stmulated 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 RC1 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 RC1 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



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 diumal temperature fluctuatons 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 8-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 14005 in the field. The 14C-
labelled soil microbial biomass was significanily 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 atractive 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 sotl-
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 IAG
DW§6633345-01-0.

The scope of the project was to compare intact soil-core microcosms and the field for
ecosystem structural and functional properties after the introduction of a GEM. This project used
two distinct microbial types as model GEMs, Gram-negative Pseudomonas sp. RC1, which was
an aggressive root colonizer, and Gram-positive Streptomyvees 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, RC1
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 report 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 that simulated average conditions in the field, field
lysimeters, and field plots. Section two describes the survival and fate of the introduced
rhizobacterium, Psendomonas sp. RC1 rif1% (RC1), in the four systems. Section three describes
the effect of the introduced RC1 on ecosystem structural and functional properties 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 of RC1 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 vanability on the field-calibradon 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, ecosysiem effects, and
microcosm-field comparisons for Gram-positive (TK24) and Gram-negative (RC1) bacteria.

Each of the following sections of this report 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.
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2.0 FIELD CALIBRATION OF SOIL-CORE MICR MS: FATE
OF A GENETICALLY ALTERED RHIZOBACTERTUM

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 calibrated 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 Psgendomonas sp. in soil decreased more rapidly at ambient temperature,
but population size a1 the three-leaf stage of wheat growth was the same in all four systems.
Populations of the Pseudomenas 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 boot 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 inroduced Pseudomonas sp.

2.2 INTROD TON

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
GEMEs, 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 wransposon mutants of Azospirillum lipoferum with com
(Zea mays) and wheat (Triticum aestivum) (Bentjen et al. 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 et al. 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 et al. 1987, Stroo et al.
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 Pseudomonag
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 MATERJALS 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 Wg rifampicin ml-!, was isolated for this study. This strain, Pseudomonas sp.
RC1 rif!00, will be referred to as RC1. The medium of Sands and Rovira (1970), amended with
50 g rifampicin (Sigma® Chemical Company, St. Louis, Missouri) ml-! (Sands rif30), was used

to enumerate RC1.

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 cm 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 Agropyron spicatum, Poa secunda, and a cryptogamic soil lichen
crust. This same soil type is used for irrigated agriculture or dryland winter wheat production in
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LIBR N_OF SOIL-CORE MI
RAL AND FUNCTIONAL PAR

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 field in terms of ecological
response to the introduction of a large inoculum of a rifampicin-resistant rhizobacterium,
Pseudomonas sp. RC1. RC1 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 heterorophic bacteria, and the diversity of total heterotrophic bacteria, was
determined. Fluorescent pseudomonads were present on the rhizoplane in significanty lower
numbers in soil inocujated with RC1, 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 determined by sotl dehydrogenase activity,
plant biomass production, and 15N-fertilizer uptake by wheat were different in the four systems.
The stimulation of soil dehydrogenase activity by the addition of alfajfa 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 information on the fate and effects of GEMs,
because tests and microorganisms can be contuined within the laboratory (Cairns and Pratt 1986,
Omenn 1986, Strauss et al. 1986). Recently, microcosms containing intact cores of soil have been
used to evaluate the fate and ecological effects of transposon mutants of Azospirillum Jipoferum
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(Bentjen et al. 1989) and a deleterious wheat (Triticum agstivum)-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, Pnitchard and
Bourquin 1984).

The evaluation of ecological processes has been suggested as an indicator of the impacis 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 stucture 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 studics have investigated intact soil-core
microcosms for smructural effects on ecosystems including the displacement of Rhizobiym
leguminosartm and nitrifiers from the rhizosphere of wheat and maize (Zea mays) 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 determine the comparability of results obtained from
microcosms with those obtained in the field for ecosystem structural and funcnonal properties.
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.
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3.3 MATERIALS AND METHODS

3.3.1 Ti in, Field Sit icrocosms, Inoculation

A description of the bacterial strain, field site, soil-core microcosm collection, tnoculation, and
treatment locations is presented in Section 2.0. Briefly, intact soil-core microcosms (17.5 cm
diameter, 60 cm length), field lysimeters (17.5 cm diameter, 60 cm length), and field plots (17.5
cm diameter, 15 cm deep open-ended rings) contained four surface soil (0 to 15 cm depth)
treatments, including: 1) inoculation with Pseudomonas sp. RC1 (hereafter referred to as RC1),
which was resistant to 100 pg rifampicin ml-1 (Section 2.0), and a soit amendment of 1% (w/w)
alfalfa (dried at 60°C and chopped); 2) inoculated with RC1 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 forming
units (CFU) of RC1 g1 dry soil (oven-dried at 105°C for 24 h), while the unamended soil received
5.5x 107 CFU g} dry soil. A solution of 15N-labeled (NH4)2S04 was added to all treatments for
a final enrichment of 15 atom % 15N and a N addition equivalent to 100 kg N ha-1. All treatments
were brought to a final sotl 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 Samplipg

A description of the sampling protocol is presented in Secton 2.0. Briefly, there were two
samplings of winter wheat, one at the three-leaf stage and a final desmuctive sampling at the boot
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, 110, and 205 days after
planting, respectively. At the final sampling, the intact soil-cores from each treatment were divided
into three sections as a function of depth (top: 0 to 15 cm; middle: 15 to 35 cm; and bottom: 35 to
55 cm).
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3.3.3 Ecosystemn 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
thizoplane were determined by macerating the washed roots in a sterile mortar and pestle, serally
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 pg
rifampicin (Sigma® Chemical Company, St. Louis, Missouri) ml-! (Sands-rif50) for RC1, tryptic
soy agar (TSA) (Martin 1975) for total aerobic heteromrophs, and most probable number (MPN)
tubes for denitrifiers (Tiedje 1982) and ammonium-oxidizing bacteria (Schmidt and Belser 1982).
Microbial populations are reported on a per gram dry weight (55°C, 48 h) of root basis. The
fluorescent pseudomonad population was determined 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 rthizoplane. 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 determined 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 N and atom % 15N 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 % 13N excess in shoop)

(g fertilizer N added) x (atom % 15N excess in fertilizer)
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Dehydrogenase activity in the surface (0 to 15 cm 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 soi! (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 reported on a per g dry
weight (105°C, 24 h) of soil basts.

3.3.5 Experimental Design

The experimental design was a 2 x 2 x 4 completely randornized 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 ransformed data were used for the statistical analysis of microbial plate counts, unless
otherwise mentioned in the text. All soil results are reported on an oven (105°C, 24 h) dry weight
basis. Results from four replicates were statistically analyzed using a fixed-effects model
(StatView™ ]I 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 (ANOVA) for
the main effects or interactions were statistically significant, to ensure a conservative estimate of
treatment mean differences (Steel and Torrie 1980).

3.4 RESULTS AND DISCUSSION

3.4.1 Ecosystem Structural Comparisons at the Three-Leaf Stage 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 (Table 3.1). There was no significant effect of location and there were no
significant interactions among the treatments. When the populations of RC1 on the rhizoplane (see
Section 2.0) were expressed as a percent of total pseudomonads on the rhizoplane (using non-
rransformed data), there was no difference resulting from location or alfalfa amendment (Table
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 Three-Leaf Stage of Growth. The means of the
main effects of location, alfalfa amendment, and inoculation with Pseudomonas sp. RC1 are presented.

Pseudomonas sp. RC1

% of % of % Fluorescent NH4-Oxidizing Denitrifiers
Treatment Pseudomonads  Bacteria pseudomonads(®  bacteria® pseudomonads(¢)  bacteria
(log CFU/g dry root) (log CFU/g dry root)

Location

Ambient microcosms  8.3a(d) 9.0a 86a 48a 10b 3.1b 6.6a

Chamber microcosms 8.8a 9.4a 82a 36a 18a 2.5¢ 7.2a

Field plots 8.4a 9.2a 85a 20a 10b 3.6a 6.4a

Field lysimeters 8.7a 9.1a 83a 58a 8b 3.2b 6.6a
Alfaifa Amendment

With 8.8a 9.5a 76a 27a 15a 3.6a 7.0a

Without 8.3b 8.9b 9la 53b 9b 2.7b 6.6a
Inoculation with Pseudomonas sp. RC1

With 8.8a 9.3a 84a 4la 1b 3.2a 7.1a

Without 8.3b 9.1a Ob 0b 24a 3.0a 6.2b

(a) Sands-rif>0 counts from Section 2.0 divided by Sands counts using non-tranformed data

(b) Sands-rif30 counts from Section 2.0 divided by TSA counts using non-transformed data

(c) Percent of colonies on Sands plates that were fluorescent

{d) 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. RC1, respectively)



other locations (Table 3.1). The percentage was lower in treatments that received RC1 and was
higher when alfalfa was added. This decrease resulting from the inoculation with RC1 is not
surprising, because RC1, which was the dominant pseudomonad population on the rhizoplane at
this sampling, is non-fluorescent (Bolton and Elliott 1989). Therefore, RC1 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 deletenious 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
108 CFU g-! dry soil) likely contributed 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
funcnion 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 dewrimental 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 et al. 1984, Scher and Baker 1982, Weller 1983).

When RC1 populations {see Section 2.0) were calculated as a percent of total aerobic
heterotrophs on the rhizoplane (using non-trunsformed data), there was no significant effect of
location. However, the addition of alfalfa significantly decreased the percentage of RC1 (Table
3.1). The additon of alfalfa probably stimulated the population of total bacteria in soil, allowing
them to compete more favorably on the rhizoplane with RC1 (Table 3.1). RC1 competed
favorably with aerobic heterotrophic bacteria on the rhizoplane in the unamended soil, where RC1
comprised over one-half of the total acrobic heterotrophs on the rhizoplane (Table 3.1). Although
RC1 was stimulated in the soil by the addition of alfalfa, RC1 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 RC1 in soil
amended with alfalfa was the result of an increase in total heterotrophs on the rhizoplane, while the
population of RC1 remained approximately the same.

The population of ammonium-oxidizing bacteria associated with the rhizoplane ai 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 RC1 had
no effect. The relative niches of RC1l and ammonium-oxidizing bacteria on the rhizoplane are
different and, therefore, effects caused by RC1 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 NH4* and NO3- 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 log unit.

Populations of denitrifiers on the rhizoplane were not significantly affected by location or
alfalfa amendment (Table 3.1). However, inoculation with RC1 significantly increased the
denitrifier population presumably because RC1 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 Bartha 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 actvity, in the chamber
microcosms compared to the three other locations at this same time period, i.e., the three-leaf stage
of wheat growth (Table 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 rhizoplane 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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TABLE 3.2. 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 Pseudomonas sp. RC1 are presented.

Treatment Richness Shannon-Weaver Evenness Equitability
Locaton
Ambient microcosms 4.0b(@) 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 2.1b 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. RC1

With 4.6a 2.2a 2.3b 0.7b
Without 4,64 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 < 0.05, n = 16,
32, and 32 for location, alfalfa amendment, and inoculation with Pseudomonas sp. RC1, respectively)
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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 Pseudomonas sp. RC1 are presented.

Treatment Pseudomonads Bacteria Pseudomonas sp. RCI % Fluorescent
(log CFU/g dry root) % of pseudomonads® % of bacteria®  pseudomonads
Location
Ambient microcosms 6.4¢(c) 8.0a 36a 2.6a 15a
Chamber microcosms 7.1a 8.3b 5la 6.8b 16a
Field plots 6.4c 8.4b 3la 1.5a 15a
Field lysimeters 6.8b 8.8c 49a 0.5a 20a
Alfalfa Amendment
With 6.8a 8.4a 32b 2.3a 18a
Without 6.5b 8.3b 5la 3.4a 15a
Depth
Top (010 15 cm) 7.3a 8.6a S4a 2.2a 15a
Middle (15 to 35 cm) 6.8b 8.4b 58a 6.1b 18a
Bottom (35 to 55 ¢cm) 6.0c 8.0c 14b 0.3a 16a

Inoculation with Pseudomonas sp. RC1

With 6.5b 8.3a 42a 3a 11b
Without 6.3a 8.4a 0Ob Oa 23a

(a) Sands-rif> counts from Section 2.0 divided by Sands counts

(b) Sands-rif30 counts from Section 2.0 divided by TSA counts

(c) Main effect means in the same column that are followed by the same letter are not significantly different (p <0.05, n = 438, 96,
64, and 96 for location, alfalfa amendment, depth, and inoculation with Pseudomonas sp. RC1, respectively)



amendment (Table 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 dismribution 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 dismbuted among the various species (Atlas
1984). The evenness and equitability indices were no different at the four locations (Table 3.2),
However, inoculation with RC1 significantly decreased evenness and equitability, because RC1
was dominant on the rhizoplane, and the distribution of individuals among the various species was
skewed.

3.4.2 Ecosystem 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 interaction 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
thizoplane only in the amended surface layer.

Location had no effect on the rhizoplane population of RC1 calculated as a percent of the total
pseudomonads (Table 3.4). The percent of total pseudomonads consisting of RC1 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 RC] present as a function of depth was the result of
a greater decline in the population of RC1 on the rhizoplane with increasing depth (see Section 2.0)
than of the total pseudomonad population (Table 3.4). This would be expected, as RC1 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 importance 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. RC1 are

presented.
Treatment Soil dehydrogenase activity(® Shoot biomass (g) Boot stage shoot N Fentilizer used®)
Three-leaf stage Three-leaf stage  Boot stage % total N atom % 15N (%)
Location
Ambient microcosms 10.0ab(c) 0.02b 5.7c 3.9a 5.36ab 26a
Chamber microcosms 11.7a 0.07a 15.3a 1.7b 5.25bc 28a
Field plots 6.9¢ 0.06a 11.7b 1.2¢ 4.99¢ 14b
Field lysimeters 8.2bc 0.05ab 13.7ab 1.7b 5.57a 27a
Alfalfa Amendment
With 14.0a 0.04b 14.0a 3.2a 1.87b 17b
Without 4.4b 0.06a 9.8b 1.4b 7.96a 29a

Inoculation with Pseudomonas sp. RC1

With 9.2a 0.06a 12.2a 2.2a 4.85a 23a
Without 9.2a 0.04a 10.9a 2.1a 5.85a 25a

(a) ug triphenylformazan produced g-! dry soil 24 h-1
(b) Percent recovery of fertilizer N by wheat shoots = 100 x (g shoot N) x (atom % 15N ¢xcess in shoot)
(g fertilizer N added) x (atom % 15N excess in fertilizer)
(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. RC1, respectively)



























































































































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 microcosnis 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 spores.

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 actinomyéetcs. Therefore, the increase in
the populations of heterotroph and actinomycetes populations in soil was probably caused by the
growth of TK24 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 (Kluepfel et al. 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 popuiations 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 0.2 log units higher than
in the microcosms.

The rate of mineralization of cellulose added at 1% (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 tumover 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 temperamres, 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 unti! 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 track the field for the given year. This
could be accomplished by off setting the chamber expeniment 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 vartation in field conditions. The
fate and ecological effects of Pseudomonas sp. RC1 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 RC1 at the boot stage of growth and final wheat shoot biomass,
while other variables such as the decline in soil population of RC1 and microbial structural
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 10 the fate and effects of a
Gram-negative rhizobacterium, berter 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 14CO» 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 aitributed to the
inability of the growth chamber to mimic temperature extremes in the field during these periods.
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