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Rhizosphere bacterial communities of parental and two transgenic alfalfa (Medicago sativa L.) of
isogenic background were compared based on metabolic fingerprinting using Biolog GN micro-
plates and DNA fingerprinting of bacterial communities present in Biolog GN substrate wells by
enterobacterial repetitive intergenic consensus sequence-PCR (ERIC-PCR). The two transgenic
alfalfa expressed either bacterial (Bacillus licheniformis) genes for alpha-amylase or fungal (Phanero-
chaete chrysosporium) genes for Mn-dependent lignin peroxidase (Austin S, Bingham ET, Matthews
DE, Shahan MN, Will J, Burgess RR, Euphytica 85:381-393). Cluster analysis and principal com-
ponents analysis (PCA) of the Biolog GN metabolic fingerprints indicated consistent differences in
substrate utilization between the parental and lignin peroxidase transgenic alfalfa rhizosphere bac-
terial communities. Cluster analysis of ERIC-PCR fingerprints of the bacterial communities in
Biolog GN substrate wells revealed consistent differences in the types of bacteria (substrate-specific
populations) enriched from the rhizospheres of each alfalfa genotype. Comparison of ERIC-PCR
fingerprints of bacterial strains obtained from substrate wells to substrate community ERIC-PCR
fingerprints suggested that a limited number of populations were responsible for substrate oxidation
in these wells. Results of this study suggest that transgenic plant genotype may affect rhizosphere
microorganisms and that the methodology used in this study may prove a useful approach for the

comparison of bacterial communities.
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Introduction

There is much interest in rhizosphere microbial communi-
ties due to their key roles in plant health and ecosystem
function. The diversity of rhizosphere microorganisms is
partially dependent on the plant species [6, 7, 26] and has
been previously suggested to be due in part to plant-specific
differences in the chemical composition of root exudates [7,
9]. Current advances in biotechnology have allowed the con-
struction of genetically engineered plants possessing novel
and useful characteristics for applications such as crop pro-
tection, phytoremediation of polluted soils, and production
of specialty enzymes [31]. Many of these engineered plants
have altered root exudates which potentially may affect rhi-
zosphere communities. Commercial development and field
testing of engineered plants is far exceeding the knowledge of
the potential ecological effects of their large-scale introduc-
tion into the environment [21], and concerns regarding their
effects on soil and rhizosphere microorganisms have been
raised by the scientific community [11, 27, 31]. Much effort
is currently being devoted to the development of methods to
assess the affects of transgenic plants on microbial commu-
nities.

Approaches to the characterization of microbial commu-
nities include recently developed cultural and molecular
techniques. Garland and Mills [14] reported a new cultural
approach to the characterization of bacterial communities
based on the inoculation of Biolog Gram negative (GN)
microplates (Biolog, Inc., Hayward, CA) with environmental
samples to generate sole carbon source utilization patterns
(metabolic fingerprints) of bacterial communities. This ap-
proach has been applied in several recent plant-associated
ecological studies, including the evaluation of agricultural
practices on bacterial communities [5]; the classification of
rhizosphere bacterial communities of hydroponically grown
plants [13, 15]; and the evaluation of larch and spruce tree
rhizosphere communities [16]. Another recent study utilized
this approach to evaluate the influence of different plant
species (ryegrass, bentgrass, wheat, and clover) on rhizo-
sphere community structure [17]. It has been acknowledged
that this is a cultural technique, and as such does not nec-
essarily represent the activity of all members of the commu-
nity; however, its simultaneous evaluation of 95 different
carbon sources, automated data collection, and potential for
rapid comparison of environmental samples represent sev-
eral advantages over traditional culture-based methods [12,
18].

Despite the abundance of studies which used Biolog GN
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community metabolic fingerprinting, the microorganisms
responsible for the observed metabolic fingerprints re-
mained uncertain. Each well on a Biolog microplate may be
considered a sole carbon source enrichment culture and the
microorganisms enriched in each substrate well represent a
community which may be unique for a given inoculum type.
Recently, this was demonstrated using DNA fingerprint
analysis of 16S rDNA fragments amplified from a potato
rhizosphere sample and an activated sludge sample [28].
Another DNA fingerprinting technique involves the analysis
of amplified genomic sequences located between inter-
spersed repetitive elements (rep-PCR) [30]. This technique
was developed primarily for the analysis of axenic bacterial
cultures, but has also been used for the analysis of mixed
bacterial populations obtained by substrate enrichment [25].
One type of rep-PCR relies on the amplification of genomic
DNA located between enterobacterial repetitive intergenic
consensus sequences (ERIC-PCR) [29]. ERIC elements are
126 bp in size and are distributed throughout extragenic
regions of the genomes of many Gram negative bacterial
genera [19, 29, 30], including many plant-associated bacteria
(8, 10, 20, 24]. ERIC-PCR generates multiple distinct am-
plification products of sizes ranging from approximately 50
to 3,000 bp which collectively constitute a DNA fingerprint.
The unique locations of ERIC elements in bacterial genomes
allows discrimination at the genus, species, and even strain
level based on the electrophoretic pattern of amplification
products [10]. Our hypothesis was that Biolog GN micro-
plate substrate bacterial communities may serve as another
means of comparing inoculum types, such as different rhi-
zosphere samples, and that ERIC-PCR DNA fingerprinting
would be useful for this approach.

A model system of parental and two transgenic alfalfa
(Medicago sativa L.) is currently being used by the U.S. EPA
to develop methods to assess the impact of transgenic plants
on rhizosphere and soil microflora. The two transgenic al-
falfa genotypes were developed for industrial enzyme pro-
duction and expressed either bacterial (Bacillus licheniformis)
genes for alpha-amylase or fungal (Phanerochaete chrysospo-
rium) genes for Mn-dependent lignin peroxidase [1], respec-
tively, and were otherwise isogenic. The expression cassette
promoter used to construct these transgenic alfalfa was used
in a previous study and resulted in the expression of an
engineered protein in all parts of the plant, with units of
soluble protein highest in the root [2]. In this study the
rhizosphere bacterial communities of the parental and trans-
genic alfalfa were first compared based on community-level
metabolic fingerprinting using Biolog GN microplates. Bio-
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log GN substrates which were utilized differently by the rhi-
zosphere communities were identified. Next, the types of
bacteria present in these Biolog GN microplate substrate
wells (substrate communities) of microplates inoculated
with the different rhizosphere samples were compared using
ERIC-PCR DNA fingerprinting. Finally, ERIC-PCR finger-
prints of bacterial strains isolated from these substrate wells
(substrate-specific populations) were compared to the
ERIC-PCR fingerprints of the substrate communities and
these bacterial strains were identified.

Methods

Plants and Propagation

Cuttings of isogenic parental, alpha-amylase- and manganese-
dependent lignin peroxidase-expressing transgenic alfalfa (Medi-
cago sativa L.) [1] were clonally propagated under greenhouse con-
ditions (kindly provided by Sandra Austin-Phillips and Eric Trip-
lett, University of Wisconsin—Madison). Greenhouse conditions
included a 16-hour photoperiod and approximate temperatures of
24°C day, 18°C night. Plants used in this study came from inter-
nodal cuttings taken from clonally propagated mother plants. Six
individual cuttings for each genotype were rooted directly in a 1:1
mix of nonpasteurized sand and Woodburn silty loam soil obtained
from the U.S. EPA Willamette Research Station, Corvallis, OR, in
65 cm’ capacity nursery pine cells (Stuewe & Sons, Inc., Kiger
Island, OR) arranged randomly in a holder rack. Plants were har-
vested after 12 weeks of growth and replicate experiments (I and II)
were performed 2 weeks apart.

Rhizosphere Extract Preparation and Community Biolog
Metabolic Fingerprinting

Rhizosphere extracts were prepared from six individual plants of
each genotype for each experiment. Growth containers were cut
along their sides and plants and soil were placed onto clean sheets
of plastic wrap. Roots with a diameter of I mm or less were cut
from the root balls using ethanol-flamed scissors and forceps.
Loosely adherent soil was removed by gently dipping the roots into
sterile beakers containing sterile 0.85% NaCl. Washed roots were
cut into pieces of approximately 1 ¢cm in length using ethanol-
flamed scissors and forceps. Samples of comparable weight (ca. 0.5
g) were placed in sterile test tubes containing 10 ml of extraction
solution which contained 0.2% sodium hexametaphosphate (Pfaltz
and Bauer, Waterbury, CT) and 6 uM Zwittergent detergent (Cal-
biochem Corp., La Jolla, CA) (Brendecke JW (1992) M.S. Thesis.
University of Arizona). Rhizosphere microorganisms were ex-
tracted by vortexing samples for 2 min on high setting. The result-
ing slurries were transferred to new sterile test tubes and centri-
fuged at 1500 x g for 10 min. Supernatants were transferred to new
tubes and diluted with sterile 0.85% NaCl to a final transmittance
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of 80-85% using a Biolog turbidimeter (Biolog, Inc., Hayward,
CA).

Bacterial densities of the rhizosphere extracts were determined
by spread-plating diluted samples on peptone yeast extract (PY)
medium which contained peptone, 5.0 g; yeast extract, 3.0 g; CaCl,,
1.1 g; and 15 g agar L™ deionized water, supplemented with 100 pg
ml™" cycloheximide to inhibit fungal growth. Plates were incubated
at 27°C for 1 week and viable plate counts (CFU ml ') were cal-
culated.

Rhizosphere bacterial community fingerprints were generated
using Biolog GN microplates. These 96-well microplates contained
95 different sole-carbon sources and a negative control well. Each
well also contained the redox dye tetrazolium violet, which turns
from colorless to purple in the presence of respiration. Microplates
were inoculated with the six replicate rhizosphere extracts for each
alfalfa genotype (each replicate derived from an individual plant),
incubated at 27°C, and read with a microplate reader (Molecular
Devices, Inc., Sunnyvale, CA) at 2-hour intervals from 36 to 48
hours of incubation. Absorbance data (As,,) was collected using
Biolog ML3N software. After 48 hours of incubation samples were
taken from the Biolog microplate wells for isolation of bacterial
strains and substrate community DNA extraction.

Biolog GN Substrate Bacterial Communities

DNA of the bacterial communities enriched in Biolog GN micro-
plate substrate wells was purified from microplates inoculated with
different rhizosphere samples of each alfalfa genotype. Selection of
Biolog GN microplate substrate communities for analysis was
based on substrate utilization calculated by the Biolog ML3N soft-
ware. ERIC-PCR was used to generate DNA fingerprints of the
Biolog GN microplate substrate communities for comparison of
the types of bacteria (substrate-specific populations) present in
these wells. In addition, bacterial communities of a substrate uti-
lized similarly by all of the alfalfa rhizosphere communities (func-
tionally similar substrate communities) were analyzed.

To isolate members of the substrate-specific populations, ali-
quots from substrate wells were dilution-plated on PY medium.
Colonies representing the dominant morphotypes were picked and
purified. The ERIC-PCR fingerprint of each bacterial strain was
compared to the ERIC-PCR fingerprints of the substrate commu-
nities, and the strains were identified using Biolog GN microplates
and the Biolog ML3N software according to the manufacturer’s
instructions.

DNA Purification and PCR Conditions

DNA was purified from Biolog microplate substrate communities
and bacterial cultures using a modification (which excluded the
spin column steps) of our previously reported protocol [32].
Briefly, DNA was extracted from 100-pl samples of substrate com-
munities from Biolog microplate wells or from resuspended cells of
isolated bacterial colonies by applying SDS, EDTA, and guanidine
isothiocyanate at 68°C with mild sonication. DNA fingerprints
were obtained using the ERIC1R and ERIC2 primers [29]. Negative
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and positive controls were included in PCR runs and duplicate PCR
were routinely run for samples to verify reproducibility of finger-
prints. The following was added to each 50 pl reaction mixture: 5.0
ul of 10x amplification buffer with Mg (Boehringer Mannheim,
Indianapolis, IN); 1.0 pl of a 10 mM mix of each dATP, dTTP,
dCTP, and dGTP (Promega, Madison, WI); 31.25 pmol of each
ERICIR and ERIC2 oligonucleotide primer (Center for Gene Re-
search, Oregon State University, Corvallis, OR); 2.5 ul of 30 mg
ml ! bovine serum albumin (Sigma Chemical Co., St. Louis, MO);
and ca. 25 ng of purified template DNA. PCR mixtures were over-
laid with two drops of mineral oil and the PCR was performed
using a PTC-100 Programmable Thermal Controller with heated
lid (MJ Research Inc., Watertown, MA). Amplification conditions
were as follows: initial denaturation at 95°C for 7 min; samples held
at 75°C while 2.0 U Taq DNA polymerase (Boehringer Mannheim)
was added; followed by 35 cycles of denaturation at 94°C for 10 sec,
92°C for 40 sec; annealing at 49°C for 8 sec, 51°C for 1 min;
extension at 74°C for 10 sec, 72°C for 5 min; and a single final
extension at 72°C for 10 min. The samples were maintained at 4°C
until analysis by electrophoresis. PCR products were separated by
electrophoresis on a 2.0% agarose gel (Life Technologies, Inc.,
Menlo Park, CA) containing 0.5 ug ml™" ethidium bromide and
photographed under UV light using Polaroid type 667 film (Polar-
oid Co., Cambridge, MA). The ERIC-PCR protocol in this study
differed from the protocol of de Bruijn [10]. Notable differences
included addition of Taqg DNA polymerase, reduced in concentra-
tion by 50%, after the initial denaturation step (“hot start”). These
modifications were aimed at reducing the complexity of banding
patterns, obtaining highly reproducible fingerprints, and reducing
nonspecific products. Preliminary studies revealed that increasing
the primer annealing temperature resulted in poor amplification.

Statistical Analysis

Cluster analysis and principal components analysis (PCA) of the
rhizosphere bacterial community metabolic fingerprints were per-
formed using SYSTAT V. 5.2.1 software (SPSS, Inc., Chicago, IL).
To normalize for minor differences in inoculum density, the mi-
croplates were compared at a standardized reference point in color
development termed the average well color development (AWCD)
value [12, 14]. AWCD values for the microplates were calculated
and absorbance data from microplates having AWCD values of
0.60 + 5% were used for statistical analyses. This AWCD value
corresponded to color development in approximately half of the
substrate wells. Cluster analysis by the average linkage method was
used to produce Euclidean distance dendrograms of the metabolic
fingerprints. The results of PCA were displayed using principal
components 1 and 2 with points and error bars representing the
mean and standard deviation of PC scores for the alfalfa rhizo-
sphere bacterial community metabolic fingerprints.

Cluster analysis of Biolog GN substrate community ERIC-PCR
fingerprints was performed by converting the fingerprints to binary
patterns. Starting from the top of a gel each substrate community
ERIC-PCR fingerprint was scored in comparison to adjacent lanes
for the presence (1) or absence (0) of identifiable bands. Cluster
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analysis of binary patterns and dendrogram construction using the
average linkage method and Euclidian distance was performed us-
ing SYSTAT V. 7.0 software (SPSS, Inc., Chicago, IL).

Results
Differences in Rhizosphere Bacterial Community
Metabolic Fingerprints

Bacterial densities of the rhizosphere extracts varied little
among replicates, genotypes, or experiments and had a mean
of 5.9 X 10° + 1.6 x 10° CFU ml'. In addition, all micro-
plates reached the target AWCD value after 40—46 hours of
incubation, indicating inocula of similar activity. It is there-
fore considered unlikely that minor differences in inoculum
densities contributed to the observed differences in meta-
bolic fingerprints.

Cluster analysis and PCA of replicate experiments I and II
data revealed plant genotype-specific differences in the rhi-
zosphere bacterial community metabolic fingerprints. Clus-
ter analysis of the experiment I data indicated some overlap
in cluster composition between the rhizosphere bacterial
community metabolic fingerprints of the parental genotype
and those of the alpha-amylase transgenic plants, whereas
rhizosphere bacterial community metabolic fingerprints of
the lignin peroxidase transgenic plants clustered distinctly
(Fig. 1A). Cluster analysis of the experiment II data gave
similar results in that some overlap between the rhizosphere
bacterial community metabolic fingerprints of the parental
genotype and of the alpha-amylase transgenic plants oc-
curred, but to a lesser degree than in experiment I (Fig. 1B).
Similarly to experiment I, the experiment II rhizosphere bac-
terial community metabolic fingerprints of the lignin per-
oxidase transgenic plants formed a distinct cluster. Cluster
analysis of combined experiments I and II data sets gave
similar trends in clustering: the rhizosphere bacterial com-
munity metabolic fingerprints of the lignin peroxidase trans-
genic plants clustered tightly, while the rhizosphere bacterial
community metabolic fingerprints of the parental genotype
and of the alpha-amylase transgenic plants overlapped (Fig.
1C).

PCA of the rhizosphere bacterial community metabolic
fingerprints strongly agreed with the results of cluster analy-
ses. For experiment I, PCA indicated overlap between the
rhizosphere bacterial community metabolic fingerprints of
the parental genotype and those of the alpha-amylase trans-
genic plants, while the rhizosphere bacterial community meta-
bolic fingerprints of the lignin peroxidase plants were differen-
tiated along the first principal component axis (Fig. 2A).
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PCA of experiment II data also indicated some overlap be-
tween the rhizosphere bacterial community metabolic fin-
gerprints of the parental genotype and those of the alpha-
amylase transgenic plants, but to a lesser degree than in
experiment I (Fig. 2B). Again, the rhizosphere bacterial com-
munity metabolic fingerprints of the lignin peroxidase trans-
genic plants were clearly separated along the first principal
component axis (Fig. 2B). Figure 2C represents PCA results

Fig. 1.
of alfalfa rhizosphere bacterial commu-

Cluster analysis dendrograms

nity metabolic fingerprints for experi-
. ments I (A), IT (B), and combined ex-
periment I and II data sets (C). The
metabolic fingerprints were generated

= using Biolog GN microplates (Biolog,
Inc., Hayward, CA) and the microplates
were compared at a standardized refer-
ence point in color development (aver-
age well color development (AWCD)
value [14] of 0.60 = 5%). Each Biolog
GN microplate was inoculated with a
rhizosphere extract obtained from one

of six individual 12-week-old plants per
alfalfa genotype (experiments I and II; P

= parental, AA = alpha-amylase, and LP
= lignin peroxidase; replicates 1
through 6). The average linkage method
with Euclidian distance was used to
produce the dendrograms.

of combined experiments I and II data sets which corre-
sponded well with the results from the individual experi-
ments. There was a significant amount of overlap between
the rhizosphere bacterial community metabolic fingerprints
of the parental genotype and those of the alpha-amylase
transgenic plants, while rhizosphere bacterial community
metabolic fingerprints of the lignin peroxidase transgenic
plants were well separated.
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Principal components analyses (PCA) of alfalfa rhizo-

with points and error bars representing the mean and standard
deviation of PC scores for the alfalfa rhizosphere bacterial commu-
nity metabolic fingerprints. (P = parental, A = alpha-amylase, L =
lignin peroxidase.)
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Comparison of Biolog GN Microplate Substrate
Bacterial Communities

Analysis of the rhizosphere bacterial community metabolic
fingerprints using the Biolog ML3N software revealed dif-
ferences in the utilization of a-cyclodextrin (Biolog GN mi-
croplate well A2), p-alanine (well F5), and r-ornithine (well
G4) by the rhizosphere bacterial communities of the three
alfalfa genotypes. In addition, the substrate dextrin (well A3)
was utilized similarly by the rhizosphere bacterial commu-
nities of all three alfalfa genotypes. These substrate commu-
nities were selected for ERIC-PCR fingerprinting and isola-
tion of bacterial populations. Comparison of these experi-
ment I and II substrate community ERIC-PCR fingerprints
revealed consistent plant genotype-specific differences in
these populations of rhizosphere bacteria (Figs. 3A and 3B,
respectively; Fig. 4). ERIC-PCR fingerprints of replicate sub-
strate communities obtained from different Biology GN mi-
croplates were highly comparable for most substrates and
plant genotypes, with the exception of the D-alanine sub-
strate communities (Figs. 3A and 3B, lanes 14-19; Fig. 4C).
ERIC-PCR fingerprints of the a-cyclodextrin substrate com-
munities were the most comparable between the two experi-
ments (Figs. 3A and 3B, lanes 2-7; Fig. 4A). Surprisingly, the
ERIC-PCR fingerprints of the functionally similar dextrin
substrate communities were unique for the different alfalfa
genotypes (Figs. 3A and 3B, lanes 8-13; Fig. 4B). The oc-
currence of several ERIC-PCR products of analogous mo-
bility suggested that the substrate bacterial communities
contained one or more common or closely related sub-
strate-specific populations. Of particular interest was the
unique low molecular weight amplification product (ca. 100
bp in size) associated exclusively with the lignin peroxidase
transgenic alfalfa dextrin, D-alanine, and L-ornithine sub-
strate bacterial communities in both experiments (Fig. 3A,
lanes 12-13, 18-19, 24-25; Fig. 3B, lanes 12-13, 18, 24-25).

Biolog GN Microplate Substrate-Specific Bacterial Populations

A total of 45 bacterial strains isolated from the Biolog sub-
strate communities were fingerprinted by ERIC-PCR. These
individual strains were fingerprinted by ERIC-PCR and all
but one gave amplification products. Based on their ERIC-
PCR fingerprints, 41 of the 44 strains could be divided into
4 dominant groups (A-D) which contained 16, 9, 8, and 4
members each, respectively, with the remainder having dif-
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ferent individual fingerprints. Only members of the A, B, C,
and D groups gave bands of analogous mobility to those
present in the Biolog GN substrate community fingerprints.
ERIC-PCR fingerprints of these four groups are presented in
Fig. 5. Representative isolates of these groups had the fol-
lowing Biolog identifications (tested in duplicate): group A,
Enterobacter cloacae (sim 0.888); group B, Pseudomonas fluo-
rescens Type G (sim 0.750); group C, Pseudomonas fluore-

CA).

scens Type G (sim 0.599); and group D, Pseudomonas putida
Type Al (sim 0.826). The group D strains (Pseudomonas
putida Type Al; Fig. 5, lane 9) gave a unique low molecular
weight ERIC-PCR amplification product analogous in mo-
bility to that associated exclusively with the lignin peroxidase
transgenic alfalfa Biolog GN substrate communities (Fig. 3A,
lanes 12-13, 18-19, 24-25; Fig. 3B, lanes 12-13, 18, 24-25;
Fig. 5, lane 4).
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Discussion

The cultural and molecular approach used in this study con-
sistently detected differences between the rhizosphere bac-
terial communities of the parental genotype and the alpha-
amylase and lignin peroxidase transgenic alfalfa. These find-
ings support and extend earlier studies which suggested that
plant genotype may affect rhizosphere microbial populations
(3, 4, 13, 16, 17, 22, 23]. In a field performance trial the
alpha-amylase transgenic alfalfa plants were phenotypically
identical to the parental plants, while the lignin peroxidase
transgenic alfalfa plants eventually became stunted and had
reduced dry mass and height [1]. In this study, comparison
of the rhizosphere bacterial communities of these alfalfa
genotypes using Biolog GN metabolic fingerprinting agreed
with these observations. In both experiments, cluster analy-
sis and PCA revealed overlap between the Biolog GN rhizo-
sphere bacterial community metabolic fingerprints of the

0.00.10.20.30.40.50.60.70.80.9

T T T T T The average linkage method with

Euclidian distance was used to

Distances produce the dendrograms.

parental genotype and the alpha-amylase transgenic alfalfa,
while the rhizosphere bacterial community metabolic finger-
prints of the lignin peroxidase transgenic alfalfa were the
most distinctive. Results of cluster analysis and PCA of com-
bined experiment I and II data sets indicated comparability
of the two experiments (Figs. 1C and 2C, respectively) and
confirmed the overlap between the rhizosphere community
metabolic fingerprints of the parental genotype and alpha-
amylase transgenic alfalfa.

Some variability or “noise” is inevitable when analyzing
environmental microbial communities, particularly when
using culture-based assays. Since Biolog GN metabolic fin-
gerprinting is a selective culture assay, it is also prone to this
noise. As mentioned earlier, each well on a Biolog microplate
may be considered a sole substrate enrichment culture. As
such, results of the assay may be affected by inoculum ho-
mogeneity and density. In addition, substrate utilization
likely reflects the activity of only a fraction of the entire
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Fig. 5.
isolated from Biolog GN microplate substrate wells. Lanes: 2—4,

ERIC-PCR fingerprints of bacterial strains (groups A-D)

ERIC-PCR fingerprints of Biolog GN substrate communities [ex-
periment II, wells A2 (P), A2 (AA), and F5 (LP)] for amplification
product size reference; 5, fingerprint of a 1:5 mix of purified DNA
from the group B (Pseudomonas fluorescens Type G) and group C
(Pseudomonas fluorescens Type G) strains; 6, group A (Enterobacter
cloacae); 7, group B (Pseudomonas fluorescens Type G); 8, group C
(Pseudomonas fluorescens Type G); 9, group D (Pseudomonas putida
Type Al); 1 and 10, $X174/Hae III molecular weight markers
(Stratagene, La Jolla, CA).

microbial community. Given the selective nature of the as-
say, changes in community metabolic fingerprints likely rep-
resent changes in community structure (species evenness)
and not necessarily community diversity (species richness).
Similarly, since it is an in vitro assay, correlations to in situ
community function should be considered with caution.
However, it should be reinforced that valuable information
may be obtained by studying portions of microbial commu-
nities.

Despite the similarity of the parental genotype and alpha-
amylase transgenic alfalfa Biolog GN rhizosphere commu-
nity metabolic fingerprints, the ERIC-PCR fingerprints of
Biolog GN substrate communities revealed plant genotype-
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specific differences between these populations of rhizosphere
bacteria for each of the alfalfa genotypes. Cluster analysis
revealed that ERIC-PCR fingerprints of replicate substrate
communities, obtained from different Biolog GN micro-
plates inoculated with rhizosphere samples derived from in-
dividual plants, were highly comparable for most substrates
and plant genotypes and reproducible between experiments
I and II. Cluster analysis also revealed some variability or
noise in the ERIC-PCR fingerprints of some Biolog GN sub-
strate communities, notably the D-alanine substrate commu-
nities (Fig. 4C). This likely reflects variations in the selective
enrichment of different bacterial populations in these sub-
strate wells.

An unexpected finding was that the ERIC-PCR finger-
prints of the dextrin substrate communities revealed consis-
tent plant genotype-specific differences between these bac-
terial populations, despite their comparable utilization of
this substrate. These data suggest that in some cases func-
tionally similar Biolog GN substrate communities may differ
structurally.

Comparison of ERIC-PCR fingerprints of substrate com-
munities and bacterial strains obtained from the same sub-
strate wells suggested that the substrate communities were
made up of relatively few types of bacteria, and that the
strains isolated accounted for all major ERIC-PCR amplifi-
cation products of the substrate communities. We evaluated
this possibility by attempting to recreate the ERIC-PCR fin-
gerprint of a substrate community by mixing purified DNA
from the group B (Pseudomonas fluorescens Type G) and
group C (Pseudomonas fluorescens Type G) substrate-specific
bacterial populations in different ratios. The finding that
these ERIC-PCR fingerprints were similar (Fig. 5, lanes 3
and 5) supported our interpretation. It is noteworthy that
these two substrate-specific populations, representing two
different strains of Pseudomonas fluorescens Type G, were
isolated from the same substrate well on several occasions
during the study. These results provide evidence that differ-
ences in Biolog GN substrate bacterial communities can be
due not only to species-level, but also to strain-level differ-
ences in bacterial populations.

While it appears that the Biolog GN substrate commu-
nities analyzed contained a limited number of populations,
it is possible that other populations which contributed to
substrate oxidation were not detected. One possibility is that
populations which may have initiated substrate oxidation in
the Biolog GN wells were superseded during incubation by
populations which were eventually isolated from the wells. A
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recent study evaluated how Biolog GN substrate communi-
ties change during incubation [28] and found that in some
cases populations detected in the inoculum were dominant
following incubation, while in other cases populations which
were undetectable in the inoculum were enriched and be-
came dominant after incubation. It may therefore prove use-
ful when comparing inoculum types to analyze Biolog GN
substrate communities of interest over the course of incu-
bation, which could allow for a more comprehensive evalu-
ation of the populations contributing to substrate oxidation.

Regardless of the mechanisms involved, dominant Biolog
GN substrate-specific populations repeatedly obtained from
specific types of inocula may represent bacterial indicators of
niche conditions and may be useful in future investigations.
An example from this study is the Pseudomonas putida strain
isolated only from substrate communities of Biolog GN
plates inoculated with lignin peroxidase transgenic alfalfa
rhizosphere samples. Characterization of this Pseudomonas
putida strain, including the evaluation of its competitiveness
in the rhizospheres of the different alfalfa genotypes, may
provide insight into the effects of niche conditions on rhi-
zosphere populations.

To clarify the relevance of our findings to the environ-
mental risk assessment of these transgenic plants requires
turther investigation, since the alfalfa used in this study were
grown under greenhouse conditions. This approach is cur-
rently being used to determine if the field-grown parental
and transgenic alfalfa have unique rhizosphere bacterial
populations associated with them. Note that while this study
revealed that transgenic plant genotype may affect rhizo-
sphere bacterial communities, additional studies are needed
to determine whether such changes may or may not have
adverse effects on downstream biological processes or the
success of future rotational crops.

Acknowledgments

This work was performed while G.D. and F.W. held National
Research Council Research Associateships. It has been sub-
jected to Agency review and approved for publication. Men-
tion of trade names or commercial products does not con-
stitute endorsement or recommendation for use. We thank
Joyce Loper for critical review of the manuscript, and Wendy
Goodfriend for the helpful discussions of statistical analyses.
We also gratefully acknowledge Tamotsu Shiroyama for
propagation and maintenance of alfalfa plants.

G.D. Di Giovanni et al.

References

1 Austin S, Bingham ET, Mathews DE, Shahan MN, Will J,
Burgess RR (1995) Production and field performance of trans-
genic alfalfa (Medicago sativa L.) expressing alpha-amylase and
manganese-dependent lignin peroxidase. Euphytica 85:381—
393

2 Austin S, Koegel RG, Matthews D, Shahan M, Straub R], Bur-
gess R (1994) Production of industrial enzymes in transgenic
alfalfa. Annals NY Acad Sci 721:234-242

3 Azad HR, Davis JR, Schnathorst WC, Kado CI (1985) Rela-
tionships between rhizoplane and rhizosphere bacteria and
verticillium wilt resistance in potato. Arch Microbiol 140:347—
351

4 Azad HR, Davis JR, Schnathorst WC, Kado CI (1987) Influ-
ence of verticillium wilt resistant and susceptible potato geno-
types on populations of antagonistic rhizosphere and rhizo-
plane bacteria and free nitrogen fixers. Appl Microbiol Bio-
technol 26:99-104

5  Bossio DA, Scow KM (1995) Impact of carbon and flooding
on the metabolic diversity of microbial communities in soils.
Appl Environ Microbiol 61:4043-4050

6  Bowen GD (1980) Contemporary microbial ecology. In: Ell-
wood DC, Hedger JW, Latham M]J, Lynch JM, Slater JH (eds)
Contemporary Microbial Ecology. Academic Press, New York,
pp 1-34

7  Bowen GD, Rovira AD (1991) The rhizosphere, the hidden
half of the hidden half. In: Waisel Y, Kafkafi U (eds), Plant
Roots—the Hidden Half. Marcel Dekker, New York, pp 641—
649

8  Chatelut M, Dournes JL, Chabanon G, Marty N (1995) Epi-
demiological typing of Stenotrophomona (Xanthomonas)
maltophilia by PCR. J Clin Microbiol 33:912-914

9  Curl EA, Truelove B (1986) The Rhizosphere. Springer-
Verlag, New York

10 de Bruijn FJ (1992) Use of repetitive (repetitive extragenic
palindromic and enterobacterial repetitive intergeneric con-
sensus) sequences and the polymerase chain reaction to fin-
gerprint the genomes of Rhizobium meliloti isolates and other
soil bacteria. Appl Environ Microbiol 58:2180-2187

11  Donegan KK, Palm CJ, Fieland V], Porteous LA, Ganio LM,
Schaller DL, Bucao LQ, Seidler RJ (1995) Changes in levels,
species and DNA fingerprints of soil microorganisms associ-
ated with cotton expressing the Bacillus thuringiensis var.
kurstaki endotoxin. Appl Soil Ecol 2:111-124

12 Garland JL (1996) Analytical approaches to the characteriza-
tion of samples of microbial communities using patterns of
potential C source utilization. Soil Biol Biochem 28:213-221

13 Garland JL (1996) Patterns of potential C source utilization by
rhizosphere communities. Soil Biol Biochem 28:223-230

14 Garland JL, Mills AL (1991) Classification and characteriza-
tion of heterotrophic microbial communities on the basis of
patterns of community-level sole-carbon-source utilization.
Appl Environ Microbiol 57:2351-2359



Rhizosphere Metabolic and ERIC-PCR Fingerprinting

15

16

17

18

19

20

21

22

23

Garland JL, Mills AL (1994) A community-level physiological
approach for studying microbial communities. In: Ritz K,
Dighton J, Giller KE (eds), Beyond the Biomass: Composi-
tional and Functional Analysis of Soil Microbial Communi-
ties. John Wiley & Sons Ltd, Chichester, UK, pp 77-83
Grayston SJ, Campbell CD (1996) Functional biodiversity of
microbial communities in the rhizospheres of hybrid larch
(Larix eurolepis) and Sitka spruce (Picea sitchensis). Tree Phys-
iol 16:1031-1038

Grayston SJ, Shenquiang W, Campbell CD, Edwards AC
(1998) Selective influence of plant species on microbial diver-
sity in the rhizosphere. Soil Biol Biochem 30:369-378

Haack SK, Garchow H, Klug MJ, Forney LJ (1995) Analysis of
factors affecting the accuracy, reproducibility, and interpreta-
tion of microbial community carbon source utilization pat-
terns. Appl Environ Microbiol 61:1458-1468

Hulton CSJ, Higgins CF, Sharp PM (1991) ERIC sequences: a
novel family of repetitive elements in the genomes of Esch-
erichia coli, Salmonella typhimurium and other enterobacteria.
Mol Microbiol 5:825-834

Judd AK, Schneider M, Sadowsky M]J, de Bruijn FJ (1993) Use
of repetitive sequences and the polymerase chain reaction
technique to classify genetically related Bradyrhizobium ja-
ponicum serocluster 123 strains. Appl Environ Microbiol 59:
1702-1708

Krattiger AF (1994) The field testing and commercialization of
genetically modified plants: A review of worldwide data (1986
to 1993/94). In: Krattiger AF, Rosemarin A (eds), Biosafety for
a Sustainable Agriculture: Sharing Biotechnology Regulatory
Experiences of the Western Hemisphere. ISAA, Stockholm, pp
247-266

Latour X, Corberand T, Laguerre G, Allard F, Lemanceau P
(1996) The composition of fluorescent pseudomonad popu-
lations associated with roots is influenced by plant and soil
type. Appl Environ Microbiol 62:2449-2456

Lemanceau P, Corberand T, Gardan L, Latour X, Laguerre G,
Boeufgras JM, Alabouvette C (1995) Effect of two plant spe-
cies, flax (Linum usitatissinum L.) and tomato (Lycopersicon

24

25

26

27

28

29

30

31

32

139

esculentum Mill.), on the diversity of soilborne populations of
fluorescent pseudomonads. Appl Environ Microbiol 61:1004—
1012

Louws FJ, Fulbright DW, Stephens CT, de Bruijn FJ (1994)
Specific genomic fingerprints of phytopathogenic Xan-
thomonas and Pseudomonas pathovars and strains generated
with repetitive sequences and PCR. Appl Environ Microbiol
60:2286-2295

Maltseva O, Oriel P (1997) Monitoring of an alkaline 2,4,6-
trichlorophenol-degrading enrichment culture by DNA fin-
gerprinting methods and isolation of the responsible organ-
ism, haloalkaliphilic Nocardioides sp. strain M6. Appl Environ
Microbiol 63:4145-4149

Miller HJ, Henken G, van Veen JA (1989) Variation and com-
position of bacterial populations in the rhizospheres of maize,
wheat, and grass cultivars. Can ] Microbiol 35:656—660
Seidler RJ, Levin M (1994) Potential ecological and non-target
effects of transgenic plant gene products on agriculture, silvi-
culture and natural ecosystems: general introduction. Mol
Ecol 3:1-3

Smalla K, Wachtendorf U, Heuer H, Liu W-T, Forney L
(1998) Analysis of Biolog GN substrate utilization patterns by
microbial communities. Appl Environ Microbiol 64:1220-
1225

Versalovic J, Koeuth T, Lupski JR (1991) Distribution of re-
petitive DNA sequences in eubacteria and application to fin-
gerprinting of bacterial genomes. Nucl Acids Res 19:6823—
6831

Versalovic J, Schneider M, de Bruijn FJ, Lupski JR (1994)
Genomic fingerprinting of bacteria using repetitive sequence-
based polymerase chain reaction. Meth Mol Cell Biol 5:25-40
Watrud LS, Metz SG, Fischoff DA (1996) Engineered plants in
the environment. In: Levin MA, Israeli E (eds), Engineered
Organisms in Environmental Settings—Biotechnological and
Agricultural Applications. CRC Press, New York, pp 165-189
Widmer F, Seidler RJ, Watrud LS (1996) Sensitive detection of
transgenic plant marker gene persistence in soil microcosms.
Mol Ecol 5:603-613



