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Take-all, caused by Gaeumannomyces graminis var. tritici, is one of the most important fungal diseases of
wheat worldwide. Knowing that microbe-based suppression of the disease occurs in monoculture wheat fields
following severe outbreaks of take-all, we analyzed the changes in rhizosphere bacterial communities following
infection by the take-all pathogen. Several bacterial populations were more abundant on diseased plants than
on healthy plants, as indicated by higher counts on a Pseudomonas-selective medium and a higher fluorescence
signal in terminal restriction fragment length polymorphism analyses of amplified 16S ribosomal DNA
(rDNA). Amplified rDNA restriction analysis (ARDRA) of the most abundant cultured populations showed a
shift in dominance from Pseudomonas to Chryseobacterium species in the rhizosphere of diseased plants.
Fluorescence-tagged ARDRA of uncultured rhizosphere washes revealed an increase in ribotypes correspond-
ing to several bacterial genera, including those subsequently identified by partial 16S sequencing as belonging
to species of alpha-, beta-, and gamma-proteobacteria, sphingobacteria, and flavobacteria. The functional
significance of some of these populations was investigated in vitro. Of those isolated, only a small subset of the
most abundant Pseudomonas spp. and a phlD� Pseudomonas sp. showed any significant ability to inhibit G.
graminis var. tritici directly. When cultured strains were mixed with the inhibitory phlD� Pseudomonas strain,
the Chryseobacterium isolates showed the least capacity to inhibit this antagonist of the pathogen, indicating
that increases in Chryseobacterium populations may facilitate the suppression of take-all by 2,4-diacetylphlo-
roglucinol-producing phlD� pseudomonads.

Take-all is a root disease of wheat and barley caused by the
fungus Gaeumannomyces graminis var. tritici (2). Several prac-
tices can be used to limit the disease on susceptible crops,
including tillage, rotation, choice of variety and N fertilizer,
and chemical and biological seed treatments (7, 10, 30, 38).
However, in regions where monoculturing of small grains is
climatically and economically favored, continuous crops of
wheat or barley can be productively maintained despite the
presence of the pathogen. Unlike most root diseases, a severe
outbreak of take-all followed by 4 to 6 years of monoculturing
of wheat or barley will induce a natural suppression of the
disease called take-all decline (TAD) (13). The suppressive
factor in TAD soils is known to be a heat-labile fraction of soil
microbial communities (2, 13). The occurrence of TAD in
different wheat-growing regions of the world is remarkable
because soil microbial communities are affected by both plant
and soil factors (12, 17). In the state of Washington, studies
have shown that antibiotic-producing fluorescent Pseudomonas
spp. are present in TAD soils and can suppress take-all (5, 8,
24, 32, 34, 36, 42, 44, 47, 48).

Recently, work has focused on understanding the contribu-
tions of fluorescent Pseudomonas spp. that synthesize 2,4-
diacetylphloroglucinol (2,4-DAPG) to take-all suppression.
Pseudomonads that produce this broad-spectrum antibiotic
can suppress a variety of fungal root pathogens when applied
as seed and soil inoculants (14, 35, 39, 44). Indigenous popu-

lations of these bacteria are abundant in TAD soils, and take-
all suppression has been correlated with their presence in
soils(34, 36). The diversity of these functionally important
pseudomonad populations has been investigated (22, 29), and
the capacity of different genotypes to control root diseases is
the subject of ongoing study.

Other bacterial populations, including pseudomonads that
do not produce 2,4-DAPG, are known to increase in abun-
dance in the rhizosphere of diseased roots (23, 37, 38, 46);
however, their involvement in the induction of TAD and their
impact on populations of 2,4-DAPG-producing Pseudomonas
spp. are unknown. To better understand the roles of different
microbial populations in the development of take-all and its
subsequent decline, it is necessary to compare bacterial com-
munities inhabiting the rhizospheres of both healthy and dis-
eased wheat plants. Past approaches for analyzing microbial
community structure in take-all pathosystems have focused on
isolating specific bacteria on selective media and identifying
shifts in responses to pathogen infections (23, 37, 38, 46). The
limitations of culture-based approaches are well known, and it
has been suggested that complementary methods should be
used to properly assess microbial communities in soil (18). In
this study, we used two high-throughput methods: a culture-
dependent method for enumerating specific populations of
pseudomonads (28) and a culture-independent method for
analyzing terminal restriction fragment length polymorphisms
(T-RFLPs) of amplified 16S ribosomal DNA (rDNA) (19),
called fluorescence-tagged amplified rDNA restriction analysis
(FT-ARDRA) (25, 26).

The purpose of this study was to assess the changes in rhi-
zosphere bacterial communities that occur when wheat roots
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go from a healthy to a diseased state. Our objectives were to (i)
determine the association between different populations of
Pseudomonas spp. and take-all disease on wheat roots, (ii)
identify new bacterial taxa not previously associated with the
ecology of take-all or TAD, and (iii) determine the capacity of
the identified and cultured bacterial populations to inhibit the
take-all pathogen and 2,4-DAPG-producing biocontrol bacte-
ria.

MATERIALS AND METHODS

Bacterial and fungal culturing. All chemicals were obtained from Sigma
Chemical Co., St. Louis, Mo., unless noted otherwise. All bacterial and fungal
cultures were incubated at room temperature (23 � 2oC) in the dark. Bacteria
were maintained on a Pseudomonas-selective medium, 1/3� KMB��� (28),
based on Simon-Ridge medium (40). Stock cultures of all strains were stored in
1/3� KMB (no antibiotics added)–18% glycerol at �80°C. G. graminis var. tritici
strain R3-111a-1 (32) was used to infest soil and for in vitro inhibition assays.
Fungi were maintained on fresh 1/5� PDA (containing, per liter, 4 g of dextrose,
infusion from 40 g of freshly boiled potatoes [pH 6.3], and 18 g of agar). Oat
kernel inoculum of G. graminis var. tritici was prepared by adding sliced agar
cultures of G. graminis var. tritici to sterilized oat kernels in 1-liter flasks and
incubating the mixtures at room temperature for 3 to 4 weeks. Colonized oat
seeds were then air dried in a laminar flow hood and stored at room temperature
for up to 6 months prior to use. Virulent stock cultures of G. graminis var. tritici
were stored at 5°C.

Soils used for comparisons. Soils at the Washington State University Mount
Vernon Research and Extension Unit, Mount Vernon, are conducive to take-all
and develop suppressiveness for take-all with several years of wheat monocul-
turing. On 3 November 1997, winter wheat (Triticum aestivum L. cv. Madsen) was
mechanically sown at a rate of 90 lb of seed per acre. Part of the field was infested
with G. graminis var. tritici-infested oat kernels (20% [wt/wt] of seed, or 0.6 g of
oat kernels per row meter) (32). Infested and noninfested plots were established
side by side across the field. Soil from the noninfested portions of the field was
designated soil A, and soil from the infested portions was designated soil B. In
October 1998 and October 1999, the field was again seeded with wheat, but no
G. graminis var. tritici inoculum was added. During the 1997–1998 growing
season, plants growing in soil A were significantly more healthy than those
growing in soil B (P � 0.05), as indicated by lower root disease ratings, higher
head counts, and yield (data not shown). During the following growing season,
disease was observed across the entire field, and no significant differences in crop
health were noted between the two soils (data not shown). Soils A and B were
collected in the fall seasons of 1998 and 1999 from field plots following harvest
for use in growth chamber assays.

Growth chamber assays. Tapered plastic tubes (SC-10 Supercell containers;
Hummert International, Earth City, Mo.) were filled with 0.1 kg of fresh soil into
which two seeds of wheat (T. aestivum L. cv. Penewawa) were planted 1 cm below
the surface. To half of the tubes, five to eight G. graminis var. tritici-infested oat
kernels were added to the soil in a single layer 3 cm below the seed. The tubes
were watered to saturation, covered with clear plastic wrap to maintain humidity,
and placed in a growth chamber (15°C, 12-h light-dark cycle). After 5 days, the
plastic wrap was removed, and the tubes were watered biweekly as needed. At 10
to 14 days after planting, plants were thinned to one per container and returned
to the chamber. At 5 weeks after planting, the plants were harvested for micro-
biological analyses. Each tube served as a replicate, and a total of 15 to 18
replicates of each treatment were used in each experiment.

Processing of rhizosphere samples. Rhizospheres from individual plants were
processed separately as described previously (28). Briefly, samples from different
treatments were processed in parallel. The intact portion of each root system was
recovered from the soil, separated from the shoot, and placed in 7.5 ml of sterile
distilled water. Bacteria and adhering soil were dislodged from the roots by
vortexing and subsequent incubation in a sonication bath. One-hundred micro-
liters of each sample was serially diluted 1:3 in a 96-well microtiter plate (Costar,
Corning, N.Y.), each well of which was prefilled with sterile distilled water.
Aliquots from these “rhizosphere-wash” plates were used to inoculate dilution
plates for culturing bacteria and as templates for PCR amplification of rDNA
sequences (see below).

Enumeration of cultured bacterial populations. Growth chamber assays were
used to determine the abundance and diversity of cultured rhizosphere bacterial
populations. From rhizosphere-wash plates, 50 �l of each dilution was trans-
ferred to other 96-well plates containing 200 �l of 1/3� KMB��� per well.

These culture plates were incubated at room temperature in the dark for 48 �
4 h, and bacterial growth was assayed spectrophotometrically (an optical density
at 600 nm of �0.05 was scored as positive). Replica plates were made by
transferring half of each culture into an equal volume of 35% glycerol, and these
plates were stored at �80°C. The original culture plates were frozen at �80°C for
a minimum of 1 h and then transferred to a �20°C freezer for storage.

The abundance and diversity of 2,4-DAPG-producing Pseudomonas spp. in the
dilution cultures were determined using a previously described PCR-based assay
(28). Briefly, portions of the phlD gene (4) were amplified using gene-specific
primers B2BF (ACC CAC CGC AGC ATC GTT TAT GAG C) and BPR4
(CCG CCG GTA TGG AAG ATG AAA AAG TC). To determine the genotype
of phlD� populations, amplification products were digested with HaeIII or TaqI
(New England Biolabs, Beverly, Mass.). DNA fragments were separated on
agarose gels in 0.5� Tris-borate-EDTA and visualized by ethidium bromide
staining. Gel images were processed using a Kodak (Rochester, N.Y.) EDAS120
or EDAS290 digital imaging system.

Characterization of cultured bacterial populations. The most abundant cul-
tured bacterial populations were recovered from the highest dilution scored
positive for growth (i.e., the terminal dilution culture [TDC]) and stored in
glycerol. In most instances, a single dominant bacterial morphotype was isolated
from each TDC by streaking on 1/3� KMB��� agar. In instances when two
morphotypes appeared to be equally dominant, both were purified and used in
subsequent analyses. The distributions of morphotypes recovered from fresh and
frozen TDCs matched exactly (data not shown). Sixty-nine isolates were obtained
from the 1998 samples, and 98 more were obtained from the 1999 samples. All
isolates were classified initially by morphotype and genomic fingerprinting using
the primer BOXAIR (BOX�PCR) as described previously (29) (data not
shown), and 53 representative isolates from independent replicates of each
treatment in each year were chosen for further analyses. The genotypes of these
representative isolates were determined using amplified rDNA restriction anal-
ysis (ARDRA) of 16S rDNA, and partial sequences of multiple representative
ribotypes were subsequently determined as described below. In addition, two
phlD� isolates, MtV1 and MtV2, present in Mount Vernon soils A and B,
respectively, were obtained on glycerol replica plates from the terminal dilution
in which they were detected as described previously (28).

Characterizations of amplified 16S rDNA sequences. Nearly full-length por-
tions of 16S rDNA were PCR amplified from eubacterial templates with high-
pressure liquid chromatography-purified oligonucleotide primers 8F (5�-AGA
GTT TGA TCC TGG CTC AG-3�) and 1492R (5�-ACG GCT ACC TTG TTA
CGA CTT-3�), based on those described by Weisburg et al. (45) (Operon Tech-
nologies, Alameda, Calif.). For FT-ARDRA, a fluorescence-labeled primer,
8F-HEX, was used instead of 8F. Templates for PCR amplification were ob-
tained from freeze-thaw lysates of either (i) whole cells of isolated bacteria, (ii)
the third and fourth dilutions of the rhizosphere-wash plates, or (iii) isolated
plasmids containing cloned 16S sequences. Amplification was carried out with a
25-�l reaction mixture containing 2.5 �l of 10� buffer (Promega Corp., Madison,
Wis.), 1.8 �l of 25 mM MgCl2, 2.5 �l of 2 mM deoxynucleoside triphosphates,
14.4 �l of sterile distilled water, 1 �l of each primer (50 pmol per �l), 0.2 �l of
RNase A (2 mg/ml), 0.33 �l of Taq DNA polymerase (5 U/�l) (Promega), and
5 �l of template. Amplification was performed with a PTC-200 Thermocycler
(MJ Research Inc., Watertown, Mass.). The cycling program included a 5-min
initial denaturation step at 95°C; 30 cycles of 94°C for 60 s, 54°C for 45 s, and
70°C for 60 s; and an 8-min final extension step at 70°C. Amplification products
were separated on agarose gels and visualized as described above.

Restriction digestions were performed with 96-well plates. Each digestion
included 7 �l of a PCR reaction mixture and 10 U of either RsaI or MspI (New
England Biolabs) in a total volume of 30 �l. Reaction mixtures were incubated
at 37°C for 2 to 4 h and then stored at �20°C. For standard ARDRA, restriction
fragments were separated by electrophoresis on 1.6% agarose gels and visualized
as described above. For FT-ARDRA, digests were submitted to the Laboratory
for Biotechnology and Bioanalysis, Washington State University, Pullman, for
electrophoresis and imaging. There, 2 �l of each digest was mixed with 2 �l of
loading buffer containing a fluorescence-labeled DNA size standard (G2500-
ROX; Applied Biosystems, Foster City, Calif.) and loaded onto 6% urea-con-
taining polyacrylamide gels. Electrophoresis was performed with an ABI373
sequencer (Applied Biosystems) such that DNA fragments of �1,100 bp could
be sized. Data were collected automatically using the B filter and analyzed with
GeneScan 2.1 software and Genotyper 2.1 (Applied Biosystems).

To identify the bacteria corresponding to different ribotypes in T-RFLP pro-
files, we initially analyzed our results using web-based TRFLP-TAP software (21)
available through the Ribosomal Database Project (http://www.cme.msu.edu
/RDP/html/analyses.html; Center for Microbial Ecology, Michigan State Univer-
sity, East Lansing) (20). Using this software, we assembled lists of bacteria whose
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sequences were present in the 16S ribosomal database (release 7.0) and pre-
dicted to have terminal restriction fragments (TRFs) corresponding to three
possible situations: (i) one terminal restriction fragment (TRF) increasing in
each profile with similar peak areas (matched pairs), (ii) one TRF increasing in
each profile but with dissimilar peak areas (unmatched pairs), and (iii) one TRF
increasing in one profile and a predicted matching signal that was visible but not
actually increasing in the second profile (lone peak). Given the extensiveness of
the lists, only matched and unmatched pairs were considered useful for predict-
ing the bacterial genera corresponding to specific ribotypes given the two restric-
tion enzymes used in our analyses.

Additional analyses relied on partial sequencing of amplified16S rDNA.
For identification of the cultured isolates, direct sequencing was performed
using primer 8F. To supplement FT-ARDRA, a clone bank was prepared
from rDNA amplified from three different diseased plants. To do so, ampli-
fication products were separated on an 0.7% agarose gel, extracted using a
QIAEX II gel extraction kit (Qiagen, Valencia, Calif.), and ligated into the
pGEM-T Easy vector (Promega) according to the manufacturer’s protocol.
Plasmids were introduced into Escherichia coli cells and isolated from trans-
formants using standard methods (3). Plasmids containing inserts represent-
ing distinct ribotypes were identified from a collection of over 70 transfor-
mants by ARDRA of whole-cell templates. The nucleotide sequences of
cloned inserts and PCR products from individual isolates were determined by
using an ABI Prism dye terminator cycle sequencing kit (Perkin-Elmer)
according to the manufacturer’s instructions. Sequence data were analyzed
with BLAST using the web server housed at the National Center for Bio-
technology Information (1). Taxonomic designations were made following the
terminology of Bergey’s Manual Trust (http://www.cme.msu.edu/bergeys/taxono-
myinfo.html), Michigan State University, East Lansing.

In vitro inhibition assays. Agar plugs (7-mm diameter) of G. graminis var.
tritici were transferred to the center of a fresh plate of 1/5� PDA and incubated
at room temperature in the dark. On the following day, a bacterial inoculum was
prepared by resuspending isolated colonies in 150 �l of 1/3� KMB to an optical
density at 600 nm of between 0.2 and 0.4. Ten microliters of the bacterial
inoculum (106 cells) from four different bacterial strains was inoculated at four
equidistant positions along the perimeter of the assay plate. For each assay, the
positions of the inoculated strains were randomized, each strain appeared on
four different assay plates inoculated on two separate occasions, and three
uninoculated control plates were used. Plates were incubated for up to 8 days at
room temperature in the dark. Growth of the fungus was assayed at two different
time points in each assay, when the growth on the uninoculated control plates
was approximately 0.7 times and 1.0 times the radius of the plate. Two measure-
ments were made: the distance from the edge of the plug to the growing edge of
the fungus (x) and the distance from the edge of the bacterial growth to the

growing edge of the fungus (y). For each replicate, an inhibition index (i) was
calculated as follows: i � y/(x�y). The impact of each bacterial strain on the
activity of 2,4-DAPG-producing fluorescent Pseudomonas spp. was assessed in
similar assays in which a mixed bacterial inoculum was used, with each individual
strain and strain MtV1 being present at a 3:1 ratio.

Statistical analyses. Statistical analyses were performed with the assistance of
the JMP statistical software package (SAS Inc., Cary, N.C.) and the data analysis
package bundled with Microsoft Excel 97 (Microsoft Corp., Redmond, Wash.)
and with appropriate parametric and nonparametric procedures (27). Disease
ratings, median population counts, and TRF peak areas were compared using the
two-sample Mann-Whitney test, and inhibition indices were compared using the
Tukey-Kramer multiple-range test.

Nucleotide sequence accession numbers.Cloned sequences were deposited
into GenBank under accession numbers AF375827 through AF375850.

RESULTS

Changes in cultured bacterial populations. Using a Pseudo-
monas-selective liquid medium (i.e., 1/3� KMB���), we ob-
served differences in the size and diversity of bacterial popu-
lations cultured from healthy and diseased roots of wheat
plants grown in a growth chamber. Changes in specific bacte-
rial populations were associated with increased levels of dis-
ease in four different comparisons (Table 1). In each of the
comparisons, the abundance of cultured bacteria was higher in
diseased than in healthy rhizospheres (P � 0.05). Amplified
rDNA restriction analyses of 16S sequences obtained from the
dominant bacterial populations (i.e., those recovered from
TDCs) revealed several different genotypes (Fig. 1). In these
experiments, two groups of bacteria were found in the majority
of TDCs, ARDRA groups I and II. These two ARDRA-de-
fined genotypes belong to Pseudomonas and Chryseobacterium,
respectively, based on 	500 bp of16S rDNA sequence ob-
tained from several isolates of each group. The ARDRA group
II bacteria were isolated more frequently from the TDCs ob-
tained from diseased plants than any other ARDRA-defined
genotype. In contrast, ARDRA group I isolates were obtained
less frequently from the rhizospheres of diseased roots than

TABLE 1. Changes in cultured bacterial populations associated with take-all disease on wheat
grown in two Mount Vernon soils in growth chambers

Yr Soila

Diseaseb Most abundant bacteriac phlD� bacteriad

No. of samples DRe Frequency Counte
ARDRA groupf

Count7 Frequency
I II Other

1998 A � GGT 15 4 a 1.00 7.9a 0.18 0.64 0.18 4.6a 0.80
A 16 0 b 0.06 6.7b 0.33 0.42 0.25 �3.1b 0.31
B � GGT 18 3 a 0.56 7.4a 0.17 0.33 0.50 3.4a 0.50
B 18 0 b 0.00 6.9b 0.35 0.48 0.17 4.1a 0.67

1999 A � GGT 18 2.5 a 0.89 6.5a 0.25 0.42 0.33 4.1a 0.78
A 18 0 b 0.00 5.7b 0.53 0.11 0.37 �3.1b 0.22
B � GGT 18 2 a 0.83 6.5a 0.33 0.40 0.27 �3.1b 0.28
B 18 0 b 0.00 5.0b 0.52 0.05 0.43 �3.1b 0.06

a Two soils, A and B, were taken from a field in Mount Vernon, Wash., following harvest in 1998 and 1999 for these assays. Soil B had been infested with a G. graminis
var. tritici (GGT) inoculum at planting in the fall of 1997. Each soil was tested with and without the added GGT inoculum.

b No. of samples, number of individually grown plants sampled. Take-all disease ratings (DR) ranged from 0 (no disease) to 8 (dead plants). The frequency of
significant disease was tabulated as the proportion of plants with a DR greater than or equal to the combined median DR in each year (i.e., a DR of 3 in 1998 and
a DR of 2 in 1999).

c The median log count of cells growing on 1/3� KMB��� is given on a per-rhizosphere basis (count) and as the proportions of rhizosphere samples dominated by
bacteria belonging to different groups of strains isolated from the TDCs obtained from each sample (ARDRA groups).

d The median log count of phlD� bacteria detected in each sample is given on a per-rhizosphere basis (count) and as the proportion of rhizosphere samples with
detectable populations above the limit of detection (i.e., �3.1 log units per rhizosphere) (frequency).

e Values followed by different letters are significantly different, as determined by the Mann-Whitney U test (P � 0.05).
f Genotypes of isolates based on ARDRA of 16S sequences with MspI and RsaI.
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from those of healthy roots. Populations of phlD� Pseudomo-
nas spp. were more abundant in the rhizospheres of diseased
plants only when they were grown in the previously nonin-
fested field soil (soil A). These differences were observed as
both counts of and frequency of rhizosphere colonization by

indigenous phlD� bacteria. In all instances, the RFLP pattern
of the detected phlD sequences matched that of known BOX D
genotypes of phlD-containing pseudomonads (28), and phlD-
containing pseudomonads corresponding to that genotype
were isolated (Fig. 2).

FIG. 1. ARDRA of distinct strains of the most abundant bacterial populations isolated from wheat rhizospheres in this study. All bacteria were
cultured on 1/3� KMB���. ARDRA of 16S sequences was performed using MspI and RsaI. Restriction digests of 16S sequences amplified from
the most abundant cultured bacteria obtained from the 1998 (lanes 1 through 5) and 1999 (lanes 6 through 12) growth chamber experiments are
shown, as are digests of sequences obtained from bacteria with the capacity to inhibit G. graminis var. tritici in vitro (lanes 13 through 15). The
ARDRA group designation for each strain is indicated at the bottom of the figure. The five ARDRA groups identified in the1998 samples are
represented by isolates U5 (lane 1), dI14 (lane 2), U3 (lane 3), dU1 (lane 4), and U1 (lane 5). The seven ARDRA groups identified in the 1999
samples are represented by strains C201A (lane 6), C201 (lane 7), C2�6 (lane 8), C2�4 (lane 9), E1�1 (lane 10), E102 (lane 11), and C204B (lane
12). In addition, representative strains with the ability to inhibit the take-all pathogen are also displayed: strain dI1 (lane 13), strain E206 (lane
14), and phlD� strain MtV1 (lane 15). The sizes of individual fragments were determined based on the 100-bp ladder shown in lanes M.
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Changes in uncultured bacterial populations. To identify
differences in other bacterial populations, we examined rhizo-
sphere bacterial communities using FT-ARDRA. Analyses
were performed with fluorescence-tagged sequences amplified
from washes of healthy and diseased roots grown in growth
chambers (n � 8) and in field conditions (n � 6). Four com-
parisons of the bacterial communities inhabiting diseased and
healthy roots were made using the same growth chamber-
grown plants as those used for the culture-based assays (see
above). The T-RFLP profiles generated for one of these com-
parisons (1998 soil A) are shown in Fig. 3. The results of the
other three comparisons were similar (data not shown). Addi-
tionally, a fifth comparison was made of the bacterial commu-
nities inhabiting healthy and diseased roots of mature wheat
grown in the field in 1998 (Fig. 4) because differences in take-
all disease were readily apparent that year. In all five compar-
isons, the total fluorescence signal (i.e., total PCR product)
was greater in amplifications of diseased samples than in those
of healthy ones (P � 0.05). The threefold serial dilution of the
wash template resulted in a significant reduction of the ampli-
fied signal (P � 0.01 for each experiment), but the overall
topology of the T-RFLP profiles (i.e., the rank order of TRF
peak areas) was maintained (Fig. 3 and 4). In each profile,
approximately 24 TRFs were clearly visible above the back-
ground noise level, and approximately half of those contrib-
uted the large majority of the fluorescence signal in each T-
RFLP profile.

Comparisons of the T-RFLP profiles from diseased and
healthy plants revealed differences in several fluorescence sig-
nals, each comprising 	1% of the total peak area. Most of the
significant differences were observed in all four growth cham-
ber comparisons, but some were soil and/or year specific (Fig.
3). In these assays, the peak areas of fluorescence-labeled
TRFs observed at 204, 334, 404, 490, and 542 bp in the MspI-
generated profiles and at 94, 118, 179, 310, 474, 829, 884 bp in

the RsaI-generated profiles were greater in the profiles of G.
graminis var. tritici-infected root samples (P � 0.05 for each
signal, all experiments). These differences indicated that the
bacterial genomes that gave rise to each of these signals were
more abundant in the rhizospheres of take-all-infected plants.
The relative abundance, i.e., the proportion of an individual
peak area relative to the total peak area, was also greater for
some of these TRFs: M404, M542, R179, and R310 (P � 0.10
for each signal, all comparisons). Similar results were obtained
in comparisons of the T-RFLP profiles of the more mature
healthy and diseased plants grown in the field in 1998 (Fig. 4).
In these rhizospheres, the peak areas of most of the fluores-
cence-labeled TRFs observed to increase in the growth cham-
ber experiments were also observed to increase in the field
(P � 0.05), including M334, M404, M490, M542, R118, R310,
R474, R829, and R884 (Fig. 4).

In the course of doing these experiments, we observed soil-
to-soil and year-to-year variations in the T-RFLP profiles. For
example, the profiles of the younger, growth chamber-grown
plants did not completely match those obtained from the ma-
ture, field-grown plants (compare Fig. 3 and Fig. 4). Some of
these differences included signals that were identified as sig-
nificant in comparisons made for individual growth chamber
assays (Fig. 3) or the single field assay (Fig. 4). One example is
the 440-bp TRF in the MspI-generated profile that was in-
creased in all of the1998 experiments but not in the 1999
growth chamber experiments. There were also changes in the
relative abundances of some signals. For example, TRF R118
represented a much smaller fraction of the total signal in the
profiles obtained from the field samples than in those obtained
from the growth chamber samples (compare Fig. 4 to Fig. 3).

Identification of significant ribotypes. Having determined
the sizes of the major MspI- and RsaI-generated TRFs, espe-
cially those associated with take-all infection, we attempted to
identify the bacterial species giving rise to these ribotypes using

FIG. 2. Genotyping of phlD-containing bacteria present in the soils of Mount Vernon, Wash. Representative results for the growth chamber
assays are shown. The phlD sequences were amplified using gene-specific primers B2BF and BPR4 and subsequently digested with either HaeIII
or TaqI. Set 1 includes samples of several terminal phlD� dilutions and isolates obtained from rhizospheres of wheat grown in soils A and B. Set
2 includes three isolates of a different genotype obtained from a Lind, Wash., soil for contrast. A known 2,4-DAPG-producing, BOX D genotype
strain of Pseudomonas fluorescens (Q8r1–96) was used as a positive control for comparison (lane C). The sizes of individual fragments were
determined based on the 100-bp ladder shown in lanes M.
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two different methods. The first used the web-based TRFLP-
TAP tool to generate a list of bacterial genera that could have
given rise to those TRFs. The second approach was to se-
quence 16S rDNA sequences directly from rhizosphere washes

and cultured isolates and compare their individual T-RFLP
profiles to those generated from the whole-rhizosphere sam-
ples.

In total, over 24, primarily gram-negative, prokaryotic gen-

FIG. 3. FT-ARDRA of bacterial communities inhabiting the rhizospheres of healthy and diseased wheat grown in growth chambers. The
analysis shown was perfomed on rhizosphere washes of diseased (D) and healthy (H) plants grown in soil A which had been collected from Mount
Vernon, Wash., following harvest in 1998. The T-RFLP profiles were generated from amplified 16S sequences digested with either MspI or RsaI.
In each panel, overlaid chromatographic traces from four independent samples are displayed. The data for two serial dilutions (3 and 4) of
rhizosphere washes from each condition (D and H) are shown. Signals corresponding to TRFs that increased significantly in the rhizospheres of
diseased plants in all of the 1998 and 1999 growth chamber experiments are indicated by black arrows, while those specific to this 1998 experiment
are indicated by grey arrows. The size of each TRF in base pairs is indicated by the horizontal scale at the top the GeneScan results display, and
the abundance of each is correlated with the peak area given in arbitrary fluorescence units on the vertical scale.
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era belonging to 10 different bacterial divisions were predicted
to be potentially present in our profiles by the TRFLP-TAP
tool. These included the well-known soil- and root-inhabiting
genera Pseudomonas, Aeromonas, Caulobacter, Sphingomonas,
Azospirillum, Zooglea, Burkholderia, Klebsiella, Serratia, Enter-

obacter, Erwinia, Pantoea, Rhizobium, Agrobacterium, Rhodopseu-
domonas, Cytophaga, Flavobacterium, and Flexibacter. Gram-pos-
itive genera that were predicted to be present in the profiles,
included Achromobacter, Acetobacter, Bacillus, and Actinobacillus,
all well known as soil inhabitants. Arthrobacter-like signals were

FIG. 4. FT-ARDRA of bacterial communities inhabiting the rhizospheres of healthy and diseased wheat grown in the field. The analysis shown
was performed on rhizosphere washes of diseased (D) and healthy (H) plants grown at Mount Vernon, Wash., in 1998. The T-RFLP profiles were
generated from amplified 16S sequences digested with either MspI or RsaI. In each panel, overlaid chromatographic traces from six independent
samples are displayed. The data for two serial dilutions (3 and 4) of rhizosphere washes from each condition (D and H) are shown. Signals
corresponding to TRFs that increased significantly in the rhizospheres of diseased plants both in the field and in the growth chamber experiments
are indicated by black arrows, while those specific to the field samples are indicated by the grey arrows. The size of each TRF in base pairs is
indicated by the horizontal scale at the top the GeneScan results display, and the abundance of each is correlated with the peak area given in
arbitrary fluorescence units on the vertical scale.
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conspicuously absent in this study. Additionally, mycoplasma-
like and chloroplast-like signals were present in the profiles.

We next tried to identify bacterial ribotypes corresponding
to matched pairs of TRFs that were more abundant in the
profiles of take-all-infected roots. The first of these, M542 and
R310, corresponded to the greatest single difference in terms
of total peak area in comparisons of healthy and diseased
plants (Fig. 3 and 4). Four possible genera contained strains
that could be responsible for these signals: Flexibacter, Cyto-
phaga, Pedobacter, and Psychrospora. (It is important to note
here that not all known species of these genera were predicted
to give TRFs M542 and R310). The second matched pair was
M204 and R94 (Fig. 3), and the bacteria that could give rise to
these signals were predicted to belong to Chryseobacterium or
Riemerella. Some signals that were more prominent in the
diseased samples than in the healthy samples were putatively
identified using the TRFLP-TAP tool as unmatched pairs. In
this way, the M204 signal might also be ascribed to two other
lineages known only by their 16S sequences, “str. DCM-like”
(R878) and “clone 1-60-like” (R309) bacteria. This is because
the corresponding MspI-generated TRFs predicted by the
TRFLP-TAP tool were observed to be much more intense (i.e.,
much larger peak area) than the observed MspI-generated
peaks. Similar observations were made for M334, which was
matched only to an uncultured lineage similar to clone JW32
(R490). In contrast, most of the other unmatched pairs were
similar to previously cultured genera listed above. For exam-
ple, the M404 signal might have originated from a strain(s) of
Sphingomonas or Zymomonas (R118), Rhizobium (R826), or
Bartonella (R828 and R870). However, little could be inferred
from most of these predictions because so many of them con-
sisted of very different genera. Furthermore, without having
additional digests, it was impossible to deduce which combi-
nations of peaks could be reasonably combined to give rise to
the observed profiles.

To further elucidate which bacterial taxa gave rise to specific
TRFs, we analyzed individual 16S rDNA sequences amplified
from (i) the dominant bacterial isolates growing on the Pseudo-
monas-selective media and (ii) a clone bank of sequences am-

plified from the rhizospheres of diseased roots. In the first
situation, we partially sequenced the 16S rDNAs amplified
from 18 different isolates, a set which represented all of the
distinct ARDRA groups obtained from both the 1998 and the
1999 growth chamber experiments (Fig. 2). Direct sequencing
of these amplified sequences followed by BLAST comparisons
to GenBank revealed a high degree of sequence similarity to
known species of Pseudomonas (ARDRA group I), Chryseobac-
terium (ARDRA group II), Sphingobacterium (ARDRA group
III), Agrobacterium (ARDRA group IV), Stenotrophomonas
(ARDRA group V), and Flavobacterium (ARDRA group VI).
We also sequenced 31 clones representing distinct ARDRA
genotypes present in a clone bank prepared from washes of
diseased rhizospheres and found that they had significant sim-
ilarity to a number of known soil-inhabiting bacterial genera
(data not shown). Of these 49 sequences, 17 contained MspI
and RsaI restriction sites that could give rise to matched pairs
of TRFs that increased in abundance in the rhizospheres of
diseased roots (Table 2). Based on partial sequencing, the
TRFLP-TAP tool predictions, and the TRFs of the isolated
sequences, we can reasonably assert that the bacterial taxa
responsible for particular TRFs identified can be ascribed to
strains belonging to the genera listed in Table 2. Interestingly,
more than one unique sequence and/or isolate could account
for each of the six different matched signals. For example,
clones A13 and A20 had identical patterns of TRFs (i.e., M490
and R119) but differed somewhat in their actual sequences.
Likewise, isolates dI1, I5B, C101A, U5, E206, and E201 all
gave rise to TRFs M490 and R880 but differed in their colony
morphologies (data not shown) and capacity to inhibit the
take-all pathogen (see below) as well as their 16S rDNA se-
quences. These results indicate that some degree of diversity is
present in these signals at the subgenus level.

In vitro interactions among dominant cultured populations,
G. graminis var. tritici, and 2,4-DAPG producers. Having iden-
tified differences in specific rhizosphere populations, we inves-
tigated the capacity of some of these bacteria to inhibit G.
graminis var. tritici in the presence and absence of phlD� bac-
teria in vitro (Table 3). The phlD� strains had the greatest

TABLE 2. 16S rDNA sequence-based identification of bacterial isolates and cloned sequences corresponding to
matched pairs of T-RFLP signals that increased following take-all infection

Matched-pair
TRFsa Sequence identificationb

Sequence matchc TRF sizes (bp)
observed with:

Order Genus % MspI RsaI

M204-R94 U3, dU3, I19, C2�4 Flavobacteria I Chryseobacterium 94–97 204 94
M404-R118 A6 Alpha Proteobacteria IV Sphingomonas 95 406 116
M490-R118 A13 Beta Proteobacteria I Herbaspirillum 93 490 119
M490-R118 A20 Beta Proteobacteria VI Zooglea 94 490 119
M490-R118 F8 Beta Proteobacteria VI Zooglea 96 490 116
M490-R880 dU, I5B, C101A, U5, E206 Gamma Proteobacteria VIII Pseudomonas 98–100 490 880
M490-R94 dU1 Flavobacteria I Chryseobacterium 94 490 94
M542-R310 F1 Sphingobacteria I Cytophaga 95 536 304
M542-R310 C4 Sphingobacteria I Flexibacter 91 537 308
M542-R310 C204B Flavobacteria I Flavobacterium 97 542 311

a The sizes of the TRFs observed in the bacterial community profiles are given in base pairs preceded by an indicator of the restriction enzyme used to generate the
profile, either MspI (M) or RsaI (R).

b Identifiers for GenBank accession numbers (AF375827 through AF375850) of partial 16S sequences obtained in this study.
c Partial sequences of the 16S rDNA genes obtained from bacterial isolates and clones were compared to GenBank data using BLAST 2.0 (1). The phylogenetic

groups with the highest BLAST score are given along with the percent sequence identity to the samples corresponding to each matched-pair TRF.
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capacity to inhibit the take-all pathogen. Of the 53 phlD-neg-
ative isolates tested, only five (dI1, dI1B, I1, I5B, and E206)
displayed any significant inhibition of the take-all pathogen.
These five isolates represented approximately 10% of the dom-
inant cultured populations in terms of the random sample of 53
isolates and the full set of 167 isolates obtained from the TDCs
and analyzed by BOX-PCR (data not shown). Notably, all five
belonged to ARDRA group I, the same group as that of phlD�

strain MtV1 (Fig. 2). The 22 other ARDRA group I isolates
did not show any significant capacity to inhibit G. graminis var.
tritici (Table 3). When each of the 53 isolates was mixed 3:1
with the phlD� strain, several of them appeared to reduce the
capacity of the phlD� strain to inhibit the pathogen in vitro;
however, none of the observed differences was statistically sig-
nificant (P 	 0.10). Notably, though, the ARDRA group II
isolates showed the least capacity to interfere with the inhibi-
tion of G. graminis var. tritici by the phlD� strain (Table 3). In
most instances, the morphology of the mixed cultures differed
from that of the individual isolates on the inhibition plates.
However, mixtures containing I1 or E206 developed a mor-
phology indistinguishable from that of the isolates themselves,
indicating that these two isolates prevented the growth of the
phlD� strain.

DISCUSSION

Because no single method can give an absolutely compre-
hensive view of soil microbial communities (18), we used two
independent measures of bacterial population structure to ob-
tain a more complete picture of the monotonic changes in
rhizosphere bacterial populations that occurred following take-

all infection. Culturing on Pseudomonas-selective media and
FT-ARDRA of rhizosphere washes revealed that the diversity
of rhizosphere bacterial populations changed following the
development of take-all disease (Table 1 and Fig. 3 and 4). The
two types of assays also allowed us to independently detect
significant increases in two different bacterial populations associ-
ated with take-all infection. These populations were subsequently
identified as species of Pseudomonas and Chryseobacterium
(Table 2). Other differences in bacterial populations were ob-
served only in the culture-independent T-RFLP analyses of
amplified16S rDNA sequences. Web-based analyses can be
performed to identify the phlyogenetic group(s) giving rise to
specific TRFs in these types of analyses (21), but the limits to
this approach are only now becoming fully recognized (9, 21).
In this study, the genera of the cultured and uncultured ri-
botypes could not be accurately determined, except by partial
sequencing of amplified 16S rDNA (Table 2), but sequence-
based identification using rDNA amplified from environmental
samples is not without its limitations as well (33, 41). None-
theless, there was a correspondence between these two ap-
proaches at the level of bacterial genera. Indeed, the genus for
the highest-scoring match from GenBank always corresponded
to one of the bacterial genera identified by the TRFLP-TAP
tool as a potential source of the ribotype of that sequence. The
use of primers specific to a subset of bacterial taxa below the
superkingdom level of eubacteria might alleviate the need for
partial sequencing of isolated 16S sequences, but such a choice
would also limit the breadth of bacterial taxa examined. Using
our combined approach, we identified a number of changes in
rhizosphere bacterial communities following take-all infection.

The rhizospheres of wheat plants infected with the take-all

TABLE 3. Inhibition of G. graminis var. tritici and phlD� strain MtV1 by representative isolates of the most
abundant bacterial strains cultured from the rhizospheres of healthy and diseased wheat

Isolatea phlDb ARDRA
groupc

Inhibition indexd for the following treatment at the indicated time:

Isolate alone Isolate plus MtV1e

T1 T2 T1 T2

Q8r1 � I 0.57 a 0.48 ab 0.58 0.50
MtVB � I 0.60 a 0.54 a 0.64 0.53

dI1 � I 0.32 bc 0.26 c 0.43 0.36
dI1B � I 0.41 ab 0.29 bc 0.35 0.26
I1 � I 0.35 abc 0.33 bc 0.34 0.29
I5B � I 0.35 abc 0.23 c 0.49 0.41
E206 � I 0.34 ab 0.26 c 0.34 0.30

Other ARDRA group I, min � I 0.05 c 0.00 e 0.34 0.27
Other ARDRA group I, max � I 0.30 bc 0.08 e 0.59 0.55

ARDRA group II, min � II 0.07 bc 0.00 e 0.51 0.44
ARDRA group II, max � II 0.23 bc 0.07 e 0.63 0.58

All other, min � Other 0.00 c 0.00 e 0.46 0.39
All other, max � Other 0.29 bc 0.00 e 0.62 0.56

a Isolates with significantly different inhibition phenotypes are grouped together for brevity, with the minimum (min) and maximum (max) inhibition indices for each
genotype displayed. The total sample sizes were 22, 9, and 17 for other ARDRA group I, ARDRA group II, and all other isolates, respectively.

b Presence (�) or absence (�) of the phlD gene, a marker for 2,4-DAPG biosynthesis.
c Genotypes of isolates based on ARDRA of 16S sequences with MspI and RsaI.
d Inhibition indices range from 0 (no inhibition) to 1 (total inhibition of fungal growth). Measurements were taken at two different time points, T1 (where uninhibited

fungal growth extended 50 to 75% of the radius of the assay plate) and T2 (where uninhibited fungal growth extended the full radius of the assay plate). Values followed
by different letters are significantly different, as determined by the Tukey-Kramer multiple-range test (P � 0.10).

e Tested strains were mixed 3:1 with strain MtV1 prior to inoculation on the assay plates.
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pathogen harbor larger populations of several bacterial species
than healthy roots, as indicated by higher culturable counts
(Table 1) and increased total fluorescence signal in the T-
RFLP profiles (see Results). Previous work showed that the
sizes of culturable bacterial populations, especially pseudo-
monads, were larger in the rhizospheres of wheat infected with
G. graminis var. tritici (38, 46). In this study, we observed larger
populations of cultured Pseudomonas spp. inhabiting G. gra-
minis var. tritici-infected roots when plants were grown in
growth chambers. While the data for these cultured popula-
tions were confounded by the occurrence of nonpseudo-
monads (especially Chryseobacterium spp.) growing on the
semiselective media, the total pseudomonad populations were
calculated to be larger on diseased roots, even when samples
dominated by nonpseudomonads were excluded from the anal-
ysis (data not shown). Additional evidence for increased abun-
dance of fluorescent pseudomonads in the rhizospheres of
diseased plants came from the profiles generated by FT-
ARDRA. The fluorescence signals corresponding to TRFs in-
dicative of Pseudomonas spp. (e.g., M490 and R884) were
more intense in the profiles of diseased plants than in those of
healthy plants (P � 0.05) (Fig. 3 and 4), even though the
difference was less dramatic in the comparison of field-grown
plants because of a higher degree of plant-to-plant variation
(Fig. 4).

Populations of phlD� Pseudomonas spp. (i.e., 2,4-DAPG
producers) were also significantly larger in the rhizospheres of
diseased plants in three of four comparisons (Table 1). Inter-
estingly, the one comparison in which no difference was ob-
served used 1998 soil B, which had experienced severe take-all
in the field (Table 1). In this instance, it is possible that the
populations of phlD� bacteria built up during the 1998 field
season in this soil but not soil A, which saw little or no take-all.
While the indigenous phlD� pseudomonads had the capacity
to inhibit G. graminis var. tritici, they represented only a small
fraction of the total pseudomonad counts in our assays. Others
have reported that indigenous populations of phlD� pseudo-
monads inhabiting plant roots generally represent less than
10% of the total culturable Pseudomonas populations (31, 36),
and in our assays they averaged less than 1% of the total
(Table 1). While this is the first report of an increase in indig-
enous 2,4-DAPG-producing bacteria following take-all infec-
tion, a similar observation was made when the abundance of an
inoculated 2,4-DAPG-producing strain on healthy and dis-
eased roots was examined (23). In this study, a single genotype
was identified as the dominant phlD� strain in the soils ob-
tained from Mount Vernon, Wash., as determined by RFLP
analysis of the phlD gene (Fig. 2). Interestingly, this genotype
was previously noted for its wide geographic distribution (29)
and its unique ability to efficiently colonize wheat roots (35).

The abundance of two other bacterial populations also in-
creased significantly in the rhizospheres of take-all-infected
plants. The first population belongs to the genus Chryseobac-
terium, represented by both the ARDRA group II isolates
(Table 1 and Fig. 1) and the M204 and R94 ribotypes detected
in the T-RFLP profiles of rhizosphere washes (Fig. 3 and 4).
The second population contains other members of the fla-
vobacteria and the sphingobacteria, represented by the M542
and R310 ribotypes, one of which was isolated and determined
to be a Flavobacterium sp. (ARDRA group VI; Fig. 1). Taxo-

nomically similar bacteria were isolated from plant roots and
composts, but their ability to inhibit the growth of plants and
microorganisms in vitro varied tremendously from isolate to
isolate (11, 15, 16, 43). This is the first report of these two
bacterial populations being associated with take-all infection.
The larger bacterial populations inhabiting the rhizospheres of
diseased plants may be explained by the release of utilizable
growth substrates from infected tissues. However, the parti-
tioning of these substrates among detrimental (e.g., pathogen-
ic), neutral (e.g., saprophytic), and beneficial (e.g., mutualistic)
microbial populations is not well understood.

We investigated the ability of the most abundant cultured
populations to interact with the take-all pathogen and a 2,4-
DAPG-producing Pseudomonas sp. in vitro to determine which
bacterial populations might contribute to the development of
take-all suppression (Table 3). Only a few isolates of the dom-
inant Pseudomonas spp. (ARDRA group I, M490 and R880)
displayed significant in vitro inhibition (Table 3); however,
they were not isolated any more frequently from the rhizo-
spheres of diseased plants than from those of healthy plants.
In contrast, the phlD� pseudomonads (a subgroup of the
ARDRA I strains; Fig. 2) had the greatest capacity of all the
tested strains to inhibit the take-all pathogen (Table 3), and
they were generally more abundant in the rhizospheres of G.
graminis var. tritici-infected wheat roots (Table 1). These ob-
servations are consistent with other studies that indicated a key
role for 2,4-DAPG-producing Pseudomonas spp. in TAD soils
(34, 36). Isolates of the other dominant genera, including those
belonging to Chryseobacterium (ARDRA group II, M204 and
R94) and Flavobacterium (ARDRA group VI, M542 and
R310), displayed no ability to inhibit the pathogen in vitro,
counterindicating their direct involvement in pathogen sup-
pression.

We also determined the potential for the dominant cultured
bacteria to inhibit a known biocontrol population (i.e., 2,4-
DAPG producers) in vitro. Several of the dominant Pseudo-
monas isolates reduced the ability of the indigenous phlD�

strain, MtV1, to inhibit the pathogen in vitro when coinocu-
lated (Table 3). This result was not unexpected, because neg-
ative interactions between different strains of fluorescent
pseudomonads have been observed in vitro and in the field
when applied as seed treatments (32; L. S. Pierson III, personal
communication). Such negative interactions could be mediated
by signal molecules (6) as well as antibiotic activities (Pierson,
personal communication). These results contrast with those for
the other cultured isolates, especially the Chryseobacterium and
Flavobacterium strains, which showed little or no capacity to
reduce the inhibitory capacity of MtV1 (Table 3). Therefore, it
is possible that shifts in rhizobacterial community structures
that occur following take-all infection result in an environment
more conducive to the biocontrol activity of 2,4-DAPG pro-
ducers.

Nonetheless, much more work needs to be done to establish
the functional role(s) of different rhizosphere bacterial popu-
lations in the ecology of take-all infection and suppression. We
suspect that some of the observed changes in the rhizospheres
of diseased plants will correspond to secondary colonization by
saprophytes that have little direct impact on either the take-all
pathogen or biological control bacteria. However, it is possible
that some proportion of the ribotypes identified directly or
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indirectly contributes to the suppression of G. graminis var.
tritici. In the future, studies aimed at isolating and character-
izing multiple representatives of the ribotypes identified in this
study will be useful in determining their role in the ecology of
take-all and TAD.
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