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ABSTRACT

Bull, C. T., Weller, D. M., and Thomashow, L. S. 1991. Relationship between root colonization and suppression of Gaeumannomyces graminis
var. tritici by Pseudomonas fluorescens strain 2-79. Phytopathology 81:954-959.

Pseudomonas fluorescens 2-T9RN |, produces the antibiotic phenazine-
I-carboxylic acid (Phz") and is a biocontrol agent of take-all of wheat.
This study demonstrated a positive relationship between root colonization
by 2-79RN,, and biological control of take-all. In natural soil, either
infested or not infested with Gaeurnannomyces graminis var. tritici, the
population sizes of 2-79RN 4 (Phz"), 2-79-B46 (phenazine deficient, Phz"),
and 2-79-B46R (genetically restored, Phz") detected on wheat roots were
directly related to the dose of bacteria applied to the seed. Furthermore,

the population size of 2-79RN,; or 2-79-B46R on wheat seeds and roots
and the number of lesions formed by G. g. tritici on seminal roots were
inversely related. This study also demonstrated for the first time that
phenazine-1-carboxylic acid is a major factor in suppression of G. g.
tritici during primary infection of roots because strain 2-79-B46 failed
to suppress lesion formation. No inverse correlation occurred between
the population size of strain 2-79-B46 on seeds or roots and the number
of root lesions.

Many studies of the use of fluorescent Pseudomonas spp. for
biological control of root pathogens of plants have been reported
(8,14,28,29,30,37). When applied to planting material or to soil,
many of these biocontrol bacteria colonized roots and apparently
prevented or limited the establishment of major and/or minor
root pathogens (28) or limited their secondary spread. Studies
of the population dynamics of some of these strains on plants
demonstrated that the introduced fluorescent pseudomonads can
become widely distributed along the plant root system (3,35,36).
An elegant demonstration of this point is found in a field study
of the colonization of potato roots by P. fluorescens Al-B (3).
When potato seedpieces were treated with approximately 10° cfu,
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cells of the bacterium were eventually isolated from root segments
36-40 cm from the seedpiece, from progeny tubers and under-
ground portions of shoots. However, although widely distrib-
uted, the populations of the introduced fluorescent pseudomonads
either associated with root systems of individual plants (24) or
individual roots of single plants (3) were lognormally rather than
normally distributed, indicating that the population size among
roots varied by several orders of magnitude (7,24). Even on single
roots, populations of Pseudomonas strains introduced on
seedpieces (3) and seeds (36) declined substantially with increasing
distance from the inoculum source.

Root colonization by introduced bacteria is probably necessary
for suppression of root pathogens (22,23,30). Bacteria growing
in or near infection courts on the roots are ideally positioned
to inhibit root pathogens early in pathogenesis. Several studies
demonstrated that introduced fluorescent pseudomonads changed



the rhizosphere microflora and reduced populations of major and
minor pathogens (9,19,44). For example, when Pseudomonas
putida W4P63 was applied to potato seedpieces, the population
size of W4P63 ranged between 10* and 10° cfu/g of root in the
field, whereas the population size of Erwinia carotovora on the
same roots was only 109% of that on roots with no W4P63 (43).
Increasing the population size on a root may improve the level
of pathogen suppression. In greenhouse studies, an inverse linear
relationship was demonstrated between the population size of
P. putida W4P63 on potato seedpieces and seedpiece decay caused
by E. carotovora subsp. atroseptica (42). Similarly, a significant
linear relationship occurred between the dose of P. fluorescens
M-4 on potato seedpieces and plant growth in soil infested with
Verticillium dahliae (21).

In an attempt to improve root colonization by introduced
bacteria (i.e., increase the population size, distribution, or survival
of the bacteria), research has been conducted on soil factors that
may positively or negatively affect colonization (10,16,22,26), as
well as bacterial traits that may contribute to rhizosphere com-
petence (1,12,16,17,27,31,34). However, research concerning the
relationship between the population size of an introduced bac-
terium and the level of pathogen suppression on roots has been
lacking. In general, the threshold population of a biocontrol agent
on roots that is required in order for pathogen suppression to
occur as well as the duration that the population must be main-
tained to affect suppression remain unknown.

The purpose of this study was to determine the relationship
between the population size of P. fluorescens 2-T9RN,, on wheat
roots and the level of suppression of Gaeumannomyces graminis
(Sacc.) Arx and D. Olivier var. tritici J. Walker (2), causal agent
of take-all of wheat (Triticum aestivum L.). Various populations
of 2-79RN,, were established on roots of wheat via a seed treat-
ment, and then the number of lesions caused by G. g. tritici on
those roots was quantified. This biocontrol system provides an
excellent model for studying root colonization because biocontrol
of take-all by strain 2-79 has been demonstrated in the field
(11,38,40), and the population dynamics of this bacterium on
spring and winter wheat have been described (35,36). Further,
biocontrol of take-all by strain 2-79 is unquestionably mediated
primarily by the production of phenazine-1-carboxylic acid
(32,33).

MATERIALS AND METHODS
Preparation of inoculum of G. g. tritici. Virulent G. g. tritici

strain R3-111a-1 (40) was routinely cultured on dilute potato-
dextrose agar (40 g potato, 5 g dextrose, 15 g agar, 1000 ml

TABLE 1. Chemical and physical properties of the Puget silt loam®

Property Puget silt loam
pH in 0.01 M CaCl2 5.52
Organic matter (%) 3.48
Exchangeable cations (meq/ 100g)
K 0.61
Ca 7.00
Mg 0.99
Na 0.19
EC (mmho/cm) 2.05
Cation-exchange capacity at pH 7.0 (meq/ 100g) 13.60
NH," (ug/g) 1.58
NO;™ (ug/g) 143.00
Fe (png/g) (available) 93.70
P (ug/g) 11.50
Zn (pg/g) 3.76
Mn (ug/g) 6.20
Cu (rg/g) 4.47
Textural class
Clay (%) 13.60
Silt (%) 64.00
Sand (%) 22.40

"All analyses were determined by the University of Idaho Soil Testing
Service, Moscow.

deionized water) (dPDA) and stored at 4 C (40). The pathogen
was introduced into the soil as oat (Avena sativa L.) kernel
inoculum (38). Whole oat kernels were hydrated, autoclaved twice,
inoculated with G. g. tritici, and incubated at room temperature
for 21 days. The G. g. tritici-colonized oats were dried and frag-
mented. Particles 0.5-1.0 mm were collected by sieving as pre-
viously described (41) and added to the soil.

Bacterial strains. Pseudomonas fluorescens strains 2-79RN,,
(rifampin- and nalidixic acid-resistant strain of 2-79) 2-79-B46,
and 2-79-B46R were described previously (32,38). Strain 2-79RN,,
(Phz') is suppressive to take-all (38) and produces the antibiotic
phenazine-1-carboxylic acid, which is highly active against G.
g. tritici and many other fungi (6,13). Strain 2-79-B46 (Phz")
is a Tn5 mutant of 2-79RNj, that is deficient in phenazine
production. Strain 2-79-B46R (Phz") was repaired by cosmid com-
plementation for the ability to produce the antibiotic (32).

Soil. A Puget silt loam that is highly conducive to the develop-
ment of take-all was collected from the Northwest Washington
Research and Extension Unit, Mt. Vernon, WA, and was used
throughout this study. Soil was air-dried and sieved through a
2.0-mm mesh screen and stored at room temperature. Chemical
and physical properties of the soil were determined by the
University of Idaho Soil Testing Service in Moscow, ID (Table
1).

Assays for suppression of take-all and root colonization. Air-
dried soil was moistened to a matric potential of approximately
—110 KPa with an aqueous suspension of metalaxyl (0.02 g/
1000 ml, wettable powder, Ciba Geigy, Greensboro, NC) and
was stored in sealed bags for 3 days before use. Metalaxyl was
added to suppress indigenous Pythium spp. that cause damping-
off disease. In some experiments, the soil was infested with oat-
kernel inoculum of G. g. tritici (0.5% w/w) before wetting. Plastic
tapered tubes, 21 cm X 4 cm, (Ray Leach Cone-tainer, Canby,
OR) were plugged in the bottom with cotton balls and filled
with 100 g of soil. Wheat seeds (cv. Fielder) were treated with
bacteria by methods similar to those previously described (39).
A 1.5% aqueous suspension of methyl cellulose (Sigma Chemical,
St. Louis, MO) was added to a 48-h-old bacterial culture on
King’s medium B (KMB) (18). The bacteria were removed from
the surface of the agar plate, placed into a test tube, and vortexed.
This suspension contained approximately 9.5 log,, cfu/ml. A serial
dilution was made such that when the bacteria were applied to
the seeds, four bacterial treatments ranging between 1.5 and 8.5
logyo cfu per seed were obtained. The actual populations on the
seeds varied from experiment to experiment. Seeds were surface
sterilized and pregerminated (21 h at 25 C) before being coated
with bacteria. Seeds not treated with bacteria received only methyl
cellulose. Immediately after treatment, a single seed was placed
in each tube and covered with 1 cm of moist vermiculite. The
tubes were held in plastic racks, and the racks were enclosed
in clear plastic bags to reduce moisture loss. The racks were placed
in a growth chamber and incubated at approximately 15 C for
14 days. During this time the plants were not watered. This period
of time was sufficient for small, noncoalescing take-all lesions
to appear on roots in soil infested with G. g. tritici oat-kernel
inoculum. Lesions did not develop in the absence of G. g. tritici.
Bacterial populations on treated seeds were determined by shaking
five seeds in 50 ml of potassium phosphate buffer (pH 7.0) for
20 min and then plating aliquots (0.1 ml) from a serial dilution
onto KMB amended with rifampin and cycloheximide (100 ug/
ml each).

Plants were harvested by pushing the column of soil from the
bottom of the cone. Loosely adhering soil was removed from
the roots by gentle shaking, leaving only tightly adhering rhizo-
sphere soil. A 4-cm-long section of root taken from the region
2-6 cm below the seed (designated the 2- to 6-cm section), was
excised from the two longest seminal roots. This segment was
selected because it generally overlapped the middle of the length
of root present at 14 days. These two root sections with adhering
rhizosphere soil were placed in a test tube with 10 ml phosphate
buffer and sonicated (Branson ultrasonic B-220 cleaner, Branson
Cleaning Equipment, Shelton, CT) for 20 seconds to remove the
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bacteria. Aliquots (0.1 ml) of a dilution series were spread onto
plates of KMB amended with rifampin and cycloheximide (100
ug/ml each). Plates were incubated at 22 C and colonies were
counted after 2-3 days. Bacterial populations were expressed as
colony forming units per 1 cm (length) of root. After sonication,
the 2- to 6-cm sections were stored (free of soil) in 95% ethanol
at 4 C in order to preserve the root tissue until the lesions were
counted. The remaining portion of the root system was also
washed free of soil and stored in ethanol. Lesions were counted
on both the 2- to 6-cm section and on the remaining portion
of the root system; the pooled value represented the number of
lesions on the entire root system. Values were expressed as lesions
per 10 cm of root.

Statistical analysis. Treatments were arranged in a randomized
complete block design. The total number of colony forming units
was transformed to log, cfu+1 before analysis of variance. The
transformed values are shown in the figures. The relationship
of the bacterial population size on seeds to that on roots and
to lesion number was evaluated using contrast analysis with
orthogonal polynomials. With four doses (treatments) of P.
Jluorescens and the methyl cellulose control, four degrees of
freedom were partitioned into one each associated with the linear,
quadratic, cubic, or quartic response. Only the linear effect was
significant. Linear regression analysis determined the correlations
between the bacterial population on the 2- to 6-cm root section
and the number of lesions present either on the same root section
or on the entire root system. In experiments using only strain
2-T9RN,, treatments were replicated nine times with a single
tube serving as a replicate. In experiments that also included
strains 2-79-B46 and 2-79-B46R, treatments were replicated five
times. Each experiment was repeated at least once and the amount
of disease was fairly consistent among experiments. For example,
for all experiments, the number of lesions on roots of plants
not treated with any bacteria ranged between 2.9 and 5.3 lesions
per 10 cm of root, based on counts for the entire root system.
Data were analyzed using STATISTIX, Statistical Analysis
Program (NH Analytical Software, St. Paul, MN),
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Fig. 1. Relationship between the population size of Pseudomonas
Sfluorescens 2-T9RN | applied to wheat seeds and the population size on
the section of root 2-6 cm below the seed. Plants were grown for 14
days. Data for +(A—A) and —(0-0) Gaeumannomyces graminis var.
tritici were from different experiments. For the (-)G. g. tritici experiment,
contrast analysis with orthogonal polynomials demonstrated a significant
(P = 0.0001) linear response of the root population of 2-79RN,, to the
dose of the bacteria on the seed. The linear mean square and error mean
square values were 93.15 and 1.48, respectively. For the (+)G. g. tritici
experiment, contrast analysis with orthogonal polynomials demonstrated
a significant (P = 0.00001) linear response of the root population of
2-T9RN o to the dose on the seed. The linear mean square and error
mean square values were 106.96 and 2.55, respectively.
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RESULTS

Effect of bacterial seed populations on root populations. A
highly significant direct linear relationship occurred between the
population sizes of strains 2-79RN,y, 2-79-B46, or 2-79-B46R
applied to wheat seed and the bacterial population sizes detected
on sections of root 2-6 cm below the seed either in the absence
or presence of G. g. tritici (Fig. 1). These data were from two
separate experiments, Strains 2-79-B46 and 2-79-B46R responded
similarly to strain 2-79RN, (data not shown).

Effect of seed and root populations of 2-79RN,, on lesions
caused by G. g. fritici. A significant inverse linear relationship
occurred between the dose of strain 2-79RN,, on the seed and
the number of lesions caused by G. g. tritici on the entire root
system based on contrast analysis with orthogonal polynomials
(Fig. 2). For example, as the dose of 2-79RN,, on the seed
increased from 0 to 7.82 log" cfu per seed, the number of take-
all lesions on the entire root system decreased from 4.1 to 1.0
lesions per 10 cm of root. Further, linear regression analysis
demonstrated a significant inverse linear relationship between the
population of 2-79RN,, on the 2- to 6-cm root section and the
number of lesions formed on the entire root system (Fig. 2). For
example, as the population of 2-79RN,, increased from 0 to 6.05
log;y cfu/cm of root, the number of lesions counted decreased
from 4.1 to 1.0 lesions per 10 cm of root. In the same experiment,
a significant (P = 0.006) inverse relationship occurred between
the population size of 2-79RN, on the 2- to 6-cm section and
the number of lesions formed on the same section (data not
shown). When the experiment was repeated, similar results were
obtained.

Effect of bacterial population size and production of phenazine-
1-carboxylic acid on suppression of take-all lesions. Contrast
analysis with orthogonal polynomials showed that there was a
significant inverse linear relationship between the dose of 2-
79RN|, or 2-79-B46R (both Phz") on the seed and the number
of lesions formed by G. g. tritici on the entire root system (Fig.
3A). In contrast, however, increasing the dose of 2-79-B46 (Phz")
did not significantly decrease lesion number, and no dose of 2-
79-B46 suppressed lesion number as compared to the noninocu-
lated control. For example, the number of lesions formed on
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Fig. 2. Relationship between the population size of strain 2-79RN;; and
the number of root lesions caused by Gaeumannomyces graminis var.
tritici. (0-0) Population size of 2-79RN,, on seeds vs. lesions on the entire
root system, and (A—A) population size of 2-79RN,; on the 2- to 6-
cm root section vs. lesions on the entire root system. Contrast analysis
with orthogonal polynomials demonstrated a significant (P = 0.00001)
linear response of the number of lesions on the entire root system to
the bacterial population size on the seed (0-0). The linear mean square
and error mean square values were 52.31 and 3.86, respectively. Linear
regression analysis demonstrated a significant (P = 0.001) inverse rela-
tionship between the population size of 2-79RN; on the 2- to 6-cm section
and the number of lesions counted on the entire root system.



roots of plants that received no bacterial seed treatment was 3.5
lesions per 10-cm length of root, and the number of lesions on
roots of plants that received 8.05 log;, cfu of 2-79-B46/seed was
3.4 lesions per 10 cm of root (Fig. 3A).

On the basis of linear regression analysis, an inverse relationship
occurred between the population size of 2-79RN, or 2-79-B46R
on the 2- to 6-cm root section and the number of lesions formed
on that same section of root (Fig. 3B). For example, similar
populations of 2-79RN,, or 2-79-B46R (4.53 and 4.19 log,, cfu/
cm of root, respectively) resulted in a 3.1- or 3.6-fold reduction
in lesion number on the 2- to 6-cm root sections, compared to
roots without these bacteria (Fig. 3B). In contrast, no significant
correlation occurred between the population size of strain 2-79-
B46 (Phz") on the 2- to 6-cm root section and the numbers of
lesions formed on the same root section (Fig. 3B).
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Fig. 3. Relationship between the population size of strains 2-79R N, (0-0),
2-79-B46R (@—w®) and 2-79-B46 (A), and the number of root lesions
caused by Gaeumannomyces graminis var. tritici. A, Population size per
seed vs. lesions counted on the entire root system. Contrast analysis with
orthogonal polynomials demonstrated a significant inverse relationship
between the population of 2-79RN;, (P = 0.0045) or 2-79-B46R (P =
0.039) on the seed, and the number of take-all lesions on the entire root
system, The relationship for 2-79-B46 (P = 0.6211) was not significant.
The linear mean square and error mean square values were 12.0 and
1.10 for 2-79RN,, 15.84 and 2.69 for 2-79-B46R, and 0.494 and 1.95
for 2-79-B46R, respectively. B, Population size on the 2- to 6-cm section
vs. lesions on the 2- to 6-cm section. Linear regression analysis demon-
strated a significant inverse linear relationship between the population
of 2-79RN,, (P = 0.0003) or 2-79-B46R (P = 0.039) on the 2- to 6
cm section and the number of lesions on the same section of root. There
was no such relationship for 2-79-B46 (P = 0.902)

DISCUSSION

This study demonstrated that a positive relationship exists
between the population size of P. fluorescens 2-T9RN,; on seminal
roots of wheat and suppression of root lesions caused by G. g.
tritici during the early phase of pathogenesis. Further, it supports
the common assumption that root colonization by introduced
biocontrol bacteria is critical for suppression of root pathogens.
The observed relationship between population size and take-all
suppression may be typical for some other systems of biological
control of root pathogens by bacterial antagonists,

Typically, colonization of roots by introduced pseudomonads
is quite variable (37). For example, populations of Pseudomonas
strains Al and SHS, applied to potato seedpieces and sugarbeet
seeds, respectively, on root systems of individual seedlings, varied
by a factor of 100-1,000 (24). In another field study, substantial
variability occurred in populations of seedpiece-applied P. fluorescens
A1-B among roots of potato. Further, strain 2-79RN, could not
be detected on 20-40% of seminal roots of wheat plants grown
from seed treated with the bacteria (7). Even along the length
of a single root, populations of introduced bacteria vary by several
log units with the population greatest near the seed or seed piece
and declining toward the root tip (3,36). Considering the inverse
relationship between the population size of 2-79RN,, and the
number of take-all lesions that was demonstrated in this study,
variability of root colonization probably accounts for some of
the inconsistent performance of biocontrol agents against take-
all on wheat and root diseases of other crops (37). Under Pacific
Northwest conditions, the amount of seminal root infection by
G. g. triticiis important to the ultimate severity of take-all, because
lesions on seminal roots facilitate spread of the pathogen to the
crown of the plant. On roots that are only sparsely colonized
or not at all by introduced bacteria, the pathogen may spread
unchecked to the crown of the plant.

It is apparent from this study that increasing root colonization
by take-all suppressive strains like 2-79 should result in improved
biological control. One approach to increasing root colonization
by introduced bacteria is to increase the dose of the bacteria
applied to the seed. The sizes of the populations of strains 2-
T9RN,,, 2-79-B46, and 2-79-B46R that became established on
wheat roots grown in raw soil were directly related to the initial
populations applied to the seed. These findings are similar to
previously reported dose effects for Azospirillum applied to wheat
(5) and P. fluorescens applied to potato (23). In this study, 2-
79RN,, was probably carried from the seed via the elongating
root (16), because the soil was not watered after planting.

Increasing root colonization by increasing the initial dose of
bacteria on the seed has limitations (25). In wheat, populations
of introduced fluorescent pseudomonads above a certain concen-
tration (approximately 10° per seed) sometimes are phytotoxic.
Furthermore, although increasing the dose increases population
size on seminal roots, the frequency of roots colonized may not
increase. Finally, greater doses may substantially increase the cost
of a seed treatment (4).

Another approach to increase root colonization is enhancement
of rhizosphere competence (37) of 2-79. Unfortunately, even
though strain 2-79 has been tested extensively and is amenable
to genetic manipulation, rhizosphere competence traits are still
poorly understood (37). Several traits probably contribute to the
ability of this strain and other biocontrol strains to colonize roots.
A random collection of over 1,200 mutants was generated with
Tn5 mutagenesis, and, of these, five were deficient in ability to
colonize roots in the presence of the wild-type parent (20). How-
ever, the bacterial traits affected were not known. Cells in a variant
nonmucoidal colony type of strain 2-79 were highly piliated,
whereas cells from the normal mucoid colony type lacked pili
(34). Cells from the nonmucoid colony showed an increased level
of attachment to corn roots as compared to the cells from normal
mucoid colonies. In another study (15), a variant colony from
2-79RN,, was isolated, and cells from that colony type, although
not fimbriated, bound to roots in vitro and colonized roots in
the field better than the normal 2-79RN,,.
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Transferring cloned phenazine-1-carboxylic acid genes into a
strain with greater rhizosphere competence than strain 2-79 is
another possible approach to increasing root colonization.
Insertion of a 12.1 kb fragment from 2-79 into other P. putida
and P. fluorescens strains resulted in production of phenazine-
1-carboxylic acid in those strains (D. W. Essar, L. S. Pierson,
and L. S. Thomashow, unpublished).

This study extends our knowledge of the role of phenazine-
1-carboxylic acid in biological control of G. g. tritici by strain
2-79. It was hypothesized earlier (39) that antibiotic production
probably would occur only in take-all lesions, where nutrients
leaking from disrupted tissue were abundant. If true, then the
bacteria would be expected to have little or no effect on primary
infection but, instead, would suppress lesion expansion and
secondary spread of the fungus. In two previous studies (32,33)
of the role of phenazine-1-carboxylic acid in biological control
of take-all by strain 2-79, only disease severity was evaluated
on a scale of 0-8. The current study is the first in which the
effect of phenazine-l-carboxylic acid on lesion formation was
evaluated. That strains 2-79RN,, and 2-79-B46R significantly
decreased the number of take-all lesions, whereas 2-79-B46 had
no effect on lesion number, clearly indicates that phenazine is
a major factor in suppression of G. g. tritici during primary
infection besides limiting secondary spread of the pathogen. The
recent direct isolation of phenazine-l-carboxylic acid from the
rhizosphere of healthy wheat roots colonized by 2-79 provided
physical evidence to support a role for antibiotic production in
suppression of G. g. tritici (33) before lesion formation.

In conclusion, the results of this study as well as those from
early studies with 2-79 indicate that phenazine-l-carboxylic acid
is involved in suppression of G. g. tritici throughout a significant
portion of the cycle of pathogenesis by G. g. tritici. However,
the effect of phenazine-l-carboxylic acid on survival of G. g.
tritici is yet to be determined.
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