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ABSTRACT

Mahaffee, W. F., and Backman, P. A. 1993. Effects of seed factors on spermosphere and rhizosphere colonization of cotton by Bacillus subtilis

GBO03. Phytopathology 83:1120-1125.

Cotton seed factors, including seed-surface pH, cultivar, and presence
of a seed-treatment fungicide, were investigated for their effect on spermo-
sphere and rhizosphere colonization by the commercial biological control
agent Bacillus subtilis strain GB03 (GB03). Commercial (nonneutralized)
cotton seed is traditionally acid-delinted and in these studies was found
to have surface pH values ranging from 1.90 to 3.50. Following seed
treatment with GB03, spermosphere populations of GB03 were up to
5-10-fold lower on nonneutralized (commercial acid-delinted) cotton seed
than on neutralized seed grown in sterile sand or in field soil, respectively;
however, rhizosphere populations of GB03 on 2-wk-old cotton root
systems did not differ significantly. GB03 populations 24 h after planting
on nonneutralized seed did not significantly increase from initial seed

populations at the time of planting, and fewer vegetative cells were
recovered on nonneutralized seed than on neutralized seed. Spermosphere
and radicle populations of GB03 on seed of four cotton cultivars differed
significantly, although whether the difference was due to genotype is
unclear. Seed treatment with metalaxyl/pentachloronitrobenzene did not
affect spermosphere colonization by GB03; however, treatment with these
fungicides resulted in an increase of up to 1 log unit in GBO3 rhizosphere
populations compared to the level for no fungicide treatment. The
spermosphere environment can affect the root colonization potential of
bacteria applied as seed treatments to cotton seed, thereby possibly
affecting the biological control or plant growth-promoting potential of
the inoculants.
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Rhizobacteria (rhizosphere bacteria that exhibit root coloniza-
tion [13,25]) have been routinely investigated for their biocontrol
and plant growth-promoting characteristics in both glasshouse
and field trials. While there have been numerous reports of the
successes of these inoculants, the disease suppression and/or
growth promotion afforded by these treatments is frequently not
consistent in the field (6,15,17,19,27,31,34). In many cases, variable
performance of introduced rhizobacteria has been attributed to
insufficient root colonization (15,17,30), a process whereby the
bacteria inoculated onto seed or into soil survive and/or multiply
in the spermosphere in response to seed exudates, attach to the
root surface, and colonize the developing root system (16). Most
investigations of factors affecting root colonization have examined
how various bacterial traits (attachment, motility, and antibiotic
and siderophore production [31]) affect colonization, and few
investigations have focused on effects of plant and abiotic factors,
e.g., plant genotype (7,12), edaphic factors (23), and soil moisture
(20). Poor root colonization could be caused by unfavorable envi-
ronmental conditions in the spermosphere and/or rhizosphere.

Since beneficial rhizobacteria are often introduced as seed treat-
ments, they must survive and/or proliferate in the spermosphere
before they can begin to colonize the emerging root system. Adapt-
ability of rhizobacteria to the spermosphere environment can also
affect root colonization, biological control, and/or plant growth
promotion efficacy. The environment of the spermosphere is
different from that of the rhizosphere in both nutrient and micro-
flora composition (9). Seed factors, such as cultivar (plant geno-
type), presence of seed treatment fungicides, and in some instances,
seed-surface pH (seed treated with acid, e.g., cotton and tomato),
could affect spermosphere and rhizosphere colonization by an
introduced rhizobacterium. Pathogens such as Rhizoctonia and
Pythium (causal agents of pre- and postemergence damping-off
of cotton and other plants) can attack seed as soon as 6 h after
planting (10,22,24,26). Thus, colonization of the spermosphere
by beneficial rhizobacteria may be essential if the plant is to be
protected against disease.
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Bacillus subtilis strain GB03 is a cotton-adapted variant of B.
subtilis strain A13 (14). A13 was isolated from lysed mycelium
of Sclerotium rolfsii in 1971 by Broadbent et al (5). Strain A13
has shown biological control and plant growth-promotion activity
in field studies on peanuts (28,29), whereas strain GB03 has shown
yield enhancement on cotton (D. Kenney, personal communi-
cation, P. A. Backman, unpublished data). GB03 inoculated onto
cotton seed was chosen as a model system to examine the effects
of seed factors on root colonization. This system was chosen
because GB03 is commercially available as the seed inoculant
Kodiak (Gustafson, Inc., Dallas, TX) used on cotton, peanut,
and common bean.

Ninety-five percent of commercial cotton seed in the United
States is acid-delinted with sulfuric acid, and seed often retains
high amounts of residual sulfuric acid. The amount of residual
acid on the cotton seed coat (seed-surface pH) could be important
in survival, germination, and/ or proliferation of GB03 endospores
in the spermosphere, thereby affecting the colonization process.

Colonization of cotton by GBO03 also could be affected by geno-
type. Seed and root exudates differ qualitatively and quantitatively
among cotton cultivars (10,11,27), which could affect spermo-
sphere and rhizosphere colonization by GB03. Rhizosphere colon-
ization by some pseudomonad rhizobacteria is affected by cul-
tivars of potato and wheat (3,4,21).

Fungicides used as seed treatments have been shown to affect
growth of rhizobacteria in vitro (27,35) and could also affect
spermosphere and rhizosphere colonization whenever an inocu-
lant is applied to seed previously treated with fungicide. Seed
treatment fungicides are used almost universally in cotton produc-
tion; thus, rhizobacteria inoculated onto cotton seed should be
compatible with these fungicides. Fungicides used in peanut pro-
duction did not affect survival of A13 endospores (8); however,
those used in cotton are different and could interfere with endo-
spore germination and/or growth of GB03.

The objective of this study was to examine the effects of seed-
surface pH, host genotype (cultivar), and seed-treatment fungi-
cides on colonization of the cotton spermosphere and rhizosphere
by B. subtilis strain GB03. An understanding of these effects would
allow for more appropriate formulation of and improved use




recommendations for B. subtilis GB03 on cotton and could lead
to more consistent field performance with this commercial plant
growth-promoting rhizobacteria inoculant.

MATERIALS AND METHODS

Seed. Nonneutralized (commercially acid-delinted) seed of
cotton (Gossypium hirsutum, L.) cultivars Dixie Experiment
Station 119 (DES-119), Delta Pine 50 (DP-50), Gerik and
Pustejobski 1005 (GP-1005), German Kleenseed 510 (GC-510),
and Lankart Paymaster 571 (LX-571) were used in all experiments.
These cultivars were selected because they represent important
cotton cultivars grown in the United States; cultivar DES-119
was also included because of its low seed-surface pH (1.90).

Seed-surface pH was determined by stirring 50 g of acid-delinted
cotton seed in 100 ml of deionized distilled water for 1 h and
then measuring the pH of the solution with a combination pH
electrode. Four samples of each cultivar were tested upon receipt
of the seed and after storage for 2 and 6 mo at 4 C in paper
bags. Seed were neutralized to a pH of 7.00 & 0.2 by washing
300 g in three changes of 500 ml of 0.02 M potassium phosphate
buffer, pH 7.0, for 5 min. Seed were then air dried, overnight,
under a laminar flow hood at room temperature. Seed-surface
pH of neutralized seed was determined, and any seed not at a
pH of 7.0 & 0.2 was not used in experiments.

Seed treatments. A planter-box formulation of B. subtilis strain
GBO03 (Kodiak HB), which contained a formulation of >1.0 X
10" endospores per gram, was used as inoculum in experiments
at the recommended rate of 7.5 g/kg of seed, resulting in log
6.8 + 0.2 cfu/seed, unless otherwise noted. Seed and inoculum
were placed in a plastic bag and shaken for 2 min to simulate
field inoculation. Seed were treated with metalaxyl/pentachloro-
nitrobenzene (PCNB) (1:4) at the recommended rate (3.75 g/ kg
of seed) (Gustafson, Inc., Dallas,TX) before being inoculated with
GBO03 for experiments examining the effects of a fungicide seed
treatment.

Seed and plants. Seed were planted either in petri dishes (five
seed per 150- X 15-mm dish) or in Conetainers (5 X 25 cm,
Ray Leach Nursery, Canby, OR, at a depth of 0.7 ¢m), both
filled with coarse, sterile, blasting sand or natural Dothan sand
field soil (98% sand). The sterile sand was selected to avoid the
confounding effects of soil biotic factors and because it had a
texture similar to that of the field soil; the field soil was included
to investigate the effects of competitive microflora on GB03
colonization. Water content of the sterile sand and field soil was
adjusted to field capacity (0.33 bar or 13% moisture v/v) with
109% sterile Hoagland’s solution for the sand or distilled water
for the soil. Petri dishes and Conetainers were incubated at 21
C with a 14-h light period in a growth chamber. Conetainers
were mist-watered three times with 2.5 cm of water on days 2,
6, and 11 after planting. Petri dishes were not watered after
planting.

Effect of seed-surface pH and cultivar on spermosphere and
rhizosphere colonization. Both the spermosphere and rhizosphere
experiments were a randomized complete block design with
treatments (seed-surface pH and cultivar) arranged in a 2 X 4
factorial design. Originally, experiments involving seed-surface
pH and cultivars were performed using 10 replications; however,
the number of replications for subsequent experiments was
reduced, based on low variances of the experiments, to four repli-
cations for petri dishes (one petri dish per replication) and six
replications for Conetainers (one Conetainer per replication).
Nonneutralized (acidic) and neutralized seed of cultivars DP-50,
GC-510, GP-1005, and LX-571 were inoculated with GB03 (7.5
g of formulation per kilogram of seed) and planted either in petri
dishes, for spermosphere samples, or Conetainers, for rhizosphere
samples, containing sterile sand. Petri dishes were incubated for
60 h and Conetainers for 14 days. Seed (radicles <0.5 cm long)
from each petri dish or up to three root systems from each
Conetainer were placed in Tekmar sterile lab bags (Tekmar, Co.,
Cincinnati, OH) with 10 ml of potassium phosphate buffer.
Number of seed and fresh weights for the root systems were

recorded. Samples were triturated for 1 min with a Tekmar
Stomacher Lab Blender model 80 (Tekmar, Co.), serially diluted,
and plated with a spiral plater (Spiral Systems Inc., Bethesda,
MD) on salt V-8 agar (25) amended with polymyxin B (100 units/
ml) and 200 pg of cycloheximide. Polymyxin B was added to
the medium to prevent growth of Gram-negative bacteria. Plates
were incubated at 30 C for 48 h, and distinctive colonies of GB03
were visually identified and counted. Experiments were conducted
three times with similar results.

Population dynamics in the spermosphere and on radicles in
relation to seed-surface pH. The experiment was a randomized
complete block design with treatments (seed-surface pH, cultivar,
and time) arranged in a 2 X4 X 4 factorial design. Four replications
were used. Neutralized and nonneutralized seed of four cultivars,
LX-571, GP-1005, GC-510 and ‘DP-50 (Table 1) were inoculated
with 4.0 g of formulation per kilogram of seed and planted in
petri dishes filled with sterile sand. Plates were incubated at 21
C and seed were sampled at 0, 24, 48, and 72 h. Samples were
processed as above, except for the 72-h sample, in which the
radicles were separated from the seed coat and processed
separately as above. In addition to total viable cells, spore popula-
tions also were determined for each sample by incubating samples
in a water bath (80 C), with shaking (100 rpm) for 10 min to
kill vegetative cells, and plated as above. Percent vegetative cells
for each treatment was determined by subtracting the spore popu-
lation (counts from heat-treated dilutions plated on salt V-8 agar)
of GB03 from the total GB0O3 population (counts from nonheat-
treated dilutions plated on salt V-8 agar) then dividing by total
GBO03 population and multiplying by 100. The experiment was
conducted twice with similar results.

Effect of seed-surface pH and a seed treatment fungicide on
spermosphere and rhizosphere colonization. Both spermosphere
and rhizosphere experiments had randomized complete block
designs with treatments (seed-surface pH and fungicide) arranged
in a2 X 2 factorial design. Four replications were used for spermo-
sphere colonization and 10 replications for rhizosphere coloni-
zation. Fungicide-treated neutralized and nonneutralized cotton
seed of DES-119 were first treated with metalaxyl/ PCNB and
either inoculated with GB03 (7.5 g of formulation per kilogram
of seed) or not inoculated. Treated seed were planted in petri
dishes and Conetainers (to examine spermosphere and rhizosphere
colonization, respectively) filled with either sterile sand or field
soil. Petri dishes were incubated for 60 h and Conetainers for
14 days before sampling. Experiments were conducted twice in
sterile sand and four times in field soil with similar results.

Statistical methods. All colonization data were transformed
into log), cfu/unit (gram, seed, or radicle) to make treatment
variances homogeneous and were analyzed as a two-way analysis
of variance in PC-SAS (SAS Institute, Cary, NC). Fisher’s
protected least significant difference (P = 0.05) was used to
separate means. To determine whether a joint relationship exists

TABLE 1. Seed-surface pH of cotton cultivars before and after
neutralization

Seed-surface pH"

Nonneutralized Neutralized
Cultivar seed” seed™”
LX-571 3.50% 7.00
GP-1005 3.12% 7.00
GC-510 2.83% 6.96
DP-50 2.15% 6.94
DES-119 1.90* 6.93

"Seed-surface pH was determined by stirring 50 g of acid-delinted cotton
seed in 100 ml deionized distilled water for | h and then measuring
the pH of the solution with a combination pH electrode.

* Each value is the mean of four samples.

¥ Seed-surface neutralized by successive washings with 0.2 M potassium
phosphate buffer.

* Asterisk indicates significant difference from neutralized counterpart
(P=0.01).
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TABLE 2. Effects of seed-surface pH and cultivar on populations of Bacillus subtilis strain GB03 on spermosphere and rhizosphere of cotton

planted in sterile sand

Spermosphere population of GB03""

(log cfu/seed)

Rhizosphere population of GB03""
(log cfu/ g fresh weight root)

Nonneutralized Neutralized Cultivar Nonneutralized Neutralized Cultivar
Cultivar seed seed” mean™ seed seed"” mean™¥
LX-571 6.88 7.19 7.03 A 5.46 5.47 546 D
GP-1005 6.59 6.81 6.70 B 5.45 5.49 548D
GC-510 5.69 6.69 6.19 C 493 5.40 521D
DP-50 5.92 6.36 6.14 C 5.12 5.29 520D
Neutralization mean’ 6.27 6.76 5.29 5.37

' Randomized complete block design with a 2 X 4 factorial (seed-surface pH X cultivar).

“60 h after planting. Each value is the mean of four replications.
* 14 days after planting. Each value is the mean of six replications.

"Seed-surface neutralized by successive washings with 0.2 M potassium phosphate buffer.

* Means in a column followed by the same letter are not significantly different at P = 0.05.

¥ LSD (0.05) among spermosphere cultivar means = 0.29; among rhizosphere cultivar means = not significant.

* LSD (0.05) between spermosphere neutralization means = 0.21; between rhizosphere neutralization means = not significant.
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Fig. 1. Cotton spermosphere population dynamics of Bacillus subtilis
strain GBO03 in sterile sand as effected by cultivar and seed-surface pH.
Nonneutralized (acidic) and neutralized seed were treated with Kodiak
HB (4.5 g/kg seed), placed in uncovered petri dishes containing sterile
sand, and incubated at 21 C. Error bars indicate the standard error for
each treatment. Columns without overlapping error bars are significantly
different (P=0.05). Populations were determined as described in Materials
and Methods.

between seed-surface pH and spermosphere colonization and
between seed-surface pH and percent vegetative cells, Pearson
correlation coefficients were calculated. To determine whether
colonization varied with these characteristics in a curvilinear
fashion, second-order regression models were fit with each factor
as the independent variable and colonization as the dependent
variable. Data presented is from a single trial that was representa-
tive of the results from each experiment.

RESULTS

Seed-surface pH. Seed-surface pH of cultivars ranged from
1.90 to 3.50 (Table 1). DES-119 had the lowest seed-surface pH
(1.90), and LX-571 had the highest (3.50). Seed surface pH
remained approximately the same (4 0.1 pH units) for all sampling
times. Typical seed-surface pH values of neutralized and nonneu-
tralized seed are presented in Table 1.

Effect of seed-surface pH and cultivar on spermosphere and
rhizosphere colonization. Spermosphere populations of GB03
were significantly different among cultivars (P > 0.0001) and
between neutralized and nonneutralized seed (P>>0.0001). Rhizo-
sphere populations of GB03, at 14 days after planting, were not
significantly different between nonneutralized and neutralized
seed (P = 0.44); however, there was a trend to significance (P
= 0.06) among cultivars (Table 2). GB03 rhizosphere populations
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TABLE 3. Effects of seed-surface pH and cultivar on Bacillus subtilis
strain GBO3 spermosphere and radicle colonization of cotton planted
in sterile sand™"

Radicle population of GB03
(log cfu/radicle)

Nonneutralized Neutralized Cultivar
Cultivar seed seed* mean’
LX-571 3.57 3.78 3.67
GP-1005 3.38 3.71 3.52
GC-510 3.17 3.76 3.47
DP-50 3.17 3.56 3.36
Neutralization mean’ 3.32 3.70

"Randomized complete block design with a 2 X 4 factorial (seed-surface
pH X cultivar).

“Populations on radicles detached from seed 72 h after planting in sterile
sand. Each value is the mean of four replications.

* Seed-surface neutralized by successive washings with 0.2 M potassium
phosphate buffer.

¥LSD (0.05) among cultivar means not significant.

“LSD (0.05) between neutralization means = (.28,

on cultivar GC-510 were erratic and generally smaller than on
other cultivars. Rhizosphere populations on neutralized seed were
also lower in direct relationship to their original seed-surface pH
before neutralization. No significant interactions were detected
between seed-surface pH and cultivar for spermosphere (P = 0.43)
and rhizosphere (P = 0.11) colonization.

Population dynamics in the spermosphere and on radicles in
relation to seed-surface pH. As expected, there was a significant
interaction (P = 0.03) between seed-surface pH and sampling
time, indicating that population growth of GB03 was differentially
affected by seed-surface pH. After 24 h, spermosphere populations
of GB03 on nonneutralized seed of all cultivars, grown in sterile
sand, were not significantly different from those of the time-0
sample, whereas populations on neutralized seed, except on DP-
50, were significantly greater (P < 0.05) than at time 0 for all
cultivars (Fig. 1). Spermosphere populations of GB03 on non-
neutralized seed, 24 h after planting, were significantly correlated
with seed-surface pH (r = 0.83, P = 0.001). At 48 and 72 h,
spermosphere populations of GB03 were significantly greater (P
= 0.05) on neutralized seed than on nonneutralized seed for all
cultivars except LX-571. No significant interactions were detected
between seed-surface pH and cultivar (P = 0.17) or among seed-
surface pH, cultivar, and time (P = 0.34).

Radicle populations of GB03 from nonneutralized seed, 72 h
after planting, were significantly (P=0.01) lower than populations
from their neutralized counterparts (Table 3), but no significant
(P = 0.41) cultivar effect was found. There was a significant
correlation (r = 0,087, P = 0.001) between spermosphere popu-
lations and radicle populations at 72 h.




Percent vegetative cells of GB03 on seed of the four cultivars
24 h after planting were significantly greater (P = 0.03) on neu-
tralized seed than on nonneutralized (Table 4) but were not sig-
nificantly different at 48 h (P = 0.17) and 72 h (P = 0.25) after
planting (data not shown). Percent vegetative cells of GB03
decreased with lower seed-surface pH of the cultivars and were
significantly correlated (r = 0.94, P = 0.0001) with seed-surface
pH.
Effect of seed-surface pH and seed treatment fungicides on
spermosphere and rhizosphere colonization. Spermosphere
populations of GB03 were significantly different between neu-
tralized and nonneutralized seed (P = 0.0015), although there
was no significant difference between fungicide-treated and non-
treated seed (P = 0.22) (Table 5). A significant interaction (P
= 0.021) was found between seed-surface pH and fungicide
treatment for rhizosphere populations of GB03. Treatments
differed by only log 0.08 cfu/g between neutralized and non-
neutralized seed treated with fungicide, while there was a difference
of log 0.50 cfu/g between neutralized and nonneutralized seed
not treated with fungicide. Supporting these data, neither
spermosphere nor rhizosphere colonization was affected (P =
0.78 and P = 0.65, respectively) by the presence of metalaxyl/
PCNB on seed planted in sterile sand (data not shown). Spermo-
sphere and rhizosphere populations of GB03 on nonneutralized
seed planted in field soil were significantly lower than the popula-
tions of their neutralized counterparts (Table 5), confirming the
results for spermosphere and rhizosphere colonization in sterile
sand (Table 2).

TABLE 4. Effects of seed-surface pH and cultivar on percent vegetative
cells of Bacillus subtilis strain GB03 in the spermosphere of cotton, 24
h after planting"

Percent vegetative cells of GB03 in the

spermosphere”
Cultivar Nonneutralized Neutralized® Cultivar mean™”
LX-571 67.6 73.1 70.5 A
GP-1005 56.6 61.1 58.3 AB
GC-510 32.0 57.3 46.3 BC
DP-50 14.9 419 292C
Neutralization mean* 42.2 69.5

“Randominzed complete block design with a 2 X 4 factorial (seed-surface
pH X cultivar).

" Determined as described in text.

"Seed-surface neutralized by successive washings with 0.2 M potassium
phosphate buffer.

*Means followed by the same letter are not significantly different at
P=0.05.

YLSD (0.05) among cultivar means = 17.8.

*LSD (0.05) between neutralization means = 12.6.

DISCUSSION

Spermosphere colonization of cotton by GB03 appeared to be
greatly affected by the seed-surface pH of cotton seed. Populations
were as much as 90% (1 log unit) lower on nonneutralized seed
than on neutralized seed. Whether the increase was due to
neutralization of residual acid or to removal of seed leachates
or other compounds that may have inhibited spermosphere coloni-
zation of GB03 could not be determined conclusively. However,
there is strong evidence to indicate that the overriding factor
affecting spermosphere colonization is the residual acid on the
seed coat (i.e., seed-surface pH). Total populations (Fig. 1) and
percent vegetative cells (Table 3) of GB03 on nonneutralized seed
24 h after planting were significantly correlated with seed-surface
pH.

The lower populations on nonneutralized seed were probably
not caused by a reduction in populations per se, but rather by
adelay in spore germination, as indicated by the percent vegetative
cell data (Table 3). Inhibition of spore germination would result
in lower bacterial populations on the nonneutralized seed by
increasing the length of the lag phase and thereby the length
of time before bacteria reached the exponential growth phase.
These data agree with the work of Akiba et al (1,2), in which
spore germination of B. thuringiensis was dependent on soil pH.
Spore germination was greatest at pH 7.0 and decreased until
it stopped at pH 5.0. In addition, West et al (32,33) demonstrated
that cellular growth of B. thuringiensis and B. cereus was similarly
dependent on soil pH. The lag phase could have been extended
because bacterial spores, inoculated onto nonneutralized seed,
may remain dormant in the acidic environment of the spermo-
sphere until the environment becomes favorable for germination.
This delay in germination appears to be a major reason for popula-
tion differences in the spermosphere because of the following:
1) percent vegetative cells were as much as 30% lower on nonneu-
tralized seed than on neutralized seed 24 h after planting, and
spermosphere populations 24 h after planting were not signifi-
cantly different from the initial populations on nonneutralized
seed; 2) spermosphere populations on neutralized seed were
significantly greater than initial seed populations 24 h after plant-
ing; and 3) bacteria appeared to grow at the same rate (i.e., have
the same doubling time) on both neutralized and nonneutralized
seed.

Seed surface pH appears to cause a delay in spore germination
that later results in reduced spermosphere and radicle populations,
Reductions of radicle populations may translate into lower
rhizosphere populations. A combination of decreased spermo-
sphere and radicle populations along with plant genotype effects
may account for the lower rhizosphere populations found on
cultivar GC-510.

Seed-surface pH =3.50 does not appear to affect spermosphere
colonization by GB03. The apparent tolerance of GBO03 to seed-

TABLE 5. Effects of seed-surface pH and a seed treatment fungicide on Bacillus subtilis strain GB03 spermosphere and rhizosphere colonization

of cotton® planted in field soil’

Spermosphere population of GB03*®

Rhizosphere population of GB03""

(log cfu/seed) (log cfu/g fresh weight root)
Nonneutralized Neutralized Fungicide Nonneutralized Neutralized
Treatment seed seed" mean”® seed seed™
GB03 6.02 6.41 6.23 453 A 503B
GBO03 and fungicide” 6.01 6.44 6.21 548 C 556 C
Neutralization mean” 6.01 6.42

9 Cultivar DES-119 (seed-surface pH, 1.90).

" Randomized complete block design with a 2 X 2 factorial (seed-surface pH X fungicide).

* 60 h after planting. Each value is the mean of four replications.
' 14 days after planting. Each value is the mean of six replications.

“Means followed by the same letter are not significantly different at P = 0.05.

"LSD (0.05) among rhizosphere fungicide X pH means = 0.42.

“Seed-surface neutralized by successive washings with 0.2 M potassium phosphate buffer.

*LSD (0.05) between fungicide means = not significant.
¥ Metylaxyl/ pentachloronitrobenzene (3.5 g/ kg seed).
*LSD (0.05) between neutralization means = 0.30.
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surface pH of ~ 3.50 could be used in developing formulations
for seed treatments using GB03. Calcium carbonate and/ or other
buffers could be added to the formulation to neutralize the residual
sulfuric acid, thereby raising seed-surface pH above 3.50.

Rhizosphere populations in field soil were significantly
increased 5-10-fold by the presence of seed-treatment fungicides.
This increase could be the result of inhibition of competitive fungi
and bacteria in the rhizosphere. Inhibition of indigenous micro-
flora, coupled with tolerance to metalaxyl/ PCNB and other seed
treatment fungicides (8), would give GB03 an ecological advan-
tage, thus allowing greater colonization. Seed-surface pH also
affected rhizosphere colonization in field soil; however, the nega-
tive effect of the residual acid on nonneutralized seed was over-
ridden by the positive effects of the metalaxyl/ PCNB seed treat-
ment. Protection of the developing root system afforded by
metalaxyl/ PCNB on nonneutralized seed could have given GB03
the opportunity to colonize niches that would otherwise have
been occupied by indigenous microflora, thereby increasing its
effectiveness as a biological control agent. The protection theory
is supported by two observations: 1) rhizosphere populations of
GBO03 were not affected by the presence of metalaxyl/ PCNB when
the seed were grown in sterile sand; and 2) rhizosphere populations
on nonneutralized seed were lower than those on neutralized seed
in the absence of seed treatment fungicides.

It is not clear from these data whether cultivar differences affect
colonization, even though spermosphere and radicle populations
of GBO03 significantly differed among cultivars. Spermosphere
colonization and percent vegetative GBO3 cells of both neutralized
and nonneutralized seed were correlated with the initial seed-
surface pH. Not only were the populations of GB03 decreased
as seed-surface pH decreased on nonneutralized seed, but the
populations on neutralized seed also decreased with decreasing
seed-surface pH. The latter trend could be caused by four factors:
1) sulfate salts were formed when the seed were neutralized and
insufficiently rinsed, which resulted in a suppression of spore
germination and/or growth rate of GB03; 2) acid was absorbed
by the seed coat and was not neutralized but was later released
during imbibition; 3) the amount of acid retained on the seed
following the delinting process was due to a cultivar trait that
affects colonization; and/or 4) compounds inhibitory to GB03
could have been released by or present on the seed.

Growth-promoting effects of root-colonizing Bacillus spp. and
pseudomonads have previously been demonstrated to be cultivar
specific on wheat (7,18) and potato (12,19) and may be due to
differences in root colonization of the cultivar by the introduced
rhizobacterium; thus, the indications of cultivar specificity for
GBO03 presented in this article need to be investigated further.
To determine whether cultivar factors affect GB03 colonization
potential, population dynamics of GB03 need to be examined
on many cultivars representing various parentage groups. Some
cultivars of interest would be those with broad resistance to
pathogens, e.g., cultivars similar to GC-510, a multiadversity
resistant cultivar. Mechanically delinted seed may be more useful
than acid-delinted seed for examining cultivar factors on coloni-
zation because the confounding effects of seed-surface pH would
be eliminated; however, spermosphere colonization of the seed
could be altered by the lint remaining on the seed.

Variability of root colonization by GBO03 is in part the result
of seed factors that influence both spermosphere and rhizosphere
colonization when the bacterium is applied as a seed treatment.
The extent to which these factors affect root colonization may
depend on the physical and chemical environment of a soil, envi-
ronmental conditions, and the indigenous microflora present. The
effect of these factors must be further examined in order to better
formulate GB03 inoculants so that field performance is less
variable.
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