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ABSTRACT 

Rotenberg, D., Joshi, R., Benitez, M.-S., Gutierrez Chapin, L., Camp, A., 
Zumpetta, C., Osborne, A., Dick, W. A., and McSpadden Gardener, B. B. 
2007. Farm management effects on rhizosphere colonization by native 
populations of 2,4-diacetylphloroglucinol-producing Pseudomonas spp. 
and their contributions to crop health. Phytopathology 97:756-766. 

Analyses of multiple field experiments indicated that the incidence and 
relative abundance of root-colonizing phlD+ Pseudomonas spp. were 
influenced by crop rotation, tillage, organic amendments, and chemical 
seed treatments in subtle but reproducible ways. In no-till corn plots, 2-
year rotations with soybean resulted in plants with approximately twofold 
fewer phlD+ pseudomonads per gram of root, but 3-year rotations with 
oat and hay led to population increases of the same magnitude. Interest-
ingly, tillage inverted these observed effects of cropping sequence in two 
consecutive growing seasons, indicating a complex but reproducible 
interaction between rotation and tillage on the rhizosphere abundance of 
2,4-diacetlyphloroglucinol (DAPG) producers. Amending conventionally 
managed sweet corn plots with dairy manure compost improved plant 
health and also increased the incidence of root colonization when com-

pared with nonamended plots. Soil pH was negatively correlated to rhizo-
sphere abundance of phlD+ pseudomonads in no-till and nonamended 
soils, with the exception of the continuous corn treatments. Chemical 
seed treatments intended to control fungal pathogens and insect pests on 
corn also led to more abundant populations of phlD in different tilled 
soils. However, increased root disease severity generally was associated 
with elevated levels of root colonization by phlD+ pseudomonads in no-
till plots. Interestingly, within a cropping sequence treatment, correlations 
between the relative abundance of phlD and crop stand or yield were gen-
erally positive on corn, and the strength of those correlations was greater 
in plots experiencing more root disease pressure. In contrast, such corre-
lations were generally negative in soybean, a difference that may be 
partially explained by difference in application of N fertilizers and soil 
pH. Our findings indicate that farming practices can alter the relative 
abundance and incidence of phlD+ pseudomonads in the rhizosphere and 
that practices that reduce root disease severity (i.e., rotation, tillage, and 
chemical seed treatment) are not universally linked to increased root 
colonization by DAPG-producers. 

 
Diverse microbes have the capacity to inhibit the growth and 

activities of various soilborne plant pathogens (48). However, the 
contribution of specific native populations to disease suppression 
remains a mystery. Pseudomonas spp. that produce the antibiotic 
2,4-diacetlyphloroglucinol (DAPG) have the capacity to suppress 
diverse soilborne plant pathogens, and they have been hypothe-
sized to contribute to specific disease suppression in different 
soils (47). Although DAPG producers are known to inhabit agri-
cultural soils throughout the world, the phlD gene, which is es-
sential for DAPG production, has been used to detect DAPG pro-
ducers in the rhizosphere of different crop plants (17,27,33,46). 
However, their relative abundance has been assessed in only a few 
instances. Early work suggested that DAPG producers were more 
abundant in one set of root disease-suppressive soils (i.e., take-all 
decline soils) (34,35). Later work showed similar patterns in the 
Netherlands (9). DAPG producers also are abundant in Morens 
soils suppressive to tobacco black rot. However, in those soils, 
rhizosphere abundance failed to directly correlate with root dis-
ease suppression (36). The roots of field-grown corn and soybean 
plants frequently are colonized by substantial populations of 
DAPG producers (28). Because the abundance of these popula-

tions frequently exceeded log 4.5 cells per gram of root tissue, a 
threshold level previously associated with root disease sup-
pression (9,34), we hypothesized that native populations of these 
bacteria generally may contribute to the health and productivity of 
these two crops under typical growing conditions. 

Managed and unmanaged environmental variables can signifi-
cantly affect crop health and the microbial populations that im-
pact it (18,20). Practices such as tillage, crop rotation, and the use 
of organic amendments have been shown to alter soil physical, 
chemical, and biological properties that can directly or indirectly 
influence soilborne pathogen survival and infection of host crops 
(41). In general, the practice of tillage breaks up surface crop resi-
dues and disturbs fungal pathogen networks, events which have 
been linked to reduced incidence of soilborne diseases caused by 
residue-colonizing pathogens (2,5). Crop rotation sequences 
likely impart their effect on soilborne pathogens by reducing the 
availability of the preferred food source (the host) and thereby re-
ducing inoculum levels. However, rotation also can result in 
changes in soil moisture, temperature, and soil chemistries based 
on the quantity and quality of residue and how it is managed. 
These changes also likely affect pathogen suppression, which is 
known to be a substrate-dependent phenomenon (16). Additions 
of composted organic amendments to field soils have been shown 
to reduce severity of soilborne diseases (22,42) and the efficacy of 
a particular compost amendment is mediated by the complex in-
teractions between biotic and abiotic soil factors. Although these 
management practices can significantly improve crop health and 
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productivity, their utility is unpredictably limited due to the di-
verse environmental conditions and soil types encountered in 
agricultural systems. 

The phlD gene encodes a polyketide synthase that is essential 
for the production of DAPG (3). Gene-specific primers have been 
developed (26,35) and used to identify, isolate, and characterize 
DAPG-producing pseudomonads by colony hybridization (8,23, 
27,33,35,45) and end-point dilution polymerase chain reaction 
(PCR) (26,28). Here, we used the latter approach to characterize 
the influence of different farm management practices on the abun-
dance of DAPG producers in the rhizosphere of field-grown corn 
and soybean plants. 

Seed treated with DAPG-producing pseudomonads, alone and 
in combination with chemical fungicides, have been shown 
repeatedly to increase the health and productivity of field crops. 
On wheat, stands and yields can be increased by the use of 
bacterial seed treatments containing phlD+ pseudomonads (6). In 
addition, genetic modification of strains to increase DAPG pro-
duction can further enhance soilborne disease suppression in dif-
ferent crops (7,44). Our own experience with corn and soybean 
indicates that seed inoculated with phlD+ pseudomonads gener-
ally leads to higher stands and yields (24,25,28, unpublished re-
sults). Thus, when present in abundance and given preferred 
access to the growing root, the net effect of DAPG producers on 
plant health is generally positive, especially in the presence of 
soilborne disease pressure. Because of this, we hypothesized that, 
over some measurable range, increases in rhizosphere abundance 
of DAPG producers would result in concomitant improvements in 
crop health, assuming that the benefit to plant health would in-
crease on a per-cell basis. If such a phenomenon generally occurs, 
then a positive correlation between crop health and the abundance 
of DAPG producers would exist. However, we also hypothesized 
that interactions with the plant host and environment might alter 
this relationship, making the net association context dependent. In 
this study, our objectives were to (i) characterize the responses of 
native, rhizosphere populations of phlD+ Pseudomonas spp. to 
different farm practices, (ii) determine the correlation between 
rhizosphere abundance of phlD and soil chemistry, and (iii) 
characterize the quantitative association between the relative 
abundance of root-colonizing phlD+ pseudomonads and crop 
health, as indicated by stands and yields. 

MATERIALS AND METHODS 

Site description and sampling schedule. Young corn and 
soybean root samples were collected in 2004 and 2005 from 
established research field sites located at the Ohio Agricultural 
Research and Development Center, Wooster. The research sites 
were a long-term tillage and rotation site (LTT), a corn-soybean 
rotation site managed under no-tillage (ROTA), and a convention-
ally managed sweet corn and compost site (SCC). The predomin-
ant soil type at these sites is Wooster silt loam. Plots were seeded 
in late April (corn) and early May (soybean). Additionally, a 
series of seed treatment trials (STT) were conducted at multiple 
field sites throughout Ohio. 

The LTT site, established in 1962, has experienced >40 years of 
continuous management and has been used to investigate the 
combined effect of tillage and rotation on corn stands and yields 
(10). The experimental design is a factorial with three tillage 
treatments: conventional tillage (PT) (moldboard plowing), mod-
erate tillage (MT) (chisel plowing), and no-tillage (NT); and three 
rotation treatments: continuous corn (CCC), 2-year corn-soybean 
(CSC), and 3-year corn-oat-hay (COH). Each tillage–rotation 
combination was assigned to 22.3-by-4.3-m plots and replicated 
three times. Fungicide-treated corn seed were planted to six rows 
at 0.76-m spacing. In all, 27 plants were sampled (one plant × 
three subplots × three tillage × three rotations) on 13 July 2004 
and again on 30 June 2005. 

The ROTA site was established in 2001 to determine the mid-
term effects of corn-soybean rotation sequences on rhizosphere 
abundance of DAPG producers on corn and soybean under no-till 
management. The experimental design was a randomized com-
plete block (n = 4) with four rotation treatments: (i) continuous 
corn (CC), (ii) corn following a soybean season (SC), soybean 
following a corn season (CS), and (iv) continuous soybean (SS). 
Each plot was 6.1 by 16.7 m; corn and soybean plots consisted of 
eight rows at 0.76-in. spacing and 15 rows at 0.38-m spacing, 
respectively. Untreated (no fungicide) seed corn hybrid SC1091 
(Seed Consultants, Inc., Washington Courthouse, OH) and 
soybean cv. Kottman (Grier Seed Farms, Fremont, OH) were used 
each year. The two elite cultivars were selected on the basis of 
their high yield potential and high degree of resistance to soil-
borne root diseases. Corn plots received N at 181 kg ha–1 2 weeks 
prior to planting whereas soybean plots received no N fertilizer. 
One plant was sampled on 24 May (V1) and 9 June (V3) in 2004 
and two plants were sampled on 6 June (V4) and 1 July (V6) in 
2005 from each subplot. Thus, a total of 32 plants were sampled 
in 2004 (one plant × two growth stages × four subplots × two 
crops × two rotations), and 64 plants were sampled in 2005 (two 
plants per growth stage). 

The SCC field site was established in 2003 and sampled in 
2004 to determine the effect of adding dairy manure or sawdust 
compost on native rhizosphere populations of phlD+ pseudo-
monads and sweet corn health. The experimental design was a 
factorial with three sweet corn cultivars (Bodacious, Ambrosia, 
and Kandy Korn) (Holmes Seed Co., Canton, OH) and three com-
post rates (0, 6, and 12 t ha–1). Plot dimensions were 5.3 by 6.1 m 
and consisted of eight rows of fungicide-treated seed at 0.76-m 
spacing. The compost was produced at the OARDC on-site com-
posting facility and the chemical and physical characteristics of 
the mature compost are described elsewhere (46). Compost was 
applied to plots and incorporated in the spring, 2 weeks prior to 
planting fungicide-treated seed in April of 2003 and 2004. In 
2004, one root was sampled on 26 May (V2) from plots con-
taining Ambrosia and Bodacious and on 2 June (V4) from plots 
cropped to Ambrosia and Kandy Korn. In all, 36 plants were 
sampled in 2004 (one plant × two growth stages × three subplots 
× two cultivars/sampling × three treatments). 

The STT sites were planted adjacent to the Ohio State 
University Corn Performance Trials in 2004. This experiment 
compared untreated corn seed, hybrid SC1091 (Seed Consultants, 
Inc., Washington Courthouse, OH), to seed from the same lot 
treated with a combination of Maxim (a fungicide) and Lorsban 
(an insecticide) prior to purchase. Trials were conducted in Clark, 
Crawford, Darke, Wood, and Wyandot Counties on high-fertility 
silt-loam soils, with each site receiving N at between 200 and 
250 kg ha–1 as well as variable amounts of P and K fertilizers in 
excess of crop needs at each location. Each plot was 3.0 by 7.5 m. 
Each trial was set up in a replicated block design with four 
replicates each, and plants were sampled between V3 and V5 at 
each location. In total, 40 plants were sampled in 2005 (one plant 
× four subplots × two treatments × five sites). 

Crop measurements. Plant stand counts were recorded for 
each plot to estimate the amount of damping-off disease at time of 
plant sampling. In the LTT and STT studies, the total number of 
emerged plants was determined once in each corn plot in early 
June of each year. In the ROTA and SCC study, plant stand was 
determined at the time of plant sampling at multiple, randomly 
chosen 1-m row segments within each plot. The number of plants 
spanning both sides of 16 corn and 8 soybean row segments was 
recorded and an average stand count was calculated for each 
ROTA plot. In a similar fashion, 8 stand counts were recorded for 
each plot planted to cvs. Ambrosia and Bodacious and 16 stand 
counts were recorded for cvs. Ambrosia and Kandy Korn in the 
SCC study. Crop yields were measured at harvest in October of 
each field season and reported at 15 and 13.5% seed moisture 



758 PHYTOPATHOLOGY 

levels for corn and soybean, respectively. In the LTT and FTT 
plots, harvests of the middle two rows were used to calculate 
yield. In the ROTA experiments, the middle four and eight rows 
of each corn and soybean plot, respectively, were used to calcu-
late total yields. Harvested yield was not measured in the SCC 
trial. 

Soil testing. Soil samples were submitted to the OARDC’s Soil 
Testing and Research (STAR) lab for analysis. Water pH was 
measured according to standard procedures (43). Total carbon and 
nitrogen were assessed using a VarioMax carbon-nitrogen com-
bustion analyzer (Elementar America Inc., Mt. Laurel, NJ). For 
mineral nutrients, soil extractions were performed following the 
procedures of Helmke and Sparks (14) and quantities determined 
using a Prodigy Dual View inductively coupled plasma spectro-
photometer (Teledyne Leeman Labs). Additionally, volumetric 
soil moisture content was assessed on site at the time of sampling 
for the ROTA and SCC trials, using a Field Scout TDR100 soil 
moisture meter (Spectrum Technologies, Plainfield, IL). 

Processing of rhizosphere samples and enumeration of 
phlD+ pseudomonads. The abundance and diversity of culturable 
and phlD-containing Pseudomonas spp. in the rhizosphere were 
determined using the PCR-based assay described previously (26) 
with slight modifications. Briefly, roughly equal-sized portions of 
individual seedling root systems (1 to 2 g fresh weight) were re-
covered individually from the soil, separated from the shoot, and 
placed in 15 ml of sterile distilled water. Bacteria were dislodged 
from the roots by vortexing and sonication (1 min each) prior to 
serial dilution (1:3.5) in a 96-well plate prefilled with sterile 
deionized water. From these “rhizosphere-wash” plates, 50 µl of 
each dilution was transferred into other 96-well plates containing 
200 µl of a Pseudomonas selective medium, .33× King’s Medium 
B amended with ampicillin at 40 ppm, chloramphenicol at  
12.5 ppm, and cycloheximide at 100 ppm. Culture plates were 
incubated for 2 days at room temperature and bacterial growth 
was assayed spectrophotometrically (ELx800 microplate spectro-
photometer; Bio-Tek Instruments, Winooski, VT). The terminal 
dilution displaying bacterial growth (optical density at 595 nm ≥ 
0.1) was used to calculate the relative abundance of Pseudomonas 
spp. Cultures were frozen for storage prior to use as whole-cell 
DNA templates. Portions of the phlD gene were amplified using 
the gene-specific primers B2BF and BPR4 (26) in a PTC-200 
thermal cycler (MJ Research, Watertown, MA). Reaction products 
were separated on 1.5% agarose gels in 0.5× Tris-borate-EDTA 
buffer and visualized by ethidium bromide staining. Gel images 
were processed using a Kodak EDAS 290 digital imaging system 
(Kodak, Rochester, NY). Enumerations were based on the end-
point dilution method. Incidence of positive phlD amplifications 
were used to calculate incidence of root colonization on a per-
gram fresh weight basis. Because the relative abundance of phlD+ 
pseudomonads cannot be accurately determined below the limit of 
detection, average abundance and all correlation analyses were 
performed using data from only those samples that harbored at 
least log 3.5 cells per gram fresh weight of root tissue. 

Statistical analyses. Both parametric and nonparametric statis-
tical tests were performed to make inference about treatment 
effects (i.e., farm management practices) on Pseudomonas popu-
lations, crop health, and soil properties. All tests were performed 
with SAS (v9.1; SAS Institute, Inc., Cary, NC) unless otherwise 
noted. Analysis of variance was conducted on abundance of total 
and phlD+ pseudomonads (log10 CFU g–1 of root), proportion of 
pseudomonads composed of phlD+ bacteria (arcsine square-root-
transformed values), average plant stand per plot, crop yield, and 
soil properties (volumetric moisture [VM], soil pH, soil C and N, 
and soil macro- and micronutrient contents) using PROC 
MIXED. The LSMEANS statement was used to calculate least 
square differences and to make comparisons between treatments. 
Fisher’s exact test was performed to determine if the proportion 
of roots colonized by phlD+ bacteria was independent of treatment. 

Because each experiment differed somewhat in design and 
replication, different statistical models were applied in the ana-
lyses of each. For the LTT experiment, a factorial model was 
tested on the two main effect treatments (rotation sequence and 
tillage practice) and the interaction between them. For the ROTA 
experiment, a factorial model including two main effects, rotation 
treatment and plant age at time of sampling (V stage), and their 
interaction was tested to determine whether abundance or inci-
dence of phlD+ bacteria within Pseudomonas populations varied 
with plant age. An average abundance and percent phlD+ value 
was obtained for each pair of root samples taken at each time 
point from each plot prior to analysis. Because treatment trends 
were found to be similar for the two V stages, population data 
were pooled for each rotation treatment and analyzed using a 
GLM model to verify rotation effects on these variables. Stand 
and yield data for corn and soybean were analyzed separately in 
this study. For the SCC experiment, a factorial model was tested 
on two main effects, compost treatment and cultivar, and their 
possible interactive effects on total Pseudomonas populations and 
plant stand at each V stage. Differences in abundance of phlD+ 
bacteria between sweet corn cultivars were compared using 
Mann-Whitney test statistics (MINITAB v.13.31; Minitab, Inc., 
State College, PA) for each compost treatment because of the 
limited sample size after removal of values considered below the 
limit of detection. Because there was no apparent effect of culti-
var on stand or rhizosphere abundance for each compost treat-
ment (P > 0.25), data from the three cultivars were pooled at each 
time point prior to analysis of compost treatment means. 

Correlation analyses of abundance and crop health (i.e., stand 
and yield) or soil chemistries were performed on a per-treatment 
basis. Paired comparisons of rhizosphere abundance, incidence of 
phlD+ bacteria, stand, yield, and soil variables were made to 
determine whether crop health or soil factors were associated with 
rhizosphere colonization under the different farm management 
strategies. Pearson correlation coefficients (r) were calculated  for 
each relationship (MINITAB v.13.31). 

RESULTS 

Rhizosphere abundance of phlD+ pseudomonads in LTT 
corn plots. Corn plants were sampled from LTT plots to 
determine the combined effects of differential tillage and crop 
rotations on the natural abundance of phlD-containing Pseudo-
monas populations in the rhizosphere (Table 1). Differences in 
tillage led to the most consistent responses in root colonization by 
phlD+ pseudomonads. Average abundance of these bacteria 
differed significantly among several treatments in 2005 (P = 
0.019). The incidence of roots colonized at high population levels 
was significantly influenced by tillage. Overall, the incidence of 
roots colonized by populations exceeding log 4.5 cells per gram 
fresh weight of root was significantly lower in the moderately 
tilled plots in 2004 (P = 0.02) and 2005 (P = 0.04) compared with 
the no-till and plow-till plots. This effect was noticeable in all 
three rotation treatments in 2004, and in two of the three rotations 
in 2005. The exception was the CSC rotation in 2005 because no 
phlD+ pseudomonads were detected in the no-till treatment plots 
of that particular rotation. The effect of cropping sequence in 
these plots varied between the 2 years. In 2004, rotation ap-
parently increased the proportion of roots colonized by high pop-
ulations of phlD-containing pseudomonads (P = 0.07) compared 
with roots grown in CC plots, but the pattern was reversed (P = 
0.04) in 2005. Interestingly, the interactions between tillage prac-
tice and cropping sequence influenced the abundance of root-
associated phlD+ bacteria, and the patterns of the interaction 
were very similar for both the 2004 and 2005 samplings (Fig. 1). 
In the NT plots, the lowest colonization levels were observed in 
the 2-year rotation treatments. In contrast, soil disturbance in the 
MT and PT plots led to relatively higher levels of colonization in 



Vol. 97, No. 6, 2007 759 

the CSC plots compared with the other rotations. Although this 
pattern of interaction was not significant in 2004, it was in 2005 
(P = 0.02). 

Rhizosphere abundance of phlD+ pseudomonads in ROTA 
plots. To further explore the influence of cropping sequence on 
native populations of phlD+ pseudomonads, young plants (V1 to 
V4) were sampled from corn and soybean rotation plots that had 
not experienced any tillage for 4 years. Under these conditions, 
rotation sequence had no apparent effect on the abundance of 
Pseudomonas populations or phlD+ bacteria per gram of corn (P 
> 0.25) or soybean root (P > 0.25) in either year. Nonetheless, the 
average phlD+ populations and the proportion thereof tended to 
be higher on plants grown in plots previously cropped to corn 

(Table 2). The percentage of Pseudomonas spp. likely capable of 
producing DAPG was greater (P < 0.05) on soybean following 
corn than soybean in 2004. Unique to 2004, plant age influenced 
the relative abundance of phlD+ pseudomonads associated with 
the corn-soybean rotation treatments. The V1-stage roots sup-
ported 0.7 to 1 log more cells of phlD+ bacteria per gram than the 
V3-stage roots in the rhizosphere of corn and soybean for all 
treatments (P = 0.001 to 0.04). It is important to note that all the 
corn plants had reached the V2 stage at the first sampling in 2005 
and, therefore, V1 corn samples were not included in the analysis. 

In this experiment, rhizosphere abundance of phlD+ bacteria 
was significantly correlated with several soil properties (Table 3). 
The average abundance of phlD+ bacteria on both corn and soy-

TABLE 1. Effect of rotation sequence and tillage practice on corn yields and phlD+ pseudomonads in the long-term tillage plots located in Wayne County, Ohiou 

   Incidencev   

Year, rotationw Tillagex Abundancey ≥log 4.5 ≥log 3.5 Stand (plants m–1) Yield (t ha–1) 

2004       
CCC PT 4.8 a 0.67 0.67 5.4 a 9.8 b 
CCC MT 3.8 a 0.00 1.00 5.3 a 9.1 b 
CCC NT 4.5 a 0.33 0.67 4.7 a 10.7 ab 
CSC PT 4.7 a 0.67 1.00 5.1 a 10.4 ab 
CSC MT 4.6 a 0.50z 1.00 4.7 a 12.6 a 
CSC NT 4.1 a 0.67 0.67 4.5 a 8.8 cb 
COH PT 4.5 a 0.67 1.00 5.3 a 10.8 ab 
COH MT 4.2 a 0.00 0.50 5.1 a 10.6 ab 
COH NT 4.9 a 1.00 1.00 5.3 a 10.8 ab 

2005       
CCC PT 4.7 ab 0.67 1.00 5.3 ab 5.7 d 
CCC MT 4.6 ab 0.33 0.67 5.2 ab 5.6 d 
CCC NT 5.7 a 0.67 0.67 4.9 c 8.2 bc 
CSC PT 5.1 ab 0.67 1.00 5.2 ab 5.6 d 
CSC MT 4.5 ab 0.33 1.00 5.1 bc 6.2 d 
CSC NT NA 0.00 0.00 5.6 a 8.4 bc 
COH PT 4.4 b 0.33 0.67 5.3 ab 7.7 c 
COH MT 4.2 b 0.00 1.00 5.3 ab 9.3 b 
COH NT 5.3 ab 0.67 1.00 5.3 ab 12.7 a 

u Means followed by the same letter are not statistically different according to Fisher’s protected least significant difference  at P < 0.05. 
v Proportion of root samples harboring population of phlD-containing pseudomonads at the abundance levels indicated. 
w Rotation sequences included continuous corn (CCC), corn-soybean-corn (CSC), and corn-oat-hay (COH). 
x Tillage practices included conventional plow tillage (PT), chisel tillage (moderate tillage [MT]), and no tillage (NT). 
y Mean population size (n = 3) of phlD-containing pseudomonads on colonized plants expressed as log CFU per gram of fresh weight. 
z Missing data point (n = 2). 

 

Fig. 1. Effect of tillage practice and crop rotation on the abundance of phD+ pseudomonads (log CFU g–1 of fresh root) colonizing the rhizosphere of corn. Tillage 
practices were no-tillage (NT), chisel tillage (MT), and conventional plow tillage (PT). Rotations were continuous corn (CCC), corn-soybean-corn (CSC), and 
corn-oat-hay (COH). Each bar represents the mean of three plots with one root sample per plot. Root samples harboring populations ≤log 3.5 (detection limit) 
were included in the analyses to include the maximum number of root samples per treatment. Analysis of variance of the factorial experiment revealed a 
significant tillage–rotation interaction (P = 0.02) on abundance in 2005. Bars headed by an asterisk (*) signify tillage–rotation combinations that were significantly 
different than other combinations (P < 0.10), but similar to each other. 
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bean was most strongly associated with soil pH (Table 3). Soil pH 
was lowest (P < 0.05) in continuous corn plots for both years (pH 
= 6.2 and 5.9, 2004 and 2005, respectively), an observation that 
may reflect the acidifying affects of the annual application of 
nitrogen fertilizer. Consistent between years, abundance of phlD+ 
bacteria was positively (P < 0.05) correlated with soil pH, Ca, and 
Mg concentration in CC plots. In this rotation treatment, there 
was a strong, positive correlation between soil pH and soil C 
content in 2004 (r = 0.98, P = 0.01), but a negative correlation (r 
= –0.84, P = 0.007) in 2005. The relationship between abundance 
and soil C mirrored the direction of these relationships for the CC 
treatment. In SS plots, soil pH and Ca content were negatively 
correlated (P < 0.05) to abundance and, unlike the CC plots, soil 
pH was negatively correlated to soil C (r = –0.89, P = 0.1) and 
abundance was not related significantly (P > 0.25) to soil C 
content. Although average abundance of phlD+ bacteria mirrored 
patterns in VM content of soils at the time of sampling (Table 2), 
there were no consistent correlations between VM and abundance 
of phlD+ bacteria in any of the rotation treatments. There were no 
consistent or apparent correlations (P > 0.2) between soil pH or 
the concentration of any soil mineral measured and rhizosphere 
abundance of total pseudomonads for any rotation treatment (P > 
0.15). 

Rhizosphere abundance of phlD+ pseudomonads in the 
SCC plots. The abundance and incidence of phlD+ Pseudomonas 
spp. in the rhizosphere of sweet corn grown in compost-amended 
soils were determined (Table 4). Bacterial population data for all 

three cultivars were combined for each compost treatment be-
cause cultivar was not observed to influence the abundance nor 
the incidence of phlD+ bacteria (P > 0.25) in the rhizosphere. 
Over all cultivars, the rhizosphere abundance of phlD+ pseudo-
monads was observed to increase only marginally and nonsignifi-
cantly in soils amended with compost (P > 0.25). 

Although compost additions to the SCC plot only marginally 
influenced rhizosphere populations of phlD+ bacteria, soil 
fertility was significantly altered (P < 0.01) by the amendments. 
Nonamended soils contained, on average, 0.1 and 1% soil N and 
C, respectively, and 146 µg of P, 229 µg of K, 1,244 µg of Ca, 
266 µg of Mg, 724 µg of Al, 1.5 µg of B, 3.2 µg of Cu, 234 µg of 
Fe, 261 µg of Mn, 30 µg of Na, 5 µg of Zn, and 44 µg of S per 
gram of soil. Application of the high rate of compost (12 t ha–1), 
increased P, K, S, Ca, and Mg concentrations 1.4- to 2.4-fold, 
whereas the concentration of micronutrients B, Na, Zn, and Cu 
increased 2- to 4-fold in the soil solution. Carbon contents 
averaged 2 and 4% in soils amended with the low (6 t ha–1) and 
high rates of compost, respectively. Soil pH was higher (P < 0.05) 
in plots amended with the high rate of compost (pH 7.2) com-
pared with nonamended plots (pH 6.9) and the plot-to-plot varia-
tion in soil pH in the compost-amended soils was relatively small 
compared with nonamended soils, with the coefficient of variation 
being 0.8 and 3%, respectively. 

As documented in the ROTA study, phlD+ populations were 
significantly correlated to pH (Table 5) in nonamended soils. Soil 
pH was negatively correlated (r = –0.97, P = 0.002) with the 

TABLE 3. Correlations between soil properties and abundance of phlD+ Pseudomonas populations in the rhizosphere of corn and soybean roots in the no-till 
rotation plotsy 

Year, crop Rotationz pH C (%) N (%) Al (ppm) Ca (ppm) Mg (ppm) 

2004        
Corn CC 0.69 0.79 0.88 0.75 0.96 0.92 
Corn SC –0.93 –0.26 0.68 0.90 –0.89 –0.87 
Soy CS –0.78 –0.28 0.22 0.47 –0.10 –0.16 
Soy SS –0.72 0.50 0.77 0.65 –0.78 –0.21 

2005        
Corn CC 0.86 –0.81 –0.74 –0.73 0.63 0.65 
Corn SC –0.10 0.58 0.56 0.57 0.17 0.00 
Soy CS 0.00 –0.42 –0.32 0.24 –0.33 –0.14 
Soy SS –0.76 0.00 –0.13 0.00 –0.34 0.49 

y Population size of phlD-containing pseudomonads on colonized plants expressed as log CFU per gram of fresh weight. Data are Pearson’s correlation coefficient 
(n = 4). Coefficients in bold signify significant correlations (P < 0.1), and coefficients in italics are not significant (P > 0.1). 

z Rotation sequences included continuous corn (CC), corn following soybean (SC), soybean following corn (CS), and continuous soybean (SS). 

TABLE 2. Effect of rotation sequence on measures of plant health and native populations of phlD+ pseudomonads in the rhizosphere of corn and soybean in the 
no-till rotation plots 

  Abundancet,u  Incidencev    

Year, crop Rotationw Total Ps phlD+ phlD+ (%)x,u ≥log 4.5 ≥log 3.5 VM (%)y,u Stand (plants m–1)z Yield (t ha–1)z 

2004          
Corn CC 6.1 a 4.57 a 17.4 b 0.50 0.87 22.5 a 2.6 b 2.3 b 
Corn SC 6.0 a 4.46 a 6.4 b 0.38 0.87 19.5 b 4.4 a 5.1 a 
Soy CS 5.5 a 5.09 a 71.4 a 0.50 0.75 21.7 b 13.8 B 1.8 A 
Soy SS 5.9 a 4.52 a 15.1 b 0.38 0.87 19.4 ab 15.5 A 1.6 A 

2005          
Corn CC 6.8 a 5.04 a 28.7 a 0.63 0.69 13.2 ab 4.2 b 0.5 b 
Corn SC 6.6 a 4.83 a 14.0 a 0.81 0.88 14.9 a 5.1 a 2.8 a 
Soy CS 6.8 a 4.59 a 3.8 a 0.56 0.81 11.5 ab 12.9 A 1.0 A 
Soy SS 6.9 a 4.57 a 11.3 a 0.56 0.75 10.4 b 13.2 A 1.0 A 

t Mean population size (n = 6 to 8) of total pseudomonads (Ps) and phlD-containing pseudomonads on colonized plants expressed as log CFU per gram of fresh
weight. 

u Means followed by the same letter are not statistically different among rotation treatments according to Fisher’s protected least significant difference (LSD) at P
< 0.05. 

v Proportion of root samples harboring population of phlD-containing pseudomonads at the abundance levels indicated. 
w Rotation sequences include continuous corn (CC), corn following soybean (SC), soybean following corn (CS), and continuous soybean (SS). 
x Percentage of Pseudomonas population harboring phlD. 
y Volumetric moisture (VM) content of bulk soil retrieved from plots at time of plant sampling for assessment of root colonization. 
z Means (n = 4 plots) followed by the same letter are not statistically different within a crop according to Fisher’s protected LSD at P < 0.05. 
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carbon content of the soils amended with the high rate of com-
post. In contrast, there was a positive correlation between pH and 
amount of total C in nonamended (r = 0.99, P = 0.0001) and low-
rate-amended (r = 0.81, P = 0.05) soils. The basic ions found to 
be correlated to pH and abundance of phlD+ bacteria in the 
ROTA study were significantly (P = 0.02 to 0.03) altered by com-
post additions. There was a significant, positive correlation 
between Ca content and rhizosphere abundance of phlD+ bacteria 
in plots amended with the high rate of compost. In contrast, there 
were no significant correlations between abundance of total 
pseudomonads and pH or any other soil chemical measured (P > 
0.25), suggesting that phlD+ subpopulations were relatively more 
sensitive to variations in soil chemistry in this study. 

Rhizosphere abundance of phlD+ pseudomonads in the 
STT. Chemical seed treatments affected the abundance of phlD+ 
Pseudomonas spp. in the rhizosphere of young field corn (Table 
6). Corn seed pretreated with Maxim and Lorsban gave rise to 
roots that were more abundantly colonized by native populations 
of phlD-containing bacteria in four of five field trials. The differ-
ence was significant overall (P < 0.08), but site-to-site variation in 
the relative abundance of phlD was even more significant (P < 
0.01). The incidence of roots colonized at >log 4.5 cells per gram 
fresh weight also was observed to be higher in the treated plots. In 
contrast, the total number of pseudomonads did not respond 
consistently to the seed treatment. 

Associations between average rhizosphere abundance of 
phlD pseudomonads and average stand and yield across 
rotation and tillage treatments. Crop stand is inversely related 
to damping-off disease pressure and, when significant variations 
in stand were noted, the relative abundance of phlD in the rhizo-
sphere of colonized corn and soybean also differed in no-till crop-
ping systems. In the LTT experiment (Table 1), few significant 

differences in stand were observed. Most notably, corn grown 
continuously (CCC) under no-tillage had significantly lower 
stands than corn grown in 2- and 3- year (CSC and COH, re-
spectively) rotations (P < 0.05) in 2005. The average abundance 
of phlD on colonized plants was also higher in the CCC no-till 
plots compared with the CSC and COH no-till plots (log 5.7 
versus log 3.4 and log5.3, respectively). Likewise, in the ROTA 
experiment (Table 2), CC had significantly lower stands than 
rotated corn in both years (P < 0.05 for each). Continuously 
cropped corn also tended to have larger populations of phlD+ 
pseudomonads in the rhizosphere of colonized plants, in terms of 
average abundance (log 4.6 versus log 4.5 in 2004, and log 5.0 
versus 4.8 in 2005) and percentage of cultured pseudomonads 
(17.4 versus 6.4 in 2004 and 28.7 versus 14.0 in 2005) (Table 2). 
Interestingly, soybean stands generally were lower following 
corn, indicating that elevated soil moisture levels and lower soil 
temperatures (data not shown) caused by the presence of corn 
residue probably led to increased damping-off disease pressure in 
the rotated compared with continuous plots. In 2004, the soybean 
plots that had significantly lower stands (P < 0.01) also tended to 
have larger populations of phlD+ pseudomonads, both in terms of 
average abundance (log 5.1 versus log 4.5) and percentage of cul-
tured pseudomonads (71.4 versus 15.1). This pattern was not 
observed in 2005, when differences in soybean stands were mini-
mal (i.e., 2% reduction in 2005 compared with 12% reduction in 
2004). 

In the tilled plots of the LTT, SCC, and STT experiments, 
associations between stand and phlD populations on colonized 
plants varied. In the LTT, tillage did not consistently alter corn 
stands or phlD populations relative to the no-till treatments (Table 
1). In the SCC experiment (Table 4), stands were lowest in the 
plots that did not receive the compost amendments (P < 0.05). 

TABLE 5. Correlations between soil properties and rhizosphere abundance of phlD+ pseudomonads associated with sweet corn roots in conventionally tilled 
plotsy 

Sampling, treatmentz pH C (%) N (%) Al (ppm) Ca (ppm) Mg (ppm) 

V2       
No compost –0.85 –0.86 –0.82 –0.69 –0.86 –0.63 
6 t ha–1 –0.32 –0.77 –0.81 0.51 –0.46 –0.73 
12 t ha–1 –0.55 0.36 0.32 –0.62 0.73 0.43 

V4       
No compost –0.85 –0.86 –0.82 –0.62 –0.86 –0.63 
6 t ha–1 0.11 0.20 0.01 –0.10 0.10 0.03 
12 t ha–1 –0.57 0.38 0.35 –0.64 0.76 0.46 

y Population size of phlD-containing pseudomonads on colonized plants expressed as log CFU per gram of fresh weight. Data are Pearson’s correlation coefficient 
(n = 6). Coefficients in bold indicate significant correlations (P< 0.05 ) and coefficients in italics are not significant (P > 0.2). 

z Plants were sampled at the early vegetative stages V2 and V4. Data sets included values for cvs. Ambrosia and Bodacious at V2 and Ambrosia and Kandy Korn
at V4 for each compost treatment (n = 6). 

TABLE 4. Effect of compost applications on abundance and incidence of phlD-containing pseudomonads and plant health in tilled sweet corn plotsu 

 Abundancev  Incidencew   

Sampling, treatmentx Total Ps phlD+ phlD+ (%)y ≥log 4.5 ≥log 3.5 VM (%)z Stand (plants m–1) 

V2        
No compost 6.42 a 4.76 a 3.7 a 0.17 0.50 16.5 c 5.64 a 
6 t ha–1 6.64 a 4.80 a 1.4 a 0.33 0.67 19.8 b 6.20 a 
12 t ha–1 6.27 a 4.85 a 3.0 a 0.33 0.50 22.5 a 6.02 a 

V4        
No compost 6.90 a 4.09 a 0.6 a 0.17 0.67 18.8 c 5.94 b 
6 t ha–1 6.61 a 4.11 a 0.6 a 0.17 0.83 22.3 b 6.65 a 
12 t ha–1 6.54 a 4.45 a 5.6 a 0.50 1.00 24.0 a 6.69 a 

u Compost was applied to plots 2 weeks prior to planting in 2004. Means followed by the same letter are not significantly different at P < 0.1. 
v Mean population size (n = 6) of total pseudomonads (Ps) and phlD-containing pseudomonads on colonized plants expressed as log CFU per gram of fresh 

weight. 
w Proportion of root samples harboring population of phlD-containing pseudomonads at the abundance levels indicated. 
x Plants were sampled at the early vegetative stages V2 and V4. Data sets included values for cvs. Ambrosia and Bodacious at V2 and Ambrosia and Kandy Korn 

at V4 for each compost treatment (n = 6). 
y Percentage of Pseudomonas population harboring phlD. 
z Volumetric moisture (VM) content of bulk soil retrieved from plots (n = 6) at time of plant sampling for assessment of root colonization. 
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The rhizosphere abundance of phlD+ pseudomonads tended to be 
lower in the nonamended plots during the early stages of growth 
and was largest in the most heavily amended plots, but these 
trends were not significant. In the STT experiment, chemical seed 
treatments led to more abundant rhizosphere populations of phlD 
and increased stands at four of the five sites (Table 6). However, 
the same patterns in both response variables were observed only 
at the Clarke, Crawford, and Darke County sites. Nonetheless, 
both the relative abundance of phlD and crop stands appeared to 
be higher in the plots receiving chemical seed treatments (P < 
0.03 and 0.11, respectively). 

With regards to crop productivity, the associations between 
average rhizosphere abundance of phlD on colonized plants and 
average corn yields varied by treatment and location. At the two 
sites located on the OARDC farm in Wayne County, there 
appeared to be an inverse association between mean rhizosphere 
abundance of phlD on colonized plants and corn yields when 
significant differences in yields were observed. Differences in 
corn yields generally were consistent with the hypothesis that 
rotation increases yields. In the LTT (Table 1), the 3-year (COH) 
rotations resulted in higher yields than corn grown continuously 
in the tilled (PT and MT) plots in 2004, and regardless of tillage 
treatment in 2005. Inversely, the average relative abundance of 
phlD on colonized plants tended to be higher where yields were 
significantly lower, regardless of the tillage regime applied; how-
ever, the variation in phlD abundances were not significant in the 
individual comparisons. Additionally, the COH rotation yielded 
more than the corresponding CSC rotation plots in 2005 and, 
again, the mean population size of phlD varied inversely with 
yield in the MT and PT plots. In the ROTA experiment (Table 2), 
the inverse association was clearly evident. The 2-year rotation 
with soybean resulted in higher corn yields compared with contin-
uous cropping in both years (P < 0.05 for both comparisons), and 
the proportion of pseudomonads containing the phlD gene tended 
to be higher on the lower-yielding corn. In contrast, there was a 
positive relationship between the abundance of phlD+ pseudomo-
nads and yield at the majority of sites examined in the STT 
experiment, where fungicide-treated seed generally yielded more 
than untreated seed (Table 6). This pattern was significant over 
the entire experiment (P < 0.04 for both variables), and it was 
observed at all sites, except the one in Wyandot County. At this 
site, the rhizosphere abundance of phlD was uniformly high in 
both treatments and the yields were also higher than at any other 
site. These sites also differed from the OARDC sites in that all 
plots received more fertilizer prior to planting. 

Statistical correlations between crop health measures and 
rhizosphere abundance of phlD+ pseudomonads within 
rotation treatments. Comparisons of mean estimates of phlD 
populations sizes and plant stand and yield between rotation 
treatments (Tables 1 and 2) hinted at quantitative relationships 
between the level of phlD colonization and measures of crop 
health. Because rotation sequence tended to differentially in-
fluence both phlD abundance and, in several cases, significantly 
influence plant stand and yield, correlation analyses were per-
formed. Multiple measurements obtained from each rotation treat-
ment separately were used to better estimate the rhizosphere 
abundance of DAPG producers and to better resolve the direction 
of the relationships between the abundance of phlD+ pseudomo-
nads and crop health measures. The results for the LTT and ROTA 
sites revealed three interesting patterns (Fig. 2). First, the correla-
tions between rhizosphere abundance of phlD+ Pseudomonas 
spp. and crop stand and yield were more positive in plots experi-
encing continuous cropping compared with rotated cropping. 
Overall, this pattern was observed in 10 of the 12 paired com-
parisons of correlation coefficients calculated for the LTT and 
ROTA experiments. Second, in corn, cropping history apparently 
affected the direction of the relationships. In CC, positive correla-
tions were found in seven of eight instances, three of which were 
clearly significant (P < 0.05 for each). However, in rotated corn, 
five of eight correlations were observed to be negative, particu-
larly with regards to the yields measured in 2005 (P < 0.1 for 
each). Third, in soybean, the measured associations between phlD 
abundance and crop stand and yield tended to be negative. In 
ROTA, seven of eight measured correlations were negative, and 
two were significantly negative (P < 0.10). In the SCC experi-
ment, compost applications led to greater stands which were 
positively correlated with the rhizosphere abundance of phlD, but 
the observed relationship was not statistically significant. Last, in 
the STT experiments, the abundance of phlD+ pseudomonads was 
positively correlated with overall crop stand (P < 0.03) and yield 
(P < 0.09). Although positive correlations in the STT generally 
were observed regardless of site or treatment, only the correlation 
with stand in fungicide-treated plots was significant (P < 0.04) 
when the data set was split into subsets for analyses. 

DISCUSSION 

Previously, multivariate analyses have shown that farm 
management practices can influence microbial community 
structure overall. For example, Spedding et al. (40) showed that 

TABLE 6. Effect of chemical seed treatment on abundance and incidence of phlD-containing pseudomonads and crop productivity of corn hybrid SC1091 planted
throughout Ohiow 

  Abundancex  Incidencey   

Site Treatment Total Ps phlD+ phlD+ (%)z ≥log 4.5 ≥log 3.5 Stand (plants m–1) Yield (t ha–1) 

Clark Treated 6.43 4.26 2.7 0.75 0.75 6.05 11.8 
 Untreated 6.40 3.86 3.5 0.25 0.75 5.81 10.5 
Crawford Treated 5.13 5.40 56.5 1.00 1.00 6.38 10.1 
 Untreated 5.54 5.13 31.6 1.00 1.00 5.82 9.7 
Darke Treated 5.72 5.17 17.5 1.00 1.00 6.29 11.5 
 Untreated 5.20 4.65 38.5 1.00 1.00 6.17 10.7 
Wood Treated 5.77 4.68 25.5 0.67 1.00 5.83 12.2 
 Untreated 5.08 4.00 12.7 0.67 1.00 5.92 11.8 
Wyandot Treated 6.27 5.53 14.1 1.00 1.00 6.25 12.5 
 Untreated 6.26 5.54 23.4 1.00 1.00 6.00 12.0 
All 5 Treated 5.81 a 5.03 a 25.3 a 0.88 0.95 6.09 a 11.6 a 
 Untreated 5.69 a 4.67 b 22.5 a 0.78 0.95 5.91 b 10.8 b 

w A treatment of Maxim+Lorsban was applied by the seed distributor prior to purchase. Plants were sampled at the early vegetative stages between V2 and V4.
Means for the same site followed by the same letter are not significantly different at P > 0.1 for each paired comparison. 

x Mean population size (n = 4 per site) of total pseudomonads (Ps) and phlD-containing pseudomonads on colonized plants expressed as log CFU per gram of 
fresh weight. 

y Proportion of root samples harboring population of phlD-containing pseudomonads at the abundance levels indicated. 
z Percentage of Pseudomonas population harboring phlD. 
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tillage and seasonal variation can alter soil microbial community 
structure as measured by phospholipid fatty acid analyses. 
Changes in soil populations might reasonably be expected to alter 
rhizosphere community structure to some degree and, indeed, 
crop rotations have been shown to alter bacterial community 
structure in the rhizosphere of corn (1). Diverse soil and root-as-
sociated microbial populations affect crop health, either positively 
or negatively (13). However, to understand the contributions of 
each population to crop health under diverse growing conditions 
is a formidable task. Here, in a series of field experiments, we 
found that farm management practices measurably affected the 
rhizosphere incidence and relative abundance of phlD+ pseudo-
monads in subtle, complex, but quite reproducible ways. Because 
the population responses were typically less distinct than the crop 
health effects influenced by the farm management practices 
examined, native populations of phlD+ pseudomonads predict-
ably account for only a small portion of the variance in crop 
health, at least in corn and soybean. 

In this study, the responses of the native rhizosphere Pseudo-
monas spp. and phlD+ subpopulations thereof to farm practices 
was examined. In most individual experiments, the magnitude of 

variation in the abundance of phlD was small and not statistically 
significant. Clearly, individual sample sizes for each experimental 
treatment were quite small, and this greatly limited the statistical 
power of each analysis. Nonetheless, we noted recurring patterns 
of responses to farm management across multiple field sites and 
across multiple years. For example, corn grown in 2-year rota-
tions had fewer phlD+ pseudomonads in their rhizosphere than 
corn grown continuously. This response was observed in both 
years in the untilled plots of both the LTT (Table 1) and ROTA 
(Table 2) experiments. Likewise, at four of five locations, roots 
developing from untreated seed harbored fewer phlD+ than roots 
developing from seed pretreated with a standard fungicide and in-
secticide mix (Table 6). We also identified a complex interaction 
between cropping sequence and tillage that led to reproducible 
patterns of rhizosphere abundance of phlD (Fig. 1). The presence 
of the interaction at this site indicates that the effect of tillage is 
dependent on cropping sequence. For example, rhizosphere 
populations of phlD+ pseudomonads were relatively invariant to 
tillage practice in continuously cropped corn plots, whereas 
abundance of these beneficial bacteria was lower on corn roots 
following a soybean season in undisturbed versus disturbed soils. 

 

Fig. 2. Correlations between crop health measures (stand or yield) and the rhizosphere abundance of phlD+ pseudomonads (log10 CFU g–1 of root) on corn and 
soybean roots obtained from the corn-soybean rotation treatments of the LTT and ROTA studies in 2004 and 2005. Rotation treatments were continuous corn (CC), 
corn following a soybean season (SC), soybean following a corn season (CS), and continuous soybean (SS). The data sets for LTT included no-till and tillage 
treatments for each rotation. Significant correlations for individual rotation treatments are noted at P < 0.05 (**) and P < 0.10 (*). 
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The magnitude of the observed responses was generally on the 
order of a twofold variation in relative abundance. The 
rhizosphere abundance of DAPG producers previously was shown 
to vary by plant species and soil source, whether grown in the 
greenhouse (4,9,36) or the field (28). In all of those studies, the 
magnitude of the noted variations was similar to that noted here in 
response to farm management practices. Similar subtle variations 
in the abundance of diverse soil microbes, including culturable 
Pseudomonas populations, have been observed in response to 
crop rotations, and those differences have been linked to variation 
in soilborne diseases of potato (19,21). The reproducibility of the 
observed responses across sites and years indicates that the 
choices made by farm managers will affect the ability of native 
biocontrol populations (such as DAPG-producing pseudomonads) 
to successfully colonize crop roots and raises the question of how 
those choices determine crop responses to native and applied 
biocontrol agents. 

Much practical experience has shown that tillage, rotations, 
organic amendments, and chemical seed treatments can minimize 
soilborne disease pressure and, thereby, increase stands and yields 
of corn and soybean (15). In this study, these practices 
significantly increased overall stands or yields of corn in the LTT, 
ROTA, SCC, and STT plots. In contrast to the more subtle re-
sponses of phlD+ pseudomonads described above, crop responses 
to rotation, organic amendments, and chemical seed treatment 
generally were significant at the individual trial level (Tables 1, 2, 
4, and 6). Therefore, crop health, measured as both stand and 
yield, was more predictably responsive to farm management 
practices than rhizosphere populations of phlD+ pseudomonads. 
Therefore, do native populations of DAPG-producing Pseudomo-
nas spp. significantly contribute to disease suppression? The data 
presented here and in previous studies indicate that the answer is 
yes, but the quantitative relationship can vary significantly in a 
context-dependent way. For example, we found that rhizosphere 
abundance was greater in treatments where damping-off disease 
pressure was greatest in the ROTA plots (Table 2). Such a result is 
consistent with previous work indicating that wheat root infec-
tions by the take-all fungus harbored more DAPG producers than 
those not infected (29). In contrast, previous studies comparing 
plants grown in soils varying in their disease-suppressive potential 
indicated that the relative abundance of phlD+ pseudomonads 
generally was greater in soil suppressive to take-all, a phenome-
non arising from variation in cropping history (9,34). Likewise, 
some treatments that reduced damping-off and generally im-
proved crop health in the SCC (Table 3) and STT plots (Table 6) 
also were observed to increase the abundance of native phlD+ 
pseudomonads. Thus, farm management can have a profound ef-
fect on the relationship between rhizosphere colonization by na-
tive populations of DAPG-producing pseudomonads and crop 
health. Correlation analyses were performed to determine the fre-
quency with which native populations of DAPG producers might 
positively contribute to crop health. Interestingly, the correlations 
between the rhizosphere abundance of phlD and crop health 
measures (i.e., stand and yield) were relatively consistent within 
individual treatments but differed markedly by crop. 

For corn, positive correlations between rhizosphere abundance 
of phlD and crop health measures generally were observed in 
individual treatments of the different experiments. These patterns 
were observed at multiple sites and multiple years. In both the 
LTT and ROTA plots, the measured correlations were more fre-
quently positive for continuous corn than rotated corn (Fig. 2), 
even though the latter treatment generally had higher stands and 
yields (Tables 1 and 2). The stronger association between the 
relative abundance of phlD and crop health in plots experiencing 
more disease pressure may indicate that native populations of 
DAPG producers increase in response to root damage. Previously, 
it was noted that phlD+ populations were more abundant in 
diseased compared with healthy rhizospheres of wheat (29) and 

expression of the phl genes was elevated in Pythium-infected corn 
and cucumber (32). However, in the STT experiment, the correla-
tions were stronger for chemically treated seed (r = 0.54, P < 
0.04) than untreated seed (r = 0.22, not significant), which 
generally had lower stands (Table 6). A positive correlation also 
was observed in the SCC experiment at the V2 but not the V4 
sampling (data not shown), which might indicate that DAPG 
producers are more important at earlier growth stages. Indeed, the 
abundance per gram fresh weight was higher at the earliest stages 
of growth in both the SCC and ROTA plot. Such ontogenic varia-
tion in corn colonization has been reported previously for corn 
grown in the greenhouse (33). 

In soybean, the correlations between the rhizosphere abundance 
of phlD and crop health generally were negative in the ROTA 
experiment (Fig. 2). The broader significance of this relationship 
is unknown; however, negative correlations also were observed 
with the stands (r = –0.58, P < 0.02) and yields (r = –0.29, not 
significant) of organic soybean fields surveyed in 2005 (data not 
shown). These negative correlations may indicate that the 
increases of native phlD+ populations to root infections are not 
sufficient to suppress subsequent disease development, as seems 
to be the case in monocot systems noted above. Previously 
Ramette et al. (36) noted that there was not a consistent relation-
ship between rhizosphere abundance of phlD+ pseudomonads 
(measured with another method) and suppression of tobacco root 
rot in greenhouse trials. It may be that native populations of 
DAPG producers are not able to expand as rapidly in dicot root 
systems due to differences in rhizosphere structure or chemistry. 
Further work will be necessary to determine whether the observed 
associations occur on different crops and different environments, 
where soilborne pathogens may differ significantly from those 
affecting corn and soybean in Ohio. 

The reason for the inverse associations between crop health and 
the rhizosphere abundance of phlD on corn and soybean is 
unclear. However, it is well known that rhizosphere microbial 
community structure differs significantly between crops and soils 
(13), and such variation has been noted for DAPG-producing 
Pseudomonas spp. that colonize field-grown corn and soybean 
(28). The observed inverse associations may simply indicate that 
the relative contribution of DAPG producers to crop health varies 
by plant species. We hypothesize that the relatively infrequent 
colonization of soybean by native populations probably only 
occurs following infections, and field trials testing this hypothesis 
are currently underway (R. Raudales and B. McSpadden Gardener, 
unpublished results). Additionally, we recently have observed that 
soybean responded much more positively to inoculation with 
phlD+ pseudomonads than corn (24,25, unpublished results). 
Although somewhat incidental, the enhanced inoculant respon-
siveness of soybean relative to corn further indicates that native 
populations of DAPG producers do not typically colonize and 
protect soybean from root pathogens. 

With the exception of the CC plots, the correlations between 
soil pH and abundance generally were negative (Table 3 and 5). 
These findings generally contrast with previous work that 
demonstrated that rhizosphere populations of seed-inoculated 
Pseudomonas fluorescens F113 on pea (log 6.6 CFU g–1 of soil) 
(30) and P. fluorescens P5 on sugar beet (log 5.8 CFU plant–1) 
(39) were more abundant when grown in soils with higher pH (6.4 
and 6.3, respectively) compared with more acidic soils. Interest-
ingly, DAPG is most active against Pythium spp. under acidic 
conditions, especially with a pH < 6.5 (8). Thus, although rhizo-
sphere populations of DAPG producers generally may be lower in 
acidic soils, their suppressive activity may be greater. This con-
clusion is supported by our observations that, where pH was lower 
in the ROTA plot (i.e., the CC plots), the correlation between crop 
health and the abundance of phlD was most positive (Fig. 2). 

In the SCC experiment, organic amendments significantly in-
creased soil fertility relative to the control plots, while only 
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marginally increasing the incidence of root colonization by pseu-
domonads capable of producing DAPG. Thus, phlD+ bacteria 
probably did not contribute to a great extent to the measured 
improvement in crop health and vigor in the SCC. Nonetheless, 
the observed increases in the nutrient contents of amended soils 
may have altered DAPG production. Increased levels of minerals, 
primarily Zn, have been associated with increased production of 
the DAPG in artificial media (11). However, here, soil Zn was not 
found to be correlated to rhizosphere abundance. Organic amend-
ments can be used to suppress pathogens (2). However, crop re-
sponses reflect complex composition of the substrate (16) and 
multifactorial interactions among soil components (41). For 
example, in a 5-year vegetable cropping systems trial in 
Wisconsin, additions of composted paper mill residuals signifi-
cantly altered a suite of soil physical and chemical properties 
(12), which together explained the majority of the variation in the 
amount of foliar disease experienced by the crops (37). Moreover, 
with successive annual applications of the amendment, soil condi-
tions changed substantially over time (31) and those changes 
paralleled the temporal shift from a condition of suppression to 
enhanced disease. With regard to soilborne pathogens, Pythium 
spp. frequently are suppressed by the addition of composts; how-
ever, other pathogens, such as Rhizoctonia solani, are not (16,38). 
Recent work by Scheuerell et al. (38) indicated that suppression 
of Pythium spp. was associated with ammonia volatilization from 
compost amendments, but that no other single soil chemical 
factor, such as those measured in this study, could be associated 
with damping-off disease suppression. Collectively, these findings 
underscore the challenge of teasing apart the individual effects of 
compost constituents on both plant health and the microbes that 
can affect it. 
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