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Abstract Sorghum is used as bioenergy feedstock, an-
imal feed, and food. Economical methods for disease
prevention and control are valuable for producers.
Fluorescent Pseudomonas spp. were isolated from sor-
ghum roots and surrounding soil with the goal of finding
isolates that significantly inhibited sorghum fungal
pathogens. Fluorescent pseudomonads were collected
from seedlings of sorghum cultivars RTx433 and
Redlan and wheat cultivar Lewjain, grown in two soils.
Lewjain is known to support growth of producers of the
antibiotic, 2,4-diacetylphloroglucinol (2,4-DAPG).
Isolates from all three plants were assessed for hydrogen
cyanide (HCN) and extracellular protease production,
and for a 2,4-DAPG gene, phlD. Both soil type and
plant type affected HCN- and protease-production, but
phlD was not affected. Subsets of phlD+ isolates were
chosen to determine phlD genotypes and to conduct in

vitro inhibition assays against sorghum pathogens. Most
isolates from sorghum and wheat were genotype D,
previously associated with superior root colonization.
phlD+ sorghum isolates were co-cultured with five sor-
ghum pathogens. One isolate from each sorghum line
exhibited inhibition to all five pathogens but more
Redlan isolates were inhibitory to the virulent pathogen,
Fusarium thapsinum, than RTx433 isolates. Nearly all
inhibitory isolates from either sorghum cultivar were
from one soil type. This is consistent with what had been
previously observed in field studies: that soil type played
a significant role in determining characteristics of fluo-
rescent Pseudomonas spp. isolated from roots or soil, but
sorghum genotype also had a considerable effect.

Keywords 2,4-diacetylphloroglucinol .Fusarium
thapsinum . Plant genotype . Soil type . Rhizobacteria .

Sorghum bicolor (L.) Moench

Abbreviations
2,4-DAPG 2,4-diacetylphloroglucinol
FIA Fungal inhibition assay
PDA Potato dextrose agar
phlD 2,4-diacetylphloroglucinol

biosynthetic gene

Introduction

Sorghum [Sorghum bicolor (L.) Moench] is fifth
among six principal cereal crops in the world. In the
United States, the grain is important for livestock and
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poultry feed, but it is a food staple in large portions of
semi-arid tropical Africa and Asia. Food-grade sor-
ghum is also utilized throughout the world because it
is gluten-free, and contains a high concentration of
beneficial phytochemicals (Asif et al. 2010). The
grain, fodder (leaves and stalks from grain or forage
sorghum) or juice (from sweet sorghum) can serve as
feedstock for bioenergy production (Sarath et al.
2008). As well as being versatile, this C4 crop is
drought and heat tolerant, and therefore can be grown
under marginal rainfall conditions without irrigation
(Dogget 1988). Because of the value of sorghum for
bioenergy feedstock and animal feed, and a food staple
in cultures worldwide, it is important to identify prac-
tical and low cost methods for prevention and control
of diseases.

Different plant genotypes can affect populations of
rhizobacteria or other microorganisms that are antago-
nistic to soil-borne pathogens (Cook 2007). In contrast
to well-studied crops such as wheat or flax, that are often
grown in continuous monoculture season upon season,
sorghum production often occurs in rotation cropping
systems (Dogget 1988). Whether some sorghum geno-
types induce the growth of beneficialPseudomonas spp.
that help protect sorghum against pathogens within a
single season, remains to be determined. The use of such
genotypes would ameliorate or prevent seedling, root,
crown, or stalk diseases, and their possible effects on
grain yield and quality. Fungal pathogens in the genus
Fusarium spp. can infect sorghum at several stages of
development causing seedling infection, stalk rot or grain
mold disease, (Williams and Rao 1978). Curvularia
lunata (Wakker) Boedijn 1933 and Alternaria alternata
(Fr.) Keissl. 1912 also cause grain mold disease, while
Macrophomina phaseolina (Tassi) Goid. 1947 causes
charcoal rot of stalks primarily in drought-stressed plants
(Williams and Rao 1978).

Rhizosphere-inhabiting fluorescent Pseudomonas
spp. have been shown to produce compounds antagonis-
tic to rhizosphere or soil-inhabiting pathogens. For
example, suppression of wheat take-all disease is asso-
ciated with a shift in wheat rhizosphere bacterial popu-
lations such that Pseudomonas spp. producing the
antibiotic 2,4-diacetylphloroglucinol (2,4-DAPG) domi-
nate (Raaijmakers and Weller 2001). Pseudomonas spp.
have other mechanisms to enhance inhibition of soil
fungi such as production of hydrogen cyanide (HCN)
(Laville et al. 1992), or extracellular proteases (Anderson
et al. 2004). Expression of genes contributing to

biological control traits, such as production of antago-
nistic secondary metabolites, persistence in soil, or su-
perior root colonization, involves global regulators that
enable response to environmental changes (Weller
2007).

Previously, fluorescent Pseudomonas spp. isolated
from soil during cycling of sorghum seedlings in crop
sequences with wheat, and from roots and soil from
field-grown plants during the growing season, were
characterized for HCN and protease production and for
genes for antibiotic production (2,4-DAPG and phena-
zine) (Funnell-Harris et al. 2008, 2010). Sorghum
genotypes Redlan and RTx433 appeared to affect
Pseudomonas spp. but these affects were strongly mit-
igated by environmental factors such as crop sequence,
soil type or irrigation (Funnell-Harris et al. 2008, 2010).
Redlan and RTx433 seedlings maintained rhizosphere
populations of two rifampicin-marked Pseudomonas
biocontrol strains from wheat, at levels similar to the
wheat cultivar, Lewjain (Funnell-Harris et al. 2008).
Taken together, these results indicate that sorghum gen-
otypes may affect the selection and persistence of
Pseudomonas spp., which have the potential to amelio-
rate sorghum diseases. In the present study, the follow-
ing two hypotheses were tested. First, sorghum
genotype influenced traits of fluorescent Pseudomonas
genotypes found in rhizospheres or soil. Second, fluo-
rescent Pseudomonas spp. isolated from sorghum roots
or soil could significantly inhibit fungal pathogens of
sorghum.

Materials and methods

Growth chamber sorghum and wheat seedling cycling

Cycling of sorghum and wheat seedlings was conducted
as previously described (Funnell-Harris et al. 2010).
Sorghum grain of cultivars Redlan and RTx433 were
produced in greenhouses at University of Nebraska,
Lincoln (UNL). Grain of wheat cultivar Lewjain was
obtained from K. Garland-Campbell (USDA-ARS,
Pullman, WA). Redlan and RTx433 were chosen for
this study because they were previously shown to differ
in root exudation among 25 elite sorghum lines, based
on in vitro assays (Nimbal et al. 1996). Lewjain was
chosen because previous work indicated that it sup-
ported growth of 2-4-DAPG fluorescent Pseudomonas
spp. (Mazzola et al. 2004).
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Soil used was collected from post-harvest sorghum
plots at UNL research fields at Lincoln (2008) and
Ithaca (2007), NE, as previously described (Funnell-
Harris et al. 2010). Soil at Lincoln was a Kennebec silt
loam, a fine-silty, mixed, superactive, mesic Cumulic
Hapladolls. Fields at Lincoln were not irrigated. Soil at
Ithaca was a Tomek silt loam, a fine, smectitic, mesic
Pachic Ariguidolls and the fields were irrigated. The
field at Lincoln had the following cropping sequence
prior to planting sorghum in 2008: sorghum and soy-
bean rotation from 2000 to 2005, then maize (2006)
and soybean (2007). The field at Ithaca had the fol-
lowing cropping sequence prior to planting sorghum
in 2007: oats (2000) then wheat (2001) followed by
soybeans and sorghum in rotation.

To start cycling, 28 Ray Leach Cone-tainers™
(Stuewe & Sons, Inc., Corvalis, OR) were planted with
each of two sorghum genotypes, Redlan and RTx433,
and wheat cultivar, Lewjain. Following planting, 10 to
15 ml of one-third-strength Hoagland’s solution lacking
minerals, prepared in sterile filter-purified water
(Labconco, Kansas City, MO), was applied to each
Cone-tainer. Seedlings were grown for 4 weeks in a
growth chamber, 22 °C with 12 h light, with 10- to 15-
ml applications of sterile filter-purified water three times
per week. At the end of 4 weeks (cycle 1), seven
randomly-chosen plants of each genotype were har-
vested. Roots, which included adhering soil, were asep-
tically snipped into 1-cm pieces and a 1-g sample from
each plant was analyzed, as well as two 1-g soil samples
from each Cone-tainer. For the remaining Cone-tainers,
aerial plant parts were removed. Soils fromCone-tainers
with the same sorghum genotype, or wheat, were com-
bined in a surface-sterilized tub, mixed, and replaced
into the same Cone-tainers, which were planted with the
same sorghum genotype or wheat (cycle 2). The process
was repeated until four cycles were completed. Two
repetitions of the experiment were conducted. The first
repetition, using soil collected from Ithaca, NE,
consisted of four 4-week cycles, with seven replicate
Cone-tainers for each treatment (Redlan, RTx433 or
Lewjain), per cycle. The second repetition was
conducted similarly except using soil collected at
Lincoln, NE.

Prior to planting the experiment (soil samples from
bulk soil), and at the end of each cycle (root and soil
samples from each plant), numbers of fluorescent
Pseudomonas spp. were determined as described in a
previous publication (Funnell-Harris et al. 2010).

Briefly, soil or root samples were suspended in sterile
filter-purified water and dilutions were prepared in sterile
filter-purified water. For each Cone-tainer, 1 g fresh
weight of roots (if available) were suspended and diluted
and three aliquots were plated from each dilution. Two
soil samples were also taken and individually suspended
and diluted and one aliquot was plated from each dilu-
tion. Aliquots from root- or soil-suspensions were spread
onto King’s B agar medium (KB) amended with ampi-
cillin (100 μgml−1), cyclohexamide (100 μgml−1) and
chloramphenicol (13 μgml−1) (KB+). Antibiotics were
purchased from Sigma Aldrich (SA; St. Louis, MO).
Fluorescing colonies, as determined using UV light,
were counted and fluorescent Pseudomonas spp. colony
forming units (cfu) per gram of fresh soil or roots was
determined for each plant. Numbers of Pseudomonas
isolates (cfu) per gram soil collected at Ithaca, NE during
2007, and cfu per gram roots or soil during cycling, were
previously used in analyses in Funnell-Harris et al. 2010.

For each cone, up to 10 (Ithaca soil) or 15 (Lincoln
soil) Pseudomonas isolates were collected from root and
soil dilution plates. If isolates recovered were numerous,
then isolates were randomly chosen from dilution plates;
otherwise, all single colonies were transferred to KB
agar medium for further analyses. Over 1,800 root iso-
lates and 1,700 soil isolates were analyzed for the pres-
ence of the phlD gene and for extracellular protease
activity using previously-described protocols (Funnell-
Harris et al. 2010). The isolates also were analyzed
for HCN production. To detect HCN, a previously-
described protocol (Funnell-Harris et al. 2008), or a
modification of this protocol, was used. For the modi-
fied protocol, HCN screens were conducted in 48-well
plates (Costar plate 3548, Corning Incorporated,
Corning, NY). Each well was filled with 1 ml of 2 %
peptone [Becton, Dickinson and Co. (BD), Sparks, MD,
USA] agar. Whatman 3MM Chr blotting paper
(Whatman International, Ltd., Maidstone, GB), cut to
fit under the plate lid, was applied with detection reagent
(0.025 g copper (II) ethylacetoacetate, 0.025 g 4,4’
methylene bis, and 10 ml chloroform; Castric and
Castric 1983) and dried. For each Pseudomonas isolate,
small amounts of bacteria (1 mm diameter) from a 48- to
72-h KB agar culture was transferred to the center of
agar medium in three wells. The treated blotting paper
was placed over the wells and the plate was covered
with the lid then incubated at 35 °C for 3 h. The positive
control, Pseudomonas protegens isolate, NRRL B-
23932 [also known as “Pf-5,” formerly identified as
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Pseudomonas fluorescens (Ramette et al. 2011)]
(USDA-ARS, National Center for Agricultural
Utilization Research (NCAUR), Peoria, IL), was
included, in triplicate, on each plate. Discolouration of
the blotting paper above the well indicated HCN
production.

Statistical analyses for numbers of fluorescent
Pseudomonas spp. were conducted using the PROC
GLIMMIX procedure of SAS/STAT software ®1 (SAS
2002–2008). In the model statement, the DIST =
GAMMA option was used to specify a gamma probabil-
ity distribution, because the data were not normally dis-
tributed, and the LINK =LOG option was used to specify
the link function. In the LSMEANS statement of the
model statement, the ILINK option was used to calculate
least squares means (LSM) and standard errors (SE) in
the log scale. To compare fluorescent Pseudomonas lev-
els in soils prior to planting to those after the first cycle,
subsample was treated as a random variable. For analyses
of numbers of root- and soil-associated fluorescent
Pseudomonas, Cone-tainer was treated as a random var-
iable, and root and soil numbers were analyzed separately
for each soil (Lincoln or Ithaca). To compare percents of
root- and soil-associated fluorescent Pseudomonas hav-
ing each trait (HCN, protease and phlD) the PROC
MIXED procedure of SAS/STAT software was utilized
with the DDFM = KR option in the model statement.
Cone-tainer was treated as a random variable. Root or
soil (Ithaca or Lincoln) data for a given trait from both
soils were combined and soil was treated as a fixed effect.

RFLP analysis of phlD from root and soil isolates
obtained from Lewjain, RTx433 and Redlan grown
in two soils

Pseudomonas isolates chosen for restriction fragment
length polymorphism (RFLP) analysis of the phlD gene
are indicated in Table 1 under “RFLP”. Included in the
analyses were the previously characterized biocontrol
strains Pf-5 (genotype A), obtained from NCAUR, and
P. fluorescens isolate Q2-87 (genotype B) and
Pseudomonas brassicacearum isolate Q8r1-96 (Loper
et al. 2012) (genotype D), kind gifts from M. Mazzola
and L. Thomashow, respectively. DNA was extracted
from each isolate as previously described (Funnell-

Harris et al. 2010) or, for a few recalcitrant isolates,
using the MOBIO UltraClean Microbial DNA
Isolation Kit (MOBIO Laboratories, Inc., Carlsbad,
CA, USA). PCR amplifications of a fragment of the
phlD gene from 1 μl of diluted DNA were carried out
in 50 μl volumes using 2.5 units of AmpliTaq Gold®
(Applied Biosystems, Branchburg, NJ) with 1 X Buffer
II, 1.5 mMMgCl2, 100 μM of each dNTP (GeneAmp®
dNTP Blend, Life Technologies, Grand Island, NY) and
10 pmole primers B2BF and BPR4 (McSpadden
Gardener and Weller 2001). Reaction conditions were
94 °C for 5 min., then 35 cycles of 94 °C for 1 min.,
55 °C for 45 s and 72 °C for 1 min., followed by an
extension at 72 °C for 7 min. Presence of a single band
from each reaction was confirmed by size-fractionation
on 2 % agarose gels made with 0.5 X tris-borate-EDTA
(TBE) and visualization by staining with ethidium bro-
mide (EtBr). Occasionally, quantity of the PCR-
amplified DNA was inadequate for conducting restric-
tion digests. In these cases, the amplified product was
purified and concentrated using Amicon Ultra-0.5 Filter
Devices (Millipore, Billerica, MA) and 1μl of the eluent
was subjected to amplification using the reaction and
conditions described above.

Restriction digests were conducted using 240 ng
DNA for each reaction in 10 μl volume. Reactions with
HaeIII and MspI were carried out according to manufac-
turers’ recommendations while reactions with TaqαI
were carried out at 60 °Cwith 1 X bovine serum albumin
added. Restriction enzymes were purchased from New
England Biolabs (NEB; Ipswich, MA). Digested DNA
was size-fractionated in 3 % agarose (10 cm by 15 cm)
gels [2 % UltraPure™ Agarose (Invitrogen, Carlsbad,
CA, USA) with 1%Certified™ PCR LowMelt Agarose
(Bio-Rad Laboratories, Hercules, CA, USA)], prepared
with 0.5 X TBE, for 90 min. at 40 milliamps. Digested
DNAwas visualized by staining with EtBr and a digital
image was created and band-sizes estimated, using the
BioRad ChemiDoc XRS + molecular imager with
BioRad Image Lab v. 3.0 imaging software. To deter-
mine phlD genotypes, RFLP patterns were compared
with those of the three biocontrol strains and with others
previously described (McSpadden Gardener and Weller
2001; Landa et al. 2002).

To confirm genotypes of four isolates that were am-
biguous following RFLP analysis of phlD, amplified
ribosomal DNA restriction analysis (ARDRA) was per-
formed. Included were strains Pf-5 (ARDRA genotype
A) and Q2-87 (ARDRA genotype B). Reaction mixtures

1 SAS and all other SAS Institute Inc. product or service names
are registered trademarks or trademarks of SAS Institute Inc. in
the USA and other countries. ® indicates USA registration.
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were prepared as described above except using primers
8F and 1492R (McSpadden Gardener et al. 2000) and
conditions were as follows: a 5-min incubation at 94 °C
then 40 cycles of 94 °C for 30 s, 56 °C for 45 s and 72 °C

for 2 min, then after cycling, an additional 7-min exten-
sion at 72 °C. Restriction digests were performed using
the enzymes AluI, RsaI, Hinf1, DdeI and the double
digest HaeIII with HhaI. All enzymes were purchased

Table 1 Fluorescent
Pseudomonas isolates used
in this study

Isolates collected from roots or
soil of individual plants of wheat
cultivar Lewjain (L), and
sorghum cultivars Redlan (R)
and RTx433 (T), grown in num-
bered Cone-tainers for 4 weeks.
At the end of 4 weeks (cycle 1)
roots and soil from randomly
chosen Cone-tainers were sam-
pled for fluorescent
Pseudomonas spp.
(see “Materials and Methods”).
Soil in remaining Cone-tainers
was replanted with the same
plant species and cultivar
(cycle 2). A total of four cycles
(1, 2, 3 and 4) were conducted
aDetection (+) or absence (−) of
hydrogen cyanide (HCN) pro-
duction, extracellular protease
activity and of the phlD gene
are indicated
b“X” indicates that isolate was
used in restriction fragment
length polymorphism (RFLP)
analysis of phlD gene or in the
fungal inhibition assays (FIA)
cThe first part of the isolate num-
ber indicates field from which
soil was obtained [Havelock in
Lincoln, NE (H) and Mead, near
Ithaca, NE (M)] and year soil
was collected. The second part
indicates the Cone-tainer num-
ber from which roots (R) or soil
(S) was obtained. The third part
is the number assigned the iso-
late from those collected

Isolatea Cycle Plant Sample Traitb Analysisc

HCN Protease phlD RFLP FIA

Soil from Lincoln, NE

H08-1S-12 2 R Soil + − + X

H08-15R-13 4 R Root + + + X X

H08-15S-9 4 R Soil + + + X X

H08-18R-6 2 R Root + + + X X

H08-18R-14 2 R Root − + + X X

H08-21R-8 4 R Root − + + X X

H08-23S-10 1 R Soil − + + X X

H08-24S-3 1 R Soil − − + X

H08-25S-8 2 R Soil − − + X

H08-27R-9 4 R Root − + + X

H08-27S-4 4 R Soil − + + X X

H08-28R-14 1 R Root − + + X X

H08-30R-6 4 L Root − − + X

H08-30R-13 4 L Root − + + X

H08-38S-10 2 L Soil − + + X

H08-47R-5 3 L Root − + + X

H08-57R-2 3 T Root + − + X X

H08-63R-15 4 T Root − + + X X

H08-63S-10 4 T Soil − + + X

H08-67R-4 4 T Root + + + X X

H08-82R-10 2 T Root − + + X

Soil from Ithaca, NE

M07-3R-3 2 L Root − + + X

M07-14S-2 4 L Soil − − + X

M07-21R-1 2 L Root − + + X

M07-21R-9 2 L Root − + + X

M07-30S-3 4 R Soil − + + X X

M07-31S-1 2 R Soil − − + X

M07-42R-1 3 R Root − + + X

M07-53S-4 2 R Soil − − + X

M07-53S-5 2 R Soil − + + X

M07-63S-9 4 T Soil + + + X

M07-72R-1 3 T Root − + + X

M07-72R-2 3 T Root − + + X

M07-77R-8 2 T Root − + + X

M07-80R-10 2 T Root − + + X X

M07-81R-1 3 T Root − − + X
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from Invitrogen except HaeIII, which was purchased
fromNEB. Restriction digests were performed according
to manufacturers’s instructions; the Invitrogen buffer was
used in the HaeIII/HhaI digest. DNA was size-
fractionated in 2 % agarose gels and visualized as de-
scribed above.

Co-culturing of fluorescent Pseudomonas isolates
with sorghum fungal pathogens

Bacterial isolates tested against fungal pathogens are
listed in Table 1 under FIA (fungal inhibition assay).
Included were Q8r1-96 and Escherichia coli Rosetta™
(Novagen®, EMD Chemicals, Inc. Gibbstown, NJ).
Fungal isolates were the charcoal rot pathogen M. pha-
seolina (MP01-001, a kind gift from G. Odvody), the
grain mold and stalk rot pathogens, Fusarium verticil-
lioides (Sacc.) Nirenberg 1976 (M-1141, purchased from
Fusarium Research Center, Penn State University,
University Park, PA) and Fusarium thapsinum Klittich,
J.F. Leslie, P.E. Nelson &Marasas 1997 (H03-11-9), and
the grain mold pathogens A. alternata (H02-755S) and
C. lunata (LP09-01; a kind gift from L. Prom).

A preliminary test using Q8r1-96 and F. verticil-
lioides was conducted on three media: one-half
strength potato dextrose agar (PDA; prepared with
potato dextrose broth, BD) nutrient broth (SA) yeast
extract (Fisher, Fair Lawn, NJ) agar and one-half
strength tryptic soy (BD) agar. Whether considering
challenge by the bacterium or the water control, the
fungus grew significantly better, as measured by radial
growth, on PDA than the other two media (P≤0.01).
Thus, the conditions of the experiment were designed
to favour fungal growth.

The experiments were conducted in the following
way. Each bacterial isolate was grown overnight at room
temperature in Kings B broth without antibiotics.
Bacteria were washed by pelleting the cells by centrifu-
gation (5,100 × g at 4 °C for 15 min), resuspending in
sterile purified water and pelleting again by centrifuga-
tion. The cells were resuspended in sterile purified water
and cells ml−1 was estimated by determining A600 spec-
trophotometrically. Cells were diluted to 2×1010 colony
forming units (cfu) per ml. The medium, PDA, was
prepared in 60-mm Petri dishes. Five μl of a bacterial
suspension was spotted 2 mm from one edge, while 5 μl
of sterile purified water was spotted 2 mm from the
opposite edge. The plates were incubated at 28 °C for
48 h, at which time the centre of the plate was inoculated

with a 3-mm diameter agar plug with actively-growing
fungal mycelia, taken from the edge of a three-day-old
PDA culture grown at room temperature. The plates
continued to be incubated at 28 °C for 3 days. The plates
were scored under a dissecting microscope, by deter-
mining the radial growth (distance from the mycelial
edge of the fungal colony to the centre of the plate) on
the bacterial side and the water side of the plate.

Bacterial isolates obtained from sorghum cv. Redlan
(roots or soil) were tested as a group (14 isolates) and
bacterial isolates obtained from cv. RTx433 were tested
as a group (10 isolates), along with Q8r1-96 and E. coli,
by co-inoculating with each fungus in separate assays.
For each assay, four PDA plates were inoculated with
each bacterial isolate and each assay was conducted
twice. Mean differences between fungal radial growth
on the bacterial side versus the water side were calcu-
lated and compared against mean differences in radial
growth on E. coli-fungal co-cultures, using the contrast
function in the PROCMIXED procedure of SAS/STAT
software® (SAS 2002–2008). For a given fluorescent
pseudomonad, if the difference was greater than that of
the E. coli co-culture, and 0.06≤P≤0.15, then “+” was
assigned. If the mean difference in radial growth due to a
fluorescent pseudomonad was greater than that of E.
coli, and P≤0.05, “++”was assigned. Comparisons also
were made with mean radial growths on the water side
of the co-cultures with fluorescent Pseudomonas iso-
lates with that of co-cultures with E. coli, again, using
the contrasts function in the PROC MIXED procedure,
to assess whether the presence of the pseudomonad
affected the radial growth of the fungus at a distance
(approximately 28 or more mm). When radial growth
was significantly less (P≤0.05) than those of the water
side of E. coli co-cultures, “+++” was assigned. If there
was no indication that a fluorescent pseudomonad was
significantly inhibiting growth of the fungus, (i.e. none
of the above situations were true), then “-”was assigned.

Phylogenetic analysis of phlD genes

A portion of the phlD gene was amplified from fluores-
cent Pseudomonas isolates obtained from sorghum in
this study as well as Pf-5, Q2-87 and Q8r1-96 using
primers B2BF and BPR4 and the conditions described
above. For one isolate (H08-63R-10) primers Phl2a and
Phl2b (Raaijmakers and Weller 2001) also were utilized
as previously described (Funnell-Harris et al. 2010).
Amplification products were sequenced and contigs
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were assembled using Sequencher 4.10.1 (Gene Codes
Corp., Ann Arbor, MI). Sequences were deposited in
GenBank®, accessions numbers JX840717-JX840724.

Assembled sequences were compared with those
in GenBank using megablast. phlD sequence
corresponding to bases 6769615 to 6770221 of the com-
plete genome sequence of Pf-5 (Accession CP000076),
as well as previously-published sequences from
P. fluorescens (accessions AY928635, GU181357 and
GU984569), Pseudomonas sp. (accession AB636682)
and Pseudomonas brassicacearum subsp. brassicacea-
rum (accession CP002585) were compared with those
from sorghum root and soil isolates using phylogenetic
analysis. The DNA sequence alignment was performed
using ClustalW function of MacVector version 12.0
(MacVector, Inc.; Cary, NC). The unrooted phylogram
was constructed using the Neighbour Joining method
with 1000 Bootstrap replicates; the distances were calcu-
lated using the Tamura-Nei algorithm. Gaps distributed
proportionally and nodes with bootstrap confidence val-
ues less than 65 % were collapsed.

Results

Growth chamber sorghum and wheat seedling cycling

Mean numbers of fluorescent Pseudomonas spp. were
3.98×103cfug−1 and 1.67×104cfug−1 in freshly col-
lected soil from sorghum fields at Ithaca and Lincoln,
respectively. After one cycle of planting the wheat
cultivar or either sorghum cultivar, pseudomonad cfu
did not significantly change except for the wheat culti-
var Lewjain planted in Lincoln soil, which showed a
nearly 8-fold decline in cfu relative to the starting point
(2.15×103cfug−1 soil; P=0.05). Mean numbers of fluo-
rescent Pseudomonas isolates obtained throughout cy-
cling were higher from roots and soil of the sorghum
cultivars than the wheat cultivar (Table 2). During cy-
cling in soil obtained at Lincoln, numbers of fluorescent
Pseudomonas cfug−1 of roots or soil increased signifi-
cantly from cycle 1 to cycle 4, for all three plant geno-
types (P≤0.01). However, there was no distinct pattern
for pseudomonad numbers during the trial conducted in
soil obtained from Ithaca.

Production of HCN and extracellular protease, and the
presence of the phlD gene, were determined for fluores-
cent Pseudomonas isolates. Soil × genotype interactions
were significant for percent HCN-producing soil isolates

and extracellular protease-producing root and soil isolates
(P<0.01); thus results using each soil are presented sep-
arately (Table 3). For soil isolates, planting of RTx433
resulted in lower percentage of HCN producers in
Lincoln soil, but greater percentages of protease pro-
ducers when planted in Ithaca soil, when compared with
plantings of Redlan or the wheat cultivar, Lewjain. For
presence of the phlD gene, there were no significant
differences among soil isolates from plants grown in
either Ithaca or Lincoln soil (P≥0.16). For root isolates,
the only significant differences observed were in those
obtained from Redlan roots, which had significantly low-
er percentages of protease producers than isolates
obtained from RTx433 and Lewjain, when grown in
Ithaca soil (P<0.01). There were no significant differ-
ences in percentages of HCN producers or those with
phlD, between plants grown in each soil (P≥0.30).

RFLP analysis of phlD from root and soil isolates
obtained from Lewjain, RTx433 and Redlan grown
in two soils

Genotyping results from RFLP analysis of phlD have
been shown to correspond with those from non-phlD-

Table 2 Mean numbers of fluorescent Pseudomonas isolates
obtained from roots and soil, when wheat cultivar Lewjain, and
sorghum cultivars RTx433 and Redlan were planted for four 4-
week cycles in two soils (Ithaca and Lincoln, NE)

Plant
genotype

Soils

Ithaca Lincoln

Roots
(cfug−1)

Soil
(cfug−1)

Roots
(cfug−1)

Soil
(cfug−1)

Lewjain 2.00×104aa 2.51×103a 4.76×104a 4.96×103a

RTx433 5.07×104b 4.51×103b 2.59×105b 1.41×104b

Redlan 2.94×104c 1.38×104c 1.29×105c 1.65×104b

Plants were grown in individual Cone-tainers. At the end of
each 4-week cycle, roots and soil were collected from seven
randomly-chosen cones for each genotype. Fluorescent Pseudo-
monas numbers were determined by dilution plating root and
soil suspensions onto King’s B agar amended with antibiotics.
Remaining cones were re-planted with the same plant genotype
a Proc GLIMMIX was used to determine least squares means by
transforming measurements into natural logs and analyzing
transformed numbers. Back-transformed numeric means are
reported here for ease to the reader. Comparisons of numbers
of fluorescent Pseudomonas isolates from each plant genotype
from either roots or soil are indicated; numbers significantly
different at P≤0.05 are indicated by different letters
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based genomic fingerprinting analyses (Mavrodi et al.
2001). To compare phlD genotypes of isolates obtained
from sorghum and wheat grown in sorghum field soils,
with wheat isolates from other studies, isolates were
genotyped by PCR-amplification of a portion of the
phlD gene, followed by RFLP analyses. Restriction
patterns were compared with those of Pf-5 (A), Q2-87
(B) and Q8r1-96 (D) and others previously published
(McSpadden Gardener and Weller 2001; Landa et al.
2002). Genotypes of four isolates were confirmed by
conducting ARDRA (RFLP of amplified rDNA region)
and comparing with those of Pf-5 and Q2-87 and those
previously published (McSpadden Gardener et al.

2000). Results are summarized in Table 4. Most
(80 %) of the tested isolates were genotype D. From
seedlings grown in Ithaca soil, genotype B was found
associated with roots and soil of wheat cv. Lewjain and
with roots of sorghum cv. RTx433 (no soil isolates were
tested). In Lincoln soil, genotypes B and I were found
on roots of sorghum cv. Redlan. In general, the phlD
genotypes from sorghum isolates were similar to those
found in wheat and no new genotypes were detected.

Co-culturing of fluorescent Pseudomonas isolates
with sorghum fungal pathogens

Fluorescent Pseudomonas spp. isolates from sorghum
seedlings (14 isolates from Redlan and 10 isolates from
RTx433) were individually co-cultured with five fungal
pathogens: A. alternata, C. lunata, F. thapsinum, F.
verticillioides and M. phaseolina. Pseudomonas brassi-
cacearum, Q8r1-96, was included in assays as the pos-
itive control. Mean differences in fungal radial growth
were determined between each Pseudomonas sp.-fungus
combination and the water control and compared with
the mean difference from co-culturing the same fungus
with the negative control, E. coli (Rosetta). If inhibition
by the fluorescent pseudomonad was modest (0.06≤P≤
0.15) then “+” is indicated in Table 5. If the inhibition
was moderate (P≤0.05), then “++” is indicated in
Table 5. For some pseudomonad treatments, fungal
growth was inhibited on both sides of the agar medium,
suggesting that a factor diffused, resulting in inhibition at
a distance from the Pseudomonas inoculum (Janisiewicz
and Roitman 1988). In these cases, the mean differences
between fungal radial growth on the two sides of the
plates was small. Therefore, mean fungal radial growth
for the water controls associated with each Pseudomonas
co-culture were compared with the mean fungal radial
growth for the water control of the E. coli co-cultures;
when the mean differences were significant (P≤0.05),
then “+++” was indicated in Table 5.

Interactions between Pseudomonas spp. and fungi
that resulted in apparent antagonism in at least one assay
are shown in Table 5. Sorghum cv. Redlan isolate H08-
15R-13 and RTx433 isolate H08-63R-15 exhibited
growth inhibition of all fungi tested. Redlan isolates
H08-15S-9, H08-18R-6, H08-18R-14, H08-21R-8,
and H08-27S-4, and RTx433 isolates H08-63S-10,
H08-67R-4 and M07-77R-8 also inhibited growth of
most of the sorghum fungi tested. Most of these fluo-
rescent Pseudomonas spp. were obtained from roots or

Table 3 Percent of fluorescent Pseudomonas isolates, obtained
from roots or soil of a wheat cultivar (Lewjain), or two sorghum
cultivars (RTx433 or Redlan), cycled in two soils (Ithaca and
Lincoln), with the ability to produce hydrogen cyanide (HCN)
or extracellular protease, or having the phlD gene for 2,4-diac-
etylphloroglucinol production

Plant Isolate source Percent fluorescent
Pseudomonas isolates with:

HCN Protease phlD

Ithaca soil

Lewjain Roots 3.2aa±3.6 52.9a±6.2 2.2a±1.1

RTx433 Roots 1.5a±3.4 62.4a±5.9 3.8a±1.1

Redlan Roots 0.7a±3.4 19.0b±5.8 3.2a±1.0

Lewjain Soil 0.0a±2.9 35.9a±4.6 2.3a±0.9

RTx433 Soil 4.9a±3.1 59.0b±5.0 0.4a±1.0

Redlan Soil 1.8a±2.9 23.6a±4.6 2.2a±0.9

Lincoln soil

Lewjain Roots 27.4a±3.4 45.6a±5.8 1.4a±1.0

RTx433 Roots 24.8a±3.4 50.5a±5.9 1.7a±1.1

Redlan Roots 24.0a±3.4 48.2a±5.8 1.8a±1.0

Lewjain Soil 28.6a±2.7 29.1a±4.3 0.7a±0.9

RTx433 Soil 16.0b±2.7 25.8a±4.3 0.5a±0.9

Redlan Soil 30.8a±2.7 29.9a±4.3 1.9a±0.9

Individual plants were grown in Cone-tainers. At the end of
each cycle, roots and soil from seven plants of each genotype
were sampled and fluorescent Pseudomonas isolates were col-
lected by spreading root or soil suspensions onto King’s B agar
amended with antibiotics. Isolates were screened for each of the
three traits. See “Materials and Methods”
a Least squares means (LSM) were calculated and compared for
each trait and soil, and for either roots or soil. LSMs and
standard errors are shown. Direct comparisons of percentages
of fluorescent Pseudomonas isolates obtained from either roots
or soil, with a given trait, are indicated by letters; LSM with the
same letter are not significantly different at P≤0.05
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soil of sorghum seedlings grown in Lincoln soil (prefix
“H08”). Four Redlan isolates (not listed in Table 5) failed
to exhibit potential antagonism to any of the five fungi.
Many of the sorghum fluorescent Pseudomonas isolates
inhibited the growth of the fungus C. lunata in at least
one assay (75 % of the isolates tested; Table 5), whereas
F. thapsinum and F. verticillioides were inhibited by half
the isolates or fewer (45.8 % and 50 %, respectively).

Phylogenetic analysis of phlD sequences

Sorghum isolates representing the different phlD geno-
types, determined using RFLP analyses, and isolates
exhibiting significant inhibition of most of the sorghum
fungal pathogens, were chosen for sequence analysis of
a portion of the phlD gene. Most sequences from iso-
lates analyzed (M07-80R-10, H08-21R-8, H08-27S-4,
H08-28S-14, H08-63R-15, H08-63S-10, H08-67R-4)
were highly similar (99 %) to phlD from P. fluorescens
isolates previously published while one sequence (H08-
21R-6) had lower similarity (93 %). Using phylogenetic

analysis, sequences from sorghum isolates were com-
pared with those from Pf-5, Q8r1-96 and Q2-87 and
phlD sequences available in GenBank. The results indi-
cated that sequences from the sorghum soil and root
isolates analyzed were similar to Q2-87, Q8r1-96, two
other P. fluorescens (accessions GU984569 and
AY928635) isolates and another P. brassicacearum
(subsp. brassicacearum) (CP002585) and in a different
clade than Pf-5 phlD sequence (Fig. 1). IsolateM07-80R-
10 was most similar to Q2-87 and another P. fluorescens
isolate while all other sorghum root and soil isolates were
most similar to one-another, to Q8r1-96 and another
P. fluorescens isolate, and to P. brassicacearum subsp.
brassicacearum.

Discussion

Fluorescent Pseudomonas spp. were collected from roots
and soil of sorghum cultivars Redlan and RTx433, and
one wheat cultivar (Lewjain), that were “cycled” by
growing seedlings in soil for 4-week cycles. Two assays
were conducted using different soils. Pseudomonas spp.
were characterized for the presence of phlD, a gene in the
operon that specifically confers the ability to produce 2,4-
DAPG (Bangera and Thomashow 1999). Isolates were
also screened for production of HCN and extracellular
protease. Sorghum isolates with the phlD gene, many
with at least one of the other two traits, were further
characterized by RFLP analysis of a portion of phlD,
and compared with previously characterized genotypes
(McSpadden Gardener and Weller 2001; Landa et al.
2002) and those of the wheat isolates from this study.
Inhibition assays using phlD+ sorghum isolates, challeng-
ing growth of five sorghum pathogens, also were con-
ducted. It was found that at least two fluorescent
Pseudomonas isolates, one isolated from each sorghum
cultivar, exhibited traits characteristic of biological con-
trol strains, including the phlD genotype of superior root
colonizers.

Of the over 3,500 fluorescent Pseudomonas root and
soil isolates screened, two phlD+ isolates from sorghum,
H08-15R-13 and H08-63R-15, are promising candi-
dates for biological control and warrant further investi-
gation to determine their potential in cropping systems.
It is not known whether 2,4-DAPG or other undeter-
mined traits are involved with antagonism towards the
sorghum fungal pathogens screened in this analysis. To
determine the efficacy of these two isolates as biological

Table 4 Genotypes of phlD+ fluorescent Pseudomonas isolates,
obtained from roots and soil of seedlings of a wheat cultivar,
Lewjain, and sorghum cultivars RTx433 and Redlan, grown in
two soils, as determined by PCR-RFLP analyses of a portion of
the phlD gene

Plant Field soila

Ithaca Lincoln

Roots Cone-tainer
soil

Roots Cone-tainer
soil

Lewjain B (1)b D (2) B (1) D (3) D (1)

RTx433 B (1) D (1) ntc D (3) nt

Redlan nt D (2) B (1) D
(3) I (1)

D (5)

Fluorescent Pseudomonas isolates were collected from roots
and soil of individual seedlings grown in Cone-tainers for four
4-week cycles, at the end of each cycle. phlD+ isolates were
chosen for PCR-RFLP. A portion of phlD was amplified and the
products were digested using three different restriction enzymes
and size-fractionated; the resulting patterns were compared with
previously-published genotypes (See “Materials and Methods”).
To confirm discrimination of genotypes of four isolates, amplified
ribosomal DNA restriction analysis was also performed
a Field soils were obtained from post-harvest sorghum fields
located at Ithaca and Lincoln, NE
bNumber in parentheses indicates number of isolates with given
genotype
c “nt” indicates “not tested”
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Table 5 Inhibition of sorghum fungal pathogens following co-
inoculation with fluorescent Pseudomonas isolates obtained
from sorghum seedlings, as compared with co-inoculation with

Escherichia coli, and comparing effects of both bacteria on
fungal growth with water controls

Fungi A. alternata C. lunata F. thapsinum F. verticillioides M. phaseolina

Assay # 1 2 1 2 1 2 1 2 1 2

A. Assays using isolates from Redlan root (R) and soil (S)a

Type 3 test of fixed effectsb: <0.01 <0.01 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01

H08-15R-13 +++ +++ +++ +++ ++ ++ +++ +++ +++ +++

H08-15S-9 - +++ +++ +++ - + +++ - +++ +++

H08-18R-6 - +++ +++ +++ ++ + - +++ +++ +++

H08-18R-14 +++ +++ +++ +++ + ++ - - +++ +++

H08-21R-8 - - ++ ++ ++ ++ +++ +++ +++ +++

H08-27R-9 - - ++ +++ - + +++ - +++ -

H08-27S-4 + +++ +++ +++ + - +++ +++ +++ +++

H08-28S-14 - + - - ++ - - - - -

M07-42R-1 - - - ++ - - - - - -

Q8r1-96 ++ +++ +++ +++ - +++ +++ - +++ +++

B. Assays using isolates from RTx433 root (R) and soil (S)a

Type 3 test of fixed effectsb: <0.01 <0.01 <0.01 <0.01 0.09 0.65 0.02 <0.01 <0.01 <0.01

H08-57R-2 - - ++ - - - - - - -

H08-63R-15 ++ +++ +++ +++ +++ + +++ +++ +++ +++

H08-63S-10 ++ +++ +++ ++ - - +++ +++ +++ ++

H08-67R-4 ++ +++ +++ +++ - - +++ +++ ++ +++

H08-82R-10 - - ++ - - - - - - -

M07-63S-9 - ++ ++ - - - - - ++ -

M07-72R-1 - ++ ++ - - - - - ++ -

M07-72R-2 - ++ - - - - - - ++ -

M07-77R-8 ++ ++ ++ - +++ - ntc +++ ++ -

M07-80R-10 + + ++ - - - - + - -

Q8R1-96 ++ ++ +++ +++ +++ +++ ++ +++ +++ ++

Sorghum fungal pathogens were co-cultured with a fluorescent Pseudomonas isolate from roots or soil of sorghum cultivar Redlan or
RTx433, the biological control isolate Q8r1-96 or E. coli Rosetta. On the opposite side of the agar medium from the bacterial
suspension, a water control was plated (see “Materials and Methods”). Mean difference in radial growth of fungus due to fluorescent
pseudomonad versus water control was compared with mean difference in radial growth due to E. coli versus water using the contrast
function in the PROCMIXED procedure of SAS/STAT software (SAS 2002–2008). When difference in measurements from fluorescent
pseudomonad was greater than that of E. coli, and 0.06≤P≤0.15, then “+” was assigned. If difference of measurement from fluorescent
pseudomonad was greater than that of E. coli, and P≤0.05, “++” was assigned. Comparisons also were made with radial growth of
water-side of the co-culture with fluorescent Pseudomonas isolate with that of co-culture with E. coli. When radial growth was
significantly less (P≤0.05) than that on E. coli co-culture, “+++” was assigned. If there was no indication that a fluorescent
pseudomonad was significantly inhibiting growth of the fungus, (i.e. none of the situations above were true), then “-” was assigned
a Fluorescent Pseudomonas isolates were obtained by growing sorghum cultivar Redlan or RTx433 in two soils from Havelock (H) field
in Lincoln, NE, or Mead (M) field in Ithaca, NE, for four 4-week cycles. At the end of each cycle, fluorescent Pseudomonas spp. were
isolated from roots and associated soil of individual plants, then tested for biological control activities of HCN and extracellular
protease production, or for the presence of the phlD gene for 2,4-diacetylphloroglucinol production. Root and soil isolates from both
sorghum cultivars grown in both soils, exhibiting at least one biological control activity, were chosen to determine effects on co-
culturing with sorghum fungal pathogens
b Type 3 tests were conducted on fixed effect, which was bacterial isolate (fluorescent Pseudomonas spp. and E. coli)
c “nt” indicates “not tested”
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control agents, other qualities would need to be
assessed, such as potential for plant growth promotion,
or root colonization and competitive abilities on sor-
ghum hybrids and other crops like maize, wheat and
soybean, which are commonly found in sorghum
cropping rotations (Raaijmakers and Weller 2001;
Landa et al. 2002; Compant et al. 2010).

In a previous field study, in which root and soil
Pseudomonas isolates were collected throughout the
growing season, there were no significant differences in
percentages of HCN soil isolates but root isolates from
plants grown at Ithaca had greater numbers of HCN-
producers than isolates from plants grown at Lincoln
(Funnell-Harris et al. 2010). Additionally, in this previ-
ous study, phlD+ isolates were not indicated (at 0 %) on
roots and in soil of Redlan plants grown at the Lincoln
field. This is in contrast to the present study in which
there were significant soil effects for production of hy-
drogen cyanide by soil and root Pseudomonas spp. iso-
lates (Table 3) with the percent of these isolates obtained
from Lincoln soil being significantly greater than those
from Ithaca soil (P<0.01). On the other hand, phlD+

isolates were obtained from roots or soil from Redlan
and RTx430 plants grown in Lincoln soils (Tables 1 and
3). In this study, seedlings were planted and cycled four
times, resulting in a build-up of sorghum root material in
the soil. The seedlings were grown under controlled, and
relatively cool, temperature conditions and watered reg-
ularly. In the previous field study, plants were sampled
from 4 weeks to maturity, there was no fresh organic

material added to the soil, and, while fields at Ithacawere
irrigated, at Lincoln there was no additional water ap-
plied outside of rainfall (Funnell-Harris et al. 2010). In
the previous field study, environment may have affected
numbers and traits of fluorescent Pseudomonas isolates
even though it was also clear that genotype played a role.
Results of the present study, in which plants were grown
in the two soils under the same controlled conditions,
suggested that biotic and/or abiotic factors within the soil
were contributing to the diversity of Pseudomonas iso-
lates recovered from roots and soil in addition to plant
genotype. Approximately 2 % of the fluorescent
Pseudomonas spp. had the correct band-size, when root
and soil isolates were screened for the presence of phlD
using PCR amplification. Most (62 %) of these
Pseudomonas spp. had at least one of the other two traits
and a small number (8 %) possessed all three traits. It
previously has been proposed that when breeding for
improved crop germplasm, indirect selection for plant
traits that enhance association with beneficial microor-
ganisms may also have occurred (McSpadden Gardener
et al. 2005).

In the present study, fluorescent Pseudomonas geno-
types also were analyzed using RFLP analyses of a
fragment of the phlD gene. In Ithaca soil, two genotypes
were recovered from both wheat and sorghum roots or
soil, and three genotypes recovered from Lincoln soil,
one from wheat and three from sorghum systems. In
spite of the relatively small number of phlD+ isolates
identified, this study was fairly extensive for these soils

Fig. 1 Phylogenetic analysis of sequences of a portion of the
phlD gene from fluorescent Pseudomonas isolates from sor-
ghum roots and soil. Included in the analyses are biological
control strains Pf-5, Q2-87 and Q8r1-96 and highly similar
sequences found in GenBank®; isolate numbers or GenBank

accession number, respectively, follow the species name. (See
“Materials and Methods”) The letter in parentheses following
the number designation or GenBank accession number is the
phlD genotype, if known. The bootstrap values (percentage) for
1,000 replicates are indicated at each node
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and sorghum cultivars due to the large number of iso-
lates screened. No new Pseudomonas genotypes were
detected in these soils on either wheat or sorghum.
Interestingly, genotype D (McSpadden Gardener and
Weller 2001) was the predominant one in both wheat
and sorghum systems, a genotype common among bio-
control strains with superior root colonizing capabilities
(Raaijmakers and Weller 2001; Landa et al. 2002). The
limited diversity of Pseudomonas genotypes associated
with sorghum andwheat in each soil was consistent with
previous studies in wheat (McSpadden Gardener et al.
2000; Landa et al. 2006), and other crops such as corn
and soybean (McSpaddenGardener et al. 2005) or grape
(Svercel et al. 2009).

Most of the pseudomonad isolates that exhibited in
vitro antagonism to several sorghum fungal pathogens
were obtained from Lincoln soil (Table 5). On the other
hand, all of the isolates obtained fromRTx433 seedlings
exhibited antagonism in at least one assay while four of
the Redlan isolates (31 % of those screened) did not
exhibit any antagonism during the in vitro co-culturing
assays. Two Pseudomonas isolates, H08-15R-13 (from
Redlan roots) and H08-63R-15 (from RTx433 roots),
exhibited antagonism to the fungal pathogens in all
assays and were genotype D. In general, the two
Fusarium species were less sensitive to being co-
cultured with Pseudomonas than the other sorghum
pathogens. Only two of the ten fluorescent pseudomo-
nads screened from RTx433 seedlings exhibited antago-
nism to the sorghum stalk and grain pathogen, F.
thapsinum (Table 5). Eight of 14 isolates collected from
Redlan seedlings inhibited growth of this pathogen in at
least one assay. However, it is possible that outcomes
would be different if co-culturing was conducted on
another medium (McSpadden Gardener et al. 2005).

This research illustrates the intersection between
phlD genotypes of fluorescent Pseudomonas spp., plant
genotype and soil characteristics, both biotic and abiot-
ic. The soil clearly affected the composition of HCN
producers associated with sorghum cultivars and the
composition of extracellular protease producers isolated
from Redlan roots (P≤0.01; Table 3). Among the phID
Pseudomonas isolates identified from sorghum and
wheat, genotype D dominated (Table 4), a genotype
associated with “superior” root colonization and com-
petitiveness (Weller et al. 2007). It appeared that sor-
ghum genotype influenced the fungal inhibitory
phenotypes of the isolates: more Redlan isolates were
antagonistic to fungal growth than RTx433 isolates

when co-cultured with F. thapsinum. On the other hand,
a majority of the isolates from either sorghum grown in
Lincoln soil showed inhibitory effects in most assays,
which suggests that soil is a major factor. These obser-
vations are consistent with previous field studies, which
concluded that physical and biological attributes of the
soil played a significant role in determining character-
istics of fluorescent Pseudomonas spp. isolated from the
sorghum rhizosphere, but plant genotype also had a
considerable effect (McSpadden Gardener 2007;
Funnell-Harris et al. 2010).
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