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suppression of soilborne diseases of cucumber
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Abstract

The sotlborne pathogens Rhizoctonia solani, Pvthium witimum, and Meloidogyne incognita can cause severe economic losses to
tr:id- and greenhouse-grown cucumber. A collection of bacterial isolates and isolates GI.3 and GL2! of Trichoderma virens were
wxeened for suppression of diseases caused by these pathogens. T. virens isolates GL3 and GL21 provided the most effcuiive
appression of damping-off caused by R. solani in greenhouse bioassays. Burkholderia ambifaria BC-F, B. cepacia BC-1, and
Serratia marcescens N1-14 also provided significant suppression of R snloni relative to the pathogen check in some experiments. T,
wwens isolates GL3 and GL21 and S. marcescens isolates Ni-6, N1-14, and N2-4 provided the most consistent and effective
wpprzssion of damping-off of cucumber caused by P. ultimum in growth chamber experiments. No microbiat treatment containing
wéridual or combined microbes significantly suppressed populations of M. incognita on cucumber or improved plant vigor in
prenhouse bicassays. T. virens G121 applied as a granular formulation, in combination with B, cepacia BC-1 or B. ambifaria BC-F
tpplied as a seed treatment, significantly improved suppression of damping-off caused by R solani over individual applications of
: Mo microb-- in at lcast one experiment. Treatments combining B. cepacia BC-1, B. ambifaria BC-F, or 8. marcescens isolates N1-
W or N2-4 with T. virens GL21 in R solani biocontrol assays always resulted in plant stands that were similar or grewic: than
teatments containing individual applications of these microbes. B. ambifaria BC-F conwined with 7. virens GL21 in seed
¥ratments resulted in significantly improved suppression of damping-off caused by P. ultimum in two of three experiments.
Fxulizions of T, virens GL3 and GL21 were both substantially reduced after coincubation with B. cepacia BC-1, or S. marcescens
#lates Ni-14 or N2-4 for 10 to 12 4 in cucumber rhizospheres, Populations of T. virens GL21 were slightly reduced after
‘angubation with B. amibifaria BC-F. Results presented here substantiate other studies reporiing enhanced hiocontrol performance
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with certain combinations of biocentrol agents. Thes results also indicate that antagonism among combinations'of ' hioconty

agents can vary with the assay system employed.
© 2004 Elsevier Ltd. Al rights reserved.
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1. Introduction

Due to environmental concerns there is considarable
interest in finding alternatives to chemical pesticides for
suppression of soilborne plant pathogens and plant-
parasitic nematodes (Larkin et al., 1998; Raupach and
Kloepper, 1998). Numerous microbes are antagonistic
to soilborne plant pathogens and plant-parasitic nema-
todes, with some microbes suppressing disease oOr
pathogen populations. Relatively few of these zntag-
onistic microbes have been commercialized as biocon-
trol agents due to problems such as inconsistent
performance in the field, lack of broad-spectrum disease
suppression activity, or slower or less complete suppres-
sion when compared with chemical pesticides (Larkin et

“al., 1998; Meyer and Roberts, 2002).

inconsistent performance by microbial antagonisis
has been attributed to biotic and abiotic factors. Biotic
factors include irteractions with non-target orgznisms,
varying rhizosphere or soil colonization by the biocon-
trol agent, varying initial population levels and genetic
diversity of the target pathogens, and host plant species

_J_a_nd_cultiv‘ar"éffects (Stirling; 1991; Boeger et al.. 1993;
Sikora and Hoffmann-Hergarten, 1993; Pierscz and
Weller, 1994; Kerry and Bourne, 1996; Raupach and
Kloepper, 1998; Meyer and. Roberts, 2002). Abiotic
factors include climate and varying physical and
chemical composition of the soil or rhizosphere (Surling,
1991; Ownley et al., 1992; Sikora and Hoffmann-
Hergarten, 1993). .

-The majority of strategies for biocontrol of soitborne
plant pathogens and plant-parasitic nematodes relyona
single microbial biocontrol agent for pathogen or
nematode suppression (Larkin et al, 1998). Upfortu-
nately, biocontrol agents applied individually are not
likely to perform consistently against all pathogens of
the crop or under diverse rhizosphere and s0il environ-
mental conditions. An approach to overcomirg this
inconsistent performance is to include a combination of
biocontrol agents in a single preparation. A combina-
tion of biocontrol agents is more likely to have a greater
variety of traits responsible for suppression of one or
more pathogens and also is likely to have thess traits
expressed over a wide range of environmental conditions
(Lemanceau and Alabouvette, 1991; Lemanceau et al,,
1993; Pierson and Weller, 1994; Crump, 1998).

Numerous studies (Raupach and Kloepper. 1998;
Meyer and Roberts, 2002) have reported invreased
performance in suppression of pathogens or diase by

. dogyne incognita (Zitter et al., 1996; Koenning et al, u

ihat, when combined, do not have diminished diseast

combinations of biocontro! agents. However, there g,
several studies of combinations of microbiz| antagonisi
that resulted in decreased performance relative
individua! applications of these biocontrol ageny
(Meyer and Rouerts, 2002). Incompatibility amongs
microbes combined in a biocontrol preparation i
possible since biocontrol agents are typically selecteq
based on their antagonistic .behavior toward other
microbes (Leeman et al., 1996, Meyer and Robens,
2002). Several icsearchers have indicated that straigs
combined in biocontrol preparations must be compa.
tible for increased disease suppression to occur (Bakey,
1990; Janisiewicz and Bors, 1995; Janisiewicz, 199;
Raupach and Kloepper, 1998).

Soilborne microbes causing significant economic loss
to cucumber include the fungi Pythium ultimum and
Rhizoctonia solani and the root-knot nematode Melok

1999). The long-term goal of our research is to develop
combinations of biocontro} organisms effective under
diverse environmental conditions for management of '
these soilborne cucumber diseases. The first objective
was to identify microbes with broad-spectrum suppres
sion of cucumber pathogens. We report here bacterisl
and fungal isolates capable of suppressing damping-off
caused by the fungal pathogens P. ultimum and R sp'. m
and capable of suppressing egg hatch of the nemal ’

M. incognita in vitro. We also study oompatlb :
among these isolates in disease suppression assays ang
in rhizosphere coexistence assays. For the purposc_s.-tif_-;.

this report, compatible microhes are defined as microbél

suppression or reduced persistence in the rhizosphere
relative to the same strains applied individually. "}

2. Materials and methods

2.1. Bacterial, fungal, and nematode isolates o

Bacteria used in this study are listed in Table |
Bacteria from roots of wheat or cucumber plants grov®
in natural soil were isolated by sonicating roots for
Smin in sterile distilled water (SDW) and dilutiof
plating onto Nutrient Broth (NB) agar. All bactensl
isolates are from the Sustainable Agricultural Systems
Laboratory (SASL; USDA-ARS, Beltsville, MD) cuk
ture collection. Spontaneous rifampicin-resistant e
tants of Burkholderia cepacia isolates BC-1 and BUZ
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[

) :
:;:n'i‘ strains used in this study

S
i R

;:n-‘“' % Match  Plant® Biocontrol assay®  Comments/Source '“ ’
{eawetobacier calcoaceticus 0018 - 0.292 Wheat PU Thfs study

“metobacter calcoaceticus 0035 0.641 Wheat - PU This study

- janetobacter Johnsonii 009 0.286 Wheat PU This study

qemetobacier radioresistens C0032 0.690 .~ Cucumber PU ‘This study
Jeimetohacter radioresistens 0055 0.659 Wheat MI, PU This study
agrobacterivm radiobacter 99-42 0.231 Wheat " PU This study
srthrabacier aurescens 99-28, - - 0.645 . Wheat PU This study
crihrobacter globiformis 99-58 0.676 Wheat PU Stromiberg et al. (2002)
grabrobicter ilicis 99-41 0.669 Wheat PU Stromberg et al. (2002)
grrobacter pascens 99-73 0.512 ‘Wheat PU Stromberg et al., (2002)

Macillus cereus C0033 0.673 Cucumber PU This study
ocillus cereus 0019 0.292 Wheat PU This study
pcillus cereus 99-46 0.211 Wheat PU Stromberg et al. (2002)

. pacillus circulans 99-10 0.167 Wheat ML, PU This study .

Narllus dipsosairi Co027 0723 Cucumber PU This study
fucilius lentimorbus 99-16 0.650 Wheat PU Stromberg et al. {2002)
pacillus megaterium C0024 0.829 Cucumber PU This study
Sacilius marimes 99-73 - 0.233 Wheat PU Stromberg et al. (2002)

 Bacilius megaterium 99-3 ¢ 0904 Wheat PU Stromberg et ai. {2002)
- pacdllus pasteurii 0022 o 0652 Wheat MI, PU This study
Pocilhes purniilus 99-23 0.804 Wheat PU Stromberg et al. {2002)
Saridlus sphaericus 0040 f0.749 Wheat PU This stuady

ST ~. 0772 Cucumber  PU This study

“Prenibacillus laterosporus 99-2 ' 0831 Wheat PU Stromberg et al. 12002)

- Mwkholderia ambifaria BC-F* . Comn M1, PU, RS Mao et al. (1998} .
4 swbifaria BC-FR8 : o d Rifampicin-resistant derivative of BC-F; Li et al. (2002)
Bwkholderia cepacia BC-1 0.833 Corn M1, PU, RS Obtained from W. Mao
3 eepacia BC-1R1 i Rifampicin-resistant derivative of BC-1
Sekholderia cepacia BC-2 - . 0.671 Cormn MI, PU Obtained from W. Mao
§ apacia BC-2R2 : Rifampicin-resisiant derivative of BC-2
Owyseobacierivm indologenes :

63 : . 0.900 Cucumber  PU This study
Bwerobecier asburiae COO15 i 0.787 Cucumber PU This study
Swerobacter asburige 501R3Y Cotton MI, PU, RS Roberts et al. (1992)
Kiabsiella planticola C0014 . 0.75% Cucumber  PU . This study
Ewyvera cryocrescens CO016 0.535 Cucumber ~ PU E ~This study

" Lecwria kristinae 99-33 0.595 Wheat PU ' Stromberg et al. (2002)

Koewia rosea 99-81 0.540 Wheat PU ' This stdy
. Mirrecoccus futeus 002 0.532 Wheat PU This study

~teembacillus polymyxa 99-32 0.700 Wheat PU > This study
Pesoea ayglomerans 0020 - 0870 Wheat Mi, PU This study
Pvsdomonas chlororaphis 0050 - 0.761 Wheat ML, PU This study .

Rmatia marcescens N1-6 0.532 Soil PU, RS Obtained from D. Kobayashi
B bratia mareescens N1-8 0.560 Soil PU, RS Obtained from D. Kobayashi
1 Saratia marcescens N1-14 0.526 Soil M1, PU, RS Obtained from D. Kobayashi
. L marcercens N1-14R 5 ’ Rifampicin-resistant derivative of N1-14
Bnatia marcescens N2-4" Soail MI, PU, RS Obtained from D. Kobayashi
] § marcescens N2-4R1 Rifampicin-resisiant derivative of N2-4
& Smaia morcescens N2-7 0.533 Soil PU, RS Obtained from D. Kobayashi
marcescens N4-1 3.590 Soil PU, RS Obtained from D. Kobayashi
it marcescens N4-13 0.495 Soil PU, RS Obtained from D. Kobayashi
2 marcescens N4-19 0.613 Soil PU, RS Obtained from D. Kobayashi
omonas maltophilia
O _ 0.796 Cucumber  PU This study
h"fmplmnwmzs maltophilia
b 0.784 Cucumber  PU This study
h'F‘l'myres Sulvissimus 99-60 0.758 Wheat PU Stromberg et al. {2002)
sceus fascians 99-39 - 0.832 Wheat PU This study
Soaom, 031 0.000 Wheat PU This study
- aown (1034 0.000 Wheat PU This study
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Table 1 gcaminw-d)

Biocuntio! assay” Comments/Scurce

Strain® v Maich Plant”
Xanthomonas arboricola 99-37 0915 Wheat PU Stromberg et al. (2002)
Xanthomonas axonopodis 601 9105 Wheat PU This study

T ——
"Exocpt where noted otherw15€ bacterial strains were identified from gas chromz‘tograph:c profiles of cellular fatty acids using MIDI software_ 4
match of 0.500 or greater is considered valid at the species level while a maich of 0.200 or greater is valid at the genus level,
bCorn, isolated from corn rhizosphere; Cotton, isolated from cotton hypocotyl; Cucumber, isolated from cucumber rhizosphere; Soil, lsolau
from soil using chitin enrichment; Wheal, isolated from wheat rhizosphere.
“Biocontrol assays were performed with this isolate for suppression of ML, Meloidogyne incognita; PU, Pythiunt ultimum; RS, hazocronm SO!m

YYdentified as B. ambifaria by Coenve et al. 12001).
*Identified as E. asburice by Hoffman and Roggenkamp (2003).

fIdentified as S, marcescens by analysis of sequence of the 165 FDNA gene. Identified as Cedecia davisae by gas chromatographic proﬁles of t.cllm!n

fatty acids, percent match was 0.258.

and Serratia marcescens isolates Ni-14 and N2-4 were
isolated as described previously (Miller, 1972). Rifam-
picin-resistant strains BC-1R1, BC-2R2, BCF-R8, NI1-
14R5, and N2-4R1 were similar to respective parental
strains in colony morphology and growth character-
istics. Trichoderma virens GL3 and GL21 were from the
Alternate Crops and Systems Laboratory (USDA-ARS,
Beitsville, MD) culture collection. P. ultinium Puzc and
R. solani R-23A (AG-4) were from the SASL culture
collection. This isolate of R solani was chosen because
AG-4 is most closely associated with vegetable seedling
damping-off (Farr et al., 1989). M. incognita race 1 was
from the Nematology Laboratory (USDA-ARS, Belts-
——~ifle” M D) culture collection.

2.2. Identification of bacterial isolates

Bacteria were identified from gas chromatographic
profiles of cellular fatty acids using the MIDI system
(Microbial ID, Inc., Newark, NE) except where
indicated otherwise in Table 1. S. marcescens isolates
N1-6, N1-8, N2-4, and N4-1 were further characterized
by sequencing the 165 rDNA gene. For this, genomic
DNA was extracted as described previously (de Souza
et al., 2003). The primers used for PCR amplification of
the 165 TDNA gene were 8fn (5-AGAGTTTGATC-
CTGGCTCAG-3') and 1429r (5-ACGGCTACCDTT-
GTTACGACTT-3") (Esikova et al. 2002). The PCR
amplification cycle included an initial 2 min denaturation
at 95°C followed by 10 cycles of denaturation at 95°C
for 1 min, 1min primer annealing at 65°C with the
annealing temperature decreased by 1°C with each
succeeding cycle, and 1 min elongation at 72°C. PCR
products were purified by electrophoresis in agarose gels
using standard methods (Sambrook and Russell, 2001)
and sequenced uvsing PCR-mediated Taq DyeDeoxy
terminator cycle sequencing. The LASERGENE
{DNAStar Inc., Madison, WI) sequence analysis soft-
ware package and BLAST software package (Altschul et
al.. 'i1997) were used for all DNA sequence analysis.

Bacteria were identified from nucleotide sequence resull.
ing from sequencing a portion of the 165 rDNA gene, Ay
sequences had 99% identity with sequence from the §
marcescens DNA sequence in the database. Nucleotide
sequences have been deposited in GenBank undeg
accession numbers AY514431, AY514432 AY514433
AY514434, and AY 514435 for S. marcescens N1-6, Nl
8, N1-14, N2-4, and N4-1, respectwely

2.3; Preparation of formulations containing beneficial
microbes S o ’

Bacterial isolates were grown 48 h in NB at 22 °C and
250 rpm. Bacterial cultures were washed and resus
pended in SDW. T pirens isolates were grown 7d or |
Potato Dextrose Agar (PDA). The mycelium and agat
were blended, added to 25ml Molasses Yeast (MY)
broth (Papavizas et al., 1984), incubated 7d and usedfo
inoculate 500 ml MY broth The freshly inoculated MY
broth 'was incubated 14 d at 25°C and 230rpm‘,|
centrifuged at 9000 x g, the pellet resuspended
100ml SDW, and fungal biomass dispersed witha
tissue mizer (IKA Works, Inc, Wilmingion, NG
Bacterial or fungal suspensions (2.1 mt) were mixed with
0.7ml 12% gelatin (w/v; Sigma Chemical Company, 5t
Louis, MO) and applied to 140 cucumber (Cucums
sativum cv. Marketmore 76) seeds. The gelatin had bee
previously autoclaved and cooled to 40°C. Treated
seeds were dried under a laminar flow hood for §
approximately 2 h prior to planting. For seed treatments
containing combinations of microorganisms, equdl
volumes of bacterial and fungal suspensions were mixed
prior to addition to the gelatin solution. Seed treatments
containing combinations of microorganisms did ot
have significantly more CFU per seed than individus
treatments. Bacteria also were applied to cucumber seed
in a peat-bond formulation as described previoush
(Roberts et al., 1997). For preparation of granulé
formulations containing T, virens GL3 or GL21, o8¢
rice flour, 23 g pyrax, and 9g vermiculite were mix

L
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autociaved, and combined with 13 g gluten and 7g GL3
. GL21 biomass. The check was prepared similarly
cxcept 78 pyrax was added in place of fungal biomass,
{anola oil (13 ml) was added, the mixture kneaded to a
Jough-like consistency, granulated, dried overnight, and
nended (Hebbar et al., 1999). Population levels in seed
yreatments were determined by sonicating treated seeds
for min followed by dilution-plating onto NB agar for
| pacteria and TME agar for T virens (Papavizas and
tumsden, 1982). Populations levels in the granular
“jormulation were determined by dilution-piating onto
TME agar. '

4. Suppression of damping-off of cucumber caused by
R solani .

Redi-Earth (Scott’s Horticultural Products. Marys-
ville. OH) infested with R. solani R-23A was prepared as
N dcscribed previously (Lewis and Larkin, 1997; Lewis
[ and Lumsden, 2001). Redi-Earth infested with R solani
R-23A and granular pellets containing I. wvirens
tapproximately 6.0 log;o CFU per gram granular pellet)
were mixed with non-infested Redi-Earth planting
-medium at rates of 3% (w/w) and 1% (w/wi. respec-
uively. where indicated. Cucumber seeds coated with the
peat-bond formulation with bacteria (approximately 8.0
logio CFU per seel) and without bacteria, were sown
into the infested Redi-Earth in 18 x 12 x 6.6-cm flats at

_seeds-per flat in other experiments. There were four
id wplicate flats per treatment. Flats were arranged in a
F twmpletely randomized design and incubated in the
preenhouse at 27 °C. Mean percent plant stand per flat
was determined at 28 d and differences tetween means
determined by Tukey’s Studentized Range Test in SAS
{8AS Institute, Cary, NC). Experiments were analyzed
independently. :

13, Suppression of damping-off of cuciamber caused by

Foultimem - ;

e ol

' To produce sporangia, Corn Meal Agar plates were

a g ®Woculated with P. witinmmum Puzc, incubated at 22 °C for
[ 34, flooded with sterile soil extract (Avers and
y Lumsden, 1975), and subsequently incubated at 22°C
s: r 14-284, Sporangia were incorporated into Redi-
Barth 45 described previously at rates ranging between 0
#3 d 600 sporangia per cm® (Roberts et al. 1997).
g eria and T, virens isolates were applied to cucumber
® " in the gelatin formulation. Seed treatments
a 3 “Mained approximately 8.0 log;o CFU bacterial isolate
I seed or 5.0 log,g CFU T. virens isolate per seed.

| “®i-Earth, Redi-Earth amended with sporangia of P.
S or SDW, treated seeds, and Redi-Earth
Tmended with sporangia or SDW were added as

B Suential layers to 6-cm diam. cups. Eight replicate

arate of 21 seeds per _ﬂai in some experiments and 30’

cups for each treatment were sown with five seeds each
and incubated in a growth chamber at 22 “@awith a 12h
photoperiod. Treatments were arranged in a completely
randomized design. Mean percent plant ‘stand per cup
was determined after 14d and means separated by
Tukey’s Studentized Range Test. Experiments were

performed at least twice for treatments with some -

evidence of disease suppression and analyzed indepen-
dently.

2.6. In vitro inhibition of M. incognita

Culture filtrates from bacterial isolates were prepared
by growing bacteria in NB for 2d at 22 °C and 200 rpm.
centrifuging the cultures at 10,000 x g for 20min, and
passing the supernatant through a 0.2 pm filter. Culture
filtrates of 7. virens GL21 were prepared by growing
GL21 in Potato Dextrose Broth (PDB) for 8 d at 22°C
and 50 rpm.The culture was clarified by centrifugation
at 10, 000 x g and filtered through a 0.2pm filter.
Culture filtrates were tested in' 24-well tissue culture
plates for effects on M. incognita egg hatch as described
previousiy (Nitao et al.,, 1999). Number of eggs applied
to wells was consistent within an experiment and varied
between 126 and 203 in the different experiments.

Counts were made of total second stage juveniles (J2)

in each well after approximately 14d. Mean percent egg
hatch for each treatment was determined and compared
using Tukey’s Studentized Range Test. The experiment
was performed twice with six replicates and experiments
were analyzed independently.

2.7. Suppression of M. incbgnira on cucuinber

Four pot experiments were conducted in the green-
house. In all experiments, bacteria and fungi were
applied to cucumibe: seed in the gelatin formulation and
the treated seeds were planted in pasteurized soil in 10-
cm diam. pots in the greenhouse. In the first experiment,
seed treatments consisted of non-treated seed, gelatin
formulation without bacteria, and gelatin formulation
with S. marcescens N2-4, S. marcescens N1-14, Bacillus
circulans 99-10, E. asburiae S01R3, Pantocz agglomerins
0020, B. pasteurii 0022, Pseudomonas chlororaphis 0050,
or Acinetobacter radioresistens (0055, In the second
experiment, the treatments in the first experiment were
used as well as treatments consisting of dead cells of B.
cepacia BC-2 or dead cells of B. ambifaria BC-F.
Treatments were applied as a seed treatment (approxi-
mately 7.0 log;o CFU per seed) in the gelatin formula-
tion and a 10 ml drench (approximately 8.0 log,o CFU
per mi) per plant 5 weeks after planting. In the third
experiment, treatments consisted of T. rirens GL3 and

of T. virens GL21 applied as a seed treatment in the’

gelatin formulation (approximately 4.0 log,o CFU per

seed) and a 10 ml drench in SDW (2.0 log,o CFU per mI?
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per plant 5 weeks after planting. In the first three
experiments M. incognita (approx. 10,000 eggs in water)
was applied to each pot at planting time. In the fourth
experiment, treatments consisted of 7. virens GL3, T.
virens GL21, dead cells of B. cepacia BC-1 or BC-2, §.
marcescens N1-14, S. marcescens N2-4, P. agglomerans
0020, GL3 plus dead cells of B. cepacia BC-1, GL3 plus
dead cells of B. cepacia BC-2, GL3 plus S. marcescens
N2-4, and GL3 plus P. agglomerans 0020. These
treatments were applied as a seed . treatment in the
gelatin formulation (approximately 7.0 log;n CFU per
seed for bacteria and 4.0 log,o CFU per seed for fungi),
a root dip at transplant (approximately 8.0 log,; CFU
per ml of bacteria and 3.0 log,q CFU per ml T virens),
and a 10 ml drench (approximately 8.0 log,, CFU per mi
of bacteria and 5.0 log,o CFU per ml T virens) per plant
3 weeks after transplant. At transplant ihe roots were
dipped in bacterial or fungal suspensions in SDW and
the plants were inoculated with M. incognita. Pots were
arranged in a completely randomized design. In all
experiments plants were harvested 8 weeks after
application of M. incognita (2 life cycles for M.
incognita). Roots and soil from the pots were processed
for nematode eggs and J2 as described previously
(Meyer et al., 2000, 2001). Mean shoot fresh weight,
shoot dry weight, root fresh weight, plant height,
number of fruit, fruit fresh weight, fruit dry weight,

~nematode eggs on roots, nematode eggs in soil, J2 on

roots, and J2 in soil for each tréatment were determined
Each treatment was

were analyzed independently.
2.8. In situ compdtibility assays.

Bacterial isolates were grown in NB while nfamplcm-
resistant derivative strains were grown in NB plus 100 pg
rfampicin per ml for 48h at 22°C and 200 rpm.
Caltures were centrifuged, washed, and resuspended in
SDW. T. virens GL3 and GL21 biomass was prepared as
described above and resuspended in SDW. Suspensions
{40 ul) of bacteria or fungi were combined with a 40 ul
suspension containing another isolate or 40pul SDW,
mixed, and applied to individual cucumber seeds in 2 ml
Redi-Earth in 14 ml sterile snap-capped tubes (Roberts
et al., 1992). Bacterial isolates applied to cucumber seed
ranged from 7.82 to 7.63 log,o CFU per seed, while 7.
virens isolates ranged from 5.77 to 5.33 log,¢ CFU per
seed. Experiments were performed with steriie Redi-
Earth when populations of T. virens were monitored.
Controls were cucumber seeds in Redi-Earth without
added bacteria or fungi. Tubes were incubated at 22 °C
with a 12 h photoperiod in the growth chamber for 10 to
12d. Populations of monitored bacterial strains were
determined by dilution-plating onto NB agar containing
100 pg rifampicin per ml. Populations of T. wvirens

.and N4-13 provided significant suppression in one o

isolates were determined by dijution-plating onto T
agar. Experiments were performed twice for each Strajy
pair with six replicates arranged in a- comple;el
randomized design. Means with standard deVlatlon
were determined from independently analyzed exper.
ments.

3. Resuits
3.1. Identity of Serratia isolates

Isolates N1-6, N1-8, N1-14, N2-4, N2-7, N4-1, N4-13
and N4-19 were identified as S. marcescens by analys
of cellular fatty acids with the exception of N2-4 (Tabj §
1). Isolate N2-4 was identified as C. davisae with 5
perceni martch of 0.258. Isolates Ni-6, Ni-8, N1-14, N2
4, and N4-1 were further characterized by sequenciny
approximately 1425 bp of the 16S T DNA gene from each
of these strains. All five isolates had =99% DNA
sequence identity with the S. marcescens 165 rDINA geme
in the database. Isolate N2-4 was determined to be §
marcescens due to the low, and therefore inconclusive,
percent match obtained when ideuiification was based
on analysis of cellular fatty acids. :

/.
3.2. Suppression of damping-off of cucumber caused by |
R. solani

'h,, W B

8. marcescens isolates N1-6, N1-8, N1-14, N2-4, N}
12, N4-1, N4-13, N4-19, B. cepacia BC-t, B. ambif
BC-F, and Enterobacter asburiae 501R3 were
for suppression of damping-off caused by R solani l
greenhouse bicassays (Table 2). These bactcrla

applied as a seed treatment in the peat-bond form
owa

tion in jthese bioassays. B. cepacia BC-1 pr
51gn1ﬁcant suppression (P<0. 05) relative to the
gen check in two of twc assays while B. ambifaria BCE
and S. marcescens isolates N1-6, N1-14, N2-4, N&J,

two assays. There was no evidence of phytotoxicity wi :
any of the bacterial isolates applied as a seed treatmﬂl!: !
in the peat-bond formulation. Percent plant staiid wﬂ? |
these bacterial seed treatments in the absence of &
solani was always similar (P>(.05) to that of tht
healthy check (data not shown).

B. ambifaria BC-F, B. cepacia BC-1, and §. marw
cens isolates N1-6, N1-14, and N2-4 were selected ford
second series of bioassays where these bacteria, appﬁﬂ_’
as seed treatments in the peat-bond formulation, weft
compared with each other (Table 3). In the firf
experiment, treatments containing B. cepacia BC-1
S. marcescens N1-14 both resulted in mean percent
stands that were similar to the healthy check
significantly greater (P<0.05) than that of the ﬁ
bond-only check and the pathogen check. Seeds tread
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pic 2 .
pctimeﬂm trials with bacterial isolates for suppression of damping-off of cucumber caused by R. solani
e
Treatment” R. solani® Mean percent plant stand per flat®
Trial | Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Trial §
Healtlsy Check - 9%67A-  96TA 96.7 A 978 A 96.7 A 822 A 87.8 A 95.6 A
§ vepacia BC-1 +" 70.0 AB 478 B
& muarcescens N4-19 + 544 RC 139 CD
§ marcescens N4-13 + 50.0 BC 28.9 BC
5 marcescens N1-6 + 556B 36.7 BC
§ marcescens N1-14 + 522 B 489 B
5 marcescens N2-4 + 43.3 BC 4.1 B
§ marcescens N1-8 + 26.7C 222CD i
§ muarcescens N3-12 + 61.1 B 8.9 CD !
§ marcescens N4-3 + 0€ - 311BC
. 8 ambifaria BC-F + 367 B 5228
£ uskurige S01R3 + 26,7 BC 356 BC
pathogen Check + 278 C 1.1 D 344 BC 156D 37.88C 33D 11.1C 38.9 BC

*Healthy check and pathogen check, naked seed in the absence and presence of inocutum of R, solani, respectively. Bacteria were applied at

spproximately 8.0 logyo CFU per seed in a peat-bond formulation,

*Presence (+) or absence (—) of R, solani R-23A. R. solani infested Redi-Earth was applicd to Redi-Earth planting medium at a rate of 3% (w/w).
“Mean percent stand per flat. Plant stand was determined 4 weeks after sowing cucumber seed. Treatments within an experimental trial followed by
the same letter are not significantly different (P<0.05) as determined by Tukey's Studentized Range Test. A blank entry in a trial indicates that this

krain was not tested in that panicular trial.

Table3 o
Comparison of bacterial isolates with each other for suppression of
damping-off of cucumber caused by R. solani

Treatment® R solani® Mean percent plant stand per flat®
— Experiment 1 Experiment 2
Heatthy check - 989 A 100.0 A

& ambifaria BC-F + 64.4 BC 100.0 A

8 cepacia BC-1 + 76.7 AB 841A

£ marcescens N1-6°~ + 55.6 BCD ND4

§ marcescens N1-14  + 71.1 AB 41.2B

5; marcescens N2-4' 4+ 41.83 BCD ND

*at-bond only check + 389CD 302B

Pathogen check | + 311D ND

*Heaithy check and pathogen check, naked cucumber seed in the
hence and presence, respectively, of R solani inoculum; peat-bond
only check, cucumber seed treated with the sterile peat-bond
fommulation. Bacteria were applied at approximately 8.0 log,, CFU
7 seed in the peat-bond formulation.

Presence (+) or absence (—) of R. solani R-23A. R solani infested
!ﬂ?i-l:anh was applied to Redi-Earth planting medium ar a rate of
1'. (w w)‘

‘Mean percent stand per flat. Plant stand was determined 4 weeks

sowmng cucumber seed. Treatments within an experimem
Howed by the same letter are not significantly different (P<0.05)
";‘ﬂcnnined by Tukey’s Studentized Range Test.
ND. not determined in this experiment.

sih B ambifaria BC-F had a mean percent plant stand
_&“ was significantly greater (P<0.05) than the patho-
B2 check, Treatments containing S. marcescens N1-6 or

~ did not provide disease suppression. In the second

experiment, treatments containing B. ambifaria BC-F
and B. cepacia BC-1 provided mean percent plant stands
that were similar (P>0.05) to each other and to the
healthy check, and significantly greater (P<0.05) than
the peat-bond-only check. The treatment containing
8. marcescens N1-14 had a mean percent plant stand .
that was similar to that of the peat-bond-only check.
B. cepacia BC-1 was the best performing bacterial
isolate providing significant disease suppression in four
of four bioassays. :
1

3.3. Suppression of damping-off of cucumber caused by
P. ultimum

All bacterial isolates listed in Table !, with the
exception of the rifampicin-resistant derivative strains,
were screened for suppression of damping-off of
cucumber caused by P. ultimum (using the assay system
depicted in Table 4). All isolates of §. marcescens (N1-6,
NIi-8, Ni-14, N2-4, N2-7, N4-1, N4-13, N4-19) pro-
vided superior control when applied to cucumber seed in
a gelatin formulation in two of two screening trials (data
not shown). In all cases mean percent plant stand per
cup was statistically similar (P>0.05) to that of the
healthy check when these isolates of S. marcescens
were applied as a seed treatment. A subset of these
S. marcescens isolates (N1-6, N1-14, N2-4, N4-1) and
other bacterial isolates that provided significant sup-
pression of damping-off in two of two screening trials
(data not shown) were tested together in biocontrol
assays with different levels of inoculum of P. wltimum
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Table 4
Suppression of damping-off of cucumber caused by P, thium uftimum with beneficiabbacteria applied individually in seed treatments

Treatment® Mezan percent plant stand per cup®
Experiment 1 Experiment 2

Level of P. witimum®. 0 40 60 0 ©40 300
Gelatin only 975 A 15.0 CDE 50DE 975A O0GE 0.0E
Serrutia marcescens N4-| wND¢ 87.5A 825 A ND 522ABCDE  (OO0E
Serratia marcescens N1-6 ND 925 A 525 ABCD ND 605 AB 25DE
Serratia marcescens N1-14 . ND 375A 55.0 ABC ND 5757 ABC 12.5 BChg
Serratia marcescens N2-4 ND 850 A 70.0 AB ND 550 ABCD 27.5 BCDE
Burkholderia ambifaria BC-F ND 90.0 A 57.1 ABC ND 325 BCDE 2.5 DF
Klebsiella planticola C00i4 \D 286 BCDE 25E ND ND ND
Enterobacter asburiae 501R3 XD 550 ABC 00E -ND 150 BCDE 00E
Pantoea agglomerans 0020 X\p 15.0 CDE 25E ND ND ND
Bacitlus pasteurii 0022 ‘ D 17.5 CDE 15.0 CDE ND ND ND
Pseudomonas chlororaphis 0050 . ND 17.5 CDE 25E ND ND ND
Acinztobacter radioresistens 0055 5D 0.0E 00E ND ND ND
Streptomyces spp. 99-60 ND 12.5 CDE 10.0 CDE ND 00 E GOE

“Values are the mean of eight replicates each containing five seeds expressed as percent plant stand per cup. Numbers {fokowed by the same letis
are not significantly different (£ <0.05) within an experiment as determined by the Tukey’s Studentized Range Test.

®Bacteria were applied in a gelatin formulation at approximaiely 8.0 log,o CFU per seed. Gelatin only indicates seeds were treated with stere
gelatin without bacteria. No isolates were found to by phytotoxic in previous experiments. T

“Quantity of sporangia of P. wltimum per cm’ of Redi-Earth inoculum.

ND; not determined.

{Table 4). In the first experiment, B. aairhb;g’faria BC-F and
the S. marcescens isolates N1-14, N2-4, and N4-1 were
superior to the other strains providing significant
suppression of damping-off relative to the gelatin-only

——check™d
(Table 4). S. marcescens N1-6 provided significant
suppression of damping-off at the lower inoculum level.
In the second experiment, only S. marcescens isolates
N1-6, N1-14, and N2-4 provided significant suppression
of damping-off relative to the gelatin-only check ar the
lower inoculum level. No seed treatments provided
significant disease suppression at the high pathogen
inoculum level (Table 4). No bacterial isolates listed in
Table 4 were found to be phytotoxic in previous
bioassays (data not shown). S. marcescens N1-6. N1-
14, and N2-4 were the best performing isolates provid-
mg significant suppression of damping-off caused by P.
ultimum in four of four bioassays.

S. marcescens N1-6 was selected for a third senes of
bioassays where this bacterium, as well as B. cepacia
BC-1, and T virens isolates GL3 and GL21, which had
shown promise {or suppression of R. solani (Lewis and
Lumsden, 2001), were compared with regard to suppres-
sion of P. ultimum on cucumber when applied as a seed
treatment in the gelatin formulation (Table 5. B.
cepacia BC-2 was included because it was effective in
suppression of M. incognita on another crop species
{Meyer et al, 2001). All isolates tested provided
suppression of damping-off that was significantiv great-
er (P<0.05) than the gelatin-only check at one or more
pathogen inoculum levels in both experiments.

th levels of P. ultimum inoculum tested

———

3.4./Suppression of M. incognita ) “

In vitro inhibition experiments ware conducted wiib
isolates shown to be effective in suppressing damping-off
of cucumber caused by P. wultinuen andjor R. solami
Culture filtrates from B. cepacia BC-1 and S. marcescem
isolates N1-6, N1-14, and N2-4 grown in NB s:gmi-
cantly suppressed (P<0.05) egg haich of M. mcogmtau
vitro. Egg hatch was 11%, 6%, 4%. and 6% 11351:@L
tively, while egg hatch in the sterile NB control was 30%.
Culture filtrate from T, virens GL21 grown in PDB als
significantly suppressed (P<0.05} egg hatch of: H
iricognita. Egg hatch was 13% with calture filtrates ] ro8
T. virens GL21 and 75% with the sterile PDB contrl
Similar results were obtained in 2 second experimes
except that culture filtrates from B. cepacia BC-1 grom
in NB did not significantly suppress egg hatch. ‘

Treatments containing; indivicual applications ¢
several bacterial isolates (Table 1%. T, virens GL3.T
virens GL21, or autoclaved cells of B. ambifaria BC-F¢
B. cepacia isolates BC-1 or BC-2 were tested f¢
suppression of populations of M. ircognita on cucumb?
in greenhouse bioassays. No microbial treatmef
significantly suppressed populations of M. incognitd &
improved plant vigor relative to the pathogen check ¥
any experiment (data not shown).

3.5. In situ compatibility

Most combinations of isolates effective in suppresSﬂ’
of damping-off caused by P. witinn: and/or R sols
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}',ble 5 . ’ - : :
s::ppfcss"on of damping-of¥f of cucamber caused by P. wltimum with bench# microorganisms applied individually kS
/—e:t: Mean percent plant stand per cup” 7
Treatmett . ¥
Experiment 1 Experiment 2 '
Level of P. uitinuan® 0 15 it} .0 70 300
Crelatin only 97.5 AB 400CD 25D 950 A 75C 25C
g cepocia BC-1 97.5 AB 8.5 4B 60.0 BC 100.0 A 60.0 AB 37.5 BC
B cepacid BC-2 1000 A BO.0 A3 75.0 ABC 971.5A 75.0 AB ;550 AB
s marscesens N1-6 100.0 A 975 AB 95.0 AB 97.5 A 925 A " 77.5 AB
j. virens GL3 97.5 AB 97.5 A8 97.5 AB 100.0 A 825 A 67.5 AB
T virens GL21 100.0 A 67.5 ABC 90.0AB 955 A 975 A G715 A
T :

aylues are the mean of eight replaates each containing five seeds expressed =z percent plant stand per cup. Numbers followed by the same letter
arc not significantly different {P<0.05) within a particular experiment as deter—ined by the Tukey's Studentized Range Test.
m\icrobes were applied in 2 gelaun formulation uar approximately 8.0 log:. CFU per seed for bacteria and 5.0 log g CFU per seed for T, virers
| walates. Gelatin only indicates seeds were treated with sterile gelatin withéut Srrterid.
*Quantity of sporangia of P. ultinzum per em® of Redi-Earth inoculum.

were compatible when coincubated in cucumber rhizo- Tetiz 6 o o ) ) _
sphere (Table 6). Populations of monitored strains (5. 1= S compatibility of paired isolates in cacumber rhizosphere®
repacia isolates BC-1RI and RC-2R2, B. ambifaria Te=ztment® . Log CFU monitored Logyo CFU
BCF-R8. S. marcescens isolates N1-14R5 and N2-4R1. strain® . paired
T, rirens isolates GL3 and GL21) were compared among strain
weatments. These strams were incubated alone Of y.;oreq  Paired Initial Final Initial
coincubated with a second strain for 10-12d in /' g strain :
cascumber rhizospheres. Only populations of B. cepacia
BC-2R2 coincubated with B. ambifaria BC-F, S. SDw 8.04 -
marcescens N1-14R5 coincubated with B. ambifaria BC-2 7.96 .76

| BC.F. and T virens GL21 coincubated with B. . Be-F 3.04 T.68

- i BL-IRI Ni-14 787 7.97 7.63

ambifaria BC-F were slightly reduced relative to N2-4 615 2.1%
wreatments containing B. cepacia BC-2R2, §. marcescens GL3 8.18 568
NI-14R5, or T, virens GL21 applied alone, respectively. GL21 8.19 5.33

tn addition, populations of T. virens isolates GL3 and : '
SDW S . 8.02

GL21 were both substantially reduced after coincuba- -
. . . . BC-1 : - 17 7.82
tion with B. cepacia BC-1 and S. marcescens isolates NI1- BC-F 7.3g%% 768
18 and N2-4. No T. virens-like colonies were detected BC-2R2 Ni-14 774 .09 7.63
afer 10 & in both runst of this experiment. Populations N2-4 7.82 7.75
[ of monitored strains were unaffected by coincubation GL3 8.10 5.68
' sith paired strains in ali other combinations (Table 6). GL21 - 804 3.33

] .

l iﬁd f;r.:;:;ocombina:ions for suppression of damping-off ;Ié}’:’ ' ?,:g; 180
. gnita on cucumber BC-2 802 776
3 . BCERR  NI-14 7.70 8.25 763
4 B cepacia BC-1, B. ambifaria BC-F, and S. marces- N2-4 8.08 - 7.5
(Q omsisolates N1-14 and N2-4. applied as seed treatments GLi 8.12. 3.68
B8 = ihe peat-bond formulation. were tested alone and in G2t 8.29 533

8 embination with 72 virens GL21 applied as a granular SOwW 751 .
i formulation, with regard to suppression of damping-off BC-1 762 772
BY wused by R solani. Combining BC-1 with GL2i BC-2 7.34 770
E resulted in improved suppression of damping-ofT caused Ni-i4RS BC-F 7.82 T1% 7.65
? " R solani (P<0.05) over treatments containing GL3 7.26 3.77
§ dividual applications of thess microbes in two of two GLal 740 560

t‘I‘f-'ﬁ_rr.e:nts. In the first expeniment application of B. SDW 713 _
%paciy BC-1 in combination with T. wvirens GL21 BC-1 716 172

™alled in »~ mean percent plant stand that was similar BC-2 712 7.70
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Table 6 {continued}

Treatment” Lug,¢ CFU .nonitored Log,s CFU
strain® paired
strain
Monitored  Paired Initial Final Initial
_strain strain ’
N2-4R1 BC-F 722 7.26 7.65
GL3 7.40 577
GL21 7.54 5.60
SDW 6.35 ' -
BC-1 BDT!** 7.01
BC-2 650 7.80
GL3 BC-F 6.41 6.35 7.76
NL-14 "BDT** 7.82
N2-4 BDT** 1.79
SDW . 6.51 -
BC-t BDT** 7.91
BC-2 6.46 7.80
GL21 BC-F 6.09 6.17%= 7.76
N1-14 " BDT*" 7.82
N2-4 BDT** 7.79

*Results of a single experiment with these treatments. All treatments
were replicated six tunes and were tested in two independent
experiments. Asterisks indicate the mean of the monitored strain in
the presence of this paired strain is greater than one standard deviation
lower than the mean of the monitored strain added to cucumber sced
with SDW only.

bBC-1Ri, B cepaciz BC-1R1; BC-2R2, B. cepacia BC-2R2; BC-
FRS, B. ombifariac BC-FRR; N1-14R5, 5. marcescens N1-14R5; N2-
4R\, S. marcescens N2-4R1; GL3, T. virens GL3; GL21, T. virens

“GL21: SDW, sterile distilled water; BC-1, B. cepacia BC-1; BC-2, B.
cepacia -z, BC-F, B. ambifaria BC-F, Ni-14, S. marcescens NI1-14;
and N2-4, S. marcescens N2-4,

*populations were determined by dilution-plating onto NA plus 100
ug per mi rifampicin for bacterial isolates and TME for T. virens GL3
and GL21. Final populations of the monitored strain were incubated
10 to 12 d in cucumber rhizosphere after application with SDW or a
second strain.

SBDT, below detectable threshold; <2.00 logo CFU per plant.

to the healthy check (92.2 mean percent stand; P>0.05)
and significantly greater (P<0.05) than the no seed
treatment + no pellet check in the presence of R solani
(Table 7). Mean percent plant stand per flat with this
combination treatment was also signtficantly greater
(P <0.05) than the peat-bond-only check and the sterile
pellet check in the presence of R. solani. Individual
application of B. cepacia BC-1 or T. virens GL21 did not
provide effective disease suppression. Mean percent
plant stand per flat with these two treatments was
sitnilar (P>0.05) to the no seed treatment + pellet check
in the presence of R solani. In the second experiment,
the combined application of B. cepacia BC-1 with T.
virens GL21 showed slight improvement over individual
application of these microbes. Mean percent plant stand
per flat was 98.4%, 98.4%, 87.3%, 73.0%, and 47.6%
for the healthy check, the combination of BC-I with

" jsolates performed inconsistently. T..virens GL3 pet

GL21, the individual application of GL21, the indjﬁi‘*
dual application of BC-1, and ‘the no pellet+no seau]
treatment check in the presence of R solani, I'eSpec_ 3
tively. All treatments were significantly greate
(P <0.05) than the no seed treatment +no pellst Check
in the presence of R solani. .

Combining B. ambifaria BC-F with T. virens GLj
improved suppression of damping-off caused by R
solani over individual application of these microbes jp
the first expenment (Table 8). This combiried treatmem
was the only treatment significantly greater (P<(. 05)
than the no seed treatment+no peliet check in thei:
presence of R solani. Mean percent plant stand per flay/
in the second experinrent was 97.8%, 88.9%, 87.3%,
85.7%, and 47.6% for the healthy check, the combina.
tion of BC-F with GL21, the individual application of
GL21, the individual application of BC-F and the no
pellet + no seed treatment check in the presence of R
solani, tespectively. All microbial treatments were
similar (P> 0.05) and significantly greater than the no
pellet + no seed treatment check in the presence of Ji,
solani.

In no case did combmmg isolates B. cepac:a BC—] &
ambifaria BC-F, or 5. marcescens isolates N1-14 or N24
(data not shown) with T. virens GL21 result in decreassd
suppression of damping-off caused by R. solani relative
to individual application of these microbes. There wass
negative interaction in certain experiments with the
sterile granular pellet formulation where disease wa
enhanced when these pellets were apphed (Tables 7 and
8). It is possible that nutrients in this granuly
formulation stimulated actmty by R solani am
enhanced disease. ey

Combinations of bactenal 1solates Wlth T. virens Gl§
or GL21 werk tested for suppression -of dampmg«ﬁ
caused by P. ultimum under conditions of high pathog®
inoculum (Table 9). All beneficial microbes were appw
together in seed treatments in the gelatin formulatigs
Combinations of -7, virens. GL3 with these bacterid

95% mean pdreent plant stand per cup. Application’d
bacterial isoldtes in combination with T. virens GL3 ﬁd
not decrease gffectiveness of this isolate in this expet:
ment. T, virens GL3 applied individually did not proﬂd'
biological control in the second experiment. Combining.
bacterial isolates with GL3 improved discase suppre¥
sion in all cases in this experiment. In the thind
experiment, combining T. virens GL3 with bacteris
isolates resulted in slight to substantial decrease&w'
disease suppression relative to individual appllcauon
GL3.

Combining, T. virens GL21 with B. ambifaria B('/f
resulted in improved suppression of damping-off ca
by P. ultimum relative to individual application oflhf
microbes in experlments 2 and 3 (Table 9). In theseﬂ’

formed very pf/ell in the first experiment, resulting:]



iz
D.P. Roberts et al. { Crop Protection 24 (2005) 141-155 151

rable 7 - : T e
Wion of damping-off of cucumber caused by R. solani with B. cepacia BC-1 or T. virens GL21 applied individually and in cambination®
e

Mmﬂfmem A Mean Pemnt stand per flat® :%
‘ No pellet . Pellet without T. virens GL21 Pellet wiih 7. rirens GL21
"‘-_-—7 )
Np seed treatment . 10,0 CDE 0.0E o 533 ABC
pst-bond without bacteria 24.4 CDE 33DE 46.7 BCD
pest-bond with B. cepacia BC-1 52.2 ABC 0.0 E 922 A
mt‘_hond with S. marcescens N1-14 35.6 BCDE 11.1 CDE 70.0 AB

*all treatments were tested in the presence of R solani isolate R-23A infested Redi-Earth inoculivn applied at a rate of 3% (w/w). Bacteria were
ied at approsimately 8.0 log,, CFU per seed in a peat-bond formulation. Granular petlets containing T virens GL21 (6.0 log;; CFU per gram

. aaular pellet) were applied to Redi-Earth planting medium at a rate of 1% (w/w). Results are from a single experiment. f
*Mean percent plant stand per flat was determined 4 weeks after sowing cucumber seed. Treatments followed by the same letter are not

pgaificantly different (£<0.05) as determined by the Tukey's Studentized Range Test. Mean percent plant stand in the Healthy Check (no seed
weetment, no pellet, no R solani inoculum) was 92.2%,

-

]
Tabie R . : ]
juppression of damping-off of cucumber caused by R solani with B. ambifaria BC-F or T. virens GL21 applied individuatly and in combination®
. dand treatment Mean percent stand per flat®
' No pellet Pellet without T virens GL2I Pellet with T virens GL21
o weod treatment 3 35.6 BC 0.0C 74.4 AB
Pet-dond without bacteria L “522B $0C : 733 AB
#abond with 8. ambifaria RC-F - 544 B 00C : 96.7 A

‘¥p¥treatments were tested in the presence of R solani isolate R-23A infested Redi-Earth inoculum applied at a rate of 3% (w/w). Bacteria were

' ppliod at approximately 8.0 log;, CFU per seed in a peat-bond formulation. Granular pellets containing 7. virens GL21 (6.0 log;o CFU per gram -
giimslar peliet) were applied to Rédi-Earth planting medium at a rate of 1% {w/w). Results are from a single experiment,

-MMean percent plant stand per fiat was determined 4 weeks after sowing cucumber seed. Treatments followed by the same letter are not

sgiicantly different (P<0.05) as determined by the Tukey's Studentized Range Test. Mean percent plant stand in the Healthy Check {(no seed

. ement, no pellet, no R solani inoculum) was 97.8%.

Iminte

Table 9 :
" fivontrol agents applied alone and in combination for suppression of damping-off of cucumber caused by P. wltimum

PUY’ W Mean percent plant stand per cup®
! Experiment 1 « == Experiment 2 Experiment 3
LN

_ - 100.0 A 925A . 750 AB
Gdetia only + 50D 125C T 95D

Y wwr GL3 : + 950 A 70.0 ABC ‘ 825 A
Tobms GL3 + 8. cepacia BC-1 + 100.0 A 85.7 AB 65.0 ABC
Tbens GL3 + B cepacia BC-2 + 87.5 A 85.0 AB 67.5 AB
oz GL3 + B. ambifaria BC-F + 100.0 A 92.5 A 50.0 ABCD
- Mens GL3 4+ 5. marcescens N1-14 + ND* 85.0 AB 65.0 ABC

Moo G121 + 80.0 AB 700 ABC . 200CD

! o GL21 + B, cepacia BC-1 + 52.5 ABCD 80.0 AB 425 ABCD
;:'iw GL2i + B. cepacia BC-2 + 77.5 AB 60.0 ABC 20.0 CD

®ws GL21 + B, ambifaria BC-F + 72.5 ABC 80.0 AB 62.5 ABC
lﬂm GL21+ 5. marcescens N1-14 + ND 77.5 AB 50.0 ABCD
‘_‘w{a RC-1 + 25CD 37.5 ABC 22.5 BCD
._‘fﬁm BC-2 + 35.0 BCD 12.5 BC 225 BCD
_‘_“Vam BC-F + 72.5 ABC 67.5 ABC - 200CD
Wrorscens N1 14 + ND 75.0 AB 50.0 ABCD

"hlh.._______

M ar¢ the mean of eight replicates cach containing five seeds expressed as percent plant stand per cup. Numbers followed by the same letter
' 1: Bgnificantly different (P<0.05) within a particular experiment as determined by the Tukey's Studentized Range Test.

. P ultimpm; —, 10 P. witimum inoculum added: +, P. wltimum inoculum added. Levels of inoculum used were:
"Ill

h I: 250 sporangia per cm’ in experiment 2; 2nd 600 sporangia per cm® in experiment 3.
M0t determined.
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experiments individual application of T. virens GL21 or

. B. ambifaria BC-F did not provide significant disease

suppression while the combination treatment did. There
was no significant effsct with the combined treatment
relative to individua) application of GL21 and BC-I in
the first experiment. Combining T. virens GL21 with the
bacterial isolates B. cepacia BC-1, B. cepacta BC-2, or S.

marcescens N1-14 did not consistently alter disease

suppression relative to individual application of these
microbes. '

Treatments containing GL3 combined with bacterial
isolates or dead cells of B. cepacia BC-1, B. cepacia BC-
2, or B. ambifaria BC-F were applied as a seed
treatment, a root dip at transplant, and a drench and
screened for suppression of M. incognita on cucumber.
None of these combination (reatments suppressed
populations of M. incognita or improved plant vigor
{(data not shown).

4. Discussion

B. ambifaria BC-F, S. marcescens isolates N1-6, N1-
14, and N2-4 and 7. virens isolates GL3 and GL21 had
broad-spectrum activity against soilborne pathogens of
cucumber. In addition to suppressing damping-off
caused by the fungal pathogens R. solani ‘andfor P.
ultimum, culture filtrates from BC-F, N1-6, N1-14, N2-
4, and GL3 and GL21 inhibited in vitro egg hatch by the

_nematode M. incognita in experiments reported here or

elsewhere (Meyer et al, 2000; Li et al., 2002). This
broad-spectrum activity is likely due, in part, to
inhibitory metabolites produced by these organisms.
Inhibitory metabolites produced by isolates of Serratia
include pyrrolnitrin, cocydin A, carbapenem, prodigio-
sin, and serrawettin as well as chitinase and other cell-
wall and cell-membrane degrading enzymes (Lindum et
al., 1998; Asano et al, 1999; McGowan et al., 1999;
Strobel et al., 1999; Kamensky et al., 2003). Isolates of
Burkholderia have been shown to produce pyrrolnitnn.
altericidins, and other compounds with anti-biotic
activity (Kirinuki et al., 1984; Roitman et al, 1990
Burkhead et al., 1994; Kang et al., 1998). T. virens GL3
and GL21 produce the antibiotics glioviren and
gliotoxin, respectively, as well as a number of other
inhibitory metabolites (Lumsden et al., 1992; Howell et
al., 1993). Certain of these compounds have broad-
spectrum activity against microorganisms (Jones and
Hancock, 1988; Burkhead et al., 1994; McGowan et al..
1999; Bennet and Bentley, 2000).

Combining certain microorganisms with broad-spec-
trum activity showed promise for increased consistency
of suppression of damping-off caused by R. solani and
P. ultimum. For example, in experiments directed at
comparing application of individual versus combined
microbial treatments, the combination of B. embifaria

BC-F with T. virens GL21 always provided signifi
biocontrol of these pathogens with these two aﬁ'
svstems. T. virens GL21 applied alone provided g
nificant biocontrol of R. solani in one of two expen.»f
ments and significant biocontrol of P. ultimum in one of
three experiments. Likewise, B. ambifaria BC-F pro.
vided significant biocontrol of R selani in one of “{9 :
experitnents and significant biocontrol of P. ultimum iy |
one of three experiments. Combining microorganism !
with broad-spectrum activity also showed promise for!
increasing the level of suppression of damping-off,br‘
cucumber caused by R sofgni. Combining B. cepeeiy
BC-1, applied as a seed treatment, with T. virens GL2);
applied as a granular formulation, increased disedie f
suppression in two of two experiments relative ]
individual application of these microbes. Combining
5. ambifuriu BC-F with T virens GL21 increased. the
jevel of disease suppression in one of two assays relative
to individual application of these microbes. .
Further testing against a genetically diverse collection
of P. ultimum and R. soleni isolates under a wide range
of environmental conditions is required before thg;‘t:lg]
potential of these strain combinations for improved
disease suppression is known. Tests reported here wer
conducted with a single isolate of each pathogen undery
single set of environmental conditions. It is possible { 18
treatments containing combinations of microbes Wil
provide more consistent disease suppression due to-the-
increased likelihood of expression of important traitsdy.
strain combinations under broader environmental éﬁ’-
ditions. Further tests also are required to completely’
rule out the possibility that improved disease suppfid:
sion with certain combinations is due just to incr ]
numbers of biocontrol agents applied in disease assayh
Combinations of microbes that resulted in enha
suppression, or had mno effect on - suppressio: ,
damping-off of cucumber were incompatible Wheg
coincubated for 10-12d in cucumber rhizospﬁ
(T. virens 5121 combined with B. cepacia BC-1;3
marcescens N1-14, or S. marcescens N2-4). It is pds'sjﬁg
that the short window of vulnerability of cucumber ¥
damping-off in the P. wltimum biocontrol assays (Re'
berts et al., 1997) and/or the spatial separation (bacteris
applied to the seed and T. virens mixed in the Red
Earth) of biocontrol agents in the R. solani biocontsa
assays allowed disease suppression despite antagoniss
among isolates. Antagonism among these strains may ¢
more important when attempting to suppress pathogesh
such as M. incognita, where long-term coexistence Of!Ef
biocontrol agents in the rhizosphere is likely necessafy
The isolates studied here should be a vatuabk !
resource for investigations regarding mechanisms leﬁd'
ing to incompatibility among biocontrol strains u’S?d,"
strain mixtures. Incompatibility between T. vire®
isolates and bacteria varied among related strains.):; ,
related strains B. cepacia BC-1, B. ambifaria BC-F,:



{5 cepacia BC-2 strongly inhibited, slightly inhibited,
! gnd had 20 effect, respectively, on populations of
7 virens GLZ21 in cucumber rhizosphere. There is
considerable genotypic diversity among certain related
miocontrol agents and these microbes have been shown
(o vary with regard to antibiotic production and other

notypes (Keel et al, 1996; Sharifi-Tehrani et al.,
190%: McSpadden-Gardener et al., 2000; Raaijmakers
and Wetler, 2001). Tt is possible that differences such as
these are responsible for differences in comparibility
among closely related strains seen here. We are initiating
genetic studies to determine (ke basis of incompatibiity
smong these isolates. :

Results reported here substantiate reports of in-
creased  biocontrol - effectiveness with certain strain
combinations (Raupach and Kloepper, 1998; Mever
and Roberts, 2002). However, thess results also indicate
that compatibility among strains needs to be carefuily
snalyzed. Compatibility between particular strain pairs
~was determined with regard to suppression of damping-
off caused by R solani and by P. wltimum and with
ngard to coexistence in the cucumber rhizosphere.
§ Compatibility between particular isolate pairs varied
@ wh the assay and possibiy the method of application.

Qampatibility also varied among related microbes.
| Results presented here suggest- that compatibility
" between particular isolates ini strain combinations needs
W be carefully determined for all applications of these
wmbination treatments. -
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