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Combinations of Biocontrol Agents for Management of Plant-Parasitic
Nematodes and Soilborne Plant-Pathogenic Fungi1
Susan L. F. Meyer2 and Daniel P. Roberts3
Abstract: Numerous microbes are antagonistic to plant-parasitic nematodes and soilborne plant-pathogenic fungi, but few of these
organisms are commercially available for management of these pathogens. Inconsistent performance of applied biocontrol agents
has proven to be a primary obstacle to the development of successful commercial products. One of the strategies for overcoming
inconsistent performance is to combine the disease-suppressive activity of two (or more) beneficial microbes in a biocontrol
preparation. Such combinations have potential for more extensive colonization of the rhizosphere, more consistent expression of
beneficial traits under a broad range of soil conditions, and antagonism to a larger number of plant pests or pathogens than strains
applied individually. Conversely, microbes applied in combination also may have antagonistic interactions with each other. Increased, decreased, and unaltered suppression of the target pathogen or pest has been observed when biocontrol microbes have
been applied in combination. Unfortunately, the ecological basis for increased or decreased suppression has not been determined
in many cases and needs further consideration. The complexity of interactions involved in the application of multiple organisms
for biological control has slowed progress toward development of successful formulations. However, this approach has potential for
overcoming some of the efficacy problems that occur with application of individual biocontrol agents.
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Numerous microbes are antagonistic to plantparasitic nematodes and plant-pathogenic fungi, and
some of these organisms reduce pathogen populations
and(or) disease (Adams and Ayers, 1982; Alabouvette
et al., 1993; Chen and Dickson, 1998; Harman, 1991;
Kerry, 1998; King and Parke, 1993; Lumsden and
Locke, 1989; Marois et al., 1982; Nelson, 1988; Rodríguez-Kábana and Morgan-Jones, 1988; Sayre, 1986;
Siddiqui and Mahmood, 1996a, 1999; Sikora and Hoffmann-Hergarten, 1993; Stirling, 1991; Weller and
Cook, 1983). However, biocontrol microbes often are
not thought of as acceptable alternatives for pesticides.
Reasons for this include lack of broad spectrum activity,
inconsistent performance, and slower (and sometimes
less complete) action by the biocontrol agents when
compared with pesticides. Additionally, only a few of
these organisms have been developed into commercial
biocontrol products available to the grower. This is because the leap from recognition of a potentially useful
biocontrol agent to mass culture, formulation, widescale testing, shelf-life improvement, registration, marketing, and delivery has evidently proved so great that
research has not resulted in many commercial successes
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for management of plant-pathogenic fungi and nematodes. Commercially available biocontrol products for
soilborne plant-pathogenic fungi include microbes
such as Bacillus, Burkholderia, Coniothyrium, Fusarium,
Gliocladium, Pythium, Streptomyces, Talaromyces, and
Trichoderma (Fravel, 2000). For nematode management, even fewer commercial formulations are available; examples of products registered for biocontrol
include formulations containing Burkholderia and Paecilomyces.
Of the problems listed above, inconsistent field performance often restricts commercial development of
biocontrol agents. This inconsistency can be caused by
a large number of biotic and abiotic factors. Biotic factors include interactions with nontarget organisms,
damage caused by nontarget pathogens and pests, degree of rhizosphere and(or) soil colonization by a biocontrol agent, initial population levels of the target organism, susceptibility of the host plant to the target
pathogen or pest, host plant species, and host plant
cultivar (Duffy et al., 1996; Hebbar et al., 1998; Kerry,
1998; Kerry and Bourne, 1996; Pierson and Weller,
1994; Sikora and Hoffmann-Hergarten, 1993; Stirling,
1991). Abiotic factors affecting efficacy of biocontrol
agents include climate, and physical and chemical composition of the rhizosphere (Ownley et al., 1992; Sikora
and Hoffmann-Hergarten, 1993; Stirling, 1991). With
so many factors affecting the activity of beneficial microbes, it is not surprising that an individual biocontrol
agent is differentially active in various soil environments.
One approach to overcoming inconsistent performance under varying environmental conditions is to
include two or more biocontrol agents in a preparation.

2 Journal of Nematology, Volume 34, No. 1, March 2002
Potential advantages of biocontrol agents applied in
combination include: (i) multiple modes of action
against the target pathogen or nematode; (ii) ability to
affect more than one stage of the life cycle of the target
organism; (iii) activity of microbes during different
times in the growing season; (iv) increased consistency
in performance over a wider range of soil conditions,
stemming from the different environmental niches of
the applied microbes; and (v) potential to select organisms that affect more than one plant pathogen or pest,
thus increasing the spectrum of uses for the product
(Crump, 1998; Larkin et al., 1998; Lemanceau and Alabouvette, 1991; Lemanceau et al., 1992; Pierson and
Weller, 1994; Siddiqui and Mahmood, 1996a).
This paper considers studies that have been done
with living microbes (bacteria and fungi) that are applied in combination to the spermosphere or rhizosphere and specifically designated as biocontrol agents.
The discussion does not include amendments, products designed to increase activity of organisms already
present in the soil, living agents not specifically registered for biocontrol, root-nodulating bacteria, or natural products derived from microbes.
Examples of combinations of biocontrol agents for management of plant parasitic nematodes: A number of research
investigations indicate that biocontrol combinations
may have a future for management of plant-parasitic
nematodes. In these studies, certain microbe combinations resulted in increased plant vigor or yield, and(or)
reduction of nematode populations or penetration on
roots, compared with individual applications of the biocontrol agents (de Leij et al., 1992; Duponnois et al.,
1998; Gautam et al., 1995; Hojat Jalali et al., 1998; Khan
et al., 1997; Maheswari and Mani, 1988; Perveen et al.,
1998; Siddiqui et al., 1999a, 1999b; Siddiqui and Husain, 1991; Siddiqui and Mahmood, 1993, 1995a,
1995b, 1996b; Sosamma and Koshy, 1997; Vidya and
Reddy, 1998; Youssef and Ali, 1998; Zaki and Maqbool,
1992). The effects on nematode populations included
suppression in numbers of females, eggs, egg masses,
juveniles, or galls.
Root-knot nematodes (Meloidogyne spp.) have been
the subject of many of the studies on biocontrol combinations. This research has resulted in the identification of a number of successful biocontrol combinations
that act against nematodes in this genus. In one study,
the bacterium Bacillus subtilis and the fungus Paecilomyces lilacinus were tested for suppression of Meloidogyne
incognita on tomato in pots containing steamed soil
(Gautam et al., 1995). Alone or combined, the microbes increased plant height and weight and suppressed numbers of root galls, females, eggs, and second-stage juveniles (J2). However, the combination of
these two biocontrol agents suppressed nematode
populations beyond application of agents individually.
There was some increase of plant height and weight
over individual applications as well, although the com-

bination did not have a substantial overall effect on
plant vigor compared to P. lilacinus alone. In another
investigation, tomato seedlings were planted into pots
containing an unsterilized peat/sand/compost mix.
The biocontrol agents tested were the fungus Verticillium chlamydosporium and the bacterium Pasteuria penetrans. Individual application of these microbes generally reduced root galling. However, a combination of
the two organisms caused the largest reduction in galling. Number of female nematodes was not affected by
any biocontrol treatment, but individual and combined
agents decreased numbers of eggs and J2, with an enhanced effect by the combination on suppression of
nematode populations after longer growing periods
(de Leij et al., 1992). The nematode-trapping fungus
Arthrobotrys oligospora was tested with each of 11 strains
of bacteria—Pseudomonas mendocina, Enterobacter cloacae,
Bacillus licheniformis, and several unidentified strains—
for effects on Meloidogyne mayaguensis on tomato in autoclaved soil. Numbers of J2 were suppressed with three
of the combinations, all of which included A. oligospora
and different unidentified bacteria (Duponnois et al.,
1998). These same combinations did not result in the
highest plant biomass.
Combinations of biocontrol agents have not been
tested as frequently against cyst nematodes (Heterodera
spp.). However, studies demonstrating enhanced efficacy with combinations have been reported. For example, three fungi (Embellisia chlamydospora, V. chlamydosporium, and a sterile fungus) were tested for effects on Heterodera schachtii on sugar beet in autoclaved
soil (Hojat Jalali et al., 1998). In this growth-chamber
experiment, none of the fungi applied individually suppressed the number of females or cysts in pots, nor did
the Embellisia-Verticillium combination. However, combinations of either Embellisia or Verticillium with the sterile
fungus significantly suppressed numbers of females and
cysts.
Studies have been conducted in which no enhanced
benefits were observed with combinations of biocontrol
agents. For example, the fungi Hirsutella rhossiliensis and
V. chlamydosporium, applied against Meloidogyne hapla on
lettuce, were effective in reducing J2 numbers in seedlings when applied alone or in combination (Viaene
and Abawi, 2000). However, combining the two fungi
did not enhance activity against M. hapla when compared with individual application of these biocontrol
agents. The individual fungi and their combination did
not affect lettuce weight, nematode egg production, or
root galling at the highest nematode inoculum level.
Zaki and Maqbool (1991) found that while the biocontrol agents P. penetrans, P. lilacinus, Talaromyces flavus,
and B. subtilis generally reduced root-knot nematode
indices, combinations were not more effective than individual application of these biocontrol agents.
While some microbe combinations enhance or have
no significant impact on biological control, other com-
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binations result in decreased biocontrol. The fungus
Trichoderma virens and bacteria from the Burkholderia
cepacia complex are sold commercially as the biocontrol
products Soilgard (ThermoTrilogy Corp., Columbia,
MD) and Deny (Stine Microbial Products, Madison,
WI), respectively. Strains of these organisms were found
to produce extracellular factors in vitro that decreased
M. incognita egg hatch and J2 mobility (Meyer et al.,
2000). In greenhouse studies, individual application of
the microbes as seed coats followed by root drenches
suppressed root-knot nematode populations (M. incognita) on bell pepper compared with untreated plants.
In contrast, combinations of T. virens with the bacteria
were not as effective. Nematode populations (eggs + J2
per g of root) on plants treated with B. cepacia-T. virens
combinations were not significantly different from
those on the control plants (Meyer et al., 2001). Incompatibility among biocontrol organisms has been observed in other studies. Bacillus thuringiensis, Paecilomyces
marquandii, Streptomyces costaricanus, and a B. thuringiensis/S. costaricanus combination were applied as suspensions to soil and studied for effects on M. hapla on
lettuce (Chen et al., 2000). Each of the biocontrol
agents, applied individually, reduced egg numbers in
both methyl bromide-fumigated and nonfumigated microplots compared to untreated controls, and reduced
root galling in nonfumigated soil. However, the combination did not suppress root galling or egg numbers.
Individually applied microbes increased lettuce head
weight in nonfumigated soil compared to untreated
controls, whereas the combination did not. The combination therefore was not as effective as individual
treatments for increasing lettuce head weight or for
decreasing nematode populations. In a study with potted banana plants, S. costaricanus, B. thuringiensis, and P.
marquandii in combinations were generally not as efficacious for nematode management as the organisms
applied individually against Radopholus similis and Helicotylenchus multicinctus (Esnard et al., 1998).
Examples of combinations of biocontrol agents for management of soilborne plant-pathogenic fungi. Combinations of
biocontrol agents have been tested for suppression of
soilborne fungal pathogens. As with the use of biocontrol agents for nematode management, some combinations improved suppression of soilborne plantpathogenic fungi (Duffy et al., 1996; Duffy and Weller,
1995; Leeman et. al., 1996; Lemanceau and Alabouvette, 1991; Lemanceau et al., 1992; Park et al., 1988;
Pierson and Weller, 1994), while some combinations
did not provide any advantage (Dandurand and Knudsen, 1993; Hubbard et al., 1983; Minuto et al., 1995).
For example, cucumber seed treatments containing
combinations of two biocontrol bacteria provided significantly greater suppression of cucumber seedling
pathogens in a field soil naturally infested with Pythium
and Fusarium spp. than was obtained with the individual
bacterial strains (Roberts et al., 1997).

Impressive results have come from greenhouse trials
performed by Mao et al. (1998) evaluating the combined application of T. virens G1-3 and B. cepacia Bc-F
for the control of seed and seedling diseases of tomato
caused by the plant-pathogenic fungi Rhizoctonia solani
and Pythium ultimum, alone or in combination with the
plant-pathogenic fungi Sclerotium rolfsii and Fusarium
oxysporum f. sp. lycopersici. Greenhouse trials were also
performed with G1-3 and Bc-F for the control of R.
solani, P. ultimum, and S. rolfsii alone or in combination
with Phytophthora capsici on pepper. Tomato seeds
treated with G1-3 and Bc-F, individually and in combination, and sown in soil-less mix infested with the above
pathogens resulted in seedling stands comparable to
that of the noninfested controls. However, on pepper,
only seed treatments with the combination of G1-3 and
Bc-F resulted in stands similar to the noninfested controls. Surviving tomato and pepper plants were transplanted into field plots infested with a variety of pathogens. At plant maturity, the combined G1-3 plus Bc-F
application resulted in values for fresh weight and disease severity on pepper, and fruit yield for tomato, that
were significantly better than individual applications of
these biocontrol agents or the pathogen check (Mao et
al., 1998). In this case, preparations containing G1-3
combined with Bc-F generally provided more effective
disease suppression than preparations containing the
individual applications.
In other studies, corn seeds treated with T. virens
G1-3, B. cepacia Bc-B, B. cepacia Bc-1, or G1-3 in combination with Bc-B or Bc-1, were evaluated in a nonsterile
field soil artificially infested with several species of
Pythium and Fusarium. G1-3 in combination with B. cepacia Bc-B provided significantly greater biocontrol
than all other seed treatments (Mao et al., 1996). In
field trials, only the combined application of G1-3 with
Bc-B provided significant disease control on corn in soil
artificially infested with several different species of
Pythium and Fusarium. The combination of T. virens G121 with the bacterium B. cepacia Bc-F provided significantly greater control of R. solani on cucumber than
G1-21 or Bc-F applied individually under very high levels of disease pressure (Roberts and Lewis, unpubl.).
Interestingly, combinations of G1-21 with a second
strain of B. cepacia did not increase biocontrol activity.
Furthermore, combinations of G1-21 with other bacteria, or preparations consisting only of combinations of
bacteria, were reduced in efficacy compared with the
biocontrol agents applied alone (Roberts and Lewis,
unpubl.).
Examples of combinations of biocontrol agents for management of plant-parasitic nematodes and soilborne plantpathogenic fungi: Suppression of more than one plant
pest or pathogen would increase the value of an applied
biocontrol agent. As a consequence, some microbe
combinations have been tested for activity against plantpathogenic nematodes and fungi (Khan et al., 1997;
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Perveen et al., 1998; Siddiqui et al., 1999a, 1999b; Siddiqui and Mahmood, 1993, 1995a, 1995b, 1996b).
These studies often report enhanced activity with combined microbes. For example, the beneficial fungi P.
lilacinus and Trichoderma harzianum were applied against
M. incognita and Fusarium solani on potted papaya in
steamed soil (Khan et al., 1997). Each biocontrol agent
applied alone was able to improve plant vigor, reduce
nematode numbers, and decrease incidence of root
rot. However, the combined application was even more
effective. In another study, pigeonpea was planted in
autoclaved soil and treated with the fungi T. harzianum
(TH), V. chlamydosporium (VC), and Glomus mosseae
(GM) (Siddiqui and Mahmood, 1996b). Tested combinations were TH+GM, VC+GM, VC+TH, and
VC+TH+GM. The combinations enhanced activity
against the Heterodera cajani-Fusarium udum wilt disease
complex, compared with applications of individual biocontrol agents. Plant height and shoot dry weights were
increased (compared to application of individual
agents), numbers of females and cysts per root system
were decreased by all but VC+GM, J2 populations were
reduced, and wilting indices decreased.
Ecological considerations: While some strain combinations are beneficial for biocontrol, clearly not all combinations of strains result in significantly improved and
consistent disease suppression. Several authors have
suggested that for improved biocontrol performance to
occur, strains combined in preparations must be compatible (Baker, 1990; Janisiewicz, 1996; Janisiewicz and
Bors, 1995; Raaijmakers et al., 1995). More consideration must be given to interactions among strains combined in biocontrol preparations.
Almost all biocontrol interactions leading to disease
suppression can be placed into one or more of the
following general categories of mechanisms: antibiosis,
induced resistance of plants, competition for resources
such as nutrients, and predation/parasitism (Kerry,
1998; Larkin et al., 1998; Siddiqui and Mahmood, 1999;
Sikora and Hoffmann-Hergarten, 1993). The positive
effects resulting from the combination of some biocontrol agents, leading to more effective disease suppression, are likely the result of additive or synergistic effects of the combined mechanisms of disease suppression against the pathogen. The negative interactions
resulting in a reduction in biocontrol efficacy are likely
the result of these mechanisms of suppression being
directed at the companion biocontrol agent within the
preparation, in addition to being directed at the plant
pathogen.
Considerable potential exists for antagonism between the microbes combined in biocontrol preparations that may lead to decreased management performance. Microbes combined in biocontrol preparations
are potentially antagonistic with each other through
parasitism and antibiosis. For example, nematophagous
fungi can exhibit predacious activity toward other fungi

as well as toward nematodes (Rosenheim et al., 1995).
Antibiotics such as phenazine-1-carboxylic acid, 2,4diacetylphloroglucinol, hydrogen cyanide, and other
metabolites contribute to the activity of many biocontrol agents (Barker and Koenning, 1998; Keel et al.,
1992; Pierson and Thomashow, 1992; Sikora and Hoffmann-Hergarten, 1993; Thomashow and Weller, 1988;
Vincent et al., 1991; Weller and Thomashow, 1993) but
also may be inhibitory to other biocontrol agents (Pierson and Weller, 1994). Evidence that antibiotics are
produced in the rhizosphere and are inhibitory to specific soil microbes comes from genetic studies with antibiotic-producing biocontrol bacteria (Keel et al.,
1992; Thomashow and Weller, 1988; Vincent et al.,
1991). For example, Pseudomonas fluorescens RS111 was
strongly inhibited in vitro by Pseudomonas putida RE8;
strain RE8 was not inhibited by strain RS111. This inhibition was due to a diffusible compound, possibly an
antibiotic, that was released into the agar medium.
Strain RS111a, a spontaneous mutant of strain RS111,
was less sensitive to inhibition by RE8 than RS111 in
vitro. Preparations containing incompatible strains
(RE8 and RS111) and compatible RE8 and RS111a
strains were used for control of Fusarium wilt of radish.
The incompatible strain combination provided significant disease suppression. However, this suppression was
similar to that obtained with treatments containing
strain RE8 or strain RS111 applied individually. In contrast, the compatible strain combination gave significantly greater disease suppression than the pathogen
check, treatments containing the strains applied individually, and the treatment containing the incompatible strain combination (de Boer et al., 1997).
Antagonism between biocontrol agents within a particular biocontrol preparation may also arise due to
competition for limiting resources, such as nutrients, in
the rhizosphere. Competition has been defined as the
active demand in excess of the immediate supply of
material on the part of two or more organisms (Clark,
1965). The result is restricted population size or microbial activity of one or more of the competitors (Paulitz,
1990). Several levels of competition for nutritional resources may be at work in the rhizosphere when multiple biocontrol strains are added (e.g., competition between the biocontrol strains or competition between
biocontrol strains and the indigenous microflora and
fauna), which may include plant pathogens and pests
(Paulitz, 1990). Evidence that the rhizosphere environment is nutrient-limiting comes from the biocontrol
literature (Paulitz, 1990), where various approaches
have demonstrated that the rhizosphere can be limiting
in reduced carbon, nitrogen, or iron (Chen et al., 1988;
Kloepper et al., 1980; Loper, 1988; Weller et al., 1988).
Competition for nutrients among microbes resulting
in antagonism was shown by Wilson and Lindow
(1994a, 1994b). Their research analyzed the interactions between bacterial biocontrol agents and bacterial
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plant pathogens on leaf surfaces. Competition for nutrients between nonice-nucleating and ice-nucleating
strains of Pseudomonas syringae resulted in antagonism as
indicated by reduced colonization by ice-nucleating
strains of P. syringae (Lindow, 1983, 1985, 1987; Lindow
et al., 1983a, 1983b). Wilson and Lindow (1994b) determined that coexistence of epiphytic bacteria was inversely correlated with the similarity in reduced carbon
utilization between the interacting strains. Strains with
high niche overlap were antagonistic with each other
through competition for limiting nutritional resources.
Conversely, coexistence of bacterial species on leaf surfaces was mediated through nutritional niche differentiation, the utilization of different nutrients by coexisting strains (Wilson and Lindow, 1994b). The work of
Wilson and Lindow suggests that biocontrol agents with
low nutritional niche overlap in the rhizosphere should
coexist and not impact the performance of other biocontrol agents. However, a predictive model relating
nutritional niche overlap between biocontrol agents
and biocontrol performance has not been formulated
or tested for the rhizosphere.
Coexistence among species within a community has
been shown to be mediated through mechanisms other
than nutritional niche differentiation, such as temporal
or spatial separation of species (Evans et al., 1989;
Niemela, 1993). Root and stem interiors represent additional habitats, spatially distinct from the rhizosphere, to be colonized by biocontrol agents. It may be
possible to decrease antagonism between biocontrol organisms by applying agents that occupy distinct spatial
niches (e.g., the rhizosphere and the internal portions
of plants) (Chao et al., 1986). However, there is a paucity of information on the importance of spatial separation of biocontrol agents to biocontrol efficacy.
Clearly, work regarding compatibility to inhibitory molecules and nutritional, temporal, and spatial niche
overlap between biocontrol agents, and its relation to
biocontrol efficacy, is needed.
Conclusions: It is postulated that disease-suppressive
soils are the result of the concerted action of many
microorganisms (Alabouvette, 1986; Lemanceau and
Alabouvette, 1991; Schippers, 1992). Some nematodesuppressive soils may be exceptions, with one or two
agents providing the beneficial activity, but application
of one microbe does not generally emulate natural suppressiveness (Kerry and Bourne, 1996). Consequently,
the application of combinations of disease-suppressive
microbes may more closely mimic these natural suppressive soils than application of individual antagonistic
microbes, and provide a more viable disease control
strategy (Duffy et al., 1996).
Studies with treatments containing combinations of
two or more antagonists have shown that strain combinations can be capable of providing effective control of
a number of pathogens on multiple crop species. The
effectiveness of strain combinations cannot always be

predicted from the individual performance of microbes
as biocontrol agents, in part because strains are often
combined without consideration of interactions among
biocontrol agents. More work needs to be done to minimize the negative interactions while maintaining the
positive interactions resulting from the co-application
of biocontrol agents. It is hoped that, with a better
understanding of the ecological basis of the interactions among microbes applied for biocontrol, levels of
performance associated with disease-suppressive soils
may be approximated.
From the commercialization perspective, production
and quality control difficulties are increased when two
or more microbes are involved. Specific formulations
for multiple microbes will be necessary, and the shelf
lives of more than one organism have to be ensured.
Development and production costs are potentially increased, and registration is likely to be more difficult
and expensive. Clearly, the acceptance of biocontrol
combinations will depend on an increase in efficacy
and resulting economic benefit that justify the use of
combinations over application of individual microbes.
Currently, products containing more than one species
of microbe are not sold specifically as biocontrol agents
for plant-parasitic nematodes. However, combinations
are sold for management of plant-pathogenic fungi.
One such product is BINAB TF WP (BINAB BioInnovation AB, Karlsborg, Sweden), composed of T.
harzianum and Trichoderma polysporum. Another example is T. harzianum with Trichoderma viride, used for
the products Trichopel, Trichoject, Trichodowels, and
Trichoseal (Agrimm Technologies Ltd., Christchurch,
New Zealand). Formulations with combined organisms
can show improvements over applications of individual
microbes. For example, the formulations can be more
versatile, have superior activity against the pathogens,
or be active over a wider range in temperature and
other environmental conditions, e.g., moisture, pH,
soil type, etc. (Dodd, pers. comm.; Ricard, pers.
comm.).
Formulations containing multiple microbes could be
useful for management of nematodes and soilborne
plant-pathogenic fungi. Future work in this area should
include more microplot and field tests. It is also possible that some successful combinations have been efficacious because the total amount of inoculum was
higher (each microbe having been applied at the same
rate that was used for individual applications); continued work will determine whether this is the case. Interactions among biocontrol agents should be studied in
detail, and knowledge of the ecology of the organisms
will help determine whether activity will be complementary. Formulations and delivery systems need to be
tailored to the multiple organisms involved. As these
and related areas continue to be addressed, the advantages of biocontrol applications containing two or more
microbes may be realized.

6 Journal of Nematology, Volume 34, No. 1, March 2002
Literature Cited
Adams, P. B., and W. A. Ayers. 1982. Biological control of Sclerotinia lettuce drop in the field by Sporodesmium sclerotivorum. Phytopathology 72:485–488.
Alabouvette, C. 1986. Fusarium-wilt suppressive soils from the Chateaurenard region: Review of a 10-year study. Agronomie 6:273–284.
Alabouvette, C., P. Lemanceau, and C. Steinburg. 1993. Recent
advances in the biological control of Fusarium wilts. Pesticide Science
37:365–373.
Baker, R. 1990. An overview of current and future strategies and
models for biological control. Pp. 375–388 in D. Hornby, ed. Biological control of soil-borne plant pathogens. CAB International, Wallingford, UK.
Barker, K. R., and S. R. Koenning. 1998. Developing sustainable
systems for nematode management. Annual Review of Phytopathology 36:165–205.
Chao, W. L., E. B. Nelson, G. E. Harman, and H. C. Hoch. 1986.
Colonization of the rhizosphere by biological control agents applied
to seeds. Phytopathology 76:60–65.
Chen, J., G. S. Abawi, and B. M. Zuckerman. 2000. Efficacy of Bacillus thuringiensis, Paecilomyces marquandii, and Streptomyces costaricanus
with and without organic amendments against Meloidogyne hapla infecting lettuce. Journal of Nematology 32:70–77.
Chen, W., H. A. Hoitink, F. Schmitthenner, and O. Tuovinen.
1988. The role of microbial activity in suppression of damping-off
caused by Pythium ultimum. Phytopathology 78:314–322.
Chen, Z. X., and D. W. Dickson. 1998. Review of Pasteuria penetrans:
Biology, ecology, and biological control potential. Journal of Nematology 30:313–340.
Clark, F. E. 1965. The concept of competition in microbial ecology.
Pp. 339–345 in K. R. Baker and W. C. Snyder, eds. Ecology of soilborne plant pathogens. Berkeley, CA: University of California Press.
Crump, D. H. 1998. Biological control of potato and beet cyst
nematodes. Aspects of Applied Biology 53:383–386.
Dandurand, L. M., and G. R. Knudsen. 1993. Influence of Pseudomonas fluorescens on hyphal growth and biocontrol activity of Trichoderma harzianum in the spermosphere and rhizosphere of pea. Phytopathology 83:265–270.
de Boer, M., I. Van der Sluis, L. C. Van Loon, and P. A. H. M.
Bakker. 1997. In vitro compatibility between fluorescent Pseudomonas
spp. strains can increase effectivity of Fusarium wilt control by combinations of these strains. Pp. 380–382 in A. Ogoshi, K. Kobayashi, Y.
Homma, F. Kodama, N. Kondo, and S. Akino, eds. Plant growthpromoting rhizobacteria—present status and future prospects. Proceedings of the Fourth International Workshop on Plant Growthpromoting Rhizobacteria. OECD Workshop, Japan.
de Leij, F. A. A. M., K. G. Davies, and B. R. Kerry. 1992. The use of
Verticillium chlamydosporium Goddard and Pasteuria penetrans (Thorne)
Sayre and Starr alone and in combination to control Meloidogyne incognita on tomato plants. Fundamental and Applied Nematology 15:
235–242.
Duffy, B. K., A. Simon, and D. M. Weller. 1996. Combination of
Trichoderma koningii with fluorescent pseudomonads for control of
take-all of wheat. Phytopathology 86:188–194.
Duffy, B. K., and D. M. Weller. 1995. Use of Gaeumannomyces graminis var. graminis alone and in combination with fluorescent Pseudomonas spp. to suppress take-all of wheat. Plant Disease 79:907–911.
Duponnois, R., A. M. Ba, and T. Mateille. 1998. Effects of some
rhizosphere bacteria for the biocontrol of nematodes of the genus
Meloidogyne with Arthrobotrys oligospora. Fundamental and Applied
Nematology 21:157–163.
Esnard, J., N. Marban-Mendoza, and B. M. Zuckerman. 1998. Effects of three microbial broth cultures and an organic amendment on
growth and populations of free-living and plant-parasitic nematodes
on banana. European Journal of Plant Pathology 104:457–463.
Evans, D. R., J. Hill, T. A. Williams, and I. Rhodes. 1989. Coexistence and the productivity of white clover-perennial ryegrass mixtures.
Theoretical and Applied Genetics 77:65–70.
Fravel, D. R. 2000. Commercial biocontrol products for use against
soilborne crop diseases. USDA ARS Biocontrol of Plant Diseases

Laboratory: Commercial Biocontrol Products [online], updated
9/20/00.
Gautam, A., Z. A. Siddiqui, and I. Mahmood. 1995. Integrated management of Meloidogyne incognita on tomato. Nematologia Mediterranea 23:245–247.
Harman, G. E. 1991. Seed treatments for biological control of plant
disease. Crop Protection 10:166–171.
Hebbar, K. P., M. H. Martel, and T. Heulin. 1998. Suppression of
pre- and postemergence damping-off in corn by Burkholderia cepacia.
European Journal of Plant Pathology 104:29–36.
Hojat Jalali, A. A., R. Segers, and J. Coosemans. 1998. Biocontrol of
Heterodera schachtii using combinations of the sterile fungus, StFCH1-l,
Embellisia chlamydospora and Verticillium chlamydosporium. Nematologica 44:345–355.
Hubbard, J. P., G. E. Harman, and Y. Hadar. 1983. Effect of soilborne Pseudomonas spp. on the biological control agent, Trichoderma
hamatum, on pea seeds. Phytopathology 73:655–659.
Janisiewicz, W. 1996. Ecological diversity, niche overlap, and coexistence of antagonists used in developing mixtures for biocontrol of
postharvest diseases of apples. Phytopathology 86:473–479.
Janisiewicz, W. J., and B. Bors. 1995. Development of a microbial
community of bacterial and yeast antagonists to control woundinvading postharvest pathogens of fruits. Applied and Environmental
Microbiology 61:3261–3267.
Keel, C., U. Schnider, M. Maurhofer, C. Voisard, J. Laville, U.
Burger, P. Wirthner, D. Haas, and G. Defago. 1992. Suppression of
root diseases by Pseudomonas fluorescens CHA0: Importance of the
bacterial secondary metabolite 2,4-diacetylphloroglucinol. Molecular
Plant-Microbe Interactions 5:4–13.
Kerry, B. R. 1998. Progress towards biological control strategies for
plant-parasitic nematodes. The 1998 Brighton Crop Protection Conference: Pests and Diseases 3:739–746.
Kerry, B. R., and J. M. Bourne. 1996. The importance of rhizosphere interactions in the biological control of plant-parasitic nematodes—a case study using Verticillium chlamydosporium. Pesticide Science 47:69–75.
Khan, T. A., S. T. Khan, M. Fazal, and Z. A. Siddiqui. 1997. Biological control of Meloidogyne incognita and Fusarium solani disease complex in papaya using Paecilomyces lilacinus and Trichoderma harzianum.
International Journal of Nematology 7:127–132.
King, E. B., and J. L. Parke. 1993. Biocontrol of Aphanomyces root
rot and Pythium damping-off by Pseudomonas cepacia AMMD on four
pea cultivars. Plant Disease 77:1185–1188.
Kloepper, J. W., J. Leong, M. Teintze, and M. N. Schroth. 1980.
Pseudomonas siderophores: A mechanism explaining disease-suppressive
soils. Current Microbiology 4:317–320.
Larkin, R. P., D. P. Roberts, and J. A. Gracia-Garza. 1998. Biological
control of fungal diseases. Pp. 149–191 in D. Hutson and J. Miyamoto,
eds. Fungicidal activity—chemical and biological approaches to plant
protection. New York: John Wiley & Sons.
Leeman, M., F. M. Den Ouden, J. A. Van Pelt, A. Matamala-Garros,
P. A. H. M. Bakker, and B. Schippers. 1996. Suppression of Fusarium
wilt of radish by co-inoculation of fluorescent Pseudomonas spp. and
root-colonizing fungi. European Journal of Plant Pathology 102:21–
31.
Lemanceau, P., and C. Alabouvette. 1991. Biological control of
Fusarium diseases by fluorescent Pseudomonas and non-pathogenic
Fusarium. Crop Protection 10:279–286.
Lemanceau, P., P. A. H. M. Bakker, W. J. de Kogel, and C. Alabouvette. 1992. Effect of pseudobactin 358 production by Pseudomonas
putida WCS358 on suppression of Fusarium wilt of carnations by nonpathogenic Fusarium oxysporum Fo47. Applied and Environmental Microbiology 58:2978–2982.
Lindow, S. E. 1983. Methods of preventing frost injury caused by
epiphytic ice-nucleation-active bacteria. Plant Disease 67:327–333.
Lindow, S. E. 1985. Integrated control and role of antibiosis in
biological control of fireblight and frost injury. Pp. 83–115 in C. E.
Windels and S. E. Lindow, eds. Biological control on the phylloplane.
St. Paul, MN: American Phytopathological Society.
Lindow, S. E. 1987. Competitive exclusion of epiphytic bacteria by

Biocontrol Combinations: Meyer, Roberts 7
Ice-Pseudomonas syringae mutants. Applied and Environmental Microbiology 53:2520–2527.
Lindow, S. E., D. C. Arny, and C. D. Upper. 1983a. Biological control of frost injury: An isolate of Erwinia herbicola antagonistic to icenucleation-active bacteria. Phytopathology 73:1097–1102.
Lindow, S. E., D. C. Arny, and C. D. Upper. 1983b. Biological control of frost injury: Establishment and effects of an isolate of Erwinia
herbicola antagonistic to ice-nucleation-active bacteria on corn in the
field. Phytopathology 73:1102–1106.
Loper, J. E. 1988. Role of fluorescent siderophore production in
biological control of Pythium ultimum by a Pseudomonas fluorescens
strain. Phytopathology 78:166–172.
Lumsden, R. L., and J. C. Locke. 1989. Biological control of damping-off caused by Pythium ultimum and Rhizoctonia solani with Gliocladium virens in soilless mix. Phytopathology 79:361–366.
Maheswari, T. U., and A. Mani. 1988. Combined efficacy of Pasteuria penetrans and Paecilomyces lilacinus on the biocontrol of Meloidogyne
javanica on tomato. International Nematology Network Newsletter
5:10–11.
Mao, W., J. A. Lewis, R. D. Lumsden, and K. P. Hebbar. 1998. Biocontrol of selected soilborne diseases of tomato and pepper plants.
Crop Protection 17:535–542.
Mao, W., R. D. Lumsden, K. P. Hebbar, and J. A. Lewis. 1996. Seed
treatment with a fungal or a bacterial antagonist for reducing corn
damping-off caused by species of Pythium and Fusarium. Plant Disease
81:450–454.
Marois, J. J., S. A. Johnston, M. D. Dunn, and G. C. Papavizas. 1982.
Biological control of Verticillium wilt of eggplant in the field. Plant
Disease 66:1166–1168.
Meyer, S. L. F., S. I. Massoud, D. J. Chitwood, and D. P. Roberts.
2000. Evaluation of Trichoderma virens and Burkholderia cepacia for antagonistic activity against root-knot nematode, Meloidogyne incognita.
Nematology 2:871–879.
Meyer, S. L. F, D. P. Roberts, D. J. Chitwood, L. K. Carta, R. D.
Lumsden, and W. Mao. 2001. Application of Burkholderia cepacia and
Trichoderma virens, alone and in combinations, against Meloidogyne
incognita on bell pepper. Nematropica 31:75–86.
Minuto, A., Q. Migheli, and A. Garabaldi. 1995. Evaluation of antagonistic strains of Fusarium spp. in the biological and integrated
control of Fusarium wilt of cyclamen. Crop Protection 14:221–226.
Nelson, E. B. 1988. Biological control of Pythium seed rot and
preemergence damping-off of cotton with Enterobacter cloacae and Erwinia herbicola. Plant Disease 72:140–142.
Niemela, J. 1993. Interspecific competition in ground beetle assemblages (Carabidae): What have we learned? Oikos 66:325–335.
Ownley, B. H., D. M. Weller, and J. R. Aldredge. 1992. Relation of
soil chemical and physical factors with suppression of take-all by Pseudomonas fluorescens 2-79. Pp. 299-301 in C. Keel, B. Koller, and G.
Defago, eds. Plant growth-promoting rhizobacteria—progress and
prospects. IOBC/WPRS Bull. No. 14.
Park, C. S., T. C. Paulitz, and R. Baker. 1988. Biocontrol of Fusarium wilt of cucumber resulting from interactions between Pseudomonas putida and nonpathogenic isolates of Fusarium oxysporum. Phytopathology 78:190–194.
Paulitz, T. C. 1990. Biochemical and ecological aspects of competition in biological control. Pp. 713-724 in R. E. Baker and P. E. Dunn,
eds. New directions in biological control. Alternatives for suppressing
agricultural pests and diseases. New York: Alan R. Liss, Inc.
Perveen, S., S. Ehteshamul-Haque, and A. Ghaffar. 1998. Efficacy of
Pseudomonas aeruginosa and Paecilomyces lilacinus in the control of root
rot-root knot disease complex on some vegetables. Nematologia
Mediterranea 26:209–212.
Pierson, E. A., and D. M. Weller. 1994. Use of mixtures of fluorescent pseudomonads to suppress take-all and improve the growth of
wheat. Phytopathology 84:940–947.
Pierson, L. S., III, and L. S. Thomashow. 1992. Cloning and heterologous expression of the phenazine biosynthetic locus from Pseudomonas aureofaciens 30-84. Molecular Plant-Microbe Interactions 5:330–
339.
Raaijmakers, J. M., I. van der Sluis, M. Koster, P. A. H. M. Bakker,
P. J. Weisbeek, and B. Schippers. 1995. Utilization of heterologous

siderophores and rhizosphere competence of fluorescent Pseudomonas spp. Canadian Journal of Microbiology 41:126–135.
Roberts, D. P., P. D. Dery, W. Mao, and P. K. Hebbar. 1997. Use of
a colonization-deficient strain of Escherichia coli in strain combinations
for enhanced biocontrol of cucumber seedling diseases. Journal of
Phytopathology 145:461–463.
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