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Abstract

There is renewed interest in developing biologically
based technologies for the control of soilborne plant-
pathogenic fungi and nematodes. Biologically based
technologies are thought to be more environmentally
friendly than chemical pesticides used in conventional
agricultural  production systems. Unfortunately,
biologically based technologies can be less effective
than chemically based methods. Here we present a
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brief overview of our research with microbiologically based biological control
and cover crops for the suppression of soilborne plant-pathogenic fungi and
nematodes. Emphasis is placed on our development of these technologies as
replacements for methyl bromide in vegetable production systems. We also
discuss approaches for enhancing the performance of these biologically based
technologies through their use in combination.

Introduction

Biologically based technologies have been used in agriculture for
centuries [1], with crop rotations and organic amendments to the soil
documented in ancient Greece, Rome, and the Americas [2-5]. A paradigm
shift in agriculture occurred after World War 11, when increased use of crop
monoculture and chemicals replaced the more sustainable, biologically based
technologies [6, 7]. Two major technological events brought about this
change: the introduction of new, large farm machinery, which increased
farming efficiency and opened the door to large-scale farming, and the
chemical revolution, which introduced agricultural chemical products
including commercial fertilizers, plastic mulches, and pesticides. This new
farming system, now considered conventional, was based on these
mechanical and chemical advances, and soon dominated agriculture in the
United States and much of the rest of the world. Conventional systems focus
on short-term profitability [8] and depend on high inputs of nonrenewable
resources such as commercial fertilizers, pesticides, plastic mulches, and
fossil fuel for tillage. These systems lack efficiency with respect to the use
of these chemical inputs [9]. As a result, rates of commercial fertilizers
beyond those required by the crop continue to be applied [10] and
appreciable quantities of pesticides end up in surface and groundwater [11].
In addition, tillage associated with conventional agriculture resulted in soil
erosion in over 35% of cultivable land [12], and runoff water carried
sediments and nutrients, contaminating offsite water resources.

Need for alternative methods for disease suppression

By the end of the 20th century, the adverse impact of conventional
agricultural production systems on the environment concerned growers,
consumers, and environmentalists. There is mounting pressure on growers to
revert to agricultural practices that are environmentally friendly [13, 14].
Fungicides and nematicides are being re-evaluated with regard to human
toxicity and environmental safety. A number of fumigants and other pesticides
have been deregistered or are being phased out [9, 15]. This situation has
created an urgent need to provide growers with economical alternatives for
these chemicals [4]. A striking example is the need to provide growers with
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alternatives to the soil fumigant methyl bromide for vegetable production in
the United States [16].

For the past four decades, strategies to control soilborne fungal pathogens
and nematodes on certain vegetable crops involved preplant soil injection with
methyl bromide. Methyl bromide was extensively used because it was
economical and effective against a broad spectrum of soil pathogens and
weeds. Agriculture in the United States used 32% to 40% of the world
production of methyl bromide, which in the early 1990’s reached
approximately 100,000 tons annually. Based on 1997 data, 83% of the use of
methyl bromide in the United States was for preplant use, with California and
Florida accounting for 42% and 36%, respectively of the national preplant total
[16]. Major vegetable crops which required soil fumigation included tomatoes,
peppers, and cucurbits.

The Montreal Protocol was initiated in 1994 to protect the Earth from the
detrimental effects of ozone depletion by controlling global production and
trade of substances with an ozone depleting potential of 0.2 or higher [17].
Under this treaty, methyl bromide use in vegetable production is to be phased
out in the United States. This treaty further stipulated that developing countries
will have the advantage of using methyl bromide for an additional ten years
after developed countries, such as the United States, have had methyl bromide
use phased out.

It was estimated that the ban on methyl bromide use in Florida could
result in the loss of $127 million for the winter pepper crop, and a 46% loss
in the winter tomato crop [18, 19]. This problem is compounded by
competition with Mexico and other countries. From 1990 to 1998, the share
of the vegetable market in the United States met by U.S. growers fell from
80% to 70% and that of Florida growers from 35% to 25%. For tomato the
loss of market share was greater. In 1992, U.S. and Florida growers supplied
90% and 40% of the U.S. market, respectively; current figures are 67% and
25%. Tomato imports from Mexico increased 200% between 1990 and
1998. The phasing-out of methyl bromide in the United States contributed to
this loss of market share as Mexican growers still had access to methyl
bromide. Clearly, an environmentally compatible and economically feasible
replacement for controlling soilborne plant pathogens and nematodes is
needed [20].

A number of chemical alternatives to methyl bromide have been considered
for preplant soil fumigation [16]. However, none of these are considered
equivalent substitutes. Methyl iodide is most similar to methyl bromide in its
biological effects, but is expensive due to inadequate sources for iodide [21].
Biological alternatives to methyl bromide are also being considered [16].

A large portion of our research effort deals with the development of
biologically based technologies for use as methyl bromide replacements. Our
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approach integrates the use of microbiologically based biological control with
cover crops for plant disease management in vegetable production systems.
Our research is also directed at furthering our understanding of how these two
biologically based technologies work. We discuss here our current efforts to
develop biological controls and cover crops for the suppression of soilborne
fungal pathogens and nematodes with emphasis on their use as replacements
for methyl bromide. This manuscript is not intended as an exhaustive review
of the literature.

Biological control for suppression of soilborne

pathogens and nematodes

Many microbes suppress populations of soilborne plant pathogens and
plant-parasitic nematodes, and consequently reduce adverse effects of these
organisms on plants [22, 23]. However, only a small portion of these
beneficial microbes are used in commercial agriculture for biological control
[24, 25]. There are a number of difficulties associated with the application of
these microbes for biological control including inconsistent performance,
activity against too few plant pathogens, and failure to act as quickly or as
effectively as chemical pesticides [24, 25].

Strategies for biological control of soilborne plant pathogens and plant-
parasitic nematodes typically rely on individual microbial biological control
isolates for disease suppression [24]. Biological control isolates applied
individually will generally be ineffective when several pathogens of the crop
are present or under widely varying environmental conditions [25-31]. An
approach currently being investigated to overcome these problems is to apply
combinations of biological control isolates in a single formulation. Such
formulations may be active against multiple pathogens and may have improved
activity under diverse soil and rhizosphere conditions [28, 32-34], thereby
enhancing disease suppression. Finally, combinations of biological control
isolates may allow custom tailored microbial formulations to be targeted
against different pathogens of the crop.

The long-term goal of our biological control research is to develop
combinations of microbes effective under diverse environmental conditions
for management of the plant-parasitic nematode Meloidogyne incognita and
Important soilborne fungal pathogens of cucumber, pepper, and tomato. We
screened bacterial and fungal isolates, along with a collection of well-studied
Trichoderma virens isolates, for suppression of vegetable diseases caused by
soilborne plant pathogens [35, 36]. The T. virens isolates were originally
characterized by G.C. Papavizas, J.A. Lewis, and R.D. Lumsden at the
USDA-ARS Beltsville Agricultural Research Center. These isolates suppress
soilborne diseases on a number of vegetable crops caused by M. incognita and
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important plant-pathogenic fungi, including Rhizoctonia solani and
Pythium ultimumi [35-39]. Our strategy is to identify additional antagonists
that can be combined with these T. virens isolates to improve biological
control performance. If newfound isolates have superior disease suppression,
they can be developed for application as biological control agents as
well.

For example, over fifty bacterial isolates from 21 genera, and T. virens
GI-3 and GI-21, were screened for suppression of damping-off of cucumber
caused by P. ultimum and R. solani in growth chamber and greenhouse assays
[36]. Isolates that showed promise for suppression of one or both of these
diseases were screened for suppression of M. incognita in greenhouse and in
vitro bioassays. T. virens GI-3 and G1-21 were the most effective for
suppression of damping-off caused by R. solani and were also effective against
P. ultimum. Isolates of Serratia marcescens were the most effective bacteria
against damping-off caused by P. ultimum. In addition, Burkholderia
ambifaria Bc-F was effective against R. solani and P. ultimum, whereas
Burkholderia cepacia Bc-1 was effective against R. solani. Culture filtrates
from most of these isolates inhibited in vitro egg hatch of the nematode M.
incognita [36, 40, 41]. However, none of these isolates consistently suppressed
populations of M. incognita on cucumber roots [36] despite certain isolates
being effective against this nematode on pepper [35].

Certain combinations of these microbial isolates suppressed damping-off
of cucumber caused by R. solani and P. ultimum more consistently than
when these isolates were applied individually [36]. For example, the
combination of B. ambifaria Bc-F with T. virens GI-21 always provided
significant biological control of damping-off caused by both pathogens
(Table 1). T. virens GI-21 applied alone provided significant suppression of
damping-off caused by R. solani in two of four experiments and significant
suppression of P. ultimum in one of three experiments. Likewise,
B. ambifaria Bc-F applied alone provided significant suppression of
R. solani, one of two experiments and P. ultimum in one of three
experiments. Some isolate combinations also showed promise for increasing
the level of suppression of damping-off caused by R. solani [36]. For
example, combining B. cepacia Bc-1, applied as a seed treatment, with
T. virens GI-21, applied as a granular formulation, increased the level of
disease suppression in two of two experiments relative to the individual
application of these isolates. Further testing of these combinations against a
genetically diverse collection of P. ultimum and R. solani isolates under a wide
range of environmental conditions is required before the full potential of these
strain combinations for improved disease suppression is established. Numerous
other studies have also reported increased performance by combinations of
biological control isolates [reviewed in 25].
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Table 1. Suppression of damping-off of cucumber caused by P. ultimum or R. solani
with biological control isolates applied individually or in combination®.

Treatment P. ultimum® R. solani®
Trichoderma virens GI-3 2/3 ND°
T. virens Gl-21 1/3 2/4
Burkholderia ambifaria Bc-F 1/3 1/2
B. cepacia Bc-1 0/3 1/2
B. cepacia Bc-2 1/3 ND
GI-3 + Bc-F 2/3 ND
GI-3 + Bc-1 2/2 ND
GIl-3 + Bc-2 3/3 ND
Gl-21 + Be-F 3/3 2/2
Gl-21 + Be-1 1/3 2/2
Gl-21 + Bc-2 1/3 ND

*Experimental details can be found in Roberts et al. [36].

®Number of experiments where this treatment provided significant disease suppression relative to
the controls/number of experiments performed.

°ND, not determined.

Biological control mechanisms and potential for

Incompatibility

There are examples from our own work, and the work of others, where
combinations of microbial isolates resulted in decreased disease suppression or
had other problems with compatibility among strains in the formulation
[25, 35, 36]. Bell pepper seedlings were treated with Burkholderia cepacia
Bc-2, B. ambifaria Bc-F, and T. virens GI-3 individually, or in combinations,
to compare effects of these isolates on populations of M. incognita. Populations
of M. incognita were significantly lower than the untreated control with
treatments containing isolates Bc-2, Bc-F, or GI-3. Treatments combining these
isolates (Bc-F + GI-3, Bc-2 + GI-3, Bc-F + Bc-2, and Be-F + Be-2 + GI-3) did
not reduce populations of M. incognita on pepper roots relative to the untreated
controls [35]. In studies with damping-off of cucumber discussed above,
certain combinations of isolates were incompatible when co-incubated for 10
to 12 days in cucumber rhizosphere [36]. Populations of T. virens GI-3 and
Gl-21 (approximately 6.0 log,g CFU) were added to cucumber seeds along
with approximately 7.5 log;o CFU B. cepacia BC-1 or S. marcescens isolates
N1-14 or N2-4. Populations of T. virens GL-3 and GL-21 could not be
detected after 10 to 12 days in cucumber rhizosphere when coincubated with
B. cepacia BC-1 or with either S. marcescens isolate. In contrast,
approximately 6.5 log;o CFU T. virens GI-3 or GI-21 were detected when these
fungal isolates were applied alone.
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Clearly not all combinations of biological control isolates result in
improved and consistent disease suppression. Several researchers have
indicated that isolates combined in biological control formulations must be
compatible for increased disease suppression to occur [29, 42-44]. There has
been considerable interest in determining how various mechanisms, expressed
by the biological control agent, result in disease suppression. However, there
has been little work regarding how these mechanisms result in incompatibility
among microbes combined in a formulation. Microbial biological control
mechanisms leading to disease suppression include antibiosis, mycoparasitism
or lytic activity, and competition for resources or niche exclusion [24]. A new
phase of our work addresses these underlying mechanisms and the role they
play in incompatibility among biological control isolates combined in
formulations.

Antibiosis. Antibiotics are a diverse group of low molecular weight
molecules that are deleterious to the growth or metabolic activity of other
organisms [45]. Considerable potential exists for antagonism between microbes
combined in biological control formulations due to antibiosis [25, 28].
Antibiotics have been shown to be produced by biological control agents in the
rhizosphere and on plant surfaces, regions potentially cohabitated by biological
control agents when applied in combination. The potential for antagonism can
be great because certain biological control agents produce several antibiotics,
some of which have broad spectrum antimicrobial activity [45]. For example,
Pseudomonas fluorescens PF-5 produces pyrrolnitrin, the polyketide
antibiotics pyoluteorin and 2,4-diacetylphloroglucinol, and hydrogen cyanide
[46-49]. Pyrrolnitrin, for one, has been shown to be inhibitory to a number of
fungi [50]. Several other compounds produced by biological control isolates
such as gliotoxin, carbapenem, and prodigiosin have broad spectrum activity
against microorganisms [51-53].

Mycoparasitism and hyphal lysis. Mycoparasitism and hyphal lysis also
have the potential to result in antagonism among isolates combined in
biological control formulations. Fungal cell walls, including the cell walls of
fungal biological control agents, consist primarily of carbohydrate with lesser
quantities of protein and other compounds [54]. Carbohydrate polymers of
chitin or B-glucans make up microfibrillar components of fungal cell walls,
while protein and polymers of various other carbohydrates bind the different
structural components of the wall into macromolecular complexes [55].
Serratia, Bacillus, and Streptomyces are genera of biocontrol prokaryotes
shown to produce multiple isoforms of chitinases which have been implicated
in hyphal lysis [56]. Biological control fungi, such as Trichoderma sp., have
been shown to produce lytic enzymes including chitinase and glucanase
which inhibit fungal spore germination and cause abnormal hyphal growth
[57, 58].
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Competition. Antagonism between biological control isolates within a
particular formulation may also arise due to competition for limiting resources,
such as nutrients, in the rhizosphere. Various approaches have demonstrated
that the rhizosphere can be limiting in reduced carbon, nitrogen, or iron [59-
62]. Competition for these limiting resources may result in one of the
biological control isolates in the formulation being limited in activity or in
population growth [63]. The importance of nutrient limitation in the
rhizosphere is exemplified by studies evaluating the role of siderophores which
function to sequester and deliver Fe** [64-66]. Siderophore-mediated
competition for iron has been shown to effectively suppress populations and
activity of microbes in the rhizosphere [67, 68].

Potential strategies to enhance compatibility

With our approach to use strain combinations for enhanced disease
suppression, it is necessary to understand how various compounds produced by
the Dbiological control isolates lead to inhibition of the pathogen, and to
determine how these compounds affect compatibility of combined biological
control strains. As discussed above, we identified bacterial isolates that
effectively suppress damping-off of cucumber caused by P. ultimum and/or
R. solani. The related isolates B. cepacia Bc-1, B. ambifaria Bc-F, and
B. cepacia Bc-2 strongly inhibited, slightly inhibited, and had no effect,
respectively, on populations of T. virens GI-21 when in cucumber rhizosphere.
As discussed earlier, S. marcescens isolates N2-4 and N1-14 strongly inhibited
T. virens GI-21 when co-incubated with this fungus in cucumber rhizosphere
[36]. Biological control performance was enhanced with certain combinations
(Bc-F + GI-21; Bc-1 + GI-21) but not with other combinations (Bc-2 + GI-21;
various S. marcescens isolates + GI-3 or GI-21). We are investigating the
cause of this incompatibility so that strategies can be devised to overcome the
antagonism and potentially enhance biological control performance of these
strain combinations.

We are currently identifying antibiotics and other inhibitory metabolites
produced by these bacterial isolates. A number of inhibitory compounds have
been characterized from cultures of Burkholderia and Serratia isolates
including pyrrolnitrin, altericideins, oocydin A, carbapenem, prodigiosin, and
serrawettin [69-75]. We are determining if our isolates contain biosynthetic
genes for these metabolites using PCR with primers designed from conserved
sequences of genes reported in the literature [76]. Confirmation of production
of these compounds comes from TLC or HPLC analysis of culture
supernatants or cellular extracts. This approach has been used to confirm
production of pyrrolnitrin by B. ambifaria Bc-F and B. cepacia isolates Bc-1
and Bc-2 (Roberts et al., unpublished). Bioautography will be used to look for
uncharacterized inhibitory compounds from cultures of our isolates grown on
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different substrates extracted with various solvent systems [77]. In the second
step, mutants deficient in the production of these inhibitory compounds will be
isolated using classical transposon mutagenesis procedures [78]. The role of
these compounds in disease suppression will then be assessed using biological
control assays where disease suppression by the mutant and wild-type strains
will be compared. The role of the metabolite in compatibility will also be
determined by co-incubating mutant isolates and T. virens in cucumber
rhizosphere.

If the inhibitory compound is not important for disease suppression but
does result in incompatibility, a derivative strain that does not produce the
compound can be used in biological control formulations. If the compound is
Important for disease suppression, then other strategies to overcome
incompatibility can be employed. For example, incompatibility among
biological control isolates was surmounted resulting in enhanced disease
suppression in work by DeBoer et al. [79]. Pseudomonas fluorescens RS111
was strongly inhibited in vitro by Pseudomonas putida RE8 while strain RES8
was not inhibited by strain RS111. The inhibition was caused by a compound,
possibly an antibiotic, which diffused into the agar medium. A spontaneous
mutant, strain RS111a, was isolated that was less sensitive than strain RS111
to inhibition by strain RE8. Compatible and incompatible combinations of
these strains were tested for control of Fusarium wilt of radish. Application of
the compatible strain combination (RS11la + RES8) resulted in enhanced
disease suppression when compared with the pathogen control, the strains
applied individually, and the incompatible strain combination (RS111 + RES).

Competition for reduced carbon nutrients among microbes resulting in
antagonism was shown by Wilson and Lindow [80, 81]. Strains with high
reduced carbon utilization overlap were antagonistic with each other through
competition for reduced carbon. Conversely, coexistence of bacterial species
on leaf surfaces was mediated through the utilization of different reduced
carbon nutrients by coexisting strains [81]. This suggests that biological
control isolates with low reduced carbon utilization overlap should be
compatible in the rhizosphere.

We have developed a collection of nutritional mutants of Enterobacter
cloacae 501R3 to examine the role of reduced carbon compounds released
from seeds and roots in colonization and disease suppression by this bacterium
(Table 2). Certain mutants lost the ability to utilize whole categories of
reduced carbon compounds that were detected in cucumber exudates. Strain
A-11, with a mutation in pfkA [82], lost the ability for wild-type growth on
almost all carbohydrate compounds in cucumber exudates, while strain M2
[78] lost the ability for wild-type growth on most amino acids and organic
acids in cucumber exudates. There was only a slight reduction in colonization
of the cucumber rhizosphere by strains A-11 and M2 relative to the wild-type
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strain, 501R3, despite these decreased abilities to grow on compounds in
cucumber exudates (Roberts et al., unpublished). Only strain M43, which has
lost the ability to utilize almost all compounds detected in cucumber seed and
root exudates, showed a dramatic decrease in colonization of cucumber
rhizosphere relative to strain 501R3 (Roberts et al., unpublished). Preliminary
experiments with these mutants examining suppression of damping-off of
cucumber caused by P. ultimum indicate that utilization of these reduced
carbon compounds by E. cloacae is not important for disease suppression. All
mutants resulted in disease suppression similar to strain 501R3 in these
preliminary experiments (Roberts et al., unpublished).

Table 2. Colonization and disease suppression phenotypes of mutants of Enterobacter
cloacae.

Mutant  Gene Nutritional deficiency® Root colonization® Disease suppression®

A-11 pfkA Most carbohydrates Moderately reduced Wild-type

M2 sdhA Most amino acids, TCA Moderately reduced Wild-type
cycle intermediates

M43 aceF Most carbohydrates, amino  Deficient Wild-type

acids, TCA cycle
intermediates

®Growth of mutant strain versus wild-type strain 501R3 on individual reduced carbon
compounds detected in cucumber seed and root exudates.

®Populations of mutant and wild-type strain 501R3 on roots were compared at various times
in experiments conducted with cucumber grown in potting mix and in natural soil.

‘Mutant strains and wild-type strain 501R3 were compared for suppression of damping-off
of cucumber caused by Pythium ultimum in growth chamber bioassays conducted in potting
mix.

These results suggest that E. cloacae is flexible with regard to reduced
carbon nutrition during colonization of cucumber seeds and roots and
suppression of damping-off. In situations where competition for reduced
carbon between strains in biological control formulations results in
antagonism, it may be possible to increase coexistence using mutants that
utilize mutually exclusive sets of reduced carbon nutrients. These mutants can
be derived through genetic engineering (Table 2). It may also be possible to
select for spontaneous mutants that have lost the ability to grow on categories
of reduced carbon found in exudates [83].

Spatial or temporal separation of species within a community has also
been shown to improve coexistence of members of the community [84, 85].
There are a number of potential ways to facilitate separation of biological
control isolates combined in a formulation. Root interiors represent additional
habitats, spatially distinct from the rhizosphere. One isolate might be selected



Biologically based methods for plant disease control 11

for rhizosphere competence, another for ability to grow internally within plant
tissues [86]. However, there has been little work done in this area. It may also
be possible to separate biological control isolates at the time of application to
the plant to improve compatibility of these isolates. As discussed above, we
applied bacterial biological control isolates as seed coatings, in combination
with a granular formulation of T. virens applied to the planting medium, for
suppression of R. solani on cucumber [36]. Some of these bacterial antagonists
combined with T. virens resulted in enhanced disease suppression despite
being incompatible in cucumber rhizosphere. For example, suppression of
R. solani was improved when T. virens GI-21 was combined with B. cepacia
Bc-1 [36]. Finally, certain diseases do not require long-term persistence of the
biological control agent in association with the plant. Such is the case for
damping-off of cucumber caused by P. ultimum [87]. It may be possible to
enhance performance of a formulation by combining a non-persistent
biological control isolate, targeted against P. ultimum, with a biological control
isolate that is effective in colonization of the cucumber rhizosphere and
targeted against a second pathogen.

Cover crops for suppression of soilborne pathogens

and nematodes

Biological control focuses on the management of soilborne pathogens and
does not deal with other serious problems associated with vegetable
production, such as soil erosion, loss of soil fertility, contamination of surface
and groundwater with fertilizers, and the depletion of natural resources. The
use of cover crops has reduced soil erosion, reduced water and nutrient run-off,
improved physical soil characteristics, reduced plant disease, and increased
soil organic matter [reviewed in 9, 88-90]. The incorporation of appropriate
legume cover crops to the production rotation can also result in substantial
quantities of nitrogen fixed and recycled by the cover crop. The interactions
among the components of a cover cropping system (reduced tillage, legume
cover crops, and crop rotations) result in a fertile soil with minimum chemical
inputs and low management costs. The following is a brief description of a
cover crop-based production system developed for south Florida where
M. incognita is the most serious pest limiting production of tomatoes and other
vegetables. For decades, M. incognita and other soil pathogens were controlled
by soil fumigation with methyl bromide and chloropicrin or the use of resistant
vegetable cultivars.

There are a number of nematode-resistant vegetable cultivars available.
However, they all have their limitations. Commercially available cultivars of
tomato include Sanibel, Sunjay, Clemente, Cisco, Shady Lady, and Roger
6153. All of these tomato cultivars have the Mi gene that is effective at
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temperatures below 31.5° C [91]. At temperatures above 31.5° C, tomato
plants lose resistance to M. incognita. Because of this concern alternative
disease management practices are needed.

A large number of grassy and leguminous cover crop cultivars have shown
resistance to one or more species of plant-parasitic nematodes [92-98].
Unfortunately, no one cover crop serves as a non-host to all nematode species.
Therefore, in soils where many nematode species are found, a cover crop
should be selected that targets the species most damaging to the vegetable
crop. In the tomato growing area of south Florida, M. incognita causes the
most damage and, consequently, the non-host leguminous cover crops
velvetbean (Mucuna pruriens cv. Utilis), cowpea (Vigna unguiculata cv. Iron
Clay) and sunn hemp (Crotalaria juncea cv. Tropic Sun) were used. All three
of these legume species performed well in the tropical climate of south Florida.
They produced 6 to 12 tons of biomass per hectare with a nitrogen content of
about 2.5 % to 3%.

The cover crops-based system was evaluated in large-scale field trials over
three years in south Florida. Soils in these trials were infested with low to
moderate levels of nematodes and had not been treated with fumigants (Abdul-
Baki et al., unpublished). Soil was prepared in summer, and cover crops were
seeded in raised beds following a procedure described elsewhere [99]. The
cover crops were flail mowed and their biomass residue was incorporated into
the soil. Raised beds were subsequently reformed and seedlings of the
M. incognita-resistant tomato cultivars ‘Sanibel’ and ‘Roger 6153’ were
transplanted. A standard soil fumigation treatment using methyl bromide plus
chloropicrin was included each year for comparison. Tomato yields in all
three years of these trials averaged higher than average yields in Miami-Dade
County. Yields from the cover crops-based treatments were equal to, or greater
than, those from the methyl bromide plus chloropicrin treatment in two of
three years. A subsequent economic analysis, taking into account production
costs, showed a higher net return from the biologically based treatments than
from the methyl bromide plus chloropicrin treatment in all years. This was due
to a savings of $1544 per hectare in the biologically based treatment over the
methyl bromide plus chloropicrin treatment (Abdul-Baki et al., unpublished).
Though the tests were limited to three years, it is reasonable to conclude that in
soils where M. incognita populations are moderate to low, soil fumigation can
be skipped and the cover crops-based system can serve as an economically
viable and environmentally safe substitute to the methyl bromide-based
system.

Combining biological control with cover crops
A wide range of cover crops suppressive to soilborne pathogens have been
evaluated [100]. As with biological control with microorganisms, consistent
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suppression of soilborne plant pathogens is sometimes lacking. This is due, in
part, to our incomplete understanding of the mechanisms by which cover crops
suppress these pathogens. Research needs to be conducted investigating the
pathogen host status of cover crops, the chemical composition of the active
components released from cover crops, the lethal concentration values of these
active components for specific target pathogens, the impact of this material on
soil physical and chemical properties, and the influence and impact of soil
biotic factors on disease suppression by cover crops. In addition, developing
new cultivars of cover crops with resistance to nematodes should be a major
focus of plant breeders.

Combining microbiologically based biological control with cover crops
may improve consistency of disease suppression relative to either technology
applied individually. Potential advantages resulting from combining these
technologies are similar to those mentioned above regarding the combination
of biological control isolates. Such combinations are more likely to have a
greater variety of mechanisms responsible for suppression of one or more
pathogens and also are likely to have these mechanisms expressed over a wide
range of environmental conditions. Combining these technologies may also
broaden the spectrum of activity and increase the level of disease suppression.
Additionally, combinations may allow custom tailoring for suppression of
specific pathogens present in a particular field.

Whereas little information exists regarding the combined application of
cover crops and biological control agents, evidence does exist that this
approach has potential. The prolonged use of cover crops enhanced nematode-
trapping fungi compared to weeds [101]. Nematode-antagonistic bacteria and
chitinolytic fungi were present at higher densities in the rhizosphere of
nematode-suppressive cover crops [102]. Microbial enhancement by cover
crops may be a result of increased soil organic matter, providing a favorable
environment for microbial activity or removing soil microbiostasis [103, 104].
Based upon the enhancement of indigenous antagonistic microbes by cover
crops, the same effect may be achieved when combining biological control
agents with cover crops.

Conclusions

Biologically based technologies have potential for use in commercial
agriculture for suppression of soilborne plant-pathogenic fungi and plant-
parasitic nematodes of vegetable crops. The biologically based system has
received acceptance from organic growers (who can not use soil fumigants)
and from small-scale growers located close to residential areas. Large-scale
growers will remain reluctant to use these biologically based technologies until
they are demonstrated to be economical and consistently effective.
Ecologically based arguments suggest that combining these technologies will
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enhance disease suppression performance. There is some evidence that
suggests that combining microbial biological control isolates can improve
disease suppression. Ecological principles suggest that combining biological
control microbes with cover crops also should improve disease suppression
performance. However, as with all biologically based technologies, we need to
deepen our understanding of the mechanisms resulting in disease suppression.
This is necessary so that strategies can be devised to allow these mechanisms
to preferentially target the pathogenic microbial population as opposed to the
beneficial biological control microbes.
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