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Microorganisms play an enormously
important role in plant disease control. As
naturally occurring resident antagonists,
they can be managed or exploited to
achieve the desired results. They are re-

distant third, since there are more successHicities such as host preference or adapta-
ful cases with introduced biological control tion to certain soil types.

agents of weeds—herbivorous insects and Research on biological control of plant
pathogens—than of plant diseases. On thepathogens received major impetus and
other hand, if we narrow the comparison to attracted many young investigators because

sponsible for the “crop rotation effect,” biological control with introducednicro- of the 1963 international symposium held
which is possibly still the single most im- organisms, plant pathology begins to look at the University of California, Berkeley,
portant disease management tool usedquite respectable. Other thaBacillus and published under the title “Ecology of
worldwide. Simply not growing the same thuringiensis (Bt), there are more micro- Soilborne Plant Pathogens—Prelude to
crop in the same field more than every bial biocontrol agents registered with the Biological Control” (5). Interestingly, only
second or third year allows time for the U.S. Environmental Protection Agency one example of biological control with an
resident antagonists to lower the inoculum (EPA) for use against plant pathogens thanintroduced antagonist was even mentioned
potential of root- and many foliar-infecting against either arthropod pests or weedsat this 5-day symposium. This was Rish-
pathogens of that crop below some eco-(14). There are no living microorganisms beth’s (43) biological control of annosus
nomic threshold before that crop is again registered with the EPA for biological root rot of pine withPhlebia gigantea ap-
grown in that field. With the possible ex- control of plant parasitic nematodes. plied to freshly cut stumps to preempt
ception of hyperparasites of sclerotia  Biological control with introduced mi- colonization of the stumps by the pathogen
(1,50,55), plant pathologists have never croorganisms presents challenges not en-Heterobasidion annosum. Rishbeth’s ap-
seriously thought it would be possible to countered with parasitic or predatory in- proach, followed during the early 1970s by
shorten or eliminate the time required for sects used as natural enemies of arthropoerr’s development of Agrobacterium
crop rotation by adding specific strains of pests or weeds, especially when that mi-radiobacter K84 for biological control of
microorganisms-troduced antagonists— croorganism does not depend on the targetcrown gall (25), changed the direction of
to soil. On the other hand, the addition of pest as a host, which is the case with thethinking on use of introduced antagonists
organic materials such as compost, barn-vast majority of antagonists of plant patho- in at least two ways: (i) antagonists, like
yard manure, and green manure is knowngens. Plant pathology must deal with the the pathogen, should be adapted to the host
to intensify the soil-sanitizing benefits of additional challenge that the target “pest” plant to be protected, in addition to their
resident antagonists so much that it isis, itself, a microorganism. Many of the ability to inhibit or compete with the target
sometimes possible to eliminate the needprinciples of biological control developed pathogen; and (ii) antagonists that can be
for crop rotation. In fact, this practice, and for the use of parasites, predators, andapplied directly and precisely to the infec-
the experimental demonstration of its pathogens of arthropod pests and weeds ar¢ion court need not be able to spread or
stimulatory effects on resident antagonists, not relevant for antagonists of plant patho- even persist in the environment. These two
is credited with having launched biological gens (13). In fact, the principles and ap- examples of biological control sparked the
control as an area of research in plant pa-proaches developed for biological control current and much more successful effort
thology during the early part of this cen- of animal and human diseases—vaccina-with plant-associated microorganisms as
tury (4). tion and probiotics—are just as relevant to agents introduced for biological control of
Entomology is commonly used as the plant pathology as the principles and ap- plant pathogens.
standard for success with biological control proaches developed for biological control o
agents introduced into the environment. of arthropod pests and weeds with natural Commercialization
Compared case-for-case, plant pathology isenemies. One rather daunting principle that Efforts to Date
a barely-visible distant second to entomol- applies across all biological methods for  The efforts under way today to commer-
ogy. In fact, we would have to say it is a disease and pest control with introduced cialize a biological control agent for use
agents (including genes for disease resis-against a plant disease can be grouped for
, _ _ tance) is that, with few exceptions, a dif- purposes of discussion into three categories
eDrz.c(l\ellsatgroess :gd;s:cli(seincD:Spa&?;r;tngf SPtlspet ﬁ‘r?]'l fgrent agent (or gene) is needed for .eachbased on both increasing level of difficulty
versity, Bozeman ’ disease or pest and each crop species oand decreasing potential for repeat sales.
E-mail: upldm@montana.edu related crop species. A root-associated These categories are not black and white,
microorganism with broad-spectrum anti- but they help indicate the direction for
biotic activity might suppress more than developing biocontrol agents as well as the
one disease but often exhibits other speci-bases for commercial successes to date.
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The first group, which follows the lead
of Rishbeth and Kerr, is to apply the an-
tagonist directly and precisely to the infec-
tion court when and where needed. This
group also exemplifies the strategy based
on an inundative application, where the
antagonist is applied at an instantly high
and timely population with the intent to
preempt or swamp the pathogen (14). This
includes examples of seed-applied antago-
nists for protection of germinating seeds
against damping-off. It also includes ex-
amples of antagonists applied to fruits for
protection against fruit decay in storage,
and ice-minus bacteria commercialized for
protection of plants against frost injury
(29). Nearly al microorganisms commer-
cialized for biological control of plant
diseases fall into this first group. One ex-
ception, Gliocladium virens GL-21 (30), is
applied to soil but in close enough proxim-
ity to the seed or plant or at inoculum den-
sities necessary to assure an instantly high
population in the infection court when and
where needed. Some of the agents com-
mercialized for use against damping-off
aso have the ability to colonize the rhi-
zosphere, eg., Trichoderma harzianum
(20), but their use is still limited mostly to
improving stand establishment and seed-
ling vigor, and they compete in the mar-
ketplace with the seed treatment chemicals
developed for this same use. This group of
antagonists represents the logica first step
in commercialization of microbia biocon-
trol agents for use against plant diseases,
and it contributes significantly to experi-
ence and familiarity with microbial bio-
control within the industry, among grow-
ers, and within society more generally.

The second group includes antagonists
applied at one place, eg., on seeds, with
the intent that they will spread and protect
the plant at one or more distant places, e.g.,
the shoots or roots. Plant growth promoting
rhizobacteria (PGPR) fdl into this cate-
gory (28). In the case of fluorescent pseu-
domonads under development for biologi-
cal control of wheat take-al, protection is
needed exclusively on semina and crown
roots and subcrown internodes, since the
pathogen does not infect the seeds (53).
This group of antagonists can include cases
that exemplify the strategy of inundative
application, but more likely, their use ex-
emplifies the strategy of augmentative
application, where the antagonist is ex-
pected to multiply, persist for part or all of
the life of the plant, and augment a back-
ground but inadequate population of a
related or similar antagonist (14). An ex-
ample is the use in Arizona of an atoxi-
genic Aspergillus flavus to spread from
colonized wheat grains scattered on the
soil surface onto the floral parts of cotton
plants, where they preempt establishment
of toxigenic strains of A. flavus (18).
Through a cooperative effort involving
USDA-ARS, cotton growers in Arizona,
and the Interregional Research Project 4

(IR-4), plans are under way with a request
for approval by the EPA (Federal Register
64:28371-28374) to treat 20,000 acres of
cotton in 1999 with the atoxigenic isolate
AF36 of A. flavus as a biocontrol of the
toxigenic strains of this taxon. Ancther
example is the use of Sporidesmium scle-
rotivorum added to soil to reduce the
population of sclerotia of Sclerotinia minor
(). This category of examples obvioudy
represents a much more chalenging ap-
proach to biological control because of the
greater vulnerability of the introduced
agent to the effects of competition and
environmental conditions. No antagonist
that fits neatly into this group has been
commercialized. On the other hand, this
group continues to attract attention because
these agents, like the first group, represent
the potential for repeat sales, and because
the competing commercia products, if
they exist, are soil fumigants or foliar-
applied chemicals but not seed treatments.
The third category of antagonists in-
cludes cases that would exemplify the
strategy of effective biological control
following a one-time or occasional inocu-
lative release (14). Most of the successful
examples of biological control of perennial
weeds and insects with microorganisms
(other than Bt) are of this type, because the
microbia biocontrol agents are pathogens
dependent for their ability to multiply and
persist on the target pest, their host, and
because the perennial nature of the target
pest gives them time to become effective.
Certain hyperparasites of the reproductive
structures of pathogens of perennia plants
could fit into this category, e.g., the unsuc-
cessful  attempts to use Tuberculina
maxima as a hyperparasite of the aecia
stage of the white pine blister rust fungus
in the Pacific Northwest (4). Whileit istoo
early in the research, it will be interesting
to determine whether the atoxigenic strain
of A. flavus that is showing such potential
for biological control of toxigenic strains
might become established over time and
therefore fit somewhat into this category of
biological control. Aside from these kinds
of examples, our third category is more
hypothetical than actual as an approach to
commercia products for biological control
of a plant pathogen, nor would there be
potential for repeat saes. Development of
this category of biologica control, where it
can be effective, will obviously depend on
public-sector research since it will not
likely attract private-sector investment,
other than possibly from grower and com-
modity groups and cooperatives.
Considering the worldwide efforts in
public-sector research and development on
biological control with introduced antago-
nists since the accomplishments of Rish-
beth in the early 1960s and Kerr in the
early 1970s, and even dlowing for the
challenges outlined above, it can fairly be
asked why more commercial products have
not been developed. To address this ques-

tion, we provide brief reviews of three
projects carried out in our respective pro-
grams, each with the intent to produce a
commercial product, and each not yet at
the stage of commercidization. Finally, we
provide some take-home messages based
0n our experiences.

Pseudomonas aureofaciens
AB254 and Pythium Seed Rot

Many vegetable crops are affected by
preemergence seed rot or damping-off
caused by Pythium spp., particularly P.
ultimum in cool climates. Stand establish-
ment of sweet corn carrying the sh2 gene
for elevated sugar content may be espe-
cidly difficult to achieve when soils are
cold and wet at planting (Fig. 1). Cucurbi-
taceous crops such as cucumbers, melons,
and squash likewise are notoriously sus-
ceptible to Pythium seed rot. In addition,
germination of seeds of sweet corn and
certain other warm-season crops is reduced
by imbibitional chilling injury, in which
cell membrane damage occurs when seeds
imbibe water at low temperatures. Pres-
owing seed hydration or “priming” treat-
ments were designed to resolve this and
other physiological problems. We wished
to develop a biological seed treatment that
would both protect the seed from Pythium
seed rot and alleviate physiological stress,
a treatment hereafter referred to lais-
priming.

The bacterial biocontrol agerseudo-
monas aureofaciens AB254 (P. fluorescens
biovar V) was isolated in 1988 (7,32).
Soils were sampled from 10 locations in
the Bitterroot Valley in western Montana.
Sweet corn seeds were sown in each soil,
and germinated seeds were incubated with
mycelial mats ofP. ultimum in phosphate
buffer. The mycelial mats were rinsed re-
peatedly, and bacteria were isolated from
later rinses. Biocontrol screening was done
by testing for: (i) a zone of inhibition &t
ultimum on potato dextrose agar, (ii) inhi-
bition or death of &. ultimum mycelial
mat after incubation with the bacterial
isolate in cornmeal broth, (iii) protection of
sh2 sweet corn seed by bacterial seed
coating in greenhouse trials with naturally
P. ultimum-infested soil, and (iv) field
testing at the Western Agricultural Re-

Fig. 1. Sweet corn field in western Mon-
tana exhibiting severe stand problems
as a result of Pythium seed rot caused
by Pythium ultimum.
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search Center, Corvallis, Montana, (WARC)
and other locations.

For bio-priming, seed is coated with a
suspension of AB254 and then incubated
under warm, moist conditions until just prior
to radicle emergence. The seeds may be
planted immediately or dried for storage.

During the years 1989 to 1998, over 40 field
tests involving AB254 treatments of sh2
sweet corn were conducted in locations in
Montana, Idaho, Minnesota, Ohio, and New
York. Seed protection was consistently
achieved with AB254, and stands equal to or
better than those with metalaxyl trestment

Fig. 2. Effect of seed treatment on control of Pythium seed rot in sh2 sweet corn. Left
to right: metalaxyl treated, Pseudomonas AB 254 applied to seed and allowed to dry

prior to seeding, control — no seed treatment, and bio-primed with

Pseudomonas AB

254. Note differences in stand and plant vigor between the control and the three

treatments.

Pseudomonas aureofaciens AB254*

Table 1. Seedling emergence (%) of sh2 sweet corn after the bio-priming seed treatment with

Seed treatment

Bio-primed, Bio-primed, Coated with
L ocation Untreated planted moist planted air-dry ~ AB254 Metalaxyl
Corvallis, MTY 50 & 68 b 70b 66 b 69 b
Corvallis, MTY 48a 71b 79b 70b 70b
Waseca, MN Y 65a 83b 87b 79b 78b
Nampa, IDY 29a 62 b 49b 54 b 60 b
Creston, MT 8la 91b 87ab 86 ab 87 ab
Huson, MT 6la 66 a 7la 70a 66 a
Mean 56 a 74b 74b 71b 72b

¥ Data from Mathre et al. (31).

X Cultivar: Crisp 'n Sweet 710 (Crookham Co., Caldwell, ID) except Nampa, ID, which v
Supersweet Jubilee (Rogers Seed Co., Nampa).

z Mean separation within rows by protected L$3; 0.05.

as

were obtained in 88% of the plantings in
which Pythium seed rot occurred (Fig. 2).

We felt the bio-priming process had po-
tential advantages over simply coating seed
with AB254. Seed priming often results in
more rapid and uniform seedling emer-
gence and may be useful under adverse soil
conditions such as low temperature or ex-
cess soil moisture. Sweet corn seedling
emergence in Pythium-infested soil was
increased by AB254 at arange of soil tem-
peratures, but emergence at 10°C was
slightly higher from bio-primed seeds than
from seeds coated with the bacterium (31).
The greatest advantage of bio-priming over
coating was seen when seeds were planted
in excessively wet soil infested witR.
ultimum. Emergence from bio-primed seed
was 38% at a water potential of —-0.01 MPa
compared with only 5% for seed coated
with AB254 and no emergence from un-
treated seed (31). In addition, bio-priming
could reduce the amount of bacterial in-
oculum that must be applied to seed. A
minimum of 16 CFU per seed was needed
for protection ofsh2 sweet corn seed from
Pythium seed rot, but the rapid rate of
multiplication of AB254 on seed during
bio-priming enabled an initial population
of 10* to 1 CFU per seed to increase to
10’ CFU per seed during priming (8). This
strategy would only be practical if the ad-
vantages conferred by the treatment justi-
fied the additional expense of priming and
drying the seed.

Six field tests were conducted in 1990 to
compare seedling emergence from seed
coated with a suspension of AB254 to that
from seed that had been bio-primed. Py-
thium seed rot was evident in four tests, as
indicated by the effectiveness of the fungi-
cide metalaxyl (Table 1). Seed protection
comparable to metalaxyl treatment was
achieved whether seed was coated or bio-
primed with AB254. Bio-priming did not
provide additional protection from Py-
thium seed rot over coating with AB254 in
these field tests, but did improve seedling
emergence of three sweet corn cultivars in
tests conducted in 1997 (Table 2). Bio-
priming may be advantageous in cold or
waterlogged soil where priming would
provide a physiological benefit to the seed.

Table 2. Seedling emergence (%) of sweet corn cultivars after seed treatmeRssutlomonas aureofaciens AB254"

Sweet corn cultivar

Super sweet Crisp'n Sweet  Northern Extra-  How Sweet it Honey and Bodacious Jubilee
Seed treatment Jubilee (sh2) 710 (sh2) sweet (sh2) Is(sh2) Pearl (sh2) (se) (se)
Metalaxy 84 & 80b 90 a 69 ab 74 a 96 a 97 a
AB254 bio-prim¢ 79 a 9la 8lb 71a 71a 87b 97 a
AB25472 77 a 8lb 90 a 63 b 71a 75¢c 93a
Untreated 62 b 73b 52¢ 26 ¢ 38hb 36d 85b

W Applied at 0.3 g a.i./kg.

Vv Planted at Western Agricultural Research Center on 9 May 1997.

X Mean separation within columns by protected L8B:(0.05) with 6 replicates.
¥ Hydration of seed coated with a methylcellulose (MC) suspension of AB254 for 20 h prior to planting, seed not dried bifgre plan
z Coated with a suspension of AB254 in carboxymethylcellulose (CMC) and 0.25 M sucrose, air-dried before planting.
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Once the value of AB254 had been de-
scribed, Montana State University wanted
to see it commercialized. To this end, a
request was made for interested companies
to submit proposals to the MSU Research
and Development Institute. Bozeman Bio-
tech, Inc., of Bozeman, Montana, was se-
lected to develop AB254 into a commercial
product. Bozeman Biotech was awarded a
USDA-SBIR Phase | grant and eventualy
aPhase Il grant to fund this work.

Before commercialization of AB254
would be initiated, several factors needed
to be considered. In addition to assessing
the range of crops for which this technol-
ogy might be applicable, answers were
needed on how the bacterial inoculum
might be formulated and economically
produced, how the viability or shelf life of
the treated seed might be extended, and
how AB254 might be applied to seed using
commercial-scale equipment. These factors
were investigated over a 2-year period in a
subcontract between Bozeman Biotech and
Montana State University.

The ability of AB254 to protect germi-
nating seeds of different species and culti-
vars of vegetable crops was of interest for
commercialization of this strain. Seed of
sweet corn, peas, and squash were treated
by a simulated commercial seed treatment
at Bozeman Biotech or, for sweet corn,
bio-primed in the laboratory a WARC.
Seeds of both sh2 and se sweet corn were
protected from Pythium seed rot, most at a
level equivalent to treatment with the fun-
gicide metdaxyl (Table 2). Seedling emer-
gence of pea and sguash cultivars was also
improved by AB254, in most cases to the
level of metalaxyl treatment (Table 3).

Studies were conducted to determine
storage conditions for optimum survival of
AB254 on sweet corn seed. Surviva of
AB254 on seed was enhanced by either
maintaining a low storage temperature or
reducing relative humidity (RH). Initia
studies showed that viable cell counts de-
clined from about 108 to 10* CFU per seed
over a period of 300 days at room tem-
perature and ambient RH. When RH was
maintained at 11%, seed treated with 10°
CFU per seed of AB254 lost less than one

acres. Full registration with the EPA could grew out of research on the microbiologi-
not be justified without large-scale testing. cal basis for the induced disease suppres-
“Downstream” developmental costs such sion responsible for take-all decline fol-
as these pose serious barriers to minor-usdowing long-term wheat monoculture (Fig.
products, of which AB254 is a prime ex- 3). Disease suppression in response to
ample. As a result, the rights to develop long-term crop monoculture is nature’s
this technology reverted back to Montana counterpoint to the crop rotation effect.
State University. No further progress has However, rather than the mixed array of
been made in the attempt to commercializesoil- and crop-residue-inhabiting antago-

this organism. nists responsible through a wide variety of
. ) ) mechanisms for lowering the inoculum

Rhizobacteria for Biocontrol potential of pathogens between susceptible

of Wheat Take-all crops, the induced suppression responsible

Efforts to develop a commercial product for take-all decline is due specifically to
for biological control of wheat take-all antibiotic-producing rhizobacteria sup-

Table 3. Seedling emergence (%) of pea and squash cultivars after seed treatment with Pseu-
domonas aureofaciens AB254%

Seed Pea cultivar Squash cultivar

treatment Super Sug. Mel Sugar Ann Wando TableKing Zucchini Crookneck

Metalaxyl* 84 & 9% a 9la 74a 78a 58 a

AB2542 71b 9la 86a 76 a 79a 60 a

Untreated 30c 69b 73b 62b 7la 44b

W Peas planted at Western Agricultural Research Center on 9 May 1997; squash planted on 19
May 1997.

* Applied at 0.3 g a.i./kg.

Y Mean separation within columns by protected LSD (P < 0.05) with 6 replicates.

z Coated with a suspension of AB254 in carboxymethylcellulose (CMC) and 0.25 M sucrose,
air-dried before planting.

log after 180 days at either 4 or 21°C.
When RH was not controlled, bacterial
survival was better at 4°C than at 21°C.

P. aureofaciens AB254 provided effec- Fig. 3. Demonstration of effectiveness of induced suppression to take-all following 15
tive biological control of Pythium seed rot Years of continuous irrigated wheat on Washington State University experiment sta-
in sweet corn as well as in several cucur- 20 & LG L R0 L D e aitermated with similar nonfumigated strips.
bl'gaceous crops. Dlsease' contr(.)ll was Ob'Alternating four-row drill strips of wheat were planted with and without oat grain in-
tained over a range of soil Con_d't'ons' and oculum of Gaeumannomyces graminis var. tritici. Reading treatments vertically, plots
low temperature or low RH during storage ith wheat dying prematurely (white heads) represent combination of fumigated soil
extended the shelf life of treated seed. plus introduced inoculum alternated within drill strips with natural soil (natural in-
However, Bozeman Biotech opted not to oculum) plus introduced inoculum. Solid green drill strips represent fumigated soil
pursue development of AB254 as a bio- with no introduced inoc_ulum and natural soil with _natu_ral inoculum. Yields averag_ed
logical control agent for seed treatment 92 80, and 15% of fumigated check (no or surviving inoculum only) for natural in-
based on the high cost of the freeze-driedpcumm only, natu.ral plus introduced inoculum, and fumigated soil p_Ius introduced
formulation of the organism. It would also inoculum, respectlvely._After several years _of_severe take-all, worst in 'the seyenth

. . . year of monoculture, yields recovered to within 95% of that attainable in fumigated
be necessary to obtain toxicological data p|ats (in the fifteenth year), and even the addition of inoculum into the seed furrow at
required by EPA for an Experimental Use planting caused only modest disease unless suppressiveness was eliminated by soil
Permit to test AB254 on more than 10 fumigation.
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ported by roots infected with the wheat
take-all fungus, Gaeumannomyces grami-
nis var. tritici (16,39,40). Take-all decline
is an example of biologica control by
resident, root-associated microorganisms
(15). Scientificdly, the research done to
explain take-al decline can clam two
firsts: the first to prove that ability to pro-
duce an antibiotic has ecological and sur-
vival significance to microorganisms in
soil (38,49), and the first to demonstrate
the specific microbiologica and molecular

antibiotic-producing root-associated mi- antibiotic production (38,49). Based on
croorganisms are part of the plant, and if impressive early field results of 20 to 25%
these symbionts can muster an effectiveincreased yield of wheat in response to
and dependable defense, true genetic reseed treatment with these pseudomonads
sistance becomes redundant. The questior(Table 5), Allied Corp. of Syracuse, New
is whether this biological control responsi- York, negotiated a patent license (3#m
ble for take-all decline can be augmented, the USDA-ARS that was issued through
“jump-started,” or otherwise duplicated the National Technical Information Service
with either a single antagonist or a mixture (NTIS) of the U.S. Department of Com-
of introduced antagonists. The research andmerce in 1984. Approximately 2 years
development invested in this project may later, this license reverted to the USDA
well represent the longest concentrated when Allied made a corporate decision to

mechanisms involved in “conversion” of  effort ever invested in biological control of discontinue their investments in agricul-
soil to greater productivity in response to a a plant disease with introduced antagonists.tural products. This led immediately to
cropping system for reasons other thanOf the 33 years invested in research onexpressions of interest in this technology
improved soil fertility (39,40). take-all decline (1967 to present), nearly by two multinational agrichemical compa-
Whether or not a commercial product 20 of these years (since 1980) have beemies and one start-up biotechnology com-
comes from this work, take-all decline is invested in research to develop a commer-pany. On 16 October 1987, NTIS published
exploited with confidence by wheat grow- cial product. Moreover, this has been a notice in the Federal Register (CR vol. 52,
ers in the Pacific Northwest and Great team effort involving, in addition to a long no. 200) of “Intent to grant Exclusive Pat-
Plains states and, indeed, throughout theline of outstanding graduate students andent License: Monsanto Co., St. Louis.”
world. Moreover, take-all decline has been postdoctoral associates, David Weller and However, before a license could be issued,
shown to develop with direct-seeding (no- Linda Thomshow with USDA-ARS at Monsanto withdrew their request when the
till) as well as with conventional seeding Pullman, working, respectively, on rhizo- company decided to eliminate their in-
(39). Cook et al. (16) point out that wheat, sphere microbiology and molecular biol- house effort on microbial biocontrol and
like other annual crops, evolved by re- ogy, and Rodney Bothast and Patricia focus entirely on transgenic crogdSDA
seeding itself in the same soil without till- Slininger with USDA-ARS at the Northern field tests with these strains were discon-
age over many centuries. They speculateRegional Research Laboratory at Peoria,tinued when it was discovered that the
that the induced suppression with long- working on development of fermentation phenazine mechanisms did not work in
term monoculture, exemplified by take-all and related scaleup science and technologyhigh-clay soils (35)—the age-old nemesis
decline, could be so effective as to elimi- (46). Despite the magnitude of this effort, of antibiotics in soil. The tests also re-
nate selection pressure for genetic resis-it pales by comparison with the research vealed another familiar problem: that con-
tance and account for the lack of useful and development effort—public and pri- trol of just one disease, e.g., take-all,
genes for resistance to root diseases comvate—expended to control a single human sometimes favored other root diseases such
pared with leaf diseases. In a real sensedisease, e.g., chicken pox, malaria, diabe-as Rhizoctonisand Pythium root rots. In
tes, or AIDS. addition, phenazine-producing strains have

Table 4. Influence of fluorescent Pseu-
domonas strains on yields of Stephens
winter wheat when applied on the seed
sown as replicated drill stripsin a con-
ventionally tilled commercia field nat-

The information presented here is since been discounted for any significant
mainly on the field testing phases. This 20- role in take-all decline based on the work
year effort can be divided into three of Raaijmakers et al. (40); working with a
phases. probe and polymerase chain reaction

The first phase of this research focused (PCR)-based sequences from one of the
on performance of phenazine-producing phenazine genes as a primer, they could

urally infested with Gaeumannomyces
graminis var. tritici*

fluorescentPseudomonas species, notably find no consistent presence of phenazine-
P. fluorescens 2-79 andP. aureofaciens 30- producing bacteria in the rhizosphere of

Yidd 84, including tests in grower’s fields with
Seed treatment (t/ha) both replicated small plots (2.4 x 8 m) and
None (check) 360 O..l-acre replicated qlrill strips (Table 4;
Baytan + Apron + Captan 46a Fig. 4). These strains also bgcame the| Table 5. Influence of Pseudomonas
Baytan 46a model systems for demonstration of the | fluorescens strains on yields of Madsen
Baytan + Strain 30-84 46a ecological and biocontrol significance of winter wheat when applied on seed
Strains 2-79 + 13-79 + R4a-80? 4.5a planted directly into undisturbed soil
Strain 30-84 42 ab - (no-till) in afield naturally infested with
Strain 2-79 3.9hc Gaeumannomyces graminis var. tritici,
Methyl cellulose only (check)  3.6¢ Rhizyoctonia solani AG8, and Pythium
X Fungicides and the methyl cellulose il
used to stick the bacteria on the seed Yield?
were included as checks. Strains 2-79 Seed treatment (t/ha)
and 30-84 produce phenazine antibi-
otics. The test was done in 1984 near gﬁﬂﬁéﬁz&k) 22 gbc
Mt. Vernon, WA. Data of R. J. Cook P. fluorescens Qc69 6' 6a
and D. M. Weller, unpublished. ' '
Y Average yields for four replicate drill P. fluorescens 30-84 5.8 abe
P. fluorescens Qz29 5.2bc

strips (2.4 x 75 m) planted with a
commercial drill. Values with the
same letter are not significantly differ-
ent atP = 0.05.

These strains ar@seudomonas fluo-
rescens isolated by D. H. Weller from
the rhizosphere of wheat seedlings
grown in soil from fields that had
undergone take-all decline.

Y Test was conducted in 1993 in a
commercial field near Colfax, WA.
Data of R. J. Cook and D. M. Weller,
unpublished.

z Average yields for six replicate plots
(2.4 x 8 m) planted with a plot drill.
Values with the same letter are not
significantly different aP = 0.05.

Fig. 4. Typical direct-seeded field ex-
periment conducted with wheat after
wheat in a grower’s field used for testing
strains of seed-applied rhizobacteria for
biological control of take-all. This site
was planted to spring wheat after winter
wheat and received “best management”
for direct-seeded wheat in the Inland
Northwest.

N

976 Plant Disease/Vol. 83 No. 11



whesat growing in soil from fields that had
undergone take-all decline. Nevertheless,
the phenazine mechanism is of continuing
interest as a means to broaden the effec-
tiveness of biologica control in the wheat
rhizosphere, and basic research on this
mechanism has continued, including iden-
tifying and sequencing the genes responsi-
ble for phenazine biosynthesis (48).

In the second phase of this research,
several new but very important criteria
were introduced into the testing program,
including: (i) the strains, to be useful, had
to work under no-till or direct-seed condi-
tions (Fig. 5) because of the projection that
this new method of wheat farming will
become the standard in the Pacific North-
west and Great Plains states, indeed,
worldwide, at least for dryland wheat; (ii)
the strain(s) had to be compatible with
existing chemical seed treatments used to
control smuts and seed rot; and (iii) the
strain(s) had to be effective against Rhi-
zoctonia and Pythium root rot as well as
take-al, or at least not result in greater
damage from one or the other of these two
root diseases. In tandem with this phase of
the project, a major effort was launched to
develop “best” agronomic practices for

direct seeding with short or no crop rota- have potential for protection of roots at
tion. Best management includes timely and least 10 cm deep in the soil (27), which is
effective elimination of volunteer wheat or roughly the layer occupied by wheat root
barley plants before planting (47), use of pathogens under no-till conditions. Strains
new (current-year) seed (21), and place-L324-92 and Q69c-84 both are fully com-
ment of fertilizer directly beneath the seed patible with the standard chemical seed
at the time of planting to make nutrients treatments used on wheat in the Pacific
maximally accessible even to diseased Northwest, including both Dividend/Apron
roots (10). and Raxil/thiram (17). In fact, the best
P. fluorescens Q69c-84 (37) anacillus results with these strains have been ob-
sp. L324-92 (26) were the strains of choice tained with chemical-biological combina-
during this second phase of the project. tions rather than with only chemicals or
Each seemed broadly adapted based oronly biological seed treatments. However,
performance in the field (Table 6). Inter- the key problem now was whether the
estingly, Q69c-84 could not be shown to dosages required for performance in the
produce an antibiotic and was therefore afield were low enough to attract a commer-
source of curiosity as to what other mecha- cial investor. Strain Q69c-84, like 2-79 and
nism(s) might be useful for biological 30-84, requires a dose of L@FU per
control of take-all. In contrasBacillus sp. seed, which is one and possibly two log
L324-92 had in vitro antibiotic activity units too high to be economical based on
against all isolates of5. graminis var. current prices for seed treatments on
tritici, as well as all species and anastomo-wheat. Strain L324-94 requires a dose of
sis groups oRhizoctonia and all species of 10 or 5 x 1 CFU per seed for perform-
Pythium tested (26). This strain was also of ance, which is also possibly too high to be
interest because of its ability to grow over economical. Field tests are continuing with
the range of 5 to 35°C, and because it hadL324-92 at 16 and 18 CFU, including
modest ability as a rhizosphere colonist 0.1-acre replicated drill strips but still cu-
(27). L324-92 was not thought to play a mulatively under 10 acres (in accordance
role in take-all decline, since the microor- with the U.S. Federal Insecticide, Fungi-

direct seeding wheat into wheat or barley ganisms responsible for take-all decline are cide, and Rodenticide Act, which prohibits
stubble based on a belief that (i) the in- sensitive to moist heat at only 55°C (15), testing a microbial pesticide on more than
oculum potential of the pathogens must bebut this strain was nevertheless a productl0 acres without an Experimental Use
kept as low as possible to avoid the poten-of using long-term monoculture wheat to Permit or full registration). Interestingly,

tial for “swamping” the introduced antago- enrich for strains of antibiotic-producing L324-92 showed a growth-promoting
nist with the pathogen (4), and (ii) no seed bacteria adapted to the rhizosphere ofbenefit on turfgrass when applied to the

treatment should be expected to make upwheat. ABacillus strain was also of inter-

foliage as a cell suspension (inundative

for poor placement of seed or fertilizer or est because of its ability to produce sporesapplications), and a license was awarded in
other inadequacies on the part of the man-and, therefore, its potentially longer shelf 1998 to Green Releaf Biotech, Inc., Jack-

agement system. In other words, biological life.

sonville, Florida, for further development

seed treatments as an augmentation to resi- Strain L324-92 actually fits more appro- and commercialization of this strain for use
dent antagonists should be considered agriately in our first category of antagonist on turfgrass.
only one component of a system aimed atdiscussed above—useful for protection of

achieving the high vyields possible with seeds and seedlings—but is thought to

Fig. 5. Example of adjacent plots of winter wheat seeded after winter wheat with “best
management” either without seed treatment (left) or with seed treated with
monas aureofaciens 30-84 (right). This strain and other phenazine-producing strains
have since been dropped from the field-testing program because of evidence that the
phenazine mechanism of biological control is not effective in high-clay soils.

Table 6. Influence of Bacillus sp. L324-
92 on yields of Penawawa spring wheat
when applied on seed planted directly
(no-till) into undisturbed soil following
either spring wheat or spring barleyY

Seed treatment Yield?(t/ha)
Spring wheat after spring wheat
None (check) 27b
Fumigated soil 33a
Methyl cellulose 26b
L324-92 37a
Spring wheat after spring barley
None 25b
Fumigated soil 33a
L324-92 32a

Y The test was conducted in a commer-
cia field near Dusty, WA, naturaly
infested with Gaeumannomyces gram-
inis var. tritici, Rhizoctonia solani
AG8, and Pythium species. Test in-
cluded replicate plots fumigated with
methyl bromide to produce “pathogen-
free” checks. Data of Kim et al. (26).
Average yields for six replicate plots
(2.4 x 8 m) planted with a plot drill.
Values with the same letter are nof
significantly different aP = 0.05.
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The third and current phase of this re- both turfgrass and cereals by EcoSoil of agent is released only one time and then
search was launched with the discovery of San Diego. In addition, the genes for pro- establishes itself in the soil.
the role of 24-diacetyl phloroglucinol— duction of 2,4-diacetyl phloroglucinol have  To determine whethe&Phialophora 1-52
producing fluorescer®seudomonas strains  been characterized and sequenced (6,48). could function under field conditions, tests
in take-all decline (23,24). Following the  As part of this third phase of research were established in which it was grown on
protocols used to estimate populations oftoward development of a commercial autoclaved oat kernels, dried, and then
phenazine-producing strains, but using aproduct, strain Q8R1-96 was transformed added to the furrow at the time of seeding,
primer developed for one of the phloroglu- by Huang et al. (22) to produce phenazine- along with seed and inoculum of the take-
cinol biosynthetic genes, Raaijmakers et al. 1-carboxylate as well as 2,4-diacetyl all fungus. Five years of studies showed
(41) showed a direct and close relationship phloroglucinol. Greenhouse tests showed that 1-52 could provide control of take-all,
between populations of strains with ability that the 7 kb of DNA inserted for with the best control occurring on winter
to produce 2,4-diacetyl phloroglucinol and phenazine production added significant wheat as contrasted to spring wheat (33).
their ability to suppress take-all. Further- activity against Rhizoctonia root rot in The level of control provided by I-52 was
more, Raaijmakers and Weller (39) showed addition to biological control of take-all, better if take-all severity was not extreme.
that a population of POCFU/g fresh yet had no effect on its aggressive ability =~ With the success of these field tests, the
weight of wheat root was sufficient for as a root colonist. In the first and only field next step toward commercialization of
almost complete control of the disease. test conducted in 1998, spring wheat such a biocontrol agent was to develop a
Soils collected throughout the United treated with the transgenic strain had ansystem for producing inoculum that was
States, including from Plot 2 started by H. average of 16% higher yield than the wild- more likely to succeed than use of auto-
L. Bolley in 1882 as a monoculture wheat type checks in a field plot at Pullman and claved oat kernels as a substrate. The ideal
plot at Fargo, North Dakota, all have managed to favor all three root diseasessituation would involve liquid fermentation
shown populations of phloroglucinol-pro- (D. M Weller, R. J. Cook, and K. Schroe- of the biocontrol agent, followed by for-

ducing bacteria in the range of®10FU/g  der,unpublished). mulation in a dry form that would allow

of wheat root when planted to wheat in the . long shelf life and ease of application, e.g.,
greenhouse (B. M. Gardner, K. Schroeder, Phialophora sp. I-52 for granules that could be applied using fertil-
S. Kalloger, J. Raaijmakers, L. S. Tho- Biocontrol of Wheat Take-all izer application equipment. Therefore, tests
mashow, and D. M. Welleiynpublished). In addition to bacteria that have been were carried out to determine if I-52 could

Remarkably, the strains represented byimplicated in take-all decline, several fungi Pe grown in a liquid formulation that
Q8R1-96 are genetically very similar based have also been isolated from wheat rootsWwould be applicable to development of dry
on DNA fingerprinting. They are also ag- and/or from decline soils that are inhibitory granules. Use of potato dextrose broth in
gressive as root colonists and thereforeto Gaeumannomyces graminis var. tritici an Erlenmeyer flask on a rotary shaker
have the potential to solve both the eco- (19,45). One of these isRhialophora sp.,  resulted in mycelium that formed a tight
nomic problem of high inoculum require- isolate I-52, originating from a field in growth around the inside of the flask. Not a
ments for activity in the field and incon- northeastern Montana where take-all hadd0ood thing! However, use of King's me-
sistency in root colonization caused by peen quite serious but later declined in dium B, a culture medium commonly used
effects of the soil environment or competi- severity (Figs. 6 and 7). Andrade et al. for growth of Pseudomonas bacteria,
tion from resident rhizosphere colonists. (2,3) originally isolated 1-52 directly from Proved to be ideal, in that the mycelium
One of these strain®, fluorescens Q8R1-  soil and showed in greenhouse tests that itformed as small pellets in the shake flask.
96, is Compatible with chemical seed had the potentia| to be a biocontrol agent Once a good fermentation medium had
treatments (Table 7) and can be applied atfor take-all, and Zriba et al. (58) identified been discovered, the next step was to for-
107 to 1G CFU and still achieve 2CFU .52 as belonging to the gentBhialo-  mulate the fermented mycelium into a
in the rhizosphere (Table 4) (39,40). This phora. Wong et al. (56) determined that a granular form, and for this, we opted to try
strain and its derivatives have been li- cold-tolerant strain of @hialophora sp using a “pesta” technique pioneered by
censed for commercial development on with lobed hypopodia provided enhanced Connick et al. (9), who developed it for
control of take-all in Australia. It has been formulating conidial suspensions to be
patented and is under commercial devel- used in weed biOlOgica| control tests. This
opment. It is unclear whether fungi such as Was successful and is carried out as fol-

Table 7. Influence of Pseudomonas these fall into the first category, i.e., an- lows: semolina flour and Kaolin clay (4:1
fluorescens Q8R1 on yields of Madsen tagonists applied directly to the infection ratio) are mixed dry. Then the fermented
winter wheat when applied on seed court, or the third category, where the mycelial pellets and associated growth
planted directly (no-till) into standing medium are added to the flour—clay mix-

stubble of spring wheat in a field natu-
rally infested with Gaeumannomyces
graminis var. tritici, Rhizoctonia solani
AGS8, and Pythium spp.Y

ture in a ratio of 125 ml of mycelium—
growth medium to 200 g of flour—clay
mixture. This mixture is kneaded together
to form a moist doughball, which is then

Seed treatment Yield?(t/ha)
Check 49b
Q8R1 54a
Dividend + Apron 53a
Dividend + Q8R1 53a
Raxil-Thiram 49b
Raxil-Thiram + Q8R1 56a

Y Q8R1 produces 2,4-diacetyl phloro-
glucinol. Test was conducted in 1997
near Colfax, WA. Data of R. J. Cook

and D. M. Weller, unpublished. Fig. 6. Infrared aerial photo of a center-
* Average yields for six replicate plots pivot irrigated spring wheat field in Mon-
(2.4 x 8 m) planted with a plot drill. tana with severe take-all infection.
Values with the same letter are nof Healthy plants appear dark red while the Fig. 7. White head patches in irrigated
significantly different aP = 0.05. light areas are plants with take-all infec- durum spring wheat typical of take-all
tion. infection.
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run through a pasta maker to form long cal control. He points out, however, that cally for “microbial pesticides.” The
strings of “spaghetti” (Fig. 8). These are these limitations can be solved through USDA-Land Grant University Interre-
air-dried overnight, fragmented in a War- strain selection and strain improvement. gional Project 4 (IR-4) is possibly the best
ing blender, and sieved to form granules Research teams may become disillusionedroute to registration of these agents for use
approximately 3 to 4 mm long and 1 to 2 too early, or funding may be too short-term on minor crops.
mm diameter. These granules can then beto continue the work until such problems  The economic and other problems raised
added to the furrow at the time of planting are solved, but they can be solved. Con-because of the minor-use issues reflect a
along with seed. sider, by comparison, the years and teammore fundamental institutional problem in
While the formulation described above effort required to produce a new vaccine or the United States, and in many if not most
appears to be effective, it is quite expen- new cultivar of a crop plant. other countries, which is an absence of an
sive to make. Two major expense items Other challenges include a mixture of infrastructure for scaleup and commer-
come from the cost of Proteose Peptone Binstitutional problems, technical limita- cialization of microbial biocontrol agents
used in Medium B, and in the Kaolin clay tions, and unrealistic expectations, but (11). A system is needed equivalent to the
used in the pesta mix. Current efforts are these problems also can and must besystem developed for release and scaleup
under way to find less expensive alterna- solved if, as a discipline, we are serious of new cultivars of crops developed by
tives to these ingredients. Preliminary re- about the development of commercial private and public plant breeders. The sys-
sults suggest that a yeast-molasses meproducts for biological control of plant tem needs to take safety and efficacy into
dium will substitute for Medium B, and diseases. account but should not be based on the
that bentonite clay may substitute for Kao- Small market potential because of pesticide model as it is now. Only with
lin clay. Both items greatly decrease the specificity. Economics is both the key and significant changes in mechanisms for

cost of production and formulation. a major barrier to the commercial devel- approval and scaleup can we expect to
. opment of microbial biocontrol agents for make use of agents uniquely effective

Overcoming the Obstacles use in agriculture. The problem is mani- against one disease on one crop or poten-

to Commercialization fested primarily by the fact that the devel- tially useful on a crop of very limited acre-

Weller (52) has reviewed the more im- opmental and registration costs typically age such as sweet corn.

portant reasons for failure or inconsistent must be paid by a very limited market,  Finding theright strain. It is relatively
performance of biological control in the often the market represented by a singleeasy to find antagonists of plant pathogens
rhizosphere with introduced microorgan- disease on a single crop. The regulatoryfor study under laboratory and greenhouse
isms, including the following: disease burden alone, especially the cost of pro- conditions. It can be quite another matter
pressure is too low for an effective test; the viding toxicological data for registration of to find an antagonist that will work con-
treatment favors increased damage from amicrobial biocontrol agents with the EPA, sistently and effectively in the field. This
nontarget disease; root colonization by the greatly reduces the prospect for commer- may involve luck or years of screening and
introduced strain is variable, or the strain cialization of microbial biocontrol agents testing. The commercial scaleup of peni-
has lost ecological competence; and antibi-for use on many minor crops (12). This cillin production during World War 1l fol-
otic production, where necessary for bio- situation exists despite efforts by the EPA lowed the discovery of the “bonanza
logical control, is expressed too late or in to reduce requirements for data and strain” of Penicillium, namely P. chry-
quantities too limited for effective biologi- streamline the regulatory process specifi- sogenun NRRL 1951 isolated from a

‘ B

Fig. 8. Steps in the production of pesta granules containing inoculum of Phialophora sp. |-52: (A) three ingredients—shake culture
of 1-562, semolina flour, and kaolin clay; (B) formation of a dough ball; (C) making a thin layer of dough; (D) making “spaghett i” from
the layer of dough; (E) final granule pellets after the spaghetti was dried, fragmented, and sieved to a uniform size; and (F) control
of take-all of wheat using pesta granules of Phialophora sp. 1-52. Left to right: healthy plants with no take-all inoculum; plants in
presence of take-all inoculum only; plants in presence of take-all inoculum plus either 1 g, 3 g, or 5 g of I-52 pesta granules
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melon brought to the Northern Regional
Research Laboratory in Peoria by a local
resident (42). Likewise, the widespread
commercial use of Bt for insect control
followed the discovery of a superior strain
of Bacillus thuringiensis by Howard Dol-
mage working in Brownsville, Texas. The
discovery of K84 by Alan Kerr in South
Australia was the breakthrough that gave
rise to the successful biological control of
crown gall; apparently K84 is dtill the
strain to beat, despite tests with many other
strains of Agrobacterium radiobacter or
other rhizobacteriaa. Kim et a. (26)
screened some 2,000 strains of spore-
forming aerobic bacteria, from which
L324-92 was selected. The discovery of
the rhizosphere-competent phloroglucinol-
producing rhizobacteria came only after
several years of research on phenazine-
producing strains of fluorescent pseudo-
monads but is now the basis for the ex-
pectation that the right strains are under
development for biological control of take-
al.

We should also be prepared to engineer
strains with the traits desired if, in screen-
ing natural populations, no strain can be
found with just the right traits. Crop devel-
opment would still be a primitive art were
it not for plant breeding based on knowl-
edge of Mendelian genetics, and now mo-
lecular genetics. Concerns for safety of
organisms modified by the tools of recom-
binant DNA (rDNA) technologies (see
below) should be balanced by the fact that
breeding and domestication of organisms
for usein agriculture has, in fact, produced
plants and animals that are less rather than
more able to survive on their own and
more rather than less dependent on human
nurturing. The demonstration by Huang et
al. (22) of activity against Rhizoctonia root
rot in addition to take-all by adding the
ability of a phloroglucinol-producing strain
to produce phenazine-1-carboxylate shows
that it may be possible through transfor-
mation to produce strains with the ability
to control more than one disease, possibly
on more than one crop, thereby broadening
the market potential needed to justify the
costs of development and registration. This
will aso require a reduction in the regula
tory burden currently imposed on rDNA-
modified microorganisms for use in bio-
logical control.

Finally, researchers should be prepared
to conduct extensive performance trials
with candidate strains before accepting one
for advancement toward commercia de-
velopment. Each new cultivar of wheat is
typically tested for its performance over as

the outset that the product has potential fordiffer with the type of fermentor used.
commercial use. Also, the growth of fungi on dry substrates
Shelf life, storage, and application often occurs in glass canning jars in the
technology. The marketplace usually de- laboratory where several hundred grams of
mands that a product have a shelf life suf- infested material can be produced. It is one
ficient to carry it through at least one thing to produce this quantity of material;
growing season, and preferably well into it's quite another to scale this up to several
the next season. Therefore, an 18-monthtons of inoculum. This is outside the capa-
shelf life is preferable for a commercial bility of most researchers. This fact rein-
microbial product, with a requirement of forces the importance of teamwork, where
storage at room temperature also preferred.public-sector researchers collaborate with
Bacillus may be the only genus of bacteria industry scientists who have the capability
that meets this shelf life standard, at leastof working in large production facilities.
based on current technology available in Schisler and Slininge{44) take this need
the public domain. Most information on one step further by screening for antago-
formulation of microbial products is pro- nists that can be readily grown in indus-
prietary. Much more basic research on trial-size fermentors.
formulation is needed in the public domain  One of the greatest challenges during
for all categories of antagonists, but espe-scaleup is maintaining quality control.
cially gram-negative bacteria if introduced Scaleup typically involves growing the
antagonists are to be used to their full po- microorganisms in increasingly larger
tential in agriculture. guantities, either in liquid or solid fermen-
The shelf life and formulation require- tation, starting with a pure culture taken
ments can also depend on application tech-from storage and ending with the biomass
nology. In general, most biocontrol agents ready for formulation. Contamination or
will be applied with the same equipment mutations can occur at any one of these
currently used to apply other seed treat- steps, with the result that the organism
ment products, foliar sprays, or granular applied in large-scale field trials or com-
materials. New application strategies add mercially is not the same organism used
to an already complex situation created by during the research phase of the project in
the fact that the microbial product is a the laboratory or at small scale. Virtually
living product. Moreover, a new applica- every research team that has attempted to
tion method will not likely be acceptable go forward with large-scale trials or com-
unless it is cheaper, and/or will fit into the mercial development has a story to tell
current production scheme. So-called about the importance of quality control.
“hopper box” treatment of seed, whereby
seed is treated as part of the operations ofBiosafety
filling the drill or planting the seed, could Cook et al. (14) identified four potential
replace the current practice of treatment atadverse nontarget effects of microorgan-
the seed warehouse; by treating only thatisms used as introduced agents for biologi-
seed actually planted, there is no unusedcal control of pests and disease. These are
treated seed. However, such a changecompetitive displacement of a beneficial
would also eliminate one of the main ad- microorganism, allergenicity, toxigenicity,
vantages of biological seed treatments overand pathogenicity. These are the potential
chemical seed treatments since disposal ofnontarget effects regardless of whether the
chemically treated seed is often difficult. It strain is native, exotic, naturally occurring,
cannot be fed to animals or disposed of in or genetically engineered. They concluded
landfill sites, whereas seed treated with further that horizontal gene transfer of a
biological agents probably could be easily trait for biological control would become a
disposed of in these ways. safety concern only if the transferred trait
In addition to compatibility with exist- resulted in another microorganism acquir-
ing seed, soil, or foliar application technol- ing the potential to produce one or more of
ogy, progress toward commercialization of these four adverse, nontarget effects. Of
antagonists can depend more fundamen-the four potential nontarget effects, all but
tally on whether the strain can be inte- allergenicity are also desired target effects,
grated into the cropping system. Progressdepending on the mechanism of biological
on microbial biocontrol of take-all with control. Since the potential nontarget ef-
introduced rhizobacteria was greater oncefects were identified for all categories of
it was accepted that the treatment was not amicrobial biocontrol agents, insect and
“silver bullet” and depended instead on weed pathogens included, it is important to
help from the management system as aexamine the potential for these effects
whole, including management of soil fer- specifically for antagonists of plant patho-

many as 100 site years (number of sites xtility, crop residue, Rhizoctonia and Py- gens.

number of years) to produce enough datathium root rots, and take-all.
before releasing it for seed increase and Scaleup problems and maintaining

Competitive displacement could become
an issue for an antagonist introduced into

commercial use. Such field testing takes quality control. Most researchers deal in the rhizosphere if, in addition to displace-
years. The private partners who agree tofairly small-scale situations, i.e., the ment of a pathogen, rhizobia or mycorrhi-
consider the product for commercialization growth of a bacterium in a 250-ml Erlen- zal fungi critical to the health of that crop
typically conduct their own extensive field meyer flask. The conditions necessary for were also displaced. Presumably, this kind
tests, but usually not without evidence at production of 10,000 liters of cells often of nontarget effect would show up in per-
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formance tests in the field as a negative
rather than a positive response of the
trested crop. More specific tests could be
conducted, such as those of Paulitz and
Linderman (36), who showed no detri-
mental effect of pseudomonads on my-
corrhizal fungi. As one measure of the
potential for nontarget displacement, it
would be of interest to estimate the extent
of targeted displacement, e.g., whether the
use of Phlebia gigantea has lowered the
population of Heterobasidion annosum in
the forest ecosystem, or whether the use of
Agrobacterium radiobacter K84 has low-
ered the population of A. tumefaciens in
orchard soils.

The spores of some fungi used as an-
tagonists could potentially be problematic
as sources of alergens. Allergenicity was
identified as a worker-safety issue but not
as apublic-health issue (14). Thisissue can
be managed by exercising care in the
workplace, such as by having workers
wear dust masks.

Toxigenicity to nontarget organisms is
an obvious concern where the mechanism
of protection by the antagonist involves use
of asecondary metabolite to inhibit a target
pathogen. However, this issue need not be
of concern for worker safety unless the
toxicant produced by the antagonist is a
component of the product handled and
applied to the plant or soil. In the majority
of cases, the metabalite of interest is pro-
duced after the antagonist has made suffi-
cient growth in the habitat where it was
introduced or into which it has spread.
Possibly the greatest hazard with secon-
dary metabolites is their potential for phy-
totoxicity to the host. This has been a
problem with phenazine-producing strains
of fluorescent pseudomonads applied to the
seeds of wheat (R. J. Cook, personal ob-
servation). This would be an agronomic
but not an environmental or human health
problem.

Pathogenicity to nontarget organisms is
an obvious concern for insect and weed
pathogens used for hiological control—

Nevertheless, every effort should be madeexhibit some level of biocontrol activity
to assure that our commercial products for (49), and Q69c-84 has activity against
biological control of plant diseases consist take-all that cannot be ascribed to an anti-
of the safest as well as the most effective biotic (37). Competition in the rhizosphere
antagonists. and induced resistance also play important

. roles in the effects of plant growth pro-
Antagonist Genes for moting rhizobacteria (51,57), and may well
Developing Disease Resistance play roles in take-all decline. Multiple

Some of the potential uses of antagonistsmechanisms lessen the chances that the

for biological control of plant pathogens pathogen will develop resistance to the
will be made obsolete by the less variable antagonist. Second, the ideal plant trans-
and potentially more effective delivery of formant, especially if transformed to ex-
biocontrol traits by transgenic plants. press a phytoalexin-type substance, should
Nearly all private investments in biological include the means to limit expression of
control today, at least in the United States, the trait to specific tissues, e.g., roots, and
are for transformation of plants to express then only in response to a challenge infec-
genes from microorganisms. In these ex-tion by the target pathogen. Achieving all
amples, the plant rather than the microor- this adds enormously to the task of mo-
ganism becomes the biological control lecular plant breeding. Furthermore, for
agent. Best known, of course, is the use ofcrops such as wheat that involve hundreds
the endotoxin genes from Bt to develop of cultivars to produce the different market
varieties of potatoes with resistance to classes in the different environments, and
Colorado potato beetle, cotton with resis- where cultivars are commonly changed
tance to boll weevil, and hybrid corn with every 5 to 10 years because of the evolving
resistance to European corn borer. Next inraces of rust fungi, it makes more sense to
importance are the varieties of squash, deliver the protection by treating the seeds
potatoes, and papaya transformed to ex-with a microbial product and periodically
press coat-protein-mediated resistance toupdating the strain by artificial selection or
specific viruses. Several investigators have transformation.
tested the potential for use of chitinase
genes as a source of resistance in plants foAcknowledgments
fungal pathogens with chitin in their cell  The help of Shelly Waters, Nina Zidack, and
walls. Of this work, the demonstration by Jim Miller with aportiqn of this work isgratefully
Matteo et al. (34) of resistance in tobacco ?Cknowwdged' Financial support came in part

. L rom the Montana Agricultural Experiment Ste-
to AIternana alternata and Botrytis cine- tion, the USDA-SBIR program, and Bozeman
rea and in potato tcAlternaria solani and Biotech, Inc.
Rhizoctonia solani transformed to express
the endochitinase gene froifimichoderma
harzianum looks especially promising. The
technology is also available for transfer
and expression of multiple genes, including
entire biosynthetic pathways between or-
ganisms. Thus, the prospects exist now for
development of varieties with roots that
produce the antibiotics currently produced
by their symbionts. Plants already produce
antibiotics—phytoalexins—as a means of
defense against pathogens. In fact, one of
the enzymes in the biosynthetic pathway 4.
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