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The biological control of plant diseases
has long been an area of fruitful study for
plant pathologists, and there are thousands
of publications on this topic. However, in
spite of this extensive research effort on
the part of hundreds of research scientists,
there are very few uses of biocontrol in
commercia agriculture today.

This statement is correct if we consider
biological control to be the use of an added
microbial agent to an agricultural system to
control pests. It should be pointed out,
however, that there are many biocontrol
systems in use in agriculture that rely on
some manipulation of an environment or
ecosystem to reduce diseases. For example,
diseases of wheat may be ameliorated by
monoculture to induce suppressive soils,
together with appropriate tillage, proper
fertilizer type and placement, and timely
application of herbicides (15,68). Crop
rotation with specific alternate crops can
reduce nematode levels (77), and composts
will become suppressive to various plant
pathogens due to the development of ap-
propriate microbia communities if the
composting process is properly managed
(37,38). These and other cultural systems
are based on a sound understanding of the
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microbiological processes involved and
can provide highly effective biologica
control. However, this article will consider
introduced microbia agents or, in the par-
lance of the Environmental Protection
Agency (EPA), microbial pesticides.

I decided more than a decade ago that a
priority for my research efforts would be to
develop biocontrol systemsthat are used in
commercial agriculture. This effort has
included not only research but also other
critical issues such as patenting, registra-
tions, and commercial production and de-
velopment. As a component of this effort,
two colleagues and | cofounded a com-
pany, TGT Inc., now BioWorks, Inc., to
transate biocontrol research into biocon-
trol redlity as defined by sales of commer-
cialy useful products. This effort has been
largely successful, and now products based
on a single strain of Trichoderma harzia-
num, strain T-22 (ak.a 1295-22, KRL-
AG2, or ATCC 20847), are sold in the
greenhouse, row crop, and turf industries.
In 1999, retail sales of T-22 products to-
taled around $3 million, and sales are ex-
pected to grow substantially over the next
several years. This is one of only a very
few biological control products for the
control of plant diseases to reach even this
modest level of commercial sales and ac-
ceptance. In the process of this effort, |
have gained an appreciation for the place
of biocontrol and its biologica and com-
mercial potential. However, | will sound
some warnings for those who expect that
their research results will ever be used in
commercia agriculture.

Nearly al of my research and develop-
ment effort has focused on Trichoderma
spp., and the lion’s share has dealt with
strain T-22. T-22 was produced using pro-
toplast fusion in my lab (73) in an effort to
obtain  highly rhizosphere competent
strains that also possessed substantial abil-
ity to compete with spermosphere bacteria.
The term rhizosphere competence was
introduced in the 1980s by the late Tex
Baker and his associates and is defined as
“the ability of a microorganism to grow
and function in the developing rhizo-
sphere” (1). Strains that were fused were
T-95 of T. harzanum, which was a rhizo-
sphere competent mutant produced from a
strain isolated from &hizoctonia-suppres-
sive Colombian soil (1), an@ harzianum
strain T-12, which was more capable of
competing with spermosphere bacteria than
T-95 under iron-limiting conditions (29);
both were strong biocontrol agents. We
observed great diversity in progeny strains
(73). Strains were selected that were more
strongly rhizosphere competent than either
parental strain (34,69), that were strongly
competitive in the spermosphere environ-
ment, and that were broadly effective bio-
control agents (34). Strain T-22 was the
most effective of the strains produced
(34,69), and research since then has been
directed primarily to development, pro-
duction, and use of this single strain. Over
the past few years, this quest has been
aided immeasurably by access to data from
hundreds of field trials done by commer-
cial and academic cooperators with
BioWorks. None of the figures or the table
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presented in this paper have been previ-
ously published in a refereed journa arti-
cle.

Throughout this effort, | have gained
some insights that differ from those of
many of my colleagues in biocontrol R&D.
This article is written to provide the per-
spective of biocontrol that has developed
from immersion in both academic and
commercial aspects of biocontrol. It will
be colored and exemplified primarily by
experiences with Trichoderma, but | hope
that its underlying message will be useful
to those working with other microbes. The
paper will deal not only with scientific
topics but also with the critical world of
commerciaization. If biocontrol is ever to
live up to expectations, real-world success
is essential. But it is by no means guaran-
teed.

Dogmas and Myths

As | attend meetings, read papers, and
review proposals, | am struck frequently by
dogmas that have been gaining acceptance
within the biocontrol community. Many of
these dogmas are not universally applica
ble:

» Biologica control agents (BCAS) are
necessarily less effective and reliable
than chemical pesticides.

» Single BCAs added to roots or soil can-
not affect microbial communities or
control root pathogens for long periods
of time. As a corollary, biologica con-
trol is likely to be effective for seed and

L]
W
& wife

-

L]
4 “‘k ——— Bacteria
* N

seedling diseases but not against dis-

eases of the mature crop.

» Single BCAs cannot be effective in di-
verse environments, on different crops,
or against a wide range of plant patho-
gens. As a corollary, mixtures of BCAs
will be required for successful long-term
control, since individual components
colonize different crops, are adapted to
different environments, or have different
functions.

* BCAs have simple mechanisms of ac-
tion that are controlled by one or only a
few genes and gene products.

* Registration of BCAs with the U.S. EPA
is relatively fast, inexpensive, and sm-
ple.

None of these statements are true for the
systems and BCAs with which | work.
However, if biocontrol researchers accept
these concepts as largely or whally true,
these assumptions and concepts can im-
pede biocontrol progress. In this article, |
will present evidence that, in the case of
the biocontrol systems and agents with
which | work, these dogmas are in fact
false.

| quote certain papers and articles as
evidence that these particular beliefs are
widely held. These quotes should not be
considered as confrontationa to the
authors. | quote them because they all have
made excellent contributions to biocontrol
research and because they are highly re-
spected by others in the field, including
myself. In particular, |1 quote from the re-

Fig. 1. Colonization of sweet corn root hairs following seed treatment with Tricho-
derma harzianum strain T-22. Root samples from plants grown in greenhouse potting
soil were removed and washed. The root surfaces were then oxidized in 1% periodic
acid, rinsed, and counterstained for 20 s in Schiff's Reagent. They were then rinsed

and mounted in 0.1 pg/pl 4 ',6-diamidino-2-phenylindole (DAPI) to stain DNA of inhab-
iting microbes and observed using epifluorescent microscopy. Fibrillar network of T-

22 and bacterial colonies are indicated on photograph. Roots of similar plants grown

in absence of T-22 lacked this hyphal network. Photograph courtesy of Thomas
Bjorkman, Cornell University, Geneva, New York. Similar photographs (30) and similar

cent Plant Disease feature article by

Mathre et a. (60), since they clearly have a

very different perspective on many aspects

of biocontrol than I, and they eloquently
state their position.

Dogma 1. Biological control agentsare
necessarily less effective and reliable
than chemical pesticides.

We freguently hear that biologicals have
difficulty in acceptance because there is a
paradigm of chemica control in the agri-
cultural community. For biologicas, we
need to introduce new concepts and uses,
i.e., to substitute a biological paradigm for
the existing chemica one. However, it
frequently is unclear what this means in
actual practice.

In my own research, | initialy sought to
develop biological seed treatments for seed
protection. These efforts were largely suc-
cessful as academic projects. We devel-
oped strains of biocontrol agents, devised
methods and principles, and demonstrated
that the biological agents could provide a
high level of seed protection, especiadly
when combined with solid matrix priming
(also known as biopriming [60]) (32,33,
63,74,75).

To my initial surprise, there was very
little interest from companies in commer-
cidizing this technology. In hindsight, the
reasons are very clear and include the fol-
lowing: (i) there are many highly effective
chemical pesticides available for seed pro-
tection; (ii) these chemicals frequently are
less expensive than biologicals, especialy
if the BCA requires solid matrix or bio-
priming; (iii) the shelf life of the chemicals
on seeds is superior to biologicals, and (iv)
the chemicals protect seeds under a wider
range of temperatures and other environ-
mental conditions than biologicals.

In short, we were trying to use our bio-
logical agents in a system where chemical
fungicides provide a better and more eco-
nomica fit, i.e., we were trying to fit our
BCAs into achemical paradigm.

However, there are instances where bi-
ologicals may be highly attractive to com-
mercial agriculture. Some niches where
biocontrol may fit well are given below.

* Replacement of chemical pesticides lost
to regulatory action or pest resistance
and for which there are no adequate
chemical replacements.

* Replacement, or reduction of use, of
chemical pesticides in sensitive envi-
ronments.

» Applications where biologicals accom-
plish tasks not possible for chemical
pesticides.

* Organic applications.

The first niche is perhaps the most obvi-
ous and the one most frequently cited as a
good reason for use of biologicas and one
where there is a shift from “hard” chemi-

cals to much softer alternatives. As an

example, control ofBotrytis cinerea and

powdery mildews has become more diffi-
cult as fewer chemicals are available and

results on creeping bentgrass roots with transgenic mutants of T-22 expressing B-
glucuronidase have been published (55).
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as pest resistance has increased. A range of
biological aternatives is now or is ex-
pected to be in the marketplace shortly,
including TopShield (strain T-22 of T.
harzanum, BioWorks, Geneva, NY),
AQ10 (Ampelomyces quisqualis, Ecogen,
Langhorne, PA), and Trichodex (strain T39
of T. harzianum, Makhteshim-Agan Chem-
ica Co., lIsradl). In addition, natura
chemicals such as components of cinna
mon oil (Mycotech, Butte, MT) and baking
soda derivatives (H and J Agritech, Ithaca,
NY, and TOAGOSEI Co., Tokyo, Japan)
are registered for this use and are just be-
ginning to be offered for sale. This is a
niche where biologicals and natura chemi-
cals can establish a presence and provide
an aternative to other pest control strategies.

Different agricultural markets differ in
the sengitivities of growers or other pur-
chasers of products to the perceived and
actual risks of chemical pesticides. Most
row crop farmers, unless they cater to the
organic trade, use those lega chemical
pesticides that provide the most economic
control of pests. On the other hand, green-
house operators are quite sensitive to
chemical use issues. EPA-mandated reen-
try times cause disruptions in their sched-
ules, and they are concerned about worker
safety issues. A biological with 0-h reentry
and no known hedlth risk to humans, as
indicated by an exemption from residue
tolerances on foods, is a big advantage to
these growers. Consequently, biologicals
may have an advantage over chemicals for
the same purpose if they are similarly
priced and possess similar efficacy in en-
closed environments. Other examples
where sengitivities of end-users to chemi-
cals provide an advantage to biologicals
include high public use and urban areas
such as golf courses, homeowner proper-
ties, sportsfields, and parks.

The third niche for biologicals is per-
haps the most solid. Biologicals can pro-
vide advantages over chemical pesticides.
Perhaps the best examples of this are
strains that are rhizosphere competent and
can provide advantages to the subterranean
portions of the plant throughout the life of
a least annual crops. Commercial biologi-
ca control agents with this ability are
available and will be discussed in the next
section. Further, biologicals can be pro-
duced on-site, for example using the Bio-
Ject systems manufactured by EcoSoil-
Systems, and this may confer a perceived
advantage over chemicas that must be
purchased from a vendor and then applied.

The last niche, use of biologicals by or-
ganic farmers and homeowners, has long
been a prime target of biocontrol develop-
ers. Biologicals may be acceptable to or-
ganic certification agencies (T-22 is listed
by the Organic Materials Review Ingtitute)
and so provide pest protection within an
organic framework. It should be noted that
microbia pesticides do not automatically
qualify for organic agriculture; approval by

a certification agency likely will be re-
quired for each new agent/product.

Thus, it isimportant to choose an appro-
priate system for development of biologi-
cals if commercialization is a god of the
research. Direct competition in a niche
where chemicals are readily available and
relatively inexpensive, and where there is
no perceived premium for use of biologi-
cals in the mind of the user is likely to be
unsuccessful.

Dogma 2. Single BCAs added to roots
or soil cannot affect microbial communi-
ties or control root pathogens for long
periods of time. As a corollary, biolog-
ical control is likely to be effective for
seed and seedling diseases but not
against diseases of the mature crop.

This perception is widely published; for
example, Deacon (20) stated that biologi-
cal control agents “achieve only transitory
localised dominance of the rhizosphere,
and in only some soils and seasons...”
Similarly, Mathre et al. (60) indicate that
nearly all commercialized microorganisms
rely upon application of the antagonist
“directly and precisely to the infection

court when and where needed.” Seed pro-

domonas species control root diseases of
wheat after colonizing roots (60), aid-
cillus subtilis is sold as Kodiak (Gustafson,
Inc., Dallas, TX) for the purpose of in-
creasing plant yields through root coloni-
zation.

SAR from bacterial colonization has
been well described, for example, by
Kloepper and his associates (47). Fungi
also can induce SAR, and this will be de-
scribed in the discussion of Dogma 4.
When SAR functions, application of a
biocontrol agent to one portion of the plant
provides protection to a wide range of
pathogens on another part of the plant
(51,52); for example, an organism provid-
ing SAR applied to roots may cause the
plant to be resistant to pathogens on its
leaves.

An important point regarding any study
of rhizosphere competence is the physio-
logical state of the colonizing microbe. At
least in young seedlings, root hairs of corn
are colonized by hyphae of T-22 and not by
spores (Fig. 1). This is a critical distinc-
tion, since spores are quiescent and inac-
tive in biocontrol (49). Unlike many other
Trichoderma strains (49), T-22 can be

tection, therefore, is a logical target, and asadded as spores to the soil volume, for
a corollary, the most that should be ex- example, as in-furrow or greenhouse soil
pected from a seed treatment is seed pro-drenches. The strain will then colonize
tection and perhaps increased vigor from roots, which indicates that the spores ger-
planted seeds. However, this places theminate and grow in contact with the roots
biological squarely into the chemical para- (Fig. 1).
digm where commercial success is difficult  The concept of rhizosphere competence
to achieve. by strain T-22 has been extensively tested
This need not be the case. At least twoon a variety of crops. We have done a sub-
mechanisms, rhizosphere competence andstantial amount of root plating experiments
induced systemic acquired resistanceand usually find that the entire root is
(SAR), give long-term protection at a sub- colonized (30,53). BioWorks also con-
stantial distance from the infection court.  ducted root assays; if customers wished to
Either fungal or bacterial agents may be know if T-22 “worked,” i.e., colonized
rhizosphere competent; for exampRsgu- roots, they could send samples to the com-

Without T-22

o i .
Fig. 2. Standard assay performed by BioWorks in which samples were sectioned into
2.2-cm segments from the upper, central, distal, and lateral portions of entire root
system. Root segments were plated onto potato dextrose agar amended with 0.1%
Igepal Co-630 as a colony restrictor (71) and chlorotetracycline (50 mg/liter). Numer-
ous fungal types and species grow on this medium, and Trichoderma spp. can readily
be detected. Typically, 80 to 100% of root segments were colonized by Trichoderma
spp. over the entire 2.2 cm root length. In some cases, as in this example with poin-
settia, T-22 was the primary fungus colonizing roots, while in its absence numerous
other fungi were dominant.
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pany lab with or without coded controls.
Thousands of assays were done on crops
ranging from ferns to beans to corn to or-
namental flowering plants, and amost
without exception, T-22 was found to colo-
nize all parts of root systems. The basic
assay technique is shown in Figure 2.
These results frequently demonstrated not
only that T-22 colonized roots but also that
other microflora were displaced, thereby
changing the root microfloral composition.
Moreover, there was almost no effect of
soil type or geographical location on this
ability. Probably the only exception to this
generalization occurred on cotton roots at
the height of the summer from fields out-
side Phoenix, Arizona. T-22 was present
only sporadically on roots obtained from

these hot, dry soils. In other studies, T-22
has provided advantages to cotton. Impor-
tantly, T-22 has equal ability to colonize
roots in both akaline and acidic soils (53)
and across soil types ranging from sandy to
heavy and with a wide variation in organic
content (30). Further, the method of appli-
cation was not important. Colonization was
obtained over the entire root surface when
T-22 was added as a seed treatment, as
broadcast granules on the surface of
planted soil, as an in-furrow granule or
drench, as incorporated granules in green-
house planting mixes, or as a conidial sus-
pension in greenhouse potting mixes. T-22
grew onto all newly formed root surfaces.
T-22 is not unique in this capability. We
obtained strain 41 of T. virens from roots of
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Fig. 3. Replacement of endogenous fungi by application of Trichoderma virens strain
41; percentage of total culturable fungi obtained from (A) roots and (B) soil. Strain 41
was applied as a granular application (62 kg/ha) in a strip 1 m wide on rows of rasp-
berries once each in spring and fall. Initial application was at planting, and thereafter
granules were banded on soil surface. Two soil cores were taken from each plot and
dilution plated onto acidified potato dextrose agar (PDA) and amended with Igepal Co-
630 as a colony restrictor (71). Fungi other than Trichoderma were easily distin-
guished on basis of morphology, and T. virens could easily be separated from other
Trichoderma strains on the acid PDA medium. T. virens has a pure white coloration on
its lower surface, while native Trichoderma spp. were tan to brown. Data shown were
from plots of cv. Newburgh raspberries on raised beds in a field soil heavily infested
with Phytophthora fragariae var. rubri. Arrows indicate application times. Each treat-
ment was replicated four times, and error bars represent standard deviations. Data are
from a larger trial conducted by W. Wilcox, G. Harman, P. Nielsen, and K. Ondik near

Geneva, New York.

Without T-22

With T-22

Without T-22

pea plants in an Aphanomyces-suppressive
soil and discovered it was capable of con-
trolling Phytophthora spp. and other
pathogenic fungi (71). We conducted a 3-
year field study on the control of Phy-
tophthora on raspberry. We evaluated
raised beds, metalaxyl treatments, meta-
laxyl + T. virens, and T. virens added twice
ayear or once a month during the growing
season. We assayed the root and soil fungal
populations at monthly intervals over the
course of the season. In the absence of
application of strain 41, T. virens made up
only a minor part of the total funga
population. However, when the biocontrol
agent was added in any of the regimes
noted above (Trichoderma spp. generaly
are resistant to metalaxyl), the T. virens
populations became established and per-
sisted as the dominant fungus colonizing
roots and soil over the entire three growing
seasons of the experiment (Fig. 3). The
fungus was present in similar numbers
over the entire growing season. Clearly, it
became the dominant culturable fungus in
the soil and persisted extremely well. The
behavior of strain 41 differs from that of T-
22 in one very important respect: T-22 does
not become dominant in the soil but only
on the roots. Conversely, strain 41 estab-
lishes dominance in both habitats.

In the case of the raspberry study noted
above, one of the organisms that T. virens
was displacing was T. harzianum. On roots
of turfgrass, however, T. virens is the most
commonly isolated native microflora
component and makes up the majority of
the isolates obtained. If, however, T-22
granules were applied either at high rates
or repeatedly, T-22 displaced T. virens and
other fungi and became the most numerous
organism, frequently making up more than
50% of the total fungi isolated from the
root zone (K. Ondik and G. E. Harman,
unpublished).

The consequences of root colonization
by Trichoderma spp. can be profound in

" -_@WP

With T-22

Fig. 4. Enhanced root development in field crops induced by Trichoderma harzianum strain T-22. (A) Roots of sweet corn grown
from seeds either treated with T-22 Planter Box or not treated. Although roots colonized by T-22 were more abundant, in this par-
ticular trial yields were similar regardless of treatment; conditions of growth were good, and no yield advantage was provided by
the improved root system. (B) Soybean plants with roots grown from seeds either treated with T-22 or not. A 123% increase in yield
was obtained in this trial as a consequence of treatment with T-22.
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terms of plant disease control and plant
growth and productivity (6,13). Not only
can colonized roots be protected against
disease by T-22, but they frequently are
larger and more robust (Fig. 4). This in-
creased root development may occur as a
consequence of control of clinical or sub-
clinical pathogens, as suggested severd
years ago for Pseudomonas spp. (10).
However, T-22 probably also has direct
effects upon plant metabolism. In limited
studies, we observed that T-22 was as ef-
fective as a commercia rooting hormone
in inducing rooting of tomato cuttings,
although callus tissue was not formed on
the base of the cuttings as occurs with
commercial hormone preparations (Table
1). Further, T95, which was one of the
parental strains used in the fusion that gave
rise to T-22, increased plant growth even
under axenic conditions (79). Also, cu-
cumber plants grown in axenic hydroponic
conditions were larger in the presence of T.
harzianum strain T-203 than in its absence
(81). Therefore, T-22, as well as other
similar Trichoderma strains, probably en-
hances root growth and plant devel opment
both by displacement and control of delete-
rious root microflora and by direct effects
on plants by as yet unidentified biochemi-
cas.

The length of time that T. harzianum
strain T-22 can persist and proliferate on
roots is rather remarkable, as was aready
demonstrated with strain 41 of T. virens. In
an early field tria, we applied broadcast
granules of T-22 in October 1993 to a field
that had just been seeded to a rye grain
cover crop; control plots were seeded to
the rye cover crop without T-22. Early next
spring, we sampled the roots and found a
high population of T-22 (around 10° CFU/g
dry weight of roots) on the roots where T-
22 was broadcast but not on the control
areas. We then killed the small rye grain
plants with glyphosate and planted sweet
corn into the untilled plots. Differences in
growth of the corn between the treated and
nontreated plots were evident over the
entire season and were different at the end
of the season (Fig. 5). As would be ex-
pected from the size of the plants, the yield
of corn was also different, with 1.7 times
higher weight of ears being harvested from

22 plots. Yields were greater in the pres- corn in a sandy loam grower field. The
ence of T-22 than in its absence. The bestfield was planted to corn either treated or
yields occurred in rows that also received anot treated with the commercial formula-
maneb + metalaxyl (Ridomil) drench to tion of T-22 in alternating bands six rows
control early-season diseases. With thewide throughout the field. At about the
integrated T-22 + fungicide program, time of tasseling (about 60 days after
yields were increased 10% relative to the planting), we dug trenches about 3.2 m
same program without T-22, which was deep with a back hoe about 15 cm in front
highly significant both economically and of rows of corn about 2 m tall. The ex-
statistically. posed soil profile was washed with a
All of these examples demonstrate that, power washer to reveal the roots. We then
with T-22 andT. virens strain 41 at least, it established 25 x 25 cm grids across and
is possible to achieve much more than down the soil profile. Each root intercept
“transitory localised dominance of the was marked with a map pin with a differ-
rhizosphere, and in only some soils and ently colored head (different colors for
seasons” (20). They indicate that rhizo- each adjacent grid), the grids were indi-
sphere competence is real and can result irvidually photographed, and the pins in
long-term root colonization. If so, it should each grid were removed, placed in separate
provide quantifiable improvements in plant boxes, and counted. Numbers of root inter-
performance. The following section indi- cepts were similar in corn with and without
cates that substantial and unexpected ad-T-22 in the upper 25 crof soil. However,
vantages to plant growth and productivity roughly twice as many intercepts were
can be conferred by strongly rhizosphere found in the second and third grids when
competent BCAs. T-22 was present than when it was absent
An important question regards the depth (Fig. 6A and B). This greater deep root
and degree of root enhancement with T-22. density may confer substantial benefits to
In 1999, we conducted trials with field corn and other crops, especially in dry

Table 1. Enhancement of rooting and root elongation of cuttings of a Solanum x Lycopersi-
con hybrid as a consequence of dipping of stem cuttings in Rootone powder (1% inflole
butryic acid) or in T-22 in the form of RootShield drench

Treatment Numbers of roots? L ength of roots (mm)
None 1.2+ 0.8 1.8+ 0.6
Rootone 1.1+0.3 1.6+ 0.6
T-22 25+1.0 2.4+ 0.6

a Thirteen days after treatment just as roots were being initiated.

the T-22—-treated plots than from those W
originally planted to the rye cover crops
without T-22.

Cover cropping also was investigated
with a quite different system. In the fall of
1997, plots were planted to T-22 treated or
nontreated seeds of a Sudan-sorghum;
(Sudex) hybrid on a highly organic (muck)
soil near Oswego, New York. The roots of

the Sudex were sampled after the crop ) ) ) )
became established, and there was a oné&id- 5. _&rowt? of ISW(_eetdcgrnTv;gh(o'uthgnghoden?a ff7arzzar|1utm strfal_? 21;22 (left) ?ng
; ; ; corn with roots colonized by T-22 (right). A granular formulation of T-22 was applie
.?.:?Ciz)dcgmrgagmtucje hégftljer pODUIatlcfm of by broadcast (about 10 kg/ha) at the same time (October 1993) that a rye grain cover
Pp. on Sudex grown irom crop was seeded. In spring 1994, roots of rye were found to be colonized by T-22, and
treated seeds than from nontreated seedsyhe rye was killed by spraying with glyphosate. Sweet corn (cv. Jubilee Supersweet
The next spring, onions were planted on with standard fungicide seed treatments) was planted into the field without tillage.
the Sudex + T-22 and the Sudex without T- Data are from G. Harman, H. Price, and P. Nielsen (pictured), Cornell University.

Without T-22
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growing seasons when root colonization by
T-22 can reduce sensitivity of crops to
drought stress (Fig. 6C).

Further, we sometimes noted that corn
plants that grew from seeds treated with T-
22 were greener than plants without T-22.
Increased greenness in corn frequently is

larger for most of the growing season than poxia.html [Note: web addresses often
control plots (Fig. 7B and C). At 2 and 4 change]). A microbial agent that increases
weeks after nitrogen application, there was nitrogen use efficiency by crop plants
no difference in corn greenness as deter-would appear useful in this regard.

mined by readings with a SPAD meter A similar trial was established in the
(66). However, later, at the time of tassel- spring of 1999. Soil types and planting
ing, the T-22—treated plants were greenerconditions were quite similar, but there

associated with higher levels of nitrogen
uptake (66). We began to consider the pos-
sibility that one of the effects of T-22 on
colonized roots was increased efficacy of
use of applied fertilizers, especidly nitro-

in a nitrogen dose—dependent manner (Fig.was a high level of residual nitrogen in the
7D). At maturity, there was a difference in field. PSNT values ranged from 40 to 90
stem diameter and grain and silage yieldsppm; corn usually does not respond to
(Fig. 7TE to G). nitrogen fertilizer if values are above 20 to
Perhaps the most important yield com- 30 ppm (35). Under these conditions, there
gen. In 1998, we established a trial with parisons were the points at which nitrogen wasno measurable response of the corn to
field corn in a commercial grower’s field no longer gave a yield increase, presuma-application of T-22. However, roots were
on a sandy loam. The entire field was bly because the plants had as much nitro-colonized by the fungus, and deep root
planted in bands six rows wide with seed gen as they could utilize. The unused ni- growth was enhanced; the data in Figure 6
treated with T-22 Planter Box alternating trogen would not be expected to provide are from this plot. Even in the presence of
with six rows without the biocontrol agent. any yield benefit and probably would be optimal or supraoptimal levels of N, T-22
We expected that the initial nitrate level volatilized or contaminate groundwater apparently enhances corn root develop-
would be low, since the field had not re- supplies (25). No increase in yield of either ment, but unless N is limiting during some
ceived recent manure applications and silage or grain occurred above 150 kg of N phase of the growth cycle of the corn, this
because corn had been grown the previousper ha in the presence of T-22. In the ab-enhanced root development does not affect
season. Pre-sidedress nitrate soil testssence of T-22, however, the full rate of 240 plant growth or yield in the absence of
(PSNT) verified that the endogenous nitro- kg was required for maximum yields (Fig. other stress factors such as drought.
gen was indeed low, about 20 kg/ha. Nitro- 7F and G), i.e., maximum yields were ob- More than 70 separate T-22 trials have
gen, in the form of ammonium nitrate, was tained with 38% less nitrogen in the pres- been done on field corn alone, more than
banded and incorporated beside rows ofence than in the absence of T-22. The EPA30 on soybeans, and numerous trials have
corn at about the four-leaf stage to give is requiring a plan to reduce hypoxia in the been done on crops such as wheat, peas,
totals, including the 20 kg/ha of residual Gulf of Mexico and may mandate a reduc- sugar beets, and potatoes. Specific advan-
nitrogen, of 20, 40, 80, 160, and 240 kg of tion in nitrogen fertilizer use in the Missis- tages and uses of T-22 on these crops are
total nitrogen per ha. sippi River Basin (see EPA web site: numerous and diverse. When T-22 is ap-
Differences were observed almost im- http://www.epa.gov/msbasin/legis98.html  plied as a seed treatment on potatoes, both
mediately. Heights of corn were measured and American Farm Bureau Federation size (increased grade) and yields frequently
2 weeks after side-dressing, and those withweb site, news from 2000 annual meeting: are increased. When T-22 dF virens
T-22 responded more rapidly and remained http://www.fb.com/2000annual/amnews/hy strain 41 was applied in Brazil to wheat
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Fig. 6. Enhanced deep rooting in field corn induced by Trichoderma harzianum strain T-22. (A) Numbers of roots at different depths
of mature (2 m tall) field corn (E238) in field trials near Geneva, New York, in 1999 with and without root colonization by T-22.
Separate trenches (about 3.2 m deep x 5 m long) were dug with a backhoe about 15 cm in front of rows of corn. The resulting soi |
faces were washed with a power washer to expose corn roots, and grids of string were placed over the soil profile. Root interce pts
in each square were marked with map pins, each square was photographed, and the number of pins in each square was counted.

Data were modeled by logistic curves (72) of the form: Numbers of roots = a+ ¢/l — b(depth — m), where a = lower asymptote, a+c=
upper asymptote, m = point of inflection and b = slope parameter. Lines are significantly different at P = 0.006. Data for the lower
four regions of soil were fitted to linear regressions; there was no significant difference in slopes, but elevations were diff erent at P
= 0.001 (graph not shown). (B) Appearance of root intercepts in the same trial as (A) marked by map pins in single 25 x 25 cm
squares 25 to 50 cm (top) or 50 to 75 cm (bottom) below the ground level. Squares shown were chosen because they approximate

the average values for each treatment. (C) Drought tolerance in corn induced by T-22 from trials in 1999 in Ohio which probably was
a consequence of enhanced deep rooting. Corn without T-22 (right) exhibited the typical leaf curl to reduce transpiration sympt o-
matic of drought stress, while leaves of T-22—treated corn (left) did not. In both New York and Ohio, T-22 was applied as a dus tto

the seed according to labeled directions for T-22 Planter Box. Data in (A) and (B) are from field trials conducted by R. Petzol dt and

G. E. Harman, Cornell University, while (C) is a photo from Ed Winckle, Hymark Consulting, Blanchester, Ohio.
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seeds infected with Pyrenophora tritici-
repentis (17), both stands and yields were
increased significantly and substantially
(yieldsincreased from 1,666 to 2,166 kg/ha

41). The same authors obtained similar
results over 2 years with corn seeds in-
fected primarily with Fusarium gramin-
earum and F. moniliforme (W. C. da Luz
and G. C. Bergstrom, unpublished). Addi-

tionally, in 1999, trials were conducted on
control of take-all in wheat. Seed treatment
with T-22 enhanced spring green-up and
significantly reduced white heads caused
by Gaeumannomyces graminis var. tritici

for strain T-22 and to 1,953 kg/ha for strain
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Fig. 7. Interaction of Trichoderma harzianum strain T-22 and nitrogen fertilizer on corn growth and yield. (A) Appearance of corn
from a grower trial in 1996 produced from T-22-treated plants and from nontreated plants. (B-G) Results from trials in a grower field
on deep sandy loam soil at various levels of N fertility. Such treatments have been used for other studies in order to determin

trogen use efficiency as imposed by various treatments using negative exponential models (46). (B) Corn growth response to dif-
ferent levels of N from T-22-treated and nontreated plots 2 weeks after side-dressing. Plants whose roots were colonized with T -22
responded to N, while those without T-22 did not. Both position and slope were significantly different based on regression anal ysis
(P =0.001 and 0.04, respectively). (C) Corn growth response to N 4 weeks after application of various levels of N. Slopes were s imi-
lar, but intercept of curve was significantly different ( P = 0.001). (D) Leaf greenness of corn at tasseling as a function of treatment

with T-22 and nitrogen application level as measured with a Minolta SPAD 502 meter. All plants were of similar height, but leaf
greenness was significantly different (slope parameters were not significantly different but position was significantly differe nt
based on regression analyses at P = 0.002). (E) Stalk diameter of corn at harvest as influenced by treatment with T-22 and different
levels of N. Slope parameters were similar, but positions of lines were significantly different at P < 0.001. (F) Yield of grain as influ-
enced by treatment with T-22 and different levels of N. Analysis of shape of curves gave no evidence for any other than a linea r

e ni-

relationship between N level and yield in the absence of T-22, but in its presence a curvilinear relationship was a better fit. Regres-
sion analysis indicated no significant difference in shapes or positions of lines generated for T-22 and nontreated corn, but a naly-
ses of means using a pooled standard error and a Bonferroni-adjusted 5% least significant difference (62) indicated that there is a
significant difference in yields of corn grain between T-22 and nontreated corn at 80 and 160 kg/ha of N. (G) Yield of silage a s influ-
enced by presence or absence of T-22 and level of nitrogen fertilizer. Analysis of shape of curves gave no evidence for any oth er
than a linear relationship between N level and yield in the absence of T-22, but in its presence a curvilinear relationship was a better
fit. Comparison of shape and position of curves indicated that position of curve generated by T-22—treated corn was significant ly

higher than that from untreated corn (P = 0.055). Photograph in (A) is from BioWorks and shows Christopher Hayes. All other data
are from G. E. Harman and R. Petzoldt, Cornell University.
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from 32 to 21% (D. Huber, Purdue Univer-
sity, unpublished). However, in spite of the
results just cited, in other trials no yield
increases have been noted. | will provide a
rationale for this difference and a descrip-
tion of limitations of T-22 at the end of the
discussion of Dogma 3.

In nearly all cases, the best results in di-
rect-seeded field crops are obtained with
an integration of chemica seed treatments
and T-22. Extensive testing has revealed
amost no chemical seed treatments that
prevent subsequent root colonization by T-
22 (full rates of thiram and tebuconazole
are exceptions). This resistance permits the
use of both the biologica root colonizing
agent and chemical seed protectants.

Granules of T-22 frequently are incorpo-
rated into potting mixes in greenhouse
crops for production of vegetable and
flower transplants and also for pot crops
such as chrysanthemums and poinsettias.

For example, tomatoes were grown in a
potting mix containing the granular for-
mulation of T-22, which permitted roots to
become colonized, then transplanted to the
field. Fusarium crown and root rot at har-
vest of mature fruit was reduced (18,64).
T-22 was not the only effective organism—
the rhizosphere competeBéacillus subtilis

(the active ingredient in Kodiak) from
Gustafson was also effective. The combi-
nation of T-22 and the mycorrhizal fungus

Glomus intraradices was more effective

than either organism alone (18). Thus,
application of a very small amount of any
of several biocontrol organisms at the time

the biocontrol agent was originally applied. ferent crops, or against a wide range of
There are similar studies on other trans- plant pathogens. As a corollary, mix-
plant vegetables. Pepper seedlings weretures of BCAs will be required for suc-
produced in the greenhouse with or without cessful long-term control since individ-
the addition of RootShield, the greenhouse ual components colonize different crops,
product containing T-22. The peppers were are adapted to different environments,
transplanted into the field under less than or have different functions.
ideal conditions. When their roots lacked The dogma that single biocontrol agents
T-22, fewer pepper plants survived trans- cannot be widely effective was very well
planting and early yields were lower (Fig. stated in the recent article by Mathre et al.
8). (60), “One rather daunting principle that
A number of trials have focused on or- applies across all biological methods for
namentals; generally, T-22 either applied asdisease and pest control with introduced
a drench or incorporated as granules givesagents...is that, almost invariably, a differ-
adequate disease control over an extendednt agent...is needed for each disease or
period of time (several months). Further, pest.” Similarly, Cook (16) stated that
root development frequently is better in “"biological control is widely recognized
plants where disease is controlled by T-22 both scientifically and based on empirical
rather than by fungicides; many fungicides experience as highly pest- or disease-spe-
inhibit root growth to some extent, whereas cific.” Further, he advocates an approach to
T-22 enhances root development, as shownbiological control that uses mixtures of
for poinsettias (Fig. 9). There have been numerous agents for each pest or disease.
numerous other demonstrations of similar This view is inconsistent with our experi-
effects of T-22 on greenhouse ornamentals. ences and others, at least witfichoderma
These data clearly demonstrate that T-spp. A large number of papers indicate that
22, as well as other rhizosphere competentsingle strains offrichoderma spp. are ca-
biocontrol agents, can provide long-term pable of controlling diverse pathogens, and
protection or other advantages to plantsChet (14) has summarized some of these.
from a single application at the beginning  This is particularly important in light of
of the season. These biocontrol agents careconomic realities. In my view, as | will
establish themselves on roots, grow with discuss in the last section of this paper, it
the developing root system, and remain probably will be economically impossible
functional for at least the life of an annual to commercialize mixtures of strains, at
crop. least until there are significant economic
Thus, biologicals can bmore effective successes in biocontrol. In other words, not
than chemical pesticides for root protection only is one strain all that you may need,
and plant growth enhancement. However, but perhaps more importantly, one strain is

of seeding of transplants provided a sea-the assessment of efficacy is dependentvery likely all that you carafford! If this
son-long benefit to tomato health and upon the particular parameter being meas-view is even remotely true, then it is im-

yield. Again, this is hardly a localized or ured.
transitory effect or one confined to seeds,

portant to determine what can be accom-

Dogma 3. Single BCAs cannot be ef- plished with a single strain, in this case T-

seedlings, or the infection court to which fective in diverse environments, on dif- 22.

Fig. 8. Appearance of pepper plants in a field in New York a few weeks after transplanting from plugs grown in absence (A) and
presence (B) of Trichoderma harzianum strain T-22 in the form of the commercial product RootShield. (C) Yield data were taken on
three cultivars for first and third pickings. Yields for first picking for transplants produced in absence of RootShield were 5.9, 3.6,
and 5.4 kg per plot for Merlin Belle, Vanguard Belle, and Bonanza peppers, respectively, while for plants grown in the presence of T-
22, yields were 10.2, 8.6, and 9.6 kg per plot. In third picking, yields were similar: in the absence of RootShield, 21.4, 11.7, and 18.1
kg per plot were harvested from the same three cultivars, while in presence of RootShield yields were 24.1, 11.4, and 23.6 kg. Pho-
tos and data are from Russell Wallace, BioWorks.
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In our first article on T-22 (34), we re-
ported that it controlled F. graminearum,
R. solani, Pythium ultimum, and Sclero-
tiumrolfsii in laboratory tests. Thislist has
been expanded to include other pathogens
of both above- and belowground plant
parts in real-world research evaluations.

Control of R solani has been well
documented in the greenhouse on a number
of different crops (Fig. 10A to C). In many
cases, T-22, as its commercial product
RootShield, substantially enhances plant
quality relative to fungicides. Similar re-
sults have been obtained for control of
Pythium (Figs. 11A to C). In many cases
for both pathogens, RootShield is as effec-
tive as the competitive chemical fungi-
cides, even when the biocontrol product is
applied infrequently and the chemicals are
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applied more often, as per their label rec-
ommendations.

However, other trids have indicated that
products based on T-22 are less effective in
controlling Pythium and R. solani than are
chemical fungicides. This apparent para-
dox will be addressed in a subsequent sec-
tion, but at least two important factors
should be mentioned here. Like other bio-
control agents, T-22 can be overwhelmed
by heavy disease pressure. Therefore, T-22
must be used dtrictly as a preventative
measure; it cannot cure existing infections.
The biocontrol agent must be used within
its limits and as part of atotal management
strategy.

In general, we have not focused on the
ability of T-22 to control these pathogens
in the field except on golf course turfgrass

TR LD G
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Fig. 9. Appearance of poinsettias grown in a commercial greenhouse in a trial estab-
lished by Mark Arena, Clemson University, in cooperation with BioWorks. First plant
(far left) received no soil fungicide treatment, second received a single treatment of
Ban-rot (etridiazole and thiophanate methyl), third plant received a single treatment of
Ban-rot plus monthly applications of Subdue (metalaxyl) and Cleary’s 3336
(thiophanate methyl), and plant on right received a single early application of Root-
Shield, all according to label directions. This photograph is the property of BioWorks

and has been published in GM Pro magazine.

(53-55), where T-22 reduces disease lev-
els. Pythium and R. solani on field crops
cause seed or seedling disease, and we
recommend that these diseases be con-
trolled by appropriate chemical fungicides,
for the reasons noted earlier.

Diseases caused Hyusarium spp., es-
pecially root and crown rot, also are con-
trolled. Earlier in this paper | summarized
research (18,64) that demonstrated that a
single application of T-22 as RootShield
granules in the greenhouse provided pro-
tection of the tomato crop against Fusarium
crown and root rot of the mature crop.
Similarly, a single application of T-22 to
red onions at the time of planting resulted
in significantly reduced Fusarium basal rot
at harvest. An in-furrow drench was more
effective in both root colonization and
disease control than a seed treatment (Fig.
12A and B).

In the greenhouse, other pathogens such
asCylindrocladium andMyrothecium, both
on Spathiphyllum, also were effectively
controlled (Fig. 13A and B). However,
weekly applications of RootShield were
required, as opposed to less frequent appli-
cations.

A great need in agriculture, particularly
for crops such as vegetables and strawber-
ries in California and Florida, is an effec-
tive replacement for methyl bromide. Con-
ceptually, a broadly effective and rhizo-
sphere competent biocontrol agent should
be useful. However, there are such diverse
and numerous pathogens that a stand-alone
biocontrol agent probably cannot be totally
effective. Recently, a combination of ozone
fumigation followed by T-22 has shown
promise on strawberries in California. T-22
alone, ozone alone, and ozone fumigation
followed by T-22 were compared in one
trial; in another part of the same field, the
standard methyl bromide fumigation and
no treatment were compared. Yields with
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Fig. 10. Control of Rhizoctonia solani by Trichoderma harzianum strain T-22 added as commercial product RootShield. (A) Fresh
weight of Catharanthus cv. Peppermint Cooler in the greenhouse in the presence of the pathogen (AG-4) as affected by treatment
with Ban-rot (etridiazole and thiophanate methyl) or RootShield. Plants were grown in Earthgro composted soil (George Elliot, Uni-
versity of Connecticut, Storrs, CT, and Wade Elmer, Connecticut Agricultural Experiment Station, New Haven, CT, unpublished
data). (B) Comparison of effects of a single application of RootShield drench and Cleary’s 3336 (thiophanate methyl) on top grade of
poinsettias. Pathogen was added to pots with all treatments except untreated control (BioWorks data from A. R. Chase, Chase Re-
search Gardens, Mt. Aukum, CA). (C) Comparison of effects on plant height of zonal geraniums of a single addition of RootShield
granules 7 days before inoculation with the pathogen and 10 days before transplanting with Cleary’s 3336, applied according to

label directions. Data generated by Jean Williams-Woodward, Department of Plant Pathology, University of Georgia, in cooperatio n

with BioWorks. In all cases, asterisks above bars indicate significant differences (

P =0.05).
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Comparison of Subdue (metalaxyl) and RootShield drench in control of root rot of geraniums caused by P. ultimum. Data generated
by Gary Moorman of Pennsylvania State University in cooperation with BioWorks. (B) Comparison of Subdue and RootShield gran-
ules in control of Pythium root rot as measured by foliage dry weight in greenhouse impatiens and (C) in petunias. Data generated
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differences (P = 0.05).

T. harzianum strain T-39, the active
ingredient of Trichodex, also controls these
pathogens (24).

Further, we have obtained encouraging
results with bee delivery of T-22, a concept
pioneered by John Sutton and his col-
leagues at Guelph (65). Conidia of T.
harzianum are smaller than pollen grains
and can adhere to the body of a bee in a
similar manner. Bees exiting the hive pass
through a device that requires them to
come into contact with products containing
these spores. They subsequently deliver
substantial amounts of T-22 or similar
fungi to the strawberry or other flowers. In
our hands, this method of delivery is more
0 effective than spray applications for con-
trol of B. cinerea and has proven as effec-
tive, over severa years and trials, as stan-
dard chemical applications (Fig. 16E) (48).

The last two sections have provided nu-
merous examples of the uses of a single
biocontrol agent, T. harzianum strain T-22.
However, T-22 and the products based
upon it are management tools for growers.
It is not magical nor is it a “silver bullet”
that solves all problemsA summary of
limitations follows:

» T-22 is strictly preventative. It cannot
control existing diseases, and so a good

10

16

Yield (kg/plot)

% Diseased onions
=9

T-22 Drench

Untreated

T-22 Planter
Box

Fig. 12. Incidence of Fusarium basal rot (solid bars) of red onions at end of season
and yield (hatched bars) as affected by T-22 PlanterBox seed treatment or an in-furrow
drench (1 kg/ha as RootShield drench) of T-22. Onion plants were direct seeded in a
muck soil near Oswego, New York, in a randomized complete block design with four
replications per treatment. Data generated by J. van der Heide, R. Petzoldt, and G.
Harman, Cornell University.

the ozone + T-22 (RootShield granule)
treatment or the standard methyl bromide

patch), Pythium spp., and S. homoeocarpa
(dollar spot) (54,55). For these appli-

treatment were similar, and the combina-
tion was significantly better than either T-
22 aone or ozone done (Fig. 14).

All results discussed above have been
directed toward control of root and soil
pathogens. However, T-22 also is effective
in the control of fruit and foliar diseases
when applied as a spray to these plant
parts. Diseases controlled include powdery
mildews on Catharanthus and pumpkins
(Fig. 15A and B). Similar formulations are
active against B. cinerea on greenhouse
crops and strawberry (Fig. 16C and D) and
against downy mildews (Fig. 16E). T-22
has also demonstrated activity against B.
cinerea on grape, although results were not
aways consistent (31), and against turf-
grass pathogens such as R. solani (brown
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cations, T-22 must be applied frequently, at
least once every 10 days when disease
pressure is high, since it cannot extensively
grow on and colonize newly formed leaf
tissues. However, on flowers or fruits, it is
highly persistent; an application to either
grape or strawberry flowers results in a
high percentage of colonization of the
immature fruits (unpublished). Spores of T-
22 germinate on strawberry flowers (G. E.
Harman and R. Petzoldt, unpublished) and
turf leaves (55). However, they may not
germinate well on strawberry leaves. The
method and adjuvants required for
effective control are very important, but
this topic is beyond the scope of this
article. T-22 is not unique in its ability to
control powdery mildews and B. cinerea.

systemic fungicide must be used if dis-
eases already exist.

It is less effective against systemic dis-
eases than against more superficial ones.
Therefore, it is more effective, for ex-
ample, against Fusarium crown and root
rot than against Fusarium wilts (18,36).

In conditions of high or very high dis-
ease pressure, T-22 should be used as
part of an integrated chemical-biologi-
cal system. For example, for control of
B. cinerea on strawberries in Florida, its
best use is probably as a tank mix or as
an alternating spray to reduce, but not
eliminate, the chemical fungicide appli-
cation.

In other cases, maximum benefit to the
crop requires use of both biological and



chemical agents. For example, the com-
bination of chemica seed treatment for A
maximum seed and seedling protection
together with the long-term root protec-
tion and enhancement by T-22 is highly
effective.

* While T-22 is extremely persistent on
root surfaces, it does not persist at bio-
logicaly significant levels in the ab-
sence of roots. Perhaps the only excep-
tion to this generaization is in highly
organic soils such as those in which on- 0
ions are grown in upstate New York (see
discussion regarding onions and a Sudex
cover crop).

« In spite of the pictures presented in the
figures, T-22 does not always, or per-
haps not even in the majority of situa-
tions, give obvious visua enhancement
of plant growth or yield. T-22 provides
tolerance to a variety of biological and
edaphic stresses. If no stresses occur and
plants are always growing at near-opti-
mal conditions, T-22 can provide little
visual or yield improvement.

Thus, T-22 is a highly versetile biocon-

trol and plant growth—enhancing agent. It

has been the subject of intense public and

private sector development for about 15

years. A critical consideration in all of

these studies is the mechanisms whereby

T-22 and other BCAs exert their beneficial

effects.

Dogma 4. Biocontrol agents have sm-

ple mechanisms of action that are con-

trolled by one or only a few genes and

gene products. 0 -
Our expectations of the abilities of bio-
control agents are partially conditioned by
our expectations of their mechanisms of
action. If we assume that a specific agent
(or group of agents such &sichoderma

isease Severiy Rl B s
1 = healthy
3 = yellowing/rotiing

on 46 lower leaves
5=dead

Disease severity
Disease severity

Inoculated control RootShield Inoculated control Medallion RootShield

Non-inoculated control

Fig. 13. Comparison of weekly doses of RootShield and the fungicide Medallion on
control of (A) Cylindrocladium and (B) Myrothecium petiole rots on Spathiphyllum. All
experiments were done in randomized complete block designs, and asterisks indicate
significant differences (P = 0.05). Data from A. R. Chase, Chase Research Gardens,
Inc., Mt. Aukum, CA, in cooperation with BioWorks.
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Fig. 14. Cumulative yield of strawberries from a trial in 1997-98 at Monterey Bay Acad-

; [Rep emy, Watsonville, CA, following application of standard rates of methyl bromide: chlo-
spp.) has a_SIngIe or a_very limited number ropicrin (67:33 at 325 kg/ha), Trichoderma harzianum strain T-22 applied as Root-
of mechan_lsms (_)f_ actl(_)n, we COU"? 'COI’]- Shield granules incorporated into the soil at the rate of 135 kg/ha prior to planting,
clude that its activity might be specific t0 ozone applied at the rate of about 400 kg/ha and combination of preplant application
particular crops or pathogens. However, if of ozone followed by T-22. Bars with dissimilar letters are significantly different (P =
we determine that there are many different 0.05). Methyl bromide + chloropicrin and untreated control data were from other parts
biochemicals, genes, and even generalog the sag]e field blljjt vI;/ere not part of the replligattladdtri(jal \t/hat.ir.ll(l:'luded Ezghozonﬁ,hand

: s .. the combination. Pathogens present in soil included Verticillium an ytophthora
modes of action for a specific BCA, th_en It spp. Data courtesy of John Duniway, University of California, Davis. Other data by J.
is much more reasonable that the particularpnjway indicate significant responses to combinations of T-22 and ozone in other
organism might have manifold and diverse soils and experiments.

advantages.

Further, the general conceptual frame- e foliowing are the mechanisms by ~Mycoparasitism. Mycoparasitism has
work in which we view the particular or- \yhich strains of T. harzianum function.  long been considered an important mecha-
ganism also affects our thinking about its Thg first three are the ones by which thesenism of action of biocontrol by Tricho-
potential uses. In my viewJrichoderma  fngi have always been considered to dermaspp. This isa complex process that
spp. frequently are very numerous and fnciion; those added in the last 1 to 3 involves tropic growth of the biocontrol
even dominant in agricultural soils because years are in italics. In addition, it is ex- agent toward target fungi, lectin-mediated
they persist and multiply in the presence of {remely likely that other mechanisms exist coiling of attachment of Trichodermahy-
healthy plant roots. In the absence of pyt have not yet been discovered. phae to the pathogen, and finally attack and

healthy roots, their numbers are likely to .
decline. Certainly this is true of T-22. If it
is generally true ofl. harzanum, we need
to consider these fungi as opportunistic «
plant root colonists or even symbionts. If

so, then it is reasonable to assume that they
will have developed numerous mechanismse
to promote their ecological niche, i.e.,

abundant and healthy plant roots. .

Mycoparasitism

Antibiosis

Competition for nutrients or space
Tolerance to stress through enhanced
root and plant devel opment

Induced resistance

Solubilization and sequestration of inor-
ganic nutrients

Inactivation of the pathogen’s enzymes

dissolution of the target fungus’ cell wall
by the activity of enzymes, which may be
associated with physical penetration of the
cell wall (14). Probably the killing of target
hyphae a short distance away frdnicho-
derma hyphae (50,55) can be considered
similar to mycoparasitism. Numerous sepa-
rate genes and gene products have been
proposed to be involved in mycoparasitic
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strain of T. harzianum deficient in the abil-  important in activity of one strain may not
ively expected to test the involvement of ity to produce endochitinase had reducedeven be produced by another highly effec-
“the Trichoderma chitinase ang3-1,3-glu- ability to controlB. cinerea but increased tive biocontrol strain offrichoderma. For
canase” in biocontrol by inactivating the ability to controlR. solani (80). In another example, gliotoxin appears to be necessary
genes encoding these two enzymes. Westudy, activity of the same enzyme either for activity of theT. virens strain that is the
now know that for each of these two func- was deleted or increased Th harzianum, active ingredient of SoilGard, but it is not
tional groups, there are multiple classes of but these changes had no effect on bioconproduced by T-22. Again, to add to the
enzymes, and within each class, there aretrol ability againstR. solani or S rolfsii complexity, many of these antibiotics are
distinctly different enzymes. In 1998, Lo- (12). In a third study (4), this same enzyme synergistic with cell wall degrading en-
rito listed 10 separate chitinolytic enzymes was disrupted or overproducedTinvirens, zymes (21,58).

alone (57). Similar levels of diversity exist and the resulting strains were found to Further, as noted regarding the study by
with B-1,3-glucanases (8). In additiof;  have decreased or increased biocontrolWoo et al. (80), some mutants prepared
1,6-glucanases (56) and proteases (26)ability, respectively, towardR. solani rela-  without activity of a specific component
likely also are involved. For mycoparasit- tive to the wild strain. Thus, in three stud- expected to be involved in biocontrol may
ism of Pythiaceous fungB-1,4-glucanases jes, almost every conceivable result actually be more active than the parental
may also be important (76). To add even (ranging from decrease to no effect to in- strain. For example, Graeme-Cook and
more complexity, peptaibol antibiotics are crease of biocontrol ability) was obtained Faull (27) prepared UV mutants of a strain
specifically produced by. harzanum in by deletion of a presumed biocontrol gene. of T. harzianum that produced the antibi-
the presence of fungal cell walls, so they Finally, transformed plants expressing this otic 6n-pentyl pyrone but lacked ability to
probably also should be considered as partsame endochitinase have much greaterproduce isonitrile antibiotics. Mutants

interactions. As recently as 1990, we na-

of the mycoparasitic complex (67). Adding
still further to the complexity is the fact
that the regulation of individual genes pre-
sumably involved in mycoparasitism dif-
fers; for example, the 42-kDa endo-
chitinase is induced befor& harzianum
comes into contact witB. cinerea, while
the 72-kDa N-acetylhexosaminidase is
induced only after the two fungi are in
direct contact (82). Therefore, a single step
in the mycoparasitic process of harzia-
num may involve more than 20 separate
genes and gene products under comple
regulatory control. Further, most of these
gene products are synergistic with one
another (see 57 for a summary). Given this
entire arsenal of synergistic gene products
that arepart of only one mechanism by
which Trichoderma species attack and gain
nutrition from other fungi, it is not sur-
prising that this genus has been reported t
be pathogenic against, and provide control
of, very diverse groups of fungi (14).

It should also not be surprising, in view
of this complexity, that studies with this
organism involving knock-out or overpro-
ducing mutants for single genes provide
contradictory results. In one recent study, a

¥

Fig. 15. Appearance of Catharanthus cv. Parasol plants grown in planting mix at about
pH 7 in the absence and presence of Trichoderma harzianum strain T-22 applied to the
soil mix as RootShield. Experiment conducted by George Elliot, Department of Plant
Science, University of Connecticut, Storrs. Photograph by Russell Wallace, BioWorks.
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resistance to several plant pathogens thanvere obtained that possessed unexpected
do nonexpressing plants (9,59). This, to- properties, including a newfound ability to
gether with the strong antifungal activity of produce isonitrile antibiotics. These two
this enzyme against a variety of plant- classes of antibiotics are different chemi-
pathogenic fungi (57), suggests that this cally and probably arise from distinctly
enzyme probably is involved in biocontrol. different pathways (70), so it is unlikely
However, since there are so many different that the UV mutation simply gave rise to a
gene products that may also be involved, branch in a biosynthetic pathway to pro-
nonexpression or overexpression of anyduce an alternative product. Instead, as
one product may provide ambiguous re- Graeme-Cook and Faull (27) stated,
“There are several silent pathways for

Antibiotics. Antibiotics have long been antibiotic production whose expression has

*suggested to be involved in biocontrol by been lost.” By this reasoning, the mutation

Trichoderma (78). Sivasithamparam and would have induced changes in regulatory
Ghisalberti (70) list 43 substances pro- controls that activated the “lost” pathway.
duced byTrichoderma spp. that have anti- These results strongly suggest that the
biotic activity (enzymes are not included). parental strain possessed cryptic genes that
Of these, alkyl pyrones, isonitriles, were not expressed until their activities
polyketides, peptaibols, diketopiperazines, were in some way released through the
sesquiterpenes, and steroids have fre-mutation process. This alteration of ex-
guently been associated with biocontrol pression indicates that biocontrol strains of
activity of some species and strains of Trichoderma (and no doubt other mi-
Trichoderma (40). A substantial number of crobes) have genes that may only be ex-
reports show that mutation to eliminate pressed if some change in regulatory proc-
production of specific antibiotics is associ- esses occurs. Therefore, studies with
ated, in some strains, with a loss of activity knock-out mutants, no matter how care-
against particular pathogens (40). How- fully the study is done to avoid changes to
ever, particular antibiotics that may be other than the gene of interest, may iden-
tify phenomena that act, by analogy, like
“snake’s teeth.” If a snake’s fangs are lost
or removed, others take their place. If ac-
tivity of one gene is deleted and a mecha-
nism of biocontrol is lost, another may take
its place.

Competition. Competition for space or
nutrients has long been considered one of
the “classical” mechanisms of biocontrol
by Trichoderma spp. (14). However, in
many cases, this mechanism was surmised
to occur because no evidence for myco-
parasitism or antibiosis could be discov-
ered in a particular interaction. Competi-
tion very likely is an important mechanism
of biocontrol, but it is extremely difficult
to prove. Is the displacement of other or-
ganisms by eitheT. virens or T-22 a con-
sequence of competition or some other
mechanism? Elad et al. (22) presented
information regarding biocontrol ofB.
cinerea by T. harzianum strain T39. B.

39
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cinerea conidia require externa nutrients
for germination and infection. When con-
idia of T-39 were applied to leaves, germi-
nation of conidia of the pathogen was
slowed, an effect attributed in part to com-
petition (22).

Tolerance to biotic and abiotic stresses
through enhanced root development.
Another possible mechanism recently
gaining credence is tolerance to stress
through enhanced root and plant develop-
ment. The drought tolerance and enhanced
nitrogen utilization indicated in Figures 6
and 7 are examples of this mechanism. The
enhanced rooting by T-22 probably also
induces tolerance to pests that it does not
directly control. For example, we do not
believe that T-22 has the ability to control
Phytophthora spp. because it has no
mechanism to intercept or attack zoo-
spores. Indeed, in several studies, it was
found to have no effect on this pathogen
(eg., 71). However, growers have indi-
cated that Phytophthora-attacked plants
were larger in the presence of T-22 than in
its absence. One possible explanation for
this result is that the larger root systems of
plants colonized by T-22 were better able
to withstand the damaging effects of the
pathogen.

Solubilization and sequestration of
inorganic plant nutrients. In soil, various
plant nutrients undergo complex transitions
from soluble to insoluble forms that
strongly influence their accessibility and
absorption by roots. Microorganisms may
strongly influence these transitions (2).
Iron and manganese in particular have been
investigated with regard to both microbial
solubilization of oxidized forms of these
elements and their influence on plant dis-
ease (28). Pseudomonas spp. produce com-
pounds (siderophores) with very high
affinities for iron. Iron chelated with these
siderophores is unavailable to plant patho-
gens, so their activity is thereby reduced,
but plant roots can take up iron in thisform
either directly or after reduction of Fe** to
Fe** (7). Manganese is a microglement
essential for diverse physiological func-
tions in plants, including both plant growth
and disease resistance (28). Only the Mn?*
form of this element is soluble; the more
highly oxidized forms are insoluble. Sev-
eral pathogens, including Streptomyces
scabies and G. graminis var. ftritici, can
oxidize manganese and thereby inactivate a
major part of the plant defense mecha
nisms (43,44).

Earlier, we documented the abilities of
strain T-22 to enhance nitrogen use effi-
ciency in corn. However, this strain can
also solubilize a number of poorly soluble
nutrients. In in vitro studies, T-22 has been
shown to solubilize rock phosphate, Zn
metal, Mn*™, Fe*, and Cu?*; these activi-
ties are not due to medium acidification or
production of organic acids (2). Thereis no
common biochemical mechanism for these
abilities. Strain T-22 produces separate

substances that reduce and chelate Fe®,
while for Mn** only reductive materias are
produced. The substances that reduce Cu?*
or Fe** are separate biochemical entities
(2). Therefore, this strain of T. harzianum
produces a large number of chemicals in-
volved in nutrient solubilization.

A direct role for the nutrient solubiliza-
tion and chelating abilities of Trichoderma
metabolites has not yet been demonstrated,
but circumstantial evidence of its ability to
solubilize iron and make it usable to plants
is available. Catharanthus is intolerant of
alkaline potting media because of suscepti-
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Fig. 16. Control of various foliar and fruit diseases by spray applications of Tricho-
derma harzianum strain T-22 as the prototype commercial formulation TopShield. (A)
Comparison of Cleary’s 3336 (thiophanate methyl) and T-22, both applied with Latron
B-1956 added as an adjuvant in control of powdery mildew on New Guinea impatiens

in the greenhouse. Data from M. Daughtrey, Long Island Horticultural Research Labo-
ratory, Cornell University, in cooperation with BioWorks. (B) Control of powdery mil-

dew (Sphaerotheca fuliginea) on upper surfaces of field-grown pumpkins with strobi-

lurin fungicide Quadris applied on a 14-day schedule and T-22 applied on a 7-day
schedule. This information is part of a larger study (61). (C) Comparison of Chipco

26019 (2.4 Ib/liter) and T-22 (7 g/liter) for control of

Botrytis cinerea on geraniums.

Data from M. Daughtrey in cooperation with BioWorks. (D) Comparison of field appli-
cations of the chemical fungicide Topsin M with T-22 either as a spray (TopShield) or
by bee delivery. For spray applications, T-22 was applied at the rate of 3.2 kg/ha, while

for bee delivery, a dry, powdered formulation of T-22 containing about 4 x 10

8 CFU/g

was placed at exit of hive so that bees had to pass through it as they exited (48). (E) A
comparison of Subdue Maxx (mefenoxam, 37 mg/liter) and TopShield (3 g/liter) applied

to the point of drip on a 7-day schedule for control of downy mildew (

Peronospora

antirrhini) on snapdragon. Infected plants were intermingled with healthy ones, and
spores were distributed using a fan throughout the trial. Data are from A. R. Ch ase,

Chase Research Gardens, Inc., Mt. Aukum, CA). In all
data are significantly different, with four asterisks different from two (

cases, asterisks indicate that
P =0.05).
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bility to iron deficiency at pH values above
about 6.5. Catharanthus cv. Parasol plants
grown in a soilless potting mix with a pH
of about 7 were highly chlorotic in the
absence of T-22 but less chlorotic when
grown in a medium containing RootShield
(Fig. 15). This difference probably is a
consequence of enhanced iron uptake, sug-
gesting that T-22 can increase iron avail-
ability. Plant tissue culture analyses are
underway to test the hypothesis of en-
hanced iron nutrition (G. Elliot, personal
communication).

Induced resistance. Elicitation of re-
sistance in plants by Trichoderma spp. has
been a subject of several papers and is
becoming a more researched topic. Studies
through 1997 have been reviewed by Bai-
ley and Lumsden (5). Of particular note is
the ability of a xylanase or other dicitors
from Trichoderma spp. to induce resistance
(3,511).

Some Trichoderma strains clearly are
potent inducers of SAR-like responses.
Strain T39 of T. harzianum, which is the
active ingredient in Trichodex, can be in-
oculated onto roots or onto leaves and pro-
vide control of disease caused by B. cine-
rea on leaves spatially separated from the
site of application of the biocontrol agent
(19). Analyses of protected leaves to which
T39 was not applied demonstrated that the
biocontrol agent was not present. The level
of protection afforded by T39 applied to
roots was similar to the known bacterial
SAR-inducing organism Pseudomonas
aeruginosa KMPCH (19). Elad and his
colleagues (22) consider induced resistance
to be the primary method whereby T39
controls powdery mildews. By extension,
we would presume that T-22 has a similar
mode of action against this pathogen.

In another recent study (81), cucumbers
were grown in the presence or absence of
strain T-203 in an axenic hydroponic sys-
tem. Plants were always larger in the pres-
ence of T-203 than in its absence and, un-
like T-22, this strain penetrated root
cortical tissue. Cell walls of the roots were
strengthened in the area of penetration.
Both chitinase and peroxidase activities
were increased in both root and leaf tissues
of treated seedlings, which is an indication
of SAR (81).

Finally, Howell and his colleagues (41)
aso have demonstrated the presence of
SAR induced by T. virens. Effective native
strains of T. virens usualy produce
gliotoxin or gliovirin. Mutants were pre-
pared that lacked both mycoparasitic abil-
ity and the capacity to produce these or
other detectable antibiotics. Surprisingly,
many of the mutants were as effective or
more effective than the parental strains in
biocontrol of R. solani (39,42). This high
level of protection was associated with
significantly enhanced levels of the various
terpenoid phytoalexins known to be in-
volved in disease resistance in cotton (41).
Levels of phytoalexin production induced
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by the mutants were significantly greater
than the parenta antibiotic-producing
strains. Further, as a seed protectant, it is
superior to our strain T-22, which has no
known abhility to enhance phytoalexin pro-
duction in cotton. Thus, at least a portion
of the mechanism of action of the mutant
strains of T. virensis probably SAR (41).
Inactivation of the pathogen’s en-
zymes. Yet another mechanism of biocon-
trol by Trichoderma spp. has been at least
tentatively identified. B. cinerea depends
upon production of pectolytic, cutinolytic,
and cellulolytic enzymes to infect living
plants (45). However, conidia of two
strains of T. harzanum (T39 and
NCIM1185), when applied to the leaves,
produce a serine protease that is capable of

ing. Nonprofit research institutions are
well suited only to the first two steps, and
commercial companies are required for the
last several steps. For agents used in con-
trol of plant disease, these steps have been
taken by small to medium-sized companies
where the required levels of innovation and
technology development have been very
substantial. As a consequence, the proc-
esses, procedures, and equipment required
for economical production of biocontrol
agents are jealously guarded and highly
proprietary. Together with patents and
registrations, this knowledge and capability
are among the most valuable components
of most of the companies that currently
produce biocontrol agents. As a result,
these processes are unavailable to aca-

degrading the pathogen’s plant cell wall demic researchers except in collaboration
degrading enzymes and thereby reducingwith the biocontrol companies.
the ability of the pathogen to infect the  Costs just to reach and validate com-
plant (23). The biocontrol activity of T39 mercialization steps are expensive (several
could be enhanced by adding additional million dollars) and require a substantial
guantities of its protease; further, several amount of time (two or more years) to
protease inhibitors reduced the biocontrol accomplish. Funding for commercial bio-
activity of T39. Interestingly, while the control projects usually comes from in-
proteases of T39 could be detected on leafvestors who are looking for a relatively
surfaces, no activity of chitinolytic of- high payoff of their investment in a rela-
1,3-glucanolytic enzymes, which are pre- tively short period of time. Unfortunately,
sumed to be involved in mycoparasitism, increase in sales of most biocontrol prod-
could be detected. Thus, there is a soliducts does not ramp up quickly regardless of
case for the role of proteases from the product. Success in selling biocontrol
harzianum in inactivation of the pathogen’s products requires that potential users and
primary modes of ingress into plants. The distributors be educated and convinced
authors suggest that the proteases may babout the value of a biological product that
directly toxic to germination of the patho- is probably more conceptually difficult to
gen and also may inactivate its enzymesuse than standard pesticides. Further, one
(23). of their chief advantages, that they may
In conclusion, there is an almost bewil- have numerous uses in addition to killing
dering array of mechanisms by which pests, adds to the complexity of the bio-
Trichoderma spp. exert biocontrol. Thus, it logical paradigm. Therefore, adoption of
is not surprising that different strains have biocontrol technologies by growers pro-
very different biocontrol capabilities; even ceeds more slowly than if these technolo-
mutants of the same original strain may gies had simpler bases.
exhibit very different biocontrol mecha- Given the above, it is relatively easy to
nisms. Further, it is not surprising that, in see why biologicals have never gained a
the case oflrichoderma, both dogmas one substantial market share. Costs are rela-
and two are false. With this array of bio- tively high, time of development is rela-
logical weapons, these fungi should be tively long, and gaining market share is a
highly versatile and have very little speci- slow process. BioWorks and a few other
ficity as to the pathogens they control. companies are working to change this, but
Definitive studies on single mechanisms of it is extremely difficult.
biocontrol are rare because there are so Time and expenses of complying with
many genes and gene products involved inEPA, state, or international regulations are
biocontrol and because these strains carsignificant factors in the development and
adapt to the loss of one mechanism by successful commercialization of biocontrol

turning on another.

Dogma 5. Registration of BCAs with
regulatory agencies is relatively fast,
inexpensive, and simple. Thisdogmaisa
subset of the concept that biocontrol
agents of plant pathogens can become
both profitable and useful.

agents.

| frequently hear statements in meetings,
or read in grant proposals and other docu-
ments, that EPA registrations are relatively
easy and take less than a year to obtain.
This is incorrect—in BioWorks’ experience
(and that of other companies as wePA

Commercialization of biocontrol agents registrations for microbials, especially for
requires several steps, beginning with ini- broad-scale uses on food crops, commonly
tial discovery and then proceeding through take 3 years or more to obtain even if there
testing of efficacy, prototype and then are no negative environmental or health
commercial production, extensive large- issues of the microbial in question. There
scale field testing, toxicology and envi- are exceptions, but generally this time
ronmental tests, registration, and market- requirement is correct. The time required



for registration of microbia pesticides has
increased significantly since the passage of
the Food Quality Protection Act. In many
other countries, time to registration is at
least aslong, or even longer.

This slow pace causes problems for
companies that attempt to comply with
EPA regulations. Business plans may as-
sume that a registration may be obtained in
1 year or less since this concept has been
widely publicized and stated. However,
when timelines stretch out, sales do not
occur, and companies face bankruptcy.
This is a mgjor factor in the lack of hio-
logical aternatives to synthetic pesticides
in the marketplace.

Companies therefore have a choice.
They can cease to exist or they can sl
products in violation of EPA regulations,
which state that any product that makes
pesticidal claimsis a pesticide and must be
registered before sales can occur. Some
companies faced with this dilemma choose
to sell their product. Frequently, products
are labeled as plant growth promoters, and
then the product literature gives pages of
data on the biocontrol activity of the active
ingredient. | am aware of another approach
that states that the product is “EPA regis-
tration pending.” Either of these cases is in
blatant violation of EPA regulations, the
latter even stating that it is selling a pesti-
cide without registration! To dat&PA and
state regulators have chosen NOT to en-
force EPA and state regulations, so the
number of unregistered products, espe-
cially disease-controlling biocontrol prod-
ucts, is becoming very large; perhaps only
about 5% of such products offered for sale
are EPA registered. This is a disturbing
situation for the biocontrol industry. First,
companies that comply with regulations
are severely penalized by being unable to
sell in markets where unregistered micro-
bial pesticides already are gaining a foot-
hold and by being encumbered by the high
costs of obtaining appropriate state and
federal registrations. More importantly, as
the number of unregulated products prolif-
erates, sooner or later it is likely that there
will be placed for sale a microbial with
health or environmental hazards. The en-
suing furor is likely to be extremely dam-
aging to the entire biocontrol industry. This
is, in my view, a serious matter that the
biocontrol community should consider
carefully.

In summary, it will require several years
and several to many millions of dollars to
bring a single biocontrol agent to market
and to become profitable. | frequently read
proposals and other documents that decry
the “silver bullet” (single biocontrol agent)
approach. Therefore, the use of and dis-
covery of multiple agents and mixtures is
fashionable. In my view, it will be eco-
nomically impossible to bring such com-
plex mixtures to market. For EPA registra-
tion alone, the time and funds required can
be multiplied by the number of agents in

the proposed product (unless, of course,
EPA continues to avoid enforcement of its
own laws).

Therefore, | view the development of
widely adapted and broadly active agents
as the only economically feasible approach
to the development of commercially useful
biocontrol. Contrary to frequently stated
dogmas of biocontrol, such agents do exist,
and they can provide broad-spectrum ac-
tivity with unique advantages to growers
and other users.
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