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1. INTRODUCTION

The biocontrol of weeds was discussed by Boyetchko (previous chapter), at great length in a
comprehensive book (TeBeest 1991), and in excellent recent reviews by Auld and Morin (1995) and
Weston (1999). This chapter is an updated and highly condensed version of a chapter entitled
“Molecular biology in weed biocontrol” (Gressel 2002), by permission of the publisher. Hypervirulence
for the purpose of this chapter is defined as obtaining a higher level of virulence than found in the most
virulent native strain of a mycoherbicide.

We must face up to the fact that almost all proposed biocontrol agents specific for major weeds in
arable row crop agriculture have not lived up to expectations. Most of the successes described in the
previous chapter have been in the control of alien weeds by introducing the pathogen that kept it in
balance in its center of origin (“classical biocontrol”). In contrast, most of the important weeds of major
row crops have become globally distributed, quite evolved from their cohorts at the centers of origin, and
cannot be controlled by the classical methods. Pathogens have been isolated that prey on many of these
major global weeds and can provide a modicum of control when huge levels of inoculum are applied.
Usually >10* spores per cm? are thus “inundatively” applied, which is more than four orders of
magnitude than required for 100% efficiency of the initial application. Thus, most proposed organisms
have not been sufficiently cost-effective, despite efforts in efficient production of inocula and
formulating the inocula (Boyette et al. 1991; Quimby et al. 1999) and in designing application
technologies. Biological control should seem to be an easier technology to perfect than herbicides;
herbicides are used at relatively high efficiency. Few herbicides could be made to work at 10 times
lower rate let alone a ten thousand fold lower rate. The difference in orders of magnitude between
practice and theory should be the target for improvement of weed biocontrol agents.

A host-specific hypervirulent pathogen that controls a major row-crop weed to the extent that
farmers require, (i.e. similar to control achieved with a chemical herbicide), would have gone extinct
soon after evolution, as would the target weed; dead weeds and dead mycoherbicides cannot reproduce.
Considering the lack of success attained with potential inundative mycoherbicides, despite years of
research (albeit at low budget), it has been suggested that a solution could come from genetically
engineering hypervirulence genes into weed-specific pathogens, where the pathogen is kept from
becoming extinct by preservation of inoculum in the laboratory (Gressel 2002; Kistler 1991).

1.1.  Ecological needs/justification for biotechnologically upgrading mycoherbicides

It is only by conferring some type of hypervirulence that biocontrol agents will have the ability to
augment or compete with herbicides in row cropping situations. The ecological balance achieved with
classical agents in an extensive pasture or forestry situation cannot suffice in intensive agriculture.
Basically, a homeostasis is achieved. Despite fluctuations (Arditi and Berryman 1991), (which in
themselves would be unacceptable to the intensive farmer), the homeostasis cannot be broken with the



classical agents that have co-evolved for such a long period with their hosts (Dennill and Hokkanen
1990; Frank 2000). Indeed, it is the long-term co-evolutionary war between plants and their natural
enemies that is thought to be the source of evolutionary diversity among plants (Rausher 2001).

Engineering genes for hypervirulence into a classical agent may tip the balance away from the
homeostasis, but such an agent may “put itself out of a job”, and re-infestation will be needed when the
weeds make a come-back. Thus, the relationship will no longer be classical, with a one-time infection,
but closer to inundative.

2. NEEDS FOR ENGINEERING TO GREATER VIRULENCE FOR CONTROLLING WEEDS

Laboratory control of early stages of weed growth may not translate into an effective
mycoherbicide. Weed populations in the laboratory are typically synchronous. Weed populations in the
field are typically asynchronous with germination in a number of flushes. The farmer wants herbicides
(and thus a mycoherbicides) to control a number of flushes, preferably until the crop canopy closes,
precluding competition.

The use mycoherbicides is an orphan science, with little study of weed-pathogen interactions.
Conversely, much research focused on understanding the molecular biology of infection of crops (Dangl
and Jones 2001), and how to overcome these infections, while we need to know how to successfully
cause epidemics. It is very important to understand the natural infection process, and there is much to
learn from it. Phytopathologists have been studying the defenses in so-called compatible responses,
where the fungus typically infects the crop. Those engaged in biocontrol of weeds have begun to learn
that the terms compatible and incompatible are misnomers. Infection is not qualitative, it is quantitative
with thresholds and then dose dependency. The molecular defense responses in compatible systems
have been a barrier to greater success of biocontrol agents. As each barrier is removed, virulence is
enhanced and less inoculum is needed. Thus, the more barriers removed, the greater the enhancement of
virulence, often in a synergistic manner.

By default, we may learn much from molecular studies of fungal virulence to crop plants and
animals. Many upregulations of enzymes are being recorded during pathogen attack. As the genes are
known, the expression of the genes can be transgenically suppressed, and the suppression correlated with
a lack of virulence. In this manner it has been shown that the glyoxylate cycle and phospholipase are
each required for Candida and Mycobacterium tuberculosis virulence in mammals (Ghannoum 2000;
Lorenz and Fink 2001). Thus, the utility of molecular tools such as gene disruption for finding virulence
genes has been demonstrated and genes are being pinpointed (Kwon 1998). For use in enhancing
virulence of mycoherbicides it is necessary to demonstrate that: (a) overexpression will enhance
virulence. This is not a foregone conclusion. For example, the lack of cAMP has been correlated with a
loss of virulence (Kronstad 1997) but it is doubted that overexpression of this signal transducer will
enhance virulence; it is more like an on/off switch; (b) that the genes will work in heterologous systems;
and eventually (c) that weeds will not quickly evolve mechanisms to overcome the enhanced virulence.
The latter is not a moot point when we realize that strain resistance to pathogens is often correlated with
resistance to virulence enhancing toxins, e.g. Pedras and Biesenthal (2000), which is analogous to well
documented evolution of herbicide resistance (Gressel 2002).

2.1. Weed defenses against biocontrol agents — problems to overcome

The weeds attacked by mycoherbicides initiate various defenses to suppress the spread of
invading pathogens including: (a) PR (pathogenicity-related) proteins (chitinases and glucanases as well
as other stress-related proteins) can be induced by pathogen attack. The chitinases and glucanases
degrade fungal cell walls, preventing mycoherbicide penetration and growth in the tissue; (b)
constitutive, or pathogen induced-phytoalexins, non-protein, secondary metabolites of various



chemistries that poison the fungus; (c) physical barriers composed of polymers such as suberin, lignin,
callose, or their mixtures are induced. Often papillae of callose rapidly form, blocking the advancing
fungal hyphae. Such papillae can contain small amounts of lignin. Traces of lignification can severely
suppress degradation of carbohydrate polymers such as callose and cellulose by fungal enzymes (Gressel
et al. 1983).

Different species initiate different defenses, and the levels of induced and pre-existing defenses
can vary during weed growth and development. The outcome of this is that different quantities of
inocula are needed at different stages of growth, a major complication to using biological control agents.
Similar age dependencies often exist with some chemical herbicides, and herbicide chemists have strived
to develop chemicals with less age dependency, a goal that must be paralleled with mycoherbicides.

There can be a strong genetic load to a pathogen from having a gene or genes introduced. Such a
load might reduce growth rate (on rich media, or heterotrophically in the environment) but should be an
advantage when attacking a weed. This genetic load could be deemed as positive, not just because it
kills the weed. It is positive because from an ecological point of view (as well as the commercial point
of view, which is immaterial to this discussion) it is better to have the transgenic organism dissipate from
the environment when the weed is not present. This sounds like planned obsolescence, but it is really
planned biosafety.

3. LESSONS FROM THE TRANSGENIC BIOCONTROL OF INSECTS AND DISEASES

The paucity of reports on transgenic biocontrol of weeds suggests that it may be worthwhile to
take a cue from biocontrol of insect pests and diseases. A wide variety of transgenic viruses, bacteria,
and fungi have been successful in controlling insects and diseases (Vurro et al. 2001a). Microorganisms
have been doing this to each other throughout evolutionary history using e.g. streptomycin (from
Actinomycetes), penicillin (from mycelial fungi), and killer toxins (yeast). Many of the genes
controlling their production are inherited on plasmids that are passed around among organisms.

Organisms can be engineered to higher levels of virulence without recombinant technologies; a
strain of Trichoderma has been developed that effectively controls various plant pathogens; it is a
heterokaryon fusion product between two other strains (Harman and Donzelli 2001). Similarly, mutant
mycoherbicidal fungi that overproduce and secrete valine have been selected using amino acid analog
antimetabolites such as norvaline or penicillamine. The resistant strains are elicit the same
symptomology as herbicides inhibiting acetolactate synthase (Sands and Pilgeram 2001).

The ideal mycoherbicide envisaged will contain a group of transgenes that will synergistically
enhance; (a) mycoparasitism (cutinolytic and cellulolytic genes); (b) antibiosis (yeast killer toxin genes);
(c) enhanced competition for nutrients or space (stronger siderophores); and (d) inactivation of the plant
pathogens defensive enzymes (proteases). Some of these genes have already been engineered into
biocontrol agents of pathogens (e.g. genes encoding chitinases) (Harman and Donzelli 2001), and into
fungi that parasitize insect pests (St. Leger and Screen 2001).

Two approaches have been taken to improve the action of viruses on insects. Different
nucleocapsid nucleopolyhedroviruses were tested for control of Helicoverpa and Spodoptera in cotton,
but were too slow acting. Their efficacy was improved by using recombinant virus with the ecdysteroid
UDP-glucosyltransferase (egt) gene deleted (Flipsen et al. 1995). The speed of killing was
synergistically further improved by inserting the insect-specific toxin gene 4alT in the egt locus (Chen et
al. 2000).

The lessons to be learnt from the transgenic biocontrol of insects and fungi are the same as being
learnt with chemical herbicides: (a) Formulation or engineering for stability is important. BT toxin in its
native Bacillus thuriengensis is UV instable. Engineering the toxin gene into a melanized, UV
impermeable spore forming organism such as Pseudomonas, stabilized it. Conversely, perhaps the Bt



itself could have been engineered to be melanized; (b) Transgene products that initiate cascades are
preferable. Engineering a cuticle degrading protease into a hemolymph-attacking fungus activates a pro-
phenoloxidase system (St. Leger et al. 1996); (c¢) Containment is important. The pro-phenoloxidase
system described in (b) removes the substrate needed for fungal sporulation, limiting spread (St. Leger et
al. 1996); (d) Selectivity is important. Host specificity should not be altered by transgenically enhancing
virulence. Thus, potency is elevated while selectivity is retained; and (e) Synergies are important for
decreasing inputs as discussed above. Nature typically uses multiple mechanisms both to synergistically
protect organisms or to synergistically prey on other organisms. Plants transformed to produce both Bt
and chitinase (Regev et al. 1996) or with pea trypsin inhibitor (Fan et al. 1999) kill later larval instars
with less transgenic protein than can be achieved by high levels of BT alone.

Resistance to pathogens has been engineered into crops by inserting the chitinase that appears in
the Trichoderma strain used for biocontrol (Lorito et al. 1998; Lorito et al. 2001). Three way synergies
have been shown in anti-pathogenic mycofungicides. cDNAs encoding three barley proteins; a class-II
chitinase, a class-II beta-1,3-glucanase and a Type-I ribosome-inactivating protein were expressed in
tobacco plants. There was enhanced synergistic protection against Rhizoctonia solani infection
compared to isogenic lines expressing a single barley transgene to a similar level (Jach et al. 1995).

4. BIOTECHNOLOGICALLY UPGRADING BIOCONTROL AGENTS

Organisms can potentially be modified to increase pathogenicity by transformation with genes for
virulence from other species, by increasing the endogenous expression of genes, or by transfer from
other organisms by protoplast fusion (Gressel 2002; Harman and Stasz 1991; Harman and Donzelli
2001; Kistler 1991). Increasing virulence, especially by gene transfer, requires extreme care due to
environmental impact, i.e. the possibility of increasing the host range to include crops. Thus engineering
“failsafe devices” into the pathogens (Section 7) may be a necessity.

4.1. The possible needs to upgrade the crops.

One consideration for enhanced biocontrol is to utilize non-specific, general mycoherbicides. For
example the use of an asporogenic mutant, amino acid auxotrophic Sclerotinia was proposed as a general
mycoherbicide, that could not spread or reproduce in the field beyond the target (Sands and Miller 1993).
It was never developed beyond the experimental stage, probably languishing because it was not virulent
enough. Enhancing its virulence might turn it into the glyphosate of a decade ago; an organism capable
of total weed control — but with a limited market. The markets of glyphosate and other herbicides was
enhanced manifold by engineering crops to be resistant to the herbicides (Gressel 2002). A corollary
could be considered for mycoherbicides, transgenically generate a crop specifically resistant to a broad
spectrum mycoherbicide. Sclerotinia is a heavy excreter of oxalate, which is an important (Zhou and
Boland 1999), but not sole determinant of pathogenicity (Callahan and Rowe 1991). A gene for
overexpression of oxalate decarboxylase has been engineered into crops, conferring resistance to
Sclerotinia (Kesarwani et al. 2000). Plants engineered to overproduce oxalate oxidase were also
resistant to fungal attack (Zaghmout et al. 1997). Another case to consider: the broad spectrum
mycotoxin deoxynivalenol targets L3 protein in 60S ribosomes. Plants transformed with a modified
RPI13 gene were resistant to the mycotoxin (Harris and Gleddie 2001).

5. GENES THAT MAY ENHANCE WEED BIOCONTROL

Biocontrol agents could also be engineered to convey genes that convert pro-herbicides to
herbicides. This would then allow the mycoherbicide to be applied together with the pro-herbicides.
Such a gain of function mutation has been engineered into the tobacco etch virus (TEV), encoding a
P450y,; that activates a sulfonylurea pro-herbicide (Whitham et al. 1999). The same gene could also be



put into any other biocontrol agent. Systemic and complete infection may not be needed, if a systemic
herbicide is released by the activated gene product. This would have distinct advantages with weeds
with underground propagules such as Cyperus that regrow after foliar killing. As the biocontrol agent is
specific to the weed, it would not cause the conversion of pro-herbicide to herbicide in crops.

Many genes are becoming available that might be appropriate for enhancing the activities of
mycoherbicides. Some single genes that may be appropriate are summarized in Table 1. At one time it
was thought that it would be problematic to transform organisms to produce complicated molecules such
as non-protein toxins because of the large number of genes involved in the pathways to produce such
secondary metabolites. Eukaryotic organisms do not have polycistronic gene sequences as in bacteria.
Thus, the concept of complex molecule biosynthesis seemed daunting because of the need to hunt genes
scattered over the genome. Indeed genes for primary metabolism are scattered over the genome in fungi
unlike their polycistronic nature in bacteria. This seems not the case for toxin-biosynthesis genes; they
are clustered (Kimura et al. 2001; Walton 2000). One of the concepts supporting the possibility of
horizontal gene transfer in fungi is based on the same clustered synteny of secondary metabolite
biosynthesis in unrelated organisms (Kimura et al. 2001; Walton 2000). Thus, with luck one may be
able to isolate and transform such clustered complex pathways into biocontrol agents.

Genes encoding characterized biochemical functions will be summarized below, but there are
also known virulence genes isolated that have no known function. For example, double stranded (ds)
RNA similar to and related to cryptic viruses has been correlated with fungal virulence in Nectria.
Virulence is lost in “cured” strains from which the dSRNA disappeared and was restored through
heterokaryon anastomosis (Ahn and Lee 2001). If/how such elements can be moved among organisms,
and whether they will induce hypervirulence is yet an open question.

Hypervirulence genes that can possibly be used “off the shelf” to try to enhance biocontrol agents
may be classed as “soft”, i.e. those genes whose products dissolve the weed host or detoxify its defense
mechanisms, or that produce compounds which already occur human diet, and appear on the official
“GRAS” (generally regarded as safe) lists, and are lightly regulated. There is a spectrum of possibilities
from these to very “hard” genes producing strong toxins. The regulatory agencies should look with care
more than once at organisms with “hard” genes, but with an open mind. Many of these genes may
produce compounds that are toxic to mammals, but only at particular life stages during weed growth, so
there would be little danger. If a biocontrol agent containing such a gene does not enter the food chain
and it is no less dangerous to the applicator than conventional herbicides, there is good reason to attempt
the regulatory hurdles.

Not all agents are at the soft and hard extremes; lytic enzymes that eat holes in the weed may be
very similar or identical to the same GRAS enzymes used in processing of food and beverages. Also
genes producing already commercial and safe herbicides might be in the middle.

5.1. Soft genes
5.1.1. Transgenically overcoming host defenses

Much is known about pathogen genes encoding enzymes that degrade crop phytoalexins
or constitutive fungal toxins, enhancing virulence. For example a Fusarium tomatinase degrades
a-tomatine of tomato (Roldan et al. 1999), and pdal gene of Nectria encodes a cytochrome P450
that degrades pisatin in peas (Ruan and Straney 1996). Overexpression of such genes could
enhance virulence of mycoherbicides. Only rarely have the phytoalexins of weeds been
determined (Sharon et al. 1992b) allowing knowledgeable choice of chemicals to suppress of
phytoalexin production (Sharon et al. 1992a).

Often such phytoalexin-degrading genes are turned on by the phytoalexins themselves, and the
isolated promoters are specific to the phytoalexins (Khan and Straney 1999). Sands and Pilgeram (2001)



has suggested that such promoters be used to empower other hypervirulence genes, ensuring host
specificity of the hypervirulent biocontrol agent (unless a related crop makes the same phytoalexin).
5.1.3. Transgenically causing hormone imbalance in weeds

At present there is scant evidence to know what genes will work, but there is circumstantial
evidence to say that some should work. For example, it was presumed that organisms overproducing the
auxin IAA should enhance virulence. This is based on the findings that: (a) Exogenously-applied IAA
can lead to cellulase-catalyzed cleavage of hemicellulose, resulting in wall loosening (Taguchi et al.
1999) and membrane leakage, thereby stimulating the loss of water and nutrients (Brandl and Lindow
1998); (b) Synthetic auxins such as the herbicide 2,4-D bind auxin receptors; (¢) Many microorganisms
associated with plants as symbionts or parasites directly alter the auxin content of the host; the auxin
imbalance benefits the microorganisms (Gaudin et al. 1994). Fungal-infected tissue can contain ten
times more auxin than the level found in healthy apices (Gruen 1959); (d) Pathogen strain virulence
directly correlates with the levels of IAA, suggesting that IAA has a positive function in the infection
process. Plants pre-infected with a pathogen caused auxin production, which then overcame the
hypersensitive defense response of plants subsequently infected by an incompatible pathogen (Robinette
and Matthysse 1990). TAA deficient mutant strains are not pathogenic, but virulence was restored when
these mutants were transformed with genes for IAA synthesis (Comai and Kosuge 1982); and (e)
Chitinase produced by plant tissues as a defense against pathogens was blocked by auxin, enhancing the
virulence of the pathogens (Shinshi et al. 1987).

Thus was is worth testing the effects of overproduction of any and all plant hormones in
mycoherbicidal organisms based on the assumption that plants have evolved to have near the optimal
levels of hormones. Any vast hormone oversupply should at least cause imbalances that will facilitate
pathogen establishment, growth, and development.

In two cases devoted to biocontrol of a weed, there was a modicum of success. Fusarium spp.
transformed with two genes of the indole-3-acetamide pathway leading from tryptophan to [AA
produced significantly more IAA than the wild type and were more effective in suppressing the number
and size of Orobanche shoots than the wild type (Cohen et al. 2002). The same genes greatly enhanced
the activity of a Colletotrichum coccodes attacking Abutilon, but only when augmented with tryptophan
(Amsellem and Gressel, unpublished results, 2002). This demonstrates that having an enzyme may not
be sufficient, if substrate for the enzymes is lacking.

Similarly, when the gene ipt or other genes inducing cytokinin biosynthesis were introduced into
plants causing an overproduction, the plants were dwarfed with small leaves (Hlinkova et al. 1998).
Hormone levels were modified by inserting rice homeobox OSHI1 into tobacco, again severely disrupting
growth processes with minimal amounts of add hormone (Kusaba et al. 1998). Would the same happen
with these genes in fungi, and would such a disruption of hormonal balance enhance mycoherbicide
action?

5.1.2. Dissolving host defenses

As described in Section 3, cell wall degradases have been used to enhance virulence against
insects and pathogens. The importance of phospholipases in fungal pathogenesis in mammalian systems
has been extensively reviewed (Ghannoum 2000), and extracellular lipases are part of virulence of some
fungi attacking plants (Eddine et al. 2001) and perhaps their up regulation could enhance virulence.

A rapid increase in callose biosynthesis is typically seen in compatible responses to
Colletotrichum infection. Lignin-like material later becomes embedded in the callose, sterically
preventing its degradation by glucanases, and thus inhibiting the progression of infective fungi (Kauss
1992). Callose synthase can also be inhibited rather specifically by deoxyglucose, enhancing the
virulence of a pathogen (Stanghellini et al. 1993). Alas this is only effective when applied through cut
surfaces, the anti-metabolite does not penetrate plant cuticles.



The enzyme callose synthase has calcium as an obligate cofactor, and the activity of this enzyme
in vitro can be blocked by chelators (Kauss 1992). Fungi have very low requirements but high affinity
for calcium. The requirement for calcium is so low that Colletotrichum coccodes could be grown for
generations on putatively calcium-free media containing EGTA, a very strong calcium specific chelator.
It was hypothesized that infecting a weed with a compatible Colletotrichum mycoherbicide together with
a calcium chelator would enhance infectivity (Gressel et al. 2002). As most calcium chelators are too
hydrophilic to penetrate plant cuticles, EGTA derivatives were synthesized with hydrophobic tails and
applied with Colletotrichum to Abutilon. Some of these compounds as well as calcium-complexing
oxalic acid, doubled the number of infection sites (Gressel et al. 2002). Concomitantly, microscopic
analysis showed that far less callose was present after such treatments. A similar enhancement of
mycoherbicide virulence was found by augmenting the formulation with oxalate (Briere et al. 2000;
Watson and Ahn 2001). Thus, calcium deprivation increased infectivity while decreasing callose
content. This correlation fits the hypothesis but does not prove it, as calcium deprivation can have many
effects in plants. Still, there is considerable evidence that oxalate is naturally used by fungi as part of
their pathogenesis process (Dutton and Evans 1996). Oxalate can be synthesized in fungi: (a) by
cleavage of oxaloacetate from Kreb’s cycle (TCA cycle) by the enzyme oxaloacetase (Miiller 1986); (b)
oxidation of glyoxylate by glyoxylate NADP-1 oxyreductase (glyoxylate dehydrogenase) (Akamatsu
1993); and (c) by oxidation of ascorbate analogs; erythroascorbate and its galactoside by ascorbate
oxidase (Loewus 1999). These genes could be considered for transgenically enhancing virulence. They
are ubiquitous in fungi yet not all seem to be producing oxalate, so there is either a question of regulation
and/or secretion.

A database search suggests that the genes responsible for oxalate production in fungi have not
been isolated. The enzyme glyoxylate dehydrogenase has been completely purified, and is dauntingly
large (331,000 D) (Tokimatsu et al. 1998). The gene will probably not be large, as the enzyme is
composed of six identical homopolymers.

It is valid to ask whether increasing hypervirulence through oxalate production by the biocontrol
agent should be transgenic, based on two arguments: (a) Perhaps it is metabolically and economically
“cheaper” to provide commercial oxalate in the formulation than produce it from metabolites in the
biocontrol agent. Such production can be at the expense of growth; and (b) providing oxalate in the
formulation confers transient hypervirulence. The spores later formed do not have greater virulence.
Using exogenous oxalate can act as a failsafe mechanism and preclude the necessity to register a
transgenic organism. These arguments may be valid for any gene product, and should be part of the
considerations for any over production. Oxalate is especially inexpensive to provide, compared to
enzymes and protein toxins.

There is always the possibility that a target weed will evolve resistance to oxalate overproducers,
or to added oxalate. The oxalate catabolic enzyme oxalate decarboxylase from Collybio velatipes (a
basidiomycete) has significant sequence homology with germin-like proteins from Arabidopsis, tomato,
and rice (Kesarwani et al. 2000). Oxalate can also be oxidized in plants by oxalate oxidase. Engineering
poplars to over-produce oxalate oxidase rendered the plants resistant to Sepforia (Liang et al. 2001).
Conversely, overexpression of a calcium binding protein (Sebghati et al. 2000) might have the same
effect as oxalate, and will be harder to overcome.

5.2. Hard genes encoding toxins

Fermenter produced fungal toxins have been proposed for use as stand alone “biocontrol” agents.
The term biocontrol is best limited to the use of a living organism, and the possibility of using separately
produced fungal derived phytotoxins alone or as adjuvants to enhance virulence of mycoherbicides will
not be discussed, and the reader is referred to (Abbas et al. 2001; Bailey et al. 2000b; Duke et al. 2001;



Vurro 2001; Vurro et al. 2001b) among others. This chapter will deal only with toxins produced by the
mycoherbicide itself that enhances its virulence.

Complex fungal toxins pre-dated herbicides, and were the lead compounds for herbicide
discovery (see (Gressel 2002)— Table 2.1.). The genes encoding their production and that of
novel toxins (Kimura et al. 2001; Vurro 2001) can be considered for enhancing mycoherbicide
virulence , if indeed the genes are clustered, which seems to be the case in many instances
(Kimura et al. 2001; Walton 2000). Another, easier approach is to use peptide toxins that can be
produced in a single step from a single gene. Indeed, virulence was increased 9 fold without
losing host specificity by introducing nepl, a gene encoding a phytotoxic protein, to an Abutilon
theophrasti—specific, weakly mycoherbicidal strain of Colletotrichum coccodes. The parent
strain was at best infective on juvenile cotyledons of this intransigent weed. The transgenic strain
was lethal through the three-leaf stage, providing the time window of control of this
asynchronously germinating weed (Amsellem et al. 2002).

A major problem in the engineering of mycoherbicides for toxin production may well be
in obtaining expression. Some of the most potent toxin producing fungi, produce their toxins
only when cultured on media, but not when they are pathogenic. We found that culture filtrates
of a strain of Fusarium oxysporum were toxic to tomato, yet the fungus grows on the tomato
rhizoplane, specifically attacking Orobanche spp. (broomrapes) before and after they parasitize
the tomato (Cohen et al. 2002). Similarly, Myrothecium verrucaria produces milligrams of
tricothecenes per gram medium in culture. Highly sensitive technologies could not find traces of
these toxins when the pathogen infected kudzu (Pueraria montana) (Abbas et al. 2001). If the
toxins are necessary for fungal virulence, they must be made in a very localized area for a very
short time; when needed for establishment and toxin production could be under a contact
inducible promoter. Additionally, transgenes encoding toxin degradation under control of a
senescence activated promoter could be introduced into mycoherbicides to clear dead weeds of
toxins, as an additional failsafe mechanism (as discussed later).

Even before such specific efficient promoters are found, it seems that it may be possible
to use native promoters, but in distantly related species. Various Fusarium and other fungal
species produce phytotoxic NEP1 proteins. The nepl gene was reintroduced with high
expression promoters and made high levels of NEP1 on artificial media; so much so that NEP1
was considered for use as a “natural herbicide” (Bailey et al. 2000a) or as a separately produced
additive to enhance virulence of another mycoherbicidal organism (Bailey et al. 2000b). The
over expressing transformants did not have enhanced virulence when introduced into Fusarium
used to infect a weed, only making toxin on artificial media (Bailey et al. 2002). The same
construct enhanced virulence ten fold (i.e. a tenth as much inoculum was needed compared to
wild type) when introduced into a Colletotrichum coccodes specifically pathogenic on Abutilon
theophrasti (Amsellem et al. 2002). The nepl Colletotrichum rapidly killed through the three
leaf stage, where at best, the wild type slowly killed plants with cotyledons or at most in the true
leaf stage. An example of one hardly proves that heterologous overexpression and
hypervirulence is more likely than homologous overexpression, but it does point to a direction
worthy of consideration.

5.2.1. Are toxin producing mycoherbicides inherently dangerous?

There can be cases where toxin production may be thought to restrict the use of a mycoherbicide, i.e.
when the toxin has high mammalian toxicity and may find its way into the food chain, as in the case of
trichothecene production in a gorse-controlling agent (Morin et al. 2000). Pathogenic strains were found
that did not produce these toxins. As described above, tricothecene-producing strains did not produce



toxin when infecting the target weed, only when they were in artificial culture. Such results suggest that
toxicology must be based on real world field data, and not artificial media. If an organism produces
toxins only when in artificial culture and the agricultural produce is toxin free, the organism is only
hazardous to the producer of the mycoherbicide. This poses a conundrum. Some contend that such
strains should not be used. Others counter by reminding that a very non-toxic herbicides such as
glufosinate is produced from very dangerous organophosphates, and the only danger is to the production
workers. Safe production facilities can be constructed to produce inoculum, just as safe factories
produce glufosinate.

5.3 Should we look at up-regulated genes in pathogenesis?

Well before the terms genomics and proteomics were coined, researchers were trying to ascertain
what genes and gene products were “turned on” in plants during pathogenesis. If they were not turned
on in non-pathogenic strains, especially in mutants, they were considered to be pathogenesis-related.
The question to be asked in our context is; will there be hypervirulence if the expression of genes that
encode enzymes that counteract PR proteins is transgenically turned up? And then, what other genes
must be turned up? And then, is there a controlling element that can be introduced into an organism that
will up-regulate the endogenous genes, without a necessity to add more genes? Thus, one could up
regulate the genes for a branched amino acid biosynthesis, without the need of a mutagen. With
advanced knowledge, such enhancement could be performed by site-directed chimeraplasty (Zhu et al.
2000) without leaving transgenic traces.

Another open question is whether it will be simpler to transform a biocontrol agent than to up-
regulate a silenced gene. For example, in a recent effort to enhance the toxicity of the Fusarium
oxysporum that attacks Orobanche spp. by transforming it with the nep/ toxin producing gene, it was
found by PCR that the putative biocontrol organism has an (apparently) silenced nep! gene in it (Z
Amsellem and J Gressel, unpublished). Will this be the case with the genes controlling oxalate
production and other genes that could potentially be effective in overcoming weed defenses?

6. RISKS FROM TRANSGENIC BIOCONTROL AGENTS

While little thought and effort have been previously focused on risk analysis of transformed
mycoherbicides, there has been considerable discussion on the use of “transgenic arthropods as
biocontrol agents of other arthropods” (arthropod natural enemies). Hoy (2000) summarizes at length the
potential risk issues discussed in a workshop devoted to that subject that should be dealt with before
releasing transgenic arthropods. The issues brought up are valid for all types of biocontrol agents and
should be a part of any risk analysis.

6.1 Constraints on using molecularly-enhanced biocontrol fungi

In nature, genes can move among fungal species by whatever means. Thus, there is good reason to
assess the risks of such movement as there are many good reasons to desire that organisms will not
transfer hypervirulent transgenes from a biocontrol agent to a pathogen of a crop or of a beneficial insect
or fungus. If there is such transfer, then there is reason to desire that the transferred transgene will not
become established in a non-target population.

Many fungi with the potential to act as biocontrol agents exist as narrow host-range-specific
pathogens that are related to pathogens of beneficial species. These formae specialis or pathovars have
often been shown by DNA comparisons to have evolutionarily diverged a very long time ago from
related pathogens. A case in point is the ability to show that most divergences in the imperfect
Fusarium oxysporum with its thousands of formae specialis and even more vegetative compatibility
groups occurred eons ago (Baayen et al. 2000). In contrast to this ancient evolution, there is evidence
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that parasexual recombination between closely related species and supposedly incompatible strains of the
same species is more prevalent when environmental stresses are exerted (Julian et al. 1999; Molnar et al.
1990). Indeed, incompatibility between strains and even between species can be overcome by the
mutation of a single gene (Leslie and Zeller 1997). This has occurred in both imperfect strains of
Fusarium and Rhizoctonia (Basidiomycetes) species that include major crop pathogens as well as host-
specific pathogens of weeds, some of which could be used as biocontrol agents if their virulence were to
be enhanced. Some imperfect Fusarium spp. can be physiologically stimulated to sexuality (with the
sexual forms called Gibberella spp.) and a gene for hypervirulence could then be moved sexually among
strains that do not parasexually recombine by heterokaryon formation (Plattner et al. 1996). Interspecific
protoplast fusion with the appearance of stable hybrids is not unknown e.g. between an insect-killing
Beauveria sp. and a toxigenic species. Some of the somatic hybrids formed are hypervirulent (Viaud et
al. 1998).

6.2 Is horizontal gene transfer a risk?

The possibility of horizontal gene transfer (asexual exchange among different species or
incompatible strains) has been suggested as the cause for many anecdotal appearances of improbable
genes or gene sequences in various fungi. The ‘implied’ cases and the supporting evidence have recently
been reviewed by (Rosewich et al. 1999; Rosewich and Kistler 2000). They endeavored to exclude
cases in which parasexual heterokaryon formation and protoplast fusion might be the cause, but as seen
above, mutations and stress can alter sexuality and compatibility. For this reason it was recently
proposed to refer to this ‘gray’ area between vertical (sexual or parasexual) and horizontal exchange
between closely related strains and organisms as ‘diagonal’ gene transfer (Gressel 2000). An example of
what might be true horizontal gene transfer is the circumstantial EST (expressed sequence tag) evidence
for the appearance of a bacterial chymotrypsin in a fungus (Screen and St. Leger 2000). Chymotrypsins
were previously unknown in fungi, and sequence analysis showed that the intron-free gene of the fungus
and that of a soil bacterium are related (Screen and St. Leger 2000). Rosewich and Kistler, after
exhaustively discussing all the extant reports, conclude that horizontal gene transfer in fungi has “not
been proven beyond reasonable doubt” (Rosewich and Kistler 2000), but diagonal gene transfer is a clear
possibility, especially when organisms are under stress.

6.3 Potentially acute constraints

Three potential acute biological constraints have limited the interest in developing transgenic
mycoherbicides: (a) The possibility that the agent would persist in the environment and spread, affecting
non-target hosts that were not assayed when checking host range; (b) they could mutate to a change in
host range. Such evolutionary change in host range is potentially more hazardous in a hypervirulent
organism than in the native pathogen; and (c) the mycoherbicide might sexually or asexually introgress
and recombine with a related pathogenic species that attacks desirable species, and confer it with
hypervirulence. Fungi can sexually mate or asexually conjugate or form heterokaryons and thus transfer
genetic material to closely related species by ‘diagonal’ gene transfer.

7. PREVENTION OF PERSISTENCE AND SPREAD OF TRANSGENIC MYCOHERBICIDES
Various methods can be considered to prevent persistence and spread. For example,
transgenic gene disruption can also be used to limit the ability of a mycoherbicide to exist in
nature, but be used as a biocontrol agent. For example, Psy! disruptants of a Trichoderma could
still be used as biocontrol agents against damping off agents, but lack the siderophores (encoded
by this gene) that allow them to compete in natural, low iron environments (Wilhite et al. 2001).
The gene could be knocked out in the transgenic mycoherbicide to prevent persistence and used
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in antisense or suppressive overexpression in a construct with hypervirulence genes to debilitate
any organism that introgresses the hypervirulence construct, as described below.

A scheme to obviate the spread of native or host-range mutated agents, and an additional scheme
to mitigate introgression are described (Fig. 1). The general concepts described may be broadly
applicable to biocontrol agents against other pest types. The specific examples presented are more
limited to mycoherbicides. Fungi typically spend parts of their life cycles in dormant, resting structures
that are resistant to heat, cold, desiccation, or other environmental tribulations. These same resting
propagules (spores, conidia, sclerotia, pycnidia, ascospores, etc.) are a major form of dispersal, whether
by wind, water, or animal movement. The suppression of spore formation whether by mutation (Sands
and Miller 1993) or transgenically in hypervirulent biocontrol agents can prevent both persistence and
spread (Fig. 1). Non-sporulating mutants are not hard to isolate; it is probably best in such a case to use
a physical mutagen (gamma or neutron radiation) that causes a loss of gene fragments. Point mutations
caused by ultraviolet light or most chemical mutagens can revert, whereas deletions cannot.
Experiments using mycoherbicidal levels of Sclerotinia highlighted the necessity to use non-sclerotia
forming mutants; the half life of sclerotia was always more than 6 months, and it would take four years
for the densities to decay to those found in pristine soils (Bourdot et al. 2001).

It was recently shown for two fungal species that chopped mycelia could be dried, stored for over
a year and rehydrated (Amsellem et al. 1999). The rehydrated mycelia were more virulent than spores of
the same species, because the mycelia establish more quickly in the pest (Amsellem et al. 1999). This
procedure has an added asset insofar as it is usually far more efficient to produce mycelia in liquid
culture than spores in liquid or on solid media.

The spread mycoherbicidal agents can also be prevented by rendering them transgenically
asporogenic (Fig 1a). This could be performed by antisense type strategies or preferably by gene
targeting (Shiotani and Tsuge 1995) and knockout. Many pathogenic species seem to require melanized
spores or structures for pathogenicity (Butler et al. 2001; Perfect et al. 1999). The germinating spores
often develop melanized appressoria that attach tightly to the host, forming an infection peg that
penetrates the host. Occasionally, the same species can attack both via melanized appressoria, as well as
by mycelial penetration through stomates in the leaves (Latunde-Dada et al. 1999). Thus, if appressoria
are not needed in the target weed for biocontrol, losing the ability to make appressoria would preclude
some host range changes.

Mycelia themselves are not always pathogenic. Where only spores are pathogenic, the spread of
a transgenic hypervirulent biocontrol agent could be prevented by a more complex strategy akin to the
‘terminator’ strategy (Crouch 1998; Oliver et al. 1998). Transgenes that could potentially suppress
sporulation could be engineered into the biocontrol organism under the control of a chemically-inducible
promoter. Sporulation genes in antisense configuration or in high over-expression so as to cause co-
suppression would suppress the sporulation. Spores or mycelia to be used as inoculum could then be
treated with the chemical inducer, before application to the target pest. The chemical inducer could be in
the micropellet containing used for application (Amsellem et al. 1999), or the chemical inducer could be
an endogenous, specific compound in the pest host. Thus, the biocontrol agent could be contained to the
single, purposely-infested weed population. The use of transgenic sporulation suppression is less
appealing than the use of physical deletion mutations because of the possibility of transgene silencing,
allowing the organism to revert back to wild type.

7.1 Obviating recombination between mycoherbicidal agents and crop pathogens

The above strategies can be used to prevent persistence and spread, but would not preclude
introgression with organisms from the same or related species (after sexual conjugation or heterokaryon
formation). Such conjugation might provide genes that support spore formation, resulting in



12

hypervirulent, persistent, and spreading pathogens. Thus, means are needed to mitigate the possibility
that recombined, introgressed, hypervirulent organisms could become ‘superbugs’ attacking non-targeted
species.

A concept of using analogous tandem constructs was recently proposed as a failsafe to mitigate
introgression of transgenes from crops to weeds (Gressel 1999) and has been modified to deal with
biocontrol agents (Gressel 2001a). It was proposed that the important hypervirulence gene be flanked
with transgenic mitigator (TM) genes that are positive or neutral to the biocontrol agent in the form to be
used, but would be detrimental to any recombinant (Fig. 1b.). In the simplest form, as an example, the
primary hypervirulence gene(s) could be flanked by one or two of the TM genes listed in Table 2, if the
TM genes do not adversely affect virulence on the target weed. These genes, in the antisense or co-
suppressive form would affect one of the processes leading to the ability to recombine, to form viable
spores, or to make efficient infection structures. Some of these genes may have other deleterious effects
that may render them inappropriate for this purpose. Clearly there are many known as well as yet to be
discovered genes that would be appropriate additions to this list.

An antisense gene suppressing sporulation (Table 2) should prevent sporulation in a heterokaryon
or other recombinant organism. The genes that control melanin biosynthesis and/or conidiation might
only be applicable for biocontrol agents that do not need spores or melanin for pathogenicity. Spores
without melanin do not have the viability in, or resistance to harsh environments. Thus, if some spores
do form, they would be without vigor. Interestingly, related genes can have different functions. Of the
three genes described coding for Ga proteins subunits, deletion of magC had no effect on mycelial
growth or appressorium formation, unlike magA or magB (Liu and Dean 1997; Truesdell et al. 2000).

8. RISK ANALYSIS AND LIMITATIONS OF THESE FAILSAFES

Risk analysis must be separately performed for each transgenic biocontrol agent considering two
types of issues: (a) the limitations on the failsafe mechanisms that can be used; and (b) the biology of the
pathogen and its relatedness to other pathogens.

A safety aspect that must be clearly ascertained early in development of asporogenic mutants or
by antisensing spore formation, is that all types of sporulation are suppressed. For example, only light-
induced conidiation is precluded in some asporogenic fungal mutants, but not starvation-induced
sporulation (Horwitz et al. 1985). Some organisms make more than one type of spore; many Fusarium
species can produce micro and macro conidia as well as chlamydospores. Each is produced under
different environmental conditions. It would be interesting to ascertain whether each of the genes that
control spore stalk development (Table 2) can (when antisensed) suppress all types of spore forms. The
stuA transcription factor does control both sexual and asexual reproduction in Aspergillus nidulans, so
genes are known suppress all spore types (Wu and Miller 1997). It will be easier to load more or simpler
failsafe mechanisms into organisms that do not require appressoria for penetration. This includes
mycoherbicides that attack through stomates or other inter or intra cellular penetration.

More complex methods such as the modified ‘terminator’ technology will also have to be
considered for organisms that use melanized appressoria, or where hyphae are not typically pathogenic.
Not all organisms (e.g. Alternaria alternata) utilize melanization of appressoria as part of infection
(Kawamura et al. 1997). One can consider using a spore-specific promoter for anti-melanin genes where
hyphae form appressoria-requiring melanin. Thus, failsafe mechanisms will perforce be more complex
with the melanized appressoria-utilizing Colletotrichum species (Perfect et al. 1999). Still, some
Colletotrichum spp. can attack plants by stomatal penetration (Latunde-Dada et al. 1999). Many
regulatory genes that are activated during sporulation are known (Adams et al. 1998; Marshall and
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Timberlake 1991). Such genes could be used to activate melanin suppressing or other anti-sporogenesis
genes to render them more spore specific.

8.1. Risk considerations based on pathogen biology

Background knowledge about the possibility of a pathogen mutating its host specificity
and its ability or inability to sexually or asexually conjugate ‘diagonally’ with related organisms
will govern the required number and level of failsafe mechanisms. Thus, one must consider the
possibility of mutation causing pathogenicity to a broader host spectrum of a host-specific
biocontrol agent, e.g. a specific pathovar of Fusarium oxysporum. There are no documented
cases of a member of this species mutating its host range. The species is sub-divided into
hundreds of known forma specialis, each with its own host specificity. There must have been
evolution to different hosts, even if not documented cases, suggesting that more caution is needed
here than for (example) the Fusarium arthrosporioides that is known to be pathogenic on
Orobanche species (Amsellem et al. 2001). This Fusarium does not have known forma specialis
(pathovars) on known crop species where it was isolated. Still, the possible existence of alternate
crop hosts must be considered.

Some species easily conjugate with close relatives forming heterokaryotic mycelia with
mixed nuclei (e.g. Trichoderma), and the mycelia have mixed properties that can enhance
pathogenicity and host range (Harman and Donzelli 2001). Problems might ensue where spores
are multinucleate or where there is recombination among nuclear chromosomes. Further
generations will carry the heterokaryotic complemented properties. In a multigenerational
experiment with hundreds of millions of (uninucleate) spores, there was no recombination among
complementing nuclei that allowed a heterokaryon of two different Trichoderma auxotrophs to
live on minimal media. No spore formed on these heterokaryons that could exist on this minimal
medium (E. Galun, unpublished results). This demonstrates that even closely-related or con-
specific organisms have impenetrable barriers to prevent recombination with ‘alien” genomes in
nature, even when the traits could be beneficial or even vital for existence. Imperfect (asexual)
fungi have less capacity to transfer traits than perfect (sexual) fungi. Still, it is impossible to
‘prove’ that an imperfect fungus does not have a rare sexual form that appears only in highly
special conditions.

Scientists and regulators interested in risk assessment would be advised to set up a decision tree
mechanism that will allow an organized, less biased mechanism to formally answer a series of questions
that will assist in categorizing risk. Such decision trees have been constructed for evaluating the
analogous situation of introgression of transgenic traits from crops to related weeds (Gressel and
Rotteveel 2000). It is imperative that containment (Kahn and Mathur 1999) be considered when working
with transgenic hypervirulent organisms that can spread, until they are transgenically mitigated or
otherwise deemed safe for release into the environment.

9. MARKING BIOCONTROL AGENTS

There are a variety of needs for devising simpler recognition methods for mycoherbicides and
other organisms marketed in commerce; whether they are conventionally selected, mutant, or transgenic
bacteria, fungi, plants or animals. The needs include: (a) The need for protection for patented or other
IP lines, where IP takes on either designation: “Intellectual Property” or “Identity Preserved”. It is often
hard to prove that a line has been ‘miss-appropriated’; (b) The need to trace biocontrol and other
inoculation systems in the environment. 1f the use of mycoherbicides increases, there will be a need for
tracing irrespective of whether the mycoherbicide is indigenous or transgenic. Many of the
mycoherbicides are closely related to known pathogens and proof (against grower liability suits) will
continually be needed that it did change its host range and attack valuable species. There are
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complicated DNA fingerprinting techniques to accurately ascertain causality e.g. (Hintz et al. 2001;
Inglis et al. 2001), but they cannot be used to answer the general question: “I suspect a mycoherbicide —
which is it?” and ; (c) Labeling Regulatory authorities and various consumer groups are demanding
labeling of transgenic commodities. They spend vast sums typically probing for commonly used
promoters or selectable marker genes and not for the trait genes. Even when transgenics are discovered
with such ‘kits’, there is no information as to source.

Thus, there is a need for common recognition sequences for detecting transgenic or other
organisms released into the environment, in a single test that will clear or implicate particular organism.
The simplest detection system for differentiating a large number of products is the “bar code” system. A
simple genetic analogy has been proposed (Gressel 2001). A set of two universal ‘nonsense’ (non-
coding) nucleotide sequences is designed that can be detected by a set of universal PCR primers to
recognize all bar codes. The universal primers are long enough that a few mutational changes in the
initial universal sequence will still allow it to be recognized by a PCR primer. The bar code DNA can
be co-transformed or spliced with the gene of choice. In other cases, an excisable selectable marker will
be needed, so that just the bar code remains after transformation. The PCR amplified bar codes can be
automatically sequenced and compared to the barcode database to ascertain the source of the organism.
Should there be a possibility of introgression of the barcode from the initial organism into another strain
or species, R or AFLP can be used to elucidate the target organism.

10. WEEDS WILL EVOLVE RESISTANCE TO TRANSGENICALLY-MYCOHERBICIDES

Weeds have been very successful in evolving partial resistance to the pathogens and arthropods
attacking them, in a long-term evolutionary sense. Weeds are weeds because they are capable of
replacing themselves in agroecosystems, despite generations of human intervention. In a thoughtful
analysis “when is biological control evolutionary stable (or is it?)” Holt and Hochberg (1997) cogently
ask why there is a lack of reports on the evolution of resistance to biocontrol agents. The mundane
reasons for lack of resistance may reside in the fact that they have not been used long enough and to a
large enough extent, or just poor reporting. Their discussion scrutinizes the long-term questions relating
to ‘classical’ agents, but can be extended to transgenic hypervirulent agents. In many respects the factors
impinging on the evolution of resistance are analogous to those discussed (Gressel, 2002) vis a vis the
evolution of herbicide resistance. Their analysis (Holt and Hochberg 1997) is long and complex, and is
discussed in the context of mycoherbicides in (Gressel 2002).

In the final analysis, the strong selection pressure of transgenic hypervirulent organisms has the
potential of selecting for resistant weed populations. The choice of genes and the synergistic use of
multigenes can temper this evolutionary process, and crop/conventional/biological herbicide rotation
should further delay such evolutionary processes, retaining transgenic hypervirulent mycoherbicides in
the farmers’ arsenal for a long time.

11. CONCLUSIONS

Mycoherbicides will only be widely used in most row crop situations if virulence is
transgenically enhanced to overcome the evolutionary barriers that limit achieving adequate weed
control. Enough genes are already available and the proof of concept has been demonstrated. Concepts
for transgenically limiting off target spread and mitigating effects of gene flow, as well as universally
marking hypervirulent mycoherbicides have been delineated.
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Table 1. Simple genes that may be appropriate for enhancing biocontrol activity of
weeds by microorganisms

Gene Property Ref.

Soft genes

tomatinase/pdal Degrade phytoalexins Roldan et al. (1999); Ruan and
Straney (1996)

iaaH Auxin biosynthesis Robinson et al. (1998)

iaaM Auxin biosynthesis Comai and Kosuge (1982)

Xalicae Inhibit callose synthase and other enzymes Robinson et al. (1998)

cbpl Binds calcium, depriving host Sebghati et al. (2000)

Intermediate®

Branch chain Secrete branch chain amino acids, effect sinr Sands and Pilgeram (2001)

amino acid to ALS inhibitors

P450 sul Converts pro-herbicide to herbicide Whitham et al. (1999)

Hard

Nepl Protein causes leaf necrosis Bailey et al. (2000); Jennings et al.
(2000)

Yeast killer genes Will they kill plants? Schmitt and Schernikau (1997)

* See also Table 2.1 in (Gressel 2002) for organisms containing genes that are known to have plant-
specific toxins
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Table 2. Genes that might act as transgenetic mitigators (TM) if introgressed into non-target

pathogens in gene dependent orientation and regulation

Target Process (Presumed) mode of gene action

Potential TM gene

Ref.

Reproduction
Heterokaryon incompatibility

hetC

Repressing G protein 3 subunit
S f ] D sksksksk
stuA Transcription factor

Appressorium formation*

mpgl Hydrophobic surface recognition protein
mac 1*** adenylate cyclase
pmkl MAP kinase

Spore stalk formation

Unknown diffusible factor

fluG
Contains Zn finger motifs
brl A
chsA/chsE  Chitin formation
chkl** Mitogen activated protein kinase

Viable spore formation*

Regulates phialide to spore transition

abaA
G protein o subunit-decreases conidiation
magC
cmpl Spore surface protein
Prevents regulation of mpg! for spore maturation
acrl**
Chitin synthesis
chsA/chsD

Spore germination
MAP kinase (regulator gene)

cmkl**

G protein o subunit required for germination
ctgl

Melanin formation

Polyketide synthase
albl

Saupe et al. (1996)
Rosen et al. (1999)
Wu and Miller (1997)
Talbot et al. (1996)
Choi and Dean (1997)
Xu and Hamer (1996)
Lee and Adams (1996)
Yamada (1999)

Culp et al. (2000)

Lev et al. (1999)
Sewall et al. (1990)

Liu and Dean (1997)

Puyesky et al. (1999)
Lau and Hamer (1998)

Motoyama et al. (1997)

Takano et al. (2000)

Truesdell et al. (2000)

Fujii et al. (1999); Motoyama et al
(1997); Takano et al. (2000);
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Tsai et al. (1999); Wu and Miller (

arpl Scytalone dehydratase (Kubo et al. (1996); Langfelder et
(1998); Takano et al. (2000)
arp2 Hydroxynaphthalene reductase (Takano et al. (2000)
Mineral nutrition
psyl Iron siderophore production (Wilhite et al. (2001)

* no spores are produced when there are no spore stalks; ** also prevents appressorium formation;
*** also reduces sporulation. Additionally, there are other spore-specific genes that are expressed,
with yet unclassified phenotypes that may prove to be vital for spore function. These include SpoC1-
clc,(Stephens et al. 1999) **** must be used in the constitutive sense form to suppress reproduction.
Source: Modified from Gressel (2001) by permission of Elsevier.
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Figure Legend

Figure 1. Dual failsafes to prevent (Step 1) spread of biocontrol agents, and (Step 2) their introgression
into other organisms.

a. chlamydospores; b. microconidia; ¢. macroconidia; d. ascus with ascospores; e. sclerotia; f.
asporogenic mycelia

Source: From Gressel (2001) by permission. Copyright 2001 Elsevier Science.



