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The following papers were presented on the occasion of Dr. Thor Kommedah/'s retirement 
after a long and productive research career. It is entirely fitting that this symposium was held 
to honor him, as he was a pioneer in the area of biological control of plant pathogens. He 
and his graduate students were among the first to recognize the worth and value of 
biologically controlling plant diseases. 

His work on biological control began at a time when this approach to disease management 
was considered of secondary importance, compared to chemical control. However, in the 
ensuing years society has influenced the research agenda substantially, dictating that 
means other than fungicides be found to control diseases. This publication has therefore 
been dedicated to the foresight of Dr. Thor Kommedahl, a scientific pioneer in biological 
control of plant pathogens. 
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FOUR HORSES OF 
BIOLOGICAL CONTROL 

Ralph Baker 

Plant Pathology and Weed Science, 
Colorado State University 

•• ... when the Lamb opened one of the seals, and I heard, as 
it were, the noise of thunder ... "-- Revelation 6:1. 

Franklin Delano Roosevelt presented a 
memorable speech in which he likened the four 
horsemen of the Apocalypse to the four 
freedoms. It is equally appropriate to extend this 
analogy to four biological control systems 
developed in our laboratory, for indeed, 
pathogens may hear symbolically, "as it were, 
the noise of thunder'' at their approach. 

Biological control receives good press (89) and is 
endorsed by a number of agencies that attempt 
to identify priorities in research. With such a 
cloud of biocontrol agents (38), it seems strange 
that more systems are not commonly used in 
agriculture. The reasons for this are legion (14), 
but they may be summarized as deficiencies in 
efficiency for control of plant diseases compared 
with other strategies such as chemical control. 
The obvious solution is to enhance the activity of 
such beneficial agents (26). However, to 
intelligently pursue this objective, a knowledge of 
mechanisms (7) involved is necessary. The 
questions are, how do the four horses of 
biological control operate and how may their 
beneficial activities be enhanced? 

In his book, What I Believe, Albert Einstein wrote, 
"The most beautiful thing we can experie.nce is 
the mysterious. It is the source of all true art and 
science." The mystery of biological control is its 
mechanisms. Mechanisms involve the collective 
parts of a phenomenon and how they are related 
so as to produce a beneficial effect (20). 
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Investigations of mechanisms involve the what, 
the how (Fig. 1), the where, the when, and, in 
summary, the why involved in its parts. The 
objective of this chapter is to explore the 
mechanisms of "four horses" of biological control 
and how their activities may be enhanced. 

Figure 1. Some pathways involved in biological control: how biocontrol 
agents operate. Used by permission (13). 
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Figure 2. Nunn, Colorado where Pythium nunn was discovered. 
Photograph by J. S. Ahmad, used by permission. 

Figure 3. Oogonium of Pythium nunn surrounded by seven antheridia. 
Microphotograph by T. C. Paulitz, used by permission. 

2 

PYTHIUM NUNN 

The first horse of the Apocalypse was white and 
the rider came forth "conquering and to conquer." 
This is an apt description of P. nunn. Although it 
germinates and grows more slowly than many of 
its pathogenic relatives in the same genus, it can 
occupy and displace other primary colonizers 
(60) previously occupying an organic substrate 
(73). 

Ran Lifshitz, a visiting scientist in our laboratory, 
was discouraged. In his first few weeks of 
research he had "only" elucidated the basic 
mechanisms of biocontrol of Pythium damping
off by seed treatment with Trichoderma spp. (62). 
He aspired to do something spectacular. I 
suggested that he attempt to generate 
suppressiveness to Pythium spp. by monoculture 
of radish. This technique previously had 
enhanced the activity of Trichoderma spp. and 
produced soil suppressive to Rhizoctonia so/ani 
(53,54). "But we didn't use radishes at UC 
Berkeley," said Ran. "We used bean leaves." 

So began a unique, unconventional series of 
experiments in which bean leaf meal was added 
to soil at weekly intervals. The population density 
of P. u/timum increased to relatively high levels 
as previously noticed in California (57); however, 
unlike previous observations, densities declined 
to low levels after 5-6 weeks. Trichoderma spp. 
had nothing to do with this, but a relatively slow 
growing isolate of a Pythium spp. began to 
appear on the same medium used to measure 
densities of P. ultimum. The unknown fungus 
induced suppressiveness (60) and its 
morphological characteristics did not match any 
known species of Pythium. 

The soil from which the unknown Pythium sp. 
was isolated was similar in many respects to the 
Fusarium suppressive soil in the Salinas Valley 
of California, except that it was conducive 
(81 ,82). Since it was collected from a field near 
Nunn, Colorado, a small town in north central 
Colorado (Fig. 2), the agent was named 
P. nunn (61 ). It shares many characteristics with 
P. vexans, however unlike P. vexans, it is a 
mycoparasite and has multiple antheridiae 
attached to the oogonia. P. vexans only has one 
or rarely two. Indeed one oogonium was seen to 
attract no less than nine antheridial wooers 
(Fig. 3A). P. nunn has a patent number of 
4,574,038 (ATCC 2069,20693). 

Lifshitz et al. (58) continued basic studies on 
mechanisms of biological control induced by 
P. nunn. Its mycoparasitism was illustrated by a 
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beautiful series of light and scaning electron 
microscope illustrations (Fig. 4). Its host range 
was large but did not include members of the 
Sphaeropidales Melanconiales and 
Tuberculaceae. Yigel Elad, supported by a 
Rothchild fellowship, was intrigued by this and 
observed dramatic sites of metabolic activity 
associated with enzymatic aided penetration of 
cell walls of the fungal hosts of P. nunn (44, 
Fig. 5). The wall degrading enzymes, cellulase 
and B-1 ,3-Giucanase, were produced when the 

fungus was grown on cell walls of Pythium spp. 
Chitinase and B-1-3-glucanase were produced in 
the presence of R. so/ani and Sclerotium rolfsii. 

These enzymes were not produced, however, on 
cell walls of Fusarium oxysporum f. sp. 
cucumerinim unless the mucigenous material 
associated with this nonhost fungus was 
removed. Therefore, the potential host range of 
P. nunn may be limited by components on the 
outer layer of fungal cell walls. 

Figure 4. Scanning-electron micrographs of Pythium nunn (N2). Fungal host interactions. (17) Hyphae of 
Phytophthora parasitica penetrated by a hypha of N2. Note an advanced degradation of the host's cell wall (x 4700). 
(18-20) Hyphae of Phytophthora cinnamomi parasitized by N2. Arrows indicate appressoria and infection pegs of the 
mycoparasite at site of interaction. (18- x 1300; 19- x 2100; 20- x 500). Used by permission (58). 
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Figure 5. Micrographs of interaction hyphae stained by Calcofluor White M2R New. (a) Fluorescence micrograph 
(FM) of the same site shown in the light micrograph (b), showing hyphae of Pythium nunn (N2) coiling around hyphae 
of Rhizoctonia solani (x 280). (c) FM Showing attachment of P. nunn (N2) hyphae to hyphae of Pythium sp. (N1) 
(x 360). (d) FM of hypha/ side branches of P. nunn (N2) attached to hyphae of P. ultimum (N1) (x 280). (e) FM of 
hypha/ side branch of P. nunn (N2) attached to hyphae of R. solani (x420). Arrows indicate intense fluorescence in 
points of interaction. Used by permission (44). 

Later, Tim Paulitz (now at McDonald College, 
Canada) did a remarkable series of studies 
identifying the interacting elements involved in 
ecological and biocontrol activities of P. nunn, 
especially against P. ultimum (71 ,74). His 
findings, and those of others, form the bases for 
interesting contrasts on the comparative ecology 
between Trichoderma spp. and P. nunn (16). As 
Lui (65), supported by a prestigious Chinese 
National Academy Fellowship, and Wijetunga 
(91) from Sri Lanka demonstrated, Trichoderma 
spp. may increase population densities by 

mycoparasitism alone. This is not the case with 
P. nunn (72). 

Interactions involving P. nunn with P. u/timum 
occur in primary colonization of dead organic 
substrates. Competition by P. nunn prevents the 
formation of secondary sporangia of P. u/timum 
(60) or reduces their size (74). The ultimate 
consequence of competition and mycoparasitism 
by P. nunn is massive reduction in population 
density of P. ultimum in organic substrates even 
though the biocontrol agent germinates and 
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grows much more slowly than the plant pathogen 
in vitro (73). Indeed, after 36 hours, dense 
formation of oospores of P. nunn can be seen in 
bean leaf tissue. Fruiting structures of P. ultimum 
were not found (Fig. 38). 

Obviously P. nunn finds its niche in biological 
control by aggressive possession of organic 
substrates. Therefore, its potential for 
management of plant disease must be in 
association with crop residues or amendments in 

NONPATHOGENIC FUSARIA 

The one who sat on the red horse made "peace 
with the earth" (soil) by the gift of "a great sword." 
Nonpathogenic strains of F. oxysporum are like a 
sword fencing for penetration sites and, upon 
colonization of the host, inducing a signal that 
enhances resistance reactions that repel the 
later invasion of a pathogenic parasite (94), as 
described elegantly by Lee Wymore (now at 
McDonald College, Canada) in his master's 
degree research. 

Fusaria were isolated from apparently healthy 
roots (75) and their chlamydospores were added 
to raw soil infested with F. oxysporum f. sp. 
cucumerinum (FOC). Some of these 
nonpathogenic strains induced suppressiveness 
to Fusarium wilt of cucumber. 

Qaher Mandeel (supported by a fellowship from 
Bahrain) recently observed a three step process 
by which nonpathogenic fusaria suppress 
Fusarium wilt of cucumbers (66): 

i) Competition in the rhizosphere. French 
workers emphasized mechanisms involving 
competition for nutrients following 
introduction of fusaria into steamed soils (6). 
In raw soil it was assumed that competition 
leading to biocontrol in such systems would 
occur in the rhizosphere. Therefore, 
germination of chlamydospores of FOC was 
assayed in rhizospheres of cucumber roots 
in the presence or absence of the 
nonpathogenic fusaria. A 1 0-29% reduction 
in germination occurred in the presence of 
the nonpathogenic fusaria. According to 
theory (3,24,49), such a small reduction 
would not explain the suppressiveness 
observed, because numerous infection 
courts (root tips) in this type of host-parasite 
system continue to encounter and activate 
more inoculum in the soil volume over time 
that can induce infections. 
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warm alkaline soils (60). Loren lten (55) recently 
obtained a mutant of P. nunn resistant to 
metalaxyl (ED50 values: wild type, 0.18 1/L and 
mutant 53.0 1/L). This provides the opportunity to 
integrate chemical and biological control for 
increased efficiencies. Also,"P~ nunn can be used 
to reduce inoculum densities of Pythium spp. in 
non-rhizosphere soils by adroit manipulation of 
crop residues and rhizosphere competent 
Trichoderma spp. (2) can be placed on seeds to 
protect developing roots (70). 

ii) Competition for infection sites. Schneider 
(85) suggested that nonpathogenic fusaria 
compete for infection sites. In assays to 
determine numbers of infections, he 
employed a colony-forming-unit (cfu) count 
based on number of colonies emerging per 
100 em root. Mandeel developed an assay 
that measured numbers of infections shortly 
after penetration of the root (Fig. 6) by either 
the Fusarium wilt pathogen (FOC in this 
case) or the potential infection site 
competitor. When various inoculum densities 
of FOC were introduced into soil infested 
with various population densities of an 
effective biocontrol agent ( Strain C14), the 
higher the level of the agent the lower the 
cfu of FOC detected in the infection court. In 

Figure 6. Chlamydospore of Fusarium oxysporum f. sp. cucumerinum 
germinating and penetrating in the root hair section of root approximately 40 
hours, or longer, after first contact with root. Microphotograph by T. C. 
Paulitz, used by permission. 
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contrast an inefficient strain (C5) had no 
effect on number of cfu of FOC. Moreover, 
strain C14 colonized the living root tissue as 
well as the pathogen (FOC), whereas C5 
rarely was isolated. Therefore, competition 
for infection sites in this system appears 
possible only when a biological control agent 
has the genetic capacity to invade infection 
courts of the root. 

iii) Enhanced resistance. The research 
approach for detection of enhanced 
resistance conventionally employs 
techniques that separate the pathogenic 
activity of the disease inducing agent (FOC) 
from the biocontrol agent (C5 or C14 in this 
case), although separation is not the only 
strategy to detect the phenomenon (30). 
Mandeel (66) devised five tests which 
confirmed that enhanced resistance was 
activated in the host. 

In summation, three mechanisms (described 
under i, ii and iii) operate: competition for 
nutrients in the rhizosphere at a low activity, 
competition for infection sites and enhanced 
resistance of the host. Apparently, superior 
agents such as C14 have the genetic capacity to 
compete for infection sites, breach host barriers 
and colonize root tissue, whereas less effective 
agents, such as C5, required wounds to 
penetrate and to subsequently induce resistance 
reactions. 

Nonpathogenic Fusarium spp., therefore, 
apparently operate at infection sites and induce 
host-plant resistance after penetration. Thus, it 
would be desirable to integrate another 
biocontrol system that induces antagonism to the 
pathogen in the rhizosphere before penetration 
(78). Such an agent represents the third horse of 
the biocontrol apocalypse. 

COMPETITION INDUCED BY THE BIOMASS AND 
FLUORESCENT PSEUDOMONADS ------

A "pair of balances" was in the hand of "he that 
sat on" the black horse. Competition tips the 
balance so that nutrients for the pathogen are 
"weighed in the balance and found wanting." 
Principles involved in competition by the biomass 
were established early by Griffin (46,47,48), now 
at Virginia Polytechnic Institute and State 
University; Maurer (67,68), with Coors; Rouse 
(79), now with the University of Wisconsin, 
Madison; and Benson. (32), at North Carolina 
State. More recently, Paulitz (69) reviewed 
theory related to competition. Many soil borne 
pathogens, especially those with small 
propagules, require exogenous nutrients for 
inoculum to germinate, penetrate and infect 
below-ground tissues of plants. Typically, 
pathogens are supplied with nutrients originating 
from host exudations. The strategy is to render 
one or more essential nutrients limiting in the 
rhizosphere. There are three essential elements 
for many pathogens: C, N and Fe (11 ,69). 

Competition for nitrogen is easy to establish. Add 
substrates like pure cellulose or barley straw, ·· 
with a wide C/N ratio, and N is immobilized. The 
phenomenon was related to biological control of 
bean root rot many years ago (68). It is possible 
to demonstrate competition so intense after 
amendments of cellulose that the only nutrients 
available to activate Rhizoctonia so/ani around a 
seed are on the surface where exudates 

originate. This, in effect, shrinks the usual 
spermosphere influence about a seed to the 
spermoplane (79) resulting in biological control. 

Such plant disease systems, however, are 
characterized by fixed infection courts (8), the 
hypocotyl or seed. Wide C/N ratios that 
immobilize N only inhibit activity of small 
propagules of plant pathogens; the number of cfu 
in the rhizosphere areJthe same before or after 
imposition of such an amendment (25). If the 
infection court is mobile (e.g., growing root tip), 
susceptible tissue moves through the soil 
contacting and activating potentially more 
inoculum than do fixed infection courts (8,24). 
Therefore, with diseases such as Fusarium wilt 
where the pathogen invades motile root tips, 
cellulose amendments may inhibit efficiency of 
the pathogen but not enough to prevent 
activation of sufficient inoculum to induce 
disease control (49). 

Detection of carbon competition is exceedingly 
difficult. If N or Fe is suspected to be limiting, 
either element can be introduced in an available 
form to a suppressive system deficient in that 
element. If addition of that element results in 
conduciveness, this is powerful evidence for 
competition for that element (69). When available 
C is added to soil in the same type of 
experiment, however, it not only alleviates 
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Figure 7. (1) Rate of glucose utilization in raw soil and soil amended with cellulose, cellu/ose-KN031 and KNO:r (2) Rate of glutamic 
acid utilization in raw soil and soil amended with cellulose, cellulose-KN031 and KNO:r (3) Total carbon dioxide evolution from raw soil and 
soil amended with glucose, g/ucose-KN031 and KNO:r (4) Rate of glucose utilization in raw soil and soil amended with lignin-chitin and 
lignin-chitin-KNO:r (5) Rate of glutamic acid utilization in raw soil and soil amended with lignin-chitin and lignin-chitin-KNO:r (6) Total 
carbon dioxide evolution from soil amended with lignin-chitin, lignin-chitin-KN03, lignin, lignin-KN031 and KNO:r Used by permission (32). 
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competition for that element but also supplies 
energy for activation of the soil microflora-a 
complicating factor that makes interpretations 
difficult. 

In many systems, competition for C may occur in 
the rhizoplane or rhizosphere. When the other 
two essential elements (N, Fe) are not limiting, it 
can be determined where spore germination of 
an organism requiring exogenous C (47,48) is 
inhibited in the rhizosphere when a biocontrol 
system potentially capable of competing for C is 
applied (42). This is only indirect evidence, 
however, the rate at which components of host 
exudates are utilized in raw soil can also be used 
as a means to detect competition for C. Cellulose 
(68) or a combination of lignin/chitin (67) 
amendments (1 0) induced biological control of 
bean root rot. Predictably, respiration, measured 
by C02 evolution, increases in such systems due 
to stimulation of a biomass which can utilize 
these complex substrates. 

This elevated biomass also should utilize any 
simple C compound from root exudations much 
more rapidly than in unamended soil. Benson, in 
research for his Master's degree, added simple 
C substrates (typical of those exuded from roots) 
to soil supplemented with complex substrates in 
an analog system and measured their rate of 
utilization (32). Rates of utilization by the 
biomass were far greater in amended than in 
nonamended soils, which suggested competition 
for C (Fig. 7). This creative analog research has 
received little publicity but Mike Benson now 
receives considerable attention as Editor in Chief 
of Phytopathology. 

So far, competition for Fe resulting in biological 
control appears to be the preserve of a relatively 

Figure B. Mechanisms and pathways involved in soil suppressive to 
Fusarium wilt pathogens through competition for iron (Fe). 
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specific group of soil microorganisms rather than 
the biomass. Fluorescent pseudomonads 
produce chelating agents (siderophores) that 
apparently are factors in biocontrol of Fusarium 
wilt diseases (81 ,82) and, as Percy Wong from 
Australia reported, Ophiobolus patch of turf (93). 

Fran Scher had never strayed far from her home 
in Maryland but, even as a freshman, she had 
decided to go to Colorado to do graduate study 
in plant pathology. Each summer she wrote to 
the department communicating her progress 
toward that objective. These letters were ignored 
until I unexpectedly received a graduate 
assistantship and called her just before the 
beginning of our fall semester to inquire whether 
she was still interested. "Oh yes," she said, "I 
was coming whether there was financial support 
or not." 

Scher's research was on the mechanisms · 
involved in suppression of Fusarium wilt 
diseases in the Salinas Valley of California 
(9,87). Each year a contingent from Colorado 
attended the Soil Fungus Conference and 
passed through the Valley to obtain bags of soil: 
the reason why the elevation of California is 
decreasing and that of Colorado ascending. For 
her first work, Scher discovered that the 
suppressive factor was transferable to previously 
conducive soils but heat stable only to 
approximately 48 C (81). She isolated a 
fluorescent pseudomonad from the Salinas soil 
(later labeled A 12) that could induce 
suppressiveness when added to conducive soil. 
But the most intriguing clue to the mechanism 
involved was that the alkaline (pH 8.2) Salinas 
soil lost suppressiveness when the soil reaction 
was changed to pH 6. Some factors involved in 
this phenomenon and their relation to biological 
control of Fusarium wilt diseases 
(12, 13, 15,29,82) are illustrated in Figure 8. 

The principal factor mediating the equilibrium 
reaction resulting in available Fe3• is soil pH. The 
alkaline soil in the Salinas Valley had 2-3 mg/g of 
available Fe. Therefore, the low availability of 
Fe3

• insured that this element was in short supply 
and that fluorescent pseudomonads would 
produce organic Fe chelators called 
siderophores (29). The catechol hydroximate 
siderophores produced by these bacteria have a 
higher stability constant than the hydroximate 
siderophores produced by fungi. Thus, fungal 
pathogens would not compete efficiently with 
bacteria under Fe limiting conditions. 

The ligand, ethylonediaminedi-0-
hydroxypyhenyl-acetic acid (EDDHA) has a lower 
stability constant than the catechol hydroximate 
siderophores of P. putida but greater than the 
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hydroximates. Therefore, FeEDDHA added to 
soil induced suppressiveness. The host also 
contributes to competition for available Fe. It can 
utilize the element from FeEDDHA and in turn, 
depletes the Fe3+ from the pool. Thus, an additive 
control of Fusarium wilt occurs due to 
competition for F3+ from siderophores of the 
biological control agent, the ligand and the host. 

Inhibition of chlamydospore germination of F. 
oxysporum by addition of FeEDDHA and/or P. 
putida to soil was not noticed in raw soil. 
However, if nutrients were added (83) or 
germination tests were done in the rhizosphere 
(42), germination was inhibited. This was 
predicted from theory-competition occurs when 
there is biological activity (7,1 0,11,12,13,14,15, 
16,20,29,32,69). 

Sneh (Tel Aviv University) and Elad (Volcani 
Institutes) were vigorous Israeli visiting scientists. 
Sneh isolated over 700 baCteria and 
actinomycetes from soils and assayed lytic 
activity against F. oxysporum f. spp. (88). There 
was no evidence that this mechanism operated 
in biological control but additional information 
was generated for the operation of siderophores 
in comptiltition for Fe. Figure 9, taken from his 
article, is particularly interesting since the 
reduced germination of chlamydospores in 
suppressive compared with conducive soils, 
when nutrients were added, has been interpreted 
as the presence of a greater biomass in the 
former habitat. However, the addition of a single 
strain of a siderophore producing pseudomonad 
to conducive soil induced suppressiveness. 

Elad explored the interaction of micronutrients 
other than Fe with siderophores (41). 
Siderophores produced by P. putida apparently 
lack specificity for binding Fe3+ and may 
incorporate or substitute other cations on binding 
sites, (e.g., C02+, Mn2+, and MoO/). However, 
when Fe3+ was added to siderophore 
preparations originally provided with other 
cations, Fe replaced the previously bound 
elements. Therefore, the affinity of the 
siderophore binding site is higher for Fe3+ than 
for the other cations tested. 

The influence of the host was investigated further 
by observing chlamydospore germination of 
many isolates of Fusarium spp. in rhizospheres 
of their respective hosts in soil infested or not 
infested with P. putida (42). A significant positive 
correlation was observed between the 
germination of chlamydospores in rhizospheres 
where the pseudomonad was not added and the 
degree of inhibition induced when the bacterium 
was introduced. The more nutrients exuded in 
the rhizosphere (as reflected by higher levels of 
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Figure 9. Effect of glucose and asparagine (4:1) on chlamydospore 
germination of Fusarium oxysporum f. sp. cucumerinum in conducive soil, 
suppressive soil, and in conducive soil supplemented with a fluorescent 
Pseudomonas sp. 712 (10S cfujg soil). (A) Chlamydospore germination, (B) 
Germ-tube elongation. Used by permission (88). 
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chlamydospore germination) the more inhibition 
was induced by the pseudomonad. Therefore, 
increased inhibition in the rhizosphere results 
when more exudates are available to support the 
production of siderophores. 
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Elad also contributed a possible explanation for 
the abundant presence of Fusarium root rot of 
beans in the Salinas Valley in contrast to the 
complete absence of Fusarium wilt diseases on 
susceptible hosts (87). Low levels of inhibition of 
chlamydospore germination in rhizospheres 
induced by addition of fluorescent 
pseudomonads were noticed in isolates of F. 
so/ani (causal agent of bean root rot) attributable 
to C but not Fe competition. Also, the addition of 
EDDHA suppressed germination of the forma 
speciales of F. oxysporum but not F. so/ani f. sp. 
phaseoli. A comparison of these fungi indicated 
that the ratios of volume, weight, and Fe-content 
of each chlamydospore of F. so/ani was three to 
five times greater than chlamydospores of F. 
oxysporum f. sp. cucumerinum. Therefore, F. 
so/ani may not require an exogenous supply of 
Fe even in low Fe environments. 

Lynn Simeoni is one of the few scientists in the 
world who can precisely apply W. L. Lindsay's 
(63) complicated processes for controlling exact 
levels of Fe availability to plants and 
microorganisms. She determined that optimum 
suppression of chlamydospore germination 

occurred between Fe3• activities of 1 o-22 and 
1 0-27M (85). 

Dupler, now with Joyce Loper at Oregon State 
University, tested the survival of a fluorescent 
pseudomonad (N1 R) from the Salinas Valley 
under overwintering conditions in Colorado (39). 
It survived well and even increased in population 
density as temperatures rose during the spring. 
Chang Park, from Korea, found that strain N1 R 
was a better biocontrol agent against Fusarium 
wilt of cucumber than strain A 12 (77). Possibly, 
this is because N1 R has higher rhizosphere 
competence and produces siderophores at 
higher Fe levels than strain A 12. 

When FeEDDHA was applied to soil in a 
monoculture of cucumbers, strain N1 R increased 
in population density at almost 2 log cfu levels 
compared with nontreated soil (40). When 
Fe EDT A was added, however, population 
densities decreased to levels significantly below 
those in controls. This phenomenon was 
attributed to the higher stability constant of 
EDDHA compared with EDT A. 

THE DEVELOPMENT AND MUTATION OF 
THE "SPANISH-SPEAKING" TRICHODERMA 
HARZ~NUM __________________________ __ 

The man on the pale horse was able "to kill with 
a sword and hunger and death." Mycoparasitism, 
competition for nutrients, antibiosis-all have 
been attributed to Trichoderma spp. 

Yigel Henis from the Hebrew University of 
Jerusalem was not above putting his wife to work 
in the laboratory and they cooperated with 
A. Ghaffer (Pakistan) to control Rhizoctonia 
damping-off. At the same time Chandi Wijetunga 
was doing similar experiments to describe and 
model the disease. Independently, each grew 
radishes in monoculture, replanted at weekly 
intervals. Both groups observed 1 00% disease 
incidence after three replants, and aU observed 
a decline in disease incidence in ensuing crops 
(27,52,53,91 ). This was a classic case of the 
induction of suppressiveness (23) by 
monoculture in an analog system. 

Subsequently the mechanism of induction of 
suppressiveness was determined (65). 
Trichoderma spp. population densities increased 
from nondetectable levels to those approaching 

1 06 cfu/g soil when both radish and R. so/ani 
were present in soil. Accompanying this increase 
was a decline in inoculum density of R. so/ani 
induced by mycoparasitism by Trichoderma spp. 

A fortunate situation occurred shortly thereafter 
when Gary Harman (Cornell University, Geneva, 
NY) and llan Chet (Hebrew University of 
Jerusalem) were visiting scientists at Colorado 
State University. This provided a union of 
theoretical knowledge between experts on seed 
technology and broadcast application of 
biocontrol agents. Their work resulted in a 
description of the process of mycoparasitism by 

. Trichoderma spp. (37). Additionally, the influence 
of temperature (50,51) and soil pH (35) in 
relation to biocontrol was established. From 
these studies it was evident that environmental 
conditions of alkalinity or low temperatures were 
limiting factors in the efficiency of Trichoderma 
spp. in biological control in the field (80). 
Obviously, enhancement for increased efficiency 
in biocontrol (26) was required, but further 
knowledge of the mechanisms was necessary. 
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Ran Lifshitz was sure that competition by 
Trichoderma spp. on seeds was responsible for 
suppression of Pythium damping-off. However, 
he subsequently concluded that this was not the 
mechanism and systematically eliminated other 
mechanisms as well, including mycoparasitism 
(62). When he investigated the micro-interactions 
involved, he observed a split-second retreat of 
protoplasm from the hypha! tip of P. ultimum as 
Trichoderma spp. approached. Thereafter, 
various distortions occurred due to this response 
to an antibiotic-like substance. Because an army 
in full retreat is deemed to be a rout, the 
antibiotic was named the "routing factor." In a 
series of experiments involving timed processes, 
the routing factor became the only logical 
explanation for the success of seed treatment by 
Trichoderma spp. in control of Pythium damping
off (Fig. 1a). Evidence, obtained by bioassay, 
later confirmed the activity of the routing factor in 
raw soil adjacent to the seed and root (4). 

After this, there ensued the unholy alliance of two 
scientists of opposite personalities-Mark 
Windham (now at the University of Tennessee), 
of boisterous and gleeful exuberance, and Tim 
Paulitz, quiet, studious and meticulous-in a 
study directed toward commercializing 
Trichoderma spp. as biocontrol agents. A 
significant factor in attaining this objective was 
the phenomenon of increased growth response 
induced by such biocontrol agents as fluorescent 
pseudomonads (43,56) and Trichoderma spp. 
(4,17,18,19,21,24,28,31,34, 76,92). If biocontrol 
agents can increase yield as well as suppress 
pathogens, they should be useful as a part of the 
arsenal of plant disease control strategies. As 
previously mentioned, biocontrol agents usually 
do not function well in the field because of the 
influence of limiting factors in the environment 
(26). If this be true, then their use in covered 
structures with environmental control is 
opportune (17). 

The mechanisms involved in the increased 
growth response induced by Trichoderma spp. 
apparently are the control of minor pathogens 
that suppress root growth and activity (4,17,18) 
and the production of a growth stimulating factor 
(92). The factor has been characterized by Yang 
Ha Park (Korea) but his results are not published 
due to patent considerations. The increased 
growth response is influenced profoundly by the 
growth mixes used in the greenhouse industry. 
Optimum growth occurred at peat:vermiculite 
ratios of 4a:6a or 6a:4a (v/v) (76). 

Peat-bran culture powder formulation of 
T. harzianum containing 1 a8•10 cfu/g was provided 
to commercial growers who were instructed to 
add it to their growth media at the concentration 
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Figure 10. Time-course of interactions of a plant host (pea seed), a 
pathogen (Pythium spp.) and a biocontrol agent (Trichoderma spp. applied to 
seed). The routing factor (antibiotic) is present early enough to provide 
protection for the embryo during the period of susceptibility. Mycoparasitism 
occurs too late and operates infrequently in systems involving Pythium spp., 
even in vitro. Used by permission (18). 
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of 1 %. This insured a population density of 1 as 
cfu/g medium which is necessary for induction of 
increased growth (17). Over a period of four 
years, bedding plants in such experiments 
flowered 2-4 weeks earlier and had up to 3aa% 
increase in growth when compared with 
nontreated (apparently) healthy controls (18,34). 

The Sabana region near Bogota, Colombia 
successfully supports monoculture of many crops 
susceptible toR. so/ani. The soil is acidic and it 
was not surprising that a "Spanish speaking" 
Trichoderma was isolated from it at a population 
density approaching 1 as cfu/g. This high cfu 
level was a reason for its suppressiveness (36). 
Y. C. Chang (from Taiwan) mutated this strain by 
use of N-methyi-N-nitro-N-nitrosoguanidine 
(NTG), which was eventually classified as 
T. harzianum (8a), and selected for benomyl
resistance (34). This strain was labeled T95. 

The project to induce resistance to benomyl was 
originally motivated by the desirability of having 
such as attribute in agricultural situations where 
chemicals are used extensively (59) and to use 
such resistance as a "label" for population 
studies. The mutation, however, also induced an 
attribute that was unexpected: strain T95 also 
possessed the trait of rhizosphere competence 
(2). Wild types of Trichoderma spp. do not 
possess this attribute. 

The initial strategy to induce rhizosphere 
competence involved mutation ofT. harzianum, 
to resist benomyl. The addition of benomyl to soil 
and seed treatment with benomyl resistant 

40 so 
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mutants could decrease activity of potential 
competitors and permit the fungus to colonize the 
developing rhizosphere. Indeed, this was 
observed--the mutants were rhizosphere 
competent even when benomyl was not added to 
the soil (2) in experiments done by Jaleed 
Ahmad (presently an Islamic missionary in 
Africa)--the first time a microbe was mutated so 
that this new attribute was induced. In 
subsequent work he induced rhizosphere 
competence in T. viride and T. konigii as well as 
T. harzianum (5). 

Rhizosphere competence was always associated 
with increased cellulase activity compared to 
non-competent wild-type parents (1 ,3). This led 
to the hypothesis that the mutants efficiently 
colonized the mucigel of roots because the 
mucigel is rich in cellulose (45). The relationship 
of benomyl resistance to rhizosphere 
competence is not understood. Rhizosphere 
competence and increased cellulose activity of 
the mutants compared to their parents was 

usually associated with benomyl resistance but 
not always (5). Perhaps certain types of 
genetically induced resistance also lead to 
increased secretion of cellulase. 

The implications involved in the induction of 
rhizosphere competence in Trichoderma spp. 
may be significant (4). For example, seeds 
treated with conidia of the rhizosphere competent 
mutants produced plants with significantly higher 
yield and growth when compared with those 
plants whose seeds were treated with the 
parents or in nontreated controls. In addition, 
activity of P. ultimum was inhibited in 
rhizospheres of roots derived from seeds treated 
with the mutants. 

These phenomena solved the long standing 
question of the nature of the bean seeds that 
Jack received in trade for the family cow in the 
ancient fairy tale. Clearly the seeds were treated 
with a rhizosphere competent mutant of 
Trichoderma spp. 

BIOLOGICAL CONTROL AS AN APOCALYPSE 

Closely related concepts in an Apocalypse are 
fabulous, mythical, puzzling, spurious, heterodox, 
and prophetic. Biological control has been 
associated with all of these. Perhaps this 
explains why those who work in the discipline 
have experienced such a wealth of enjoyment, 
as well as frustration and puzzlement. 

In this overview, only a few of the possibilities 
toward enhancement (26) of biocontrol agents 
were considered. In general, two approaches are 
feasible: ecological and genetic manipulations, 
with most work to the present time being done on 
the ecological approach. Certainly, this avenue 
cannot be neglected. However, the fabulous 
possibilities opened by the new biotechnology 
eXpand horizons beyond our present prophetic 
comprehension and force a heterodox and 
creative approach. 

Well over half of the biocontrol'agents so far 
described are fungi (38). Their attributes 
encompass the entire range of mechanisms in 
biocontrol (Fig. 1 ). Certain fungal characteristics 
could be exploited to provide more efficiency in 
biocontrol. Among these is hyphal extension. 
Given the possibility of inducing rhizosphere 
competence in fungi (2), the potentialities of such 
a delivery system are enormous. If fungi can be 
applied to seed and subsequently colonize the 
rhizoplane, they could be genetically engineered 
to deliver not only their inherent antagonistic 
characteristics, but others involving antibiosis, 
competition, and exploitation as well. Again, a 
fungus could be genetically engineered so that 
recognition and host reactions are triggered by 
an agent that occupies host tissue without being 
pathogenic, inducing a resistance reaction in the 
host (1 9,90). 

The word unto the prophet spoken 1 Was writ on tables yet 
unbroken (Emerson). 
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BIOLOGICAL CONTROL IN THE 
RHIZOSPHERE: IS IT A WAR OR A 
RACE? 

Biological control of soil borne pathogens is a 
naturally occurring, ongoing process in nature. 
This material will follow Sewell's (126) definition 
of biological control: " ... the induced or natural, 
direct or indirect, limitation of a harmful organism, 
or its effects, by another organism or group of 
organisms." Many common agricultural practices 
involve indirect approaches that shift the 
microbial balance to favor beneficial resident 
microflora. Among these practices are included 
bioenvironmental regulations (organic 
amendments and inorganic fertilizers, crop 
rotation, pesticides, steam and fumigant 
treatments of soil) as well as plant genetics (root 
exudates, introduction of new biotypes) (36). 

The need for consistent disease control has 
encouraged attempts to more directly manage 
soil borne plant pathogens through one or more 
of the following strategies: replacement of the 
pathogen in a plant substrate, stimulation of a 
resistance response in the host crop, reduction 
of inoculum density of the pathogen, suppression 
of germination or growth of the pathogen, or 
protection of the infection court (31 ). During the 
last 25 years efforts have been increased to 
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exploit benefical microbes by introducing them to 
seed, plant parts and soil; transferring 
suppressive soils to conducive soils; and by the 
addition of composted hardwood bark to potting 
soil (12). 

This chapter will emphasize the use of benefical 
organisms that are applied to seed and other 
plant parts. Antagonists applied to seed not only 
can protect the spermosphere (region around 
seed characterized by enhanced microbial 
activity), but also have the opportunity to be 
pioneer colonizers of roots, and thereby provide 
an early defense mechanism to protect roots. To 
evaluate whether biological control in the 
rhizosphere is a "war or a race," several aspects 
of the process will be considered. These topics 
include: the pathogens, antagonists, selection 
and screening of antagonists, and field 
performance. Also, reasons for inconsistent 
performance in the field will be discussed in 
regard to the root colonization process, features 
which give an organism rhizosphere 
competence, and factors affecting rhizosphere 
colonization. Finally, tactics that improve the 
"odds of success" in the field will be presented. 

THE DESIGNATED PLAYERS·--------

PATHOGENS 

Biological control agents can provide protection 
from major and minor pathogens and/or stimulate 
plant growth. Major pathogens cause diseases 
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with obvious symptoms such as damping-off, 
root rot and wilt (117). Minor pathogens include 
parasites and saprophytes that cause subclinical, 
subtle effects by parasitizing juvenile tissues 
such as root hairs, root tips, and cortical cells 
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(117). Minor pathogens have been further 
separated into parasitizing minor pathogens and 
nonparasitizing deleterious rhizosphere 
microorganisms (DRMO) (121), which include 
deleterious rhizobacteria (79,136) and 
deleterious fungi (79). Protection of the infection 
court (spermosphere or rhizosphere) by 
beneficial organisms can occur before, during, or 
after root infection or colonization by these 
pathogens. 

Enhancement of plant growth by beneficial 
organisms also has been attributed to their ability 
to increase nutrient availability or to the 
production of growth-promoting compounds. 
However, the effects of disease protection 
(especially against minor pathogens) and 
stimulation of plant growth are difficult, if not 
impossible, to separate. 

BIOLOGICAL CONTROL AGENTS 

Many different organisms, including bacteria, 
fungi, bdellovibrio, amoebae, viruses, virus-like 
agents, nematodes, insects, and other soil 
macrofauna, directly or indirectly, affect pathogen 
activity and populations. In this chapter, 
emphasis will be placed on bacteria and fungi 
since most efforts have involved those 
organisms. 

Bacteria: Genera identified as having the 
potential for biological control are: Actinop/anes, 
Agrobacterium, Alcaligenes, 
Amorphosporangium, Arthrobacter, Azotobacter, 
Bacillus, Cellulomonas, Enterobacter, Erwinia, 
Flavobacterium, Hafnia, Micromonospora, 
Pseudomonas, Pasteuria, Rhizobium and 
Bradyrhizobium, Serratia, Streptomyces, and 
Xanthomonas (145). Several of these, 
particularly Agrobacterium, Bacillus and 
Pseudomonas, have been effective in controlling 
disease in the field. 

Agrobacterium radiobacter strain 84 is the first 
bacterium commercially used in disease control 
as a seed and root dip treatment and it has been 
quite successful worldwide (75,1 01,1 02,139). 

Bacillus subtilis A 13, originally isolated by 
Broadbent et al (21) from lysed mycelium of 
Sclerotium ro/fsii (20), has been shown to 
suppress major and minor pathogens and 
apparently stimulate plant growth. Since 1983, B. 
subtilis A 13 has been sold under the trade name 
Quantum-4000 TM (Gustafson lncorp., Dallas, TX) 
as a seed treatment for peanut (145). Bacillus 
spp. are effective disease control agents and 
also produce endospores that are tolerant to 
heat and desiccation. 

A strain of Pseudomonas f/uorescens currently is 
available under the trade name Dagger ® 

(Ecogen Inc., Langhorne, PA) (98). It is marketed 
as a plant growth-promoting rhizobacterium for 
use on cotton and also suppresses Pythium and 
Rhizoctonia. 

Pseudomonas spp. are of considerable interest 
as biological control agents. This is because of 
their demonstrated ability to colonize roots, 
suppress plant pathogens, and enhance plant 
growth (145). In early studies, application of 
fluorescent strains of P. f/uorescens and P. 
putida to seed pieces increased growth and 
yields of potatoes (22) and sugar beet (137). 
These strains were named plant growth
promoting rhizobacteria (PGPR) because of their 
ability to aggressively colonize plant roots 
(124,125). In general, PGPR are believed to 
improve plant growth by colonizing the root 
system, thereby either preventing establishment 
of, or causing suppression of DRMO on roots 
(124,125,136). Schippers et al (122) postulate 
that in The Netherlands, enhanced growth of 
potatoes by application of PGPR may be 
primarily mediated by suppression of cyanide
producing DRMO. 

Research in the last few years has confirmed 
that fluorescent pseudomonads also suppress 
major bacterial, fungal, and nematode plant 
pathogens. Some pathogens suppressed by 
Pseudomonas species include: Erwinia 
carotovora on potatoes in the field (77,157) and 
after harvest (30), Gaeumannomyces graminis 
on wheat (33,146), Meloidogyne incognita on 
cucumber and white clover (17), Pythium 
ultimum (67) and Rhizoctonia so/ani (66) on 
cotton, Sclerotium rolfsii on peanut (52), 
Thielaviopsis basicola on tobacco (133), and 
Verticillium dah/iae on potato (141 ). 

Fungi: Several genera of fungi have been used 
as biological control agents to protect against soil 
borne diseases. They include: binucleate 
Rhizoctonia spp. (62), Chaetomium, 
Cladosporium, Coniothyrium, Fusarium, 
Gliocladium, Laetisaria, Myrothecium, 
Penicillium, Peniophora, Phialophora, Pythium, 
Sporidesmium, and Trichoderma (31,82). While 
species of some of these genera, such as 
Fusarium and Pythium, often are considered 
pathogens, other species or saprophytic strains 
can preempt the niche normally occupied by a 
pathogen, and thus exclude the pathogen. 
Nematode-trapping fungi and mycorrhizal fungi 
will not be discussed here but are reviewed in 
other sources (31,118). 

While several attempts are being made to 
commercialize fungi as biological control agents, 
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only one is marketed in Britain (82, 115). 
Peniophora gigantea is used to protect freshly 
cut pine stump surfaces from infection by 
Heterobasidion annosum (=F. annosus). The 
antagonist can also replace the pathogen in 
roots to a limited extent. Oidia of the fungus are 
packaged in sachets which are added to water 
and then brushed onto stump surfaces of freshly 
felled pines. Oidia can also be mixed with 
chain-saw oil, thereby inoculating stumps during 
cutting (7). 

In recent years, many studies on biological 
control with fungal antagonists have involved 
species of Trichoderma (28,61, 1 09), which are 
effective in controlling diseases caused by a 
wide variety of pathogens including Pythium, 
Rhizoctonia, Fusarium, and Sclerotium (28). 
Seed treatment with Trichoderma has been 
effective in controlling soil borne diseases on 
onion (1 ), strawberry (44), carnation (45), radish 
(58), pea (58,84), sugar beet (116), corn (83), 
and tomato (128). The antagonist is very 
versatile. It can produce both volatile and 
nonvolatile toxic metabolites, and parasitize other 
fungi. It is widely distributed throughout the world 
in nearly all soils and other natural habitats. 

Naturally occurring and induced suppression of 
soil borne plant pathogens, especially to 
Rhizoctonia so/ani and Pythium spp., have been 
attributed to Trichoderma spp. (1 09). Soils 

naturally suppressive toR. so/ani have been 
associated with high populations of Trichoderma 
compared to populations in nonsuppressive soils 
(28, 1 09). Also, suppressive soils have been 
induced by monoculture of radish; the soil 
population of R. so/ani was inversely proportional 
to that of Trichoderma (91 ). 

Trichoderma harzianum also can increase seed 
germination and enhance plant growth 
(26,28, 155). Viable propagules of Trichoderma 
have been observed in the roots of affected 
plants (26). 

In earlier studies with Trichoderma, the general 
conclusion was that activity and effectiveness of 
the fungus was limited to the spermosphere 
because the fungus did not colonize the 
rhizosphere (1 08). However, subsequent 
research in the laboratories of Papavizas, 
Harman, and Baker have demonstrated that 
Trichoderma species can be improved in ability 
to colonize the rhizosphere, control disease, and 
are also amenable to mass production of 
inoculum (1 09). 

Other fungal antagonists showing promise of 
effectiveness in the field include Laetisaria 
arva/is and binucleate Rhizoctonia spp. These 
fungi protect sugar beet against Rhizoctonia root 
and crown rot (62, 1 07). 

SELECTION AND SCREENING OF CANDIDATE 
BIOCONTROLAGENTS __________________ _ 

The testing of candidate organisms for 
effectiveness in the field requires extensive time, 
space, and labor. Thus "shortcuts" often are 
taken to screen large numbers of potential 
biological control agents, but improved methods 
are sorely needed. 

SELECTING 8/0CONTROL AGENTS 

One approach to selecting biocontrol agents is to 
select candidiate organisms from out of the 
environment in which they will eventually be 
used, such as from the pea rhizosphere if the 
organism is to be used as a seed or root 
treatment on pea (153). Candidate organisms 
also should be selected under conditions where 
they would be expected to be active, for 
instance, at low temperatures to protect against 
seedling blight of corn (81 ). 
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Disease suppressive soils have proven to be 
fruitful sources of suppressive strains of 
Trichoderma hamatum (28) and fluorescent 
pseudomonads (145). Weller et al (147,148) 
have found that a greater percentage of 
fluorescent pseudomonads are suppressive to 
take-all of wheat when the bacteria are isolated 
from roots of wheat that has been grown in 
suppressive soils as compared to bacteria 
isolated from the roots of wheat grown in 
nonsuppressive soils. 

Another approach is to select organisms that 
fulfill one or more mechanisms responsible for 
biological control. These mechanisms generally 
are classified as competition, antibiosis, 
parasitism or predation, and induced resistance. 
These methods are not mutually exclusive. While 
one mechanism may appear to predominate, 
they also can act together. 
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SCREENING OF CANDIDATE 
BIOCONTROL AGENTS 

Pre-screening candidate organisms on agar 
media may or may not be a useful approach. 
The mechanisms involved in biological control 
can vary with the antagonist, sensitivity of the 
pathogen, agar media, and a host of other 
factors. Many researchers have concluded that 
there is no relationship between in vitro antibiosis 
and biological control effectivness in the field 
(49). 

On the other hand, there are several research 
reports noting a correlation between screening 
assays and biocontrol in the field. For instance, 
the presence of zones of inhibition in vitro were 
found to be good predictors of field performance 
for Agrobacterium radiobacter in controlling 
A. tumefaciens on peaches (4,75). Kloepper 
and Schroth (79) found that while the ability of 
PGPR to produce antibiotics in vitro was related 
to the capacity of rhizobacteria to increase plant 
growth, the PGPR was not related to root 
colonizing abilities. A high correlation between 
siderophore production and disease suppression 
have been reported by Xu and Gross (156) and 
Sneh et al (129). Until more specific information 
is available concerning the mechanism(s) most 
effective in suppressing major and minor 
pathogens, in vitro assays will both continue to 

be used and to vary in their usefulness. 

Candidate organisms have been screened for 
their ability to colonize the rhizosphere. Scher et 
al (120) screened the ability of bacteria to 
colonize maize roots in a closed-tube assay. 
Kloepper et al (78) selected spermosphere 
colonists based on their ability to colonize 
inoculated seed. The ability of organisms to 
colonize the spermosphere (78) or the 
rhizosphere (72) is not unique for a genus but 
appears to be isolate dependent. 

In vitro assays also have been modified to more 
closely simulate field conditions. Randhawa and 
Schaad (114) used a seedling bioassay chamber 
that allowed evaluation of antagonists and 
pathogens on roots grown in a petri dish. All 
bacterial strains identified as antagonists in the 
assay were root colonizers, but not all root 
colonizers were antagonists. 

Greenhouse assays have been used to screen 
candidates. Outcome of these assays is affected 
by a variety of factors such as inoculum potential 
of pathogen (148), environmental conditions 
(temperature and moisture in soil), and amount 
of inoculum of antagonist (153, 156). These and 
other factors also affect effectiveness of 
biocontrol agents in ~he field, but they are more 
easily controlled in a greenhouse assay. 

PERFORMANCE IN THE FIELD 
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A common characteristic of biological control 
studies done in the field is lack of effectiveness 
or inconsistency of disease control and plant 
growth (83, 145). Unfortunately, many biocontrol 
systems are not tested in the field and it is 
suspected that unsuccessful field results are not 
always reported. For a given antagonist
pathogen system, variable results appear within 
and among fields and from season-to-season. 
Plant growth and yield are not always increased, 
and in some cases, are decreased. Although 
seed treatment with fungicides also can result 
in variable results, chemicals tend to perform 
more consistently than do biological control 
agents (83). 

When considering the complex interactions of 
microbes (antagonist, pathogen, other microflora 
and microfauna), plant, and environment, a 
number of reasons can explain this variation. 
Among those frequently given are: environmental 
~conditions were unfavorable for disease 
development (e.g., soil moisture too low for 

colonization of seed or roots); pathogen activity 
was so great that it "overwhelmed" the control 
agent; or that the biocontrol agent was ineffective 
against other pathogens active in the field. Also, 
the biocontrol agent may have mutated and lost 
its ability to compete and survive in nature, or 
environmental conditions may not have been 
favorable for its activity. Soil nutrient status and 
microbial activity also can be factors. Another 
frequently cited explanation, and likely one of the 
main reasons for inconsistent biocontrol, is that 
of variable root colonization by the introduced 
organism (145). 

While the above reasons tend to oversimplify the 
complex interactions involved, it is imperative 
that the rhizosphere and its environment be 
understood in order for it to be manipulated to 
the advantage of beneficial microbes (introduced 
or indigenous). The ultimate challenges in 
biological control in the rhizosphere are: i) to 
enhance delivery of the introduced organism and 
ii) to favor its dispersal and establishment along 
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a growing root at the appropriate infection court, 
on a timely basis, and in sufficient numbers to 
control a pathogen(s) and/or enhance plant 
growth. And all this must be accomplished in 

ROOT COLONIZATION 

Organisms introduced into the rhizosphere must 
be able to compete with the indigenous 
microflora and microfauna. Parke (112) defined 
root colonization as the proliferation of 
microorganisms in, on, and around the growing 
root. Ahmad and Baker (2) prefer the term 
rhizosphere competence, which describes "the 
ability of a microorganism to grow and function in 
the developing rhizosphere." This definition is an 
extension of the one originally used by Schmidt 
(123) to describe rhizobia characterized by their 
consistent association with legume root nodules. 
Rhizosphere competence is a measure of the 
relative ability of a microorganism to colonize 
roots. 

INDIGENOUS RHIZOSPHERE 
COLONISTS 

The number and activity of indigenous organisms 
in the rhizosphere is much greater than in 
nonrhizosphere soil. A conservative estimate of 
detectable populations are 1 09 bacteria, 1 07 

actinomycetes, 106 fungi, 103 protozoans and 103 

algae per gram of rhizosphere soil (48). 
Transmission electron microscopy studies have 
demonstrated microbial populations of 120-160 x 
1010 bacteria per cm2 at the rhizoplane (root 
surface). This is ten times the number obtained 
from dilution platings on culture media (19). 
Furthermore, the amount of exudate lost from 
roots should support 40-100 mg bacteria per mg 
of root (2 x 1011 bacteria per g of a root 400 m in 
diameter) (46)! 

Direct observations of roots reveal that most of 
the rhizoplane remains uncolonized, with about 
10% actually colonized (19). Bacteria are 
nonrandomly dispersed on the rhizoplane as 
microcolonies of only a few cells (1 06). These 
sites include grooves between cells where 
mucilage is thickest or where exudation rates 
and moisture are highest, tips and bases of root 
hairs, areas where lateral roots emerge, or sites 
of lesions caused by organisms or mechanical 
damage. Fungi show a preference for growth 
along cell junctions, but the translocation ability 
of many fungi allows them to grow over areas 
where exudation is low. This translocation 
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highly competitive microsites in the rhizosphere, 
on a predictable and reliable basis. These 
elements suggest a race as well as a war in the 
rhizosphere. 

property also allows them some spatial escape 
from antagonistic bacteria. 

Nutrients rather than space are considered the 
limiting factors determining colonization of the 
rhizosphere by indigenous organisms (47). 
Fragments of organic matter in soil are a major 
source of nutrients for organisms. 

In a natural soil system, different portions of the 
root are colonized by indigenous organisms (46). 
Root cap cells secrete a carbohydrate-rich gel, 
but are nearly devoid of microorganisms, 
probably because there is insufficient time for 
bacteria to form colonies before the cap is shed 
into the rhizosphere. The meristematic zone 
generally supports few microorganisms, although 
there may be local sites of dense colonization by 
bacteria. 

In the zone of elognation, roots can grow 2-9 em 
per day; the surface of a rhizodermal cell 0.5 mm 
from the root apex may grow past soil particles at 
a rate of >1 000 m per hour. This area of the root 
releases hydrogen ions preceding extension of 
the rhizodermal cells, and makes the root surface 
more acidic. Low pH, combined with cell surface 
movement, may account for keeping the 
meristematic zone relatively free of microbes. In 
the root hair zone, mucilage is secreted by root 
hairs growing into the soil. Release of root hair 
gel, combined with loss of exudates from the root 
cortex, favors intense microbial activity, 
especially if the root is attacked by a pathogen. 

Generation times for bacteria in the rhizosphere 
typically are several hours, which is considerably 
longer than generation times for bacteria grown 
under optimal conditions in the laboratory (19). 
The portion of the root studied also can give 
different results for generation times. When pine 
seedlings were placed in nonsterile soil for 2 
days, populations of total bacteria in the 
rhizosphere had generation times of 7.5 hours in 
the apical centimeter, 9.1 hours in the midroot 
region, and 6.6 hours in the basal portion of the 
root (9-1 0 em from root tip) (19). After this 
logarithmic growth, multiplication slowed, 
approaching a plateau at approximately 1 Q4-5 

bacteria per mm2 root surface at 4 days. Bowen 
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and Rovira (19) suggest that this stationary 
phase represents a "carrying capacity factor'' in 
which substrate loss from the rhizosphere 
balances maintenance requirements of 
microorganisms in that site. The population then 
would slowly increase as cells migrate to 
neighboring parts of the root surface not yet 
colonized. 

INFECTION BY SOIL BORNE 
PATHOGENS 

There is very little information on the distance 
and time required for fungal propagules to 
germinate and infect roots in response to root 
exudates (assuming that germination stimuli also 
provide sufficient and sustained growth 
requirements). Few examples are available and 
most involve seeds. Chlamydospores of 
Fusarium so/ani f. sp. phaseoli germinated 10 
mm from bean seeds at 0.05 bar and 8 mm from 
seeds at 0.10 bar after 24 hours at 20 C; 
infection occurred within 24-35 hours (32). 
Stanghellini and Hancock (130) found that 
sporangia of Pythium ultimum germinated 0-2 
mm from pea seed within 1.5 hours and from 2-4 
mm from seed within 6 hours; infection occurred 
within 24 hours. Linderman and Toussoun (90) 
provided an example for infection time on roots 
of cotton when they noted that chlamydospores 
and.endoconidia of Thielaviopsis basicola 
germinated near roots within 24 hours and 
penetrated root hairs directly within 24 hours. 

ROOT GROWTH 

The sparse colonization of roots, especially in 
the early stages of plant development (19) likely 
offers little protection against pathogens that 
move to the root and infect rapidly. In fact, during 
the early stages of growth, roots usually outgrow 
fungi. Under optimal conditions, broad bean can 
grow 9 mm per day; small seeded grasses and 
legumes, 5-20 mm; wheat and barley, 20-70 mm; 
apples, 5 mm; and pine up to 12 mm. As root 
growth slows, fungal growth can "catch up" to 
the root tip. Thus, for a seed-applied organism 
to be effective in preventing root disease and 
promoting plant health, it must reach and 
colonize the root surface and/or displace 
indigenous colonists at the appropriate infection 
court of the intended pathogen. 

STATIONARY VERSUS MOVING 
INFECTION COURTS 

For antagonists applied to the seed to protect 

against seed rot, the infection court (seed) is 
stationary and the seed-applied organism has 
the competitive advantage in possessing the 
substrate that is to be protected. But when 
organisms are applied to seed to protect the 
rhizosphere, the infection court (root) is moving, 
developing and changing. Additionally, the root is 
encountering and attracting indigenous 
organisms as it pushes through the soil. 

Foster (46) has postulated that it is possible for 
bacterial colonists in the rhizosphere to exert an 
influence in the biological control of fungal plant 
pathogens that is far out of proportion to their 
number. He has proposed that the lack of 
microbes on most of the root surface suggests 
that there may be relatively few channels in the 
soil large enough for fungal pathogens to 
approach the root surface. These voids in the soil 
may be preferred routes for growth of root hairs 
and diffusion of root mucilages and exudates; 
thereby, these would be favored sites for the 
development of bacterial colonies. Thus, colonies 
developing at these sites may protect against 
pathogens moving through the few available 
passages to the roots. 

DISPERSAL MECHANISMS ALONG 
ROOTS 

Root colonization by indigenous microorganisms 
begins with a dispersal phase followed by a 
growth phase. Bowen and Rovira (19) postulate 
three dispersal mechanisms for root-colonizing 
bacteria: motility, passive movement in a film of 
water on the root surface, and passive transport 
on the root apex or fungal hyphae. Only recently 
have experiments been designed to provide 
evidense for the dispersal of organisms. 

Howie et al (68) proposed that colonization of 
wheat roots by seed treatment with 
Pseudomonas fluorescens occurs in two phases. 
Phase 1 is a passive process where bacteria 
attached to the root grows. Some of the bacteria 
are left behind or shed along with the root cap 
cells, which act as a source of inoculum for older 
sections of roots. After this dispersal phase, 
phase 2 begins when the bacteria multiply at 
sites of deposition. 

The importance of motility in root colonization by 
rhizosphere bacteria has not been resolved. 
Howie et al (68) found that nonmotile mutants 
(nonflagellated) ofP. f/uorescens and their motile 
parents were detected on wheat roots 7-9 em 
below the coated seed at populations of 100 to 
10,000 colony forming units (CFU) per em of root 
in the absence of percolating water. Nonmotile 
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mutants were as suppressive to take-all as were 
the motile parents. On the other hand, De Weger 
et al (37) determined that nonmotile mutants of 
P. f/uorescens were impaired in their ability to 
colonize roots compared to wild-type parents. As 
Parke (112) has indicated, problems inherent in 
some motility studies are: soil matric potential 
was not carefully controlled to eliminate passive 
movement of bacteria and that nonmotile 
mutants may differ in growth rate, antibiotic 
production, or attachment. 

Passive carriage of seed-introduced organisms 
on roots is not always an effective means of 
dispersal. Chao et al (27) found that fungi 
(Giiocladium virens, Pencillium funiculosum, 
Trichoderma harzianum, T. koningil) and bacteria 
(Enterobacter cloacae, P. f/uorescens, and 
P. putida) applied to pea seeds failed to colonize 
roots more than 3 em below the seed. Dispersal 
of these organisms, however, was enhanced by 
application of water to the soil. Bah me and 
Schroth (1 a) and Liddell and Parke (89) found 
that the spatial distribution of seed-applied P. 
f/uorescens in the rhizosphere was substantially 
greater after irrigation. Irrigation or rainfall may 
simply move inoculum from the seed, where 
organisms have been shown to multiply (152), or 
redistribute inoculum within the rhizosphere. 

Overall, the role of motility, passive movement in 
water on the root surface, and passive transport 
on the root apex all likely contribute to dispersal 
of seed-applied organisms into the rhizosphere. 
The relative importance of each process may 
depend upon the attributes of the introduced 
organism as well as numerous variables 
pertaining to plant root characteristics and the 
physical, chemical and biological composition of 
the soil system (112). 

SPATIAL-TEMPORAL DISTRIBUTION 
OF INTRODUCED ORGANISMS IN 
THE RHIZOSPHERE 

Investigation of the distribution and populations 
of introduced organisms among indivdual root 
systems, among individual roots of a single plant, 
and among sites of a single root are very labor
intensive and thus, not normally done. However 
they currently provide the best evidence for root 
colonizing ability, extent of colonization, and 
population stability (145). 

Density of seed-introduced bacteria and fungi 
generally decline with distance from the seed to 
the tip of the root, but exceptions are reported. 
Parke et al (113) found that although seed
applied Pseudomonas f/uorescens 2-79 initially 
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was carried on the root tip, the bacterial 
population did not keep pace with root growth 
and was left behind in 3 days. However, Elad 
and Chet (42) report that pseudomonads applied 
to cucumber seeds were recovered in 
populations 1 Oa-fold greater at root tips than at 
upper root parts. 

Bacterial populations are lognormally distributed 
among root systems of plants, and among 
individual roots of a single plant (1 a,95). That is, 
while relatively few root systems support high 
bacterial populations, many root systems support 
relatively low bacterial populations. Loper et al 
(95) determined that when plants from bacteria
treated sugar beet seeds or potato seed pieces 
were sampled 3 weeks after planting in the field, 
individual plant root systems varied greatly in 
colonization by the introduced bacteria. 

Populations of P. putida-P. fluorescens strain A1 
inoculated on potatoes varied 164-fold (ranging 
from 3.6 x 1 03 to 5.9 x 1 as CFU per root system). 
Populations of strain SH5 inoculated on sugar 
beet varied 569-fold (ranging from 7.9 x 1 a3 to 
4.5 x 1 as CFU per root system). Similarly, Weller 
(143) reported that populations of P. f/uorescens 
on individual roots of wheat seedlings varied as 
much as 1 aaa-fold and that 20 to 4a% of the 
roots were not colonized by the strain 4 wk after 
planting. Strains of fluorescent pseudomonads 
also differ in root colonizing ability (157). Thus, 
a threshold level of beneficial organisms may be 
necessary before there is an affect on plant 
growth, health, or yield. 

PERSISTENCE AND ACTIVITY OF 
INTRODUCED ORGANISMS IN THE 
RHIZOSPHERE 

Seed-applied organisms often persist in the 
rhizosphere. Bah me and Schroth (1 a) recovered 
two strains of Pseudomonas f/uorescens applied 
to potato seed pieces from root tips, underground 
portions of shoots, stolons, and progeny tubers 
throughout the growing season. Similarly, Weller 
(143) recovered a seed-inoculated strain of 
P. f/uorescens along the entire length of wheat 
roots until sampling was concluded at 68 days 
after planting. Seed-applied fungi also have been 
recovered from the rhizosphere of several crops 
throughout the growing season (83, 154). 

Inoculum dose of the biocontrol agent on seed 
influences the population recovered from roots. 
Application of P. f/uorescens at 9.2 x 1 a7 CFU 
per wheat seed resulted in higher recovery of the 
bacterium from all sections of roots of plants 
grown from the seeds than on comparable 
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sections of roots of plants grown from seeds with 
1 x 107 CFU bacteria (143). 

Recovery of a seed-applied organism from the 
rhizosphere, however, does not provide proof 
that the organism is growing there. Most 
available evidence is indirect. Weller (143) 
quantified populations of seed-applied 
pseudomonads on sections of seminal roots of 
wheat at several distances from the seed 
throughout the season. Sections of roots that 
were 3.0-4.5, 4.5-6.0, and 6.0-7.5 em from the 
seed appeared to have increased in 
pseudomonad populations. On roots 3.0-4.5 em 
from the seed, average apparent microbial 
doubling times of 15 hours occurred from days 
22 to 26 after planting; on roots 4.5-6.0 em from 
the seed average doubling time was 48 hours 
from days 26-36; on roots 6.0-7.5 em from the 
seed average doubling time was 85 hours from 
days 36 to 44 and 67 hours from days 44 to 48. 
A good indication of the aggressiveness of 
PGPR was noted by Kloepper et al (80) who 
observed that the bacteria spread from treated to 
nontreated potato plants in border rows. 

Herr (63) has provided convincing evidence that 
fungal biocontrol agents can colonize root 
surfaces. When sugar beet crowns were 
inoculated with effective (disease controlling) 
cultures of binucleate Rhizoctonia spp. or 
Laetisaria arva/is, the fungi Were recovered in 
numbers decreasing vertically from crown to 
lower roots, whereas ineffective (did not control 
disease) cultures were either not isolated or 
isolated only from crowns. 

EFFECT OF INTRODUCED 
ORGANISMS ON INDIGENOUS 
RHIZOSPHERE COLONISTS 

Plant growth increases that occur in the 
presence of biocontrol agents are accounted for, 
in part, by an alteration of rhizosphere microflora 
and/or by a reduction of pathogen infections 
(23,77,79,85,133, 134,157,160). The amount of 
root colonization by the biocontrol agents 
appears to be directly related to effectiveness of 
disease control. For instance, Bull, Weller, and 
Thomashow (personal communication) found a 
direct linear relationship between increasing 
dosages of Pseudomonas f/uorescens on wheat 
seed, the population that developed on the root, 
and a decrease in the number of take-all lesions. 
On corn roots, a seed-introduced pseudomonad 
comprised 30-60% of the total number of 
bacteria in the rhizosphere, while the number of 
indigenous fungi was reduced by 60-98% (71). 
Elad and Chet (42) noted that except for root 
tips, the total native population of bacteria on 

roots decreased in the presence of introduced 
rh izobacteria. 

MECHANISMS OF BIOLOGICAL 
CONTROL 

The fact that roots can be protected from major 
and minor pathogens by seed-introduced 
antagonists is indirect evidence that the 
mechanisms of biological control are in action. 
However, it can be difficult to demonstrate that 
the antagonistic mechanisms of biological control 
(competition, antibiosis, predation and 
parasitism, and induced resistance) are actively 
operating in the rhizosphere of field soil. 

Competition--Niche Exclusion: Suslow (134) 
suggested that niche exclusion is potentially an 
important mechanism in the displacement of 
deleterious rhizobacteria by seed-introduced 
plant growth-promoting fluorescent 
pseudomonads. Introduced pseudomonads have 
been shown to comprise 25% of the total 
fluorescent pseudomonad population on roots of 
wheat (143) and 30-60% of the total bacterial 
population on roots of corn (71 ). However, seed
introduced pseudomonads usually comprise only 
1 0% of the total population of aerobic bacteria in 
the rhizosphere (145). Once a portion of a root is 
occupied by native bacteria, introduced bacteria 
are unable to displace them (136,142). 

The total population of rhizosphere bacteria, 
however, does not always change as a result of 
introducing bacteria (142). These situations may 
represent the microbial "carrying capacity" of a 
rhizosphere under a given set of conditions. 
Chao et al (27) have demonstrated that bacteria 
compete more strongly with other bacteria than 
with fungi for resources, such as nutrients. Thus, 
introduced bacteria may occupy sites in the 
rhizosphere that normally are colonized by native 
bacteria. 

Physical blockage of infection sites is involved, in 
the biological control of crown gall by 
Agrobacterium radiobacter strain K84, in addition 
to production of agrocin 84 (34,38). Strain 84 
competes with the pathogen for infection binding 
sites. This may explain why efforts to select for 
new antagonists based on agrocin production 
alone have been of limited usefulness. 

Antibiosis: This mechanism involves the 
inhibition of one organism by the metabolites of 
another. Antibiotics are commonly produced by 
bacteria and fungi (49), and are considered to be 
important in disease suppression. Early efforts to 
study the function of these compounds in 
controlling soil borne diseases were impeded 
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because antibiotics are decomposed by soil 
microflora and also bind to clay and organic 
matter in soil. Howell and Stipanovic (67) 
provided indirect evidence for the importance of 
antibiotics in disease control when they 
controlled Pythium damping-off of cotton by 
treating seeds with either Pseudomonas 
f/uorescens, or its antibiotic pyoluteorin. 
Recently, it has been shown that the antibiotic 
phenazine, produced by P. f/uorescens 2-79, 
was the predominate factor contributing to 
biological control of take-all in field soil (56, 138). 

Some fluorescent pseudomonads produce 
siderophores (low molecular weight, high affinity 
iron {Ill} chelators that transport iron into 
bacterial cells) under conditions where iron is in 
low supply (86). The importance of siderophore 
production as a mechanism of biological control 
was first demonstrated by Kloepper et al (80). 
Siderophores sequester the limited supply of 
iron (Ill) in the rhizosphere, and thereby limit its 
availability to pathogens. Siderophores have 
been documented in suppression of deleterious 
rhizosphere microorganisms (79, 121, 156); 
Pythium spp. (15,93); formae specia/es of 
Fusarium oxysporum (40,41, 119,129, 159); 
and Gaeumannomyces graminis var. tritici 
(33,147). 

Native soil pseudomonads also have been 
shown to inhibit the biocontrol agent. 
Trichoderma hamatum, applied to pea seeds, 
was ineffective in suppressing Pythium seed rot 
in soil deficient in available iron (70). The data 
suggest that native soil pseudomonads inhibited 
T. hamatum through the production of 
siderophores. 

While siderophore production contributes to 
antagonistic activity, it may not be the 
mechanism in disease control (93). lsogenic 
mutants of a strain of P. fluorescens 
demonstrated that siderophores were not 
involved in biological control of Pythium u/tim11m, 
but that they did optimize rhizosphere 
colonization (135). 

Parasitism and Predation: Parasites include 
bacterial viruses (phages), bdellovibrio, bacteria, 
and mycoparasitic fungi. Parasitism relies on lytic 
enzymes for the degradation of cell walls of 
microorganisms (36). Some examples of 
mycoparasitic fungi are Trichoderma spp. on 
Rhizoctonia so/ani and Sclerotium rolfsii (43) and 
Gliocladium virens on R. so/ani (65). 

Predators are nematodes, protozoa, and soil 
microarthropods which feed on bacteria and 
fungi (36). Soil amoebae are known to prey on 
several pathogenic fungi including Thielaviopsis 
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basico/a and Cochiliobo/us sativus (6) and 
Gaeumannomyces graminis (24,64). 

Activity of parasites and predators can inhibit or 
displace some species of microbes while 
allowing others to proliferate. Intensity of these 
activities is conditioned by soil environmental 
factors (36). 

Introduction of antagonists into soil can result 
in reduction of pathogen inoculum and the 
mechanisms involved frequently are unknown or 
may represent a.combination of mechanisms. 
Fravel (49) notes that the role of volatile 
compounds or enzymes produced by biocontrol 
agents further complicates the distinction 
between parasitism and antibiosis. She proposes 
that an antagonist producing a particular 
enzyme may simultaneously be involved in 
antibiosis and parasitism. For example, 
Talaromyces flavus controls verticillium wilt in the 
field (49), and is a good competitor in soil (96). 
Talaromyces flavus has not been shown to 
parasitize Verticillium dahliae, but the fungus is 
known to parasitize other pathogens such as 
Rhizoctonia and Sclerotinia. T. flavus also 
produces a compound that kills microsclerotia of 
V. dahliae in both soil and in vitro (50). Antibiotic 
activity present in crude filtrates of V. dahliae has 
been attributed to hydrogen peroxide, which is 
released by a reaction catalyzed by glucose 
oxidase (76). 

Induced Resistance: Pseudomonas f/uorescens 
suppressed black root rot of tobacco by 
production of hydrogen cyanide, which is thought 
to induce resistance to the pathogen (145). 
Eayre and Echandi (39) report that protection of 
bean hypocotyls from infection by Rhizoctonia 
so/ani was associated with small hypersensitive 
lesions produced on tissue colonized by an 
avirulent, binucleate Rhizoctonia-like fungus. 
Similarly, treatment of potato seed pieces with 
avirulent or incompatible strains of 
P. solonacearum or P. fluorescens induced a 
significant reduction in disease caused by a 
virulent strain of P. so/onacearum (74). Whether 
these phenomena are the result of induced 
resistance and/or competitive exclusion by a 
parasite is open to speculation. 

It may not be necessary for an organism on 
seeds to multiply in the rhizosphere, if instead, 
that organism influences the kind of organisms 
that inhabit and become established in the 
rhizosphere. 

For instance, Chang and Kommedahl (25) noted 
that Chaetomium g/obosum applied to kernels of 
dent corn grew abundantly on the pericarp and 
reduced seedling blight, but the fungus was not 
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recovered from the rhizosphere of plants that 
grew from treated kernels. Instead, Penicillium 
species predominated in the rhizosphere of 

plants from Chaetomium-treated seeds but not in 
the rhizosphere of seedlings from untreated 
kernels. 

FACTORS AFFECTING ROOT COLONIZATION __ _ 

26 

The extent and intensity of variables that affect 
the complex interactions of the environment, 
plant, and other organisms in soil are poorly 
understood and have become a major barrier in 
manipulating the rhizosphere to the advantage of 
plant health. If growth and composition of 
rhizosphere microflora are to be managed, it is 
essential to understand the tremendous variation 
in physical and chemical properties along the 
root, diffuse microbial growth, and substrates for 
growth. Some factors affecting root colonization 
have been identified as they relate to the soil 
environment, attributes of the introduced 
organism, and the host plant. 

THE SOIL ENVIRONMENT 

Soil Matric Potential: Optimal soil matric 
potentials for root colonization by pseudomonads 
range from -1 kPa to -140 kPa ( -0.01 to -1.4 
bars) (68,89, 112, 113). Activity over this wide 
range of moisture conditions could be accounted 
for by differences in metabolic requirements of 
the introduced strains and their capacity to 
compete with indigenous rhizosphere organisms 
(112). 

Populations of seed-applied Pseudomonas 
f/uorescens 2-79 in the rhizosphere were 
greatest at -0.3 to -0.7 bars (68). This likely was 
the moisture range where oxygen availability and 
turgor potential of the cells and/or nutrient 
availability were optimal for bacterial growth. The 
authors noted that as water potential decreased 
below -1 and -2 bar, soil was too dry for root 
colonization by disease suppressive 
pseudomonads or the pathogen. Unlike 
populations of the introduced pseudomonad 
strain, populations of indigenous, aerobic 
bacteria (mostly gram negative) were uniform on 
the root at all matric potentials between -0.5 and 
-4.0 bar (68). 

The ability of an introduced organism to be active 
and survive. a wide range of soil matric potentials 
is an advantage in the rhizosphere. Water 
potentials can vary widely, up to -40 bar, 
depending upon diurnal fluctuations in 
transpiration (47). 

Soil Texture: Coarse-textured soils are more 

conducive to bacterial movement than fine
textured soils (151 ). Application of irrigation 
water to fields planted with Pseudomonas
treated potato seed pieces resulted in disperal of 
bacteria on roots at 4-6 em in a silty-clay loam 
compared to 10-12 em in a sandy loam soil (10). 

Bah me eta/ (11) applied P. fluorescens to 
underground plant parts of potato by 
incorporation of bacteria-impregnated granules 
or injection through a low pressure drip irrigation 
system. Population densities of the introduced 
strain initially were greater in sandy loam soil 
than in silty clay loam soil. As the season 
progressed, however, population sizes in silty 
clay loam soil tended to gradually increase 
whereas populations slowly declined in the sandy 
loam soil. The authors proposed that the fine
textured soil acted as a filter and an adsorbent 
for the bacterium, which impeded passive 
movement in irrigation water. 

Temperature: Loper eta/ (94) found that in vitro 
growth of two strains of Pseudomonas was 
optimal at 28 or 30 C, but colonization of potato 
roots by these strains was optimal at 12 or 18 C. 
The lower soil temperature may have reduced 
competition from indigenous microbes qr slowed 
root growth so that bacteria were transported on 
the root more effectively. Temperature also can 
affect siderophore production (Misaghi, personal 
communication). 

pH: The pH of soil in the rhizosphere varies up to 
2 pH units from the pH of nonrhizosphere soil 
(46), and likely has a significant effect on 

, bacteria, actinomycetes and some fungi. 
Acidified conditions increase availability of toxic 
ions like Al3•. and Mn2• (47). Availability of Fe3+ 
increases in acid soils, and disease 
suppressiveness of soils can be lessened under 
these conditions (119). When iron is no longer 
limiting, the pathogen can compete with 
siderophore-producing rhizobacteria. 

Activity of Trichoderma species is favored in 
acidic soils. This characteristic has been 
exploited to increase naturally occuring 
populations of this fungus to control soil borne 
pathogens (109). Soil pH affects disease 
suppression and rhizosphere colonization by 
seed-applied Trichoderma (2,29). 
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Acidic conditions generally are not considered 
favorable for siderophore production (1 00) or 
bacterial growth, but introduced organisms may 
have a competitive advantage in the rhizosphere. 
While Pseudomonas f/uorescens grew best in 
vitro at a pH of 7 or above, colonization of wheat 
roots by the same strain was greater at a 
rhizosphere pH of 6.0-6.5 than at 7.0 or above 
(145). The more acid pH may have created an 
environment less favorable for competition from 
indigenous microflora. Becker and Cook (15) 
found that a fluorescent pseudomonad 
suppressed Pythium by producing siderophores 
in a soil of a relatively low pH soil (5.3). This 
strain was inhibitory to seven Pythium isolates on 
a medium with low iron content but was not 
inhibitory to any of the isolates on a medium with 
a high iron content. The authors propose that the 
concentration of siderophores in soil is more 
strongly related to the amount of organic 
substrates available for microbial growth than to 
either soil pH or extractable iron. 

Bulk Density: No direct evidence is available 
that this feature affects rhizosphere colonization 
by introduced microorganisms. However, a root 
can exert tremendous forces in soil and produce 
a zone of compaction in the rhizosphere where 
clay minerals are reoriented (46). Compression 
of the soil at the root surface creates pore 
spaces smaller than in bulk soil (48; Tedla and 
Stanghellini, personal communication) and 
bacterial colonies that develop there are small 
and scattered (48). These physical alterations 
affect the pathway for flow of water, nutrients, 
volatiles etc. to and from the root as well as 
affecting microbial movement to the root surface 
(47). 

0
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Levels: Kim and Misaghi (personal 

communication) found that production of 
siderophores was dependent on the relative 
percentage of oxygen and carbon dioxide levels. 
Sensitivity of siderophore production to changes 
in atmospheric levels of oxygen and carbon 
dioxide also varied among bacterial cultures. 

PROPERTIES OF THE BIOLOGICAL 
CONTROL ORGANISMS 

To ensure duration of association with the plant 
roots, introduced microbes must possess 
rhizosphere competence traits favorable for 
attachment, distribution, growth and survival in 
the rhizosphere. Although these traits are mostly 
unknown, some may be important in favoring 
root colonization (rhizosphere competence) and 
have been summarized by Weller (145). Among 
factors for consideration are cell surface 
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properties, chemotaxis, substrate utilization, 
osmotolerance, and growth rate and survivability. 

Cell Surface Properties: Attachment of both 
Agrobacterium tumefaciens and Rhizobium spp. 
are mediated by several different 
exopolysaccharides (EPS). Bacterial cells in the 
rhizosphere normally are surrounded by EPS 
(35), which binds and protects cells. Fimbriae 
(pili) also are important in the attachment of 
bacteria to plant roots. Cells of Pseudomonas 
f/uorescens 2-79 with pili were more effective in 
attachment to corn roots than were cells without 
pili (140). Attachment and plant recognition 
factors may be important to fungi as well. 

Evidence for the importance of flagella is 
conflicting. Howie et al (68) found no differences 
in colonization of wheat roots between 
nonflagellated mutants and the parent strain of 
P. f/uorescens R7z-80R, but De Weger et al (37) 
found that potato roots were less colonized by 
nonflagellated mutants than with the parent strain 
of P. fluorescens WCS37 4. Differences in crop 
species, bacterial strains, and soil environmental 
conditions may account for these conflicting 
results. 

Substrate Utilization: The ability of an 
introduced organism to utilize unique root 
exudates or rhizosphere decomposition products 
may be related to rhizosphere colonization. In 
1987, Ahmad and Baker (2) showed that 
benomyl-induced mutants of Trichodema 
harzianum colonized roots more effectively than 
did wild-type parents. The competitive advantage 
of the mutated strains was correlated with 
increased production of cellulase (3). 

Different portions of the root vary in the quality 
and quantity of exudates. Understanding the 
"microgeography" of the root surface and the 
ecology of organisms growing there is needed 
(47). 

Osmotolerance: Low osmotic potential likely 
occurs in the rhizosphere as salts precipitate at 
the root surface (48). Rhizosphere competence 
and osmotolerance were positively correlated for 
eight strains of Pseudomonas in vitro (94). On 
the other hand, Howie et al (69) found no 
significant differences in populations between a 
parent strain of P. putida and its osmo-sensitive 
mutant (-1 0 bars) on cotton seeds or roots. 

Growth Rate and Survivability: Generation 
times for indigenous bacteria on pine roots are 5-
6 hours for Pseudomas spp. and 39 hours for 
Bacillus spp. (18, 19). However, there are no 
definitive studies of growth rates of introduced 
organisms in the rhizosphere. While it is difficult 
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to determine growth rates of organisms in the 
rhizosphere, the in situ technique described by 
Stanghellini and Rasmussen (131) may be 
applicable to evaluating introduced strains of 
bacteria and fungi on roots of many plant 
species. 

Introduced bacteria or fungi are expected to 
survive at least long enough to control a 
pathogen and/or promote plant growth. Bacillus 
species have the advantage over other bacteria 
in that they produce resistant endospores. Some 
fungi are better equipped than most bacteria to 
persist in soil for extended periods of time 
because they produce specialized resting 
structures (13). 

THE PLANT 

Varietal Differences: Rhizosphere organisms 
are dependent upon root exudates as a nutrient 
base. While the type and amount of root exudate 
are influenced by environmental conditions, both 
are largely under the plant's genetic control (55). 

Selection of plant genotypes that produce 
rhizosphere exudates favoring populations of 
introduced or indigenous organisms is possible. 
Populations of an introduced strain of 
Pseudomonas fluorescens were 1 00-fold 
greater on the most susceptible wheat cultivar 
compared to the least supportive cultivar (144). 
Azad et al (8) found a significant trend toward 
greater populations of native antagonistic 
bacteria in the rhizosphere of Verticillium
resistant potato cultivars compared to more 
susceptible cultivars. Neal et al (1 03) found that 
the percentage of native bacteria antagonistic to 
Bipolaris sorokiniana was higher in the 
rhizospheres of resistant wheat cultivars as 
compared to the rhizosphere of a susceptible 
cultivar. In 1990, Becker et al (16) provided the 
first field evidence suggesting that a plant 

genotype affects the efficacy of PGPR. 

Nutrient Status of Rhizosphere: Competition 
between antagonist and pathogen in the 
rhizosphere may be mediated by carbohydrate 
nutrients. Thus, changes in the quality and 
quantity of root exudates that occur when plants 
are stressed by adverse environmental 
conditions (55), may alter the effect of beneficial 
organisms in the rhizosphere. The amount of 
exudates around roots can be considerable. 
Whipps and Lynch (150) found that of the total 
carbon fixed by cereals, 25-35% was released 
through root exudates. 

Examples of the effect of seed and root exudates 
on the effectiveness of biological agents are 
limited: Trichoderma harzianum applied as a 
seed treatment or conidial suspension to soil, 
reduced germination of chlamydospores of 
Fusarium oxysporum f. sp. vasintectum and 
F. oxysporum f. sp. melonis in rhizospheres of 
cotton and melon plants, respectively, but this 
effect was eliminated by the addition of glucose 
and asparagine or seedling exudates (127). The 
authors conclude that competition for limited 
nutrients likely was a significant mechanism of 
disease suppression. Neither mycoparasitism or 
antibiotic interactions between T. harzianum and 
F. oxysporum were noted in vitro. 

Nelson et al (1 04) found that inhibition of Pythium 
ultimum by the biocontrol agent Enterobacter 
cloacae occurred only in the absence of sugar or 
in the presence of some sugars (e.g., D
raffinose, L-sorbose, 3-0-methyi-D-glucose or
methyi-D-glucoside). Crop species that exuded 
low levels of carbohydrates during germination 
were protected from P. ultimum when seeds 
were treated with E. cloacae, but crops that 
exuded high levels of carbohydrates were not 
protected. The authors concluded that some 
sugars may be associated with binding of E. 
cloacae to hyphae of P. ultimum. 

IMPROVING THE ODDS OF SUCCESSFUL 
BIOLOGICAL CONTROL 

There are several recent examples, and ample 
room for "educated" speculation, on the best 
procedures might be to improve the odds of 
successful biological control in the rhizosphere. 
These approaches include: improvement of 
organisms, strategic deployment and delivery 
systems, and judicious selection or adaptation 
of an environment where disease control is 
desired. 

IMPROVEMENT OF ORGANISMS 

Superior strains of biocontrol agents have been 
selected from native or produced by genetic 
manipulation (57). Ahmad and Baker (2) induced 
benomyl-tolerant mutants of Trichoderma 
harzianum that were more rhizosphere 
competent than parental strains, particularly 
when benomyl was added to soil. Presumably, 
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the benomyl adversely affected resident 
rhizosphere colonists, giving the fungicide
tolerant strains a competitive edge. Selection of 
fungicide-tolerant isolates of T. harzianum (1) 
and induced mutagenesis of native strains of 
T. harzianum and T. viride have been used to 
develop new biotypes that survive in soil and 
suppress saprophytic activity of Rhizoctonia 
so/ani (11 0,111 ). Stasz et al (132) used 
protoplast fusion of T. harzianum to genetically 
improve strains useful for biological control. 
Progeny from protoplast fusion resulted in activity 
against a wider range of pathogens, improved 
root colonizing ability, and improved efficacy of 
disease control compared to parent strains (61 ). 

Efforts to improve screening of potential 
candidate organisms based on mechanisms 
(e.g., antibiosis activities) and root-colonizing 
ability are being attempted with some success. 
Also, combinations of compatible strains can 
provide better disease control than individual 
strains (145,146). Combination of strains may be 
particularly effective with strains that do not 
occupy the same niche. 

DEPLOYMENT AND DELIVERY 
SYSTEMS 

Formulation of a biological control agent and its 
delivery to the crop is critical in determining 
whether an organism will be effective or fail (57). 
Some of the factors involved include adding 
amendments to enhance the competitive ability 
of the microbial agent, allowing the agent to 
precolonize the substrate in which it will be 
delivered, and by timing of application. 

Amendments: Various adhesives and coating 
materials have improved effectiveness of seed
applied agents (54,61 ). Harman and Taylor (60) 
found that lowering the pH of cucumber seeds 
treated with Trichoderma harzianum to 3.7 
resulted in improved stands compared to seeds 
treated with T. harzianum alone and planted in 
Pythium-infested soils. The different chemical 
composition of the carrier, including pH, also 
affected performance of seed-applied organisms. 
For instance, Trichoderma strains performed 
better in sphagnum or Agro-Lig carriers than in 
coal. For Enterobacterium cloacae, performance 
and survival was better in a coal carrier than in 
an Agro-Lig carrier. Agro-Lig is considerably 
more acid than coal; Trichoderma grows well at 
pH values of 4 or less. Bacteria generally grow 
poorly at low pH. 

Adding nutrients to give the biocontrol agent a 
competitive advantage has potential for success 
provided the antagonist, and not the pathogen, is 
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able to use the substrate. Adding cellulose to 
seed treatments containing Trichoderma resulted. 
in an increase of disease caused by Pythium 
(59). Both fungi were stimulated by cellulose but 
Pythium grew faster, and infected seeds before 
Trichoderma could be protective~ Nelson et al 
(1 05) found a few of the 87 tested compounds 
enhanced levels of Trichoderma around planted 
seeds, decreased levels of P. ultimum, and 
improved disease control. 

Foliar application of nutrients is another means of 
affecting populations of microorganisms in the 
rhizosphere (73). During the 1950s and 1960s 
numerous studies showed that composition of 
microflora in the rhizosphere could be modified 
by applying pesticides or various organic or 
inorganic nutrients to foliage. Presumably, these 
compounds altered exudates in the rhizosphere, 
consequently affecting the kinds of organisms 
favored around the root. However, this approach 
to altering rhizosphere populations has not been 
critically investigated in recent decades. 

Substrate Precolonization: Precolonization of a 
.food base substrate by an antagonist before it is 
added to soil has meet with some success in the 
field (9, 109, 149). Biomass of Trichoderma and 
Gliocladium (in the form of chlamydospores) has 
been grown on molasses, brewer's yeast, and/or 
various seed meals; dried and ground; and then 
mixed with an inert carrier before applied to soil 
or plant parts (87). 

Biomass of Trichoderma and Gliocladium also 
has been blended with alginate or carrageenan 
and dripped into a gallant to form beads which 
dry as pellets (51 ,87). Lewis and Papavizas (88) 
added bran colonized by Trichoderma or 
Glioc/adium to alginate and noted that the 
antagonist proliferated in soil and reduced 
inoculum of Rhizoctonia so/ani in soil. 

Overall, increasing and delivering Trichoderma 
species on solid substrates has met with varied 
success. As summarized by Papavizas (1 09), 
effectiveness is dependent upon temperature, 
type of inoculum used, time of introduction of the 
antagonist in relation to time of sowing, inoculum 
density of the antagonist, and inoculum density 
of the pathogen. Formulation of biological control 
agents may be further enhanced by addition of 
selected carbon or nitrogen sources, low levels 
of pesticides, or other materials favoring 
beneficial organisms. 

Harman et al (61) integrated solid matrix priming 
(SMP) with improved strains of T. harzianum 
(from protoplast fusion). SMP is a process where 
moistened seeds are mixed with a finely ground 
organic carrier to an appropriate moisture 
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potential and then incubated for a given time at a 
constant temperature until (unsprouted) seed is 
metabolically ready to germinate (60). Priming of 
seeds treated with improved strains of T. 
harzianum increased plant stands in greenhouse 
trials when soils were infested with Fusarium 
graminearum and P. u/timum, but not in soils 
infested with R. so/ani or Sclerotium ro/fsii. The 
authors concluded that in the field it was difficult 
to see improvement with most crops when 
biocontrol strains were combined with SMP 
because SMP was so effective in enhancing 
germination and seedling emergence that there 
was little room for improvement. 

Application Timing: Conditions favorable for 
development of the antagonist in the 
environment in which it is expected to operate is 
essential. With seed-protecting organisms, the 
first 20-24 hours after planting are critical and 
can make the difference between success of 
failure of the protectant (57). Thus, organism
treated seed should be planted under proper soil 
moisture and temperature conditions to favor 
establishment of the bioprotectant. If the seed
applied antagonist also is expected to protect the 
root, addition measures, such as irrigation, may 
be needed to favor movement and conditions for 
proliferation of the antagonist in the rhizosphere. 
Addition of biocontrol agents through subsequent 
irrigations can enhance distribution and replenish 
establishment in the rhizosphere. 

SELECTION OF ENVIRONMENT 

The greenhouse is an environment far more 

CONCLUSIONS 

Is the establishment of biological control agents 
that are effective against soil borne pathogens a 
war or a race? Elements of both events likely 
occur, with the balance changing, depending 
upon the plant, environment, pathogen, and 
biocontrol agent(s). For instance, if the desired 
effect is to protect the seed and young seedling, 
much like chemical seedtreatments do, then 
seed treatments need only be effective for a 
short time. Since the infection court is stationary, 
the agent should be an effective spermosphere 
colonizer. As a pioneer colonizer of seed, the 
beneficial organism should be equipped to fight a 
"war'' against pathogens. Antibiosis activities 
would be desirable, especially against 
unspecialized pathogens which infect seeds 
rapidly and are sensitive to antibiotics. 

likely to show consistent performance of 
biological control agents than is the field. A 
greenhouse environment can be controlled; the 
protection period or growing season generally is 
short; inoculum can be placed in the infection 
court (cuttings); and the antagonist can increase 
its inoculum potential on transplant material 
before encountering a pathogen. Also, 
greenhouse media is normally heat-treated and 
therefore has less microbial diversity than field 
soils, which have high microbial diversity and are 
biologically buffered. 

Greenhouse soils with "biological vacuums" are 
hospitable environments for establishment of 
introduced biocontrol agents. Carnations cuttings 
were protected from various pathogens by dip 
applications of antagonistic bacteria (5,99) or 
fungi (14). Yuen et al (158) reduced Fusarium 
wilt of carnation by dipping cuttings in a soil 
naturally suppressive to the disease or in a 
suspension of antagonistic bacteria isolated from 
the suppressive soil. Locke et al (92) reported 
use of Trichoderma viride tor controlling 
chrysanthemum wilt in a steamed soilless mix. 

For crops of high value it may be economic to 
generate "greenhouse conditions in the field." 
This could be done by eliminating or reducing 
pathogens in soil by solarization or by fumigation 
at sublethal or recommended rates, adding 
antagonistic organisms, and then allowing them 
to become established in soil. Marois et al (97) 
demonstrated the potential of adding a 
multifungus conidial suspension (including T. 
harzianum) in a fumigated field soil to control 
tomato crown rot. 

If the biocontrol agent is applied to seed as a 
delivery agent to the rhizosphere, or if it is 
expected to protect the seed and the roots for an 
extended period of time, chances for success are 
greater if the target pathogen develops slowly 
and spreads along roots in the same ecological 
niche as the introduced agent (19). Competition, 
antibiosis, parasitism, predation and/or induced 
resistance then would have more time to be 
effective in the "war" against the soil borne 
pathogen. Unfortunately, many root pathogens 
are aggressive and specific in their mode of 
attack. In these instances, the biocontrol agent is 
involved in a race. Timeliness of position, 
numbers, and activity of the antagonist are 
critical to its establishment in the rhizosphere. 
Then, the biocontrol agent must utilize effective 

Minnesota Agricultural Experiment Station 



Biological Control of Plant Disease: Proceedings of a Symposium 

mechanisms to protect the root from infection by 
the pathogen. 

In 1965 S.D. Garrett (53) stated: "Biological 
control is a problem, or rather an endless series 
of problems, in applied microbial ecology." This 
comment has proven prophetic as efforts have 
increased in biological control. The practical 

AUTHOR'S NOTE: 

need to use biological control agents on a 
commercial basis has become a major impetus 
for studying rhizosphere ecology, improvement 
and selection of strains, and enhancement of 
effectiveness through formulation and delivery of 
agents into amenable environments. Integration 
of these efforts will improve the success of 
biological control. 

The author acknowledges with appreciation the comments and discussions on biological control with Dr. Michael E. Stanghellini, 
while on a sabbatical leave in his laboratory, during the preparation of this paper. 
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MECHANISMS OF SUPPRESSION OF 
TAKE-ALL DISEASE OF WHEAT BY 
FLUORESCENTPSEUDOMONADS 

Linda S. Thomashow 

USDA Agricultural Research Service, 
Washington State University 

"It is of great advantage to the application of a system if its 
parts are known and can be formed into a truly 

comprehensible whole."- Tex Baker 

In a recent overview of current and future 
strategies and models for biocontrol (2), Dr. 
Baker pointed out that when we study 
mechanisms in science, we are interested not 
only in the collective parts of a phenomenon 
but also in how they relate to one other to 
produce a desired effect. In biological control, 
each part of the system-the host plant, the 
pathogen and the biocontrol agent-can be 
studied individually, as a separate biological 
entity with its own biochemistry, genetics and 
physiology. To comprehend the system, 
however, it is necessary to understand not only 
the parts, but also how they interact to function 
as a unit. Interactions are the "glue" that 
transforms the parts into a "truly comprehensible 
whole." 

Our understanding of interactions in biological 
control has frequently been limited by the 
methods we have used to study them. For 
example, by focusing on the interaction between 
a pathogen and a biocontrol agent in the 
controlled environment of the laboratory, thereby 
reducing some sources of experimental 
variability, we deliberately exclude the plant--and 
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therefore do not accurately simulate the 
environment in which the interactions of interest 
normally occur. If we do include the plant, even 
in the controlled environment of the glasshouse 
or the growth chamber, we introduce variables 
that we may not even be aware of, and all such 
variables can influence the outcome of the 
interaction. 

To complicate matters further, if our goal is to 
apply biological control to achieve consistent 
and effective disease management in the field, 
we also must consider the entire biocontrol 
system within the context of the natural 
environment, thus adding another dimension of 
complexity. The physical, chemical and biotic 
variables within natural environments not only 
affect each component of the biocontrol system 
individually, but also influence their interactions 
with each other. The technical dilemma in 
biocontrol methodology has been the need to 
conduct experiments with well-defined variables 
under biologically relevant conditions. Part of 
the reason for the resurgence of interest in 
biological control within the past decade is the 
availability of new molecular techniques that 
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have both given us greater confidence in the 
validity of our laboratory studies and allowed us 
to assess the importance of specific mechanisms 
within the context of natural ecosystems. 

In some systems molecular techniques have 
both pointed to a need and provided the means 
for a more critical evaluation of particular 
mechanisms. For example, fluorescent 
siderophores, the yellow-green pigments that 
function with their specific membrane-bound 
receptors as an uptake system for ferric (Fe•3) 

iron, have been implicated (mainly on the basis 
of indirect evidence) in the control of diverse 
major and minor plant pathogens by fluorescent 
pseudomonads (14). Iron chelated by 
siderophores is thought to be sequestered from 
the pathogens, thus limiting their growth. 

Although all fluorescent siderophores share an 
extraordinarily high affinity for Fe•3 , different 
siderophore-producing strains are not equally 
effective, even against the same target pathogen 
in the same host plant. Thus, P. fluorescens 
strains 3551 and HV37a both have been 
reported to reduce damping-off disease caused 
by Pythium ultimum in cotton. The siderophore 
was involved in control by strain 3551 (15) but 
not by strain HV37a, in which the antibiotic 
oomycin A was the major determinant of disease 
suppression (9, 12). Inhibition of P. ultimum in 
vitro by still another strain, Pseudomonas sp. 
NZ130, was due not to the siderophore, but to a 
separate, iron regulated nonsiderophore 
antibiotic (7). 

These studies illustrate both the value of 
molecular techniques in critically assessing the 
relative importance of the different mechanisms 
that may be involved in interactions even with a 
single pathogen, and the need to exercise 
caution in generalizing conclusions about 
mechanisms from one biocontrol agent to 
another. 

Molecular technology has provided considerable 
insight into the mechanisms underlying disease 
suppression in a number of biocontrol systems. 
For example, knowledge of the complexities 
involved in the control of crown gall disease, 
caused by Agrobacterium tumefaciens, is now 
sufficiently advanced that we can envision 
molecular strategies to overcome some of the 
shortcomings of the control agent, A. radiobacter 
strain K84 (reviewed in 6). The importance of 
the enzyme chitinase in reducing the incidence 
of disease caused by Sclerotium rolfsii in bean 
was recently confirmed by demonstrating that a 
strain of Escherichia coli expressing a cloned 
chitinase gene from Serratia marcescens 
reduced disease incidence. The partially purified 

enzyme produced in cultures of E. coli also was 
effective (20). 

The role of siderophores in certain systems 
other than the one mentioned above also has 
been clarified. For example, some biocontrol 
agents, including Pseudomonas fluorescens 
strain CHAO, produce HCN which can induce 
resistance in tobacco to black root rot caused 
by Thielaviopsis basicola (24). 

Siderophore-deficient mutants are less effective 
in protection because they are impaired in 
assimilation of iron, which is required for cyanide 
production. Cyanide produced by other 
pseudomonads apparently is phytotoxic, and 
contributes to reduced yield when potato is 
grown in short rotations in the Netherlands (19). 
Iron is sequestered from the deleterious strains 
by so-called plant growth-promoting rhizobacteria 
(PGPR) such asP. putida WCS358. This strain 
may be unique in its ability to take up not only its 
own siderophore, but also those produced by 
other rhizosphere pseudomonads including the 
deleterious strains. 

Molecular technology has been especially useful 
in elucidating the importance of antibiotics in 
biocontrol phenomena. Until recently, the only 
evidence for antibiotic involvement was indirect, 
and came mainly from correlations observed 
between pathogen inhibition in vitro and disease 
suppression in situ. In a few instances additional 
support was obtained by demonstrating that 
chemically derived nonproducing mutants were 
less suppressive than parental strains producing 
antibiotics, or that purified antibiotics produced in 
vitro by biocontrol agents were themselves 
sufficient to reduce symptoms (reviewed in 29). 
However, direct evidence for the production and 
significance of antibiotics in natural environments 
such as the rhizosphere of plants was, for the 
most part, nonexistent. 

Progress in two systems, the control of damping
off of cotton by P. f/uorescens strain HV37a, 
which produces oomycin A (9, 11 ), and the 
suppression of take-all of wheat and barley by 
phenazine antibiotic-producing strains of 
Pseudomonas (21 ,22), have now conclusively 
established the importance of antibiotics in situ in 
antagonistic interactions between biocontrol 
agents and plant pathogens. The focus of this 
paper will be on the suppression of take-all by 
phenazine-producing pseudomonads, and will 
illustrate how molecular technology has been 
combined with more traditional approaches from 
biochemistry, ecology, genetics and physiology 
to analyze the mechanisms involved in disease 
control. 
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CONTROL OF TAKE-ALL BY FLUORESCENT 
PSEUDOMONADS ______________________ _ 

Take-all, which ranks among the most important 
root diseases of wheat worldwide, traditionally 
has been controlled agronomically, by tillage and 
crop rotation. However, because current 
agricultural trends are toward reduced tillage and 
more intensive cultivation of wheat, take-all is 
becoming an increasingly greater problem in the 
U.S. and elsewhere in the world. Despite over 50 
years of breeding, there are no commercial 
cultivars of wheat with genetic resistance, and 
only one fungicide is presently registered for use 
against the disease. The limited control options 
available to growers, and heightened public 
awareness of the need to reduce dependence on 
chemical pesticides, have stimulated the search 
for alternative methods of disease management. 
Biological control is an especially attractive 
option because a model, the phenomenon of 
take-all decline, already exists in nature. 

When wheat is grown in the same location for 
several consecutive years, there is at first an 
increase in the incidence and severity of take-all. 
Subsequently, however, the disease may decline 
despite the continued presence of the fully 
virulent pathogen, Gaeumannomyces graminis 
var. tritici. Several lines of evidence indicate that 
fluorescent pseudomonads are at least partially 
responsible for the suppressiveness of take-all 
decline soils. Populations of fluorescent 
pseudomonads are up to 1 000-fold larger in 
suppressive soils than in soils conducive to the 
disease (28); a large fraction of isolates from 
suppressive soils are inhibitory to G. graminis 
var. tritici in vitro (28); and many inhibitory strains 
also are protective of wheat when applied as 
living seed treatments (27,28). 

The frequency with which inhibitory strains are 
isolated, and the strong correlation between their 
ability to inhibit the pathogen in vitro and reduce 
disease in situ, led Weller et al. (28) to speculate 
that suppressive soils result from a process of 
natural selection. A beneficial population of the 
rhizosphere microflora increases on roots in 
response to pressure from the pathogen. 
Field studies have supported the feasibility of 
introducing naturally suppressive strains on seed 
to control take-all. 

In trials over five years in commercial fields at 
four different sites in Washington state where 
take-all was the dominant yield-limiting factor, 
treatment with P. aureofaciens 30-84 or a 
mixture of strains including P. f/uorescens strains 
2-79 and 13-79 resulted in average yield 
increases of greater than 15% and 10%, 
respectively. In a trial in which biological and 
chemical control agents were compared directly, 
a mixture of strains including 2-79, 13-79 and 
R4A-80 was as effective as triadimenol, the one 
chemical now approved for use against take-all. 
Strains also performed more consistently and 
with greater efficacy in mixtures than they did 
individually in multiple trials in the glasshouse 
and at different locations across the state of 
Washington (E. Pierson and D. Weller, personal 
communication). Combinations might more 
closely resemble the consortia of 
microorganisms that presumably function 
together in naturally suppressive soils, and may 
also provide protection against other pathogens 
including Pythium species and Rhizoctonia so/ani 
that occur in association with G. graminis var. 
tritici in soils in the Pacific Northwest. 

MECHANISMS OF SUPPRESSION ______ _ 

Introduced pseudomonads that suppress take-all 
share several characteristics in common. They 
must first be aggressive colonizers of roots 
because the root is the site of interaction with the 
pathogen. Once established, they also must 
persist in numbers sufficient to limit disease over 
a period of at least several months because take
all occurs over the entire growing season (25). 
On wheat and other plants, introduced 
pseudomonads are lognormally distributed 
among root systems of individual plants (1, 17) 
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and among individual roots of single plants (1; C. 
T. Bull, M. S. Thesis, Washington State 
University, Pullman, 1987). Introduced 
populations also vary along the length of the root 
axis, with more bacteria present near the 
inoculum source and fewer toward the advancing 
root tip (1, 17, 26). Populations of strain 2-79 on 
roots of wheat varied up to 1 000-fold and were 
undetectable on 40% of individual roots four 
weeks after planting (C. T. Bull, M. S. Thesis, 
Washington State University, Pullman, 1987). 

41 



Biological Control of Plant Disease: Proceedings of a Symposium 

42 

Because uncolonized or poorly colonized regions 
of the root are vulnerable to attack by G. 
graminis var. tritici, the randomness and 
inefficiency with which strain 2-79 colonizes 
wheat roots undoubtedly contribute to its 
inconsistent performance as a biocontrol agent in 
the field. 

Suppressive strains also must express one or 
more mechanisms of antagonism against 
pathogens. With strain 2-79, studies in vitro (28) 
suggested that both antibiotics and siderophores 
had a role in fungal inhibition, whereas in other 
strains only antibiotic or siderophore activity was 
implicated. Weller and colleagues (8) showed 

about five years ago that strain 2-79 produces 
large quantities of an antibiotic initially identified 
as a dimer of phenazine-1-carboxylic acid (PCA}, 
but later shown to exist as the monomer (3). 
Phenazine compounds typically are pigmented, 
and colonies producing PCA have a 
characteristic yellow color. These antibiotics 
function as redox catalysts (23}, and when PCA 
is concentrated in the reduced form at the center 
of colonies, it forms dark greenish-black granular 
aggregates. The purified antibiotic is active 
against a wide range of bacteria and 
phytopathogenic fungi, with G. graminis var. tritici 
being among the most sensitive (8). 

ROLE OF THE PHENAZINE ANTIBIOTIC IN 
SUPPRESSION OF TAKE-ALL _______ _ 

Our first objective was to establish whether PCA 
specifically was responsible for suppression of 
take-all by strain 2-79. Our approach was to 
generate phenazine-deficient mutants and then 
to compare them with the parental strain for 
ability to suppress disease. For mutagenesis we 
chose to use the transposon Tn5, which inserts 
randomly into genomic DNA, introducing a 
selectable kanamycin resistance marker into 
target genes of interest. The recipient strain 2-
79RN10, which I shall refer to simply as strain 2-
79, previously was selected as resistant to 
rifampin and nalidixic acid, so transconjugants in 
which the Tn5 element had transposed onto the 
chromosome were readily selected on media 
containing rifampin and kanamycin. Sucl) 
mutants were recovered at a frequency of 
3 x 1 o-7 per initial recipient (21 ). 

Mutants defective in PCA production (Phz·) 
accounted for fewer that 0.3% of the 
transconjugants, and were easily detected by 
screening for loss of colony pigmentation. In 
plate inhibition assays on potato dextrose agar, 
these mutants failed to inhibit growth of 
G. graminis var.tritici, indicating fungal inhibition 
in vitro was correlated with production of PCA. 

Phz· mutants were used to identify cloned, wild
type sequences required for phenazine 
synthesis. Random segments from a DNA library 
prepared from strain 2-79 were introduced into 
individual mutants, which were then screened for 
restoration of the pigmented phenotype. The first 
cosmid clone identified in this way restored 
pigmentation to four of six Phz· mutants. The 
restriction map of this cosmid, pPHZ49-1, was 
colinear with the map of the genomic DNA 

flanking the Tn5 insertion sites in two mutants, 
2-79-846 and 2-79-782. These mutants were 
fully complemented for both pigmentation and 
fungal inhibition in vitro whether the 
complementing sequences were present in trans 
or were reintroduced into the genome by 
homologous recombination, thus replacing the 
mutated Tn5-containing locus. Interestingly, 
pPHZ49-1 had no detectable homology with DNA 
flanking the Tn5 insertion sites in a second pair 
of mutants, 2-79-2510 and 2-79-99, and only 
partially restored these strains to PCA 
production. A subcloned 7.8 kb BamHI fragment, 
pPHZ49-6, was as effective as pPHZ49-1 in 
restoring the various mutants to PCA production, 
and deletion of a 0.6 kb EcoRI fragment internal 
to pPHZ49-6 completely nullified its 
complementation activity. Finally, a third pair of 
mutants, 2-79-611 and 2-79-42355, was not 
complemented by pPHZ49-1 or its derivative. 

Strains 2-79-B46R and 2-79-782R, restored to 
Phz+ by recombination of cloned sequences from 
pPHZ49-1 into the genomes of 2-79-846 and 
2-79-782, provided the stable recombinants 
needed to address the role of the antibiotic in 
suppression of take-all in the .rhizosphere. Our 
rhizosphere studies were conducted in plastic 
cones plugged with cotton and partially filled with 
sterile vermiculite. Seeds treated with bacteria 
were sown in soil amended with an inoculum of 
ground oat kernels infested with G. graminis var. 
tritici and layered over the vermiculite. The tubes 
were held in racks and incubated in a growth 
chamber for approximately 20 days, after which 
the seedlings were removed and measured, and 
the roots were rated for disease of a scale of 0-8, 
where 0 represents a plant with no disease 
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symptoms and 8, one that is dead or nearly 
dead. Ratings of 1-4 represent increasingly 
greater severity of root lesions and a 5 indicates 
that lesions are visible on the stem. 

In each of four separate experiments, plants 
grown from seed treated with Phz· mutants had 
significantly more disease, as indicated by 
increased numbers of lesions and reduced shoot 
height, than plants treated with strain 2-79. 
Although the range of disease severity differed 
somewhat among the four experiments, within 
each experiment plants treated with the mutants 
generally had a disease level intermediate 
between a positive control treated with strain 
2-79 and a negative control that received no 
bacterial treatment. In contrast, the restored 
strains 2-79-846R and 2-79-782R, in which the 
Tn5-containing mutant sequences had been 
replaced with their wildtype homologues, were as 
suppressive as parental strain 2-79. Differences 
in suppressiveness between Phz· and Phz• 
strains were not due to failure of the mutants to 
establish populations on the roots. All of the 
strains were present in comparable numbers on 
the 1-3, 3-5 an 5-7 em sections of roots grown in 
natural or steamed soils. 

These results strongly implicated PCA not only in 
fungal inhibition in vitro, but also in disease 

Biological Control of Plant Disease: Proceedings of a Symposium 

suppression in situ. The evidence was, however, 
still indirect and circumstantial. For example, we 
had assumed that because the mutants 
contained only single-hit Tn5 insertions, 
important factors other than PCA had not been 
altered by mutagenesis. The biochemical 
functions associated with the mutated genes 
were not known, however, and the mutants 
therefore were not well-characterized in a 
biochemical sense. (In fact, it will become 
apparent later that at least one other relevant 
factor was altered in some mutants!) To partially 
compensate for this assumption, we included 
eight different mutants with only the Phz
phenotype in common. 

We also had assumed that the wildtype strain 
2-79 produced PCA in the rhizosphere of wheat 
as it does in vitro, although in fact there is no 
direct evidence to support such an assumption. 
In fact, the scarcity of direct evidence that 
antibiotics are produced in nature has often led 
to skepticism over the past 40 years as to the 
significance of antibiotics in biological control and 
other antagonistic interactions among 
microorganisms in natural environments. We 
therefore thought it important to demonstrate 
directly that suppression of take-all was 
correlated with production of PCA in the 
rhizosphere. 

PRODUCTION OF PCA IN WHEAT RHIZOSPHERE 

Antibiotic isolation studies (22) were conducted 
using the standard disease suppression assay 
except that the amount of soil in the plastic tubes 
was increased to allow the recovery of longer 
root segments from the soil layer. Bacterially 
treated seeds were sown in steamed or natural 
soil in the presence or absence of G. graminis 
var. tritici. After about three weeks, the seedlings 
were removed from the cones and the bulk soil 
was teased away from the roots. The root 
segments from the soil layer, together with 
closely adhering rhizosphere soil, were washed 
twice by sonication in buffer. The washes were 
acidified and extracted with benzene, and the 
benzene phase was concentrated and analyzed 
by reverse-phase high pressure liquid 
chromatography. 

Samples of the concentrated root wash material 
contained a peak fraction that eluted with same 
retention time as purified PCA regardless of 
whether the two samples were injected 
separately or mixed and then fractionated. Two 
kinds of spectral analyses confirmed that the 
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material extracted from root washes was in fact 
PCA. First, the spectrum of the root wash peak 
fraction was shown to be identical to that of 
purified PCA over the entire UV-visible range. 
Second, spectra were analyzed at six different 
intervals within the elution profile of the 
coinjected peak. The rationale was that if the 
mixture was not completely homogeneous, slight 
spectral differences indicative of the mixture 
might be resolved between the leading and 
trailing edges of the peak. However, the spectra 
were again identical at all six timepoints, 
confirming that PCA was present in the material 
washed from the roots. 

We first isolated the antibiotic from roots grown in 
steamed soil. Steaming both releases nutrients 
from the soil, presumably augmenting substrate 
levels available for antibiotic synthesis, and 
reduces the population size of the indigenous 
root microflora, providing a competitive 
advantage to the introd-uced strain. In steamed 
soil, 250-350 ng PCA was recovered per g (fresh 
weight) of root tissue colonized by strains 2-79 or 
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2-79-846R. No antibiotic was isolated from roots 
colonized by the Phz· mutant 2-79-846 nor from 
control roots that received no bacteria. Roots 
from all of the bacterial treatments were well
colonized by the introduced strains, and those 
from which the antibiotic was recovered had 
significantly less disease than those which had 
no antibiotic. 

In a similar experiment conducted in natural soil, 
populations of the introduced strains were about 
tenfold smaller and about ten times less antibiotic 
was recovered. Nevertheless, roots from which 
the antibiotic was isolated were significantly less 
diseased than roots without antibiotic. In natural 
soils, comparable amounts of antibiotic were 
recovered from seedlings grown in the field or in 
the growth chamber whether or not the pathogen 
was present. In the absence of the pathogen, 
however, populations of the introduced strain 
were severalfold smaller than when the pathogen 
was present. These results suggest that nutrients 
sufficient to support antibiotic production are 
present in the rhizosphere not only in the 

presence of take-all lesions, but also on healthy 
roots. 

Extrapolating from the amount of PCA recovered 
per seedling from plants grown in natural soil, 
significant disease control would be expected 
from only about 90 mg of PCA per hectare on the 
roots of commercially sown wheat seedlings at a 
comparable stage of development--in this case, 
about the three-leaf stage. In a field study in 
which selected bacterial biocontrol agents were 
compared for efficacy with the fungicide 
triadimenol, a mixture of strains including 2-79, 
13-79 and R4A-80 was as effective as the 
chemical, which was applied at the prescribed 
rate of 90g (a.i.}/ha.--a level about three orders 
of magnitude greater than the amount of PCA 
estimated to be present on roots colonized be 
strain 2-79. The greater efficiency of the PCA 
presumably results from the ability of the bacteria 
to deliver the antibiotic precisely when and where 
it is needed on the roots to suppress the 
pathogen. 

ROLE OF FLUORESCENT S/DEROPHORES AND 
OTHER ANTIFUNGAL FACTORS 

In the take-all suppression bioassays described 
above, roots from seed treated with Phz· mutants 
of strain 2-79 still had significantly less disease 
than roots that received no bacterial treatment, 
indicating that factors in addition to PCA 
contribute to the overall suppressiveness of 
strain 2-79. Because iron competition mediated 
by fluorescent siderophores was previously 
implicated in the suppression of many plant 
diseases (14) including take-all (13,28,30), we 
speculated initially that the residual 
suppressiveness of Phz· mutants of strain 2-79 
might largely be due to siderophore activity. 
However, Hasnah Hamdan, a graduate student 
in our group, found (1 0) that nonfluorescent (Flu·) 
Tn5 siderophore mutants were not significantly 
less suppressive than wildtype 2-79; furthermore, 
these Flu· mutants remained inhibitory to G. 
graminis var. tritici in vitro on King medium 8 
(KMB). 

Although we knew that iron-limited media 
generally do not support production of PCA by 
strain 2-79, we imagined that even small 
amounts of the antibiotic might account for the 
inhibition observed in vitro, and PCA produced in 
situ on roots would certainly contribute to the 
suppressiveness of Flu· mutants. We therefore 
chose to further evaluate the role of the 

pyoverdine siderophore in two different Phz· 
strains: 2-79-8928, derived previously (28) from 
2-79 by treatment with nitrosoguanidine; and 
2-79.5.12, generated by marker-exchange into 
2-79 of a deletion derivative of pPHZ49-6 lacking 
a 0.6 kb EcoRI fragment essential for PCA 
production (1 0; see above). Interestingly, these 
two mutants differed significantly in their ability to 
inhibit G. graminis var. tritici in vitro on KMB 
agar. Strain 2-79-8928 was inhibitory on KMB, 
and inhibition was reversed upon addition of iron 
(100 uM FeCI

3
}, as expected for activity mediated 

by an iron-repressible siderophore. In contrast, 
strain 2-79-5.12 was noninhibitory on KMB 
despite production of the fluorescent 
siderophore. These observations suggested that 
fungal inhibition by strain 2-79 on KMB was due 
not to the fluorescent siderophore, but rather, to 
a separate antifungal factor (Aft) present during 
iron limitation. This factor resembled the 
siderophore in that it could not be detected on 
media supplemented with iron. However, 
production was genetically linked to a locus also 
involved in synthesis of PCA because single 
mutations such as the Tn5 insertion in 2-79-846 
or the 0.6 kb deletion in 2-79-5.12 coordinately 
eliminated both activities. 

TN5 insertions resulting in loss of siderophore 
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production were introduced into the wildtype 2-79 
or the mutants 2-79-8928 (Phz· Aft+) and 2-
79.5.12 (Phz· Aft·), and the various Flu• and Flu· 
derivatives were compared for suppressiveness 
of take-all in two different soils, a Ritzville silt 
loam of high pH (7.6) and low extractable iron 
(6. 7 ug/g) and a Puget silt loam of lower pH (5.5) 
and higher extractable iron (93.7 ug/g). We 
expected that the fluorescent siderophore might 
have a more important role in disease control in 
the higher pH soil because it had less available 
iron. It also had been reported that iron is 
required for antibiotic production (8, 28) and that 
PCA activity is reduced in vitro at higher pH 
values (4), suggesting that disease suppression 
due to antibiosis in situ might also be pH- and 
iron-dependent. 

In both soils, however, Flu· derivatives were fully 
as suppressive as their Flu• counterparts, and a 
Flu• Phz· Aft· mutant was no more protective than 
one deficient in all three factors (Flu· Phz· Aft"). 
Aft+ Phz· strains were slightly more suppressive 
than Aff·Phz· strains, but both were markedly less 
protective than Phz• strains whether or not the 
Phz• strains produced the siderophore or the 
antifungal factor. These results indicate that at 
least under our assay conditions, the fluorescent 
siderophore does not contribute directly and the 
antifungal factor is a minor factor relative to PCA 
in the suppression of take-all. Finally, seedlings 
colonized even by Phz· Aft· Flu· strains were 
healthier than those that received no bacterial 
treatment. Presumably this basal level of disease 
suppression resulted mainly from nutrient 
competition. 

The antifungal factor Aft is of interest to us both 
because of its role in disease suppression and its 
relationship to PCA synthesis. Gill and Warren 
(7) recently described an iron-regulated antibiotic 
inhibitory to P. u/timum, and we also have found 
that Flu· mutants of two previously described (28) 
strains, M4-80 and L30b-80, retained their ability 
to inhibit G. graminis var. tritici on KMB agar. 
These observations suggest that fungal inhibitors 
detectable only under iron limitation and distinct 
from the fluorescent siderophore may be 
produced by pseudomonads more commonly 

than we previously realized. If this proves to be 
the case, then it may be necessary to reevaluate 
the importance of fluorescent siderophores in the 
control of plant diseases because much of the 
earlier work implicating siderophores was based 
on pathogen inhibition due to iron deprivation. 
These studies would not have distinguished 
between siderophores per se and other, similarly 
regulated inhibitors. 

To explain how single mutations could 
simultaneously eliminate both PCA and Aff, we 
hypothesized that Aft might be a precursor of 
PCA with antifungal activity. Phenazine 
antibiotics are products of the common aromatic 
pathway, which also is the source of tyrosine, 
tryptophan, phenylalanine and p-aminobenzoic 
acid. The fact that our Phz· mutants were not 
auxotrophs seemed to rule out a block in the 
common portion of the pathway and suggested a 
lesion within the phenazine branch itself. 

The first step in phenazine synthesis is thought 
to involve the condensation of two molecules of 
chorismic acid, the branchpoint intermediate, by 
a mechanism analogous to the synthesis of 
anthranilate in the tryptophan pathway (23). 
Exogenously supplied anthranilate does not itself 
support phenazine synthesis, but anthranilate 
apparently is a precursor of pyocyanine, the 
phenazine compound produced by the related 
species P. aeruginosa (5). We recently have 
shown that the antifungal factor present in iron
limited cultures of strain 2-79 is 
chromatographically and spectrally 
indistinguishable from anthranilic acid. In 
addition, commercially prepared anthranilate was 
inhibitory to G. graminis var. tritici at 
concentrations comparable to those present in 
iron-limited cultures of strain 2-79. Thus, the 
mutation resulting in failure to accumulate both 
anthranilate and PCA appears to affect a gene 
active in the first step of phenazine biosynthesis. 
We have been unable to demonstrate homology 
between this locus and anthranilate synthase 
genes active in pyocyanine synthesis in 
P. aeruginosa, suggesting that the 2-79 locus 
may have a regulatory function, but additional 
data are required to confirm this hypothesis. 

A PHENAZINE 8/0SYNTHET/C LOCUS FROM 
P. AUREOFACIENS 30-84 

Whereas in strain 2-79 the major phenazine 
product is PCA, many pseudomonads further 
modify this compound to yield more highly 
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derivatized phenazine antibiotics (23). L. S. 
Pierson has shown (18) that phenazines also are 
important in the suppression of take-all by 
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P. aureofaciens strain 30-84, which produces not 
only PCA, but also 2-hydroxyphenazine-1-
carboxylate and 2-hydroxyphenazine. These 
compounds, which were identified by their 
spectral, chemical and physical properties, are 
colored orange and reddish-orange, respectively, 
and are responsible for the orange pigmentation 
in cultures of strain 30-84. 

By complementing Phz· mutants with DNA from a 
genomic library of strain 30-84 much as I 
described earlier, two cosmids, pLSP259 and 
pLSP282, were identified that fully restored 
phenazine production to ten nonpigmented 30-84 
mutants. Significantly, both cosmids also 
restored production of the hydroxyphenazines to 
a mutant that produced only PCA, suggesting 
that the cloned DNA might contain genes 
involved directly in phenazine synthesis. 

The cosmid pLSP259 contained approximately 
20 kb of DNA in two EcoRI fragments of 11.2 kb 
and 9.2kb. To localize the region involved in 
antibiotic production, random Tn5 insertions were 
introduced and mapped, and the various 
insertion derivatives were tested for 
complementation activity. Three different classes 
of insertions were observed: those that had no 
effect on complementation; those in which 
insertion allowed production of PCA but not the 
hydroxylated phenazines; and those in which 
insertion inactivated all complementation activity. 
These classes presumably represent insertions 
in sequences not required for phenazine 
production, required for later steps in synthesis, 
or involved in production of PCA or possible 
earlier intermediates, respectively. 

Most of the insertions in the latter two classes 
mapped within the 9.2 kb EcoRI fragment and 

adjacent to the EcoRI site located near the 
center of pLSP259. To further characterize this 
region, the 11.2 kb and the 9.2 kb 

fragments were ligated separately into the vector 
pBR325 and transformed into E. coli. The EcoRI 
site in this plasmid is situated just distal to the 
promoter for the chloramphenicol 
acetyltransferase gene. Surprisingly, when the 
9.2 kb fragment was cloned into this site such 
that the end originating from near the center of 
pLSP259 was downstream of the 
chloramphenicol promoter, the resulting 
transformants were orange and released orange
pigmented substances into the medium. In the 
reverse orientation, only white transformants 
were observed, suggesting that the cloned 
sequences were responsible for pigmentation 
and that their expression was dependent on the 
chloramphenicol promoter. 

Additional evidence for vector-dependent 
expre~sion was obtained by introducing the 9.2 
kb fragment downstream of the lac promoter in 
the plasmid pUC18. Pigment was produced in 
E. coli only when the fragment was oriented in 
the same direction that supported expression of 
the cloned genes in pBR325, and 
chromatographic and spectral analyses 
confirmed that both of the hydroxyphenazine 
compounds, as well as PCA, were present in 
culture extracts. These studies established the 
transcriptional orientation of the cloned fragment 
and made it possible to more precisely define the 
region of interest by deleting successively larger 
segments of DNA from the 3' end. In this way 
sequences essential to production of PCA were 
localized physically within a region of about 4.2 
kb, with an additional 1.2 kb required for 
synthesis of the hydroxyphenazine compounds. 

EXPRESSION OF ANTIBIOTIC GENES 
IN VITRO AND IN SITU 

If one objective in studying mechanisms in this 
system is ultimately to improve the performance 
of phenazine-producing strains as biocontrol 
agents, then it is necessary to know more about 
the environmental factors that limit phenazine 
synthesis, especially in natural ecosystems. 
Although it would have been technically possible 
to measure antibiotic production directly, as we 
did when we isolated PCA from the rhizosphere 
of wheat (see above), the direct method was too 
tedious, time-consuming and costly to be feasible 
for analyzing gene expression as a function of 
environmental variables. Instead, because 

phenazine biosynthetic genes from strain 30-84 
already had been identified and cloned, it was 
more reasonable to monitor their expression 
indirectly, after first generating fusions to a 
reporter gene with a readily assayed activity. 
Loper (16) has pointed out the merit of reporter 
gene systems in bridging the gap between 
laboratory and field studies, and the work of 
Gutterson, Howie and colleagues (9,11,12) 
involving fusions to biosynthetic genes for the 
antibiotic oomycin A stands as an elegant 
example of the value of this molecular approach 
in analyzing gene expression in situ. 
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A translational fusion therefore was constructed 
in which the E. coli structural gene lacZ, 
encoding -galactosidase, was joined to the 
cloned phenazine biosynthetic locus within the 
region required for PCA production. 

The fusion construction then was introduced into 
strain 30-84 and recombined into the genome 

· such that expression of the reporter gene was 
under transcriptional control of the PCA gene 
promoter. Cultures of strain 30-84 harboring a 

genomic copy of the fusion construction were 
unpigmented due to insertional inactivation of the 
PCA locus by the /acZ gene. However, such 
cultures expressed -galactosidase activity in a 
manner that both temporally and spatially 
paralleled phenazine production in wildtype 
cultures. We have recently begun using the /acZ 
fusion to evaluate the effect of nutritional factors 
on phenazine gene expression in vitro, and soon 
will initiate studies to examine gene expression in 
the rhizosphere. 

FUTURE DIRECTIONS; ENHANCEMENT OF 
BIOCONTROL ACTIVITY----------

Knowing the mechanisms involved in a particular 
biocontrol system is only the first step towards 
developing a rational strategy to improve the 
efficacy of that system. Baker (2) has suggested 
that when mechanisms are known, management 
of the environment by use of chelators, residues, 
soil reaction, or other manipulations might 
enhance the activity of microbial antagonists. 
This approach to performance improvement is 
attractive because it has immediate applicability 
and avoids controversial issues relating to the 
field release of genetically altered strains. To 
better understand the impact of the soil 
environment on disease suppression mediated 
by phenazine producers, B. H. Ownley has 
evaluated the suppressiveness of strain 2-79 or 
its Phz+ and Phz· derivatives in ten different soils 
with defined physical and chemical properties 
(17a). 

Regression models based on these studies 
indicated that suppression by phenazine 
producers was positively correlated with sulfate
sulfur, % sand, pH, sodium zinc and ammonium 
nitrogen, and negatively correlated with cation 
exchange capacity, exchangeable acidity, 
manganese, iron % silt, % clay, % organic matter 
and total carbon. These results undoubtedly will 
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be useful in predicting ways to modify the 
environment to improve the overall performance 
of this biocontrol system. Further, by 
incorporating strains marked with reporter genes 
(such as the 30-84 derivative described above) 
into future studies, it should be possible to 
assess environmental effects not only on the 
system as a whole, but also on the biosynthetic 
pathway in particular. 

In the longer term, traditional and molecular 
techniques are available to manipulate structural 
and regulatory genes within the phenazine 
pathway to alter the timing, amount, or kinds of 
antibiotics produced, and to evaluate the effects 
of such changes on efficacy and rhizosphere 
competence. Phenazine biosynthetic genes 
might also be introduced and expressed in 
nonproducer biocontrol agents with other 
desirable attributes, although to be fully 
successful, this approach probably will require 
additional knowledge of the physiological and 
genetic basis of phenazine resistance. It 
therefore seems likely that further progress 
towards the application of this biocontrol system 
will continue to depend on an integrated research 
strategy centered largely on the mechanisms 
involved in disease suppression. 
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