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m Abstract Agricultural soils suppressive to soilborne plant pathogens occur world-
wide, and for several of these soils the biological basis of suppressiveness has been
described. Two classical types of suppressiveness are known. General suppression
owes its activity to the total microbial biomass in soil and is not transferable be-
tween soils. Specific suppression owes its activity to the effects of individual or select
groups of microorganisms and is transferable. The microbial basis of specific suppres-
sion to four diseases, Fusarium wilts, potato scab, apple replant disease, and take-all,
is discussed. One of the best-described examples occurs in take-all decline soils. In
Washington State, take-all decline results from the buildup of fluoreBsenidomonas

spp. that produce the antifungal metabolite 2,4-diacetylphloroglucinol. Producers of
this metabolite may have a broader role in disease-suppressive soils worldwide. By
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coupling molecular technologies with traditional approaches used in plant pathology
and microbiology, it is possible to dissect the microbial composition and complex
interactions in suppressive soils.

INTRODUCTION

Soilborne plant pathogens causing root and crown rots, wilts, and damping-off
are major yield-limiting factors in the production of food, fiber, and ornamental
crops. Most soilborne pathogens are difficult to control by conventional strategies
such as the use of resistant host cultivars and synthetic fungicides. The lack of
reliable chemical controls, the occurrence of fungicide resistance in pathogens,
and the breakdown or circumvention of host resistance by pathogen populations
are among the key factors underlying efforts to develop other control measures.
The search for alternative strategies also has been stimulated by public concerns
about the adverse effects of soil fumigants such as methyl bromide on the envi-
ronment and human health. Cook et al. (38) postulated that many plant species
have developed a defense strategy against soilborne pathogens that involves the
selective stimulation and support of populations of antagonistic rhizosphere mi-
croorganisms. Over the past century, evidence has accumulated that such plant-
associated microorganisms account for many examples in which susceptible plants
remain almost free of infection despite ample exposure to virulent inoculum of
soilborne pathogens. Natural disease-suppressive soils probably are the best ex-
amples in which the indigenous microflora effectively protect plants against soil-
borne pathogens. Suppressive soils initially become apparent because the inci-
dence or severity of disease is lower than expected for the prevailing environment
or as compared to that in surrounding soil (36). Suppressive soils have been de-
scribed for many soilborne pathogens (36), includBaeumannomyces graminis
var.tritici (69, 79, 168, 184F-usarium oxysporur(®, 6, 173) Aphanomyces eute-
iches(151),Heterodera avenags7, 86),H. schachtii(44, 226) Meloidogynespp.

(219), Criconemella xenoplax91), Thielaviopsis basicold205), Phytophthora
cinnamom({92),Phytophthorainfestar(d 4),Pythium splenden(®3),Pythium ul-
timum(121),Rhizoctonia solan(119, 164, 230)Streptomyces scabiékl5, 137),
Plasmodiophora brassicafl40), andRalstonia solanacearurfl83). Suppres-
siveness due strictly to soil physical or chemical factors is not discussed here.

The Glossary of Plant-Pathological Tern{486) defines suppressive soils as
“soils in which certain diseases are suppressed due to the presence in the soil of
microorganisms antagonistic to the pathogen or pathogens.” We prefer Baker &
Cook’s (20) earlier definition: “soils in which the pathogen does not establish or
persist, establishes but causes little or no damage, or establishes and causes dis-
ease for a while but thereafter the disease is less important, although the pathogen
may persist in the soil.” In contrast, conducive (nonsuppressive) soils are soils in
which disease readily occurs. The terms disease-suppressive soil and pathogen-
suppressive soil often are used interchangeably. However, some consider pathogen
suppression as the suppression of saprophytic growth or survival of the pathogen in
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the soil, and disease suppression as the suppression of the pathogen growing para-
sitically (189). Numerous review articles (2, 4, 32, 49, 78, 105, 189, 228) and book
chapters (3,8, 20, 36,77,79,168,177) devoted to the topic of suppressive soils
have described and catalogued the types of suppressiveness and the hypothesizec
mechanisms of suppression.

In this review, we focus on recent progress toward unraveling the microbial basis
of suppressive soils. Because it is impossible to review all the literature relevant
to this topic, we highlight four examples—specific suppression of Fusarium wilts,
potato scab, apple replant disease, and take-all of wheat, with special emphasis
on the molecular basis of take-all decline. We also discuss molecular approaches
to dissect and identify microbial communities and the complex interactions that
occur in suppressive soils.

CHARACTERISTICS OF SUPPRESSIVE SOILS

The widespread but limited ability of soils to suppress the growth or activity of
soilborne pathogens has been referred to as “general suppression” (36, 69), “gen-
eral” or “nonspecific antagonism” (78, 168), or “biological buffering” (81). Gen-
eral suppression is related to the total microbial biomass in soil, which competes
with the pathogen for resources or causes inhibition through more direct forms
of antagonism. General suppression often is enhanced by the addition of organic
matter, certain agronomic practices, or the buildup of soil fertility (168), all of
which can increase soil microbial activity. No one microorganism is responsible
for general suppression (2, 36) and the suppressiveness is not transferable between
soils (37, 168). When inoculum of a pathogen is added to pairs of raw and sterilized
soil samples, the effect of general suppression is apparent by the greater severity
of disease on a host grown in the sterilized as compared to the raw soil. “Specific
suppression” (2, 36, 37, 69) is superimposed over the background of general sup-
pression and is due, at least in part, to the effects of individual or select groups of
microorganisms during some stage in the life cycle of a pathogen. Transferability
is the key characteristic of specific suppression (12, 37, 69, 137, 173, 185, 190,
205, 223, 227, 230) and the term “transferable suppression” has been used synony-
mously with specific suppression. Suppressive soils undoubtedly owe their activity
to a combination of general and specific suppression. The two function as a contin-
uum in the soil, although they may be affected differently by edaphic, climatic, and
agronomic conditions (168). Suppressive soils also have been differentiated ac-
cording to their longevity. Hornby (78, 79) divided suppressive soils into the cate-
gories of “long-standing suppression” and “induced suppression.” Long-standing
suppression is a biological condition naturally associated with the solil, its origin is
not known and it appears to survive in the absence of plants. In contrast, induced
suppressiveness is initiated and sustained by crop monoculture or by the addition
of inoculum of the target pathogen.

Most suppressive soils maintain their activity when brought into the greenhouse
or laboratory, which facilitates assessment of their properties and mechanisms of
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TABLE 1 Overview of research strategies to elucidate the microbiological basis of
disease-suppressive soils: a comparison with current molecular strategies applied in

microbial genetics

Research strategies

Disease-suppressive soils

Microbial genetics

1. Elimination of specific microbial groups
by selective heat treatment or biocides

2. Isolation of microbial groups

3. Evaluation of the suppressiveness of microbial
groups

4. Introduction of representatives of
microbial groups into conducive soils

5. Transfer of suppressiveness to conducive soils
with 0.1-10% suppressive soil

6. Phenotypic characterization of microbial
groups that confer suppressiveness

7. Analysis of genotypic diversity among and
within functional groups

8. Elucidation of mechanism(s) by which micro-
organism(s) suppress disease

Mutational analysis (e.g., transposon
mutagenesis)

Construction of a genomic library
Identification of gene(s) of interest

Complementation of mutant strains
with genomic library

Transfer and expression of
gene(s) of interest in heterologous
strains

Sequence analysis of gene(s)

Phylogenetic analysis of
gene(s)
Functional analysis of gene(s)

suppression under more controlled and reproducible conditions. The strategy used
to determine the microbiological basis of suppressive soils and to identify the con-
tribution of specific microbial groups is summarized in Table 1. The first step is
to determine whether suppressiveness can be destroyed by pasteurization (moist
heat, 60C for 30 min) (185) or selective biocides (e.g., hovobiocin or chloropi-
crin), or whether harsher treatments (e.g., steam, methyl bromide, autoclaving,
or gamma radiation) are required (83,91, 166, 183,219, 230). Both general and
specific suppression are eliminated by autoclaving and gamma radiation. General
suppression is reduced but not eliminated by soil fumigation, and usually survives
70°C moist heat (37). In many examples of specific suppression, suppressiveness
was eliminated by pasteurization (2, 37,160, 173,185, 205, 227, 230); however,
this characteristic is not a prerequisite for specific suppression. For example, the
suppressiveness of a root-knot nematode—suppressive soil in Florida, which appar-
ently resulted from the spore-forming bacteriBasteuria penetran@19), would

not be eliminated by pasteurization. A second step, which allows confirmation of
the biological basis of suppression, involves transfer of suppressiveness to a raw
conducive, fumigated, or sterilized soil by addition of 0.1% to 10% or less (w/w) of
the suppressive soil. The impact of soil edaphic factors on disease development in
soil transfer studies is minimized when suppressive and conducive soils are diluted
into a common background soil, allowing a direct comparison of the introduced
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microbiological components. The research strategies used historically to elucidate
the microbiological basis of suppressive soils are in some ways analogous to those
currently applied to studies of microbial gene function (Table 1) even though the
two areas of research are completely different.

EXAMPLES OF SUPPRESSIVE SOILS

Fusarium Wilt—Suppressive Soils

Fusarium wilts are caused by pathogeRioxysporuma soilborne fungus found
worldwide. Wilts cause significant yield losses in numerous crops, and fungicides
and host resistance often do not give adequate and sustainable control. Natural
suppressiveness of soils to Fusarium wilt was first recognized in the nineteenth
century by Atkinson (18) and was later described for other soils around the globe
(2,51,76,150,173,198, 200, 213). Wilt—suppressive soils limit the incidence or
severity of wilts of many plant species (3, 36). The suppressiveness is specific to
Fusarium wilts and not effective against diseases caused by nonvdaeseaium
species includindg~ roseumandF. solanj or other soilborne pathogens (2, 49).
Long-standing suppression operates in most Fusarium wilt—suppressive soils, al-
though there are a few examples of induced suppression. For example, suppressive-
ness td~. oxysporuni. sp.melonis(200) andr. oxysporuni. sp.niveum(76, 100)

was induced following continuous cropping of melon and watermelon, respec-
tively. Interestingly, the induction of suppressiveness in these cases was associated
with continuous cropping of partially resistant cultivars, whereas induction of sup-
pressiveness against other soilborne pathogens normally involves monoculture of
susceptible cultivars (228).

The microbiological nature of Fusarium wilt-suppressiveness was demonstrated
by the strategies described previously (Table 1). Suppressiveness was eliminated
upon treatment with moist heat, methyl bromide, or gamma radiation (2, 7, 173),
and was transferred by mixing small amounts of suppressive soil into a heat-
treated conducive soil (2, 173). Among the bacterial and fungal genera proposed
to contribute to Fusarium wilt—suppressivenessAlmaligenessp. (236),Bacil-
lus, Trichoderma(193), Pseudomonaspp. (89, 105, 174), Actinomycetes (10),
and nonpathogenik. oxysporum(2, 5, 98,99, 101, 167). Although introduction
of representative strains of each of these genera increased the level of soil sup-
pressiveness in most cases, the introduction of large populations is unlikely to
reproduce the microbial community structure and interactions that occur naturally
in suppressive soils. The introduction of microorganisms isolated from suppres-
sive soils into conducive soils, therefore, does not necessarily provide conclusive
information about their contribution to soil suppressiveness.

The extensive studies of Fusarium wilt—suppressive soils from Chateaurenard
(France) and the Salinas Valley in California (USA), however, have provided sub-
stantial insight into specific microorganisms and mechanisms involved in suppres-
sion. In these soils, natural suppressiveness is associated with a reduction in the
saprophytic growth and inhibition of chlamydospore germination of pathogenic
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F. oxysporum(41, 62,105,173,199). This suppressiveness has been attributed
mainly to the activity of nonpathogericoxysporunand fluoresce®seudomonas

spp., and for both microbial groups, similar mechanisms including competition and
induced systemic resistance were shown to be active (3, 55, 56, 89, 104, 106, 107,
174). Particularly interesting from the work of Lemanceau and co-workers is the
intimate and complementary association between these two groups of microor-
ganisms, which in combination, provided enhanced disease suppression mediated
by competition for iron via siderophores produced by the pseudomonads and for
carbon by nonpathogenle oxysporunstrain Fo47 (106, 107). Work by Duijff

et al. (56), using a GUS-marked strain of pathogénmxysporuni. sp.lini and a
pvd-inaZ-marked derivativef P. putidaWCS358, supported and extended earlier
observations that suppression by the nonpathogamariumstrain is related to
reductions in both population density and metabolic activity of the pathogen on the
root surface, and that competition for iron contributes to the suppressiBaday
domonasand enhances the biological activity of the nonpathogEnixysporum
strain.

In contrast to the suppressiveness of the Chateurenard and Salinas Valley soils,
the monoculture-induced suppressiveness to Fusarium wilt of watermelon (101)
does not result in a reduction in saprophytic growth of the pathogen nor in inhibi-
tion of chlamydospore germination. Among a large collection of bacteria, fungi,
and actinomycetes isolated from this suppressive soil, only nonpathdgemis-
porumisolates consistently suppressed the disease in both microwave-treated and
natural soil. Induced systemic resistance was the primary mode of action for sev-
eral of these isolates (99, 101), but it is not yet clear if the mechanism is similar to
that described (115) for induced systemic resistance by rhizobacteria.

Early work by Alabouvette and co-workers (6) and later work by Larkin &
Fravel (98, 99) clearly indicated that strains of nonpathogenigysporundiffer
considerably in their efficacy against Fusarium wilt. For example, strain Fo20 was
the least effective of eight strains tested, whereas Fo47 proved to be the most
effective in controlling Fusarium wilt (6). Furthermore, Larkin & Fravel (98, 99)
showed that nonpathogenic strains differed not only in their efficacy, but also
in the mechanism(s) and dose required to suppress disease. For example, strain
CS-20 required doses as low as 100 chlamydospores per gram of soil to reduce
disease incidence significantly, whereas strain Fo47 was effective only at doses
of 10* to 10° chlamydospores per gram of soil. These studies clearly illustrate the
need for knowledge of the diversity within a group of antagonistic microorganisms
when studying disease-suppressive soils. Steinberg et al. (202), Abadie et al. (1),
and Edel et al. (60, 61) reported considerable phenotypic and genotypic diversity
within populations of nonpathogenie oxysporumThe degree of intraspecific
diversity varied widely among isolates from different French soils, but not as
much among isolates from the same soils collected over time (61). Edel et al.
(61) observed similarities between populations of nonpathodersxysporum
from two fields in the Chateaurenard region that were several kilometers apart.
Interestingly, Fo47 and several other isolates originally isolated over 20 years ago
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were recently detected again in the Chateaurenard soil (61). Collectively, these
studies suggest that the composition of nonpathoderigysporunpopulations
remained relatively stable over a considerable period of time, consistent with the
long-standing nature (78) of the suppressiveness of these soils.

Potato Scab Decline

Common scab is an important disease of potato caus&trbptomyces scabies

and othelStreptomycespecies (93, 118). Pathogenic strains produce thaxtomins,
phytotoxins that induce symptoms of scab when applied to tubers in the absence
of the pathogen (103). Production of thaxtomin A, the major phytotoxin produced
by S. scabiesis positively related to the ability to cause disease (88), and the
amount produced by a strain in vitro is correlated with its aggressiveness in vivo
(88). Thaxtomin nonproducers are nonpathogenic (117).

In the 1950s, Menzies (137) observed that potatoes grown in “old” irrigated
fields in central Washington that had undergone many years of potato production
were almost scab free. In contrast, potatoes grown in “new” fields that had been
brought into production only in the previous 15 years suffered from scab. Where
monoculture potato production was attempted, scab occurred uniformly on pota-
toes from new fields but did not appear on potatoes grown in the old fields. Menzies
(137) put nine virgin soils and three old cultivated soils in bottomless containers
in the field and plante®. scabiesinfected seed pieces. An equivalent amount of
scab developed in all of the soils in the first year. However, in each of four subse-
guent years when healthy seed-pieces were planted, scab increased to a high level
in the virgin soils, but was suppressed in the old-field soils. Suppressiveness was
eliminated by steaming the soil and transfered into scab-conducive soil by mixing
10% suppressive soil or 1% suppressive soil plus alfalfa meal with conducive soil.

Scab has declined with potato monoculture in other potato growing regions
(115, 220). For example, a plot for screening scab-resistant germplasm at Grand
Rapids, MN, was maintained in potato monoculture from 1943 to 1971, and in
1965 scab decline was first observed. Susceptible cultivars grown in the plot from
1985 to 1987 failed to develop scab (115), and addition of the Grand Rapids soil to
a conducive plot at Becker, MN, transferred suppressiveness (29). A diverse col-
lection of Streptomyceisolates from scab-free potatoes grown in the suppressive
soil produced antibiotics inhibitory t8. scabiesn vitro (59,112, 116), and the
pathogenic strains were much less inhibitory than the suppressive strains against
other isolates, whether pathogenic or not (112). DNA fingerprinting by repetitive
DNA sequence analysis (rep-PCR) did not distinguish between pathogenic and
suppressive strains (170); cellular fatty acid analysis was more useful, but also did
not distinguish perfectly between pathogens and nonpathogens (29, 88, 143).

Suppressive strains introduced into scab-infested soil reduced the severity of
scab (29,111,112,169). Liu et al. (111) added inocula of suppressive strain,
S. diastatochromogenePonSSIl (nonpathogenic) d8. scabiesPonR (weak
pathogen) at 1%, 5%, and 10% (v/v) to a conducive soil naturally infested with
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the pathogen. The soil mixes and appropriate controls were placed in pots buried
in the field (137), and potatoes were grown for four continuous years. Both strains
were isolated from the protected tubers each year, and both were equally effective
at all three inoculum doses by the fourth year. The average disease reduction over
all inoculum doses and all four years was 73% for PonSSIl and 64% for PonR.
In another study (29), PonSSIl and PonR were introduced in-furrow and potatoes
were grown for two years. PonSSlIl and PonR reduced pathogen populations at
harvest by 93% and 85%, respectively, in the first year and 36% and 44%, respec-
tively, in the second year. Scab lesions on tubers were reduced in both years. These
two studies are especially notable because, as is the case with the transfer of a sup-
pressive soil, the suppressive strains were introduced only once at the beginning
of the experiment in order to initiate suppression in subsequent years. Liu et al.
(112) showed that suppressive strains with more vigorous growth and antibiotic
production provided better scab control than strains with less aggressive growth
and antibiotic production. However, more recent studies indicate that suppressive
strains function through a combination of resource competition and production of
inhibitory compounds (144, 178). The picture emerging from these studies is that
suppressivéstreptomycestrains play an important role in scab decline, but the
contribution of other microorganisms needs further study.

In general Streptomycespp. have received less attention than other microor-
ganisms as agents of specific suppressiveness. Expanded stusieptdmyces
spp. in suppressive soils is warranted given their abundance in sail, ability to pro-
duce broad-spectrum antibiotics, and well-documented biocontrol abiftiesp-
tomycesspp. appear to have a major role in the disease suppressiveness of light-
colored Sphagnunpeat that commonly has been used as a growth medium in
glasshouse cultivation in Finland (207). The biofungicide MYCOST®&mased
on a strain ofStreptomyces griseoviridisolated from this peat (94).

Induction of Suppressiveness to Apple Replant Disease

The poor growth of apple trees that occurs after replanting on a site previously
cropped to apples is known as replant disease. Symptoms include stunting, short-
ened internodes, rosetted leaves, and stunted and decayed or discolored roots (127).
In Washington State, the dominant cause of replant disease is a complex of fungi
includingCylindrocarpon destructan®hytophthora cactorun®ythiumspp., and
Rhizoctonia solanil27). Disease control depends largely on treatment of preplant
soils with broad-spectrum pesticides such as methyl bromide that are being phased
out of agricultural production.

Soils that have not undergone apple cultivation are suppressive to replant dis-
ease. However, in contrast to take-all and potato scab-suppressive soils that are
induced by monoculture, orchard soils become progressively more conducive to
replantdisease the longerthe orchard isin production. Mazzola (128) demonstrated
this phenomenon by introducing inoculummifiizoctonia solarhG-5 (a member
of the replant pathogen complex) (126) into soils collected from orchard blocks
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in their first to fifth years of growth, and from nearby noncultivated areas. Apple
seedling growth was significantly reduced in soils from the third-, fourth-, and
fifth-year blocks as compared to growth in noncultivated soil or in soil from first-
and second-year blocks. Concomitant with diminished soil suppressiveness was
an increase in the populations of decline pathogens isolated from seedling roots
and a decrease in populationsBifrkholderia cepaciandPseudomonas putida

B. cepaciaproduces multiple antibiotics and has biocontrol activity against soil-
borne pathogens includirig solaniandPythiumspp. (149). Isolates ¢. putida

from these soils also were highly antagonistidPygthiumand Rhizoctoniaspp.

(73, 129), but as their populations declined in the orchard soil, isolatBs sy
ringaeandP. fluorescenbiovar C (notinhibitory to the replant pathogens), became
dominant. Introduction of strain 2C8, typicalldfputidaisolates from the apple rhi-
zosphere, enhanced the growth of apple seedlings in replant soil (73, 129). Mazzola
& Gu (131, 132) then showed that cultivation of old orchard soils in the greenhouse
with three cycles of wheat prior to planting apple seedlings induced suppressive-
ness, resulting in increased seedling growth, increased rhizosphere populations of
P. putida, and decreased populations of the replant pathogenP .dhebrescens
biovar C. These findings suggest that changes in fluorescent pseudomonad com-
munity structure play a role in suppression of replant disease (132). Interest-
ingly, although the wheat cultivars Penewawa, Eltan, and Rely all enhanced apple
seedling growth, Penewawa induced larger populationB. gfutida and better
apple seedling growth than did Eltan or Rely. These results suggest a cultivar x
Pseudomonamteraction possibly related to differences in root exudates among
the cultivars resulting in differences in growth of the antagonistic strains in the
rhizosphere (132). Of particular interest now is whether specific genotypes or
mixtures of subspecies & cepaciaandP. putidacontribute to suppressiveness.

Take-All Decline

Take-all, caused by the fung@aeumannomyces graminiar. tritici, is an im-
portant root disease of wheat worldwide. Wheat is particularly susceptible to the
take-all fungus, and other Gramineae such as barley, rye, and triticale also can
be infected (17). Breeding for resistance has been unsuccessful and methods of
chemical control are limited. Take-all can be controlled by a combination of crop
rotation and tillage, practices that reduce the inoculum potential of the pathogen,
but the current trend in cereal production is toward less tillage and two or three
consecutive wheat crops before a brgakg. var.tritici is vulnerable to a number
of types of soil suppressiveness (79, 189), which have been reviewed extensively
over the past two decades and categorized on the basis of the requirements for
the presence of the host, the pathogen, and/or severe disease in order to develop
suppressiveness (78, 79, 168).

Take-all decline (TAD), the most thoroughly studied of the various types of
take-all suppressiveness, requires three components: monoculture of a susceptible
host,G. g var.tritici, and at least one severe outbreak of take-all. TAD is defined
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as the spontaneous decrease in the incidence and severity of take-all that oc-
curs with monoculture of wheat or other susceptible host crops after one or more
severe outbreaks of the disease (39, 77, 79, 184). TAD was first reported over
65 years ago, (71), is considered to be a field phenomenon, and occurs globally
(69, 79,184,185, 189, 194, 217). The similarity with which TAD occurs is remark-
able in view of the broad range of soil types, climates and agronomic conditions
under which wheat is cultivated throughout the world. Field studies show clearly
that the development of TAD follows a consistent pattern everywhere; factors such
as soil type and previous cropping history seem only to modulate the extent and
speed of its development (184). The number of crops of wheat or barley required
before the onset of TAD typically is about four to six, but this can vary consider-
ably depending on the location of the field, soil type, and environmental conditions
(184). Suppressiveness can be reduced or eliminated by breaking monoculture with
a nonhost crop (34, 184), but a field with a long history of TAD can regain sup-
pressiveness once wheat or barley is again grown. Gerlagh (69) and Zagp& J”
(237) induced suppressiveness by repeatedly adding myceli@Gngpivar. tritici

to soil. Whether this and other types of take-all suppressiveness (78, 79, 168) that
develop without all of the classical components of TAD share a common microbial
basis with TAD remains unknown.

The specific suppression associated with TAD is eliminated by treating the soil
with moist heat (pasteurization, 8D for 30 min), methyl bromide, or chloropi-
crin; it operates in cooler soils (10 to 25C) than does general suppression, and
it is transferable by adding 1% to 10% TAD soil to raw conducive, fumigated, or
pasteurized soil (12, 37,69, 79, 160, 190), or from one field to another (185). Most
of the mechanisms reported to be responsible for TAD involve microbiological
changes in the bulk soil, the rhizosphere soil, and/or the rhizoplane, resulting in
antagonism of the pathogen. Several lines of evidence support the widely held
opinion that different microbial antagonists and mechanisms are responsible for
TAD worldwide. First, TAD develops in multiple agroecosystems. Second, the
time needed for TAD to develop differs among fields and crops grown in mono-
culture (79, 184). Third, the site of suppression (i.e., bulk soil, rhizosphere, root
surface) and the stage in the life cycle®f g. var. tritici when suppression is
thought to occur (i.e., parasitic, saprophytic, or both) appear to differ among TAD
soils (40, 190, 229). Fourth, microorganisms with biocontrol ability from TAD
soils represent many different taxonomic groups (11, 79, 87,187, 223). Fifth, the
take-all fungus is sensitive to a variety of forms of antagonism including destruc-
tion of hyphae by amoebae (75); cross protectioiGbgraminisvar. graminisor
Phialophora graminicold48, 232, 238); hyphal lysis by a sterile red fungus (50);
and antibiosis by actinomycetes (1Ijichodermaspp. (54, 58, 187Bacillusspp.

(87), andPseudomonaspp. (24, 161, 194, 221, 223). Of the many microorganisms

implicated in TAD, however, several exhibit biological properties not consistent
with a role in suppressiveness (35). For example, the sensitivity of TAD to pas-
teurization rules out the involvement of heat-resistant bacteriaBadallus spp.

and probably also many actinomycetes (36).
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FLUORESCENT PSEUDOMONADS AntagonisticPseudomonaspp. have been im-
plicated in TAD throughout the world (37, 160,172,194, 221, 223) and have char-
acteristics consistent with their involvement in suppressiveness. They are well
adapted to the rhizosphere environment; they utilize many organic substrates, they
synthesize a variety of antifungal metabolites inhibitorystog. var. tritici, their
populations increase dramatically on roots with take-all lesions, and they are elim-
inated by soil pasteurization (39). Efforts of Weller and co-workers to understand
the role of pseudomonads in TAD have focused on TAD soils from three irrigated
fields near the cities of Lind, Quincy, and Moses Lake, and a nonirrigated field
near Pullman, Washington, USA. They have been compared to conducive virgin
(covered by native vegetation) and nonsuppressive agricultural soils collected from
sites near the TAD fields. Transferability of the suppressive factor in these TAD
soils has been demonstrated in field and greenhouse studies over the past 30 years
(36,37, 160, 185, 223).

FluorescenPseudomonaspp. from the rhizosphere of wheat grown in Quincy
and Moses Lake TAD soils were compared to pseudomonads from roots of wheat
grown in conducive soils from Lind and Mt. Vernon. Each soil was diluted with
fumigated Lind virgin soil and then amended with take-all inoculum. In the second
cropping of wheat, take-all was suppressed in mixes with TAD but not conducive
soils. Roots from all soil mixes had equivalent population densities of cultur-
able aerobic bacteria, but population densities of fluoredesatidomonaspp.
inhibitory to G. g var. tritici in vitro were significantly greater on roots from
mixes with Quincy and Moses Lake TAD soils than on roots from conducive soil
mixes (36, 223). Furthermore, when applied as wheat seed treatments, fluorescent
pseudomonads from the TAD soils provided significantly better protection against
take-all than pseudomonads from conducive soils (223, 225). These findings sup-
ported those of Smiley (194), whose earlier work in Australia showed that the
proportion of the population d?Pseudomonaspp. inhibitory toG. g var. tritici
was greater from roots grown in a TAD soil near Horsham, Victoria, (over 50
years of wheat) than in a conducive soil. Furthermore, the severity of take-all in
wheat grown in the TAD soil was inversely correlated with an antagonism rating
for pseudomonads (194). Antagonistic fluorescent pseudomonads also were im-
plicated in the decline of take-all patch of turfgrass cause@ by var.avenaea
sister phenomenon of TAD (171).

2,4-DIACETYLPHLOROGLUCINOL: A MECHANISM OF TAD Gerlagh (69) concluded
from his elegant studies of TAD in Dutch polders that specific suppression “is gov-
erned by antibiotics from soil-microorganisms.” The findings that some of the most
effectivePseudomonakiocontrol strains isolated from TAD soils produce either
2,4-diacetylphloroglucinol (2,4-DAPG) (74,153, 216) or phenazine-1-carboxylic
acid (PCA) (210,222), that the antibiotics are synthesized in the rhizosphere
(26, 211), and that they are responsible for the biocontrol activity of the strains
producing them (130, 155, 210, 216, 221), prompted the hypothesis that the en-
richment of producers of these antibiotics during wheat monoculture is a major
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contributor to suppressiveness in some TAD soils. The availability of cloned and
sequenced biosynthetic genes (22, 124) facilitated the development of specific
PCR primers and hybridization probes to detect and quantify rhizosphere pop-
ulations of fluorescenPseudomonaspp. capable of producing either PCA or
2,4-DAPG (162). For example, primers Phl2a and Phl2b were developed from
sequences withiphlID, a key gene within the 2,4-DAPG biosynthetic operon
(22), and amplify a 745-bp fragment from DNA of 2,4-DAPG-producipglD™)
Pseudomonastrains (162, 163). McSpadden Gardener et al. (134) subsequently
developed a more rapid PCR-based method that allows for the isolation and quan-
tification of the most abundaphID™ populations in environmental samples as well

as their genotypic characterization. To date, the detection of biosynthetic genes
for 2,4-DAPG or PCA in isolates of fluorescePgeudomonaspp. has correlated

with their ability to produce the respective antibiotics.

To initially test the hypothesis that PCA or 2,4-DAPG producers are enriched
in TAD soils, their frequencies were determined in bacterial populations recov-
ered from roots of wheat grown in three TAD soils (Quincy, Moses Lake, and
Lind), and four conducive soils (Quincy virgin, Moses Lake virgin, Lind virgin,
and Mt. Vernon agricultural). PCA-producers were not detected on any of the
roots, (162) whereas several lines of evidence indicated that 2,4-DAPG-producing
(phID*) fluorescentPseudomonaspp. have a key role in this suppressiveness.
First, phID" isolates were present on roots of wheat grown in the TAD soils
at population densities (510° to 2x 10° CFU g root) above the threshold
(10°CFU groot) (160) required for take-all control, but were below the threshold
or not detected on roots from conducive soils (162). Second, successive cultivation
of wheat in Quincy TAD and Quincy virgin soils demonstrated a strong inverse
association between high population densities of indigenous 2,4-DAPG produc-
ers and severity of take-all (160). Third, the specific suppression in Quincy TAD
soil was lost wherphID* isolates were eliminated by soil pasteurization (160).
Fourth, the addition of Quincy TAD soil to steamed Lind virgin (Figure 1) or raw
Pullman conducive soil resulted in the establishment of population densities of
2,4-DAPG producers above the threshold required for disease control, and trans-
fer of suppressiveness to the conducive soils (160). Fifth, cultivation of oats, a crop
known to eliminate suppressiveness to take-all, decreased the population densities
of phID* fluorescentPseudomonaspp. to levels below the threshold required
for take-all control. Sixth, introduction of the 2,4-DAPG-producing stRifiuo-
rescen¥8r1-96 (from Quincy TAD soil) into steamed or raw conducive soils at
low doses controlled take-all to a level similar to that of the complementary TAD
soils (160). Finally, 2,4-DAPG was detected on roots of wheat grown in Quincy
TAD soil at an average concentration of 19 nd goot fresh weight, but was not
detected on roots grown in Quincy virgin soil (159).

Complementary to these results were findings ftdD™ fluorescentPseu-
domonasspp. were present on roots of mature wheat collected from Pullman
and Almota TAD fields at densities above the threshold required for take-all
control, but were absent from roots collected from a conducive field (no-till
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Figure 1 Transfer of suppressiveness from Quincy TAD and Quincy virgin soils into
steamed Lind virgin soil (2 h, 9&). Quincy TAD and virgin soils were collected in
1995 and cultivated to wheat for 8 successive cycles of 4 weeks each in the greenhouse.
Wheat seeds were sown in Lind virgin sofl)( Lind virgin soil mixed with Quincy

TAD soil (9:1 ratio, w/w) @), and Lind virgin soil mixed with Quincy virgin soil

(9:1 ratio, w/w) C). All soils were amended with 0.5% (w/w) of an oat grain inoculum

of the take-all pathogen. Plants were grown for 4 weeks under controlled conditions.
Roots of wheat grown in the soil mix with Quincy TAD soB) had a population
density of 2,4-DAPG producers ofs610° CFU g* of root and a disease rating of

1.3 (0-8 scale); in contrast, 2,4-DAPG producers were not detected on roots from
Lind virgin soil (A) or Lind virgin soil mixed with Quincy virgin soil €), and the

root disease ratings were 4.2 and 3.0, respectively. Disease ratings were significantly
different among all treatments (160).
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Figure 2 Hypothetical model of the role of 2,4-DAPG-producing fluoresdeseu-
domonaspp. in take-all decline: During monoculture of a take-all susceptible host and
after one or more severe outbreaks of takeslifl line), populations of 2,4-DAPG
producers dashed ling are enriched and increase to densities above the threshold
density (18 CFU g root) required to control take-all.

pea-chemical fallow-wheat rotation) located near the Pullman TAD field (160).
Collectively, these results provide both microbiological and biochemical evidence
that 2,4-DAPG-producing fluoresceRseudomonaspp. are key components of

the suppressiveness of TAD soils in Washington State. We postulate that these
bacteria are enriched during monoculture of a take-all susceptible host and af-
ter at least one severe outbreak of take-all (Figure 2). We think that suppres-
sion by 2,4-DAPG producers can occur during the parasitic pha& gf var.

tritici, while the fungus is growing on the root, as well as during the sapro-
phytic phase, while the fungus is in the debris and during growth to roots of the
next host.

A Broader Role for 2,4-DAPG in Disease Suppression?

These results raise questions about how frequently 2,4-DAPG producers con-
tribute to TAD worldwide, and whether they have a role in soils suppressive of
other pathogens. To begin to address these questions, 2,4-DAPG producers were
quantified in paired soil samples collected from fields in the USA and The Nether-
lands that had or had not undergone monoculture. In many but not all monoculture
wheat field soilsphlD* isolates were abundant. For example, roots from wheat
grown in the greenhouse in soils from Fargo, ND (116 continuous years of wheat),
Hallock, MN (10 years of wheat) (179), and Woensdrecht, The Netherlands (two
fields, 14 and 27 years of wheat) (J.T. de Souza, D.M. Weller & J.M. Raaijmakers,
unpublished data) supported population densitieghtb™ isolates greater than

10° CFU g root. In contrast, populations ghlD* isolates on wheat grown in
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soils from adjacent fields with no history of monoculture were near or below the
limit of detection (18 CFU g~* root) by colony hybridization. These results show
that threshold populations ghID* isolates can develop at widely separated lo-
cations where wheat is grown in monoculture, and preliminary studies (J.T. de
Souza, D.M. Weller & J.M. Raaijmakers, unpublished data) indicate that in the
two Dutch soils, they have a key role in take-all suppressiveness.

FluorescenPseudomonaspp. that produce 2,4-DAPG inhibit many different
plant pathogens (84, 122) and are enriched in other suppressive soils, especially
those with a history of monoculture. For examitefluorescenstrain CHAO sup-
presses black root of tobacco; crown and root rot of tomato; Pythium damping-
off of cucumber, wheat, and pea; and take-all of wheat (52, 84,122, 142, 182, 205).
Pseudomonasp. F113 suppresses cyst nematode and soft rot of potato and Pythium
damping-off of sugar beet and pea (42, 43, 65, 142, 181). Strains Q8r1-96 and Q2-
87 suppress take-all and Pythium root rot of wheat (153, 160; B.B. Landa, T.C.
Paulitz & D.M. Weller, unpublished). Strain CHAO was isolated from the roots of
tobacco grown in soil from afield in the Morens region near Payerne, Switzerland,
that is suppressive to black root rot of tobacco (205). During tobacco monocul-
ture for 24 years and in the presenceTtfielaviopsis basicolatobacco plants
remained free of disease in this soil (204). As with TAD, both suppressiveness and
fluorescentPseudomonaspp. were eliminated by soil pasteurization and were
transferred by adding suppressive soil to a conducive soil (205). Later it was
shown that up to 23% of 1100 rhizosphere pseudomonads from the Morens saoil
werephlD* (85). Recently, Landa et al. (95) reported that 2,4-DAPG producers
were enriched*10° CFU g* root) on pea grown in a soil that had undergone
over 30 years of pea monoculture and is suppressive ¢aysporunt. sp. pisi.
Antibiosis has not previously been suggested as a mechanism of suppressive-
ness to Fusarium wilt, but in light of these results the possibility merits further
study. 2,4-DAPG producers also appear to be common in soils from Albenga,
Italy and Ghana that are suppressive to Fusarium wilt of tomato (85, 208). Of spe-
cial interest was the occurrence @flD™ isolates £10° CFU g root) on flax
grown in a Fargo soil cropped to flax for 103 consecutive years (B.B. Landa, B.B.
McSpadden Gardener & D.M. Weller, unpublished data). Collectively, these find-
ings strongly suggest arole for 2,4-DAPG producers in a wide range of suppressive
soils, especially those associated with crop monoculture.

Genetic Diversity Among Strains of P. fluorescens
Producing 2,4-DAPG

Strains producing 2,4-DAPG exhibit considerable genetic and phenotypic diver-
sity, which has been studied in relation to biological control, root colonization,
and soil suppressiveness (85, 95, 125, 135, 161, 163, 182, 218). Phylogenetic com-
parisons based on analysis of 16S ribosomal DNA (rDNA) revealed three distinct
lineages (phylogenetic groups) among 45 andd8B™ fluorescenPseudomonas

spp. studied by Keel et al. (85) and McSpadden Gardener et al. (135), respectively.
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These were designated amplified ribosomal DNA restriction analysis (ARDRA)
groups 1, 2, and 3 by Keel et al. (85) and correspond to groups A, B, and C as
defined by McSpadden Gardener et al. (135). Picard et al. (152) identified four
ARDRA groups among 167 isolates from corn roots, 89.8% of which belonged to
ARDRA group 2. Primary sequence analysis of the othle-defined ARDRA
groups indicated that mophID™ isolates belonged to closely related species of
fluorescent pseudomonads (152).

Analyses of 16S rDNA sequences indicate that members of ARDRA group 1
differ significantly from othephlD* Pseudomonaspp. and belong to a different
lineage (163; B.B. McSpadden Gardener, unpublished data) within the genus as
defined by Anzai et al. (15). The two major lineages (ARDRA groups 1 and 2)
also are distinguished by their differential capacity to produce pyoluteorin (85), to
utilize certain carbon sources for growth (135, 218), and to deamidate the ethylene
precursor 1-aminocyclopropane-1-carboxylate (218). Significantly, both major lin-
eages appear to be globally distributed, as isolates from each have been obtained
from crop species grown in soils from different continents (85, 135, 218). ARDRA
group 1 strains have been isolated from cotton (85), tobacco (205), tomato (85),
soybean (B.B. McSpadden Gardener, unpublished), pea (95), cabbage, corn, and
soybeans (B.B. McSpadden Gardener, unpublished); ARDRA group 2 strains have
been found on wheat (153), cucumber, tomato (85), corn (152; B.B. McSpad-
den Gardener, unpublished), flax (135), pea (95), cabbage, and soybeans (B.B.
McSpadden Gardener, unpublished). Strain F113 from sugar beet grown in Ireland
(65) is the only known representative of ARDRA group 3.

An additional degree of variation among isolates has been observed by using
fine-scale genotyping based on genomic fingerprinting by random amplified poly-
morphic DNA (RAPD) (85, 125, 152, 161), rep-PCR (95, 135), phtD restric-
tion fragment length polymorphism (RFLP) analyses (125, 134, 163, 218). These
technigues have resolved at least 17 different genotypes within American and
European collections (85, 95, 125,134, 135,152, 161). Genotypic groups defined
by rep-PCR with the BOXA1R primer (BOX-PCR) correlated nearly perfectly
with those defined by RFLP analysis phID (95, 125, 134), indicating clonal
growth and a substantial degree of endemicity in geographically separated soils
(135). Other examples of subspecies diversity within soil microbial populations
have been reported (176), and their ecological and evolutionary significance is a
major focus of current research.

CHARACTERIZING THE MICROBIAL COMPONENTS
RESPONSIBLE FOR SOIL SUPPRESSIVENESS

Biocontrol of soilborne pathogens traditionally has been studied as a three-way
interaction among the pathogen, the host, and the biocontrol agent, with little at-
tention to other interspecies interactions in the rhizosphere. To fully understand
the nature of soil suppressiveness, however, the ecological context within which
the major players act also must be considered. With specific suppressiveness, one
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or a few groups of microorganisms may be responsible for biocontrol activity, but
interactions with other members of the rhizosphere community can significantly
modulate the degree of suppressiveness observed. Indeed, there are probably hun-
dreds, if not thousands, of genotypically distinct microbial species inhabiting the
rhizosphere of individual plants (13), and biotic as well as abiotic variables influ-
ence both the structure (46, 70, 102, 120, 139, 195) and activities (16, 21, 146, 233)
of rhizosphere populations including those of pathogens (25, 68, 130, 203) and
their antagonists (23, 53, 136, 148, 192). A clear understanding of the biological
factors responsible for soil suppressiveness may require broader knowledge of the
identity, relative abundance, and biological activity of the phylogenetically diverse
microbial populations that inhabit the rhizosphere.

Molecular Approaches to Characterizing
Soil Microbial Communities

Numerous methods have been developed over the past 12 years to more fully char-
acterize microbial communities in soils (147). Approaches such as those based on
carbon source utilization (138) and lipid composition (156) are useful to distin-
guish among communities differing in structure, but they provide little opportunity

to identify or monitor the abundance of specific microbial populations. In contrast,
molecular methods based on nucleic acid composition can provide information
on the relative abundance and activity of microbial populations over a range of
taxonomic levels (114). These molecular approaches can be used to monitor mi-
crobial populations that modulate or contribute directly to soil suppressiveness.
The choice of nucleic acid—based method depends in part on the question of inter-
est and the availability of useful sequence information. For example, if a specific
population is implicated in suppressiveness, a specific marker (i.e., gene probe)
can be used to enumerate populations in suppressive soils by such methods as
colony hybridization, slot-blot hybridization, or PCR, as was done for 2,4-DAPG
producers in TAD soils (96, 136, 162). Alternatively, it may be of interest to find
out how many different microbial populations are associated with soil suppressive-
ness. Such exploratory studies of microbial communities require high-throughput
procedures that detect diverse populations.

Regardless of the method chosen, thorough sampling must be conducted to
identify meaningful differences in microbial community structure. Microbial com-
munities are dynamic and vary significantly with time, space, and environmental
conditions, (28, 64, 195, 235) but the significance of these natural fluctuations re-
mains largely unknown. They may simply reflect the functional redundancy of
microbial activities across broad phylogenetic lines or they may indicate chaotic
patterns of microbial succession. In any case, they can be substantial. For instance,
when comparing bacterial community structure in the rhizospheres of healthy and
take-all-infected wheat, McSpadden Gardener & Weller (136) found that fewer
than half of the significant differences were observed under all conditions tested
(Figure 3). Only differences common to multiple, independent comparisons should
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Figure 3 The structure of bacterial communities inhabiting the rhizosphere of wheat
grown under different environmental conditioR$uorescently tagged amplified ribo-
somal DNA restriction analyses (FT-ARDRA) were used to detect changes in com-
munity structure. All plants were grown in soil from Mt. Vernon, WA. Soils contained
high (A andC) or low (B andD) inoculum densities of the take-all pathog&gaeu-
mannomyces graminiar. tritici . Plants were grown in the growth chambargndB)

or in the field C andD). The community profiles were generated frdfsp digests

of bacterial 16S sequences amplified from bacteria in rhizosphere washes. Overlaid
chromatographic traces from fouk &ndB) or six (C andD) independent replicates of

each condition are displayed in each panel. Terminal restriction fragments (TRFs) are
displayed as peaks with the size in basepairs indicated by the horizontal scale at the top
of the GeneScan results display, and the abundance of each is correlated with the peak
area given in arbitrary fluorescence units on the vertical scale. Statistically significant
differences (P< 0.05) in particular TRFs are noted by arrows. Black arrows indi-
cate ribotypes that increase in abundance in diseased rhizospheres under both growth
chamber A vs. B) and field C vs. D) conditions. Hatched arrows indicate ribotypes

that increased in abundance under both conditions shown, but not in another growth
chamber experiment performed in soil taken from the same field one year later. Gray
arrows indicate ribotypes that increased in abundance under one condition or the other,
but not both (136).
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be considered indicative of significant changes in microbial community structure
(57, 136). The number of replicates required depends on the nature of the differ-
ence observed and the nature of the question asked. If the differences are small,
or the occurrence of a particular microbial population relatively rare, over a dozen
replicates may be needed to quantify changes in the relative abundance. However,
a minimum of four to six replicates allowed identification of differences in mi-
crobial community structure in the rhizosphere of healthy and take-all infected
plants (Figure 3) (136). When specific suppression is operating, microbial popula-
tions contributing most to suppressiveness should be omnipresent and identifiable,
although, multiyear studies of suppressive soils may be needed to identify the
common and recurring components of microbial communities that contribute to
pathogen suppression.

Several approaches are now available for detailed, high-throughput analysis
of the distribution and importance of microbial antagonists and root pathogens
in suppressive soils. The first involves direct separation of PCR-amplified DNA
products based on electrophoretic mobility. Differences in primary sequence com-
position can be detected under partially denaturing conditions as in denaturing-
or temperature-gradient gel electrophoresis [DGGE and TGGE; see (141)] or
by single-strand conformation polymorphism [SSCP (180)]. Alternatively, length
polymorphisms can be assayed directly, asin amplified ribosomal intergenic spacer
analysis [ARISA (66)] or by digesting amplified products with selected restriction
enzymes and then characterizing the resulting fragment length polymorphisms
(RFLPs). Differences in community structure can be detected by analyzing com-
plete mixtures of restriction fragments (157, 195), but it usually is advantageous
to visualize only the terminal restriction fragments (TRFs) by fluorescently label-
ing one of the two PCR primers (113). Because only a single band is visualized
from each distinct amplification product, the number of TRFs in a T-RFLP profile
indicates the species richness of the amplified sequences. T-RFLP analyses can be
used to study diversity at various taxonomic levels (30). When applied to riboso-
mal gene sequences, RFLP analyses are more properly termed amplified ribosomal
DNA (rDNA) restriction analysis [ARDRA (212)] or fluorescently tagged ARDRA
[FT-ARDRA (133, 136)] (Figure 3), depending on whether all or only the terminal
restriction fragments are visualized. The choice of approach depends on the degree
of sequence diversity in the amplified products. FT-ARDRA is particularly useful
to distinguish among larger taxonomic groups such as genera within a domain
because the amplified fragments are likely to differ at multiple restriction sites.
DGGE and SSCP are appropriate for diversity studies on a more limited scale,
e.g., encompassing species within a genus, because the sequence differences tha
distinguish taxa may not correspond to most restriction sites. In the future, a third
approach to characterizing microbial diversity likely will involve hybridization of
amplified sequences to DNA arrays of known sequences. Early reports indicate the
potential to identify several taxa within a single mixture (33, 109, 234), or individ-
ual sequences by serial hybridization (214). All of these approaches also can be
adapted to examine metabolically active populations within microbial communities
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by using extracted RNA to generate DNA templates by reverse-transcriptase-
mediated PCR (RT-PCR) (145). Alternatively, newly synthesized template DNA,
present in metabolically active microorganisms, can be isolated from cells grown
in the presence of appropriate nucleotide analogues (27, 235).

The taxonomic level at which community differences are characterized depends
on the oligonucleotide sequences used as amplification primers and the amount
and quality of nucleotide sequence determined. Currently, most DNA-based com-
munity profiling methods rely on analyses of ribosomal sequences because they
contain substantial phylogenetic information (231) and conserved primers have
been designed that allow the detection of multiple taxa in a single PCR reaction
(114). Profiles based on amplified ribosomal sequences have become the founda-
tion upon which our descriptions of microbial communities are built. However,
the precision with which taxonomic assignments can be made is limited by the
number of nucleotides sequenced (110) and the potential for the generation of se-
guence heterogeneity during PCR amplification (158, 201). Given the complexity
of soil microbial communities, many researchers find it convenient to use partial
sequencing (250-500 bp) of a large numbet@0) of rDNA clones to characterize
the populations present in their clone banks (110). In lieu of sequencing, RFLP
and/or T-RFLP analyses of individual clones also may be used, but their resolution
limits the amount of taxonomic information that can be obtained. For community
analyses involving PCR with domain-specific primers, FT-ARDRA and patrtial
sequencing of cloned 16S sequences each provided for phylogenetic assignments
roughly at the genus level (57, 136). Other genes also have been targeted for anal-
yses of microbial diversity including bacterial RNA polymerase (45) and genes
involved in nitrogen cycling (30, 80, 157). For dissection of community structure
at the species or subspecies level, PCR primers also can be developed from clones
of the targeted DNA fragments themselves, as was done to idghiily" strains
(134), molecular markers derived from related isolates, or sequences linked to the
original target sequence and identified by screening the soil metagenome (165).
Future studies will incorporate an ever-increasing number of molecular probes to
evaluate the diversity of genes and their expression in complex communities.

Significant population differences detected by PCR-based approaches must be
confirmed by an independent method (110) because of the limited quantitative
power of profiling methods and the inherent uncertainties associated with ampli-
fication products from mixed templates. Because of differences in the efficiency
with which the same set of primers will amplify different templates in a com-
plex mixture, only monotonic differences (i.e., increases or decreases) in template
abundance can be inferred from the intensity of the visualized signals. To date, the
profiling methods described above have been used only to evaluate relative changes
in microbial populations. Absolute differences in target abundance may be quan-
tified by approaches such as dilution extinction PCR (134) or real-time PCR (72),
but the community profiling methods now available do not offer the same degree
of precision. This situation defines a certain “biological uncertainty principle:”
one can assess the relative diversity of a community or the precise abundance of
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a particular population, but not both with a single assay. Therefore, independent
verification may involve developing target-specific PCR primers (134), probes for
in situ hybridization (9), or enumerating the targeted populations by culture-based
methods (209). Finally, the microorganisms identified must be characterized phe-
notypically, especially in relation to soil suppressiveness. If culturable, they can be
studied under controlled conditions. Differential population densities in relation
to soil suppressiveness also can be confirmed for nonculturable microorganisms,
but until representative isolates are cultured, analyses will be limited to correlating
changes in the relative abundance of molecular markers with the suspected activity
of the populations within which they occur.

Functional Analysis of Key Populations Involved in
Soil Suppressiveness

All populations are characterized by some degree of variation among individuals,
but not all variation is functionally significant. However, amqidD* fluorescent
Pseudomonaspp. antibiotic production (85), rhizosphere competence (95, 161),
and disease suppression (161, 182) vary at the subspecies level. For example,
Sharifi-Tehrani et al. (182) found that ARDRA group 2 strains were more effective
than those of group 1 against Fusarium crown and root rot of tomato and Pythium
damping-off of cucumber. Raaijmakers & Weller (161) examined the relation-
ship between genotype and rhizosphere colonization by indigenous populations of
2,4-DAPG producers on roots of wheat grown in Quincy TAD soil for eight suc-
cessive cycles. Of the 16 RAPD groups identified among 101 isolates, one group
comprised 50% of thehlD" isolates and had an average population density of

2 x 1P CFU g root. This genotype also was dominant on roots of wheat cycled
in Moses Lake and Lind TAD soils, belongs to BOX-PCR group D, and is exem-
plified by P. fluorescen§8r1-96 (161).

Both short- and long-term colonization studies demonstrated that Q8r1-96 (161)
(Figure 4) and other group D strains (97; B.B. McSpadden Gardener, B.B. Landa
& D.M. Weller, unpublished data) are much more competitive in the wheat rhizo-
sphere than representatives of otheiD' genotypes that have so far been tested.
For example, Q8r1-96 required a much lower dose (only 10 to 100 CFUseed
g~ ! of soil) to establish population densities of up td OFU g * of root on wheat
grown in Quincy virgin soil than did strains Q2-87 (group B) or 1M1-96 (group L).
Over eight successive growth cycles, Q8r1-96 applied to Quincy virgin soil at 100
CFU g of soil maintained rhizosphere population densities of C&U g*
of root or more, similar to the density at which D genotype isolates occur on roots
of wheat cycled in Quincy TAD soil. In contrast, densities of strains Q2-87 and
1M1-96 were 100- to 1000-fold lower than those of Q8r1-96 (161). After the eighth
cycle, inoculum ofG. g. var.tritici was added to all of the treatments and the soll
was again seeded to wheat. Take-all was controlled in soil that contained Q8r1-96
to the same extent as in Quincy TAD soil that had been cycled eight times, but
no suppression occurred in the soils to which Q2-87 or 1M1-96 had been applied.
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Figure 4 Population dynamics d?seudomonas fluoresce@8r1-96 (genotype D),
1M1-96 (genotype L), and Q2-87 (genotype B) on spring wheat (cv. Penawawa) grown
in large pots of raw Quincy virgin soil at 6. Population densities at O weeks corre-
spond to the dose of bacteria applied to the seed at planting.

The ability of Q8r1-96 to suppress take-all after eight months in Quincy virgin soil
reflected its superior rhizosphere competence, which allowed it to maintain thresh-
old densities throughout the cycling process. All three strains provide equivalent
biocontrol if present at densities above the threshold needed for take-all control
(161). The exceptional rhizosphere competence of Q8r1-96 is especially remark-
able given that all three strains belong to biovar IIRffluorescensare nearly
identical physiologically, and produce similar amounts of 2,4-DAPG in situ (161).
Collectively, the results of these studies suggest that D genotype strains may be
primarily responsible for TAD in Washington State soils, and raise the possibility
of accelerating the process of TAD by introducing this specific genotype into the
soil at the onset of a take-all outbreak. Field studies have verified that very low
doses of D genotype strains introduced on wheat seed are sufficient to establish
population densities required for root disease suppression. The populations are
sustained throughout the growing season, survive between crops, and reestablish
on the roots in successive years (B.B. McSpadden Gardener & D.M. Weller, un-
published data). Further studies are needed to determine whether any of the other
genotypes described by McSpadden Gardener et al. (135) share the same level of
rhizosphere competence.

Studies of the role of 2,4-DAPG producers in TAD fulfill four criteria that
should be met to define the functional importance of a microbial population to
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soil suppressivenessa)(the ability of members of the population to perform a
suppressive function (160)b) the presence in suppressive soils of the popu-
lation at densities above the threshold required for disease control (and its ab-
sence from conducive soils) (162F) [duplication of the function in conducive

soil by addition of populations obtained from a suppressive soil with similar
physical and chemical properties (160); addl detection of a functional activ-

ity (e.g., antibiotic production) in situ (159). However, interactions among mi-
crobial populations and environmental variables are complex, and even when
two soils share a common suppressive mechanism, the degree of suppressive-
ness may differ because local conditions affect on microbial community struc-
ture and function. For example, interactions between microbial components and
soil properties including pH, clay type, and specific ions have a determinative
role in Fusarium wilt—suppressive soils (8,51, 150). Similarly, the type of clay
greatly influenced the suppressive activity Réeudomonaspp. in black root
rot—suppressive soils (206), and fertilization with Nl as compared to ND

N resulted in a greater percentage of antagonistic pseudomonads on roots of
wheat grown in take-all suppressive soils (172, 194). Production of 2,4-DAPG
by biocontrol strains is influenced by their chemical and physical environment
(52,53, 146, 181); notable is the finding that expression of the 2,4-DAPG biosyn-
thesis genghlA in strain CHAO was significantly greater in the rhizosphere of
monocots (maize and wheat) than in the rhizosphere of dicots (bean and cucum-
ber) (146). Interactions with other microorganisms also can affect the degree
of root disease suppression observed. Interpopulation signaling among bacte-
ria via N-acetylhomoserine lactones, which regulate the synthesis of phenazine
antibiotics suppressive of take-all, has been detected in the wheat rhizosphere
(154), and several recent studies indicate that increases in the abundance of 2,4-
DAPG producers (by inoculation) can influence the structure of rhizosphere micro-
bial communities (70, 139). Conversely, the effects of microbial communities on
2,4-DAPG producers are only now being explored. Altered root health was asso-
ciated with multiple changes in rhizosphere bacterial community structure (136),
and some of these changes might create an environment more favorable to the
onset of take-all suppression. Production of fusaric acidrbyxysporunt. sp.
radicis-lycopersicirepressed production of 2,4-DAPG by strain CHAO (52), and
Pythium ultimumdecreased the ecological fithess of the 2,4-DAPG producer
P. fluorescen§113 (63). These and numerous other observations substantiate the
importance of the total rhizosphere microbial community as a modulator of
the activity of suppressive microorganisms, and undoubtedly account for some
of the variability in the degree of soil suppressiveness seen over time and space.

COMPETING IN A HOSTILE ENVIRONMENT

Specific suppression is a remarkable biological phenomenon in view of the in-
tensely competitive microbial environment in which it occurs. Microbial popula-
tion densities in the rhizosphere are 10 to 20 times greater than in the bulk soil
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and can reach & 10° cells/cn? (47, 224). The overwhelming impact of biological
buffering is demonstrated by the population dynamics typical of rhizobacteria in-
troduced on seeds or into the soil: They initially establish high population densities,
but these densities cannot be sustained and subsequently decline (90, 224).

How do the microorganisms involved in specific suppression sidestep this
formidable gauntlet of competitive microbial activity to reach and sustain the
densities required to control target pathogens? One answer may lie in avoidance
strategies such as those used by soilborne pathogens, rhizobia, and arbuscular my-
corrhizal fungi that occupy favorable niches in or on roots, essentially “insulated”
from the rest of the rhizosphere. It has been proposed that these microorganisms
utilize specific recognition mechanisms governed by corresponding genes in the
plant and the microorganism (196) to initiate the interactions with their hosts that
ultimately lead to disease or the establishment of symbiotic relationships. Non-
pathogenid-usarium oxysporurand Streptomycespp. have considerable niche
overlap with the pathogens they control, giving them access to the same protected
sites and resulting in a highly targeted mode of attack. Nonpathogeragy-
sporumreadily invades cortical tissues of roots and below-ground stems, and the
failure of rep-PCR to distinguish between pathogenic and scab-supprésspe
tomycesstrains (170) highlights how genetically similar these two functionally
distinct bacterial populations are. Both nonpathogé@&nixysporumandStrepto-
mycespp. also are able to maintain stable populations in agricultural soils between
crops because they produce spores. The abilitgtafptomycespp. to grow in
dry soils also may contribute to avoidance of competition with many rhizosphere
bacteria that are less tolerant of desiccation. Antibiotic-produghighoderma
spp., especiallif. koningii which are responsible for the suppressiveness of TAD
soils in Western Australia where ammonium sulfate had been used as a nitrogen
fertilizer, present an especially interesting example of avoidance of competition
(188, 189). The repeated application of ammonium sulfate to these soils had re-
sulted in acidification, reducing the level of general microbial activity (general
suppression) and providing an environment highly favorablgithoderma Not
surprisingly, when these soils were treated with lime, both the activifyioho-
dermaand suppression of take-all were reduced (191).

Subspecies dP. fluorescensuch as the 2,4-DAPG producers responsible for
TAD would appear to face even greater challenges than nonpathdgemnigspo-
rum andStreptomycespp. because the rhizosphere environment is dominated by
fast-growing, nutritionally versatile Gram-negative bacteria that compete for root
exudates. It would be difficult to defend the hypothesis that specific suppression is
due to a single subspecies of one of the most abundant genera comprising rhizo-
sphere populations if itis assumed that saprophytic rhizosphere bacteria maintain a
nonspecific relationship with the plant root, merely mopping up nutrients released
by rhizodeposition. However, if plants selectively stimulate certain saprophytic
populations as a first line of defense against root pathogens, as hypothesized by
Cooketal. (38), thenitis reasonable to envision a hierarchy of root-microorganism
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interactions within the milieu of the saprophytic rhizosphere microbial community.
Several lines of evidence indicate clearly that some bacteria do indeed maintain
surprisingly sophisticated relationships with the roots of their host plant hosts. For
example, certain nonpathogenic rhizobacteria can induce a systemic resistance re-
sponse in plants similar to pathogen-induced systemic acquired resistance (215).
Numerous studies (19, 108, 123) have shown that the plant genotype influences
both the quantity and the composition of microorganisms in the rhizosphere, but the
work of Smith etal. (196, 197), who found that the genotype of tomato significantly
influences the growth &acillus cereu&)W85 and its ability to suppress damping-

off caused byPythium torulosunhas redefined how close this relationship can be.
Genetic analysis of recombinant inbred lines of tomato revealed that three quanti-
tative trait loci associated with biocontrol By cereugxplained 38% of the pheno-
typic variation found. The results of Raaijmakers & Weller (161) and Landa et al.
(95), showing substantial differences in the ability of genetically distinct strains of
2,4-DAPG producers to colonize the roots of wheat and pea, indicate that specific
bacterial genes may have a complementary role in supporting these interactions.
We suggest that more highly sophisticated relationships than those originally envi-
sioned by Cook et al. (38) may have evolved between some nonpathogenic fluor-
escenPseudomonaspp. and their plant hosts, resulting in a novel mechanism of
protection against diseases caused by certain soilborne fungal pathogens.

CONCLUDING COMMENTS AND 