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Abstract.--Mcorrhizae help plants to acquire water and
nutrients from soil, tolerate drought, and ward of f root
pat hogens. These effects are due largely to nycorrhiza-

i nduced physi ol ogi cal changes,
exudation which changes the ni crobial

including altered root

conposition in the

nmycorr hi zosphere soil. Mcorrhizae and their associated

rhi zobacteria can antagoni ze root

pat hogens. Qur goal

is to find and nanage these nmicrobes to effect biological
control of the w despread Fusariumroot rot of conifers.

I NTRODUCTI ON

Most terrestrial plant roots are col oni zed by
soil fungi in a synbiotic association called
nycorrhizae. The synbi osis causes physi ol ogi cal
changes that profoundly affects the growth and
survival of the host plant. For exanple,
nmycorrhi zae i nduce changes in nmenbrane perneability
that affect root exudation and thus the mcrobial
comunity in the nycorrhi zosphere soil. In this
paper we discuss strategies for isolating and
characterizing nycorrhizal fungi and associ ated
bacterial antagonists, and for devel oping the
application technology to suppress root rot
pat hogens.

THE MYCORRHI ZAL SYMBI OSI S

Different fungi formdifferent types of
nycorrhizae on different host plants. A conparison
of anatonical differences between the two mgjor
types, ectonycorrhizae and endonycorrhi zae, are
shown in figure 1. Ectomycorrhizae are fornmed by
hi gher Basi di onycete or Asconycete fungi on
relatively few families - such as the Pinaceae,

Bet ul aceae, Fagaceae, and Myrtaceae - but those

fam lies represent many of the mmjor forest trees.
The ectonycorrhizal association is characterized by
the formation of a mantle of fungal hyphae

surroundi ng col oni zed short roots and a Hartig net of
hyphae penetrating between root cortical cells. Many
ectonycorrhi zal fungi form extensive nycelium or

rhi zonor phs that extend out into the soil, and many
of these fungal symbionts can be cultured and

i nocul um produced. Endonycorrhizal fungi forma

s¥n’oi otic association with nost of the remainder of
t he
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of the plant kingdom fornms vesicul ar-arbuscul ar
nycorrhizae (VAN), characterized b?/ the fungal
structures - vesicules and arbuscules - formed in
the cortical cells. As with ectonycorrhizae,
endonycorrhi zal fungi can form extensive .
extraradi cal hyphal networks that extend out into
the surrounding soil, greatly expanding the
nutrient and water absorbing capacity for the host
pl ant.

ECTOMYCORRHIZA

DOMYCORRHIZA

Fi gured. --Anatom cal differences between t he
two maj or types of mycorrhizae -
ectonycorrhi zae and endonycorrhi zae - shown
in cross section.

The maj or benefits to the plant of having
nycorrhi zae, regardless of the type, are (a)
enhanced nutrient and water absorption, (b)

i ncreased drought tolerance, (c) inproved
transplantability, and (d) reduced susceptibility
to root diseases. Wile the nmechanisms for these
effects are not clearly understood, they all appear
t o involve sone norphol ogi cal or physiol ogical
changes that occur when the nycorrhizal
association is well established. The net effects
of the formation of nycorrhizae may vary,

dependi ng on the fungus, host plant, soil, and
climatic conditions. I n natural ecosystens, plants
may



have nultiple mycorrhizal associations with
different fungi, each of which may have

di fferent degrees of influence on the plant's
grow h and survival.

The physiol ogi cal changes that occur when
mycorrhizae formcan be dramatic, and include
increased rate of photosynthesis, altered
nutritional state, altered phytohornone bal ance
altered chem cal constituents, and altered nmenbrane
perneability. The latter change influences the
quality and quantity of root exudation, which in
turn affects the kinds and nunbers of
m croorgani snms that grow in the rhizosphere soil
now nore appropriately ternmed the
"mycorrhi zosphere" (Linderman, 1988a). In addition
the exudates fromextraradi cal hyphae or rhizonorphs
that extend out into the soil from mycorrhizae can
influence mcrobial populations

Sonme m crobes in the mycorrhizosphere soil can
ant agoni ze fungal root pathogens, sonme can alter the
availability of mineral nutrient elenents, and
others can biologically fix atnospheric nitrogen.
Several studies indicate that those m crobial
functions occur to a greater extent in the
nycorr hi zosphere soil than in soil from non-nycorrhiza
plants (Lindernan, 1988a, b). Therefore, in natural
ecosystens, the comunity of m crobes associated
wi th nycorrhizae account .for many fundanental plant
growt h and devel opnent processes. There are nany of
us that believe that w thout these mcrobia
systenms, plants probably woul d not survive because
they could not effectively recycle nutrients (in the
absence of external amendments and under nutrient
deficient conditions), could not tolerate drought
cycles, and could not wi thstand invasion by root
pat hogens

NATURAL DI SEASE SUPPRESSI ON

Wth few exceptions, plants in natura
ecosystens have nmininal |evels of plant disease. There
are several reports that docunent the capacity of
undi sturbed forest soils to exclude or suppress
Fusarium conpared to nursery soils (Table 1 and
figure 2). Even when plants with known pathogens in
or on their tissues are transplanted into the wild
t he pathogens di sappear within a relatively short
period. For exanple, Smth (1967) planted pine
seedlings with high levels of pathogenic Fusarium
oxysporumon or in their roots out into forest
sites. Subsequent isolations fromthose seedlings
docunent ed the pathogen's di sappearance within 1.5
years. The exclusion of Fusariumfromthe roots and
fromlittercovered forest soils was docunented by
Toussoun et al. (1969) and Hammerschl ag and Li nder man
(1975), and attributed to the presence of organic
acids in needle | eachates that stinulated
germ nation of Fusarium chl anydospores and bl ocked
formati on of replacenent spores. Later, Schisler
and Linderman (1984) denonstrated that Fusarium was
abundant in forest nurseries, but was absent from
adj acent undi sturbed forest sites. Furthernore, they
showed that the forest soil nicrobiota could reduce
the survival of Fusarium conpared to nursery soil

What microbes in the forest soil ecosystem
can adversely affect the survival of Fusariun? The
first and probably best possibility is nycorrhiza
fungi (Sinclair et al., 1975). Zak (1964) and Marx
(1972) di scussed nechani sns whereby ectonycorrhi zae
may suppress root pathogens, including (a) production
of a fungal mantle as a physical barrier to pathogen
ingress, (b) production of antibiotics by the

Table 1.--Summary of reports indicating that
coniferous forest soils suppress and
exclude Fusarium, compared to nursery
soils.

Observation Source

1. Fusarium excluded from
roots of infected pine
seedlings outplanted into
pine forest.

2. Needle extracts stimulate Toussoun et al.
germination of Fusarium (1969)
chlamydospores without
forming replacements.

3. Decline of Fusarium in
test soils correlated with
needle suppression of annual
plants (from Smith study).

4. Organic acids in needle
leachates stimulate germ-
ination of Fusarium
chlamydospores.

5. Fusarium absent from forest Schisler &
soils, present in nursery Linderman(1984)
soils; microbes in forest
soils reduce Fusarium pop-
ulations in forest soils.

Smith (1967)

Toussoun (1973)

Hammerschlag &
Linderman(1975)

ectomycorrhizal fungus, (c) synthesis of fungistatic,
antifungal substances by roots in response to
nmycorrhiza formation, (d) conpetition for nutrients
needed by the pathogen, and (e) increased

popul ations of antagonistic mcroflora in the

nycorrhi zosphere soil. Linderman (1993) described
somewhat different mechanisnms for VA mycorrhizae
including (a) enhanced nutrition, (b) conpetition for
host photosynthate and infection site, (c)

nor phol ogi cal changes in roots and root tissues, (d)
changes in chemnical constituents of plant tissues, (e)
reduction of abiotic stresses, and (f) mcrobial
changes in the mycorrhizosphere. In reality,

di sease suppression is probably sonme conbi nati on of one
or nore of these nechanisms. Least studied, but
very likely to be involved, is increased popul ations
of antagonists in the nycorrhizosphere soil, at the
rhi zopl ane, or inbedded in the fungal mantle of
ectonycorrhi zae
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Figure 2.--Relative popul ati ons of Fusarium
isolated fromconifer forest soils vs conifer
nursery soils (Data from Schisler and
Li nder nan, 1984)




STRATEG ES FOR BI OCONTROL OF FUSARI UM
ROOT ROT | N NURSERI ES

W are convinced that nicrobes in natural
ecosystens significantly contribute to the
suppression of root diseases |ike Fusariumroot rot of
conifers (Lindernan et al. 1983). Cultural practices
in forest nurseries may reduce disease incidence
and/ or severity, but may al so reduce the potential
beneficial inpact of nicrobes antagonistic to
pat hogens. For exanpl e, soil fum gation, practiced
in most western forest nurseries, effectively
control s weeds, insects, and root pathogens, but may
al so reduce popul ati ons of antagonists, including
nmycorrhi zal fungi and rhizobacteria or fungi.
Mycorrhizal fungi recol onize nursery soils from bel ow
the fum gation layer or they are reintroduced by w nd
or water from adjacent areas (Tanaka et al. 1989),
but not in tinme, within a growing season, to
influence the infection of seedlings by Fusarium
(Bl oomberg, 1981) (figure 3). Simlarly,
antagoni stic bacteria or fungi may not reach
effective population levels in tine to suppress
pat hogen i nfections. Both antagonistic bacteria and
nmycorrhizal fungi may need to be introduced at tine
of seeding to effectively block Fusariuminfection
which occurs during the first weeks after conifer
seed germ nation. The goal is to find and
characterize candidate microbes to biologically
suppress initial infections by
Fusarium

Fi ndi ng and Characteri zing
Candi dat e Ant agoni sts

W hypot hesi ze that ectonycorrhizal fungi and
bacteria antagonistic to fusaria are present in
undi sturbed forest soils adjacent to forest
nurseries, based largely on studies docunenting the
absence of fusaria fromforest soils contrasted to
cultivated nursery soils (table 1). Therefore, we
believe we can isolate and transfer these m crobes
fromthe forest into the nursery. Isolation of
ectonycorrhizal fungi from seedlings growing in both
the nursery and adjacent forest soils could yield good
candidate fungi. Isolation of antagonistic bacteria
fromthe same soils by dilution plating should yield
nmore good candi dates fromthe forest soils than from
the nursery soils. Soil extracts are first heated
at 50°C for 15 min to elimnate all but spore formng
bacteria or actinonycetes which can w thstand the
rigors of inoculum production and handling by
nursery personnel. Candi date bacteria can be
identified in vitro by spraying

:Figure 3.--Mrtality from Fusarium oxysporumin
coni fer seedling nursery due to severe root
rot. (photo courtesy Everett Hansen)

Fusari um spores over dilution plates fromtest
soils (figure 4). Simlar isolations can be nmade of
bacteria cultured fromthe nantles of
ectonycorrhizae fromseedlings within the nursery or
fromforest sites. Bacterial colonies which inhibit
the growth of Fusarium as indicated by a zone of
inhibition around the colony, can be isolated for
further testing. Such tests will confirmour

hypot hesi s that nore antagoni sts occur in the

undi sturbed forest soils than the cultivated nursery
soi | s. Candi date bacteria should also be tested on
different nmedia, including a soil extract medium from
the nursery soil, and against other possible fungal
pat hogens |i ke Phytophthora, Pythium

Cylindrocl adi um and Rhi zoctoni a. The best candi dates
for further testing will be those bacteria that
inhibit a wide range of pathogens on several nedia,
especially the soil extract agar made fromthe
nursery soil in test. An additional strategy is to
test candidate bacteria for antagonismat |ow soil
tenperatures, since those are the conditions under
whi ch they nust performin the nursery.

The ectonycorrhizal fungi isolated from forest
and nursery seedlings and the best candidate
bacterial antagonists will be further tested in
short term greenhouse tests. The best of those
organi sms will be advanced to actual nursery trials.

Figure 4. --Soil dilution plate show ng bacterial col onies
oversprayed with pathogen spores. Note zone of
i nhi bition of pathogen around bacteri al
colony at lower left of plate. That bacterium
can be isolated as a candi date antagoni st.

Short Term Greenhouse Tests

Candi dat e ectonycorrhi zal fungi and bacteri al
antagoni sts will be tested in greenhouse tests, the
specifics of which are to be devel oped. Mycorr hizal
fungal inoculumw |l be produced in vermculite
culture and introduced into the growth medium We
plan to use each separate forest nursery soil as the
growth nmediumin these tests. Soil was collected
fromnursery sites where Fusariumroot rot was evident.
By that neans, we will know that the soil is
infested, without adding nore inoculum at |evels high
enough to cause disease naturally. We al so know that
the edaphic factors needed for disease are
appropriate. Candidate bacterial antagonists initially
wll be introduced on the seed at tinme of sow ng.

Control seed will be dipped in water. Bacteria that
effectively suppress pre energent danping of f or post-
emergent nortality in these tests will be advanced
to actual nursery trials. The best ectonycorrhizal
fungi, i.e. those that formnycorrhizae and al so
suppress Fusarium di sease will also be advanced to
nursery trials. Further greenhouse tests will also

be run using conbinations of the nost effective



ectonycorrhi zal fungi and bacterial antagonists.

MANAG NG THE MYCORRHI ZOSPHERE

The concepts presented here key on the facts
known from previous studi es and observations that
root diseases |like Fusariumroot rot of conifer
seedlings do not occur in natural forest ecosystens,
in part due to the presence of m crobes capabl e of
suppressing di sease. Qur strategies are to isolate
ectonycorrhizal fungi and stress-tol erant bacteria
or actinonycetes fromundisturbed sites adjacent to
forest nurseries where soil funigation and ot her
cultural practices may have reduced popul ati ons of the
best antagonists. In effect, we hope to transfer
nat ural biol ogi cal di sease suppression systenms into
the nursery. Each nursery will be unique, so m crobes
that will be conpatible and function in each nursery
will be unique to that nursery and may not function
in any other. Candidate nicrobes need to be
introduced at the tine of seeding in order for them
to be well established prior to invasion by Fusarium
It is possible that reestablishnent of antagonistic
m crobes can be enhanced by providing part of the
natural forest environnent, such as forest needle
litter or hunic substances (Schisler and Linderman, 1989;
Li nder man, 1989) which could encourage the
functioning of antagonists. It would be interesting to
eval uate the effects of needl e or sawdust anendnents, as
discussed at this meeting by Bill Krelle fromthe
Magalia Nursery in California, on levels of
ant agoni sts or the namintenance of introduced
ant agoni sts and ectonycorrhizae. Needle litter is
known to be a source of nycorrhizal inoculum (Parke
et al. 1983), but it has not been tested for
ant agoni sts.

Managenent of the nycorrhi zosphere (Linderman,
1986) is a worthy but difficult endeavor.

Nonet hel ess, with the loss of soil fumgants and
effective chemcals to conbat root diseases,
alternative systens are needed. The key is to find
effective biological control systems and introduce

m crobial agents at the right tine and place to bl ock
infection by root pathogens. Mintenance of those

m crobi al systens fromseason to season without

fum gation could reconstruct popul ations of

rhi zosphere col oni sts that can biologically control
Fusariumroot rot of conifers w thout chem cals.
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