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SURVIVAL AND PATHOGENICITY OF PHYTOPHTHORA CINNAMOMI
RANDS IN FOREST SOILS

INTRODUCTION

The research reported here is part of an effort to
evaluate the threat of Phytophthors cinnamomi Rands to
Northwest forestry. Several considerations contribute
to the timeliness of the investigetion.

1, The fungus is pathogenic on Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) and other impor-
tant timber trees. Dougles-fir was first found suscep-
tible to the fungus in 1936 (20) by Crandall. Subse-
quently Pimentel (50) reported natursl infection of
Douglas-fir plantetions in Portugel and Torgeson (61,
P.38) reported that young Douglas-fir seedlings were
killed readily by isolates of P. cinnamomi.

2, A vivid example of the destructive capacity of
the genus Phytophthora confronts forestry people of the
Northwest, P. lateralis caused extensive damage in
southwestern Oregon to Port Orford cedar (Ghamaeozgaria
lawsonisna) (65;66). Following its introduction into

native stands in 1952, the fungus, aided by the moderate,
moist marine climate, spread rapidly throughout the

natural range of its host.



3. At the present time P. cinnamoml is a common
enemy of nurserymen throughout the United States. The
hosts of the fungus presently number well over one-
hundred species (61363359). This large host renge in-
creases the potentisl denger by aiding in movement of
the pathogen.

L+ P. cinnamomi is not considered to occur now in
our commercisl forest lands. In 1955 Middleton end
Baxter (43) stated that they hed isoleated P. cinnamomi
along with three other Phxtoghthorn spp. and several
species of Pythium from soil in an undisturbed forest
area of western Oregon. Subsequently two extensive
surveys failed to substantiate the contention that P.
cinnamoml is a natural inhabitant of Oregon forest soils.
Loring (39) could not isolate P. cinnamomi from an area
ad joining an infested nursery nor from under native
rhododendrons in Dougles-fir stands. Although the fun-
gus was prevelent in nurseries where infected plants
were growing or had been growing, the fungus could not
be isolated in even the most probable adjacent drainage
.aroaa. An extensive survey was undertaken in the sutumn
of 1958 and the spring of 1959 to determine if P. cinna-
momi wes present in Pacific Northwest forest soils (52).

Samples were collected from over 1500 locations in the



sutumn and spring from relatively undisturbed land and
from recently disturbed land. Although the fungus appear-
ed in 61% of semples from infested nursery soils used as
controls, it was not found in any of the forest soill
samples.

The objectives of this study were (1) to investigate
the ability of P. cinnamomi to survive, move and infect
Dougles~fir roots in natural forest soils, (2) to deter-
mine the influence of temperature, moisture and other
soil 6rganiams on survival, movement and pathogeresis,
and (3) to assess the potential destructiveness of _I_’,.':
cinnamomi in Dougles-fir forests.



LITERATURE REVIEW
History of the Pathogen

Phytophthore c¢cinnsmomi Rands was first reported as
a pathogen of the cinnamon tree of Southeast Asla in 1922
(51)s The fungus has caused extensive damage to forests,
#gricultural erops and ornamentals around the world. The
history of some of these diseeses will give an idea of
the potential of this fungus.

Chestnut trees (Cestanea sativa Mill.) in Europe

have been affected by a root rot called "ink disecase"
since 1838 (19, p.162). Phytophthora cambivora (Petri)
Buis was first isolated as the causal agent (49) but
later (66), P. cinnemomi was elso found to be assoclated
with the disease. In the United States records of chest-
nut trees in the southern Appalachians dying from Phyto-
phthore infection date back to 1824i. The capacity of the
fungus to spread rapidly and to cause extensive damage
can be gathered from reports made at the close of the
Civil War (19;15). Trees throughout & valley died within
& period of three years. Most ﬁrobably the disease was
introduced on exotic ornementals imported from Asia for
the luxurious gaerdens of the pre-war Southern estates.
The Americen and European chestnut and chinquapin proved

more susceptible than their Asien counterparts and the
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disease spread progressively into the surrounding forests.
At the turn of the century a similar epiphytotic moved
through the Ozark chinguepins destroying all but a few
trees at high elevations (19, p.163). The pathogen was
first active in the bottom lands and at low elevations
but is now attacking trees at the higher elevations.

A second ma jor diseasse, the littleleaf disease of
shortleaf and loblolly pine (Pinus echinate Mill end P,
taeda L. respectively) is prevalent in 35% of the com-
morciai growing areas of these species and eauien an
estimated annuel loss of five milliom dollars (12, p.2-4).
This disease was first recognized in 1934, but it was not
until 1954 that P. cinnemomi definitely was established
as the causel agent (12, p.1;19). The fungus attacks
young feeder roots, greatly reducing the effectiveness
of the root system (12, p.20-2L). Jackson reported that
71% of the feeding roots of diseased trees were dead,
compared with only 17% of the roots of healthy trees
(33, pP«92)., The affected trees decline slowly, and the
current year's needles and stems ere stunted, giving a
sparse eand tufted appearance to the affected trees (12,
P.5). The disease is most common in stands in the 30-

50 year old age class. Trees younger then 20 years rare-

ly have the disease (12, p.7).



A third ma jor disease, the decline of avocados due
to P. cinnamomi was first reported in 1929 from Fuerto
Rico and from California in 1940 (663;70). Excess soil
water and P. cinnamomi were necessary to cause the
disease, Crandall felt that.thia disease had been a
limiting fector in the cultivation of avocados in Peru
(18, p.123). Trees of all ages were affected. Normally
the symptoms appeared as & die~back of the branches
followed by loss of leaves. Death followed in the next
dry season.

The fungus also causes serious losses in ornamental
plantings. Nursery conditions are ideal for the pathoe
gen since there is an abundance of succulent host tissue
end & high soil moisture level through the warm part of
the summer. MNovement of lightly infected nursery stock
to residential gardens provides a rapid means of long
distance spread for the pathogen (89;75). Host range
summaries have been compiled by Torgeson et al. (61;62;
63) and Thorn end Zentmyer (59). P. cinnemomi has been
isolated from the following hosts in Oregon: Chamse-

cyperis lawsoniana, Texus baccata L., Taxus baccata var.

stricta Laws., T. cuspidata Sieb. and Aucc. var. nans
Rehd., Rhododendron ponticum L., Erica carnea L., end
Calluna vulgeris (L) Hull. var galbas (West) Don. and
aurea Don. (61, p.2L).



7

The most recent report of a disease problem caused
by P. cinnamomi infecting & woody plant comes from New
Zealand (47), where it is especially destructive there in
ferm shelterbelts of Pinus radiata. Following periods of
heavy rainfall in 1953 end 1956 great numbers of thirty
to forty year old pines were killed. Many trees wilted
and died rapidly while adjacent trees went into & slow
decline similar to that reported for littleleaf disesase.

There are scattered reports of P. cinnamomi being
present in undisturbed soils. Mehrlich (41, p.25) found
it not only in the pineapple fields of Hewsii but also
in virgin soils at higher elevations then fruit cultures.
Miller (L) reported a possible occurrence of P. cinnemomi
in native California live oak, Quercus sgrifolie Nee,
along the coast. Zentmyer (85) isolated P. einneamomi
from avocado roots collected in a sparsely inhabited,

forested area.
The Fungus

Phytophthora cinnemomi Rends forms a distinctive
mycelium in culture. irregular knobby projections called
vesicles varying in size from small bumps to large globose

swellings are found along the hyphee. The mycelium is

generally coenocytic,



Sporangia are not formed on agar medis. Transfer-
ring disks from actively growing colonies on potato dex-
trose agar or mycelium from pe& broth cultures to & non-
sterile soll filtrete will induce the production of
sporanglis (61, p.h3-h5§87;80)‘ The sporangiophores are
sympodially branched. Often the sporangie will give
rise to smeller secondary and tertliary sporangis. The
sporangie asre ovate, obovate, or obpyriform with a papil-
la. On certain substrates, however, the sporangia are
non-papillate. The sporangia germinate to produce zoo-
spores, germ tubes or seccndary sporangie. The zoospores
are biflagellate and reniform in the motile stage.

Chlamydospores are produced on most aquodua media.
Zentmyer (87) found V-8 agar best for chlamydospore pro-
duction. The chlamydospores are terminal, lemon yellow
to yellow brown, spherical to sub-spherical, and normally
thin-walled. Germination is by & germ tube.

Ashby (L4) in 1929 reported the production of sexual
organs in pure cultures of P. cinnemomi kept at room tem-
perature for six months. Oyler and Bewley (48) found
oogonia in cultures on Quaker Oat egar when the mycelium
touched the edge of the plate., In paired cultures of
P. cinnamomi end P, gryptogea oospores were produced on

meize and bean extract egar (57). There were some come
binations purely of P, cinnamomi but generally the



antheridia were from P. cinnamomi and the oogonia were
from P. eryptogea. When paired with P. dreschleri, P.
cinnamomi formed oogonia but when paired with P. palmi-

ora, formed antheridia. Waterhouse (71) pointed out
there is good evidence to indicate that all species of
Phytophthora are basically hermaphroditic. Biochemical
stimulation rather than & heterothallic nature is demon-
strated if two strains are eésontial to produce oospores.
Buddenhagen (8, p.37-39) was unable to induce ocospore
formetion when he separated isolates of P. cinnamomi and
P, cryptogea by & cellophene strip. This may indicate
that the stimulating substance is transferred only when
the hyphae of the two species touch since oospores were
formed in dual cultures without a cellophene strip.
Recently Zentmyer (78) obtained oospores in l=5 days in
a water extract of Mexican avocado roots. Ashby (L,
p.261) reported that the oospores have & mean diemeter
of 27.2 m with a range from 19-36 m. The average dia-
meter of the oogonia 1s 32ywith a renge of 2l-42w. The
amphigynous antheridia have a 19 x 17.average with a
range of 15-25 x 13-19u.

Movement Through the Soil

The capacity of & root-invading pathogen for moving
to and infecting its host plant determines to a great
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extent its potentiel for rapid spread. The fungus
mycelium mey grow through the soil to the host as in the
case of Rhizoctonia end Pythium. The movement of zoo-
spores in soll water may be the most common means of
spread in the Phytophthora spp. In meny instances a
fungus does not grow through the soil and invade host
roots, instead the host roots grow to the parasite and
then are invaded. Some soil fungi must rely solely on
spores for their dissemination.

There 1is some evidence that species of Phytophthors
do not normally move through or survive in the soil as
mycelium, Campbell and Copeland (12, p.23) were uneable
to infect pine roots with mycelium of P. cinnamomi. The
method of study was not indicated. Legge (37, p.118)
found that in non-sterile soil the hyphse of F. infestans,
E. porri, P. syringse, P. cactorum, and P. megasperma de-
creased considerably as did the number of sporangia,
whereas the number of oospores remained constent. When
"baits" were put in the soil the Phytophthora spp. did
not grow into them (37, p.96-98). Newhook (47, p.823)
isolated P. cinnamomi commonly in the feeder root zone in
a 6-10 foot radius from the trunk of trees but at greater
distances its occurrence was very much limited. There is
only one report (84) thet mycelial growth was responsible

for movement of the fungus. In a period of a year and a
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half the fungus moved fifteen feet uphill in an avocado
orchard. Zentmyer felt this movement was by myceliﬁm in
the roots and soil rather than zoospores.

Pine trees growing on the lowest, most poorly drained
sites were the first to die from littleleaf (19). The
fungus then spread from tree to tree from the lower ares
to the higher drier areas. This type of disesse develop-
ment follows Zentmyer's (8l) observations. There are,
however, indications that in many other Phytophthora-
induced diseases the movement is more dirsctly related to
water movement. Lewcock (38) concluded that P. cinnemomi
was disseminated to healthy pineapple plants by movements
of surface water or heavy rain. Drainage water brought
down from high lands to orchards was shown to spread P.

cactorum. In Chamaecyperis lawsonianea nurseries P. later-

2lis was shown to move rapidly in the direction of surface
water flow, but more slowly in that of ground weater flow
(53)« The importance of trensport of soil perticles by
workers was emphasized. The movement of P. cinnamomi in
Indiana nurseries followed the drainage patterns (5l).
Although drainage water seems to affect the spread
of P, cinnemoml, attempts to isolate it from storage ponds
and reservoirs containing water from diseased avocado
orchards were unsuccessful. Even when the diseased trees

were only 150-200 feet from the ponds the fungus could
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not be isolated. The fungus was lsolated from 3 out of
120 samples of mud from the edges of storage basins and
drainage ditéhos (60). Blackwell (6), however, feels
that some Phytophthora spp. cen exist seprophytically as
water molds since they have been isolated from ponds,
brooks, and wells.

The Phytophthoras spp. would seem to fit Garrett's
(25, p.30) classification of root-inhebiting fungi. The
general criteria which he applied were as follows:

1. The fungus is suppressed by saprophytes on agar

plates and in sterilized soil., In culture it is more
sensitive to pure antibiotics than are saprophytes.

2. The fungus does not grow through unsterilized soil in
absence of a food base such as infected tissue. 3. Typi-
cally it only invades root tissues and invades dead tissue
very infrequently. L. Its distribution in the soil is
limited to the area in which host plants are growing.

The difficulty that all workers have encountered in
isolating most of the Phytophthors spp. may be due to
suppression by soil saprophytes. In 1:1 and L:1 dilu-
tions with Penicillium expansum, P. cinnamomi could not
be isolated (47, p.819). Members of the genus Phyto-
phthora are most easily isolated from the most recently

inveded tissue and therefore must be unable to suppress
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the saprophytes. On agar plates they are rapidly overe
grown (35). Legge was unable to demonstrete mycelial
groﬁth through non-sterile soil in the absence of a food
bese. Both Loring (39) and Newhook (47, p.816-818)

found the distribution of P. cinnemomi limited to associa-
tion with host plants,

Perhaps it is more important to look a? the seapro=-
phytic capacity of this root inhabiting fungus to learn
whether 1t can compete with the common soil saprophytes
and spread in this wey. The competition between root
inhebiting fungl and soil saprophytes is most critical
on fragments of orgeanic matter, at root surfaces, and on
seed surfaces. The saprophytic organisms commonly pro-
duce antibiotics. Most workers consider the Phytophthora
spp. to be poor saprophytes because they cannot be iso-
lated with baits placed in or on the soil. Crop rota-
tion has been used to eliminate some of the Phytophthora
spp. making 1t seem unlikely that they can compete as
saprophytes (37, p.132). Control of avocado root rot by
adding alfalfa meal to the soil (79, p.65) suggests the
buildup of antagonistic organisms.



Survival of the Fungus

In order for P. cinnamomi to remain a serious threat
to Dougles-fir stands there must be evidence that it can
survive unfavorable conditions encountered in forest
soills. The fungus can survive as mycelium in infected
plants and might survive also as resistant bodies (chlamy-
dospores and oospores) or as & soil saprophyte. There
have been no critical experiments to study the survival
or'g, cinnemomi in eny stage of development. However,
there have been observetions on the survivel of the fun-
gus following infection. Several years after chestnut
trees had died P. gcinnamomi could still be isolated from
s0il in the root zone (28). In New Zealand Newhook (47,
P«823) found that the amount of fungus in the soil de-
creased greatly in the first year or two following death
of the host. After five years P. cinnemomi was still
present although not in as great abundance as other
Phytophthora spp. Drying the soil to & 1% moisture con-
tent killed this fungus (79). It is possible that the
heat required to achieve this low moisture level might
have been lethal. During comparatively dry periods the
fungus survives in pineapple fields (3). Since a Mexican
avocado root extract is presently the only medium on

which oospores have been produced, it might be assumed
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that this most resistant structure is not assoclated with
the host plants studied.

Longevity studies on meny of the Phytophthora spp.
indicate that they have relatively low survivael capacities
(21577318368). Long term survival is epparently depen-
dent upon the production of resistant bodies. In those
species that normally produce oospores the survival may
be greatly increased (28;10;42;55), whereas mycelium and
zoospores are relatively shortelived (37). In the pre-
vious section the saprophytic capacity of P, einnemomi
was discussed in relation to its effect on the movement
of the fungus. Saprophytic activity could also play an
important pert in the survival of the fungus. The con-
cept that P. cinnamomi is a poor soil saprophyte was fur-
ther supported when Zentmyer (86) recovered P. cinnemomi
readily in avocado roots and wheat stem pieces in sterile
soil but poorly in non-sterile soil. A high soil mois-
ture level (16%) regularly yielded higher recovery than
e lower moisture content (8%).

The depth in the soil where the fungus 1is present
has an effect on the environmmental changes to which the
fungus will be exposed. In Oregon, Torgeson (61, p.Sk-
56363, p.370) found the fungus most prevalent et about
7 inches below the surface, isolated it in 80% or more

of the samples down to 13 inches, and occasionally as
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deep as 27 inches. Cempbell (1) reported that it was
most sbundant at 2 and 3 inch depths, fell rapidly to
low levels et 6 and 7 inch depths and increased again &t
8 and 9 inches. The fungus wes most prevalent in the

feeder root zone of various host plants (47, p.817;13),
Sporulation and Infection

Entrance of a fungus into a host plant is the most
eriticel process in disease development. With the Phyto-
phthora spp. infection is thought to be accomplished by
zoospores., Campbell and Copeland (12, p.23) were unable
to infect roots of shortleaf pines with mycelium of P,
cinnamomi. Hickmen and English (32) failed to get infec-
tion of strawberries with P. fragerise unless the soil
water moved from the inoculum towards the host plant
roots. All the evidence for zoospore infection is in-
direct but good. Excess soil moisture is always re-
Quired for infection, movement of myecelium through the
soil has not been demonstrated and the most repid move-
ment of the fungus is in the direction of soil water
movement,

The feeder roots are first attacked. The fungus
destroys the fine roots of the plant and then moves in-
to the larger roots. Copeland (16) found that when 18

to 34% of the roots were dead trees did not continue
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normal growth and showed littlelesf symptoms,

Zek and Campbell {76) grew.shortlear and loblolly
pine in liquid culture in'ordor to follow the initial
penetration of the fungus. Three daya after the inocu~
lum was added to the nutrient solution containing the
trees, the first centimeter of the root tip and the two
ad jacent centimeters were separately plated on corn meal
agar. In shortleaf pine 61% of the root tips and 48% of
the next two centimeters were infected. On each of the
following days similar isolations were made. The per-
centage of root tips infected increased to & maximum
after 6% days and then decreased rapidly. Secondary in-
vaders probably caused the decrease. Root tips and new
roots were invaded before they became woody or had develo-
ped a myecorrhizal association,

Goode (26) made microscopic examinations of the in=
fection of strawberry roots by P. fresgarise. Equel num-
bers of zoospores encysted on the roots of susceptible
and resistant verieties; however, the fungus did not in-
feet roots of resistant varieties. The zoospores also
encysted in large numbers on the roots of unrelated plents.
Even roots that were killed in boiling water had & stimu-
latory effect which glass rods did not have on the encyst-
ment of zoospores. The greatest number of cysts occurred

in the root heir and root tip zones. Few of the zoospores
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encysted at the very apex or above the root hair region.
The germ tubes in the root hair region were not directed
into the root and penetration did not teke place. In the
root tip region the germ tubes penetrated the epidermal
cells, Penetration occurred in all the plants tested but
it was only in the susceptible varieties that growth con-
tinued. The epidermis was entered either between or
directly through the cells., There was no distortion of
the cells associated with the entrance. The fungus moved
inter- and intracellulerly in the root tip, through the
cortex to the stele. Sex organs were formed three days
af ter penetration.

Wounding seems to increase infection (463;71). It is
not known whether this effect is due to stimulation of the
fungus or to the weakening of host resistance to infection.

Age may have an effect on resistance. Although P,
cinnemomi was as prevalent under Pinus redista trees from
5 to 20 years old as it was under older trees, the former
were not damaged (47, p.830). In shortleaf pine the 15
to 3 year age class had the smallest amount of disease.
Symptoms usually appeared in 30 to 50 year old stands and
losses increased with age (31). In greenhouse tests seed-
lings of both species were susceptible.

Factors that affect the production of zoospores by
the fungus will have & profound influence on the infection
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of the host. Sporangiel production has been studied to
some extent. Zentmyer and Marshall (79) found sporangie
produced between 12°C and 30°C., Optimum production
occurred at 24°C. Torgeson (61, p.51-52) reported
sporangial production at 20°C, 25°C, and 30°C with no
production at either 15° or 35°C., A mierobial factor in
a soll water extract is epparently necessary for sporan-
gial production since attempts to produce sporangia in
sterilized solutions were never &s successful (8038738,
P«23). Legge observed sporangia on the plant only when
there was an excess of moisture (37, p.ll). Fewer
sporanglia were formed in continuous light then either

in continuous darkness or alternate light and dark
periods (80). When there wes & lack of oxygen in the
surrounding medium the sporangia did not germinate (37,
P+25). A small drop in temperature induced the dis-
charge of zoospores (80).

Upon germination cospores of Phytophthora spp. may
give rise to sporangia (37;56). Since the oospores sare
probably the most important overwintering body the fac-
tors affecting their formation and germination are of
primary importance. Oospores of P. cinnsmomi are formed
rezdily on a water extract of Mexicen avocado roots at

temperatures between 60° and 77°F. (78). No reports have
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been found of P, cinnamomi oospéros in naturelly infected
tissues, In some species oospores are formed soon after
infection hes taken place (26337, p.2l). Germination of
oospores can sometimes be induced by exposure to the soil
microflora. Legge (37, p.120) found that one month old
cospores of P. cactorum end P, megesperma germinated in
three days in the soil. A gradual incresse in the number
of germinating cospores was obtained over 2 six month
period in non-sterile soil. P. cactorum and P. erythro-
septica oospores were germinated following passage through
the garden snail (29). Sterile soil leachates have been
used to germinate oospores of P. gcactorum, P. megasperme,

and P. infestans (37, p.126;56). P. cinnamomi cospores

have not been germinated.

Influence of Environment on Infection

Soil Moisture

Excess soil moisture has been the primery environ-
mental factor considered whenever a Phytophthora caused
disease has developed. There is usually a close associa-
tion between disease incidence and excess soil moisture

from heavy reins, poor subsoil drainage or too frequent

irrigation (70;6637;72;24384312;23;61;38;47;69;32;17;3).
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In Puerto Rico and Californie Phytophthore root rot
was frequently found in heavy soils and on poorly drained
locations. Young avocado trees on fairly steep slopes
were also affected (66369). In one instance the disease
occurred on & site with loose top soil underlaid by a
tight clay. Trees were able to reach a considerable size
before being killed because the roots of the young trees
were in the loose soil, but upon reaching the impermesble
subsoil they became infected (66).

When avocado trees were grown in infested soil which
was saturated for 2 to L days there was no injury. Water-
logging for 6-8 days in the presence of P. cinnamomi re-
sulted in injury (82).

Campbell end Copeland (12, p.25) isolated P,
ginnemomi in the same relative amounts from 20 different
s0il series but the incidence of littleleaf increased as
the internal drainage became poorer. Exposure of heavily
textured subsoils due to erosion of the lighter textured
top soils favored the build-up of P. cinnamomi. Roots of
trees on such sites may be infected in numerous places,
Trees on loose, sandy, welledrained sites frequently re-
main unaffected for years.

Root rot of Pinus radista caused by P. cinnamomi is

most common and most severe on poorly drained sites but
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is also present on well drained soil types and on fairly
steep slopes (47, p.8L4l).

Several of the experiments on the effect of soil
moisture should be noted., Avocado trees in infested
soil, watered weekly instead of biweekly, came down with
symptoms in one growing season, while those watered bi-
weekly did not show symptoms until the second year (83).
Torgeson (61, p.50-51363, p.368-369) noted that incidence
of disease was much greater in a soil of moderate texture
than in soils of a heavier or lighter texture. He
theorized that zoospores cannot move well in heavy soils
eand that in light soils the water drains away before they
can move. Crandall (19, p.176) found that when trees were
given only enough water to stay alive, 25% of those in in-
fested soil died; 60% of those given six times the minimal
emount died. In White's (74) asccount soll moisture is
sald to have no effect on infection of roots by the causal
organism. A series of potted plants were kept at soil
moistures of 30 to 90 per cent of capacity. These plants
were then inoculated through the roots with Phytophthora.
The first evidence of wilting appeared in the higher soil
molsture levels, but eventually wilting and death of
plants ocecurred at all moisture levels. No methods for
maintaining soil moisture levels or for inoculetions were

included.
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Soil Temperature

The effect of soil tempersature on infection has not
been studied in detail, Since there is generally & cool-
ing of the soil in the Pacific Northwest when the wet
season starts this would seem to be an important fector
for the disease in this region. If the minimum tempera-
ture requirements are above those that occur here during
the wet season the disease would not have a good chance
of developing. Epiphytoties of pine root rot in New
Zealand take place only when the rainfall is above the
fall everage (April-June). The average soil temperature
at plent diseases division, Auckland teken at L and 8
inches were April 15°-16°C; May 12.5% 13.5°C; June 10°-
11.5%%. Drought preceding wet autumns was connected
with severe disease development. It was thought that
eracking of the soil may have aided rewetting (L7, P«830-
836). 1If the ability to produce sporangia also includes
the ability to produce zoospores, the assumption might
be made that infection took place during April and May .
During these two months the soil temperatures were above
12°C, the minimum tempersture needed for sporangial pro-
duction. Cultures of P. cinnemomi exposed to freezing
temperatures for more than 120-200 hours lost their

viability. By placing soil out-of-doors over winter in

New Jersey the fungus was eradicated (73).



Mineral Nutrition

Mineral nutrition of the host has been reported to
have varying effect on diseese development. Bingham et
2l. (5) varied nitrogen, phosphorous and potassium snd
noticed no variation 1n£diaeaae development even at low
concentrations, Littleiear severity veried inversely
with the total nitrogen in the soill but wes not affected
by other nutrients (12, p.28). Anderson (2) reported
thet high salinity and high potassium reduced the degree
of infection by P. cinnemomi,

Soll Aeration

In nutrient solution 2ll inoculsted avocado plants
died regerdless of the oxygen level. Exposure to very
low oxygen levels (0.5-0.05 ppm) was lethal to seedlings
even in the absence of P. ginnemomi (22). Shortleaf
Pine is much less tolerant than leoblolly pine to poor
soil eeration (76). Loblolly pine has greater resistance
to littleleaf which may be expleined by its grester

vigor.

Soil pH

White (74) felt that low pH and low temperature
kept P. cinnemomi out of natural rhododendron stands in



25

New Jorsey. His i1solate did not grow below pH L.25.

The soil pH in that region went down to 2.9 and averaged
l.0. Crendall et al. (19, p.177) isolated P. einnamomi
from diseased nursery stock growing in scil with & pH
renge of 3.2 to 7.0. Copeland end McAlpine (17, p.6LO)
stated that soil pH of L.6 to 5.6 hed no epparent effect
on littleleaf. In culture Zentmyer (87) found sporangia

on agar disks even if the pH of the soll extract was ree
duced to L.O.
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METHODS AND MATERIALS

General

The methods and materials section covers general
techniques used throughout the investigations. Specifie
techniques are described with the results.

In oraer to provide as much variation as possible
eamong the P. gcinnemomi cultures used, isolates from the
Southeast, British Columbia, and California as well as
isolates from Oregon were used. A gxggégg~ap. isolated
commonly from our study erea in the Coast Range was used
in several experiments.

P. ginnamomi cultures used in these studies were

as follows:

Culture Isolated
__Jo, Host Source (location) By
Po 1 rhododendron Portland, Oregon Smithson
Pe 2 alumi cypress Portland, Oregon Smithson
P%, 3 heather Oregon Powelson
Po L soil Athens, Georgia Zak
Pe 5 Port Orford California Zentmyer
cedar
Pe 8 heather Salem, Oregon Smithson
Pe 9 avocado California Zentmyer

Pe 10 yew Vietoria, B.C, Selisbury
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Culture Isolated
No. Host Source (location) By
Pe 13 - California Zentmyer
Pe 18 noble fir Corvellis, Oregon Trione
Pe 21 soil Oregon Nelson

Pe 22 soil Oregon Baker

Pe 28 rhododendron Oregon Lambe

Pec 29 ———— Oregon Lembe

Pe 30 Port Orford Oregon Kuhlmen
cedar

Several different soils were used in various parts
of this research. Willamette Valley soil was Amity silty
clay loam from ornementel beds in Corvellis., The patho=-
gen has been isolated from similer soils in the area.
MeDoneld Forest end Mexfield Creek soils were both Aiken
silty clay loams., The McDonald Forest ares in which
collections were made has & mature stend of Douglas-fir.
The Maxfield Creek vegetation is composed predominantly

of Acer macrophyllum, Rhus diversilosa end Alnus rubra.

Isolation

All Phytophthora spp. are relatively slow growing.
In isolating this group from infected tissue or infested
soil 1%t is necessery to provide conditions adequate for

their growth and less favorable for other fungi.
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Phytophthora cinnamomi wes isolated from infected
tissues most sucegsafully when the trensition zone between
healthy and diseased tissue wes used. If the disesse was
in its early stages only the young roots were infected.
Small sections of these roots at the transition zone
readily yielded the fungus. The root sections were washe
ed in running tep water, then placed on corn meal agar or
potato dextrose ager. Growth of most other fungl is re-
stricted on corn meal agar so chances of identifying P.
cinnamomi are improved. In the advenced steges of disesase
development the trensition zone is present in the young
vascular tissue of the main roots or at the root collar,
Larger root pieces were thoroughly washed and the bark
was peeled back, exposing the sepwood. Small pieces of
the sapwood and young phloem at the transition zone were
removed aseptically and either placed directly on agar or
surface sterilized in 70% alcohol for 3-5 minutes before
being placed on agar. Some success wes obtained when
the infected tissue was inserted into holes bored in
apples in & modification of Campbell's technique (11).

Isolation of Phytophthora cinnemomi from the soil
is more difficult since an sbundance of other soil micro-
organisms ere present. A modification of Campbell's (11)

apple technique wes used. Two holes were bored into each
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apple at angles to each other so that they met at the
center. One hole was filled with the soil sample, the
other hole wes supplied daily with distilled water.
When rot appeared the apple was split open and smell
pleces from the margin of the rot were removed and put
on ager. Potato dextrose ager was used at first but 2%
water agar proved more effective since it slowed the
growth of saprophytic fungi. Campbell reported LO% of
his apples geve positive results (11).

A number of methods were tried in an effort to
increase the effectiveness of the soil isolation teche
nique. Because & Pythium sp. was commonly isolated, &
method of inhibiting it was sought. In culture P,
cinnemomi grew at pH 3.5 whereas the Pythium sp. was
inhibited completely at pE 3.75. The soil has such a
tremendous buffering capacity thet all ettempts to ad-
Just small soil semples to these nerrow limits proved
exceedingly difficult. Another method that was tried wes
the use of baits. Root pleces, stem pileces, and leaves
of Port Orrord-cedar and Douglas~-fir were placed on top
of saturated soil in petri dishes. When 2. ginnemomi
weas present in large quantities it showed up readily as
sporangia on the surface of the tissue. However, in
field soil Fusarium sp. and Pythium sp. were rapid in-

vaders of the host tissue. The presence of P, cinnamomi
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could be detected only by very close observation of the
tissue under the microscope or by putting the tissue
through the apple technique. A modification of Anderson's
(1) host infection technique wes also tried. Anderson
suspended rooted pineespple crowns or slips in water cone
taining 1 or 2 tablespoons of soil. P. Sinnemomi pro-
duced brown lesions within l days and then produced
mycelium and sporangla. Rooted Port Orford cedar cute
tings and Douglas-fir seedlings were suspended in pint
Jers containing water end a small amount of soil,
Douglas-fir is very intolerant of low oxygen levels and
was killed whether or not the fungus wes present. Port
Orford cedar, although more tolerant of low oxygen levels,

nevertheless, did not readily show the presence of the
fungus.

Culture Methods

Several medla were used in isolation and culture
of P. cinnamomi. Stock cultures as well as inoceulum

were maintained on potato dextrose esgar (PDA).
PDA: Mixed broth from 200 gm. potatoes in
500 cc. water with 20 gm, agar, 20 gm,
dextrose, and 500 cec. water. Autoclaved

20 minutes at 15 pounds pressure.
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Corn meal agar: 50 gm. of corn meal in 500 ecc.
water heated to 70°C; kept at 60°-70°C for
1 hour, filtered, 20 gm. agar, 20 gm. dex~
trose and 500 cec. water added, autoclaved
20 minutes.

Pea broth: 150 gm. of dried split peas auto-
claved 3 minutes in 1 liter water, decanted,
and autoclaved 20 minutes.

Alfalfa meal agar (AMA): 50 gm. alfalfa meal
in 1 liter water heated to 70°C; kept at
60°-70°C for 1 hour, filtered through cheese-
cloth; 500 cc. of filtrate mixed with 20 gm.
agar, 20 gm. dextrose, and 500 cc. water,
autoclaved.

Milk ager: 20 cc, of milk, 1 liter water, 20
gm. agar, autoclaved.

Alfalfa sand meal: Alfalfa meal at the rate of
5% of the weight of the sand, mixed thoroughly.
Watered to make & moist but well serated mix-
ture. Autocleved 30 minutes.

P, cinnamomi was grown on pea broth, milk agar,

PDA, and AMA in attempts to induce the formation of
sporangia. In addition, pieces of various host tissue
were sterilized in & propylene oxide-air gas mixture (30,
90), and placed on the surface of actively growing
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cultures of P. cinnamomi on PDA., Following & period of
growth, disks of agar or pieces of the substrata con-
taining the fungus were placed in erlenmyer flasks or
petri dishes containing 25 ml, of soil filtrate. The
soil filtrete was prepared by mixing 100 gm. of soil in
a liter of distilled water and filtering through Whatman
No, 1 filter paper (403;80387).

Inoculations

In all the constant soil temperature tank studies
the inoculum consisted of two week old cultures of F.
cinnemomi. COCultures grown on both PDA end AMA were
macerated in distilled water in a Waring Blendor., One
hundred milliliters of the mecerated culture suspension
were poured into a hole six inches deep midway between
the trees in each pot. The checks were inoculated with
100 cc. of an AMA-PDA mixture. Field inoculations were
mede with infested soil which was prepared by mixing
macerated two week old cultures grown on PDA and AMA
into the soil at the rate of 1-100 by volume.

The Study Area

Field plots were established in order to study
the fungus under fleld conditions after it was felt the
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fungus was not a rigorous pethogen. The disease mey be
introduced into the forest through logging disturbances,
therefore a cut-over area wes selected. This land also
offered a smaller chance of afarting e large disease
' outbreak. The Buresu of Lend Menagement permitted field
plots to be established on land located in the Wi of
section 19, T108, R5W. The area is in the valley of a
tributery of Maxfield Creek. It is & typical mountein
velley with steep sides extending up from the stream.
Vegotation in the study erea l1s primerily Acer macro-
hyllum, gggg diversilosa, end Alnus rubra. There are a

few Douglas-fir seed trees present. Five experimental
plots at an elevation of 1250-1500 feet were selected to
include & number of different environmental conditions.
Plot one 1s on a south exposure on a small bench. Plots
two and three are also on & south exposure} however,
plot two is on & very steep slope with no shade and

plot three is in a smell drainage area so that throughe
out the winter water flows through it. Plots four end
flve have northern exposures and are shaded, Plot four
is on level ground and plot five on & steep slope. All
of the plots were fenced to prgvont disturbence by ani-
malss The plots were 15 feet squere and each eontained

three rows each of Douglas-fir, noble fir end Port Orford
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cedar seedlings. The rows were 12 inches apert with 2l
inch intervals between the different species. Most of

the first plantings died from drought and were repleaced
with Port Orford cedar and Douglas-fir.
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RESULTS

Symptoms of the Disease

The disease has only been observed on Douglas-
fir seplings in an ornamentel planting and under green=
house conditions. The symptoms on the seplings in orna-
mental plantings closely resembled those of the little-
leaf disease of shortleaf and loblolly pine in the
Southeast, The current year's needle end twig growth
was very much stunted and gave a tufted eppearance.
Usually en affected tree would not last through more
then one growing season in this condition. The entire
tree slowly dried up and became brittle. In the green=-
house disease development was so rapid thaet there wes
no chance for development of the littleleaf symptoms.
The foliage simply lost color and turned brown.

The symptoms on the roots were quite cheracter-
istie. The fungus started at the root tips and moved up
into the larger roots. Finally the fungus progressed
into the root collaer and death soon followed. Diseased
cambium and phloem have & reddish-brown color. The
transition from diseased to healthy tissues was very

striking since the healthy tissue was white.



Growth or Movement of the Pathogen

The pathogenic potential of P. cinnemomi on
Douglas-fir would in pert be determined by the speed
with which it can move through the soil in nature.
Mycelial growth, zoospore movement, or movement of fun-
gel parts in soil water are possible means of spreead
for this fungus. A pathogen is often aided by the dis~
turbances of man., Under normal circumsteances P, cinne-
momi is confined to the area occupied by its hosts.
Legge has shown with other Phytophthora spp. that
mycelial growth does not oceur in non-sterile soil

(374" p.93,102) B

\”Hovggont in a Controlled Environment

Growth of mycelium and movement of zoospores were
followed under controlled conditions. In earlier ex~
periments it hed been noted that when agar disks containe
ing mycelium were placed in sterile scill mycelium grew
out into the soil profusely, whereas disks placed in
non-sterile soil produced no mycelium. Soil from McDonald
Forest collected from the upper eight inches of the soil
profile wes mixed with distilled water in order to bring
the soil to a moisture content of 43% which is slightly
above field capacity. A similar lot of the same soil
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was raised to 58% moisture content. Portions of the
soil from both moisture levels were autoclaved for 20
minutes at 15 pounds pressure. Upon cooling the soil
was spread evenly te a depth of one~half inch in petri
‘dishes. Non~sterile soil was spread in petri diahes 1p
the same menner., PDA disks oontaihing the fungus were
plaood.in the center of each dish, Five replications
of both sterile and non-sterile soil were incubated at
15°, 20°, and 25°C for three weeks. After this time
soll samples were teken one inch from the inoculum.

Two apples were inoculated with the soil samples from
each pebtri dish., The fungus was not recovered from non-
sterile soil at any of the temperatures or moisture
levels although it was recovered at all levels in

sterile soil (Table 1),

Teble 1. Growth of P. cinnemomi mycelium in sterile
eand non-sterile forest soil.

Tumber of positive recoveries
of fungus from soil_one inch

So0il Moisture Temperature from inoculum
Content (%) (°¢c) Sterile Soil Non-sterile
, 15 10/10% 0/10
%g 15 10/10 0510
L3 20 10/10 0/10
58 20 10/10 0/10
3 25 10/10 0/10
8 25 10/10 0/10

1 Denominator indicates number samples tested, numeretor
number of times P. cinnamomi recovered.
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The movement of zoospores through the soil under
thelr own power eand with the aid of soil water movement
is esppearently the chief means of spread of this pathogen,
Zoospores readily germinate on Douglas-fir root tips end
the developing hypheae immediately form sporeangle, Thus
Z00spore movement can be detected by placing excised
root tips at verious distences from sporangial inoeulum,
- The zoospores move to the root tips end form sporangisa
on them. The presence of the distinctive aporangie 1is
& positive indicetion that the fungus hes moved to the
root.

Zoospore movement was followed in e soil filtrate.
Disks of AMA containing l6~day-old P, cinnemomi mycelium
were pleced in 2 soil filtrate. After 2 week the disks
were checked microscopically for the presence of Spor.
angia. REach disk was put on the point of & thumb tack,
The tack was held in place by inserting the head under
& rubber band which was wrapped around a microscope
slide. Douglas-fir root tip sections approximately one
ineh long were held at 1, 2, 3, and | ineh distances
from the inoeculum by inserting them under rubber bands
wreapped around slides. Controls were included which hed
root tips and no inoeulum. The siides were placed in
deep petri dishes and sufficient soil filtrate was added
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to submerge both the iroculum end host tissue. Care was
taken to insure the minimum of water movement. The cul=-
tures were maintained at room temperature. After three
days the root tips were examined under & microscope for
the presence of sporangia, The zoospores readily swam
two inches, at a distance of three inches only one out
of twenty roots was infected and none of those at four

inches were infected (Table 2).

Table 2. Movement of zoospores in & non-sterile soil

filtrate.
No. of root tips
Distance with sporangia
(inches) (out _of twenty)
1l 11
2 9
3 1
L 0

Movement in the Field

Movement of the pathdgen through soil was studied
at Maxfield Creek. Two week old cultures of the fungus
were mixed with Amity soil from the Willamette Valley.
In previous studies the recovery of P. cinnsmomi was
always higher from this soil. Three treatments were
used: in the first the infested soil was put in 15 six
inch pots, in the second lot of 15 six inch pots two
year old Douglas-fir seedlings were planted in the
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infested soll at the time it was taken to the field, and
in the third two year old Dougles-fir seedlings were
grown in the infested soil in the greenhouse for three
weeks so that some infection could occur before being
taken to the field. Three single pot replications of
each of the treatments were esteblished in each of the

5 plots at Maxfield Creek in Jeanuary, 1960. The soil
was removed from the pots and carefully buried in & com=-
pact ball. Sampling to determine spread of the fungus
was cnrﬁiod out once every two months., One sample weas
collected at the center of the infested soil, one was
collected at the edge of the infested soil, and two were
gathered two inches uphill and downhill from the infested
soil with a 15 mm. cork borer.

The results are summarized in Tebles 3 and 4 by
plots and by treatments. The scattered movement of the
fungus probably can be attributed to rodents which seem=~
ed to abound in the area. The death of the fungus in
the infested soil is repid as the soil dries out. In
the driest plots (1,2,3) the recovery was already greatly
reduced in June. A reduction in the recovery of the fun-
gus was expected during the drier months but the rate of
recovery should have increased again when the wet season

started if there were any resistant structures present.



Table 3. Influence of soil type and microflora on survivael of P, cinnamomi.

Recovery of P, cinnamomi &f ter diiferent monthly intervais
Flot Cbngor of plot Edge of plot "Two inches downhill 1wo inches uphiil

No. 2 L § 38 3k 2 Lk & 8 38 2 kL 68 10 B - hoth )
1 %8 3:86-¢ 0 & 1306 6 86 9 1o0 0 00w e O O
2 7 9.3 0. 8. 0 & 9 30 8 B 6 060 © B 11280 ® O
3 8§ 9 10 ¢ © 7 9 30 0 © 006 00 © 0 o006 06e¢ © ©
%99%000887000010000000000
7 9 0 2 0 6 9 6 0 0 ¢ © 01 6 © © 006 3120 © .0

1 No. of times P. einnemomi recovered (out of 9 times).

Teble L4« Influence of the presence of infected or uninfected host tissue in infested
soil on survival of P. cinnamomi.

Recovery of P, cinnamomi af ter different monthly intervalis

Treat- Center of plot Edge of plot 2" downhill 2" uphill
ment 22 L 6 8 10 ik 2 2 6 I T L3 VIO TR 6 B8 10 1
Soil

alone 1315 6 0 1 o0 13 14 5 1 0 © ® 8 3 0 00 2 O 1 6 0 ¢

Infect-
ed host 2338 ¥ 6 1) o i23h 86 o o o © 2 0 o 0 © ® 1 0 0 0 ©

Host in
soil A2 3 6 © 1 ® 21 8 0 0 © e 0 0 ©0 0 © i 0 0 0 © 0
[

1 No. of times P. cinnemomi recovered (out of 15).
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Samples were collected at the center and edge of the in-
fested soil in order to see if the forest soil inhibited
the P. cinnemomi mycelium in any way. Recovery in the
two places was not different.

In order to ascertain whether the forest soil
mieroflora was & limiting factor in the spread of the
fungua; Amity soil from the Willamette Valley was sub=-
stituted for the forest soil at Maxfield Creek in ten
small 18" x 18" x 8" plots. In each corner of the plots
healthy Port Orford cedar seedlings were planted. A
diseased Port Orford cedar seedling was planted in the
center of each plot, The diseased trees had portions of
their root systems infected but the foliage was still
green. Five of the plots were supplied with water from
an irrigation system during the summer. The water was
continuously dripped onto the center of the plot. After
one year five of the center trees were dead, and two more
had die-back at the tip. Four out of the five dead trees
were 1n the non-watered group. Nine of the other trees
were dead and six of these were in the non-watered group.
Isolations from the soil ylelded P. cinnamomi in only two
of the plots. Disease development apperently slowed down
following transfer to the field. Trees in the irrigated
plots probably were killed by the fungus. The trees in
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the non-watered plots mey have died from the summer

drought.

Inhibition by the Soil Mieroflors

P, cinnemomi is greatly inhibited by many orgenisms
in culture. Many conteminents such as Penicillium and
Irichoderma spp. completely prevent growth of P. cinnamomi
within several centimeters of the mycelium of the conteami-
nant. It was felt that the forest soil might have a
severe fungistatic effect on P. cinnemomi which would be
limiting to its growth and survival, The fungistasis of
some soils to mycelium or spores of certain fungi has
been demonstrated by Nils Molin and Jackson'(h5;3h).

The technique consists of placing disks of agar
containing fungel mycelium on cellophans in contact with
the soil. The rate of growth on sterile soil is compared
with thet on non-sterile soil. Soils from Maxfield Creek,
MeDonald Forest, and the Willamette Valley were collected.
Half of the soil from each area was steam sterilized for
20 minutes at 15 pounds preisure. Two level tablespoons
of soil were placed in each petri dish and 10 ml. of
sterile distilled water was added. Fifteen replications
of both sterile and non-sterile soil were made for each
soil type. Cellophane disks of the same dismeter as the
petri dishes were sterilized in distilled water in the
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eutocleve to remove any water prcofing substances and
were then spread over the surface of the soil under
aseptic conditions, Disks of PDA were cut from poured
"plates with a r1§med number 15 cork borer, 22 mm in
diameter. A flamed spatula wes used to remove the disks
end to place them on the cellophane., The inoculum disks,
I mm in diameter, of P, cinnamomi growing on PDA were
placed in the center of the ager disks, The plates were
incubated at 25° ¢ for two days or until the mycelium
reached the edge of the disks. Three measurements of
each colony dlameter were averaged to determine the
average growth per colony. The emount of inhibition for
a particular soll was determined as the ratio of the
average growth for the 45 colonies on non-sterile soil
to the average growth for the L5 colonies on sterile
soll expressed as & percentage. Samples were processed
periodically for & year (Table 5). The forest soils
were never &s inhibitory as the valley soil. There
appears to be no period during the year when the soil
would be fungltoxic to P. cinnemomi since some growth
elways occurred.

Inhibition of P. cinnemomi wes compared on non-
sterilized soll, steam sterilized soil, and propylene

oxide sterilized soll. When these results were subjected
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to an snalysis of variance test, there was no signifi-
cant difference between the mean diameters of colonies
on non-sterile and propylene sterilized soils whereas
the diameters of colonies on steam sterilized soil were
significantly grester at the 1% level.

Thus the fungistatic compounds were produced by
the soil microflore prior to incubation and were not due
to the incubation. At two different times the rate of
inhibition of P. ginnamomi was compared with the inhibi-
tion of some other fungi. The data presented in Teble 6
indicates that most fungl ere affected by entibiotics
produced in the soil. The method has certain limitations
and may not show the important antibiotic effects or the
effects of non-diffusible entibioties.
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Teble 5. Fungistasis in soils towards P. cinnamomi as
indicated by inhibition of mycellel growth.

Viycellal growth on Soll semples

Source of collected ons#

Soil B/5% ___9/59 11759 1760 3760 6760
Willamette
Valley 3707“’ 3.2 32;9 380,.} 68.6 51-5
MecDonald
Forest L5 33.6 43,9 50.5 80,4 57.1
Mexfield
Creek 65.7 3102 h‘loz 52.1‘» 88.3 h.?cs

# Expressed as percentage of growth on sterile soil.

Table 6. Fungistasis towards several species of fungi
as indiceted by inhibition of mycelial growth.

Mycelial growth' on

soil samples from:

Neme of fungus Valley Forest
%%gg%%%b;p;t Maxfield
Creek) 6l.86 83.8
P. cinnamomi 37.70 L5
Holmihthoapor;gg Sp.# 39.1
Fusarium sp.i# 55.1
Rhizoctonia sp.# 65.4
P. cinnamomi# 63.6

# Tested in Nov., 1960; the first two were tested in
August, 1959.

1 Expressed as percentage of growth on sterile soil.
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Survival of the Fathogen

Survival of P. cinnamomi in the forest situation
is important Aot only on & long term besis but also on a
year to year basis, The annual summer drought provides
very severe conditions for the fungus although production
of resistant spores by the fungus would incresase its
chances of survival, After death of the host plant it
is very difficult to isolate P. cinnamoml because of the
rapid invasion Bf the host tissues by soil saprophytes.
Whether P. cinnemomi is killed or simply overgrown by
these fungl is not known. Long term survivael studies
can be an aid to econtrol of the disesse by demonstrating
possible susceptible periods in the 1ife cyecle of the
fungus. |

The effects of soil microflora, soil type, presence
or absence of host tissue, and soil moisture level on P.
cinnamomi survival were studied over & two and & half
year period. The soil treatments used were as follows:
1) sterile soil, 2) sterile soil infested with Pythium
SPss 3) Amity solil from the Willamette Valley, L) Aiken
soil from Mexfield Creek, 5) Aiken soil from MeDonald
Forest. Each sample consisted of soll packed to within
one-half inch of the top of French square bottles, 2%

inches square and 6 inches tall with serew caps.
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Sub-treatments for soil moisture were to be maintained
by watering one set of thirty samples, allowing one set
to very with the season, and capping one set so that its
moisture level would drop throughout the experiment.
Heavy rains the first winter supersatureted all the open
bottles so that they remained moist all yeer long. The
results of these two sub~treatments were combined on the
data sheet. A severe cold spell during the first year
cracked many of the open bottles asdding snother variable.
In the fourth sub-treatment a Douglas-fir seedling wes
planted in each bottle. All of the soil was infested
with macerated cultures of P. cinnamomi at the rate of
100 parts soil to 1 part fungus. Once every two months
the soil in two bottles from eech sub-treatment was
checked for the presence of P. cinnemomi using the apple
technique. During the first year four apples were used

per bottle but only two were used for the remainder of
the time.

The results are reported as the per cent recovery
of P. ginnemomi in Tables 7 and 8 and Figures 1-5. The
figures illustrate the poor survival of this fungus.
After a year the recovery rate dropped to a very low

level. There seems to be 3 plateaus. Sporengia, mycelium,



Table 7. Influence of soil type and microflora on survival
of P. cinnamomi.

Treatment L. #Recovery of P. cinnamoml sf ter different monthiy Lnterveis
ginnamomi in: R 3 PO SO PG END T RS NS By A W 9 B

Sterile soil ,4,2-8 590)4. 25 15c6 15.6 ,-‘-367 6.3 1205 0 6.3 O 0 © 6.3 0

Sterile soil
+ Pythium 33.2 28.1 0 3.1 12.5 6:3 3.1 0 0 0 C 0 00 0

Amity soil from
the Willamette

Aiken soil from
Mexfield Creek 31.2 344 18.7 0 6.3 0 0 6.3 0 0 0O 0 00 0
Ajiken soil from
MeDonald Forest 37.4 50 31l.2 3.1 15.6 L7.5 6.3 12.5 0 6.3 0 0 00O 0

% Recovery expressed &s the percentage of positive isoletions.
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Table 8. Influence of variation in soil moisture and presence
or absence of host tissue on survival of P. cinnamomi..

*Recovery of P, cinnemoml ef ter different monthiy intervais
Treatment £ h & g .3 12 1L 16 18 20 22 i 26 28 31

Open containers 25 50 18 7.5 15 M R SRR U T BoE B SR
Closed containers 50 33 25 20 17 .. T 3 % -5 -8 9 -8 9

Host tissue

present k6 55 &5 12,5 1.5 R 5 5 5 © ¢ o o S

# Recovery expressed as the percentage of positive isolstions.

0s
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Pigure 1. Recovery of P. cinnamoui frow sterile soil
infested with P. cinnamowi and kxthlum sp. after differ-
ent monthly intervals.
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Figure 2. Percentage recoveryof P cinnawowi from in-
fested Aiken soil from iMaxfield Creck after different

monthly intervals.
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Figure 3. Percentage recovery of P. cinnamoui from in-
fested Aiken soil from liclonald Forest after different

monthly intervals.
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sterile soil infested with P. cinnamomi after different
monthly intervals.

Figure 4. Percentage recovery of P. cinnaumowmi from
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Figure 5. Percentage recovery of F. cinnamomi from
infested Amity soil from the Willauette Valley after

different monthly intervals. . .
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and chlamydospores were probably all functional during
the first six months., During the next twelve months
chlamydospores probably were the only surviving form of
the fungus. The sporadic recovery during the last year
indicates that only a very few chlamydospores are func-
tional over an extended period of time. The two soil
treatments that gave the poorest recovery contained the
Pythium sp. which was isolated in previous field studies
at Maxfield Creek to a grester degree than P. cinnamomi.
It is possible that the Pythium sp. has nutritional re-
quirements similer to P. cinnamomi end by growing faster .
gets there first. The Amity soil was used because the
disease had occurred in it and recovery from it was
always better: Since the survivel time was not increased
in this soill it appears survival in forest soils is not
markedly different. The increased recovery in the 1l2th
month from Alken soil from McDonald Forest and the in-
fested sterile soll 1s difficult to explain. High tem=~
peratures and an adequate supply of water provided ideal
conditions for recovery of the fungus and for growth
from the host tissue since the increase shows up there
as well. The rapid imvasion of infected tissue by soil
saprophytes would cause a decrease in recovery of P.

cinnamomi. Failure of the other treatments to respond
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similarly may be due to the lack of uninfected host tissue
since a considerable number of the seedlings died.

As the soll dries the recovery of P. cinnsmomi be=-
comes increasingly difficult if not impossible. Rewetting
the soil reactivates the fungus to some extent but after
a longer pariod of drying recovery of the fungus is not
possible. The following experiment was set up to deter-
mine how:long the soil hed to remain dry in order to kill
the fungus. Aiken soil from McDonald Forest was infested
with macerated PDA end AMA cultures of P. gcinnamomi &t
the rete of 100 cc per cen of soil. Four cans of soil
were kept moist while the others were allowed to dry out
at greenhouse temperatures. After each sampling two of
the cans that had been allowed to dry were rewetted.
Twenty samples from each treatment were checked each
month. DMoisture content in the dried soil ranged from
5.5 to 11%. After two months of drying the fungus could
no longer be recovered. The results are given in

Table 9.
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Teble 9+ The effect of drying the soil on recovery
of P. cinnamomi.

Recovery of P. cinnemomi &t
monthly intervals

Treatment 0 1 2 3
Moistened
checks 75% 30 35 20
Dried 1 month o 3 30 0
then rewet ;
Dried 2 months - - 0 0
then rewet
Dried 3 months - - - 0

# Recovery expressed as the percentage of
positive isolations.

Saprophytic Ability

Survival of meny root pathogens is facilitated by
their capaecity to 1ﬁvade dead tissues as saprophytes.
This capacity is determined in part by speed of growth,
compe titive ability, and inoculum level of the fungus.
P. cinnemomi has been shown to be slow growing. Two
experiments were conducted to determine the competitive
saprophytic ability of the fungus and the inoceulum level
necessary for seprophytic invasion to occur. In the
first experiment dried Douglas-fir twigs verying in dia-
meter from l-l mm. were cut into 2 ineh sections end
buried at 4-6 inch depths in infested soil conteining
Douglas-fir seedlings killed by P. cinnemomi. The soil
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was in pots in temperature tanks maintained et Zho, 28°,
end 32°C. There were 45 twigs at each temperature., After
one month the twigs were removed and half ineh sections
from the ends were plated out as previously deseribed.
Only one twig at 2),°C ylelded P. cinnemomi. The most com-
mon saprophytes present were species of Pythium, Fusarium,
Pencillium, and Mucoracesae.

The inoculum level at which P. ¢innamomi can com-
pete with soil saprophytes wes determined in the following
- experiment. The fungus was grown in alfalfa meal-sand for
one month. The inoculum wes diluted with non-sterile
McDonald Forest and Willemette Velley soils at rates of
100/0 (inoculum/seil); 90/10; 70/30: 50/50; 25/75; 12.5/
87.535 6.25/93.753 3/97; 0/100. Two replications of esch
soil type at each dilution were made, using number 10
cans, T@n two-inch long pieces of dried Dougles-fir twig
were buried in each can at an approximate depth of L
inches. After incubation for one month in the greenhouse
with periodic wetering, the twigs were removed from the
soil, washed in tap water, cut into four 4-inch sections,
surface sterilized in 70% aleohol end plated on corn
meal sger. In the first trial the inoculum wes contami-
nated so that the results were not consistent. In the
second trial the inoculum wes thoroughly mixed before
being diluted and the results were much better. At very
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low levels P. cinnsmomi is & poor saprophyte in either
soil (Table 10)., It is likely that the microflora in the
forest soll is better adepted to the invasion of woody
tissues and therefore the competition is greater resulte
ing in & lower incidence of invesion by P. cinnemomi in
this soil.,

Table i0. The effect of inoculum level on saprophytiec

invasion of Douglas-fir twigs by P. cinnamomi.
Number of Lwigs yielding P. cinnamomi oub

Dilution of 20 in:
inoculum/ McDoneld g Willame Gte

soil Forest soil Valley soil
100/0 17 19
90/10 18 20
70/30 1 17
50/50 5 12
25/15 | 1 6
12,5/87.5 3 2
6+3/93.7 0 3
3:1/96.9 0 0
0/100 0 0

Survival studies reported here, and those of other
workers, indicate that P. cinnamomi generally has a shorter
survival time in the soil then other Phytophthora spp.
Although chlamydospores have been commonly reported for
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this species, oospores have rarely been seen. Cospores
probably are responsible for long term survival. No re-
ports of microscoplc exemination of infected tissue have
been found in the literature. Extensive hand sectioning
of infected rhododendron roots showed & great amount of
myceliums The mycelium was not perticularly character-
istie of Ps cinnamomi but was finer and did not have
vesicles. There were & few round bodies somewhat resem=-
bling chlamydospores in some epidermal cells of the root.
Freezing microtome sections of Douglas-fir roots stained
with rose-bengal showed scattered vesicular bodies in
some of the cells. Pleces of evocado and Port Orford
cedar root tissue which were inoculated with the fungus
#nd then hand sectioned yielded more positive results.
Chlamydospores were present in the cedar tissue and & few

oospores were observed in the avocado tissue.

Infection of the Host

Movement and survival of the pathogen are essential
for infection of the host plant. Douglas-fir is suscep=-
tible to this pathogen but the conditions under which it
is susceptible are not known. Most workers have concen-
trated on the moisture requirements for infection. There
is general agreement that sbundent moisture is required

and trees on poorly drained sites are the first to be
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affected (7036637;72;2L38l;12;23561;38;47;69332;51753).
For part of the year moisture requirements in western
Oregon would be quite adequate for infection, however,
during that time the soil temperature may be & limiting
factor.

Constent soil temperature tanks at 12°, 16°, 20°,
24°, 28°, eand 32°C were used to determine the renge over
which infection would oceur, Port Orford cedar seedlings
were used in the first trial since they were available
eand were not as susceptible to injury from excess water
as is Dougles-fir. Two trees were planted in each of the
12 pots in each temperature tank snd were allowed to be-
come established for a month before being inoculated. The
soil mixture used consisted of: lj parts greenhouse soil,
1 part sand, 2 parts leaf mold, 1 pert sterilized garden
soil, and commercielly prepared ammonium phosphate ferti-
lizer (1 pint/8 buckets of soil). The trees were watered
lightly four times & week but no specific control of the
moisture levels was attempted since each pot had a drain.
After one month half of the pots were inoculated with P.
cinnamomi. Three months after inoculation the trees were
removed from the soil emnd the roots examined for necrotiec
end discolored areas. Eight sections were plated out
from each tree. Results are given in Table 1l. Douglas-

fir seedlings were used in the second trial over the seame



Table 1l. The effect of temperesture on infection of Port Orford
cedar by F. cinnamomi.

Ixé‘gs:;d Number of trees out of‘i;th e i i

‘fgzg : Ux(%?f:;zii Affected - Killed v:z::t:r %&s%
32 U 2 2 0 0
32 I 9 7 ? 5
28 U 0 0 0 0
28 I 9 6 9 L
i U 0 0 0 0
2, I 9 Ly 9 $
20 U o 0 0 0
20 I 6 0 6 L
16 U 0 0 0 0
16 I 0 0 0 0
12 U 0 0 0 0
12 I 0 0 0 0

09
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temperature range. The results of this experiment are
glven in Table 12. 1In both of these experiments the
highest incidence of infection occurred at the three
highest temperestures. At 32°C the Douglas-fir roots were
damaged by the high temperature in both the infested and
uninfested soil (Fig. 9). The roots were confined to the
upper two inches of soil where the soil temperature was
probably & few degrees lower. These roots were short and
club-like, At 24°C eand 28°C there were great differences
between the inoculated end the uninoculated trees (Fig. 8)
The pathogen affected most of the roots end soon girdled
the main root. The 20°C tank did not meintein as stable
& temperature as the other tanks because it leaked and
water had to be added continuously., It varied +3°C
whereas the others varied.:}oc. Thermographs were used
to record the temperature in the tenks for a month,
Symptoms veried from only a few dead roots such as the
middle seedling in Figure 7 to those with & reduced root
system and subsequent reduction in foliage as that on

the right. Absence of infection et 16°C 1s the most
striking result (Fig. 6). There were no dead roots on
either the inoculated or the uninoculeted seedlings.

Root production on both Douglas-fir end Port Orford

cedar appeared to be very good at the lower temperatures,

The one occurrence of infection was due to a pot that was



Table 12. The effect of tempersture on infection of Douglas-fir
by P. cinnemomi.

Infested “Number of trees out of 12

(I) or " = ~ With disc. No. of times
Temp. Uninfested vescular P. cinnamomi
(°c§ (U) soil Affected Killed tissue wes isoleted
32 U I N 0 0
32 I 11 8 3 0
28 U 1 1 0 0
28 I 11 7 N |
2l U 1 0 0 0
2l I 12 7 5 L
20 U 2 0 0 0
20 I L 2 2 3
16 U 0 0 0 0
16 I 1 1t 0 1
12 U 0 0 0 0
12 I 22 0 0

e9

1 Pot was out of the water several inches more than the other pots weres
Both were watersoaked, due to excess soll water.



Figure 6. Roots of Douglas-fir seedlings grown in up-
infested soil (left) and infested soil (right) at 16°C.

Figure 7. Roots of Douglas-fir seedlihvs grown in un-
infested soll (left) and infested soil ?right) at 20°C.



Figure 8, Roots of Douglas-fir seedlings grown in un-
infested soil (left) and infested soil (right) at 24°C,

Figure 9. Roots of Douglas-fir seedlings grown in un-
infested soil (left) and infested soil (right) at 32°C,
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set higher out of the water than the other pots. The
temperature gradient cone that goes from alr temperature
to soil temperature several inches below the soil surface
probably extended farther in this cese. At 12°C there
was no infection.

Douglas~fir seems quite intolerant of continuous
high soil moisture. Some trees in both infested and un-
infested soil died because of poor drainage. The young
vascular tissue of trees killed in this way is blackened
and often watersoaked and therefrre is not resdily con=-
fused with the red-brown discoloration caused by E.
cinnamomi.

Temperature tanks were next set up at lSo. 17.5%,
and 20°C in order to determine more exactly the minimum
temperature at which infection would occur. All condi=-
tions were the seame as in the previous experiment except
the pots had no drains end there were 52 trees at each
temperature. Glass tubes were inserted to the bottom of
the pots and the excess water was removed with a vacuﬁm.
Results are summerized in Teble 13. Infection occurred
at 17.5°C and 20°C. The 17.5°C tenks varied by +2°C
while the other tanks vaeried only #1°C. Temperatures
above 16°C are required for infection of Douglas~Fir by
P, cinnamomi.



Table 13. Study of the minimal temperature reguired for
infection of Douglas-fir.

“infested " Number of trees out of 26

(I) or With dise. No. of times

Tgm . Uninfested vasculer P. cinnemomi

L_Gf (U) soil Affected Killed tissue was isolate
20 U L L 0 0
20 I 13 7 10 0
17.5 U 0 0 0 (¢]
17.5 I : L 4]
15 U 0 0 0
15 I 2% 2 0 0

* Watersosked

99
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Sporulation and Germination

Sporangial formation and spore discharge are of
great importance in infection since the zoospores are the
most effective means of infection. Without sporengial
formation there would be little spread of the pathogen
end the disease problem would be greatly reduced. Spor-
angiael formation is affected by substrate, temperature,

moisture, and microflora.

Sporangial Formation and Discharge

P. cinnamomi wes grown on & number of different
substrates in order to find one on which it would regu=
larly produce an abundant supply of sporangie. Pea broth
has commonly been reported as a good media for sporangiel
production, After seven days growth on pea broth the
mycelial mats were transferred to a soil filtrate or dise
tilled weter, and sporangia were formed in a couple days,
These sporangia were round rather than pepillete as are
those formed on host tissue. Papillate sporengia were
formed on sterilized roots of Douglas-fir, Port Orford
cedar, and avocado placed in distilled water and inocue
lated with P. cinneamomi. Zentmyer's method (80;87) of
placing agar disks from two week old PDA cultures in a

non-sterile soil filtrate for several days produced good
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results. The most abundant sporangiel production occur-
red when disks from 16 day old AMA cultures were placed
in a non-sterile soil filtrate for a week.

The trensfer of mycelium to a non-sterile soil
filtrate seems to have two offoota; & reduction in
nutrient level and a biological stimulation from the
soil orgenisms. WEon mycelial mats grown in pea broth
were transferred to distilled water or .01lM KNO3 solution
the sporangiel production wes less than in & non-sterile
gsoil filtrate. However, 1mmediate1y following germina-
tion of zoospores on Douglas-fir root tips sporangie are
formed. Soil filtrates were made from Aiken soil from
McDonald Forest, Amity soil from the Willemette Valley,
aﬁd greenhouse soil, Five AMA disks containing the fun-
gus were placed in 25 ml. of filtrate. There were five
replications of each filtrete and the experiment was re-
peated once. After a week at room temperature (20°-25°C)
twe counts per disk were made of the number of sporangia
at 100x megnification under 2 grid disk. The number of
sporangia that had dischargéd was determined by counting
the number of empty sporangia. The average of the fifty
counts wes used to determine the number of sporangia/mme,
The grid disk enclosed 3844 mm®. An analysis of variance
of the results (Table 1l) showed the differences were not
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Table 1. The effect of soil filtrate on sporangiel
formation and discharge.

“Total number
Source of of sporapgia Number disghargo

soil (per mm (per mm<)
Willamette 9.55 1.72

" 11.39 1.51
McDonald Forest 15.0L 2.78

. . X 2.7
Greenhouse mix 13.0L 1.66

" " 14.05 1.72

significant. The soill filtrates from these soils have
the same effect on sporangial formation end discharge.

Temperature requirements for sporangiel formetion
have been found by other workers (87;61), but tempera-
tures at which sporangial discharge occurs have not been
reported. The same techniques were used as reported
above except only greenhouse soil wes used. The cul-
tures were incubated for a week at 10°, 15°, 20°, 25°,
30°%, 38°C. The experiment was repeated once and the
combined data appear in Table 15. Some sporangia dis-
chearged at all temperatures at which they had formed
ineluding 15°¢,
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Table 15. The effect of tempereturs on sporangial
formetion and discharge.

Total number

Tamfagyturo ofs:gémsggin ﬁumbz;’giggénrgod
10 0 0
15 3.75 0.16
20 27.58 0.47
25 25.55 1.29
30 8.01 0.22
35 0 0

Moisture Effect

To determine molsture levels et which sporangis
would form, weter wes added to greenhouse soil to bring
it to verious moisture levels above field capaeity and
the soll was pleced in glass Jars which were sesled to
prevent rapid drylng, Agar disks were buried in the
soil for & week and then were washed out of the soil.
Results were never consistent although at different
times sporangie were found at all moisture levels that

did not absorb water from the agar disks,
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Qospore Production and Germination

Oospore produetion by P, cinnemoml hes previously
been observed on Mexican avocedo roots end extracts (91)
end in old cultures on ostmeal agar (49). A medium was
sought on which P, cinnsmomi would produce an abundance
of oospores. Roots of Port Orford cedar, Dougles-fir,
rhododendron snd evocado (Celifornie and Mexican
varieties) sterilized in propylene oxide were placed in
sterile distilled water and in 0,75% water agar and were
inoculated with P, cinnemomi (30). A few oospores develop=-
ed in the avoca&;-tissue. In another treatment sterilized
roots were crushed with a morter and pestle in distilled
water and the crushed tissue waes added to cooled &agar be=-
fore it was poured, Oospores developed most ebundantly
on mecersated Mexican avocedo roots. The roots were first
sterilized in propylene oxide, then placed in distilled
water at & ratio of 5 ml. of distilled water per gram of
sterilized root and blended in a Waring Blendor for 30
gseconds. The extract was poured through cheesecloth,

autoeclaved and poured into petri dishes to be inoculated.
Oospores developed on mycelium growing in close proximity
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to the inoculum disks and did not occur on hyphee growing
in the medium.

Oospore germination was attempted in the following
ways: A host-soil leachate was prepared by pouring dise-
tilled water on the soil around potted host plants and
the first 100 ml. of leachate coming out the bottom of
the pot was collected (57). The non-sterile leachate was
pessed through Whatman No, 1 filter peper. Mycelium con=-
taining oospores was placed in leachates from Mexicen evo-
cedo, Port Orford ceder, and Dougles-fir, When the cul-
tures were exeamined three weeks later most of the oospores
were Iinfected with Rhizophydium carpophilum, & Chytrid.
Oospores were placed in both sterile and non-sterile marsh
water. In another test ocospore cultures were smeared on
slides end allowed %o dry at room temperature for a week,
then placed in e soil filtraste. Both sterile end non-ster-
ile soil leachates from avocado trees were used on some
cultures. Cultures were frozen at -10°C for two deys and
then were put in & non-sterile soil filtrate. Cellophane
strips containing oospore smeers were buried in the soil
for two weeks, the strips were then placed in & soil fil-
trate. Some oospores were treated with dilute hydro-
chloric acid in an sttempt to digest away the outer
walls. The protoplasm was destroyed by this treatment,
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None of the oospores germinated. Either oospores pro-

duced in culture are nonviable or they require condi-

tions for germination other then those provided in the
experiments.
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DISCUSSION

Phytophthors cinnemomi has been recognized as a
potentially serious threat to the Douglas-fir forests of
western Oregon and Washington. The studies reported
here attempted to determine how well this fungus could
grow and survive in Oregon forest soils and under what
conditions it would infeet Douglas-fir.

Mycelium of some Phytophthora spp., does not grow
through non-sterile soil (37). P. cinnemomi grew readily
in sterile soil at moisture levels above field capacity
but did not grow at all in non-sterile soil. In field
studies only very sporadic movement of the fungus was
found and this may have been due to animels in the soil,
Spread of P. cinneamomi usually is in the direction of
soll water movement (38;54). Zentmyer end Richards (83)
reported that P. cinnemomi moved 15 feet uphill in an
avocado orchard and suggested the movement was the re-
sult of mycelial growth along the roots. Zoospore
movement might be a more likely possibility even for up-
hill movement since zoospores in soil filtrates were
able to move up to three inches and easily moved one or
two inches. Sporangie are formed rapidly after zoospores
germinate. After three days root tips exposed to zooe-

spores had some sporangies that had proliferated two or
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three times. If the zoospores can germinate and produce
sporangia at any point on the root or in other organic
matter, spread of P. cinnemomi elong the root will be
quite rapid.

A fungistatic effect was demonstrated in forest
soils and in a cultivated soil that has supported the
pathogen. The inhibitory effect appeared equally great
in all soils tested. The method of plecing aeger disks
on cellophane on the soil did not show the complete
fungistatic effect that was noted when mycelial disks
were placed in the solil. This may be analagous to
growth from diseased tissue where P, cinnamomi mycelium
will be among the first to grow from the tissue, but
will be subsequently overgrown by other fungi.

Survival studies indicated that P. cinnemomi is
short-lived in the soil even in the presence of host
tissue. After twelve months, recovery of the fungus
dropped to a very low level and after twenty months
there was only one recovery. The fungus survived even
more poorly when subjected to severe drying and was al-
most completely killed es the soil dried in summer. In
greenhouse studies the fungus was killed after the soil
had been allowed to dry for only two months., Micro-
scopic examination of infected Dougles-fir roots dis-

closed the presence of no resistant structures of the
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fungus. Formation of oospores and chlamydospores weas
induced in artificially inoculated sections of avocado
and Port Orford cedar respectively. Newhook (L47) re-
ported that recovery of P, cinnamomi dropped consider-
ebly one or two years after the death of the host, Pinus
radiata, and although still present after five years it
was never recovered in the same quantity as other

Phytophthora spp.

Experimental results may not be conclusive be=-
cause a fungus grown in culture may lose some of its
capacity for competition., For example, isolates grown
in culture for & long time may be less pathogenic than
recent isolstes., In the same way isolates kept in cul-
ture very long have shorter survival capacities. The
absence of resisteant spores greatly reduces the sur-
vival chances of this fungus since the mycelium and
sporangla are more sensitive to environmentel changes
then are either chlamydospores or oospores, Mycelium
in older host tissue might be expected to last longer
because of the protection the tissue would offer to
environmental changes.

Saprophytic invasion of orgenic matter by a fun-
gus can provide a means of survival in the absence of
living hosts. P. cinnemomi was able to colonize twigs

of Douglas~fir consistently only when more than helf of
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the soil volume weas an alfalfa meal~sand mixture infest-
ed by P. cinnamomi. Butler (9) would classify P. cinna-
momi as having & low sparophytic ability. In forest soil
the mycelium was less aggressive than in cultivated soil.
This may be an indication of greater competition in the
forest soil, such as that offered by the Pythium sp. at
Mexfield Creek. The other soil organisms grow more
rapidly and P. cinnamomi is suppressed.

With the evidence thus far presented P. ¢innamomi
can be classified as a root~inhabiting fungus according
to Garrett's criteria since it: 1) is inhibited by
organisms in the soil; 2) does not grow through unsteri-
lized soil; 3) invades living tissue readily but only
rarely invedes dead tissues; l) is limited in distribu-
tion in the soil to those areas occupied by host plants.
The importance of factors affecting infection are made
more important by the recognition of P. cinnamomi as a
root-infecting fungus, since the fungus is behaving
normally in the forest soil when it dies rather repidly,
does not move through the soll, and does not invade dead
Douglas~fir tissue.

Sporangial formation and zoospore discharge occurs
from 15°C to 30°C. Sporangial formetion was 7.5 times
greater at 20°C than at 15°C end zoospore discherge wes

three times greater. This reduction in inoculum level
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may account for the absence of infection at 16°¢ even
though P. cinnamomi can form zoospores at this tempera-
ture. No effect of filtrate microflore could be shown.
The bilological stimulus necessary for sporangial forme=-
tion was present in all soils tested.

Attempts to germinate ocospores were unsuccessful,
Legge (37) has demonstrated that upon germination ocospores
of other Phytophthora spp. give rise to sporangie. This
might start the disease cycle following an unfavorable
period. Since oospores apparently are not involved in
the disease cycle on Douglas~-fir this study was of aca~
demic rather than practical interest.

At 16°C and below no infection occurred and root
growth wes prolific. Temperatures above 16°C (61°F) arve
necessary for infection and meximum disease development
occurred et snd above 2,°C, At 32°C Douglas-fir roots
were killed by the heat as well as the fungus. Most of
the trees were killed within 3 months at the higher tem-
peratures but at 20°¢ symptom expression was confined
principelly to the roots. This relatively warm tempera-
ture requirement for infection may well be & limiting
factor in the spread of this pathogen from ornamental
nurseries into forests. Irrigetion in nurseries during
the warm summer months would seem to be an aid to disease

development.
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This pathogen may be restricted in three ways:
1) competitive inhibition by the forest soil mieroflora,
2) soll moisture levels that are not adequate when the
temperature is high onough; and 3) soil temperatures too
low for infection. Since P. gcinnamomi apperently pro-
duces no resistant spores the other soil organisms could
80 overrun any substrate that P. cinnamomi would be come
pletely suppressed. High soil moisture levels are neces~
sary for infection although the exact requirements sare
not known. Generally during the wet winter end spring
months soil temperatures do not get above 60%°F. so root
rot would not develop. Table 16 presents some soil
temperatures for spring and fall at Maxfield Creek. On
the exposed and therefore drier sites temperatures above
62°F probably can be expected until the second week of
October and agein after the last week of April. On the
shaded sites no temperetures above 60°F were recorded in
the transitional periods between wet and dry seasons.
Conditions in the region probably closely approximate
those in New Zealand where Newhook (L7, p.830-833) feels
that the disease is most severe when extreme summer
droughts ere followed by heavy early autumn rains. The
soil cracks during the summer and the rain is sble to
permeate the soil much faster. In Oregon unless there

are warm spring rains or heavy werm fall reins the
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chences of disease development are gresatly reduced.
Summer rains especially along the cosst may come during.
wermer weether and start small pockets of infection.

Any fungus with as extensive & host renge as this
fungus hes may become better adapted to its environment.
Therefore all precautions against spread should not be
ebandoned. Forest nurseries must continue to guard
against this pathogen because of the widespread dissemi-
nation of their planting stock. Nursery stock could
create extensive incipient infections which under proper
conditions might develop into a large scale epiphytotic.
The general publiec should continually be mede aware of
the possibility of introducing diseases of this type
through movement of diseased planting stock. All
foresters and forest pethologists should realize that,
although the temperature requirements for infection will
generally excludethis orgenism from the Douglas-fir
forests, any exceptionally wet warm periods may intro-
duce the problem on a large scale if the pathogen is not

excluded from forests.
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SUMMARY

Phytophthora cinnemomi mycelium grew through sterile
forest soil at two moisture levels, 3 and 58% and at
temperatures of 15°, 20°, and 25°C, but did not grow
in non-sterile soils at the same moisture and tempera-
ture levels.

Zoospore movement was followed in & non-sterile soil
filtrate up to three inches, The zoospores readily
moved one and two inches and formed sporangis follow-
ing germination on Douglas-fir roots.

In the fleld the fungus moved in only very limited
amounts from infested soil and infected host plants.
Inhibition of P. ginnamomi mycelial growth was demon-
strated throughout the year in both forest soils and
cultivated soil., Other fungi were similarly inhibited
aithough & Pythium sp. isolated from forest soil was
less inhibited than the others.

Survivel of P. ginnamomi, as measured by recovery,
dropped to a low level during the first 6 months in .
soils econtaining a Pythium sp., remained at a very

low level for the next 1l months, and was not recover-
ed after 19 months. In the other soils P. cinnamomi
was recovered frequently for 6 months, rarely during

the next 14, and only once in the last 11 months.
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Frequency of recovery of the fungus was greatest
from & cultivated soil but length of survival was
no greater than in forest soils. Tbo presence of
Douglas~fir seedlings did not 1ongthon survival time.
Low soil moisture levels were very 1n3urioug to the
fungus. In field inoculations summer drought killed
the fungus on several occasions. In greenhouse
studies the fungus wes killed after the soill was
allowed to dry for two months.

P, cinnamomi is a poor competitive soil saprophyte.
When alfalfa-meal sand infested with P. cinnamomi
was diluted with forest soil and cultivated soil,
the fungus readily invaded Douglas~fir twigs only
when the concentration of P. cinnemomi infested
sand was above 50%.

Microscopic examination of infected Douglas-fir
roots showed no resistant structures were present.

A chemical stimulus present in Mexicen avocado roots
seems to be necessary for oospore formation.
Oospores produced in cultures could not be germi-
nated after a number of treatments.

A blological effect needed for sporangial produc-
tion was present in several different soil

filtrates.
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Sporengla were péoduoed and zoospores discharged

at temperatures of 15°, 20°, 25°, and 30°C.
Sporangia were not formed at 10°C or 35°C.

Sporangia were produced at all moisture levels that
did not desicecate the mycelium.

Infection of Douglas-fir and Port Orford cedar seed-
lings did notoccur st soil temperatures of 16°C and
below, Meximam infeoion Was &b 24° and 28°Cc. At
32% Douglas~fir roots were injured by the heat.

Pe. ginnemomi should not be considered a threat to
the Douglas~fir forests of the Pecific Northwest
under normel climetic conditions. Both high soil
moisture and high soil tempe rature are required for
disease development and these normally do not occur
simulteneously in this region. Indiscriminste in-
troduction of the pathogen into the forest could
constitute a hazard if environmental conditions
became adequate for the fungus or the fungus be-

came adapted to the environment.
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Table 16, Meximum (M) end minimum (m) soil temperatures
(°F) recorded at a L" depth on three sites at Maxfield
Creek in spring and fall of 1957 and 1958. The sites
were: 1) an unshaded south exposure, 2) a slightly
shaded south exposure, and 3) a heavily shaded north
exposure.

1957 1958
Site Site
| 2 3 1 2 3
Deate M m M m M m M m M m M m

Septe
20 77 60 70 60 60 60
23 78 60 70 60 59 58
22 81 63 74 60 60 59
23 82 61 17562 59 56
gg 77 64 70 62 57 57

7h 62 69 62 58 56
26 67 5 6l 60 57 57
27 66 56 64 58 57 55
5 8 06 30 e un B
30 62 60 68 62 72 59 65 59 52 50
Oct. |
3 73 60 67 60 5l 52
2 73 60 67 60 55 52
5 da G 28
6958 6864 545
10 6 68 56 2
2% 4% 28 2% g% 28
12 62 sE €8 88 56 & 56 61 60 52 50
1 é& 5 59 éﬁ 55 53 66 56 6359 52 50
Bf 5554 5251 60 57 61 5 51 50
15 6085 L& ;W so 6,053 23 2o
g T PR A% 38 SRS
18 58 60 57 L9 L8
58 48 52 7 45
% ous mn 1K
26 60 50 56 53 47 L
2 60 50 55 52 47
8% 53 i
30 57 50 55 55 ualtfé‘



Teble 16 (contd.)
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Teble 16 (contd.)

1957
Site

Date M m M m

June

1 72 58 60 59
2 7 71 60
3 7 6& 73 62
I 75 62 T2 62



