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ABSTRACT

Shearer, B. L., Shea, S. R., and Deegan, P. M. 1987. Temperature-growth relationships of Phytophthora cinnamomi in the secondary phloem of roots of
Banksia grandis and Eucalyptus marginata. Phytopathology 77:661-665.

The form of the temperature-growth rate relationships of Phytophthora simple linear relationships. For the susceptible host B. grandis, there was
cinnamomi in excised roots of Banksia grandis and Eucalyptus marginata close correlation between lesion lengths predicted from temperature-
was skewed toward optimal temperatures (25-30 C) and could be divided growth relationships in excised roots and observed lesion lengths in the
into two linear components. There was a linear increase in growth rate as field. Closest agreement between observed and predicted lesion lengths in
temperatures increased from 10 to 30 C and a decrease for temperatures E. marginata occurred for winter-inoculated roots. For roots of E.
greater than 30 C. Most of the variation in fungal growth in field-inoculated marginata inoculated in summer there was divergence between observed
intact roots of E. marginata was explained by variation in maximum daily and predicted lesion lengths. Observed lesion lengths did not increase as
temperature. Introduction of nonlinear components into the regression optimal temperatures for fungal development increased. Host resistance or
model did not improve the variation explained over that obtained for the physiological status of tissue could have inhibited fungal growth.

Additional key words: epidemiology, forest site type.

Most studies relating the influence of temperature to the The four isolates of P. cinnamomi were obtained from the
epidemiology of Phytophthora cinnamomi Rands have CSIRO Division of Forest Research. CSIRO culture number, host
concentrated on development of the pathogen in the soil and isolated from, and location in Western Australia are: SC57, Hovea
infection of roots (3,5,6,11,13,15,22,24) with little attention being elliptica (Sm.) DC., Walpole; SC72 (IMI 264384), Hibbertia
given to growth in host tissue. Knowledge of the effect of subvaginata F. Muell., Mandurah; SC 179, Persoonia longifolia R.
environment on growth in host tissue is needed for accurate Br., Gnangara; SC191, Hypocalymma cordifolium (Lehm.)
estimation of temporal changes in disease development. Schau., Harvey. Isolates were maintained on Difco cornmeal agar

Grant and Byrt (2) compared the effect of temperature on at 25 C. The media used were: Difco cornmeal agar (CMA), water
growth of P. cinnamomi in roots of 9-1 1-wk-old seedlings of agar (WA) (15 g of Bacto-agar in 1 L of distilled water), Difco lima
Eucalyptus calophylla R. Br. and E. marginata Donn ex Smith. bean agar (LBA), and half-strength Difco potato-dextrose agar
Within the temperature range 14-28 C, length of lesions in seedling (PDA) (19.5 g of PDA and 7.5 g of Bacto-agar in I L of distilled
roots of E. calophylla increased up to 4 days after zoospore water).
inoculation but did not increase significantly between 4 and 8 days. A 3-mm-diameter agar disk was cut from the margin of a 3-day-
Excluding the latent period, lesion extension in seedling roots of E. old colony of P. cinnamomi and transferred to the center of an
marginata incubated at 14-28 C increased nearly linearly with time 85-mm-diameter petri dish containing 30 ml of the same medium as
during the first 8 days after inoculation, and the rate of lesion the original culture. The media were incubated at 12, 20, 25, and 30
extension increased with increasing temperature. In intact and C. Colony diameter was measured with calipers at the same time
excised roots of Abies fraseri (Pursh.) Poir., growth rate of P. each day. For temperatures between 20 and 30 C, colony diameters
cinnamomi increased almost linearly as temperatures increased on CMA and LBA were measured for 4 days and on PDA and WA
from 10 to 28 C (10). for 9 days. At 12 C, colony diameters on CMA and LBA were

We determined temperature-growth relationships of P. measured for 11 days and on PDA and WA for 21 days. The plug
cinnamomi in media and secondary tissue, primarily the phloem, diameters were subtracted from colony diameter and growth rates
of roots of mature trees of Banksia grandis Willd. and E. calculated. For each temperature-medium combination,
marginata. Whereas P. cinnamomi extensively colonizes significance of differences in growth rate between isolates was
secondary phloem and xylem of B. grandis (12), lesion determined with one-way analysis of variance. Spearman's
development in roots of E. marginata can be restricted due to host coefficient of rank correlation (8) was used to determine the
resistance (20). Temperature-growth relationships in excised roots correlation between growth and temperature for each isolate-
under controlled conditions were compared with growth of P. medium combination.
cinnamomi in intact roots in the field. Growth studies using excised roots. In an experiment run in

conjunction with the media experiment previously described,
MATERIALS AND METHODS isolates and temperatures were the independent variables and

growth rate in excised roots of E. marginata the dependentIsolates and media. In a growth comparison experiment, variable. The isolates and temperatures used were the same as
isolates, media, and temperatures were te independent variables those described previously. In subsequent experiments, using
(with four levels of each), and growth rate was the dependent excised roots of RB. grandis or E. marginata, temperature and time
variable. Each treatment was replicated three times. of sampling were independent variables and growth of isolate

SC72 of P. cinnamomi the dependent variable. Isolate SC72 was
chosen because it was used in previous studies (13,18). Each

This article is in the public domain and not copyrightable. It may be freely treatment was replicated three times with six roots per replicate.
reprinted with customary crediting of the source. The American Roots of B. grandis and E. marginata were dug from the field,
Phytopathological Society, 1987. cut into 20-cm long sections, washed, and brought into the
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laboratory for inoculation. The diameter over bark of excised with sterile moist cotton wool, bound with plastic tape to prevent
roots varied from 2 to 10 mm (average 6 ± 1 mm) for B. grandis and desiccation, and the soil returned around the root. Two roots on
2 to 6 mm (average 4 ± 1 mm) for E. marginata. A 7-mm-diameter each of five trees were inoculated each time. Controls were
agar disk was cut from the edge of a 3-day-old culture of P. inoculated in a similar manner with an agar disk having no
cinnamomi growing in CMA and placed on one freshly cut end of mycelium. No lesions developed in the controls.
each root. The ends were covered with aluminum foil and the root Six weeks after inoculation the roots were harvested and
pieces buried in moist vermiculite so that they were well separated dissected. Transverse and longitudinal cuts were made with a band
from each other and incubated at different constant temperatures. saw. The cut surfaces were trimmed, and lesion lengths above and

Four, 8, and 12 days after inoculation, six roots per treatment below the inoculation point were measured. The presence of P.
were removed from the vermiculite and cut into 5-10-mm sections, cinnamomi in infected tissue was verified by plating onto selective
starting at the uninoculated end. The pieces were sequentially medium (21). The lesion extension rate was calculated by
plated onto PDA with added pimaricin, vancomycin, averaging the lesion length above and below the inoculation point
pentachloronitrobenzene, and hymexazol (21). The plated root and dividing by the number ofdays since inoculation. Appropriate
sections were incubated at 25 C for 3 days, and the length of root regression and correlation coefficients were determined (8).
invaded determined from the pattern of recoveries. Surface Temperature. Excised root temperatures were controlled in
sterilization and sectioning of infected root pieces showed that the incubators and recorded with thermistors placed next to the roots
mycelium grew through the root tissue and not on the surface. The buried in the vermiculite. In the field, holes 5 mm in diameter and
pattern of recoveries indicated that no cross contamination 50 mm long were drilled at an angle into the phloem of roots of
occurred between roots. Rate of invasion was determined from the control trees. A thermistor probe was inserted into each hole, the
slope of the linear regression line through the origin (16) fitted to hole sealed, and the probe connected to a recorder. The change in
the length of root invaded (dependent variable) for each root temperature with time of the year is given in Figure 1.
assessment time (independent variable).

Growth studies in intact roots. To determine the effect of RESULTS
temperature on lesion extension in the field, roots of E. marginata
trees, 15-45 cm in diameter over bark, were inoculated with isolate Variation between isolates in the temperature-growth
SC72 every 6 wk (Fig. 1) and lesion length determined 6 wk after relationships in different media and excised roots of E. marginata.
inoculation. There was a total of 13 inoculation times for E. With the exception of growth on WA at 20 C, there were significant
marginata (Fig. 1). For B. grandis there were only enough trees for differences (P = 0.01) in growth rate between the isolates of P.
three inoculation times (17, 18, and 112, Fig. 1) with an assessment cinnamomi on the four media incubated at 12, 20, 25, and 30 C.
of lesion length 6 wk after inoculation at 17 and 112 and two There were no significant differences in growth between isolates in
assessments at 18 (6 and 12 wk after inoculation) to give four excised roots of E. marginata incubated at the four temperatures.
estimates of lesion length. The trees of B. grandis inoculated were By pooling the data of isolates and temperatures for each medium,
in the same site and dispersed among the trees of E. marginata used growth rates in excised roots of E. marginata were significantly
in the study. linearly correlated with those on media (Fig. 2). Growth rates of

The site was classified as tS on the Havel vegetation site the isolates on LBA were most similar to those in excised roots,
classification (4). The stand consisted of an open forest of E. whereas growth rates on the other media were less than in excised
marginata and E. calophylla with an admixture of B. grandis and roots (Fig. 2).
P. elliptica. The soils were loamy to clayey sands with pisolitic For the relationships between temperature and growth of most
gravels, half a meter thick over a duricrust. isolates on the four media, the Spearman's coefficient of rank

The soil was carefully removed from the roots; the diameter over correlation was not significant (P = 0.05), but it was significant for
bark of roots of E. marginata inoculated varied between 1.3 and 22 the relationship between temperature and growth of isolate SC72
cm (mean of 7 ± 1 cm) and those of B. grandis between 1.3 and 7 cm on PDA and CMA. For the temperature-growth relationships in
(mean of 3.1 ± 0.5 cm). One and a half meters from the trunk an
oblique incision was made into the root with a scalpel blade
through the outer bark and into the phloem. A 7-mm-diameter 1o- 0
agar disk was cut from the actively growing edge of a 3-day-old /'0A
CMA culture of isolate SC72 and inserted into the wound to 9- -1c A/

contact the freshly cut phloem. The wound was closed, covered WATER AGAR (0, L
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Fig. 1. Seasonal changes in the temperature of roots of Eucalyptus Fig. 2. Relationship between growth rate of Phytophthora cinnamomi in
marginata and times when the roots were inoculated with Phytophthora excised roots of Eucalyptus marginata and in various media. The symbol X
cinnamomi. Dots indicate mean daily temperature, the continuous line a indicates overlap of more than one data point, continuous lines are the
running mean of 5 days and Ii1 to 1 13 inoculation times. regression equations fitted to the data, and the broken line the 450 bisector.
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excised roots of E. marginata, the Spearman's coefficient of rank the equation with average daily temperature as the independent
correlation was highly significant (P = 0.01) for all isolates. variable gave a minimum temperature of 3.2 C for lesion extension.

Temperature-growth relationships of an isolate in excised roots. Use of temperature-growth relationships derived from excised
At all temperatures, growth of SC72 in excised roots of E. roots to predict lesion length in intact roots of B. grandis and E.
marginata was linear with time during the 12-day period between marginata. Lesion length was estimated each day by substituting
inoculation and harvest (Fig. 3). At each assessment time, the daily average temperature recorded in roots in the field (Fig. 1) into
temperature-growth curve could be divided into two parts: a linear the appropriate temperature-growth equation obtained for excised
increase in growth as temperature increased from 10 to 30 C, then a roots of B. grandis (equation 2) or E. marginata (equation 1). Total
rapid decrease in growth for temperatures greater than 30 C. lesion length was then calculated by summing the daily estimated

Determination of the temperature-growth relationship at lesion lengths over the period from inoculation to harvest.
different times after inoculation (Fig. 3) was repeated using excised Lesion length predicted from the temperature-growth
roots of E. marginata collected over 2 yr. Growth rates plotted relationship for excised roots of B. grandis was highly correlated
against temperatures could be divided into two parts: a linear with the lesion lengths observed in intact roots inoculated in the
increase in growth rate as temperatures increased from 10 to 30 C field (Fig. 4). The predicted lesion lengths were very similar to
and a rapid decrease for temperatures greater than 30 C. For observed lesion lengths less than 300 mm; the points fall close to the
temperatures between 10 and 30 C the linear regression line fitted to 450 bisector, where predicted and observed values are equal.
growth rates explained 84% of the variation between temperature In intact roots of E. marginata, observed lesion lengths were
and growth (P = 0.01, n = 23) and was of the form: relatively constant during the first summer, decreasing to a

minimum in winter (June, July), followed by a gradual increase to
y = - 1.788 ± 0.735 + 0.363 ± 0.035 T (1) a maximum in spring (early October), then in the second summer,

fluctuated around a mean of 68 mm per 6-wk assessment period
where y is the growth rate for the interval 10-30 C, and T is (Fig. 5). In comparison to that observed, lesion lengths predicted
temperature. from the excised root temperature-growth equation (1) showed a

The linear regression model fitted to growth rates at sinusoidal pattern (Fig. 5), with predicted lesion length being
temperatures greater than 30 C explained 58% of the variation (n = minimal in June-July, increasing to a maximum in summer
4). From a plot of the data, estimated optimum and maximum followed by a decline.
temperatures were 29 and 34 C, respectively. Extrapolating The plot of observed and predicted lesion lengths for E.
equation 1 gave a minimum temperature of 4.9 C. marginata (Fig. 6) was very different to that already described for

There was a significant positive linear correlation (P = 0.01) B. grandis (Fig. 4). Observed lesion lengths were not as long as
between temperature within the range 10-30 C and growth rate of
isolate SC72 in excised roots of the susceptible host B. grandis (R 2

= 0.98, n = 7). The regression equation was of the form:

y -2.610 ± 0.616 + 0.454 ± 0.030 T (2)

where y is the growth rate for the interval 10-30 C, and T is
temperature.

For the temperature-growth relationship in roots of B. grandis
the slope of the regression line was significantly greater than that
for roots of E. marginata (eqs. 1 and 2). Extrapolating equation 2 "0
gave a minimum temperature of 5.8 C. ".

Temperature-growth relationships for intact roots of E.
marginata. Variation in maximum temperature explained most of 1oo
the variation in lesion linear extension rate of isolate SC72 in field so
inoculated intact roots of E. marginata (Table 1). Only a third of
the variation in lesion extension was explained by variation in W
minimum temperature, whereas average temperature was 40 ,
intermediate between maximum and minimum temperatures.
Introduction of nonlinear components into the model did not I
improve the variation explained over that obtained for simple 0

5J 10 Is 20 25 30 35

linear relationships. The slopes of the regression lines relating rate TEMERATURE (C)

of lesion extension to maximum, minimum, and average Fig. 3. Growth of Phytophthora cinnamomi in excised roots of Eucalyptus
temperature were very similar to each other but significantly less marginata incubated at different temperatures and assessed 4, 8, and 12
than those for excised roots (Table 1, equation 1). Extrapolating days after inoculation.

TABLE 1. Regression coefficients and percentage of variation explained for the linear relationship between the temperature variables indicated and the
variation in lesion linear extension rate of Phytophthora cinnamomi in intact roots of Eucalyptus marginata in the field

Variation
Range Regression coefficient explained (%)

Independent variable (C) b0 bl b2 b3 b4 (R2 X 100)
AVTEM Pa 8.4-22.3 0.22 0.07 ± 0.02b ....... 46**ý
MAXTEMPd 11.0-26.3 0.06 0.06 ± 0.02 ......... 55**
MINTEMPe 6.1-19.0 0.44 0.07 ± 0.03 ......... 37*
MAXTEMP + MINTEMP as above 0.03 0.08 ± 0.04 -0.03 ± 0.05 ...... 56*
MAXTEMP + MINTEMP + MAXTEMP 2  as above -0.92 0.19 ± 0.23 -0.02 ± 0.29 -0.29 ± 0.01 -0.10 ± 0.01 58

+MINTEMP 2

aAVTEMP = Average hourly root temperature during period from inoculation to assessment.
b"+ Standard error.
'Asterisks * or ** indicate a significant value for the correlation coefficient at P = 0.05 or P = 0.01, respectively.
d MAXTEMP = Average daily maximum root temperature during period from inoculation to assessment.
eMINTEMP = Average daily minimum root temperature during period from inoculation to assessment.
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those predicted. The divergence between observed and predicted than media and Spearman's coefficient of rank correlation was not
values was least in winter, intermediate in autumn and spring, and significant for temperature-growth relationships on media.
greatest during summer. Quadratic equations and the Beta function have been used to fit the

temperature-growth relationships on PDA (9) and LBA (10),
DISCUSSION respectively.

After comparison of growth rates in LBA and roots, Reynolds et
In roots of B. grandis and E. marginata, linear regression al (10) concluded that host resistance did not influence the

equations explained most of the variation in growth rate of P. temperature-growth relationship of P. cinnamomi in roots of 3-yr-
cinnamomi with temperature. Estimates of the minimum, old A.fraseri. Irrespective of the similarity of growth in roots and
optimum, and maximum temperatures of 5, 29, and 34 C, some media (e.g., LBA), there would be insufficient time for
respectively, are very similar to values reported from other studies expression of active defense mechanisms in short-term root studies
(23). As the form of the temperature-growth relationship can (18), so active host resistance would have minimal effect on the
change with substrate (14,25), the use of linear regression temperature-growth relations in excised roots. This would not
equations may not be applicable to temperature-growth necessarily be the case for intact roots inoculated in the field and
relationships on media as they were for roots. Excised roots of B. assessed 6 wk after inoculation.
grandis and E. marginata provided a better substrate for growth In intact roots of E. marginata, the best agreement between

predicted and observed lesion lengths occurred for roots
inoculated in winter, suggesting that temperature had a major

900 , effect on lesion size during this period. In summer there was
considerable divergence between predicted and observed values,

18-2 , even though optimal temperatures for fungal growth, as indicated
by the predicted lesion lengths, were experienced during this

E , period. Thus temperature was not the only factor affecting fungal
E growth in intact roots of E. marginata in summer. Lesion extension

600, /of P. cinnamomi in E. marginata can be inhibited by host
w 600- responses such as the formation of periderms and phenol
oaccumulation and oxidation (20). In mature tissue, temperatures
Othat favor fungal growth can also favor host defense mechanisms
,, that inhibit fungal growth. The observed plateau in lesion lengths

/ .- in summer reflects the outcome of the balance between the effect of
-r--temperatures on the rate of fungal growth and host response.

z Other factors than the interaction between temperature and host
W 300- response may affect lesion extension of P. cinnamomi in intact

-8IS /S112
z 18-1 roots of E. marginata. Relative watercontents of the phloem are an
o0 important factor, with levels less than 80% probably limiting

-n growth of the pathogen (17). However, phloem water content
- varies with timing of rainfall (17) and site (19) and, in trees growing

-, 17 on sites similar to the one used in this study, did not fall below

0 # I levels that would inhibit growth of the pathogen in summer (19).

0300 600 900

LESION LENGTH OBSERVED (mm) 300-
Fig. 4. Relationship between lengths of lesions of Phytophthora -

cinnamomi observed in intact roots of Banksia grandis inoculated in the 0 111
field in spring and summer and lengths predicted for the period from 1100 ,"
inoculation to harvest from temperature-growth relationships in excised 250- 0 112 -

roots. Times of inoculation, 17, 18, and 112, are shown in Figure 1. The I//
E 1130 0 19harvest period was 6 wk for 17, 18-1, and 112 and 12 wk for 18-2. The E

continuous line represents the regression equation of the form: y = 1.27 X 11 //2 0 200-
(R2  0.995) fitted to the data and the broken line is the 450 bisector. ,
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cinnamomi observed in intact roots of Eucalyptus marginata inoculated in
DATE OF INOCULATION the field and lengths predicted from temperature-growth relationships in

Fig. 5. Lengths of lesions of Phytophthora cinnamomi observed in intact excised roots for the 6-wk period from inoculation to harvest. I1 to 113
roots of Eucalyptus marginata, 6 wk after inoculation and lengths predicted indicate inoculation number; the respective time of inoculation is given in
from excised root temperature-growth relationships for the period from Figure 1. The continuous line was drawn by eye and the broken line is the
inoculation to harvest. Values plotted against the time of inoculation. 450 bisector.
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For the highly susceptible B. grandis, there was close correlation collar rot fungus, Phytophthora cactorum. Phytoprotection 53:76-81.

between lesion lengths predicted from temperature-growth 2. Grant, B. R., and Byrt, P. N. 1984. Root temperature effects on the

relationships in excised roots and those observed in intact roots in growth of Phytophthora cinnamomi in the roots of Eucalyptus

the field, even though there was a limited number of inoculation marginata and E. calophylla. Phytopathology 74:179-184.
thimeld, Geatensthog d ergene between observed andimdted nclesion 3. Halsall, D. M., and Williams, J. D. 1984. Effect of root temperature ontimes. Greatest divergence between observed and predicted lesion tedvlpeto htptoacnaoiro o nEclputhe development of Phytophthora cinnamomi root rot in Eucalyptus
lengths occurred when the length was assessed after 22 wk instead seedlings. Aust. J. Bot. 32:521-528.
of the standard 6 wk. We would expect that the longer the period of 4. Havel, J. J. 1975. Site-vegetation mapping in the northern jarrah forest
prediction the greater the cumulative effect of errors of (Darling Range). 1. Definition of site-vegetation types. For. Dep. W.
measurement. In roots of B. grandis, host response probably had Aust. Bull. 86. Perth, West Australia. 115 pp.
minimal effect on the temperature-growth relations; there was 5. Kliejunas, J. T., and Nagata, J. T. 1979. Phytophthora cinnamomi in

close agreement between observed and predicted lesion lengths in Hawaiian forest soils: Seasonal variations in population levels.

roots of B. grandis inoculated in spring and summer compared Phytopathology 69:1268-1272.

with the large differences for roots of E. marginata inoculated at 6. Marks, G. C., Kassaby, F. Y., and Fagg, P. C. 1975. Variations in
population levels of Phytophthora cinnamomi in Eucalyptus forest

the same time. Temperature was a major determining factor soils of eastern Victoria. Aust. J. Bot. 23:435-449.
affecting growth of P. cinnamomi in intact roots of B. grandis. 7. Matheron, M. E., and Mircetich, S. M. 1985. Seasonal variation in

Havel (4) divided the E. marginata forest into a number of site susceptibility of Juglans hindsii and Paradox rootstocks of English
types recognized by the response of vegetation indicators to walnut trees to Phytophthora citricola. Phytopathology 75:970-972.
topography, soil type, drainage, and fertility. The site used in this 8. Nie, N. H. 1983. SPSSx User's Guide. McGraw-Hill, New York. 806
study would be at the more fertile, better drained end of the pp.
continuum of sites recognized by Havel (4) and is probably not 9. Phillips, D., and Weste, G. 1985. Growth rates of four Australian

representative of the majority of forest site types of E. marginata. isolates of Phytophthora cinnamomi in relation to temperature. Trans.

Work begun after the completion of this study (Shearer, 1Br. Mycol. Soc. 84:183-185.
Workublishegn hasftew that c leati of E. this atudy(Shea , I0. Reynolds, K. M., Benson, D. M., and Bruck, R. I. 1985. Epidemiology
unpublished) has shown that death of E. marginata after infection of Phytophthora root rot of Fraser fir: Root colonization and
by P. cinnamomi is more likely to occur in sites that have poorer inoculum production. Phytopathology 75:1004-1009.
drainage and are more infertile than the site used in this study. 11. Shea, S. R. 1975. Environmental factors of the northernjarrah forest in
Thus, without further verification, our data cannot be used to infer relation to pathogenicity and survival of Phytophthora cinnamomi.
the seasonal behavior of P. cinnamomi in infected trees in other For. Dep. W. Aust. Bull. 85. Perth, West Australia. 83 pp.
site types than the one we used. 12. Shea, S. R. 1979. Phytophthora cinnamomi (Rands)-a collar rot

Lesion extension of P. cinnamomi in intact roots of E. pathogen of Banksia grandis Willd. Australas. Plant Pathol. 8:32-34.

marginata did not vary greatly with season, a seasonal pattern 13. Shea, S. R., Gillen, K. J., and Leppard, W. I. 1980. Seasonal variation

different to that reported for other Phytophthora-host interactions in population levels of Phytophthora cinnamomi Rands in soil in
diseased, freely drained Eucalyptus marginata Sm. sites in the nc rthern

(1,7). In stems sampled in different seasons, but inoculated and jarrah forest of south-western Australia. Prot. Ecol. 2:135-156.
incubated under standard conditions, lesion extension of P. 14. Shepherd, C. J., and Pratt, B. H. 1974. Temperature-growth relations
cactorum (Lebert & Cohn) Schroeter in apple (1) and P. citricola and genetic diversity of A2 mating-type isolates of Phytophthora
Sawada in walnut (7) varied greatly with season. In these studies, cinnamomi in Australia. Aust. J. Bot. 22:231-249.
the season when the Phytophthora species most rapidly invaded 15. Shew, H. D., and Benson, D. M. 1983. Influence of soil temperature
the stem tissue was also the period when conditions were most and inoculum density of Phytophthora cinnamomi on root rot of
favorable for pathogen development in the soil (1,7). Fraser fir. Plant Dis. 67:522-524.

In upland areas of the E. marginata forest, development of P. 16. Steel, R. G. D., and Torrie, 1. H. 1960. Principles and Procedures of

cinnamomi in surface soil and growth in susceptible host tissue do Statistics with Special Reference to the Biological Sciences. McGraw-

not necessarily coincide. In the hot-dry summers, moisture 1Hill, New York. 481 pp.
17. Tippett, J. T., and Hill, T. C. 1983. The relationship between bark

potentials of surface soil are unfavorable for survival and moisture and invasion of Eucalyptus marginata by Phytophthora
sporulation of P. cinnamomi in upland areas (11,13), but as we cinnamomi. Australas. Plant Pathol. 12:40-41.
have shown, temperatures are optimal for growth in host tissue. 18. Tippett, J. T., Hill, T. C., and Shearer, B. L. 1985. Resistance of
Thus, in summer, although activity of the pathogen in dry soil can Eucalyptus species to invasion by Phytophthora cinnamomi. Aust. J.
cease, infection-centers will continue to expand through growth in Bot. 33:409-418.
roots of susceptible hosts. 19. Tippett, J. T., and Shea, S. R. 1985. Adverse effects of micro-

In the cool-wet winters experienced in the E. marginata forest, organisms on trees. Pages 202-212 in: Research for Forest Management
interpretation of the effect of temperature on the epidemiology of in Australia. J. Landsberg and W. Parsons, eds. CSIRO, Melbourne.
P.intpation wsad296 pp.
P. cinnamomi was based on the assumption that 15 C was the 20. Tippett, J. T., Shea, S. R., Hill, T. C., and Shearer, B. L. 1983.
critical limit below which sporulation of the pathogen and Development of lesions caused by Phytophthora cinnamomi in the
infection did not take place (11). However, the 15 C limit should secondary phloem of Eucalyptus marginata. Aust. J. Bot. 31:197-210.
not be applied to growth in host tissue. When temperatures are 21. Tsao, P. H., and Guy, S. 0. 1977. Inhibition of Mortierella and
below 15 C, P. cinnamomi can infect roots (3,15,24), and we found Pythium in Phytophthora isolation medium containing hymexazol.
that the pathogen could establish and grow, albeit slowly, in host Phytopathology 67:796-80 1.
tissue. Thus, for the accurate prediction of spread of P. cinnamomi 22. Weste, G., and Ruppin, P. 1977. Phytophthora cinnamomi:

in environments where low temperatures alternate with Population densities in forest soils. Aust. J. Bot. 25:461-475.

temperatures more favorable for growth, we would agree with the 23. Zentmyer, G. A. 1980. Phytophthora cinnamomi and the diseases it
causes. Monogr. 10, American Phytopathological Society, St. Paul,

conclusion of Zentmyer (23) that more "definitive information is MN. 96 pp.
needed on the role of temperature in the range 14-16 C in relation 24. Zentmyer, G. A. 1981. The effect of temperature on growth and
to disease." pathogenesis of Phytophthora cinnamomi and on growth of its

avocado host. Phytopathology 71:925-928.
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