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TEMPERATURE RELATIONS OF POWDERY MILDEWS!
c. E. YARW~OD, SOLIMAN SIDKY, MORRIS COHEN, and

VINCENT SANTILLI2

. THE PRINCIPAL environmental factors affecting plant diseases are tempera­
ture, humidity, and light. It cannot safely be stated that temperature is more
or less important than humidity or light; but it is certainly more easily and
extensively studied. Temperature always acts in conjunction with some com­
bination of humidity and light, and the nature of this combination may de­
termine the response to temperature. This is especially true with powdery
mildews and other fungi of foliage, where high temperatures are usually
associated with high light intensity and low humidity in nature. Conventional
temperature studies with plant diseases are conducted at a series of constant
temperatures, with humidity and light fairly constant; whereas in nature
there is usually a regular diurnal fluctuation in temperature, humidity, and
light. This makes difficult the interpretation of results secured at constant
temperatures or of events occurring under natural conditions.

The present report is a review of existing quantitative data on the tem­
perature relations of powdery mildews (Erysiphaceae) and a presentation
of some new data. Much of the published information is of nonquantitative
nature, such as, "During warm humid weather, powdery mildew (Erysiphe
cichoracearum) can cause severe injury," (Anonymous, 1950), or "The ger­
mination of the spores [of Uncinula necator, grape mildew] is favored by
excessive cold on tender vegetative surfaces" (Taylor, 1923). This type of
information will generally not be reviewed. Even some of the specific data,
such as those of Bioletti (1907), are apparently based on records of field
temperatures and may be of doubtful value.

Most data on temperature relations of plant-disease fungi are on the rela­
tion of temperature to the growth of the pathogen in an agar substrate
(Togashi, 1949). This type of information is not available for any powdery
mildew, since none has ever been cultured apart from its host. Therefore our
knowledge of temperature relations for powdery mildews is less than for
most important groups of fungi. However, many powdery-mildew conidia
germinate on glass or agar surfaces, and some data on the relation of tem-
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Station, Berkeley; Mr. Sidky is Plant Pathologist, Ministry of Agriculture, Cairo, Egypt;
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perature to percentage germination and germ-tube growth have been secured.
By the use of detached leaves (Yarwood, 1946) extensive studies of the rela­
tion of temperature to powdery-mildew growth can be conducted in eonven­
tional small dark incubators.

METHODS
Powdery mildew of barley (Erysiphe graminis DC. on Hordeum vulgare L.),
powdery mildew of bean (E. polygoni DC. on Phaseolus vulgaris L.), pow­
dery mildew of pea (E. polygoni on Pisum sativum L.), powdery mildew of
cantaloupe and cucumber (E. cichoracearum DC. on Cucumis melo L. and
C. sativus L.), and powdery mildew of grape (Uncinula necator [Schw.]
Burr. on Vitis vinifera L.) were maintained on plants growing in the green­
house in Berkeley. Work with clover powdery mildew (E. polygoni on
Trifolium pratense L.) was principally conducted at Purdue University,
Lafayette, Indiana. The three strains of E. polygoni above listed are distinct,
morphologically and culturally.

Germination trials were conducted on dry glass slides or on agar. Usually
the dry conidia (spores) were shaken from infected greenhouse plants onto
slides in the bottom of a garbage can used as a settling chamber. The slides
with spores were placed in petri-dish moist chambers at the indicated tem­
perature, and germination was counted after 24 hours. Each value for a given
temperature indicates a different trial and is based on a count of 100 or 200
conidia.

Conidia of Erysiphe graminis (figs. 4,5) were germinated on an agar sub­
strate. The plain agar consisted of 0.6 per cent washed agar and 99.4 per cent
water. The nutrient agar consisted of agar and water with 0.6 per cent
sucrose, 0.0005 per cent Tween 60 (a polyoxyalkaline derivative of sorbitan
monostearate), and 0.00005 per cent lecithin.

For length of germ tubes (fig. 5), each value is the average of 20 germ
tubes measured with an eyepiece micrometer; but for length of hyphae per
colony (figs. 6 and 10), each value is the average of 5 colonies.

For recording infection of leaves (figs. 8 and 14), a decimal rating scale
was used in which 0 indicates no apparent infection and 10 indicates the
maximum growth apparent in the series. Each value is the average of 5 leaves.

For determination of the length of hyphae on leaves (figs. 6 and 10),
detached leaves on 10 per cent sucrose in the dark were lightly dusted with
dry conidia and incubated at the specified time and temperature. The leaves
were then cleared in equal parts of alcohol and acetic acid, the fungus stained
with acid fuchsin in lactophenol, and the total length of the hyphae per spore
was measured microscopically with the aid of an eyepiece micrometer.

For determination of the duration of viability of conidia, the conidia were
exposed in several ways. In some trials (fig. 12), the conidia were deposited
on dry slides and the slides with spores were placed in jars with CaCl2 (dry)
or water (humid) in the bottom of the jars. After various intervals at the
indicated temperature, the conidia were used as inoculum on healthy de­
tached cucumber or bean leaves on 8 per cent sucrose solution in petri dishes
in the laboratory at about 20° C. Infection of the assay leaves was noted as
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positive or negative. In other trials (fig. 13), pieces of or entire leaves were
exposed in incubators at the test temperature and the prevailing humidity.
After various intervals the conidia on the leaves were used as inoculum for
detached leaves, and infection was noted as positive or negative.

Conidia of several species of powdery mildews, especially Erysiphe
polygoni, are known to germinate better in light than in darkness (Yarwood,
1936) ; but since light chambers with a series of controlled temperatures
were not available, all exposures to test temperatures were in darkness.

DIRECT EFFECT OF TEMPERATURE ON DEVELOPMENT
OF POWDERY MILDEWS

Published records of the direct effect of temperature on powdery-mildew
development are summarized in ta.ble 1 and figures 1 to 3. The writers' data
are given in figures 1 to 10. Only Erysiphe grarninis and E. polygoni have
been extensively studied.

Erysiphe graminis. On the basis of 13 independent records (table 1, figs.
1 to 6), the average minimum, optimum.. and maximum temperatures for
Erysiphe graminis are 3°, 17°, and 31° C, respectively. Since several ob­
servers have recorded fungus activity at the lowest temperature studied, the
given arithmetic average of 3° is obviously higher than the true minimum
temperature.

Criteria of activity of Erysiphe graminis have been percentage germina­
tion in vitro (table 1, figs. 1 to 4), length of germ tubes in vitro (table 1 and
fig. 5), length of hyphae in vivo (figs. 2 and 6), disease development (table
1), and rate of maturation of conidia (fig. 2). There is insufficient evidence,
however, to indicate which criterion is most useful as an approximation to
temperature relations in nature. Percentage germination of conidia on glass
(Cherewick, 1944; Graf-Marin, 1933; Corneli, 1934; Pratt, 1943) has been
most extensively used. The data of Graf-Marin, Corneli, and Pratt are reason­
ably consistent with each other. The low minimum and optimum tempera­
tures, and the left-skewed shape of the temperature response curve (figs. 1,
2) as observed by Cherewick might indicate that he worked with a strain
of the fungus quite different from that of most other investigators or that
there was something unique in his methods. Because the percentage germina­
tion after 3 days on agar (fig. 4) was so uniform over such wide portions of
the temperature range, it is obviously not a good criterion of temperature
response. This method did show, however, that nutrient agar is superior to
plain agar, and that spores taken from plants at 11 a.m. germinate better
than spores taken at 11 p.m. for most of the temperature range.

The criterion of length of germ tubes in vitro (table 1, fig. 5) indicates a
higher optimum temperature for Erysiphe graminis than is indicated by
percentage germination on glass (table 1) or by length of hyphae on leaves
(fig. 6). Temperature-response curves of the length of germ tubes on agar
(fig. 5) indicate the optimum temperature more clearly than does percentage
germination of the same spores (fig. 4), and the curve of maximum length of
germ tubes for each temperature indicates the optimum temperature more
clearly than does the curve of average length of germ tubes.
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Fig. 1. Effect of temperature on germination of conidia as reported by various authors.

The results indicate important differences between fungi and between investigators with
respect to absolute amount of germination, the shape of the temperature-response curve,
and the values for minimum, optimum, and maximum temperatures. The Oidium of Uppal,
Patel, and Kamat (1941) from mango is also referred to as Erysiphe oiohoracearum:
("Yarwood, et al." refers to this study.)
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Fig. 2. Relation of temperature to certain stated activities of Erysiphe graminis as ob­

served by different investigators. The optimum temperature ranges from about 6° to 22°
C, but the maximum temperature only from about 30° to 35°. The data of Cherewick are
for E. graminis from barley only.
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Fig. 3. The optimum temperature of various species of powdery mildews as reported by
various investigators. The range in temperature optimum within a species (Erysiphe
cichoracearum or E. pramvnis, for example) is about as great as between different species.
The average optimum for powdery mildew (about 21 0 C) is about 4 degrees lower than the
average optimum for pla.nt pathogens.
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Length of hyphae on detached leaves (figs. 2 and 6) showed greater differ­
ence due to temperature than did any other criterion of activity of Erysiphe
graminis, and the writers therefore believe it is the best measure of tempera­
ture response observed in this study.
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Temperature °c
Fig. 4. Effect of temperature, nutrient substrate, and time of day of collecting spores

(11 a.m, or 11 p.m.) on the germination in 3 days of Erysiphe graminis conidia from
barley. The increased germination due to increasing temperature was clearly apparent
only on plain agar, and was more evident with spores collected at 11 a.m. than with ones
collected at 11 p.m. Trial of March 11, 1950.

Disease development as a response to temperature (Cherewick, 1944; Cor­
neli, 1934; Pratt, 1943) should be the best criterion of the temperature rela­
tions of a disease caused by a powdery mildew or any other pathogen. But
suitable facilities for growing infected plants with temperature the only
variable are so rare as to almost exclude this method for most investigators.

Erysiphe polygoni. Results of different investigators show more agreement
with Erysiphe polygoni than with E. graminis. The average minimum, opti­
mum, and maximum temperatures for E. polygoni (table 1, figs. 1, 3, 6, 7, and
8) are about 8°, 23°, and 32° C, respectively. These cardinal temperatures
are believed to be significantly higher than for E. qraminis. Figure 7 indicates
the range of values for eleven trials of percentage germination of conidia on
glass slides. As with E. graminis, in the determination of cardinal tempera­
tures, especially the optimum, in vivo growth of hyphae is a more sensitive
criterion than percentage germination. In support of this, the temperature
coefficient for E. polygoni of clover between 15° and 25° C was about 1.9 for
percentage germination (fig. 7), but about 3.8 for length of hyphae (fig. 6)­
though the coefficient for E. polygoni of clover was intermediate among the
three strains of this species that were studied (fig. 6).
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Mildew infection on mildew-resistant and mildew-susceptible clovers shows
an interesting response to temperature (fig. 8). At 6° C, the lowest tempera­
ture studied, mildew development was about equal on resistant and suscep­
tible plants. At 18° C, which was about the optimum temperature for these
trials, the average mildew infection rating was about twice as great on the
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Fig. 5. Effect of temperature and nutrient substrate on the length of germ tubes formed

in 3 days by Erysiphe graminis conidia from barley. Part of the same trial as illustrated
in figure 4. Length of germ tubes showed a clearer relation to temperature than did per­
centage germination. The optimum temperature on nutrient agar was about 25° C, but on
plain agar about 28°.

susceptible as on the resistant plants. The maximum temperature was appar­
ently significantly lower for mildew on resistant than on susceptible plants.

Erysiphe cichoracearum. As used here, Erysiphe cichoracearum includes
Hashioka's Sphaerotheca fuliginea, which may be the same species. The aver­
age minimum, optimum, and maximum temperatures for E. cichoracearum
are about 9°,22°, and 34° C (table 1, figs. 3, 6), respectively. E. cichorace­
arum from cantaloupe from the hot Imperial Valley of California showed a
temperature optimum of 25° to 28° (fig. 6) on the basis of in vivo length of
hyphae, while a collection of E. cichoracearum from squash from the cool
Colma district, germinated on glass, showed a temperature optimum of 15°.
This difference within a species is about as great as between any two species.
E. cichoracearum from any source has always germinated poorly on glass in
the writers' trials, but Uppal et ale (1941) secured as high as 43 per cent
germination.

Sphaerotheca pannosa. The average minimum, optimum, and maximum
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Fig. 6. Effect of temperature on the total length of hyphae per colony of powdery
mildews on detached leaves. At their optimum of 25° C, the three strains of Erysiphe
polygoni grew more rapidly than did E. cichoracearum at its optimum of 28° or E.
graminis at its optimum of 22 0.

temperatures for Sphaerotheca pomnosa are about 5°,24°, and 34° C, respec­
tively (table 1, fig. 3). According to Longree (1939), the temperature range
for conidium production is considerably narrower than for germination and
growth. According to Hammarlund (1925) (fig. 9), temperature has rela­
tively little effect on number of conidia per conidiophore, but many more
conidia are formed in dry air than in humid air at all temperatures.

Uncinula necator. On the basis of the data of Yossifovitch (1923) (table 1)
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mildew on the resistant plants became progressively less than on the susceptible plants.
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and of this study (fig. 10), the minimum, optimum, and maximum tempera­
tures for Uncinula necator are about 3°,26°, and 36° C, respectively.

As with Erysiphe cichoracearum, conidia of Uncinula necator germinated
poorly on glass and even on leaves. Colonies on the same leaf and in different
trials at the same temperature showed much greater variability than did E.
polygoni, E. cichoracearum, or E. graminis.

Podosphaera leucotricha. The minimum, optimum, and maximum tem­
peratures for Podosphaera leucotricha average about 10°, 16°, and 30° C

Conidia produced in humid air

0'"""----....----------------------------------------'
5 10 15 20 25 30 35

Temperature of Spore Production °C

Fig. 9. Relation of temperature to number of conidia of Sphaerotheca pannosa produced
in dry air (55 ± 5 per cent relative humidity) and moist air (85 ± 5 per cent relative
humidity). The effect of even this relatively small difference in relative humidity is about
as great as the effect of temperature over the range studied. (Data from Hammarlund,
1925) .

(table 1), but the data are so limited as to make these values uncertain.
Conidia of P. leucotricha germinate poorly on glass.

Other Species. With Erysiphe galeopsis, Microsphaera quercina, Phyllac­
tinia corylea, and Sphaerotheca mors-uvae (table 1), only incomplete and
unconfirmed data on temperature relations are available.

EFFECT OF TEMPERATURE DURING CONIDIUM
PRODUCTION ON GERMINABILITY OF CONIDIA

Only Hammarlund (1925) seems to have investigated the effect of the en­
vironment during conidium production on subsequent germination of the
conidia in a constant environment. His data, presented in figure 11, show
that the germinability of conidia produced at near the optimum temperature
for the organism is much greater than that of conidia produced at near the
minimum or maximum temperatures. At any temperature, conidia produced
in dry air showed a higher germination than conidia produced in humid air.
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Somewhat related to the above observation is that of Salmon (1900), who
observed that chilling of conidia of Sphaerotheca humuli favored their sub­
sequent germination at normal temperatures.

LONGEVITY OF POWDERY MILDEWS AT DIFFERENT
TEMPERATURES

Powdery mildews occur in some of the hottest and coldest agricultural
regions; hence, they are presumably able to withstand at some stage in their
development the rigors of these climates.
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Fig. 10. Average effect (solid circles) of temperature on the length of hyphae per germi­
nated spore of Uncinula necator on detached grape leaves of the variety Clairette blanche
46 hours after inoculation. Each empty circle is the value of a single test.

Since most powdery mildews are believed to pass the dormant season as
mycelium in the buds of their hosts, or as perithecia, it is presumably these
forms which are most tolerant to temperature extremes. Cherewick (1944)
has shown that perithecia of Erysiphe graminis will live at least two years.
Perhaps because of difficulties of experimental manipulation, there is little
quantitative information on the relation of temperature to these forms. Most
studies of temperature tolerance and longevity of powdery mildews have
been confined to their conidial stage.

Published data on temperature tolerance of powdery mildews are sum­
marized in table 2, and the data of the writers are given in figures 12 to 15.
For all species, the average maximum longevity of powdery-mildew conidia
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is about 40 days at -10° to 0° C, 20 days at 0° to 10°, 8 days at 10° to 20°,
4 days at 20° to 30°, and 1 day at 30° to 40°. The greatest longevity recorded
is 78 days at _2° C for Erysiphe graminis (Metzger, 1942). Sphaerotheca
pannosa is perhaps the shortest-lived of all species studied. E. cichoracearum
conidia are apparently longer-lived than conidia of E. polygoni (figs. 12, 13).
This may be because conidia of E. polygoni usually either germinate promptly
or die at favorable temperatures, while a large percentage of E. eichorace­
arum conidia do not germinate when initially exposed to apparently favor-
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Fig. 11. Relation of temperature and humidity of spore production on subsequent germi­
nation of conidia of Sphaerotheca pa;nnosa at 18 0 C. (Data from Hammarlund, 1925.)

able environmental conditions. E. polygoni conidia remained viable longer
in a humid than in a dry environment (fig. 12), while the reverse was true
with E. cichoracearum. Conidia of E. polygoni and E. cichoracearum exposed
in situ lived longer than spores exposed in vitro at all temperatures (fig. 13).

Growing mycelia are apparently more sensitive to high temperature than
are quiescent conidia (fig. 14). The LD 50 of 37° C air temperature for a
3-day infection of Erysiphe cichoracearum on cucumber was about 10 hours,
while with freshly inoculated leaves it was about 20 hours. For E. polygoni
the corresponding values were 6 and 13 hours. This also supports the previous
finding that E. cichoracearum. is more tolerant of high temperature than is
E. polygoni.

Data on the lethal action on Erysiphe polygoni of short periods in hot
water are presented in figure 15. Three-day old infections on bean were
killed in about 2 seconds at 55° C, 20 seconds at 50°, 3 minutes at 450, and
25 minutes at 40°.

Two types of evidence on the temperature relations of powdery mildews,
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Fig. 12. Effect of storage temperature on the longevity of conidia of Erysiphe cichora­
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creasing temperature. E. cichoracearum was more tolerant of high temperature than was
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TABLE 2

VIABILITY OF POWDERY-MILDEW CONIDIA
As reported in the literature

Species Maximum longevity Authority

6-8 hours at -17° C ....................................... Schaffnit, 1910
7 days ..................................................... Corner, 1935

Erys'l:phe graminis 2 days in natural environment ............................ Metzger, 1942
78 days at _2° C .......................................... Metzger, 1942
6 weeks at -4 to -7° C .................................... Cherewick, 1944
Overnight at -25° C ........."............................. Cherewick, 1944

Erysiphe cichoracearum 12 days at 14° C ...... " ................................... Levykh, 1940

Podosphaera leucotricha 2 weeks at 1° C ..................... " ..................... Berwith, 1936

38 days at 2° C ......................... " ........... , ..... Hashioka, 1937
S'phoeroiheca fuliginea 24 days at 12° C ........................................... Hashioka, 1937

8 days at 18° C ............................................ Hashioka, 1937
2 days at 30° C ............................................ Hashioka, 1937

30 hours at 0° C ........... ' ............................... Longree, 1939
Sphaerotheca pannosa 50 hours at 21° C ... " ..................................... Longree, 1939

25 hours at 33° C .......................................... Longree, 1939
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Fig. 13. Effect of temperature and detachment on viability of conidia of Erysiphe
cichoracearum from cucumber and of E. polygoni from bean. E. cichoracearum remained
viable longer than E. polygoni and for both species the spores in situ remained viable
longer than the detached spores.

not supported by adequate quantitative data, are believed worthy of brief
review. Since it is well known that air temperatures near the soil surface are
the highest to which plants are subjected (Geiger, 1927), the observations
that grape powdery mildew is less severe near the soil (Anonymous, 1853,
1855) may be regarded as evidence of its sensitivity to high temperature. The
numerous reports and extensive discussion of the control of grape mildew
by spraying plants with warm water (Anonymous, 1899) are further evi­
dence of this sensitivity to heat.

The writers believe that temperature responses of fungi can be presented
better as straight-line conversions (Cohen and Yarwood, 1952) than by the
conventional convex curves skewed toward the maximum temperature.
Probably because powdery mildews are obligate parasites, information on
their temperature relations cannot be obtained by conventional methods and
appears less accurate than that taken for fungi which can be grown on agar
substrates. The most satisfactory temperature data of this study may be
those on length of hyphae; yet these data give a different shape of tempera­
ture-response curve than those based on conventional colony diameter. In
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spite of these difficulties, the straight-line conversion is applied in figure 16
to some of the previous data of this paper.

DISCUSSION

Powdery mildews (Erysiphaceae) are a rather homogeneous group of fungi
clearly distinguished from their closest relatives. Their unique characters are
their large, one-celled, thin-walled, hyaline, smooth, vacuolate conidia; the
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Fig. 14. Relation of age of infection to lethal action of 37 0 C for Erysiphe polygoni on
bean and E. cichoracearum on cucumber. At different times after inoculation a series of
infected leaves was exposed at 37 0 air temperature for increasing periods from 1 to 30
hours. With increasing age of infection, the mildew colonies are killed in shorter periods
at 37 0

• E. polygoni is more sensitive to 37 0 than is E. cichoracearum.

high water content of the conidia; and superficial hyphae. Although adequate
comparative data cannot be cited, evidence in this paper, in comparison with
evidence of other investigators for other fungi, indicates that powdery mil­
dew conidia are among the shortest-lived air-disseminated fungus spores.
They are comparable in longevity to the sporangia of Peronospora tabacina
(Wolf et al., 1934) and the sporidia of Cronartium ribicola (Spaulding and
Rathbun-Gravatt, 1926) and are much shorter-lived than the uredospores of
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Puccinia gramttn~s (Peltier, 1922) or the chlamydospores of the smuts
(Fischer, 1936). The short life of powdery-mildew conidia is associated with
and presumably caused .. in part at least by their high water content (Yar­
wood, 1950). In support of this, Erysiphe cichoracearum, with the lowest
water content among the powdery mildews studied, has the longest-lived
conidia at ordinary temperatures (table 2, figs. 12, 13).

Of 856 records of plant-parasitic fungi and bacteria with adequate data
given by Togashi (1949), the average optimum temperature for in vitro
growth was 26.3° C. Of 114 important plant pathogens, the average optimum
was 24.4°. It therefore appears reasonable to take 25° as about the optimum
for plant pathogens. The average optimum from the records of powdery
mildews as given in this study is about 21°. Therefore, while some powdery
mildews may have optima above that of the average for plant pathogens, the
powdery mildews as a group should be regarded as low-temperature fungi.

On the other hand, Gaumann (1950) indicates that the optimum for fungal
and bacterial plant pathogens of the temperate zone is about 15 to 20° C;
but he does not give the basis of this value. If Gaumann's value is accepted,
powdery mildews might be regarded as high-temperature fungi.

Within the records presented here there are three apparent correlations,
between the ecologic distribution of the fungi studied and their optimum
temperatures. Erysiphe cichoracearum from cantaloupe (figs. 3, 6), with an
optimum temperature of about 28° C, was taken from the Imperial Valley,
which is one of California's hottest agricultural regions. E. cichoracearum
from squash, with an optimum of 15° C, was taken from Colma, one of Cali­
fornia's coolest agricultural regions. Of the records of E. graminis, that by
Cherewick (1944), who probably worked at the highest latitude reported in
this study, indicates the lowest optimum for this fungus. Also E. gramrinis,
with the lowest average optimum temperature of any species, is principally
a pathogen of the winter (especially in California) and spring months;
whereas the other powdery mildews listed are principally summer pathogens.
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