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ABSTRACT

de Vallavieille-Pope, C., Huber, L., Leconte, M., and Goyeau, H. 1995.
Comparative effects of temperature and interrupted wet periods on
germination, penetration, and infection of Puccinia recondita {. sp. tritici
and P. striifformis on wheat seedlings. Phytopathology 85:409-415.

Under optimal temperature and nonlimiting wetness duration, the infec-
tion efficiency (defined as the proportion of inoculated urediniospores
causing lesions on wheat seedling leaves) was 12 times greater for Puccinia
recondita £. sp. tritici than for P. striiformis. Penetration of both species,
however, was similarly affected by a 1-h dry period interrupting a 24-h
wet period 1, 2, 4, 6, 8, or 16 h after inoculation at several temperatures
between 5 and 30 C. Appressoria from germinated P. r. tritici uredinio-
spores prior to penetration were unable to survive the I-h dry period.
An interruption of the wet period by a dry period did not affect ungermi-
nated urediniospores, which were able to infect leaves during a subsequent
dew period. The minimal continuous dew period necessary for infection

increased from 4 to 6 h at optimal temperatures (8 C for P. striiformis,
15 Cfor P. r. tritici) to at least 16 h at suboptimal temperatures. Infection
by P. r. tritici occurred over a wide range of temperatures (5-25 C),
whereas infection by P. striiformis was restricted to a narrower range
(5-12 C). Percentage of infection as a function of the duration of the
continuous dew period was described by a Richards’s function with
temperature-dependent parameters. For a dry period interrupting the 24-h
dew period before the minimal continuous dew period necessary for infec-
tion, percentage of infection at specific temperatures was fitted by a nega-
tive exponential function of time of interruption. If the dry period occurred
after the minimal dew duration for infection, percentage of infection was
the same as with a continuous wet period.

Additional keywords: comparative epidemiology, leaf brown rust, stripe
yellow rust.

Cereal rusts develop in specific weather conditions; in some
temperate regions, wheat (Triticum aestivum L.) stripe and leaf
rust epidemics usually occur in succession during cool and humid
periods and warm and dry periods, respectively. Puccinia
recondita Roberge ex Desmaz. f. sp. rritici Eriks & E. Henn.
D. M. Henderson, the leaf rust pathogen, is adapted to a higher
range of temperatures than is P. szriiformis Westend., the stripe
rust pathogen. Sporulation and infection were analyzed in a recent
study of P. r. tritici and P. striiformis (24). Under optimal condi-
tions, P. striiformis produces a greater number of spores but
has a lower infection efficiency than P. r. tritici, and the lesion
surface area is much greater for stripe rust than for leaf rust.
Therefore, the severity of a leaf rust epidemic may be more
dependent on the infection efficiency of individual spores of
P. r. tritici than it is for stripe rust. Among the environmental
conditions favorable for germination and penetration of the fungal
spores, temperature and free moisture on plants are the most
important (23). For most fungal pathogens, successful infection
depends mostly on a minimal duration of wetness, which varies
as a function of temperature (19). A dry period interrupting leaf
wetness can kill germinating spores of Puccinia graminis
Pers.:Pers. f. sp. tritici Eriks. & E. Henn. (7) and P. r. tritici
(27), and the time at which the spores encounter the dry period,
rather than the period’s duration, appears to be important.
Eversmeyer et al (17) suggested that penetration can occur after
a dry period, provided that appressoria have been formed pre-
viously. Clifford and Harris (13) confirmed that dew is not re-
quired for substomatal vesicle formation.

More studies to assess the effects of wetness interruption are
needed to better characterize the biology of these pathogens. For
P. striiformis in particular, appressoria are not produced before
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penetration, and this factor might affect its ability to survive a
dry period. These studies should have useful applications because
of the increasing number of weather stations measuring tempera-
ture and wetness on a short time scale (1 h or less). The main
purpose of this study was to compare successful infection of P.
r. tritici and P. striiformis under different combinations of temper-
ature, wetness duration, and interrupting dry periods. To make
the comparison more general, an analytical model based on bio-
logically meaningful parameters was used. The modeling objective
was to extend an existing approach applied in the case of con-
tinuous wetness (8) to the case of discontinuous wetness.

MATERIALS AND METHODS

Plants, fungi, and inoculation. Seedlings of wheat cv. Michigan
Amber, highly susceptible to French races of stripe and leaf rusts,
were grown to the two-leaf stage (about 10-day-old, stage 12 in
Zadoks scale [29]) in square pots (7 X 7 X 8 cm, 10 seeds per
pot along one side) placed in an air-filtered chamber inside a
greenhouse maintained at 15-20 C. Single urediniospore isolates
collected in France were used (race 45E140 of P. striiformis and
coded isolate B8620-3 of P. r. tritici). Spores were produced in
a growth chamber at 14 C during an 8-h dark period and 17 C
during a 16-h light period with a light intensity of 300 uE m™*
s~". Urediniospores from plants inoculated 11 and 15 days earlier
with P. r. tririci and P. striiformis, respectively, were harvested
1 day before use and placed in a desiccator filled with glycerol
for 24 h at 5 C to avoid agglomeration of spores.

On each of six plants per pot, the second leaf from the top
of the plant was removed and first leaves were attached hori-
zontally with their adaxial side up on a plexiglass sheet with
plasticine (Ulmann, Paris, France). Plants in 10 pots were inocu-
lated together in a settling tower (18) with either 1 mg of
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P. r. tritici or 1.5 mg of P. striiformis urediniospores, corre-
sponding to 115 £ 10 urediniospores/cm’.

Temperature and wetness conditions. The temperatures tested
were 5, 10, 15, 20, 25, 30, and 35 C for P. r. tritici, and 5, 8,
12, 16, 20, and 24 C for P. striiformis. The initial dew periods
(DPs) tested were 0, 1, 2, 4, 6, 8, and 16 h. Each experimental
treatment corresponding to the combination of one temperature
and one initial dew period DP,, consisted of 10 pots of six plants
and was repeated four times. After inoculation, the 10 pots were
partitioned into three groups. A group of three pots was put
under DP, followed by a 1-h dry period and a subsequent dew
period (DP,), with DP; + DP, = 24 h. A second group of three
pots stayed in the dew chamber only during DP; and did not
receive DP,. The four remaining pots, used as a reference for
maximum infection, stayed under a 24-h continuous dew period.
The dry period was imposed by placing the pots under a fume
exhaust hood (30-40% RH, 20 C) where free water on the leaves
evaporated within 5 min. After the dew period treatments, the
pots were transferred into a growth chamber with conditions set
as described above until lesions developed.

Experimental conditions were reproducible by using a dew
chamber adapted from Clifford (12). A 12 X 20 cm trap was
added in the middle of the plexiglass door so that plants could
be removed during experiments without greatly modifying envi-
ronmental conditions. Plants were placed on a grid 75 cm above
the water surface. Evaporation of water placed in a 0.01 m’ reser-
voir heated by an electric resistance (200 W) at the bottom of
the chamber provided a saturated atmosphere in the dew chamber.
The dew chamber was installed in a dark, temperature-regulated
growth chamber.

A preliminary calibration experiment showed that a temper-
ature difference of 1.5 C between growth chamber and leaf
temperatures was necessary to obtain a similar dew formation
at different temperatures (condensation rate was approximately
0.1 mg h™' cm™ in the dew chamber). Leaf temperature (£ 0.1 C)
was monitored with an electronic circuit and a data logger (Campbell
Scientific 21X, Shepshed, Leicestershire, England) that regulated
the water reservoir temperature as a function of leaf tempera-
ture. By activating or interrupting the electrical resistance placed
in the water reservoir, the data logger maintained the leaf tempera-
ture between two values (e.g., 14.9 C and 15.1 C for a desired
temperature of 15 C). The temperature measurements were ob-
tained as 15-min averages using copper-constantan thermocouples.

Germination and penetration. Germination was studied at 7
and 6 temperatures for P. r. tritici and P. striiformis, respectively,
whereas penetration was studied only at optimal temperatures:
15 C for P. r. tritici (13,17) and 8 C for P. striiformis (14,22).
Germination and penetration were assessed on one leaf per pot
and infection on the five remaining leaves. When chlorotic flecks
indicative of infection began to appear (6 and 5 days after inocu-
lation for leaf and stripe rust, respectively), one leaf per pot was
cut into three 1.5-cm-long pieces and placed with its adaxial side
up on a filter paper impregnated with lactophenol for clearing
in a petri dish. After at least 5 days, the leaf pieces were mounted
in lactophenol-trypan blue-acid fuschin (6:1:2, v/w/w) (3). The
number of germinated spores and the number of leaf rust appres-
soria were assessed and expressed as percentages. A spore was
considered to have germinated when the germ tube length was
at least half the spore diameter. Penetration by P. r. tritici spores
was evaluated by counting numbers of empty appressoria with
blue-stained cell walls but no stained cytoplasm that had already
passed into the substomatal vesicle and was no longer visible
(11). Before penetration, the cytopiasm of an appressorium stained
red. Penetration by P. striiformis was assessed by counting sub-
stomatal vesicles because of the absence of appressoria. The
number of spores germinated and penetrated was assessed micro-
scopically from 100 fields (about 200 spores) per treatment for
feaf rust and from 250 fields (about 400 spores) for stripe rust.

Infection. Infection by P. r. rritici was assessed 11 days after
inoculation by recording the number of pustules on a 1-cm? area
in the middie of five leaves in each pot. Because of the semisystemic
development of P. striiformis, stripe rust infection was estimated
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by counting numbers of chlorotic spots 8 days after inoculation.
In nonlimiting wetness conditions, an infection efficiency was
assessed equal to the number of lesions per deposited uredinio-
spore X100. At optimal temperature, each stage (germination,
penetration, and infection) was assessed and infection efficiency
was calculated as the product of three ratios (germination, penetra-
tion/germination, and infection/penetration). Relative infection
was calculated as percentage of infection divided by maximal
percentage of infection at optimal temperature and under non-
limiting wetness condition X100.

Statistical analyses. Data were analyzed using the general linear
models procedure of the Statistical Analysis System (25) by
analysis of variance (ANOVA) combined with orthogonal con-
trasts after appropriate transformation to homogenize the vari-
ances among treatments. The transformations used are cited in
the figure captions. Comparison between the two rusts at optimal
temperature for germination, penetration, and infection was
conducted with ANOVAs with one factor (the pathogen). Germi-
nated and penetrated spores were analyzed using leaf fragments
as individuals. Infection, first analyzed with data classified per
pot, showed no significant difference between pots; therefore
ANOVAs were conducted using plants as individuals. The two
factors, dew duration and occurrence of a dry period, were tested
for germinated spores and spores causing infection at optimal
temperature with data for each pathogen analyzed separately.
Appressorium data were analyzed with a three-factor ANOVA
(penetration, dew duration, and occurrence of a dry period). Com-
parison of the two rusts for germination and infection efficiency
at different temperatures and nonlimiting wetness condition was
made with ANOVAs with temperature and pathogen as factors.

Model. An equation based on five parameters was developed
to describe the influence of temperature, dew duration and wetness
interruption on leaf and stripe rust infection. The influence of
temperature on maximal infection (1,,, (7)) was described using
a beta function (2,8) by:

Imax (T) =p ((T_ Tmin)/(Tmax - Tmin))n ((Tmax - T)
/(Tmax— Tmin))m (1)

Minimum (7;,) and maximum (7p,,) temperatures were fixed
equal to observed values: 2 C and 30 C for P. r. tritici (10,28),
and 0 C and 18 C for P. striiformis (14), respectively. As shown
by Analytis (2), the parameter p can be expressed as a function
of nand m: p = (n + m)™™/(n" m™). The adjustment was made
by minimizing the mean square error between observed and
simulated maximal infection for varying values of n and m.

The influence of continuous dew duration on relative infection
(teoni( D Py, T)) was described as the product of maximal infection
Inax (7) and a Richards’s function of dew duration with
temperature-dependent parameters (26):

Icont(DPl’T) = Imax (T) (1 — €Xp (_b(DPI - DPmm)))
for DP, = DPy, 2

where DP; is the duration of the initial dew period, DPy, is
the minimal dew period necessary for infection and b is the initial
infection rate. Using infection data measured in continuous
wetness conditions and values simulated by equation 2, DP;.
and b were estimated by minimizing the mean square error between
measured and simulated values of 1., (DP,T) for varying values
of b and DP,;, at each temperature.

To account for the influence of wetness interruption, a negative
exponential term was added to equation 2.

Tine (DP,T) = 1eon DP1, T) + 1max (T) €xp (— (DP /7)) (3)

where 1, (DP;,T) is the relative infection after 24 h of dew when
a 1-h dry period occurs after DP; h of dew. This equation consists
of two terms: the first term corresponds to infection if a dry
period occurs after the minimal wetness duration; the second term
corresponds to infection if a dry period occurs before DPg;,.



This second term includes the time constant (7), which is the
time when a dry period leads to an infection equal to maximal
infection divided by a factor e (base of natural logarithm). Using
the infection data obtained in conditions of interrupted wetness,
the parameter 7 was fitted with parameters b and D P, previously
calculated using results of experiments with continuous wetness.

RESULTS

Germination at optimal temperatures. The maximum propor-
tions of P. r. tritici and P. striiformis spores that germinated

TABLE 1. Comparison of Puccinia reconditaf. sp. tritici and P. striiformis
for germination, penetration, and infection at optimal temperatures and
continuous 24-h dew period

Ratio of
P. r. tritici
P.r.eritici P. striiformis  to P. striiformis
Germination (%)* 75.9 56.5 1.3
Penetration (%)*° 90.3 7.1 12.7
Infection (%)>° 63.6 88.8 0.7
Infection efficiency (%) 43.6 3.6 12.1

*Three separate ANOVAs were performed for germination, penetration,
and infection. The probability of having a greater F value for the differ-
ence between the two rusts was 0.0001 for all three cases.

"Penetration was calculated as percentage of germinating spores.

“Infection was calculated as percentage of spore penetration.

were 76 and 56%, respectively (Table 1). Initiation of germination
began after | and 2 h of dew for P. r. tritici and P. striiformis,
respectively (Fig. 1A and B). After 4 h of dew, germination of
urediniospores reached 929 of its maximum for P. r. tritici; after
6 h of dew, the corresponding percentage was 93% for P.
striiformis.

In experiments with a dry period interrupting a 24-h dew period
at the end of DP;, germinated urediniospores of both pathogens
were divided into two categories: spores with short, thick germ
tubes (<75 pum) and spores with long, thin germ tubes (150 um)
(Table 2). There were no spores with germ tubes in the 75-150 um
length range. After DP; (1, 2, or 4 h), all germinated spores
produced only short germ tubes. After DP,, the proportions of
spores with short germ tubes were equal to the proportions of
spores germinated during DP;. Therefore, the short germ tubes
obtained during DP; =< 4 h were not able to grow further during
DP, after a dry period had occurred. The dry period definitively
blocked the germination process previously initiated during DP;.

Infection at optimal temperatures. Penetration by P. r. tritici
was more efficient than by P. striiformis (Table 1) but P. striiformis
was more efficient for infection. Overall, P. r. tritici urediniospores
were approximately 12 times more successful than those of P.
striiformis in infecting leaves at optimal temperature and wetness
conditions.

For both rusts, infection was initiated after a minimal dew
period of 4 h (Fig. 1C and D). The maximum number of infections
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Fig. 1. Mean percentage of urediniospores germinated (A, B) and causing infection on wheat leaves (C, D) at optimal temperatures with continuous
(—) or discontinuous (----) dew periods, (A, C) Puccinia recondita f. sp. tritici and (B, D) P. striiformis. Discontinuous 24-h dew treatments
were interrupted for | h at 0, 1, 2, 4, 6, 8, and 16 h. Infection percentages were calculated relative to maximal infection with a continuous 24-h
dew period. Percentage of spores causing infection (y) (C, D) were transformed by y**. The bars represent the standard error of the difference.

TABLE 2. Effect of a 1-h interruption of the dew period on germination of Puccinia recondita f. sp. tritici and P. striiformis urediniospores

Time of Percentage of P. r. tritici spores with germ tubes Percentage of P. striiformis spores with germ tubes
dew period -

interfuptiona DP,” only (h) DP, + DP, DP, only DP, + DP,

(h) Short* Short Long® Short Short Long

1 5.3°(£1.9) 5.2 (+2.6) 71.4 (£11.1) 0 0 51.6 (£12.9)
2 29.8 (£9.1) 34.8 (£7.3) 31.8 (£6.5) 0.2 (£0.5) 3.4(x2.1) 39.5 (+6.3)
4f e .- ... 30.3 (£8.9) 33.2(+8.2) 1.4 (£2.2)

*To interrupt the dew period, plants were removed from the dew chamber and dried under a hood.

*DP, is the length of initial dew period up to the time of interruption.

“DP; is the length of the dew period after the interruption (DP, =24 h — DP)).

4Short germ tubes were <75 um and long germ tubes were >150 um.

*Means (£ standard error) were calculated for a minimum of 200 spores for P. r. tritici and 400 spores for P. striiformis for each treatment.
"For P. r. tritici, after 4 h of dew, short and long germ tubes were not distinguishable.
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occurred faster with P. r. tritici than with P. striiformis. Dry
periods imposed after 4 h of continuous dew caused infection
curves to be similar to those with continuous wetness. Interruption
of wetness duration before 4 h greatly decreased the percentages
of spores causing successful infection. Infection by P. r. sritici
was not affected (no significant difference at 2 = 0.05) by a dry
period at 0 or 1 h of wetness duration (Fig. 1C) whereas P.
striifformis infection progressively decreased when dry periods
occurred at 0, 1, 2, and 4 h after inoculation (Fig. 1D). For
P. striiformis spores exposed to a dry period before continuous
dew (DP, = 0 h, DP, = 24 h), the percentage of infection was
81% of the maximum observed. When DP, was 1, 2, and 4 h,
relative infection decreased to 57, 39, and 4%, respectively. For
both rusts, the minimum percentage of infection observed
(approximately 5%) was at DP;, =4 h.

Penetration at optimal temperatures. Curve shapes of P. r.
tritici spores that successfully penetrated in different dew period
treatments, without or with interruption by a dry period (Fig.
2A and B), were similar to those of spores that caused infection
on leaves (Fig. 1C). After 6 h of continuous dew, the ratio of
infection to penetration was almost one, i.e., each penetrated spore
produced a pustule (data not shown). The ratio was 0.64 after
24 h of continuous dew indicating that several penetrated spores
could result in a single pustule (Table 1). For P. striiformis, the
ratio of infection to penetration was close to one for a continuous
dew duration of 4-24 h.

Appressoria in P. r. tritici were not observed until 2 h of con-
tinuous dew, and their formation reached a maximum after 8 h
(Fig. 2A). After 4 h of continuous dew, substomatal vesicles were
observed and penetration had occurred. Penetration was near-
complete after 16 h. Whether a dry period occurred or not for
DP, = 4-24 h, the number of appressoria with red-staining
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40

Appressoria (%)
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—t
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Appressoria (%)

o

Time of Interruption (h)

Fig. 2. Mean percentage of Puccinia recondita f. sp. tritici urediniospores
that formed appressoria on wheat leaves at optimal temperature under
continuous (A) and interrupted (B) dew periods. The time scale for B
was the time at which a 1-h dry period interrupted the 24-h dew period.
A continuous 24-h dew period was used as a reference to calculate
appressoria percentage. «---- : Appressoria with red staining cytoplasm
(before penetration). —: Appressoria with blue walls (after penetration).
Each point was an average of a minimum of 200 spores. The bars represent
the standard error of the mean.
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cytoplasm (before penetration) was the same (orthogonal con-
trasts, P= 0.52) and the number of appressoria from which leaves
were penetrated was the same (P=0.80; Fig. 2A and B). Therefore,
when appressoria were developed but the leaves were not pene-
trated before the dry period occurred, penetration would not
happen during DP,. For discontinuous wetness conditions (DP,
= 14 h, DP, = 23-20 h), appressoria development led to
penetration. Because no appressoria were observed during
continuous DP; = 1-4 h, it can be inferred that differentiation
of appressoria and penetration occurred during DP, = 23-20 h.

Effect of temperature on germination. Maximum spore germi-
nation with continuous 24 h dew occurred over a wider tempera-
ture range in P. r. tritici (5-25 C) than in P. striiformis (5-16 C).
The majority of P. r. tritici spores were killed at 30 C, and no
germination occurred at 35 C. The maximum number of P.
striiformis urediniospores germinated between §-12 C, and no
germination occurred above 20 C (Fig. 3A).

In P. r. trizici, the time to germination decreased with increasing
temperature from 5-25 C (data not shown). At 15 C and above,
maximum percentage of germination was observed within 4 h,
while it took 6 h at 10 C and more than 8 h at 5 C. In P.
striiformis, initial germination rates were identical at 8 and 12 C
and maximum percentage was observed within 6 h. At 5, 16,
and 20 C, germination was slower, and it took 8 h for the maximum
percentage of urediniospores to germinate.

Effect of temperature on infection. For both rusts, infection
efficiency decreased at less favorable temperatures. For P. r. tritici,
infection efficiency was 23% or higher at temperatures between
5 and 25 C and no infection occurred at 30 C. In contrast, for
P. striiformis, infection efficiency was always low over a narrow
range of temperatures (5-12 C) and no infection occurred above
15 C (Fig. 3B).

The shape of relative infection curves was similar for both rusts
at their respective minimal and optimal temperatures, and at the
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Fig. 3. Mean percentage of germination and infection efficiency of
urediniospores at different temperatures from 5-35 C. For Puccinia
recondita {. sp. tritici and P. striiformis, percentage of infection was
assessed using numbers of pustule and chlorotic areas, respectively. Data
transformation was the arcsin square root for germination (A) and a
fourth-root for infection (B). The bars represent the standard error of
the mean.



highest temperatures tested, but infection efficiency was greater
for P. r. tritici (Figs. 4 and 5). Infection was minimal at optimal
temperatures when the dry period occurred after about 4 h of
dew. This minimum percentage of infection was reached for
P. r. tritici after the minimal wetness duration for infection equal
to2hat25C,2-4hat20C,6hatl0C, and 6-8 h at 5 C
(Fig. 4A), and for P. striiformis after 2-4 h at 12 C, and 6 h
at 5 C (Fig. 5A). After the minimal wetness duration, infection
increase was faster at temperatures above optimum than at
temperatures below optimum.

Model. The parameters n» and m were fitted using observed
maximal infection values at temperature T (Fig. 6A and B).
Estimated values of n and m were equal to 0.75 and 0.9 for
P. r. rritici, and 5 and 7 for P. striiformis, respectively. The
corresponding values of p are 3.12 and 3,484. Equation 1 describes
the maximal infection capacity of P. r. tritici for a wide range
of temperatures and the specific requirements of P. striiformis.

For both rusts, DPy;,, b, and r varied with temperature (Fig.
7A and B). At the highest temperature tested for each pathogen,
the estimated values of DP,;, were similar (about 3.5 h) for
P.r. tritici and P. striiformis. At their respective optimal tempera-
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Fig. 4. Effects of temperature and wetness duration on relative infection
by Puccinia recondita {. sp. tritici without (A) or with (B) a dry period
interrupting the dew period. The points are means of four replicates.
The solid lines were generated by equations 2 and 3 (see text). Infection
data were expressed relative to maximal infection at optimal temperature.

tures, the estimated values of DP_;, (4.1 h for P. r. tritici and
5.3 for P. striiformis) were similar to the observed values. The
initial infection rate (b) was comparable in range for both rusts
between 5 and 12 C. Above 15 C, only P. r. tritici was able
to develop and values of b were much higher than at lower
temperatures. The range of 7 was similar for both rusts but the
slopes of the curves of 7 versus temperature showed that the
response time of infection reduction when a dry period occurs
decreases faster for P. striiformis than for P. r. tritici. The effects
of dew period on relative infection at different temperatures for
P. r. tritici (Fig. 4) and for P. striiformis (Fig. 5) were well
summarized by this analytical model.

DISCUSSION

Comparisons between leaf and stripe rust development in
controlled conditions at the monocyclic level showed that leaf
rust was 12 times more efficient than stripe rust for infection

A B

100 FTT . =

5C 100} ]

5C

—_ I~ 0
L 100 ' 32100
c ) c
1S} ks)
S 60 S 60
£ =
2 20 2 20
8 o T o
& 100" ¢ 100
60} {1 60} :

20} 20-\/f——¢
0 : 4 oL " A

T8 16 2 048 16 24

048 16 24
Dew Duration (h) Time of Interruption (h)

Fig. 5. Effects of temperature and wetness duration on relative infection
by Puccinia striiformis without (A) or with (B) a dry period interrupting
the dew period. The points are means of four replicates. The solid lines
were generated by equations 2 and 3 (see text). Infection data were
expressed relative to maximal infection at optimal temperature.
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Fig. 6. Effect of temperature on relative infection by Puccinia recondita
f. sp. tritici (A) and P. striiformis (B). The points are averages of four
replicates of an experiment. The solid lines were generated by equation 1
(see text). Infection data were expressed relative to maximal infection
at optimal temperature.
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success in optimal conditions, and also adapted to a wider range
of temperatures. The comparison of relative infection of both
rusts showed that they were similarly affected by a dry period
occurring after urediniospores had initiated germination and
before substomatal vesicles had formed. When the initial wet
period (DP;) was shorter than the minimal wetness duration
(DP in), the spores that had begun to germinate were killed, and
only those that had not begun to germinate were able to infect
during the second wet period (DP,); thus, infection efficiency
decreased as a function of time of dry period occurrence. Because
germination was slower at low temperatures, the pathogens were
less affected by a dry period after a short wetness period at low
temperatures than at high temperatures. However, the inoculum
loss due to a dry period is much higher for leaf rust than stripe
rust, given their very different infection capacities. For initial
wet periods longer than the minimal wetness duration, infection
was always observed, and increased over time. For both rusts,
a similar pattern in the response of relative infection to changing
wetness conditions means that maximal infection explains most
of the difference between the two rusts in limiting wetness condi-
tions. Therefore, temperature that governs maximal infection
appears to be the variable largely responsible for the differential
infection response of the two rusts over the range of wetness
conditions studied.

At temperatures from 12-20 C, the observed percentage of
germination, percentage of appressoria from which leaves were
penetrated, and percentage of infection for P. r. tritici compared
well with previous results (13,17). Results obtained by Dennis
(14) on P. striiformis were similar to the infection data reported
here. Both percentage of germination and percentage of infection
were higher for P. r. tritici over a wide range of temperatures
than for P. striiformis over a narrow range. These findings can
be correlated with their respective geographic distributions. The
adaptation of urediniospore infection to a wide range of tempera-
tures partially explains the worldwide distribution of P. r. tritici.
In contrast, P. striiformis is adapted to relatively cool conditions
because of the comparatively narrow range of low temperatures
favorable to penetration (6).

When dry periods occurred after 1, 2, or 4 h of wetness, the
proportion of appressoria from which leaves were penetrated after
DP, was the same as the proportion of spores that had initiated
germination during DP,. The dry period had definitively blocked
the germinating spores and therefore decreased the proportion
of appressoria from which leaves were penetrated. The evolution
of the number of appressoria was similar to those of germinating
spores with a 2-4 h delay at optimal temperature. When appres-
soria were observed but no substomatal vesicles had formed, the
pathogen was sensitive to wetness interruption. When substomatal
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Fig. 7. Variation of parameters DP.;, (#), 7 (®) and b (O) with
temperature, obtained by fitting data from Figs. 4 and 5 using non-linear
regression for Puccinia recondita f. sp. tritici (A) and P. striiformis (B).
Experimental data points represent means of four replicates. Regression
equations obtained were: b = 0.1648 — 1.3269¢ 2T + 9.1429¢°T?, R®
=0.97; DP;, = 18.74 — 1.58T + 4¢>T%, R* = 0.96; 7 = 4.25 — 0.146T,
R*=0.98 for P. recondita (A) and b=—0.3163 + 0.111T — 6.0238¢°T%,
DPi, = 4.5571 + 0.4548T — 4.5238¢°T% r = 13.1 — 2.2T + 0.17°
for P. striiformis (B). R? values for P. striiformis were high but had
low significance because of the limited number of temperatures.
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vesicles were observed, the pathogen became independent of wet-
ness conditions on the leaf surface. Both rusts were unable to
survive and infect wheat seedlings if a dry period occurred between
urediniospore germination and penetration. A similar decrease
in infection has been observed with other diseases such as soybean
rust (21), onion Botrytis leaf blight (1), cherry leaf spot (15),
and Stylosanthes anthracnose (9). However, germ tube growth
was not studied in these pathosystems and the biological
mechanism affected by an interrupted wet period was only
hypothesized. In contrast, in some pathogens adapted either to
semi-arid habitats (such as Stemphylium botryosum f. sp.
lycopersici Rotem, Cohen & Wahl. on tomato) (5), or to tropical
humid climates (such as Mycosphaerella fijiensis Morelet var.
difformis Mulder and Stover on banana) (20), germ tubes survive
dry intervals between moisture periods.

Under similar cumulative wetness duration but with differences
in temperature and the timing of the dry period, different levels
of infection were observed. Dry periods that occurred after the
minimal wetness duration did not reduce infection levels, which
remained equal to those reached with continuous wetness condi-
tions. When the dry period occurred before the minimal wetness
duration, the closer the occurrence was to this minimal value,
the higher was the infection reduction. A dry period at maximal
urediniospore germination resulted in the greatest inoculum
destruction. Because P. r. tritici spores germinate over a wide
range of relatively high temperatures, the magnitude of negative
effect caused by wetness interruption is greater compared with
P. striiformis, which can germinate at lower temperatures and,
therefore, at higher relative humidity favorable to germ tube
growth and penetration. The narrower range of temperatures
favorable to stripe rust was compensated for by the higher quantity
of inoculum stored as ungerminated urediniospores, able to com-
plete infection when suitable conditions returned. Therefore P.
striiformis can be considered less vulnerable than P. r. tritici to
discontinuous wetness conditions. However, P. striiformis spores
lost viability if a dry period occurred before the 24-h wet period,
whereas P. r. tritici spores were not affected by this treatment.

Appressoria play a critical role in the survival of pathogens
subjected to adverse environmental conditions (16), and it was
hypothesized that P. r. tritici appressoria may remain viable after
a dry period (17). Our results showed that only appressoria that
had completed penetration were able to continue infection after
a desiccation period. Transfer of cytoplasm from appressoria into
substomatal vesicles forming “ghost” appressoria (13) render the
pathogens independent of free water on the plant’s surface. The
differentiation of appressoria by P. r. tritici did not provide a
significant advantage for infection against dry weather conditions
compared with P. siriiformis, which does not produce appressoria.

The modeling procedure consisted of three steps (maximal infec-
tion versus temperature, infection versus time in continuous wet-
ness conditions, and infection versus time in discontinuous wetness
conditions). The step by step procedure allowed us to summarize
the different environmental conditions. The Richards’s function,
including two parameters (initial infection rate, minimal wetness
duration), seems to provide a versatile solution for describing
infection by several rusts (8). This model was modified to take
into account the discontinuous wetness situation and its interest
could be further tested with other pathogens. To describe the
influence of wetness interruption on percentage of infection, the
addition to the Richards’s function of a negative exponential term
including only one parameter, a time constant, was sufficient.
As we can expect from the decreasing time to germination for
increasing temperature, the time constant is a decreasing function
of temperature. The slope of decrease is higher for P. striiformis
than for P. r. tritici because of the lower range of favorable
temperatures for P. striiformis.

Quantitative comparison of the number of spores produced
and infection efficiency revealed contrasting characteristics in the
two pathogens. Relatively low spore production by leaf rust was
compensated for by the high infection efficiency of its uredinio-
spores, whereas the very low infection efficiency of stripe rust
urediniospores was compensated for by high spore production



(24). A favorable level of one factor (e.g., penetration rate for
P. r. tritici) compensating for deficiency in another (e.g., surviv-
ability of germinated spores after a dry period) has been observed
in other plant pathogens (4,5). For example, S. b. Iycopersici
requires long wet periods to penetrate but succeeds in semi-arid
climates because its germinating spores survive dry periods (5).
Another example is Phytophthora infestans (Mont.) de Bary, the
sporangia of which have poor tolerance to dry periods but which
succeeds in semi-arid climates because of their high germination
and penetration rates (5). Comparison for climate adaptation
showed another contrasting characteristics in the two pathogens;
P. r. tritici was tolerant over a wide range of environmental condi-
tions whereas P. striiformis compensated for a low infection
efficiency with systemic growth within the leaf.

LITERATURE CITED

. Alderman, S. C., Lacy, M. L., and Everts, K. L. 1985. Influence
of interruptions of dew period on numbers of lesions produced on
onion by Botrytis squamosa. Phytopathology 75:808-811.

2. Analytis, S., 1977. Uber die Relation zwischen biologischer
Entwicklung und Temperatur bei phytopathogenen Pilzen. Phyto-
path. Z. 90:64-76.

3. Andersen, A. S., and Rowell, J. B. 1962. Duration of protective activity
in wheat seedlings of various compounds against stem rust. Phyto-
pathology 52:909-913.

4. Aust, H., Bashi, E., and Rotem, J. 1980. Flexibility of plant pathogens
in exploiting ecological and biotic conditions in the development of
epidemics. Pages 46-56 in: Comparative Epidemiology. J. Palti &
J. Kranz, eds. Pudoc, Wageningen.

5. Bashi, E., and Rotem, J. 1974. Adaptation of four pathogens to semi-
arid habitats as conditioned by penetration rate and germinating spore
survival. Phytopathology 64:1035-1039.

6. Baum, B. R., and Savile, D. B. O. 1985. Rusts (Uredinales) of Triticae:
evolution and extent of coevolution, a cladistic analysis. Bot. J.
Linnean Soc. 91:367-394.

7. Burrage, S. W. 1969. Dew and the growth of the uredospore germ
tube of Puccinia graminis on the wheat leaf. Ann. Appl. Biol. 64:495-
501.

. Butler, D. R., and Jadhav D. R. 1991. Requirements of leaf wetness
and temperature for infection of groundnut by rust. Plant Pathol.
40:395-400.

. Chakraborty, S., Ratcliff, D., and McKay, F. J. 1990. Anthracnose
of Stylosanthes scabra: Effect of leaf surface wetness on disease
severity. Plant Dis. 74:379-384.

10. Chester, K. S. 1946. Factors affecting rust survival and development.
Pages 105-128 in: The nature and prevention of the cereal rusts as
exemplified in the leaf rust of wheat. F. Verdoorn, ed. Waltham, MA.

. Clifford, B. C. 1972. The histology of race non-specific resistance
to Puccinia hordei Otth. in barley. Pages 75-79 in: Proceedings of
the European and Mediterranean Cereal Rusts Conference, Vol. 1,

—

o0

\O

—
—

i9.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Prague.

. Clifford, B. C. 1973. The construction and operation of a dew-

simulation chamber. New Phytol. 72:619-623.

. Clifford, B. C., and Harris, R. G. 1981. Controlled environment studies

of the epidemic potential of Puccinia recondita {. sp. tritici on wheat
in Britain. Trans. Br. Mycol. Soc. 77(2):351-358.

. Dennis, J. 1. 1987. Temperature and wet-period conditions for infec-

tion by Puccinia striiformis f. sp. tritici race 104E137A+. Trans. Br.
Mycol. Soc. 88(1):119-121.

. Eisensmith, S. P., Jones, A. L., and Cress, C. E. 1982. Effects of

interrupted wet periods on infection of sour cherry by Coccomyces
hiemalis. Phytopathology 72:680-682.

. Emmett R. W., and Parbery, D. G. 1975. Appressoria. Annu. Rev.

Phytopathol. 13:147-167.

. Eversmeyer, M. G., Kramer, C. L., and Hassan, Z. M. 1988. Environ-

mental influences on the establishment of Puccinia recondita infection
structures. Plant Dis. 72:409-412.

. Eyal, Z., Clifford, B. C., and Caldwell, R. M. 1968. A settling tower

for quantitative inoculation of leaf blades of mature small grain plants
with urediospores. Phytopathology 58:530-531.

Huber, L., and Gillespie, T. J. 1992. Modeling leaf wetness in relation
to plant disease epidemiology. Annu. Rev. Phytopathol. 30:553-577.
Jacome L. H., and Schuh, W. 1992. Effects of leaf wetness duration
and temperature on development of Black Sigatoka disease on banana
infected by Mycosphaerella fijiensis var. difformis. Phytopathology
82: 515-520.

Melching, J. S., Dowler, W. M., Koogle, D. L., and Royer, M. H.
1989. Effects of duration, frequency, and temperature of leaf wetness
periods on soybean rust. Plant Dis. 73:117-122.

Rapilly, F. 1979. Yellow rust epidemiology. Annu. Rev. Phytopathol.
17:59-73.

Royle, D. J., and Butler, D. R. 1986. Epidemiological significance
of liquid water in crop canopies and its role in disease forecasting.
Pages 139-156 in: BMS Symposium 11, Water, fungi and plants.
P. G. Ayres & L. Boddy, eds. Cambridge University Press. Cambridge.
Sache, 1., and de Vallavieille-Pope, C. 1993. Comparison of the wheat
brown and yellow rusts for monocyclic sporulation and infection
processes, and their polycyclic consequences. J. Phytopathology
138:55-65.

SAS Institute. 1990. SAS/STAT User’s Guide. Vols. 1 and 2, Version
6, 4th ed. SAS Institute, Cary, NC.

Scherm, H., and van Bruggen, A. H. C. 1993. Response surface models
for germination and infection of Bremia lactucae, the fungus causing
downy mildew of lettuce. Ecol. Model. 65:281-296.

Stuckey, R. E., and Zadoks, J. C. 1989. Effect of interrupted leaf
wetness periods on pustule development of Puccinia recondita f. sp.
tritici. Neth. J. Pl. Path. 95. Supplement 1:175-185.

Wiese, M. V., and Ravenscroft, A. V. 1979. Environmental effects
on inoculum quality of dormant rust uredospores. Phytopathology
69:1106-1108.

Zadoks, J. C., Chang, T. T., and Konzak, G. F. 1974. A decimal
code for the growth stages of cereals. Weed Res. 14:415-421.

Vol. 85, No. 4, 1995 415



