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ABSTRACT

     The effect of duration of exposure, daily weather conditions, and exposure to direct or indirect sunlight on survival of sporangia of Phytophthora infestans under ambient, relatively dry atmospheric conditions was evaluated. Viability of sporangia was assessed by determining the proportion of potato tuber slices or leaflets that became infected after inoculation with exposed sporangia. The maximum survival time of sporangia was 24 h under moderately cool (mean of 15 C) and dry conditions (RH < 25%). Sky conditions were sunny during daylight hours during this exposure.  Infection seldom occurred when sporangia were exposed directly to sunlight; only 25 of 566 (4.4%) groups of sporangia caused infection.  Of these 25 groups, 23 (92%) had been exposed to mean temperatures below 33 C for 4 or fewer hours.  Binary logistic regression analysis of the data showed that duration of exposure, direct sunlight, and type of day were all significant factors affecting survival of sporangia.  Long exposure in direct sunlight limited survival. Survival of sporangia was more likely to occur on cool, cloudy days and cool, rainy days than on other day-types.  

INTRODUCTION


Potato late blight, caused by the oomycete Phytophthora infestans (Mont.) de Bary, is historically known as a devastating disease.  Total costs of late blight control efforts in the Columbia Basin of Washington and Oregon in 1998, including fungicide applications and losses in tuber yield due to rot, were estimated at $22.3 million (Johnson et al. 2000). P. infestans reproduces asexually via sporangia.  Unlike oospores, sporangia are not adapted for survival; they are thin-walled and lack pigmentation.  However, they are produced abundantly on infected potato tissue and are transported by wind to other potato plants and new locations.  Sporangia germinate in the presence of free water by producing either zoospores or germ tubes, infect potato plant tissue, and establish new disease foci in fields.  Most airborne sporangia are deposited within several meters of the inoculum source (Fry and Mizubuti 1998), but recently in England, sporangia of P.  infestans from a cull pile were observed to infect  potato fields up to 900 m away (Zwankhuizen et al. 1998).  Sporangia of another oomycete, Peronospora tabacina Adam., probably traveled several hundred kilometers to establish epidemics of tobacco blue mold in Connecticut in 1979 and 1980 (Aylor and Taylor 1982).  Determining the duration of sporangia survival under atmospheric conditions is important for assessing the risk of long-distance spread of P. infestans and predicting where outbreaks may occur distant from an inoculum source, especially in the Columbia Basin of Washington and Oregon where semiarid conditions prevail.


Previous work on survival of P. infestans sporangia has been conducted mostly under controlled laboratory conditions using host infectivity (Rotem and Cohen 1974) and percent germination on agar (Fry and Mizubuti 1998; Minogue and Fry 1981; Mizubuti et al. 2000) or in water (Glendinning et al. 1963; Warren and Colhoun 1975) to assess sporangia viability.  Temperature, relative humidity, and solar irradiance were identified as factors influencing sporangia survival (Minogue and Fry 1981; Mizubuti et al. 2000).  Literature reports of sporangia survivability are inconsistent.  Limited viability of detached sporangia at relative humidities less than 100% has been reported  (Glendinning et al. 1963; Warren and Colhoun 1975), but survival for longer duration also has been reported (Minogue and Fry 1981; Rotem and Cohen 1974).  Also, reports are lacking on sporangial survival below 30% RH.  Rotem and Cohen (1974) found that sporangia were able to infect host tissue following exposure to conditions of 10 C and 50 or 80% RH for 48 h.  Sporangia exposed to 30 C were shorter-lived but still caused infection after 8 h at 80% RH and 6 h at 50%.  These results suggested that sporangia may remain viable following long exposure to dry conditions and that RH may be more important in survival at higher temperatures.  These findings were supported by those of Minogue and Fry (1981), who found that an increase in RH extended the half-life of sporangia only at the highest temperature tested (30 C), and that sporangia had a half-life of 5 to 6 hours under moderate conditions (15 to 20 C, 40 to 88% RH).  The authors hypothesized that the differences in sporangia survivability were attributable to differences in rehydration rate following exposure to dry conditions.  Slow rehydration, which involved placing sporangia in a dew chamber set on a 10 C cold plate for 10 min, resulted in significantly greater germination on water agar than did rapid rehydration, which involved placing the sporangia directly onto the water agar following exposure.  


Effect of solar radiation on sporangia viability of P. infestans was studied by De Weille (1964). He found that moderate doses of ultraviolet light from a controlled source reduced viability of detached sporangia.  Recently, Mizubuti et al. (2000) showed that solar radiation likely plays an important role in sporangia viability.  Only 1 h of direct exposure to sunlight decreased germination of sporangia by 95%, and viability decreased within 15 min.  On overcast days, germination of sporangia was not reduced substantially after 3 h of exposure.  Fry and Mizubuti (1998) suggested that very long-distance transport of viable sporangia may be unlikely under hot, dry conditions because sporangia are not capable of extended survival under these conditions.


The objectives of the present study were to evaluate the effects of duration of exposure and daytime, ambient weather on survival of P. infestans sporangia in southeastern Washington.  Our approach was to expose sporangia outdoors on sunny and cloudy days and assess viability using infection of host tissue.  This is the first report of sporangia viability under semi-arid, ambient conditions.

MATERIALS AND METHODS

Inoculum Production 

    
An isolate of P. infestans of the US-8 clonal lineage collected in central Washington was maintained on potato (Solanum tuberosum L.) cv Russet Burbank or Russet Norkotah foliage.  Sporulating leaflets were rinsed with distilled water, and the resultant sporangial suspension was diluted to approximately 10,000 sporangia/ml, and then were chilled at 4C for 1 h. The adaxial surface of leaflets was inoculated using a 1 cm square piece of Whatman #2 filter paper soaked with 50 l of the sporangial suspension.  Plants were kept in a mist chamber for 17 h and then placed in a greenhouse for lesion development.  After 5 to 7 days, the plants were placed in the mist chamber for 1 to 2 days to induce sporulation.  The temperature in the room housing the mist chamber was not regulated.  Therefore, on days with ambient temperature greater than 24 C infected leaflets were detached, placed in petri dishes on moistened filter paper and charcoal fiberglass insect screen, and incubated in the dark at 18 C.  The insect screen prevented direct contact between the leaflets and the moistened filter paper.

Experimental Unit 


Sporangia were transferred from sporulating leaflets to either 20 mm2 pieces of Whatman #2 filter paper or 18 mm2  glass coverslips via gentle contact.  Each sporulating leaflet was visually divided into 3 to 4 sections with each section used for only one transfer.  Each filter paper or coverslip was an experimental unit.  The experimental units were attached, sporangia-side up, to a single layer of cheesecloth stretched over a 18.5 x 30 cm white-painted wooden frame.  In order to estimate numbers of sporangia per experimental unit, coverslips were placed sporangia-side down on rye seed agar (Riberio 1978) and observed under a compound microscope in preliminary trials.  Each coverslip typically had 500 or more sporangia.  As a positive control, four experimental units were assayed immediately on host tissue to verify initial viability of sporangia used on each exposure-day.    In addition, on each exposure-day non-inoculated host tissue incubated in the same manner as inoculated tissue served as a negative control to verify that host tissue was not already infected with P. infestans.
Exposure 


Exposures were conducted between May and October of 1998 and 1999 and in June and July of 2000.  Number of exposure-days each year was 12, 14, and 8, respectively.  Days were selected based on inoculum availability and weather conditions; exposures were not conducted on days with heavy rainfall (precipitation > 0.8 mm).  The exposure site was a courtyard between two greenhouses shielded from wind but with full exposure to the sky on the campus of Washington State University in Pullman, WA.  Sporangia were exposed indirectly (shade treatment) and/or directly (sun treatment) to solar radiation.  The cheesecloth frame, with experimental units attached, was placed 1 m above the soil surface on a metal cart with numerous holes that permitted good ventilation.  Starting between 0825 and 1530, experimental units were exposed to ambient conditions for periods ranging from 0.25 to 48 h.  Each exposure-day consisted of several different exposure times, e.g. 2, 4, 6, and 8 h, which were selected based on the weather conditions that day and information from preliminary trials that revealed short survival times under hot, sunny conditions.  For the shaded treatment, a second frame with experimental units was placed inside a louvered, weather shelter stationed on the cart.  Sporangia receiving the shade treatment were exposed for the same length of time as the sporangia receiving the sun treatment.  During light rainfall, experimental units receiving direct exposure were covered with 14.5-cm-diameter petri dish lids taped to the cheesecloth frame.  The cheesecloth allowed air to circulate under the lids, which were removed once the rain stopped.


Temperature and relative humidity (RH) were recorded by a datapod (DP-220, Omnidata International, Inc., Logan, UT) placed inside the weather shelter in 1999 and 2000. The data pod averaged temperature and RH every 30 min. In 1998 and four dates in 1999 (Table 1), temperature and RH were determined approximately 3 km from the exposure site using an Automated Surface Observing System at the Pullman airport.  Total solar radiation, including direct and scattered solar radiation, was measured as solar irradiance (SI, units Wm-2) using a pyranometer (200SA, LI-COR, Lincoln, NE) placed on the metal stand near the experimental units. The pyranometer was most sensitive to wavelengths between 400 and 1100 nm.  The pyranometer and thermocouple measurements were recorded by a datalogger (LI-1000, LI-COR, Lincoln, NE) placed inside the weather box.  In exposures involving coverslips, the temperature of a coverslip exposed to ambient conditions was measured using a thermocouple.  Temperature of the filter paper squares was not directly measured.

Sporangia Viability  


Following each exposure time, four experimental units per treatment were brought to the laboratory in a plastic petri dish.  Transport time between the exposure site and the laboratory was 5 min.  The sporangia were slowly rehydrated in petri dishes lined with moistened filter paper for 10 min at 10 C.   Following rehydration, viability of the sporangia was measured using one of the following methods: 


(i) Tuber infection.  Potato cv Russet Norkotah certified seed tubers were removed from 4 C storage and surface-sterilized by scrubbing under warm running water and then soaking in a 55 C 10% bleach solution for 10 min.  Each tuber was sliced widthwise into 3 to 5 pieces that were 1.5 to 2.0 cm thick using a flame-sterilized knife.  With these dimensions, each slice fit within a glass petri dish (9.5 cm x 2.0 cm) lined with moistened filter paper.  One milliliter of autoclaved distilled water containing 100 g/ml streptomycin sulfate was placed in the center of each tuber slice.  The antibiotic did not significantly affect germination and growth of P. infestans in preliminary studies. Each experimental unit (filter paper square) was then placed sporangia-side down in the center of a tuber slice. Tuber slices were incubated in the dark at 15 C for up to 2 wk and monitored daily for the presence or absence of sporangiophores and sporangia on the cut tuber surface.  Filter paper squares containing sporangia remained on the tuber slices during incubation.  Filter papers lining the dishes were moistened as needed.  For each exposure time, sporangia viability was measured as the proportion of infected tuber slices.  The tuber slice method was used in 1998 and 2000 and once in 1999.  


(ii) Leaflet infection.  Coverslips, rather than filter paper squares, were used to assess sporangia viability.  Healthy-appearing leaflets were selected from “Russet Norkotah” plants in the greenhouse, detached from their petioles, and then placed adaxial side up in a petri dish lined with moistened filter paper.  Following rehydration of sporangia, one coverslip was placed sporangia-side down in 0.5 ml distilled water on the surface of each leaflet.   Leaflets were incubated in the dark at 15C for at least 24 h, transferred to an incubator at 18 C (12 h light) and monitored daily for up to 2 wk.  A sample was rated as positive if the leaflet had a dark, expanding lesion surrounded by chlorosis and sporulation of P. infestans.  For each exposure time, sporangia viability was measured as the proportion of infected leaflets.  This method was used only in 1999.


Treatments 


The goal of the study was to evaluate the effects of exposure duration (time), type of day (hot and sunny (HS), warm and sunny (WS), cool and sunny (CS), cool and cloudy (CC) and cool and rainy (CR)), and exposure type (indirect or direct to sunlight) on the viability of sporangia.  Instead of choosing temperature and relative humidity as numerical variables, we concentrated on the "type of day" for two reasons.  First, the range for RH was small since experiments were conducted outdoors in a semiarid environment.  Secondly, as expected, the temperature and RH were highly correlated and it is hard to distinguish the effect of one from the other.   For example, all the hot days were also sunny and it would be hard to assess whether the temperature or the dryness affected the survivability.  Weather conditions were categorized as hot (temperature > 27 C), warm (temperature = 19-27 C) and cool (temperature < 19 C); as sunny (mostly sunny sky; SI 513 to 949 Wm-2 ) cloudy (mostly cloudy sky; SI 118 to 442 Wm-2 )  and rainy (cloudy, SI 118 to 442 Wm-2 ) and precipitation a trace to 0.8 mm).

Data Analysis


Response data were binary (infection (success) or no infection (failure)) and binary logistic regression were used to analyze the data. Logistic regression is a common method for analyzing binary responses, such as ours. This technique is discussed in a number of texts, for example Hoasmer and Lemeshow (2000), Piergorsch and Bailer (1997), and Ryan (1996), and is used widely in biological, medical, environmental and economic literature. This method is different from linear regression in two aspects:  the choice of the model and its assumptions. Other than this, the application of this model is identical to that of linear regression models. For example, here too, we examine the significance of the slope parameters and the differences within the categorical variables. In applying the logistic regression model, proportion of success, p, is calculated from the binary data and logit transform (ln (p/(1-p)) is assumed to be a linear function of the predictors (time of exposure, sun/shade, day type and interaction between direct/indirect exposure and day type). Hence our model is of the form:
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 Here, pij: probability of infections at time i = 1,2,…nj, under exposure type j = 1 (CR), 2(CC), 3(CS), 4(WS), 5(HS) and exposure type k = 0(indirect), 1(direct).

 0:  the intercept term

1:  slope associated with the time of exposure, xi

2:  the slope associated with sun/shade

3j:  the effect associated with the different exposure types (CC, CR, CS, WS, HS).

4jk:  the interaction effect associated with the different day types and direct/indirect conditions (0CC, 0CR, 0CS, 0WS, 0HS, 1CC, 1CR, 1CS, 1WS, 1HS).

Since the binary data is directly modeled we do not need to make assumptions of normality and equal variance.  







Logistic regression models the probability of success (infection) as a function of both numerical [(exposure time and exposure type (Sun = 1, Shade = 0)] and categorical (type of day and interaction) variables. Here the logit transform of the proportion of success, also called the log odds ratio, [(given by log (pi/1-pi)] is regressed at a specific combination of the predictors.  The slope of each numerical predictor determines the rate of change of the log odds-ratio of the binary response for unit change in the predictors.


Data were analyzed using the binary logistic regression procedure of MINITAB (Release 12.1).  MINITAB provided estimates for the partial slopes, their corresponding p-values, and percent concordance, or goodness of fit.  A positive partial slope estimate indicated an increase in log odds ratio, hence, infection, and therefore survival, with an increase in the predictor variable.  Positive controls were incorporated into the models as experimental units exposed for zero hours.  The analysis only included exposure-days for which we observed at least one positive control or treatment experimental unit resulting in host tissue infection.


Measurements for SI were not taken inside the weather box during exposure periods because we only had one pyranometer, but mean readings inside the weather box during non-exposure periods typically ranged from 22 Wm-2 on overcast days to 54 Wm-2  on sunny afternoons. Therefore, in the statistical analysis, exposures to shade and sun were described as 0 and 1, respectively, rather than SI measurements.  Temperature, RH, and SI readings were calculated as daytime averages between exposure start time and either end time of the longest exposure with viable sporangia that day or 1900, depending on which was earlier. Coverslip temperature was compared with ambient air temperature using a paired t-test for sample means using combined data from 11 days in May, June, and July of 1999.

RESULTS

Sporangia Survival  


Infection of leaf or tuber tissue did not occur frequently.  Only 25 of 566 (4.4%) experimental units resulted in infection following direct exposure to sunlight.  The exposure time for 23 of these 25 units (92%) was 4 h or less.  Infection did not occur following direct exposure for 4 h or longer at average temperatures at or above 35 C.  Shaded sporangia survived for 3 h at a mean daytime temperature of 32 C in 1998 and for 4 h at 28 C in 2000 (Table 1).  On 3 of the 14 days (21%) when infection occurred, mean temperature of the exposure period was 30 C or higher.  On 6 of 14 days (43%) when infection occurred, RH was below 25%, and on 10 of 14 days (71%) RH was below 40%  (Table 1).  Coverslip temperature was not significantly different from ambient air temperature (p = 0.12).


The maximum survival time of sporangia was 24 h.  On this occasion, both directly exposed and shaded sporangia were infectious following exposure to moderately cool (15 C) and very dry (16% RH) daytime conditions (Table 1).  Sky conditions were sunny during daylight hours. The nighttime average temperature (1900-0700) was 9C and RH was 20%, and the conditions the next morning (0700-1000) were 9C and 24% RH. 

Positive controls caused infection in 118 of 136 (87%) tuber and leaflets.  Soft rot of potato, which developed occasionally on tuber slices, did not interfere with evaluation.  Water soaking of leaflets also occurred occasionally but was distinguished from P. infestans lesions by the absence of both a chlorotic ring and sporulation.  Negative controls resulted in no infections

Statistical Analysis  

     
Table 2 provides survival proportions for the five different day- type direct/indirect combinations that were present in the study. However, comparing the raw proportions of infections under the different conditions does not take into account the effect of duration of exposure.  Hence a logistic regression model described earlier was run.  Here 'time of exposure' and 'exposure type' were our numerical predictors and 'type of day' and ‘interaction’ were our categorical predictors.  The results indicated significant interaction effects (p-value = 0.0001) indicating that infection for the type of day were different under sun or shaded conditions.  For 'time of exposure' the estimate of the partial slope was -.44 (p-value = 0 .001).  This indicated that the longer the exposure the lower the rate of infection. The model had 87% concordance, indicating a good fit for the data.  Deviance residual plots (analogous to residual plots of linear regression) also supported the fact that the model used was appropriate for the data.  Since the interaction was significant, the significance of the two main effects (type of day and sun/shade) were not of primary importance.  (However, it is to be noted that when the model was run without the interaction term these were also significant with p-values 0.001 and 0.002, respectively.) To distinguish the specific nature of the pairwise differences from the interaction effect, the data were divided into the conditions under sun (direct exposure) and under shade (indirect exposure).   Under direct exposure, we found that survival was more likely in the Cool-Cloudy (CC) day type than the Warm-Sunny (WS) (p-value = 0.035) or the Hot-Sunny (HS) (p-value = 0.023) day types.  None of the other pairs were significantly different from each other.  Under the indirect exposure, survival was more likely during the Cool-Rainy (CR) day type than the Cool-Sunny (p-value = 0.006), Warm-Sunny (p-value = 0.022), or Hot-Sunny (p-value = 0.042) day types.  None of the other pairs were significantly different.

The data were also broken down by ‘temperature categories’ as cool (averaging over CS, CC, CR), warm (WS) and hot (HS) over both direct and indirect exposure types. Using logistic regression, ‘temperature categories’, 'time of exposure’ and ‘type of exposure’ all had significant predictors. Specifically, sporangia were more infectious following cool days than on warm day exposure (p-value = 0.100). Hot and warm, and cool and hot did not differ significantly from each other. Similarly, the data were divided into SI and rainy categories, as sunny (averaged over CS, WS, HS), cloudy (CC) and rainy (CR). Using the same technique as previously, we found that all three predictors were significantly different. Specifically, sporangia were more likely to be infectious after a rainy day exposure compared to sunny day (p-value = 0.002), and cloudy days were marginally more likely to result in infections than sunny days (p-value = 0.048).

It must be pointed out that since all combinations of ‘temperature category’ and the ‘SI category’ were not realized, the results from the interaction analysis are more informative. The analysis using ‘temperature category’ and ‘SI category’ is mentioned for completion. In general our results indicate sporangia are more likely to be infectious following cool, moist conditions than hot, dry conditions.

DISCUSSION

The maximum survival time of sporangia of P. infestans exposed to ambient conditions was 24 h.  This was not expected because sporangia had not previously been reported to survive exposure to RH below 30% for any length of time and survival for this duration or longer had been reported only once (Rotem and Cohen 1974).  In the present study, sporangia survived exposure to RH below 25% for various lengths of time.  RH levels tested in previous studies reflect regional differences in climate.  Previous work was conducted in New York (Minogue and Fry 1981; Mizubuti et al. 2000), England (Glendinning et al. 1963), and Israel (Rotem and Cohen 1974).  Only Israel has a semi-arid climate similar to that of southeastern Washington but the RH conditions tested in that study were 50% or higher (Rotem and Cohen 1974).

  Sporangia survival was uncommon and most host tissue infection was caused by sporangia exposed directly to the sun for 4 h or less.  This suggests that survival of sporangia in direct sunlight may occur only infrequently during inter-field dissemination.  However, infected foliage in a potato field could potentially produce many billions of sporangia and infection of host tissue distant from an inoculum source requires the transport and survival of only one viable sporangium.  Based on the survival times under ambient conditions observed in this study, sporangia could be dispersed considerable distances under favorable conditions.  At a wind speed averaging 20 to 40 km/h in the transport layer of the atmosphere (Aylor 1986), sporangia could potentially travel between 80 and 160 km in 4 hours, a distance that represents the length or width of the potato growing region of the Columbia Basin, which is approximately 185 km long by 90 km wide. Survival of sporangia in the atmosphere would potentially be greater at night, and under cloudy rather than sunny conditions during daylight hours. Viable sporangia deposited within the shade of the plant canopy would also survive longer than those deposited on plant surfaces directly exposed to sunlight.

Direct exposure of sporangia to solar radiation had a negative effect on survival.  Mizubuti et al. (2000) also reported that SI significantly decreased the survival of sporangia on sunny days and that temperature and RH were not significant factors influencing survival of sporangia in their experiments.  Our results indicate that over five different day types, sporangia were more likely to survive on cool, cloudy, or rainy days than on combinations of sunny, warm, and hot days. Much of the deleterious effect of sunlight on viability of sporangia is likely due to radiation in the ultraviolet spectrum (De Weille 1964; Mizubuti et al. 2000).  Ultraviolet radiation is a major factor in spore mortality for other fungi (Aylor and Sanogo 1997; Rotem et al. 1985).

This study was particularly challenging since P. infestans is difficult to culture.  We originally intended to use percent germination on agar as our measure of sporangia viability (Fry and Mizubuti 1998; Minogue and Fry 1981; Mizubuti et al. 2000), but we frequently observed 0% germination in preliminary studies using positive controls. Percent germination of P. infestans sporangia has been reported in previous studies at about 30% (Minogue and Fry 1981), and 11% and 40%, depending on isolate (Mizubuti et al. 2000). Because of low germination percentages, we decided to use host tissue infection instead and to assess the collective viability of relatively small groups or clusters of sporangia.  This approach has advantages for addressing questions regarding long-distance spread of P. infestans because host infection is essential for propagation of the obligately parasitic asexual form of P. infestans.  The ability of sporangia to germinate on agar following exposure to dry conditions, which was tested in previous studies, does not indicate whether they are capable of infecting host tissue. Also, the collective survivability of a large number of sporangia and treatments can be assessed rather quickly using host tissue as opposed to counting large numbers of sporangia for several treatments. Sporangia are also likely disseminated to adjacent and distant fields in clusters of various numbers, with only one viable sporangium in the cluster needed to perpetuate an epidemic, provided a susceptible host and favorable environment.    

Leaf tissue could have been used as the surface to expose sporangia. Filter paper and glass cover slips were selected instead because we attempted to approximate the aerial environment and evaluate viability during inter-field dissemination. Leaf tissue would have introduced micro-organisms not encountered in the atmosphere and possibly moisture from the host cells. 


This is the first report of sporangia viability under ambient, relatively dry atmospheric conditions. Predictive models could be developed to identify where outbreaks of late blight may occur from inoculum sources within the Columbia Basin, based on weather conditions, wind direction and speed, and sporangia production and survival.  To obtain an accurate predictive model, sporangia survival should be assessed under a broad range of environmental conditions. Cool, cloudy, and moist conditions have not received much attention and should be evaluated since they favor the development of late blight and inter-field spread of the disease has been observed in the Columbia Basin under these conditions.  Studies combining germination on agar and host infection as measures of sporangia viability would provide the most information.  Germination on agar allows for large sample sizes in each experiment because each sporangium is an experimental unit and host infection confirms whether sporangia are capable of infecting potato tissue.


The pathogen Phytophthora infestans causes severe disease on susceptible hosts in mild, rain fed regions (Fry and Mizubuti 1998; Zwankhuizen et al. 1998), and in irrigated potato fields in semiarid environments (Johnson et al. 2000; Rotem and Cohen 1974). Pathogen survivability and dissemination are two important components of epidemic development. P. infestans can survive adverse ambient conditions during the growing season as mycelium in infected host tissues, especially potato stems (Rotem and Cohen 1974). Infected tissues produce sporangia under suitable temperature and moisture conditions. Sporangia can then be dispersed. Sporangia of P. infestans potentially can survive sufficient periods of time under various conditions to be effectively dispersed considerable distances as shown in this and a previous study (Rotem and Cohen 1974). Quantitative knowledge of the survival and spread of P. infestans sporangia is important in understanding and managing late blight.
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Table 1.  Survival times and daytime weather conditions during actual exposure periods when sporangia of Phytophthora infestans were exposed to ambient conditions for different lengths of time.  a
	
	
	
	
	
	
	Maximum

	
	
	Weather
	Temp
	RH
	SI
	survival 

	Dateb
	Exposure Period c
	Conditions
	(C)
	(%)
	(Wm-2)d
	time (h) e

	07/15/98
	1244-1444 (2 h)
	Hot, sunny
	29
	36
	949
	2S g

	07/16/98
	1136-1536 (4 h)
	Hot, sunny
	30
	34
	944
	1, 2S

	07/17/98
	1151-1551 (6 h)
	Hot, sunny
	33
	27
	913
	

	07/21/98
	1151-1451 (5 h)
	Hot, sunny
	32
	22
	958
	3, 3S

	07/23/98
	1510-2210 (7 h)
	Warm, sunny
	25
	51
	-
	

	08/11/98
	1111-1411 (5 h)
	Hot, sunny
	30
	28
	880
	3

	09/04/98
	1441-1641 (2 h)
	Hot, sunny
	32
	22
	731
	

	09/30/98
	1230-1630 (6 h)
	Warm, sunny
	25
	29
	602
	4

	10/02/98
	1512-1512 (48 h)
	Cool, rainy
	13
	46
	118
	1

	10/07/98
	1200-1300 (1 h)
	Warm, sunny
	20
	41
	513
	

	10/12/98
	1530-1930 (4 h)
	Cool, cloudy
	14
	55
	118
	

	10/16/98
	1245-1845 (6 h)
	Cool, cloudy
	8
	64
	250
	4

	05/12/99
	1030-1030 (24 h)
	Cool, sunny
	11
	17
	786
	6

	05/19/99
	1005-1005 (24 h)
	Cool, sunny
	15
	16
	716
	24, 24S

	05/21/99
	0920-0920 (24 h)
	Warm, sunny
	19
	26
	716
	

	05/26/99
	1020-1020 (24 h)
	Warm, sunny
	26
	13
	789
	

	05/27/99
	0930-0930 (24 h)
	Hot, sunny
	28
	19
	735
	

	06/04/99
	1000-1000 (24 h)
	Warm, sunny
	20
	14
	765
	

	06/09/99
	0825-0825 (24 h)
	Cool, sunny
	14
	16
	713
	2

	07/02/99
	1025-2225 (36 h)
	Cool, sunny sunnyCool, sssssssunnysunnycloudy
	17
	31
	645
	

	07/05/99
	0950-1550 (6 h)
	Warm, sunny
	26
	23
	921
	

	07/06/99
	0955-1455 (5 h)
	Hot, sunny
	32
	17
	949
	

	09/08/99
	1220-1620 (4 h)
	Warm, sunny
	25
	17
	787
	

	09/29/99
	1200-1600 (4 h)
	Warm, sunny
	26
	32
	645
	

	10/06/99
	1010-1510 (5 h)
	Cool, cloudy
	13
	59
	141
	1

	10/20/99
	1145-1145 (24 h)
	Cool, cloudy
	15
	35
	292
	

	05/31/00
	0955-1755 (8 h)
	Cool, rainy
	14
	61
	434
	1

	06/06/00
	1125-1525 (4 h)
	Hot, sunny
	28
	21
	607
	4S

	06/13/00
	1000-1400 (4 h)
	Cool, sunny
	18
	50
	768
	

	06/19/00
	1055-1455 (4 h)
	Warm, sunny
	19
	36
	832
	

	06/22/00
	1035-1435 (4 h)
	Warm, sunny
	24
	20
	977
	

	06/29/00
	1115-1515 (4 h)
	Hot, sunny
	29
	28
	878
	

	06/30/00
	1320-1520 (2 h)
	Hot, sunny
	28
	23
	838
	0.5,1.5S

	07/12/00
	1200-1400 (2 h)
	Hot, sunny
	29
	21
	842
	1

4S

0.5, 1.5S




a  Mean daytime weather conditions from start to end of exposure period or 1900 military  time the same day, depending on exposure length when infection of experimental units did not occur. Mean values for actual exposure period when infection of experimental unit occurred. Data were only included when potato tissue for at least one positive control was infected.

b  Date of exposure day (MM/DD/YY).

c  Four-digit numbers = military time of day; end time is for the longest exposure length                       that day. 

d  Solar irradiance (SI).

e  Maximum survival time observed for each exposure day.

g  S = shaded treatment. 

Table 2.  Number and proportion of host tissue infections when sporangia of Phytophthora infestans were exposed to ambient conditions categorized into five day types of exposure or two light exposures and then incubated on potato tuber slices or leaflets. a

Type of
   Number of infections  
      Total exposures     
Proportion of infections

Exposure
	
	Total
	Indirect
	Direct
	Total
	Indirect
	Direct
	Total
	Indirect
	Direct

	
	
	
	
	
	
	
	
	
	

	Cool, 

Rainy
	14
	11
	3
	60
	12
	48
	.23
	.91*
	.06

	Cool Cloudy
	25
	18
	7
	113
	46
	67
	.22
	.39
	.10*

	Cool Sunny
	13
	9
	4
	145
	56
	89
	.09
	.16
	.05

	Warm, Sunny
	46
	39
	7
	342
	130
	212
	.13
	.30
	.03

	Hot, Sunny
	62
	58
	4
	296
	152
	144
	.20
	.38
	.04

	Total
	160
	135
	25
	956
	390
	566
	
	
	

	
	
	
	
	
	
	
	
	
	


a Temperatures for cool, warm, and hot categories were < 19 C, 19 to 27 C and > 27 C, respectively.  Rainy days had cloudy sky and trace to 0.8 mm precipitation, cloudy days had mostly cloudy skies and SI of 118 to 442 Wm-2, and sunny days had mostly sunny skies and SI of 513 to 949 Wm-2.

 SEQ CHAPTER \h \r 147* indicates significant difference at  = .
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