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ABSTRACT

Peronospora effusa and Bremia lactucae are obligate oomycete pathogens that cause downy
mildew disease on spinach and lettuce, respectively. Both downy mildew pathogens are destructive
in California. Sporangia of both pathogens can be airborne and rapidly spread between and within
fields. In this reporting period, we employed multiplex quantitative PCR for quantification of
airborne P. effusa and B. lactucae from cyclone spore traps near Salinas California in July-January,
2023 for monitoring diurnal spore dispersal from 12 AM to 12 PM (AM hours) and 12 PM to 12
AM (PM hours). Previous work revealed spore release was primarily in the AM hours. The results
of the spore trap analyses in this reporting period revealed the unanticipated finding of increased
spore dispersal in the PM hours which may be driven primarily by increased wind speed in the PM
hours. Additionally, historical spore trap values were examined to compare the levels of airborne
spores present in the Salinas, Imperial, and Coachella Valleys in 2021-22 and 2022-23 seasons. P.
effusa and B. lactucae were not regularly detected in the Coachella Valley. However, P. effusa was
detectable throughout the growing and nongrowing seasons in the Salinas Valley, whereas P.
effusa and B. lactucae were not detected for nearly 4 weeks during the 2021 and 2022 warmer
periods in the Imperial Valley at the beginning of the growing season. Based upon these findings,
we speculate that P. effusa is likely either soil or seed transmitted in the Imperial Valley while B.
lactucae may survive in wild lettuce or in the soil as oospores. Additionally, correlation analyses
revealed significant interactions between minimum and maximum temperature and spore levels
observed in the Salinas and Imperial Valleys. As anticipated, correlations were also observed
between increased amounts of crop harvested or crop acreage with increased amounts of airborne
spores of P. effusa and B. lactucae. The results of a single field experiment to test the efficacy of
the biopesticide AgroPro X (OMRI-listed) and the nonionic surfactants R-11 and Kinetic (OMRI-
listed) indicated that all three products reduced spinach downy mildew incidence by nearly 50%.
Although this was a single field experiment in which the treatments were applied at precise times
(24 and 2 hrs) prior to inoculation, these results were supported by replicated mist tent experiments
that we had conducted previously with R-11. In summary, tracking the levels of windborne
inoculum of B. lactucae and P. effusa in different valleys in California can be valuable to inform
on the epidemiology of downy mildews for efficient spray applications for disease control.
Analyses of weather parameters in relation to the levels of airborne inoculum have yielded
significant correlations that were incorporated into a simple model to forecast increased spore
amounts. Some oil-based biopesticide and nonionic surfactant applications may help to reduce
downy mildew symptoms on organic spinach and may warrant further investigations.
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OBJECTIVES (downy mildew on spinach and lettuce):
1: Examine the diurnal changes in the dispersal of Peronospora effusa.

2: Compare the airborne detection values of P. effusa and Bremia lactucae in the Salinas,
Coachella, and Imperial Valleys of California (final year).

3: Conduct R-11 biopesticide testing in pre-inoculated field experiments.



PROCEDURES:

Immediate objective 1: Cyclone spore traps (Root Applied Sciences) like the one shown in
Figure 1, were sampled three times weekly (approximately 48 or 72 hrs intervals) at the USDA
ARS Spence Farm near Salinas, California. Four traps were placed at the north and south sides of
a spinach plot (two cyclone traps on each side) as shown in Figure 2. The spinach plot was planted
with cultivar Viroflay and pre-inoculated with P. effusa. We established the spinach plot
immediately north of Dr. Kelley Richardson’s lettuce plot to simultaneously detect both downy
mildew pathogens from field plants. The cyclone traps were activated by timers to collect spores
from 12 AM to 12 PM (morning traps) and from 12 PM to 12 AM (afternoon/evening traps) each
day. The collected sampling tubes from the cyclone spore traps were stored at 4 °C until DNA
extraction using the Nucleospin Plant II kit (Machery Nagel). We had previously been successful
in devising assays for quantifying the levels of airborne spores of P. effusa [2,3,9] and B. lactucae
[11], and we combined both mitochondrial DNA markers in a single reaction for dual detection of
both downy mildew pathogens [4]. The spore estimates observed per sample were based on
standard curve calculations prepared for both B. lactucae and P. effusa.
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Figure 2. Placement of 4 cyclone spore traps, two on the north and two on the south side of a
spinach plot at Spence Farm, near Salinas, CA, for collection of spores of P. effusa and B. lactucae.
The north and south directions are indicated by the red letters. Dr. Kelley Richardson’s lettuce plot
can be seen to the right.

Immediate objective 2: Spore trap collections from the Imperial, Coachella, and Salinas
Valleys and quantitative PCR were conducted as described in objective 1. For data analyses, DNA
quantities of P. effusa or B. lactucae equivalent to less than 1 spore were considered undetectable.

Multivariate correlations were conducted to explore the relationships between quantified spores
and various weather factors, as well as the acreage or hundredweight (CWT) of spinach and lettuce
in the Imperial and Salinas Valleys, respectively. Weather data, reported in metric units, were
obtained from the California Irrigation Management Information System (CIMIS) for the stations
located in the regions where spore traps were deployed. Graphs and scatterplots were generated in
R v4.2.1 or v4.3.0 / R Studio.

Acreage data for spinach and lettuce in the Imperial Valley were provided by Dr. Aliasghar
Montazar at the University of California, Agriculture and Natural Resources. However, we lack
records for monthly crop acreage or volumes in the Coachella Valley. Consequently, our analysis
focused on these correlations in the Salinas Valley and Imperial Valley. Monthly CWT harvested
volumes of spinach and lettuce were sourced from the California Leafy Greens Research Board
(CLGRB), courtesy of Jennifer Clarke. District C includes California counties north of the northern
boundaries of San Luis Obispo, Ventura, Los Angeles, and San Bernardino Counties, excluding
the San Joaquin area. According to the 2023 report of The California Department of Food and
Agriculture, the Salinas Valley contributed most of the spinach and lettuce volumes. Therefore,
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district C's CWT is used to represent the fluctuation pattern of the Salinas Valley region.

Immediate objective 3: Due to difficulty with obtaining adequate disease pressure by relying
on natural inoculum in the field and microplots, we pre-inoculated field plots during this reporting
period for biopesticide tests. We had previously sought and obtained approval from the CDFA to
conduct outdoor P. effusa inoculations. We established a field trial at the USDA Spence Farm with
the susceptible cultivar Viroflay in 40 beds. This plot was the same plot used in the diurnal spore
trapping experiments described for objective 1 (Fig. 2). The plots were sprinkler irrigated. Three
replicates each consisting of a 10 feet sections of spinach were treated with either AgroPro X
(soybean and sesame oil, AgroMagen) at 4%, R-11 (nonionic surfactant, Wilbur-Ellis) at 0.25%,
Kinetic (nonionic surfactant, Helena) at 0.125%, or no-treatment as a control. AgroPro X and
Kinetic are OMRI-listed products. The treatments were applied at 24 and 2 hr prior to inoculation.
Disease incidence was evaluated by counting the number of infected leaves out of a subsample of
leaves within a square foot from each treatment replicate.

RESULTS:
Objective 1:

The levels of spores detected during the AM hours (12 AM to 12 PM) were lower compared to the
PM hours (12 PM to 12 AM) for P. effusa (Fig. 3) in each sampling period of summer, fall, and winter.
For B. lactucae, the levels of spores detected were higher in the AM hours compared to the PM hours
in the summer sampling period but changed in the fall sampling period such that the PM detection
values were higher the AM values (Fig. 3). During the winter period, there was little B. lactucae spore

detection because the adjacent lettuce field at Spence Farm had been removed.
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Figure 3. Summary of airborne downy mildew spores detected in the period of 7/26/23 - 1/31/24 at
Spence Farm, Salinas. AM hours (12 AM to 12 PM) and PM hours (12 PM to 12 AM).
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Figure 4. Wind speed and direction in July — September 2023 at Spence Farm near Salinas. The
wind direction was predominantly from the northwest. The wind speed for two days, August 7 and
8, is shown as a reference to the typical wind speeds during the summer and fall periods examined.

Importantly, while two spore traps were placed on the north and two were placed on the south
side of the spinach plot, all traps were upwind (on the north side) for the nearby lettuce field.
Analyses of the wind speed and direction indicated that wind was primarily from the northwest
and wind speeds were considerably higher in the PM versus the AM hours (Fig. 4). Thus, while
there may be more morning spore release as previously determined [12,13], there was increased
afternoon dispersal, presumably due to increased wind speed.

Objective 2:

Historical data from 2021-2022 and 2022-2023 to compare the airborne detection levels of B.
lactucae in the Salinas, Coachella, and Imperial Valleys of California were examined. Because
there were low values of both P. effusa and B. lactucae detected in the Coachella Valley in the
2021-22 period (Table 1), we did not include those values in subsequent valley comparisons.

The quantities of B. lactucae detected were clearly dependent on the growing season in the
Salinas and Imperial Valleys, and thus the presence of the crop (Figs. 5 and 6). In the Imperial
Valley, there were spans of over four weeks where B. lactucae was not detected in 2021 and 2022
early in the growing season (Fig. 6), which is likely due to the hot and dry climate in this valley
during this period.

The quantities of P. effusa detected were not as dependent on the growing season in the Salinas
Valley. In the Imperial Valley there were long spans where P. effissa was not detected, as in most
of October — November in 2021 and 2022 (Fig. 6), likely due to the hot and dry climate in those
valleys.



Table 1. Airborne spore counts detected in the Salinas, Coachella, and Imperial Valleys in the
periods of detection in 2021-22 and 2022-23

valley |_alinas_|_Coachella_| _ imperial _
P B P B P B

Pathogen

effusa lactucae effusa lactucae effusa lactucae

2021-22 4376 3268 58 218 1431 6262
2022-23 2332 2689 66 927 443 2806

Sum 6708 5957 124 1145 1874 9068

The amounts of spore quantities detected in the Salinas or Imperial Valleys were examined in
relation to external factors such as weather and crop acreage or amount of crop harvested (Table
2). Cumulative precipitation showed no significant correlation with spore amounts detected. There
was a correlation between maximum relative humidity and increased spore amounts for B. lactucae
in the Imperial Valley and increased spore amounts for P. effusa in the Salinas Valley, but only in
the 2022-23 sampling period (Table 2). Analyses of maximum and minimum air temperature
relative to spore quantities revealed an overall negative correlation with the amounts of spores
detected in the Imperial Valley, while there was an overall positive correlation of maximum and
minimum air temperature with spore amounts in the Salinas Valley. Many of these correlation
coefficients were also significant (Table 2). Though the visual observation of increased spore
amounts with increased crop acreage in the Imperial Valley and increased CWT in Salinas was
evident in figures 4 and 5, these interactions were only significant in the 2022-23 sampling period
in the Imperial Valley for P. effusa and in the Salinas Valley for B. lactucae. Figure 7 indicates a
visual relationship between reduced solar radiation and temperature associated with an increase of
spore levels in the Imperial Valley, and this increase also followed an increase in precipitation that
occurred during the week of 12/20/21. A similar graphical trend was observed in the 2021-22
sampling period in the Salinas Valley (data not shown) but was not as evident in the 2022-23
sampling period.
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Figure 5. Quantification of Peronospora effusa and Bremia lactucae spores from September to
March, 2021-2022 and 2022-2023 in the Salinas Valley overlaid with crop hundredweight (CWT).
Spore counts are indicated by the red (P. effusa) or blue (B. lactucae) dots.
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Figure 6. Quantification of Peronospora effusa and Bremia lactucae spores from September to
March, 2021-2022 and 2022-2023 in the Imperial Valley overlaid with crop acreage. Spore counts
are indicated by the red (P. effusa) or blue (B. lactucae) dots.

Table 2. Correlation coefficients of Peronospora effusa and Bremia lactucae spore counts and
external factors

2021.22 S 23—

Imperial Salinas Imperial Salinas
Factors P effusa B. lactucaeP. effusa B. lactucae P.effusa B. lactucaeP. effusa  B. lactucae
Ave Max Air Temp -0.13  -0.26** 0.17* 0.17* -0.19* -0.19* 0.11 0.36***
Ave Min Air Temp -0.08  -0.22** 0.25** 0.12 -0.13 -0.17*  0.19* 0.44%**
Ave Max R Humidity 0.12 0.18* 0.22** 0.15 0.12 0.07 0.01 0.10
Cumu Precip -0.004 -0.03 0.02 -0.05 -0.04 -0.05 -0.09 -0.13
Crop Acreage/CWT 0.61 0.47 0.12 0.11 0.82*  0.46 0.45 0.99***

*, %% and *** signify probabilities of 0.05, 0.01, and 0.001 or lower, respectively. Cumu = cumulative
precipitation, and CWT = hundredweight.
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Figure 7. Observations of Bremia lactucae and Peronospora effusa spore amounts detected versus

the amount of solar radiation, precipitation, and temperature in the Imperial Valley of California
in the 2021-22 sampling period.
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Figure 8. Simple model for prediction of downy mildew spore levels based on temperatures.
Predicted spore levels increase or decrease depending on the adjustment of minimum and
maximum temperatures. The amount of spores (red) and confidence intervals (blue) are shown.
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Objective 3:

The surfactant or biopesticide treatments were applied to spinach 24 hrs and 2 hrs before
inoculation in the field at Spence Farm, Salinas. Results of the first experiment were not useful
since the spinach disease incidence was too low. However, for the second experiment, the disease
incidence in the control was recorded as 18%. In the second experiment, the level of spinach downy
mildew disease incidence was significantly reduced by the application of AgroPro, R-11, and
Kinetic relative to the control (Fig. 9). The results in Figure 9 are from a single experiment.

We previously reported that AgroPro and R-11 treatments in mist tents provided downy mildew
control but resulted in mild phytotoxicity. This phytotoxicity was not observed for the same
concentrations of these products applied in the field, suggesting that the lighting, humidity, and
other conditions within the mist tent environment may compromise spinach health or otherwise
exacerbate phytotoxicity.
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Figure 9. Spinach downy mildew incidence in the second experiment in 2023 conducted at
Spence Farm, USDA, Salinas. AgroPro X (soybean and sesame oil, AgroMagen) was prepared at
a 4% concentration, R-11 (nonionic surfactant, Wilbur-Ellis) at 0.25%, Kinetic (nonionic
surfactant, Helena) at 0.125%

DISCUSSION:

In the current reporting period, we used the multiplex qPCR assay prepared by Clark et al. [4]
for the quantification of airborne P. effusa and B. lactucae to examine the levels of diurnal airborne
spore dispersal of both pathogens in the morning hours (AM hours 12 AM — 12 PM) and
afternoon/evening hours (PM hours 12 PM — 12 AM) at the USDA Spence Farm near Salinas. The
results indicate higher detection of airborne spores of P. effusa in the PM hours for each period
examined -- summer, fall, and winter. This finding was unexpected as previous work revealed that
spore release is associated with light initiation and a decrease in relative humidity [12,13]. At this
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time, we believe that increased wind speed (stronger in the afternoon hours in the Salinas Valley)
of the PM hours is the major driver of spore dispersal. Spore release may be predominant in the
AM hours near light initiation as previously reported [12,13]. Since all the spore traps in these
experiments were located upwind of the lettuce field which had some downy mildew, there were
no downwind traps (i.e. on the south side of the lettuce plot) to register such a dispersal of lettuce
downy mildew, and thus would not skew the detection toward the PM hours in the summer
detection period for B. lactucae (as shown in Figure 3). Further studies are required to assess the
dispersal of downy mildew spores in shorter time intervals of 3 hrs. The findings have implications
in the timing of fungicide applications.

We also completed the analysis of historical spore trap data from the experiments conducted
in the 2021-22 and 2022-23 periods which compared spore levels in the Salinas, Imperial, and
Coachella Valleys with weather parameters. This work yielded interesting finds. First, there was
substantially less downy mildew detected from either spinach or lettuce in the Coachella Valley,
likely due to the lower volume of spinach and lettuce crops grown in Coachella relative to Imperial
and Salinas. In the Imperial and Salinas Valleys, the amounts of B. lactucae and P. effusa detected
were dependent on the growing season and location. There were generally more of both pathogens
present during the respective growing seasons in each location. This was observed in the graphs
shown in Figures 5 and 6.

In the Imperial Valley there were nearly month-long spans around October-November in 2021
and 2022 where P. effusa and B. lactucae were not detected. This period represents a hot and dry
period (average daily high temperature was about 90° F in October 2021), but it is also the
beginning of the growing season for spinach and lettuce in the Imperial Valley and thus crops are
present. This suggests that, because we know windborne sporangia of P. effusa are short-lived,
especially under hot conditions [5], both airborne pathogens are eliminated and there is an
alternative source of inoculum (other than airborne) that results in disease. Based upon previous
and our more conclusive findings of seed transmission of spinach downy mildew [6,10], the most
likely explanation is that the primary inoculum source of P. effusa that initiates disease resides in
the spinach seed. However, our work also confirmed that oospore-infested leaf material in the soil
can transmit spinach downy mildew [10] and thus we cannot rule out that oospores present in soil
may act as primary inoculum. Oospores can survive up to 6 years at room temperature [10]. P.
effusa is heterothallic, two strains of different mating type are required to form the sexual oospores
[1,5,7]. Taken together, the presence of viable oospores on spinach seed lots indicates that survival
of the pathogen on seed and mating are commonplace. As a result, both mating types and different
races of the pathogen may be dispersed from different locations and arrive on seeds in California
production areas and contribute to increased pathogen diversity.

Additional work was undertaken in this reporting period to compare weather parameters in
correlation with spore quantities detected in each valley. We observed significant correlations
between minimum and maximum temperatures with increases or decreases in the amount of downy
mildew inoculum detected. In the Imperial Valley, negative correlations were consistently
observed between maximum and minimum temperature and the amounts of spores of B. lactucae
or P. effusa detected. This trend fits with our understanding of the survival of downy mildews [5],
as the temperatures increase the amounts of spores detected will decrease due to increasing
temperatures. Conversely, in the Salinas Valley, positive correlations were consistently observed
between maximum and minimum temperature and the amounts of spores of B. lactucae or P. effusa
detected. This trend also fits into our historical understanding of the survival of both pathogens
since both pathogens are favored by colder temperatures. Thus, we anticipate increased detection
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under colder temperatures vs hotter temperatures to the point of biological relevance. A trend was
also observed between decreasing solar radiation (increased cloudiness or fogginess) and
increasing spore detection for both B. lactucae or P. effusa in the Salinas and Imperial Valleys.

Based on the collected data, a simple predictive model was constructed for prediction of downy
mildew spore levels based on temperatures. Predicted spore levels increase or decrease depending
on the adjustment of minimum and maximum temperatures. Other factors, such as solar radiation,
were added to the model and increased its complexity but were not shown in this report. A
publication is in preparation that describes this simple model in more detail. With additional spore
trap data, the models can be further refined and thereby increase their utility for growers.

The results of the single field experiment to test the efficacy of the biopesticide AgroPro X
(OMRI-listed) and the surfactants R-11 and Kinetic (OMRI-listed) indicated that all three products
reduced spinach downy mildew incidence by nearly 50%, from 18% to 8% or 9%. Although this
was a single field experiment and the overall disease incidence in the field was still low (18%),
replicated mist tent experiments that we had conducted previously (Klosterman lab) also showed
disease control. Moreover, our previous results indicated that R-11 inhibited P. effusa spore
germination. But caution is emphasized in interpreting these results since the pathogen
inoculations were timed to occur at precise times (24 and 2 hrs) after treatment application in the
field plot and the mist tent experiments. The same treatment regimen would currently not be
practical as the precise timing of pathogen challenge on a crop in the field is typically not known.
Nevertheless, compared to biopesticides and other products previously tested for spinach downy
mildew control [8], these products show promise and further studies of these and other related
products are warranted for downy mildew control.
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