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Abstract: In 2016, an onion downy mildew epidemic caused by Peronospora destructor severely dam-
aged the commercial onion fields in Saga Prefecture, western Japan. To identify the factors underlying
the outbreak, we investigated the symptoms of downy mildew caused by secondary infections and
examined P. destructor’s sensitivity to metalaxyl, the most effective traditional fungicide used against
this onion pathogen, in 2016–2018. Disease symptoms developed in late March 2016, which was
earlier than symptom development in 2017 and 2018. Furthermore, there were synchronous repeated
disease development and favourable meteorological conditions for infection in early and late April
resulting in the development of polycyclic epidemics. In field trials from 2016 to 2018, the efficacy
of chlorothalonil + metalaxyl-M application ranged 18–45%, as calculated by comparing disease
severity at the final stage of each treatment to that in the untreated plots. On the basis of the metalaxyl
sensitivity observed in 2016, the effective concentration, which reduced germ-tube elongation in
P. destructor by 50%, exceeded 200 µg ai/mL for certain strains. Our observations indicate that
these characteristic meteorological conditions were major factors contributing to the severe disease
outbreak in 2016. The emergence of less-metalaxyl-sensitive P. destructor strains may be an additional
predisposing factor.

Keywords: onion downy mildew; Peronospora destructor; meteorological conditions; infection risk
model; metalaxyl sensitivity

1. Introduction

Downy mildew of onions, caused by Peronospora destructor ((Berk.) Casp.), occurs in
most onion-producing regions worldwide, causing yield and quality losses [1–4]. In western
Japan, onion seeds are primarily sown in nursery beds in autumn; seedlings are then
transplanted in main fields in autumn–winter, and onions are finally harvested in spring.
In spring 2016, however, an epidemic caused by this disease in western Japan severely
damaged commercial onion fields. The yield losses mainly resulted from severe infections,
causing early defoliation, reduced bulb sizes, and an approximately USD 50 million loss
in Saga Prefecture, the second-largest bulb-onion-producing area in Japan. Therefore,
identifying the factors responsible for the outbreak is critical in the risk assessment of onion
downy mildew.

Onion plants primary-infected by P. destructor show systemic symptoms, such as
leaf chlorosis (i.e., pale green–yellowish leaves) and distortion (i.e., down-curled lower
leaves), while the formation of sporangia plays a pivotal role as secondary inoculum for the
spread of disease, thereby perpetuating the occurrence of downy mildew epidemics [5,6].
Reporting studies have also found that typical disease symptoms caused by secondary
infections are pale green–yellowish areas of irregular size and shape (oval–cylindrical)
on infected leaves, whereas sporulation on diseased leaves has been reported to occur
above 90% [5] or 93% relative humidity (RH) [7]. The environmental requirements for
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secondary P. destructor sporangia infection and a step-like pattern in the epidemic have
been reported [5,6,8]. Numerous infection risk models for onion downy mildew have been
developed, such as DOWNCAST [9], modified DOWNCAST [10], and ZWIPERO [11];
however, to date, there have been no detailed reports assessing the underlying mechanisms
of epidemic outbreaks via infection risk modelling.

Fungicide control is an effective means for controlling downy mildew of onion and
avoiding crop loss. Among commercial fungicides, metalaxyl and formulations containing
metalaxyl-M, the active R-isomer, which has exhibited strong preventive and curative
activities [12], have been the most effective ones against P. destructor since the late 1980s
in Japan. However, phenylamide fungicides, including metalaxyl, generally pose a high
risk of resistance development in pathogens [13,14]. There have been numerous reports on
the resistance of downy mildew to metalaxyl. For example, since metalaxyl resistance was
found in the 1980s in grapevine downy mildew caused by Plasmopara viticola, fungicide
resistance has been detected in many vineyards around the globe [12,13]. To date, a few
studies have reported metalaxyl resistance in onion downy mildew in Australia [15,16]
and in some strains of P. destructor with a certain degree of metalaxyl resistance in New
Zealand [17]. Although no metalaxyl-resistant strains have been reported other than those
from these two countries, it is vital to monitor P. destructor sensitivity to this fungicide
in Japan.

The objectives of this study were essentially two-fold: (i) to identify and validate the
characteristics of the 2016 epidemic of onion downy mildew caused by secondary infections
based on the monitoring of disease symptoms in spring in the years 2016–2018 and on the
estimation of the dates of infection using the infection risk model developed in this study
using meteorological data; and (ii) to determine the sensitivity of P. destructor to metalaxyl,
the most effective traditional fungicide used against this onion pathogen, based on field
and laboratory experiments.

2. Materials and Methods
2.1. Disease Development

Field surveys were performed in the onion fields of the Saga City and Shiroishi Town
branches of the Prefectural Research Centre of Saga, except for one commercial onion
field (field D), in 2016 (Figure 1; Tables 1 and S1). All areas investigated in this study lay
at elevations of <10 m above sea level. Onion seeds were sown in nursery beds during
September and October and raised for ~60 days. Seedlings were then transplanted in
main fields (experimental areas) in autumn–winter (Table 1). In Japan, artificial irrigation
is rarely performed in main fields after transplanting onion seedlings. Therefore, the
experimental onion fields were not irrigated after transplanting the seedlings and depended
on natural rainfall for irrigation. Fertiliser application and insect control procedures
(mainly for onion thrips) included standard district practices to maintain normal crop
growth. Weeds were controlled using herbicides and manual clearing and did not influence
disease development.
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Table 1. Onion cultivation and disease assessment of onion downy mildew in the disease survey fields a.

Year b Disease Survey Field
(Location)

Onion Cultivation Assessment Period
Placement of Infected

Plants (No. c)Variety
(Maturity) Planting Date Harvest Date Disease Survey Field

(Unsprayed Plots) Fungicide Experiment Plots

2016 A Saga Takanishiki
(very early) 12 November 2015 15 April 2016 1 March–7 April 1 March–7 April

(expts. 1-1, 1-2)
2–29 March

(4 d)

B Shiroishi Shippo-wase 7
(early) 12 November 2015 25 April 2016 3 March–1 April 3 March–1 April

(expt. 2) –

C Saga Spart (early) 24 November 2015 2 May 2016 29 March–29 April 29 March–29 April
(expt. 3)

30 March–23
April (2 d)

D Shiroishi Advance
(early) 20 December 2015 18 May 2016 30 March–25 April – –

E Saga Tarzan
(medium–late) 8 December 2015 27 May 2016 11 April–15 May – –

2017 F Saga Spart (early) 2 December 2016 1 May 2017 22 March–28 April 19–25 April
(expt. 4)

23 March–19
April (4)

B Shiroishi Shippo-wase 7
(early) 12 December 2016 2 May 2017 4 April–28 April – –

E Saga Tarzan
(medium–late) 12 December 2016 31 May 2017 10 April–15 May – –

G Shiroishi Tarzan
(medium–late) 21 November 2016 25 May 2017 4 April–17 May – –

2018 H Saga Spart
(early) 21 November 2017 1 May 2018 15 March–26 April 18–26 April

(expt. 5)
15 March–22

April (3)

I Saga Shippo-wase 7
(early) 21 November 2017 11 May 2018 15 March–27 April – –

B Shiroishi Shippo-wase 7
(early) 27 November 2017 2 May 2018 14 March–27 April – –

G Shiroishi Tarzan
(medium–late) 6 December 2017 15 May 2018 14 March–14 May – –

a See Table S1 for further explanation of location, onion cultivation, and disease assessment. b The year when the disease development was assessed. c Number of plants placed in each
plot. d Containing one plant collected from Shiroishi 1 described below.
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Figure 1. Locations of meteorological stations (I–IV), disease survey fields (1–3), and onion plant 
collection areas (a–h) for the examination of Peronospora destructor’s sensitivity to metalaxyl. Mete-
orological stations: I, Saga City; II, Sasebo City; III, Fukuoka City; and IV, Kumamoto City. Disease 
survey: 1—Fields A, C, E, F, H, and I in Saga City; 2—Fields B and G in Shiroishi Town; and 3—
Field D in Shiroishi Town. Plant collection: a, Saga City Honjou; b, Saga City Kawasoe; c, Saga City 
Kubota; d, Kashima City 1–3; e, Kanzaki City; f, Miyaki Town 1, 2; g, Shiroishi Town 1; and h, Shi-
roishi Town 2. Map data were derived from Geospatial Information Authority of Japan. 

Primary-infected plants with systemic symptoms (Figure 2a–d) collected from onion 
fields in Shiroishi were transferred to vinyl pots containing artificial culture soil and then 
evenly distributed throughout the field plots as an inoculum source for selected experi-
mental treatments (Table 1). In this study, all additional primary-infected plants under 
natural conditions were removed from the field as soon as they were identified from late 
winter to early spring under all experimental conditions. The assessment of onion downy 
mildew disease was conducted at ~5–7-day intervals in onion trial plots that were un-
treated with fungicides (disease survey fields in Tables 1, S1). Disease incidence was quan-
tified as the percentage of plants with downy mildew symptoms caused by secondary 
infections (Figure 2e–h), and disease severity was estimated as the percentage of infected 
leaf area per plant. Only the typical symptoms on infected leaves were used to assess dis-
ease incidence and severity. A disease index per plant of 0–5 was set (0, no downy mildew; 
1, 1–20% leaf area per infected plant; 2, 21–40%; 3, 41–60%; 4, 61–80%; 5, >81%), and disease 
severity was calculated using the following formula: 

Disease severity = 100 × (B + 2C + 3D + 4E + 5F)/5 (A + B + C + D + E + F) 

where A, B, C, D, E, and F represent the numbers of plants rated with disease indices of 0, 
1, 2, 3, 4, and 5, respectively. 

Figure 1. Locations of meteorological stations (I–IV), disease survey fields (1–3), and onion plant
collection areas (a–h) for the examination of Peronospora destructor’s sensitivity to metalaxyl. Meteo-
rological stations: I, Saga City; II, Sasebo City; III, Fukuoka City; and IV, Kumamoto City. Disease
survey: 1—Fields A, C, E, F, H, and I in Saga City; 2—Fields B and G in Shiroishi Town; and 3—Field
D in Shiroishi Town. Plant collection: a, Saga City Honjou; b, Saga City Kawasoe; c, Saga City Kubota;
d, Kashima City 1–3; e, Kanzaki City; f, Miyaki Town 1, 2; g, Shiroishi Town 1; and h, Shiroishi Town
2. Map data were derived from Geospatial Information Authority of Japan.

Primary-infected plants with systemic symptoms (Figure 2a–d) collected from onion
fields in Shiroishi were transferred to vinyl pots containing artificial culture soil and
then evenly distributed throughout the field plots as an inoculum source for selected
experimental treatments (Table 1). In this study, all additional primary-infected plants
under natural conditions were removed from the field as soon as they were identified from
late winter to early spring under all experimental conditions. The assessment of onion
downy mildew disease was conducted at ~5–7-day intervals in onion trial plots that were
untreated with fungicides (disease survey fields in Tables 1 and S1). Disease incidence was
quantified as the percentage of plants with downy mildew symptoms caused by secondary
infections (Figure 2e–h), and disease severity was estimated as the percentage of infected
leaf area per plant. Only the typical symptoms on infected leaves were used to assess
disease incidence and severity. A disease index per plant of 0–5 was set (0, no downy
mildew; 1, 1–20% leaf area per infected plant; 2, 21–40%; 3, 41–60%; 4, 61–80%; 5, >81%),
and disease severity was calculated using the following formula:

Disease severity = 100 × (B + 2C + 3D + 4E + 5F)/5 (A + B + C + D + E + F)

where A, B, C, D, E, and F represent the numbers of plants rated with disease indices of 0,
1, 2, 3, 4, and 5, respectively.
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Figure 2. Symptoms of onion downy mildew induced by (a–d) primary infection and (e–h) second-
ary infection. (b) Solid arrow shows infected onion plants; (f) initial symptoms; (d,g,h) dashed ar-
rows show sporangia formed in onion plants. Photographs were taken in (g) April 2016, (a–d) March 
2017, (e,h) April 2018, and (f) May 2018. 
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according to previously reported values [5,8,18] (Figure 3). As mentioned above, sporula-
tion is generally found to occur above 90% RH. However, the measurements of humidity 
were significantly affected by the location of the sensors. The humidity within crops was 
generally higher and was also affected by the density and size of crops and the amount 
and size of foliage [19]. Relative humidity can be measured at a normal meteorological 
station 2 m above the ground, but it is considered that 5% should be added to the RH 
values to adapt them to the conditions present on the soil surface [20]. In the present study, 
we used RH measured at 1.5 m above the ground at all meteorological stations (Table S2); 
therefore, we set the boundary value for sporulation to 80–90% RH and the favourable 
condition for sporulation to 90% RH or more. Peronospora destructor sporangia least sur-
vived at 33% RH, and the differences in survival rates between 53% and 76% RH were 
generally not significant [21]. Moreover, P. destructor sporangia can remain viable for sev-
eral days after formation [21,22]. In this study, it was assumed that the sporangia survived 
for 2 days when the average hourly RH from 09:00 to 18:00 h was ≥55% (Figure 3). The 
duration of leaf wetness required for P. destructor infection varies from 6 h [6], 7 h [5], or 
8 to 12 h (temperature dependent) [23]. Thus, in this study, the boundary value for infec-
tion was set from 6 to 10 h, and the favourable condition for infection was set to more than 
10 h. Leaf-wetness duration was not measured in this study, as analyses were conducted 

Figure 2. Symptoms of onion downy mildew induced by (a–d) primary infection and (e–h) secondary
infection. (b) Solid arrow shows infected onion plants; (f) initial symptoms; (d,g,h) dashed arrows
show sporangia formed in onion plants. Photographs were taken in (g) April 2016, (a–d) March 2017,
(e,h) April 2018, and (f) May 2018.

2.2. Estimating Infection Date Using Risk Model

With reference to the literature, a simple infection risk model of onion downy mildew
(Figure 3) was here developed using hourly meteorological data of air temperature, RH,
and wind speed (based on the average of the 10 min period preceding hourly observations).
The dates of downy mildew infection were estimated via an infection risk model (Figure 3)
using data from four meteorological stations (Figure 1; Table S2).

In the present study, the daily mean temperatures on the days preceding sporulation,
the sporulation periods, and the temperatures during the night of sporulation were set
according to previously reported values [5,8,18] (Figure 3). As mentioned above, sporula-
tion is generally found to occur above 90% RH. However, the measurements of humidity
were significantly affected by the location of the sensors. The humidity within crops was
generally higher and was also affected by the density and size of crops and the amount and
size of foliage [19]. Relative humidity can be measured at a normal meteorological station
2 m above the ground, but it is considered that 5% should be added to the RH values to
adapt them to the conditions present on the soil surface [20]. In the present study, we used
RH measured at 1.5 m above the ground at all meteorological stations (Table S2); therefore,
we set the boundary value for sporulation to 80–90% RH and the favourable condition
for sporulation to 90% RH or more. Peronospora destructor sporangia least survived at 33%
RH, and the differences in survival rates between 53% and 76% RH were generally not
significant [21]. Moreover, P. destructor sporangia can remain viable for several days after
formation [21,22]. In this study, it was assumed that the sporangia survived for 2 days
when the average hourly RH from 09:00 to 18:00 h was ≥55% (Figure 3). The duration
of leaf wetness required for P. destructor infection varies from 6 h [6], 7 h [5], or 8 to 12 h
(temperature dependent) [23]. Thus, in this study, the boundary value for infection was set
from 6 to 10 h, and the favourable condition for infection was set to more than 10 h. Leaf-
wetness duration was not measured in this study, as analyses were conducted solely using
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meteorological station observation data. Therefore, high-humidity (≥80% RH) duration
data were used rather than leaf-wetness duration.
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Figure 3. Criteria for estimating the date of occurrence of favourable meteorological conditions for
secondary infection of onion downy mildew using the infection risk model. Air temperature (Temp),
relative humidity (RH), and wind speed (Wind) are hourly data.
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In some downy mildew pathogens, wind negatively affects sporangia production.
For instance, in onion downy mildew [24] and lettuce downy mildew caused by Bremia
lactucae [25], sporulation was prevented at wind speeds of 0.5–1.0 m/s. Wind can also
reduce leaf wetness and infection by B. lactucae [26,27]. At meteorological stations in Japan,
anemometers are mostly installed on rooftops and towers to secure a stable environment,
free from the interference of surrounding objects. Accordingly, the wind speed data
employed in the present study were obtained from measurements at heights of 15.3 m,
34.6 m, 35.0 m, and 56.1 m above ground level (Table S2). However, given the occurrence
of frictional effects, the wind speed near the surface tends to be lower than that at greater
heights above ground [28]. Consequently, in this study, instead of the aforementioned
value of 0.5–1.0 m/s, a wind speed of 3 m/s or less was set as a favourable condition for
sporulation and infection by P. destructor (Figure 3).

2.3. Infection Risk Model Ability to Predict Disease Development

The variables (number of days in which the prespecified meteorological conditions
were met during the putative infection period) were evaluated for correlation with subse-
quent disease development (N = 78 cases; Table S3) using binary logistic regression (i.e.,
logit model). Independent data (i.e., data not used in building the risk model; Figure 3)
collected during the three growing seasons from 2016 to 2018 according to the above-
described disease survey fields (Tables 1 and S1) were used to assess disease development
(Figure 4). Field data investigated every 3–7 days were used to assess the timing of disease
development occurrence. DEFRA [23] evaluated the ability of the onion downy mildew
predictive model based on whether disease incidence or severity increased by ~10% when
the model predicted disease development. In this study, the data obtained on a given
investigation date (Date A) were compared with those from the following date (Date B),
and when the disease incidence increased by ≥10% over 5 days (≥~2% points per day),
disease development was considered to have occurred (Figure 4). If the incidence was
≥90%, a severity increase of ≥ 10% over 5 days was also used to determine the presence of
disease development.
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3-day putative infection period and the probability of onion downy mildew disease development.

The date in the middle of Dates A and B (Date C) was considered the putative date
of disease development (Figure 4). In the case of investigations every 3, 5, and 7 days, the
first, second, and third days from Date A were set as the middle days, respectively. As
latent periods of P. destructor are affected by temperature [23], here, the calculations were
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performed from each Date C (Figure 4; Table S3), inferred using the latent days under each
temperature condition (Table S4) and the observed daily mean temperature in Saga City
(Table S2) by summing the inverse of the latent period (in day–1) corresponding to the daily
mean temperature (for example, 1/25 at 10 ◦C, 1/15 at 13 ◦C, 1/12 at 15 ◦C, and 1/10 at
20 ◦C). The day when the total value reached ‘1’ was defined as the putative last day of
infection (Date D). In the assessment of onion downy mildew infection, potted onion plants
were placed as trap plants in artificially inoculated fields for 1–7 days [10]. In a previous
assessment of grapevine downy mildew infection, leaf samples were collected from the
vineyard at 2–3 day intervals and incubated under optimal conditions for infection [29,30].
Accordingly, the previous 3 days including Date D were set as the putative infection period
in the present analysis (Figure 4). Notably, onion plants become more susceptible to downy
mildew when bulb enlargement commences [6]. In western Japan, these periods for early
maturing and medium–late-maturing onion varieties correspond to early and late March,
respectively; thus, they were here analysed.

In wet or extremely humid conditions, onion downy mildew develops more rapidly,
with rain having a diversity of effects on disease growth [22]. Therefore, in the binary
logistic regression analysis, the number of days experiencing the following conditions
during the 3-day putative infection period (Figure 4) was used as variable: (i) favourable
and marginal conditions according to the infection risk model (Figure 3); (ii) daily mean RH
was ≥90%, ≥85%, ≥80%, and ≥75%; and (iii) daily precipitation (Rain) was 0.5 mm ≤ Rain
< 5.0 mm, 0.5 mm ≤ Rain < 20.0 mm, 0.5 mm ≤ Rain < 40.0 mm, and 0.5 mm ≤ Rain. The
number of days of occurrence was calculated based on data from the four meteorological
stations (Figure 1; Table S2), and the average number of days at the four points was
used in the analysis. These variables were subsequently evaluated for their correlation
with subsequent onion downy mildew disease development, and odds ratios with 95%
confidence intervals (CIs) were calculated. Based on the results of the above analyses, a
receiver operating characteristic (ROC) curve was created for the logit model and was
considered to be the most effective for predicting the probability of disease development,
as it provides a more comprehensive method to evaluate and compare risk algorithms or
forecasters and has been previously applied to plant diseases [31]. The area under the ROC
curve (AUC) is used to summarise overall model accuracy, where an AUC = 0.5 generally
suggests no discrimination; 0.7–0.8 is characterised as acceptable; 0.8–0.9 is considered
excellent; and >0.9 is deemed outstanding [32]. Sensitivity (the proportion of disease
development correctly classified as such) and specificity (the proportion of no disease
development correctly classified as such) were also calculated, both of which were derived
after estimating the cut-off value that maximised the sum of sensitivity and specificity
(Youden’s index) [33].

2.4. Effectiveness of Metalaxyl in the Field

We evaluated the field efficacy of metalaxyl fungicide to manage downy mildew
of onion in springs 2016–2018 (fungicide experiments 1–5). In 2016, the experiment
was conducted in three different fields, with different onion varieties (fungicide experi-
ments 1-1, 1-2, 2, and 3); whereas in both 2017 (fungicide experiment 4) and 2018 (fungi-
cide experiment 5), only a single experiment was conducted. Fungicide experiments
1-1, 1-2, 2, and 3 were randomised complete block designs with two replicates, while
experiments 4 and 5 were randomised complete block designs with three replicates
(Tables 1 and S1). The significance of the differences between the objects in fungicide
experiments 4 and 5 were determined using Dunnett’s test. In all fungicide experiments,
chlorothalonil + metalaxyl-M was used as the metalaxyl fungicide (Tables 2 and S5).
Chlorothalonil and chlorothalonil + benthiavalicarb-isopropyl were used as the control
fungicides in experiments 1-1, 1-2, 2, and 3, whereas mancozeb was used as the control
fungicide in experiments 4 and 5. The fungicide solution in all the experiments was sup-
plemented with a 0.033% agrochemical spreader (Kumiten; Kumiai Chemical Industry,
Tokyo, Japan).
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Table 2. List of the fungicides included in fungicide experiments 1–5, doses, and dates of spray a.

Fungicide Active
Ingredients

(% ai)

Dosage
(%)

Date of the Sprays

2016 2016 2016 2016 2017 2018
Field A

(Fungicide
Expt. 1-1)

Field A
(Fungicide
Expt. 1-2)

Field B
(Fungicide

Expt. 2)

Field C
(Fungicide

Expt. 3)

Field F
(Fungicide

Expt. 4)

Field H
(Fungicide

Expt. 5)

Chlorothalonil 50%
+Benthiavalicarb-

isopropyl 5%
0.1 1, 8, and 15

March
15, 22, and 29

March
3, 14, and 25

March
29 March; 5
and 12 April not tested not tested

Chlorothalonil 32%
+Metalaxyl-M

3.3%
0.125 1, 8, and 15

March
15, 22, and 29

March
3, 14, and 25

March
29 March; 5
and 12 April

23 and 30
March;

5 and 12 April

15, 23, and 30
March; 5 and

12 April

Chlorothalonil 40% 0.1 1, 8, and 15
March

15, 22, and 29
March

3, 14, and 25
March

29 March; 5
and 12 April not tested not tested

Mancozeb 80% 0.25 not tested not tested not tested not tested
23 and 30

March;
5 and 12 April

15, 23, and 30
March; 5 and

12 April
a See Table S5 for further explanation regarding the list of fungicides included in experiments 1–5.

In fungicide experiments 1-1, 1-2, 3, 4, and 5, the primary-infected potted plants
with systemic symptoms were evenly placed to serve as inoculum sources, not only in
the unsprayed plots described above (Table 1) but also in all fungicide-sprayed plots.
Infected plants were placed in plots the day after the first fungicide application in fungicide
experiments 1-1 and 3 and ~5 h later in fungicide experiments 4 and 5, whereas the
first application of fungicide came 13 days following the placement of infected plants in
fungicide experiment 1-2. In fungicide experiment 2 without infected plants (inoculum
sources), the first application came prior to the appearance of onion downy mildew.

All fungicides were applied using manual pressure sprayers 3–5 times at 7–10-day
intervals (Table 2). In fungicide experiments 1–5, downy mildew incidences and severities
were calculated using the same method as in the disease survey fields. However, in
fungicide experiments 1–3 conducted in 2016, when a severe outbreak was observed, the
effect of the fungicides was evaluated only using disease severity.

2.5. Metalaxyl Sensitivity Assay

Primary-P. destructor-infected onion plants with systemic symptoms were collected
from 11 fields in 2016 (Figure 1): Kanzaki and Miyaki (the eastern parts of Saga Prefecture);
Saga Honjou, Saga Kawasoe, and Saga Kubota (the central parts of Saga Prefecture); and
Shiroishi and Kashima (the western parts of Saga Prefecture), in 2016. Onion plants were
collected from 1 field on 26 February (Shiroishi 1), 1 field on 9 March (Shiroishi 2), 3 fields
on 14 March (Kashima 1–3), 5 fields on 16 March (Saga Honjou, Saga Kubota, Kanzaki,
and Miyaki 1–2), and from 1 field on 14 April (Saga Kawasoe). One field (Shiroishi 2) was
located at Saga Prefectural Research Centre (Shiroishi Town branch), whereas the others
were commercial onion fields, among which Saga Kawasoe was an organic farm. Some
of the inoculum plants used in fungicide experiments 1-1, 1-2, and 3 were collected from
Shiroishi 1 (Table 1). Shiroishi 2 was adjacent to the field where fungicide experiment 2
was conducted.

In this study, the metalaxyl sensitivity of P. destructor collected from the 11 fields was
examined, with the sensitivity to metalaxyl-M being examined in 4 of these fields (Saga
Kawasoe, Saga Kubota, and Kashima 2–3). The collected onion plants were planted in pots
and grown in a glass greenhouse for approximately 10–20 days; then; they were transferred
to high-humidity conditions to promote sporangia formation. In each experiment, the
leaves of the 2–3 pot-grown plants were gently wiped with a soft, wet piece of paper the
evening prior to spore collection. Then, the plants were sealed in plastic boxes contain-
ing moistened paper towels to maintain high humidity, and sporangia formation was
induced overnight in a growth chamber (Biotron NC-350H; Nippon Medical & Chemical
Instruments, Osaka, Japan) at 15 ◦C in the dark. The following day, the individual plant
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with the most abundant spore formation was selected, and the sporangia were collected
from the surfaces of these leaves with a soft brush and suspended in distilled water. The
concentration of sporangia was adjusted to ~1 × 104 mL−1 via a haemocytometer to be
used for subsequent experiments within 1 h.

Phenylamide fungicides, including metalaxyl, inhibit various life stages of oomycetes,
such as hyphal growth, haustoria, and sporangia formation, but do not inhibit the early
stages in the disease cycle, such as the germination of sporangia [34]. Therefore, we
investigated the inhibitory effect of metalaxyl on germ-tube elongation in sporangia [6,35],
not sporangial germination. Technical-grade metalaxyl (99% ai; Kanto Chemical, Tokyo,
Japan) and metalaxyl-M (95.7% ai; Hayashi Pure Chemical, Osaka, Japan) were used
in this study. Dilutions of metalaxyl and metalaxyl-M were prepared in distilled water
immediately before mixing with the above-described sporangial suspension. Then, the
fungicide solution (50 µL) and sporangial suspension (50 µL) were mixed in cavity slides,
using two slides for every concentration examined in each experiment. The final metalaxyl
concentrations used in the experiments were 0.32, 1.6, 8, 40, and 200 µg ai/mL. However,
metalaxyl-M, the R-enantiomer of metalaxyl, provides the same activity level at half of
metalaxyl’s rate [36]. Therefore, the following final metalaxyl-M concentrations were used:
0.064, 0.32, 1.6, 8, 40, and 200 µg ai/mL. The cavity slides were then sealed in plastic boxes
containing moistened paper towels to maintain high humidity and incubated in the growth
chamber at 15 ◦C with a 10 h light: 14 h dark cycle. After 24 h of incubation, sporangia
were examined under a light microscope (BX51; Olympus, Tokyo, Japan), and separate
photographs of all cavity-filled areas with spore suspension were taken using a digital
camera (COOLPIX 4500; Nikon, Tokyo, Japan) attached to the microscope (~10 photos were
necessary to cover each cavity). The germ-tube length was measured using Photo measure
software (KENIS, Osaka, Japan), which calculated the distance between multiple points in
the captured digital image. Relative germ-tube length (RGTL) was thereafter calculated for
each fungicide concentration as follows:

RGTL = 100Lx/Ly;

where Lx is the mean length of the germ tube in the fungicide-amended water and Ly is the
mean length of the germ tube in the control. Half maximal effective concentrations (EC50)
were determined by calculating the inhibition according to:

1 −
(

mean germ tube length in the f ungicide − amended water
mean germ tube length in the control

)
then, the data were subjected to probit analysis [37].

All statistical analyses in this study were conducted using EZR v.1.53 [38].

3. Results
3.1. Disease Development in the Field

During the 3 years of the study (Table 3; Figures 5–7), although the dynamics of downy
mildew epidemics varied in the disease survey fields, the maximum disease incidences
and the highest disease severities were observed in 2016 (Figure 5). For all three years, the
symptoms of downy mildew appeared earlier in early maturing onion varieties than in the
medium–late-maturing onion varieties. In 2016, favourable meteorological conditions for
P. destructor infection occurred from early to mid-March (Table 3), increasing the disease
incidences and severities in Fields A and B from late March to early April (Figure 5).
After favourable meteorological conditions occurred in early April, disease incidences and
severities in Fields C and D, and disease incidence in Field E increased from mid- to late
April. Then, favourable meteorological conditions in late April increased disease incidence
and severity in Field E, from early to mid-May.
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Table 3. Occurrence of favourable meteorological conditions (+ +) and marginal meteorological con-
ditions (+ +) for infection of onion downy mildew output as assessed using the infection risk model a.

Date 2016 2017 2018

Saga Sasebo Fukuoka Kumamoto Saga Sasebo Fukuoka Kumamoto Saga Sasebo Fukuoka Kumamoto

1 March +
2 March +
3 March + +
4 March + + + + + + + + +
5 March + + + + +
6 March
7 March + + + + + + + +
8 March + + + + + +
9 March + +
10 March +
11 March + +
12 March + +
13 March + + + + + + +
14 March + +
15 March + + +
16 March
17 March
18 March
19 March + + + + + + +
20 March + + + +
21 March + + + + + +
22 March + + + +
23 March +
24 March +
25 March + +
26 March + + + +
27 March + + +
28 March +
29 March +
30 March +
31 March + + + + + + + + + +
1 April + + + + + + + +
2 April + + + + + + + + +
3 April + + + + + +
4 April + + + + + + + + + + +
5 April + + + + + +
6 April + + +
7 April + + + + + + + + + + + +
8 April + + + + + + + + + + + + + + +
9 April + + + + + + +
10 April + + + + + +
11 April + + + + + +
12 April
13 April
14 April + + + +
15 April + +
16 April + + + + + +
17 April + + + + + + + +
18 April + + + + + +
19 April
20 April
21 April + + +
22 April + + + + + + + +
23 April + + + + + + + +
24 April + + + + + + + + + +
25 April + + + + + + + + +
26 April + + + + + + + + + + +
27 April + + + + + + + + +
28 April + + +
29 April + +
30 April + +
1 May + + +
2 May + + + +
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Table 3. Cont.

Date 2016 2017 2018

Saga Sasebo Fukuoka Kumamoto Saga Sasebo Fukuoka Kumamoto Saga Sasebo Fukuoka Kumamoto

3 May + +
4 May
5 May + + + + +
6 May + +
7 May + + + + + + + + +
8 May + + + + + + +
9 May + + + + + + +

10 May + + + + + + + +
a See Figure 3 for details of the risk model and Table S2 for the location of the meteorological stations.
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Figure 5. Development of onion downy mildew in unsprayed plots in 2016. Arrows indicate the field
(day) in which infected plants were placed as an inoculum source.
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The 2017 growing season was characterised by unfavourable conditions for disease
development (Figure 6). Favourable meteorological conditions occurred sporadically from
early to late March (Table 3), and no disease symptoms were observed from late March
to mid-April. After the occurrence of favourable meteorological conditions from early
to mid-April, disease incidences and severities in Fields B, E, and F increased in late
April. Following that, favourable meteorological conditions occurred again in late April,
increasing disease severity in Field E and both disease incidence and severity in Field G
from early to mid-May.

In 2018, disease incidence and severity were the second-highest after 2016 (Figure 7).
Favourable meteorological conditions occurred in early March (Table 3), but no disease
symptoms were observed in late March. Disease symptoms were observed in Fields B,
H, and I in early April after favourable meteorological conditions occurred from mid- to
late March. After that, favourable meteorological conditions occurred in early April, and
the disease incidences and severities in Fields B, H, and I and disease incidence in Field G
increased from mid- to late April. In addition, the favourable meteorological conditions
from mid- to late April subsequently led to increased disease incidence and severity in
Field G from late April to early May.
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3.2. Prediction Ability of the Infection Risk Model

The variables (the number of days in which the prespecified meteorological conditions
were met during the putative infection period) were evaluated for their correlation with
subsequent disease development of onion downy mildew (Figure 4). It was revealed that
the infection risk model output (favourable and marginal meteorological conditions) was
significantly correlated with disease development (odds ratio, 2.48; CI, 1.36–4.52; p = 0.003;
Table 4). Daily mean relative humidity (RH ≥ 75%) was also significantly correlated,
although the odds ratio was notably lower than that of the output of the infection risk
model (odds ratio, 1.92; CI, 1.14–3.25; p = 0.015). Other variables, such as daily precipitation,
were not significant predictors of subsequent disease development (Table 4).

Table 4. Relationship between the meteorological conditions during the 3-day putative infection period
and the probability of disease development of onion downy mildew by binary logistic regression a.

Variable Number of Days b Odds Ratio
(95% Confidence Interval)

p-Value
(Fisher’s Exact Test)

Output of infection
risk model

Favourable and marginal
meteorological conditions 0.89 ± 0.10 2.48 (1.36–4.52) 0.003

Daily mean relative
humidity (RH)

RH ≥ 90% 0.21 ± 0.05 1.05 (0.40–2.75) 0.924
RH ≥ 85% 0.43 ± 0.08 1.20 (0.65–2.22) 0.561
RH ≥ 80% 0.60 ± 0.09 1.60 (0.91–2.81) 0.106
RH ≥ 75% 0.97 ± 0.10 1.92 (1.14–3.25) 0.015

Daily precipitation
(Rain)

0.5 mm ≤ Rain < 5.0 mm 0.34 ± 0.05 0.85 (0.28–2.56) 0.768
0.5 mm ≤ Rain < 20.0 mm 0.67 ± 0.07 0.98 (0.44–2.17) 0.963
0.5 mm ≤ Rain < 40.0 mm 0.88 ± 0.09 1.31 (0.74–2.34) 0.353

0.5 mm ≤ Rain 0.95 ± 0.09 1.24 (0.71–2.15) 0.450
a We used field observation data (78 total) of disease development (n = 31) and no disease development (n = 47)
from 2016 to 2018 (see Table S3 for details). b Number of days in which the event occurred during the 3-day
infection period (mean ± SE).
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In the ROC curve analysis of the logit model using the output value of the infection risk
model (Table S3), the resulting AUC was 0.70 (Figure 8). The resulting sum of sensitivity
and specificity was maximised by a probability cut-off value of 0.50 for the logit model, at
which point the sensitivity and specificity were 0.84 and 0.55, respectively.
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3.3. Effectiveness of Metalaxyl in the Field

Severe outbreaks of downy mildew occurred in Fields A, B, and C (Figures 5 and 9) in
fungicide experiments 1-1, 1-2, 2, and 3 conducted in 2016. The lowest disease severities were
observed for the chlorothalonil + benthiavalicarb-isopropyl applications with maximum val-
ues of 22%, 26%, 19%, and 37% (Figure 9) for experiments 1-1, 1-2, 2, and 3, respectively, while
the treatments with chlorothalonil + metalaxyl-M resulted in higher disease severities of 54%,
53%, 34%, and 65% for experiments 1-1, 1-2, 2, and 3, respectively. Chlorothalonil application
also resulted in higher disease severities, with the maximum values for experiments 1-1, 1-2,
2, and 3 being 54%, 55%, 39%, and 60%, respectively. The efficacies of the chlorothalonil +
metalaxyl-M applications, calculated by comparing disease severity at the final stage of each
treatment to that in the non-treated plots, for experiments 1-1, 1-2, 2, and 3 were 20%, 22%,
29%, and 25%, respectively.

In fungicide experiments 4 and 5 (conducted in 2017 and 2018, respectively), the
disease incidences and severities increased in late April (Figure 6, Field F; Figure 7, Field
H). Mancozeb applications were effective with significant differences in disease incidences
and severities compared with the control in experiments 4 and 5 (Table 5). On the other
hand, the efficacies of chlorothalonil + metalaxyl-M applications, derived by comparing
disease severity at the final stage of each treatment to that in non-treated plots, were 18%
and 45% for experiments 4 and 5, respectively, with no significant differences in disease
incidences and severities compared to the control in either of the experiments (Table 5).
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Table 5. Effects of fungicide treatments on onion downy mildew in 2017 and 2018.

Treatment
(Active Ingredients)

Date of Investigation
(Fungicide Experiment 4, Conducted in 2017)

Date of Investigation
(Fungicide Experiment 5, Conducted in 2018)

Disease
Incidence (%) a

Disease
Severity (%) a

Disease
Incidence (%)

Disease
Severity (%)

19 April 25 April 19 April 25 April 18 April 26 April 18 April 26 April

Mancozeb 6.7 ± 3.5 9.3 ± 4.1 *,b 1.3 ± 0.7 1.9 ± 0.8 * 2.7 ± 0.7 ** 21.3 ± 16.3 * 0.5 ± 0.1 * 4.4 ± 3.4 **
Chlorothalonil
+Metalaxyl-M 10.7 ± 3.7 65.3 ± 15.7 2.1 ± 0.7 13.5 ± 3.4 40.7 ± 21.0 77.3 ± 16.7 8.5 ± 4.6 16.3 ± 3.6

Control 22.0 ± 14.0 76.0 ± 11.1 4.4 ± 2.8 17.1 ± 3.4 80.7 ± 4.4 100.0 ± 0.0 17.9 ± 2.1 28.5 ± 2.5

a mean ± SE. b Asterisks indicate significant differences from the control (Dunnett’s-test: * p < 0.05, ** p < 0.01).

3.4. Metalaxyl Sensitivity Assays

The average germ-tube length of P. destructor collected from the 11 fields (Table 6)
and grown in distilled water for 24 h ranged from 493 to 1377 µm. The percentages of
germ-tube lengths relative to those of control P. destructor, collected from an organic farm
(Saga Kawasoe) and then grown in water amended with metalaxyl at 0.32, 1.6, 8, 40, and
200 µg ai/mL, were less than 50%. As a result, the EC50 value was less than 0.32 µg ai/mL
(Table 6).

Table 6. Percentage of germ-tube length relative to that of control Peronospora destructor when grown
in water amended with different metalaxyl and metalaxyl-M concentrations.

Geographic
Origin

Percent (%) of Germ-Tube Length Relative to That of Control (Total Number Measured)

Metalaxyl (µg ai/mL) Metalaxyl-M (µg ai/mL)

200 40 8 1.6 0.32 0 EC50
a 200 40 8 1.6 0.32 0.064 0 EC50

Saga, Honjou – b 29.0
(12)

59.7
(30)

88.8
(13)

109.9
(16)

100
(30) 13.1 – – – – – – – –

Saga, Kawasoe 25.4
(30)

23.2
(24)

34.9
(30)

38.3
(30)

38.8
(30)

100
(29) <0.32 26.9

(30)
33.2
(30)

22.7
(30)

33.8
(30)

20.8
(30)

58.5
(30)

100
(29) <0.32

Saga, Kubota – – – – 15.5
(9)

100
(11) <0.32 – 18.6

(6)
26.6
(6)

24.2
(7)

30.6
(13)

13.3
(5)

100
(11) <0.064

Kashima 1 – 19.5
(24)

39.3
(15)

61.9
(22)

73.6
(23)

100
(30) 3.1 – – – – – – –

Kashima 2 – 63.3
(31)

120.0
(27)

130.2
(14)

133.2
(14)

100
(10) >40 75.1

(30)
119.3
(18)

106.6
(19)

113.5
(28)

122.7
(19)

127.4
(23)

100
(10) >200

Kashima 3 90.3
(30)

120.0
(17)

133.5
(23)

138.8
(21)

78.7
(29)

100
(22) >200 28.3

(30)
118.7
(30)

109.3
(23)

132.1
(27)

113.7
(30)

116.5
(22)

100
(22) >40

Kanzaki 52.7
(30)

71.1
(19)

74.0
(17)

82.6
(20)

79.6
(21)

100
(30) >200 – – – – – – – –

Miyaki 1 – 85.7
(31)

109.9
(12)

120.9
(17)

113.4
(22)

100
(29) >40 – – – – – – – –

Miyaki 2 107.8
(12)

104.0
(17)

110.0
(12)

106.4
(18)

99.7
(19)

100
(21) >200 – – – – – – – –

Shiroishi 1 56.7
(8)

69.5
(4)

56.8
(5)

109.7
(7)

149.9
(6)

100
(7) >200 – – – – – – – –

Shiroishi 2 70.4
(6)

133.9
(6)

124.5
(5)

110.7
(4)

139.5
(7)

100
(5) >200 – – – – – – – –

a EC50 = effective concentration that reduces germ-tube elongation by 50%. b—indicates missing data.

In contrast, the relative germ-tube lengths of P. destructor, collected from Shiroishi 1
(from where some of the inoculum plants used in fungicide experiments 1-1, 1-2, and 3
were collected) and then grown in water amended with metalaxyl at 0.32, 1.6, 8, 40, and
200 µg ai/mL, were greater than 50%, that is, the EC50 value was greater than 200 µg ai/mL
(Table 6). The EC50 values for metalaxyl on P. destructor, collected from Shiroishi 2 (adjacent
to the field where fungicide experiment 2 was conducted), Kashima 3, Kanzaki, and
Miyaki 2, were also greater than 200 µg ai/mL. Overall, the EC50 values for metalaxyl and
metalaxyl-M on P. destructor collected from 8 out of the 11 fields and 2 out of the 4 fields,
respectively, were greater than 10 µg ai/mL (Table 6). Thus, less-metalaxyl-sensitive strains
of P. destructor were identified in Saga Prefecture.
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4. Discussion

In the disease survey fields, the symptoms of downy mildew caused by secondary
infections appeared earlier in early maturing onion varieties than in the medium–late-
maturing onion varieties in 2016, 2017, and 2018 (Figures 5–7). Several studies have
reported that host-plant age and size can affect the incidence of onion downy mildew, as
shown below; thus, even in favourable environments for disease development, it has been
observed that onset occurred at 9 weeks after transplanting [39] or that disease development
only occurred late in the growing season [40]. Furthermore, in a study examining the effects
of planting date on onion plants, the size of plants when the first symptoms of downy
mildew were observed was approximately 25 cm in length [41]. In addition, inoculation
with P. destructor sporangia at different growth stages in onion plants showed that host
plants became more susceptible to downy mildew when bulb enlargement began [6].
The major secondary-infection periods of onion downy mildew in the three years of this
study ranged from early March to early April for early maturing onion varieties and
from late March to late April for medium–late-maturing onion varieties (Figures 5–7). We
observed that the main infection periods in both varieties corresponded to the time of
onion bulb enlargement, which agrees with the results of the above-described inoculation
experiments [6].

In 2016, disease symptoms caused by secondary infections developed from late March
to early April in Field A, where the primary-infected plants were placed as an inoculum
source on 2 March, and in Field B with no primary-infected plants (Figure 5). The symptoms
caused by secondary infections developed from mid- to late April in Field C, where the
primary-infected plants were placed as an inoculum source on 30 March, and in Field
D, where the primary-infected plants were not placed. Naturally occurring primary-
infected plants with systemic symptoms were confirmed in the field adjacent to Field B in
March but not in Field D. The presence or absence of primary-infected plants (inoculum
source) may have led to the difference in the periods of symptom development caused by
secondary infections. In 2017, we could not detect the symptoms of downy mildew caused
by secondary infections until mid-April, even in Field F, where the primary-infected plants
were placed on 23 March (Figure 6). In Field B, the same onion varieties were cultivated
in the same place in the 2017 season following the 2016 season (Tables 1 and S1), and the
disease symptoms caused by secondary infections were detected in late April (Figure 6).
Thus, the disease symptoms in 2017 developed approximately one month later than in 2016.
The main reason for this may be attributable to the sporadic occurrences of favourable
meteorological conditions for P. destructor infection in March 2017 (Table 3).

Similar to 2016, favourable meteorological conditions occurred in early March 2018
(Table 3), but, unlike in 2016, no disease symptoms were observed in late March, which
may be attributed to the delayed growth of onion plants in early spring 2018, as the mean
temperature from December 2017 to February 2018 was 5.4 ◦C (in Saga City; Table S2),
which was lower than the mean temperature of 7.6 ◦C from December 2015 to February
2016 (Table S6). In warm winters, onion plants grow faster, and the risk of infection by
P. destructor increases [6]. In 2016, the early appearance of the disease symptoms was
attributed to the occurrences of favourable meteorological conditions in early March;
furthermore, onion plants became more susceptible to P. destructor in early March, as they
grew faster owing to the warm winter.

In seasons with the greatest risk of onion downy mildew, sporulation–infection
events estimated using disease forecasting models tended to occur on consecutive days in
New Zealand [42]. In the present study, the characteristic meteorological conditions for
P. destructor infection frequently occurred in 2016 in early and late April. Furthermore, it
should be noted that early April (with high-risk meteorological conditions) coincided with
the period of disease development (risk of prolific sporulation) in early maturing onion
varieties, while late April (with high-risk meteorological conditions) coincided with the
period of disease development (risk of prolific sporulation) in both early and medium–
late-maturing onion varieties. The occurrence of the sequence of weather conditions that
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characterise sporulation–infection periods and maintain the continuity of infection cycles is
critical for onion downy mildew epidemics [8]. March–April 2016 was one such sequence,
wherein disease development and favourable meteorological conditions for sporulation–
infection were synchronised and repeatedly occurred at intervals approximately equal to
the latent period of P. destructor, leading to the severe outbreak of downy mildew.

In the present study, the dates of downy mildew infection were estimated via an
infection risk model (Figure 3) using data from meteorological stations (Figure 1). In Japan,
a similar model of rice leaf blast caused by Pyricularia oryzae [43] has been widely used
for rice production. Due to spatial variability, when meteorological conditions are on the
cusp of infection risk according to the model, favourable conditions may occur at some
meteorological stations, but not at others. Accordingly, Koshimizu [43] concluded that it is
better to macroscopically estimate infection of entire areas that include ≥2–3 meteorological
stations and share similar meteorological–topographical conditions rather than estimating
infections around each station. When applying the onion downy mildew risk model, here,
there was only a single meteorological station (Saga City) monitoring RH at hourly intervals
in Saga Prefecture; thus, as is the case with the rice leaf blast model, there was a risk of
overlooking the occurrence of favourable (or marginal) meteorological conditions. To
address this limitation, data from three other meteorological stations located in the same
northern Kyushu district as Saga Prefecture were also employed (Figure 1; Table S2).

In the binary logistic regression analysis (Figure 4), the output of the infection risk
model (favourable and marginal meteorological conditions in Figure 3) based on the data
from the four meteorological stations was significantly correlated with disease development
(Table 4). Daily mean RH ≥ 75% was also significantly correlated, although the odds ratio
was lower than that of the risk model output. All other RH variables (RH ≥ 80%, RH ≥ 85%,
and RH ≥ 90%) were insignificant in relation to disease development. High humidity
favours sporulation and infection [5]; thus, the reason(s) why the more humid conditions
(e.g., RH ≥ 80%) were not significantly associated with disease occurrence may be related
to the limited number of days meeting this criterion (Table 4). Furthermore, the number
of rainy days was not significantly associated with disease development in the present
study either (Table 4). It has been reported that optimal meteorological conditions for
P. destructor sporulation and infection were obtained when there was considerable rainfall
the day before and the day of sporulation is cloudy, with or without occasional light rain [6].
Elsewhere, Palti [22] reported that rain had variable effects on P. destructor, where prolonged
rainfall appeared to remove spores from the leaves, while brief rain showers often produced
wetness periods too short in duration for infection, as spore survival was low during such
periods. Accordingly, further studies are needed to clarify the precise effects of rainfall on
P. destructor infection.

As already described, numerous infection risk models of onion downy mildew have
been developed [9–11]. Some components assumed in these models, such as variable
temperature conditions for sporulation, were simplified in the present study; however,
novel variables, such as the relationships of wind speed and RH with sporulation, infection,
and spore survival, were incorporated (Figure 3). In this study, we incorporated the
criterion of sporangia survival when daytime RH was ≥55%; however, it has been reported
that temperatures also affected survival [18,21]. Accordingly, further studies are needed to
also incorporate temperature conditions into the risk model.

The AUC based on the ROC curve of the logit model was 0.70 (Figure 8), suggesting
that the risk model was acceptable for predicting the probability of disease. Notably,
this model was developed using the output value of the infection risk model over three
days (using the mean of the four meteorological stations) as the input variables (Figure 4;
Table S3). Model ability was evaluated using the total number of days of occurrence with
favourable or marginal conditions for infection output by the model. Accordingly, the
effective use of the model output requires further analyses regarding how to quantify the
differences in risk levels between favourable and marginal conditions.
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In the ROC curve analysis (Figure 8), the cut-off value identified by Youden’s index
was 0.50. This represents the level where the average number of occurrence days within a
3-day period is <1. Although the repeated occurrence of favourable conditions for infection
by P. destructor increases the risk of outbreaks, even conditions lasting only 1–2 days can
lead to rapid disease development, as seen in 1955 in Japan [6]. Such characteristics of
this disease (rapid increases in pathogen population and development of epidemics) are
considered to be associated with its low cut-off value, where the sensitivity (proportion of
disease development correctly classified as such) and specificity (proportion of no disease
development correctly classified as such) were 0.84 and 0.55, respectively. The relatively
low specificity value (0.55) may be due to the fact that the logit model was here solely based
on meteorological risk factors, while it ignored pathogenic risks.

Recently, an infection risk model was developed for downy mildew of cucurbits based
on binary logistic regression using average daily temperature and number of hours with RH
> 80% over a 24 or 48 h period [44,45]. These studies also found that the RH and temperature
data required for risk model development could be obtained from weather stations. In
previously described infection risk models of onion downy mildew [9–11], hourly values
of leaf wetness were used as an important component of infection; however, here, high-
humidity duration data (RH ≥ 80%) were used in their place (Figure 3). Accordingly, the
accuracy of the risk model here proposed may be lower than those of previous efforts;
notably, it was still found to be acceptable according to the ROC curve analysis (Figure 8).
Further, here, this risk model can easily provide estimates of daily infection risk using
meteorological station data; thus, this simplified model (Figure 3) can likely be useful in
certain instances.

Onion downy mildew can only be effectively controlled when spraying begins in
the first sporulation–infection period [9]. In Ontario, Canada, several properly timed
fungicide applications were reported to be required to control onion downy mildew in
season, with applications always preceding infection for best results [46]. Similarly, timely
fungicide applications were also reported to be necessary prior to infection in western
Oregon, USA [47]. Accordingly, most of the experimental procedures in the present study
also commenced prior to disease appearance (Tables 1 and 2).

Preventive application of mancozeb has been demonstrated as an effective technique
against onion downy mildew [15,48–50], and mancozeb has been found to be vastly superior
to chlorothalonil in controlling the fungus [15,48]. Araújo et al. [50], Raziq et al. [51], and
Araújo and Resende [52] demonstrated that mancozeb + metalaxyl (or metalaxyl-M) was
an effective treatment with respect to reducing onion downy mildew. Previously, however,
these metalaxyl fungicides have only been evaluated when used in combination with the
highly effective mancozeb. In fungicide experiments 1-1, 1-2, 2, and 3 (conducted in 2016),
chlorothalonil and chlorothalonil + metalaxyl-M applications against onion downy mildew
were ineffective (Figure 9). In fungicide experiment 4 in 2017 and fungicide experiment 5 in
2018, mancozeb applications were effective against onion downy mildew, but chlorothalonil
+ metalaxyl-M applications were not (Table 5). In an experiment conducted in an onion
field in Saga Prefecture in 1981, the percentages of diseased leaves were 0.5% and 51.3%,
and the efficacies derived by comparing non-treated plots were 99% and 41% in the plots
sprayed four times with metalaxyl and seven times with chlorothalonil, respectively [53].
In contrast, the efficacies ranged between 18% and 45% in the plots sprayed 3–5 times
with chlorothalonil + metalaxyl-M in the fungicide experiments conducted in 2016, 2017,
and 2018 (Figure 9; Table 5), indicating that the field performance of metalaxyl fungicide
had declined.

In the laboratory experiments, the percentages of germ-tube lengths relative to those of
control P. destructor collected from an organic farm (Saga Kawasoe) and then grown in water
amended with metalaxyl and metalaxyl-M at 0.32, 1.6, 8, 40, and 200 µg ai/mL were less
than 50%. However, the germ tubes were slightly elongated even at 40 and 200 µg ai/mL,
and the relative germ-tube lengths were approximately 20–30% in this strain of P. destructor
(Table 6). This slight growth of the germination tube can be attributed to the fact that
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metalaxyl fungicides do not inhibit the early stages of the disease cycle [34]. A previous
report suggested that the percentages of colony growth relative to those of the control of
metalaxyl-sensitive and metalaxyl-M-sensitive isolates of Phytophthora capsici when grown
on media amended with metalaxyl and metalaxyl-M, respectively, at 10 and 100 µg ai/mL
were approximately 10–40% [54]. Therefore, it is considered that the strain of P. destructor
collected from organic farms in this study was sensitive to metalaxyl fungicides.

In contrast, the percentages of the germ-tube lengths relative to those of control
P. destructor grown in water amended with metalaxyl fungicides at 0.32, 1.6, 8, 40, and
200 µg ai/mL were greater than 50% in certain strains. Overall, less-metalaxyl-sensitive
strains of P. destructor were detected in Saga Prefecture in this study (Table 6). Here, the
sensitivities of P. destructor to metalaxyl and metalaxyl-M collected were assessed for 11
and 4 fields, respectively. In the future, it is necessary to increase the number of points for
collecting diseased plants, while continuing to monitor the susceptibility of this pathogen
to metalaxyl fungicides.

Although there have been numerous reports on the resistance of downy mildew to
metalaxyl (e.g., grapevine downy mildew) [12,13], few studies have reported on metalaxyl
resistance in onion downy mildew [15–17]. The first metalaxyl-resistant isolate of P. destruc-
tor was detected in Australia from a commercial onion field in 1989 [15]. It was considered
that the overuse of metalaxyl during 1980–1988 contributed to the development of pheny-
lamide resistance in P. destructor, although the strategy of using proprietary mixtures of
phenylamide plus a protectant to prevent or delay resistance has been used since 1982 [15].

Metalaxyl was introduced in Japan around 1985 and was applied at approximately
200 µg ai/mL for onion protection. Later, around 2010, metalaxyl was replaced with metalaxyl-
M and applied at approximately 40–80 µg ai/mL. Metalaxyl fungicides have always been
applied in combination with contact fungicides such as mancozeb or chlorothalonil for resis-
tance management. However, as a result of using metalaxyl fungicides, which generally carry
a high risk of resistance development in pathogens, for approximately 30 years, it appeared
that the less metalaxyl-sensitive strains of P. destructor were distributed in Saga Prefecture, and
it is necessary to consider chemical controls that do not depend on metalaxyl fungicides. This
study found that the major secondary-infection periods of onion downy mildew corresponded
to the periods of onion bulb enlargement from early March for early maturing onion varieties
and late March for medium–late-maturing varieties. Therefore, it is crucial to spray effective
fungicides (for example, preventive mancozeb spraying), independently or combined, around
each major infection period to control the disease. The output values of the infection risk
model developed in this study can help inform how to use the other effective fungicides (e.g.,
spray intervals).

5. Conclusions

In March 2016, the symptoms of downy mildew caused by secondary infections
appeared earlier owing to a warm winter. Furthermore, there was synchronous repeated
disease development and favourable meteorological conditions for infection in early and
late April, resulting in the development of polycyclic epidemics. These characteristic
meteorological conditions were major factors contributing to the severe disease outbreak in
Saga, Japan, in 2016. The emergence of P. destructor strains less sensitive to metalaxyl, the
most effective traditional fungicide against this onion pathogen in the past ~30 years, may
be an additional predisposing factor fuelling outbreaks.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8070578/s1, Table S1: Further explanation of location,
onion cultivation, and disease assessment in the disease survey fields; Table S2: Meteorological
stations located in the northern Kyushu district where the data used in this study were obtained;
Table S3: Decision logic regarding whether the disease development of onion downy mildew has
occurred, the date obtained by back-calculating the latent period from the putative date of disease
development, and the number of days of occurrence of favourable meteorological conditions for
infection output by the risk model during the 3-day putative infection period; Table S4: Latent periods
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of P. destructor under each temperature condition used in this study; Table S5: Further explanation of
list of the fungicides included in fungicide experiments 1–5; Table S6: Temperature and precipitation
during the period when the onion plants were cultivated in the main field.
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