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Strawberry powdery mildew, caused by Podosphaera aphanis, is a major disease

of strawberry, capable of leading to yield losses of up to 70%. Its management

typically relies on frequent chemical fungicide applications due to the extended

infection window of the pathogen. Podosphaera aphanis overwinters as

mycelium and chasmothecia on infected plant material, which may act as

primary inoculum in spring. This two-year study investigated the effectiveness

of post-winter removal of infected leaf and plant debris in disease control and

quantified the role of chasmothecia in early season infection under high-tunnel

conditions. Complete removal of infected tissues delayed disease onset and

reduced severity by up to 88%. In the two years, chasmothecium formation

increased in late summer following 8 and 16 cumulative hours below 13 °C,

respectively. In spring, ascosporic infection events occurred after the

accumulation of 21 and 18 cumulative hours with temperatures above 10 °C

combined with at least two consecutive hours of leaf wetness, consistently with

previous findings. The efficacy of the sanitation practice was further supported by

excluding the possibility that chasmothecia and/or chasmothecia on debris

fragments potentially fallen into the substrate could trigger infection. In

addition, we investigated the timing of ascospore-derived infections by

monitoring disease progression on individual leaves. Infection rate was

quantified across different leaf ages to assess their role in epidemic

development and their potential contribution to secondary inoculum. The

highest infection rate was observed on 15-day-old class age, with a crucial role

in supporting early pathogen development. These results indicate the

importance of sanitation practices, such as overwintering infected leaf removal

in reducing early-season infections and informing more targeted

control strategies.
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1 Introduction

Strawberry powdery mildew (SPM), caused by the Ascomycete

Podosphaera aphanis (Wallr.) Braun and Takamatsu (2000) is a

major fungal disease of strawberry (Fragaria × ananassa)

worldwide (Menzel, 2022; Peries, 1962). Severe infections can

reduce yields by up to 70% (Dodgson et al., 2008; Peries, 1962),

due to flower abortion, fruit deformation and cracking, white

mycelium and exposed achenes, postharvest decay, and reduced

photosynthesis (Jhooty and McKeen, 1965; Peries, 1962). Young

tissues are especially vulnerable (Asalf et al., 2014; Carisse and

Bouchard, 2010). Leaves rapidly develop ontogenic resistance after

unfolding, whereas fruits are highly susceptible after petal fall but

gradually acquire resistance during ripening (Asalf et al., 2014).

While previous studies (Asalf et al., 2014; Carisse and Bouchard,

2010) evaluated age-related leaf susceptibility by inoculating leaves

at different stages and evaluating infection after inoculation, none

has explored how disease progresses over time on individual leaves

of different ages, nor how these leaves contribute to their role in

sustaining secondary infections and contributing to overall

epidemic development.

Strawberry is a high-value crop in Europe and the US (Hodgdon

et al., 2024; Steffek et al., 2004) where increasing consumer demand

for year-round, high-quality berries offers growers access to

premium markets (Hodgdon et al., 2024; Samtani et al., 2019). To

meet this demand, growers increasingly use protected systems such

as polyethylene tunnels and greenhouses, with raised beds or

suspended peat pots (Mezzetti et al., 2018; Neri et al., 2012;

Takeda, 1997). These conditions, while shielding crops from

adverse weather conditions, favor SPM by enhancing conidial

germination through reduced spore wash-off, limited leaf wetness,

and low light intensity, factors that in open fields normally inhibit

infection (Amsalem et al., 2006; Asalf et al., 2021). To ensure

continuous production, growers combine short-day and day-

neutral cultivars, which differ in flowering response and cropping

period (Mezzetti et al., 2018). Both are susceptible (Menzel, 2022),

though everbears (day-neutral) face higher disease pressure during

their extended harvest in summer (Blanco et al., 2004; Carisse and

Bouchard, 2010).

Disease dynamics are also influenced by the transplanting

system. In annual replanting, infected nursery transplants are

often the main inoculum source (Peries, 1962; Stensvand et al.,

2024). Outbreak risk increases in perennial or multi-season cycles,

where June-bearing plants established in midsummer and

overwintered under straw or polypropylene can accumulate high

inoculum if not properly managed postharvest (Caffi et al., 2011).

Although these systems represent a minority of global strawberry

cultivation, they persist in continental climates (e.g., Central

Europe, Northeastern US, Southern Canada), where short-day

cultivars often outperform day-neutrals (Samtani et al., 2019).

Strawberry powdery mildew overwinters as mycelium on living

tissues and as chasmothecia (fruiting bodies), on senescent leaves

and plant debris (Gadoury et al., 2010; Peries, 1962). Chasmothecia

formation under laboratory condition was triggered by

temperatures below 13 °C when compatible mating types were
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present, as required by the heterothallic nature of P. aphanis (Asalf

et al., 2013a). Most remain attached to host tissue, but about 20%

may detach after mechanical disturbance (Gadoury et al., 2010).

The fate of detached structures and their role in initiating spring

infections remain unclear. Under both greenhouse and field

conditions, chasmothecia form in late summer, with ascospore

discharge and infection occurring with spring plant growth

(Gadoury et al., 2010). However, how field conditions affect their

formation, maturation, their discharge, as well as the extent to

which ascospore-derived primary infections contribute to epidemic

development, remain poorly understood. For grapevine powdery

mildew Erysiphe necator Schw. chasmothecia opening and

ascospore discharge occur at temperature >10 °C combined with

continuous leaf-wetness periods ≥2 hours (Gadoury and Pearson,

1990; Rossi et al., 2010). Whether similar environmental conditions

regulate chasmothecia opening and ascospore discharge in P.

aphanis remains to be determined.

Sanitation practices targeting overwintering inoculum are

widely used against other fungal pathogens that overwinter

through fruiting bodies or sclerotia. For example, Venturia

inaequalis (Cooke) G. Wint., the causal agent of apple scab,

overwinters in fallen leaves as pseudothecia, which release

ascospores in spring. Leaf removal, composting, or urea

application to accelerate leaf decomposition can greatly reduce

primary inoculum (Holb, 2006; MacHardy, 1996). Likewise, in

Botrytis cinerea Pers.:Fr., the causal agent of gray mold in

strawberries, sanitation targeting overwintering sclerotia lowers

early-season pressure (Elad et al., 2007). For SPM, In the last

decades leaf removal has been frequently suggested by

agronomists (AHDB Horticulture, 2020) and researchers (Asalf

et al., 2013b; Gadoury et al., 2009) as a potential strategy to reduce

overwintering inoculum and delay epidemics. However, its

effectiveness under field conditions has never been experimentally

tested, and its impact on early-season infections remains uncertain.

The aim of this study was to assess whether sanitation practices

based on post-winter leaf removal are sufficient to suppress primary

infections of P. aphanis, and to exclude the possibility that

alternative inoculum sources, such as detached chasmothecia

remaining in the peat substrate, contribute to the initiation of

spring epidemics. To further characterize how primary infections

evolve and lead to secondary spread, we tracked disease

development on individual leaves over time, focusing on the role

of leaf age in secondary inoculum buildup. Finally, we monitored

how environmental factors (temperature, relative humidity, and leaf

wetness) may influence chasmothecia formation, maturation, and

ascospore release under field conditions.
2 Materials and methods

2.1 Experimental set up in high tunnel

Trials were conducted in a commercial-like plastic high tunnel

(Polyagri AG, Agripolyane, Italy; 17.5 m long, 4.5 m wide) located in

Vigolo Vattaro, Italy (46° 0’ 13.223”N, 11° 11’ 18.650” E, 682 m a.s.l.).
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A total of 112 cold-stored tray plants of the strawberry cultivar

SO.FR.12.04.16 (Sant’Orsola cultivar collection) were transplanted on

May 5, 2022, and May 13, 2023, into suspended pots filled with peat

substrate (Torba Silver® 20–40, Agrochimica, Italy), four plants per

pot. Fertigation was supplied via four drippers per pot with a nutrient

solution containing 6 mmol L-1 NO3
−, 6 mmol L-1 H2PO4

−, 5 mmol

L-1 K+, 3 mmol L-1 Ca²+, and 1.25 mmol L-1 Mg²+, at pH 5.5 and

electrical conductivity of 1.5 mS cm-1. The system (Gravimetric,

Spagnol, Italy) automatically monitored and adjusted nutrient

concentrations, pH, and substrate moisture to maintain optimal

growing conditions.

To ensure a uniform disease background, SPM inoculum was

introduced by randomly placing four infected plants (≈20%

severity) in the tunnel on June 18, 2022, and June 13, 2023. No

fungicides, insecticides, or acaricides were applied in either season

to allow natural disease progression (average plant severity = 24.0 ±

3.2% standard error). Sensors (WSTATION, CET Electronics

Sensors, Italy) for temperature (C°) and RH (%) were positioned

1.9 m above ground (≈0.5 m above the canopy), whereas leaf

wetness (min hour-1) sensors were placed at canopy level.

Temperature and relative humidity data were recorded with three

measurements hour-1. Because plants were grown under protected

cultivation, rainfall was not measured.
2.2 Infected leaf and plant debris removal
and role of detached chasmothecia in the
peat substrate in primary infection
initiation

On October 23, 2022, and on October 25, 2023, all pots were

removed from suspended rows and overwintered on the ground

beneath polypropylene tissue (TNT gr. 30, Novagryl, France)

without fertigation. Just prior budbreak (March 9, 2023, and

March 15, 2024), plants were uncovered and randomly assigned to

one of the three following treatments (seven replicate pots per

treatment, four plants each): i) manual removal of all leaves and

debris, retaining only buds newly emerging from the crown (No

Leaves); ii) as above, with pots additionally wrapped in stretch film

(Film estensibile, Polycomm, Italy) covering only the substrate

surface and leaving only the crown exposed, with the irrigation

drippers placed below the film. The bottom of the pot was left

uncovered to ensure normal drainage (No Leaves With Film); iii) no

removal of leaves and plant debris, serving as untreated control

(With Leaves). To estimate the feasibility of the sanitation practice,

the time required to clean each pot was recorded and averaged across

replicates. All plants were examined under a stereomicroscope (90×)

to check for overwintered mycelium within buds and for the

presence of chasmothecia, to determine whether infections could

arise from mycelial sources or exclusively via ascospore-driven

primary infections. The experiment was conducted in an area with

no other strawberry plants to avoid external airborne inoculum, in a

randomized block design with treatments separated to prevent direct

cross-contamination.
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2.3 Disease onset and infection rate

Each plant within each replicate and treatment was assigned a

unique identifier. Newly expanded leaves, corresponding to leaf

stage 4 of Asalf et al. (2014) were sequentially numbered on the

adaxial surface with a black marker (Pentel Pen N50, Pentel Co.

LTD., Japan) at weekly intervals, starting with the first emerged leaf

(March 16, 2023, andMarch 22, 2024) labeled as “1” and continuing

numerically as new leaves were formed. Observations were

expressed as days after leaf removal (DALR). After symptoms

onset (72 DALR in 2023 and 39 DALR in 2024) the following

parameters were recorded every 3–4 days: SPM leaf incidence

(percentage of symptomatic leaves per plant) and severity

(percentage of symptomatic area of both leaf sides per plant). The

number of SPM patches per leaf was assessed as a proxy to track

ascospore infections at early infection stage. The SPM incidence on

fruits (percentage of symptomatic fruits per plant) was recorded on

May 29, June 6, June 9, 2023 (81, 87, 90 DALR). Due to early and

severe infections in 2024 (onset on April 22, 39 DALR) fruit

assessment was not feasible as incidence reached ~100% across

treatments by the beginning of harvest (79 DALR).
2.4 Chasmothecium formation and
maturation and ascospore discharge

To monitor late-summer chasmothecium formation, 30

mildew-infected leaves (approximately two-week-old leaves) were

collected randomly from the 112 plants every 10 days from mid-

August to the end of October both in 2022 and 2023. Leaf area was

measured using the Image-J software (Schneider et al., 2012)

and chasmothecia were counted under a stereomicroscope (90×

magnification). Data were expressed as the number of chasmothecia

cm-² on both the upper and lower leaf surfaces. To monitor

chasmothecia maturity and ascospore discharge in spring, from

March 9 to May 3 in 2023, and fromMarch 15 to June 3 in 2024, 10

cohorts (15 chasmothecia cohort-1) were collected every ten days

from infected plants (With Leaves) in the tunnel, examined under a

microscope (200× magnification) and classified as either

‘containing ascospores’ or ‘empty’. To determine whether

chasmothecia remaining closed in the field reflected immaturity

or suboptimal environmental conditions for release (discharge

readiness), additional cohorts (ten per sampling date; 15

chasmothecia per cohort) were collected from infected leaves and

placed on water-soaked cotton in Petri dishes at 22 ± 1 °C for 24

hours to promote ascospore discharge, then examined and

categorized as above.
2.5 Statistical analysis

Statistical analyses were performed in R (version 2024.12.1). To

account for repeated dependent measurements over time, leaf

disease incidence was analyzed using generalized linear mixed
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model (GLMM) with a binomial distribution and logit link function

(lme4 package). For the binomial model, incidence was specified as

the number of infected leaves out of the total number of assessed

leaves per plant at each assessment. Leaf disease severity was

analyzed using linear mixed-effects model (LMM) after data log-

transformation (lme4 package). In both models, treatment, time

(DALR), and their interaction were included as fixed effects, while

pot was included as random effect. Fruit disease incidence was

analyzed using the same leaf incidence modeling approach, based

on the number of infected fruits out of the total number of assessed

fruits per plant at each assessment, with treatment and time

included as fixed effects and pot as random effect. Model

diagnostics were evaluated by examining overdispersion and

deviance and Pearson residuals for GLMM, and by residual plots

(normal Q–Q plots and residuals versus fitted values) for LMM. The

significance of fixed effects was assessed on the fitted mixed-effects

models using analysis of variance (F-test) for LMM and likelihood

ratio test for GLMM. Post-hoc pairwise comparisons among

treatments at each assessment were performed using Tukey’s

adjusted tests (emmeans package). Differences in leaf number

among treatments at each sampling date were tested with the

Kruskal–Wallis non-parametric test. Infection rate (IR) was

calculated from patch number per leaf using the following formula:

Infection rate   (IR) =
½ln (f 2) − ln(f 1)�

(t2 − t1)

where f1 and f2 are the number of patches at two consecutive

observations t1 and t2. To allow a standardized comparison of

infection dynamics leaf ages were grouped into 5-day age classes

(e.g., 0–5, 5–10 days). The IR expresses the relative rate of increase

in lesion number day-1. A constant of 0.1 was added to each lesion

count to avoid undefined values for zero counts. The Mack-Wolfe

test (PMCMRplus package) was used to assess whether the IR

follows an umbrella-shaped trend across leaf ages and identify the

age class with the maximum disease peak. A generalized linear

model (GLM) with a Gaussian distribution was analyzed to validate

the association between chasmothecium formation (number cm-²)

and cumulative hours with temperature < 13 °C (hourly mean

temperature < 13°). A generalized linear model (GLM) with a

binomial distribution and logit link function was analyzed to

validate the association between empty chasmothecia in spring

and cumulative hours > 10 °C (hourly mean temperature > 10°

from 1 January), combined with continuous leaf-wetness periods ≥2

hours (hourly mean leaf-wetness = 60 min), which are the

conditions for ascospore discharge in grapevine powdery mildew

(Gadoury and Pearson, 1990; Rossi et al., 2010). In both models,

‘year’ was included as a fixed factor to account for inter-annual

variability. Model diagnostics were assessed by inspecting residual

plots (normal Q–Q plots and residuals versus fitted values) for the

Gaussian GLM, and by evaluating overdispersion, deviance and

Pearson residuals for the binomial GLM. When measurements were

missing within an hour, hourly mean values were calculated using

the available readings.
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3 Results

3.1 Infected leaf and debris removal and
role of detached chasmothecia in the
substrate in primary infection initiation

In both years SPM mycelium and colonies were not detected in

strawberry buds. Overall leaf incidence and severity were

comparable between the two years of analysis. The removal of

infected leaves significantly reduced disease incidence in both years

2023 (c² = 384.5, p < 0.001) and 2024 (c² = 525.96, p < 0.001)

(Figure 1). At the final disease assessment (88 DALR in 2023 and 57

DALR in 2024), incidence in the untreated control with infected

leaves reached 26% and 24%, respectively, while incidence in the

treatment without infected leaves was 12% in 2023 and 9% in 2024.

These values correspond to a reduction in disease incidence of

approximately 54% in 2023 and 63% in 2024. Tukey’s test indicates

a significantly higher incidence on the treatment with infected

leaves in the last three assessments 76 DALR in 2023, and in the

last two assessments 54 DALR in 2024, respectively. The application

of the plastic film had no effect, except for the last assessment on

disease incidence (88 DALR) in 2023.

The removal of infected leaves also significantly reduced disease

severity compared to the control with infected leaves, in both 2023

(F = 78.51, p < 0.001) and 2024 (F = 135.77, p < 0.001) (Figure 1). At

the final assessment (88 DALR in 2023 and 57 DALR in 2024) leaf

disease severity in the control with infected leaves reached 16% and

13%, respectively, while severity in the treatment without infected

leaves remained as low as 2% in 2023 and 1% in 2024. These values

correspond to a reduction in disease severity of approximately 88%

in 2023 and 92% in 2024. In 2023, Tukey’s test revealed significant

differences between treatments with and without infected leaves

after 76 DALR, while in 2024 significant difference was observed

after 54 DALR) (p < 0.05). The film addition caused significant

difference in disease leaf severity only in the last assessment 88

DALR in 2023 (p < 0.05).

In both years, disease onset was delayed where the infected

leaves were removed, by 9 days in 2023 and 8 days in 2024. Fruit

incidence also showed a significant response with a decrease of 70%

(c² = 107.214, p < 0.001) when infected leaves were removed

(Figure 2). Tukey’s test confirmed the significant effect of the

removal of infected leaves, with lower incidence observed after 87

and 90 DALR (p < 0.05). The film addition did not cause significant

changes. Leaf removal required 24 ± 2.4 sec plant-1.
3.2 Development of disease onset and
infection rate

In 2023, the presence of the infected leaves led to an early onset

of PM, with early patches appearing in pots 2 and 4 at 72 DALR

(Figure 3). Infection increased over time in pots 2, 4, and 7, reaching
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peak severity by 88 DALR. In contrast, patch development in pots 1,

3, 5, and 6 remained more localized. Without infected leaves

independently from film addition a low number of patches

developed in both years. In 2024 (Figure 3), patch distribution

was more homogeneous across pots. Infected leaves led to
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moderate/severe patch development, particularly from 47 DALR,

with the highest intensity observed at 54 and 57 DALR in pots 2, 4

and 6. Without infected leaves and with plastic film patches

developed, but at a lower intensity compared to treatment with

infected leaves. Leaf development followed a similar progression
FIGURE 2

Incidence of strawberry powdery mildew on fruits (percentage of symptomatic fruits per plant) in 2023 assessed at 81, 87 and 90 days after removal
of overwintered leaves and plant debris. Treatments are: No Leaves (leaves removed), With Film (leaves removed and pot substrate covered with
plastic film) and With Leaves (untreated control). Different letters indicate significant differences between treatments at each sampling time (Tukey’s
adjusted test, p < 0.05), bars represent standard error. The absence of letters indicates no significant differences.
FIGURE 1

Strawberry powdery mildew leaf incidence (A) and severity (C) in 2023 (72, 76, 81, 88 days after leaf removal), and leaf incidence (B) and severity (D)
in 2024 (39, 44, 47, 54 and 57 days after leaf removal). “No Leaves With Film” corresponds to the plants where infected leaves were removed and a
plastic film was covering the substrate, “No Leaves” to the plants where infected leaves were removed, “With Leaves” to the plants where the
infected leaves were not removed (untreated control). Letters indicate significant differences between groups according to the Tukey’s adjusted test
(p < 0.05) performed for each sampling time, while bars represent standard error. No letters indicate no significant difference between groups.
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across all treatments, and no significant differences were observed in

the number of newly developed leaves throughout the monitoring

period (p = 0.2).

Leaf age significantly affected IR, with younger leaves being

more susceptible to disease than older leaves (Figure 4). A

significant umbrella-shaped relationship between IR and leaf age

was detected in both years by the Mack-Wolfe test (2023: Ap =

−31.14, p < 0.01; 2024: Ap = −35.10, p < 0.01). In 2023, IR > 0.1

lesions day-1 was displayed between 10–35 days old leaves, peaking

0.50 lesions day-1 at 15 days-old after 76 DALR. In 2024, IR > 0.1

lesions day-1 was observed in leaves aged 10–30 days, peaking at

0.50 lesions day-1 in 10–15 days old leaves after 57 DALR. In 2023,

the highest IR was registered at the second observation after 76

DALR, while in 2024 at the last observation after 57 DALR. No

lesions developed on leaves older than 60 and 50 days in 2023 and

2024, respectively (Figure 4).
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3.3 Chasmothecium formation in late
summer

In both 2022 and 2023, chasmothecia began to form in late

August, coinciding with the seasonal decrease of temperatures.

Their formation started after a cumulative total of 8 hours below

the threshold of 13 °C in 2022 and 16 hours in 2023. Notably,

temperatures in late summer 2022 were cooler, with a higher

accumulation of hours below 13 °C compared to 2023 (Figure 5).

This cooler period is associated with a significantly higher density of

chasmothecia, which reached up to 13.1 chasmothecia cm-² of leaf

area. In contrast, the warmer condition in 2023 corresponded with

87% of reduction in their density (1.9 chasmothecia cm-²). The

generalized linear model showed a positive relationship between the

number of cumulative hours below 13 °C and chasmothecium

formation (Estimate = 0.0034 ± 0.0003, p < 0.001).
FIGURE 4

Infection rate by leaf age in 2023 (A) and 2024 (B), under high-tunnel conditions. Infection rate (IR) was calculated as [ln(f2)−ln(f1)]/(t2−t1), where f1
and f2 are the number of lesions per leaf at times t1 and t2. Assessments were carried out twice a week. Leaf age is expressed as days after leaf
expansion. Colors represent infection rate at different observations expressed as days after leaf removal. Bars represent standard error of the mean.
FIGURE 3

Heatmaps illustrate the progression of strawberry powdery mildew patches per plant in each of the randomized replicate in 2023 72, 76, 81, 88 days
after leaf removal (a) and in 2024 39, 44, 47, 54, 57 days after leaf removal (b). In each treatment, the evolution of patches in each of the 7
replicated pots with 4 plants are shown and each plant is represented by a single square. The color gradient from white to black indicates patch
number plant-1.
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3.4 Chasmothecium maturation and
ascospore discharge

Empty chasmothecia, as proxy for ascospore discharge has been

positively associated with environmental conditions (Estimate =

0.0049 ± 0.0008, p < 0.001), specifically with cumulative day hours

with temperatures above 10 °C combined with continuous leaf-

wetness periods ≥2 hours (Figure 6). Year had no significant effect

(p = 0.28). In 2023, conducive conditions for ascospore discharge

started in week 11, while in 2024 in week 18 (Figure 6). In 2023,

infection onset was delayed by four weeks compared to 2024, likely

due to cooler spring temperatures and lack of leaf wetness. By mid-

March, 10% of chasmothecia in 2023 and 20% in 2024 were already

empty. Thirty percent and 45% of chasmothecia opened once

cumulative hours exceeded 21 hours in 2023 (week 15) and 18
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hours in 2024 (week 19), respectively. Symptoms occurred one week

after first openings in week 20 in 2023 and in week 16 in

2024, respectively.

Under controlled conditions (22 ± 1 °C), 80% of chasmothecia

collected in 2023 and 50% collected in 2024 opened within 24 h, in

mid-March (Figure 7). Under high-tunnel both years showed

similar final opening rate, with approximately 70% of

chasmothecia discharging ascospores (Figure 7) in end-May in

2023 and end-April in 2024.
4 Discussion

Understanding the overwintering dynamics of P. aphanis is

essential for developing effective disease management strategies. A
FIGURE 6

Proportion of empty chasmothecia of Podosphaera aphanis under high-tunnel in spring 2023 and 2024, shown in relation to cumulative day hours
(>10 °C and ≥ 2 hours leaf wetness from 1 January). Empty chasmothecia are used as proxy for ascospore discharge and were assessed in 10
cohorts (15 chasmothecia cohort-1) collected every 10 days from infected leaves in the tunnel. Bars represent the standard error of the mean.
FIGURE 5

Chasmothecium formation of Podosphaera aphanis under high-tunnel conditions in 2023 and 2024 in relation to cumulative day hours with
temperatures < 13 °C. Chasmothecia were counted on 30 mildew-infected leaves collected every 10 days from mid-August to end October. Data
are expressed as the number of chasmothecia cm-² of both the upper and lower leaf surfaces.
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single infection focus can rapidly lead to serious epidemics

(Aldrighetti et al., 2025), suggesting the importance of thorough

removal of overwintering inoculum. Our findings demonstrated

that removing infected leaves and plant debris reduced disease

incidence by up to 70% on fruits and 63% on leaves, significantly

delaying symptom onset (by 9 days in 2023 and 8 days in 2024). The

delayed onset and lower disease severity in sanitized pots indicate

that these late infections were primarily driven by conidium

dispersal from the nearby infected plants, rather than by residual

inoculum. We can therefore hypothesize that in the absence of

external inoculum sources, disease development would have been

further delayed and severity reduced. Despite the presence of high

inoculum levels, the variability in disease severity among replicates

indicates that primary infections under field conditions may be

highly heterogeneous, resulting in heterogeneous foci. The presence

of old leaves and/or morning dew may have created microclimatic

differences between treatments, adding complexity to disease

dynamics in the field.

Leaf age negatively affected IR, consistent with ontogenic

resistance already described for SPM (Amsalem et al., 2006; Asalf

et al., 2014; Carisse and Bouchard, 2010). Young leaves were more

susceptible, with the highest IR (up to 0.50 lesions day-1) between 10

and 15 days after unfolding and declining as leaves aged. The low IR

on newly expanded leaves in our study can be explained with

insufficient time for pathogen establishment at the time of

assessment, as SPM symptoms typically appear 6–7 days after

inoculation under field conditions (Dodgson et al., 2021). This

apparently looks in contrast with previous studies (Asalf et al., 2014;

Carisse and Bouchard, 2010). However, they assessed disease

severity after the incubation period on leaves simultaneously

inoculated at the various developmental stages. In contrast we

assigned to each leaf a precise chronological age post-unfolding

and we monitored IR over time, quantifying which leaf cohorts are

more epidemiologically relevant for pathogen spread.
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Unlike E. necator in grapevine, which overwinters in dormant

buds and may initiate spring infections through flag shoots

(Pearson and Goheen, 1988), in our study P. aphanis colonies

were never found in the crown and in the newly emerged leaves at

budbreak. This absence is in line with previous findings of Peries

(1961), who reported no evidence of SPM mycelium in dormant

strawberry buds. Excluding the role of mycelium in the bud as

overwintering strategy of the pathogen, chasmothecia appeared to

be the primary source of inoculum at the beginning of the growing

season. While chasmothecia of P. aphanis are typically adherent to

senescing leaves (Gadoury et al., 2010), physical degradation of

plant material during overwintering, along with mechanical forces

(Gadoury et al., 2010) may have led to the incorporation of viable

inoculum into the substrate. In both years of our study, the

application of the plastic film to prevent contact between the

plant and the substrate did not alter the timing of early-season

infections. This suggests that chasmothecia potentially present on

small plant debris in the substrate did not play a major role in

initiating the epidemic. As reported for other Erysiphales,

chasmothecia that may have fallen on the substrate could have

been degraded (Cortesi et al., 1995; Gadoury and Pearson, 1988).

These findings demonstrate that removing infected leaves is

sufficient to suppress disease onset. The use of plastic film did not

increase disease development except for a slight increase in leaf

severity observed at the final assessment in 2023. Although

temperature and RH within the plant canopy were not measured,

this result suggests that the plastic film did not substantially alter the

microclimatic conditions under this treatment.

In our experiment, chasmothecium formation has been

positively correlated with late-summer temperatures, validating

previous laboratory studies (Asalf et al., 2013a; Gadoury et al.,

2010), which reported optimal development under constant

temperatures around 13 °C. In our trials, chasmothecia began to

form after 8 and 16 cumulative hours below 13 °C in 2023 and 2024,
FIGURE 7

Empty chasmothecia of Podosphaera aphanis under high-tunnel and controlled conditions in spring 2023 (A) and 2024 (B). Empty chasmothecia are
used as proxy for ascospore discharge and assessed i) under tunnel conditions on chasmothecia (10 cohorts, 15 chasmothecia cohort-1) collected in
the tunnel every 10 days from infected leaves, ii) under controlled conditions on chasmothecia (10 cohorts, 15 chasmothecia cohort-1) collected in
the tunnel every 10 days from infected leaves and placed in Petri dishes on water-soaked cotton at 22 ± 1 °C for 24 hours. Bars represent the
standard error of the mean.
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respectively. Their density was higher in 2023 and increased linearly

with lower temperatures than 13 °C. However, despite the low

number of chasmothecia formed in 2024, disease severity showed

only a slight variation between years, suggesting that high disease

severity is not necessarily correlated with high overwintering

inoculum levels. By mid-March, chasmothecia formed under the

high-tunnel were already mature and capable of discharging

ascospores when exposed to favorable laboratory conditions

(constant temperature of 22 °C and a water film), with 75% and

50% of chasmothecia opened in 2023 and 2024, respectively. Under

high-tunnel conditions, ascospore discharge occurred when

favorable environmental conditions were met, by late May in

2023 and late April in 2024, with 70% of chasmothecia releasing

ascospores in both years. These results are consistent with those of

Gadoury et al. (2010), who reported that 50% of chasmothecia

opened by mid-April, with discharge (20%) starting as early as

mid-March.

The coincidence between ascospore discharge and the onset of

primary infections in both years provides further support for a

central role of chasmothecia as the primary inoculum source for

disease initiation in spring. Although direct measurements of

airborne conidia were not performed and early infection events

may have remained below the detection threshold, epidemic onset

may be best explained by ascospore-mediated infection.

Interestingly, the cumulative number of favorable hours required

for infection (>10 °C combined with at least 2 hours of continuous

leaf wetness) was remarkably consistent between years (21 hours in

2023 and 18 hours in 2024). This stability implies that monitoring

cumulative hours of favorable conditions could serve as a reliable

tool to anticipate the timing of the first infections, thereby

improving the accuracy of disease warning systems and the

efficiency of early-season management strategies. Even under

protected conditions, leaf wetness was sufficient to trigger

chasmothecia opening and ascospore release. Notably, these

conditions are those reported for grapevine powdery mildew

(Gadoury and Pearson, 1990; Rossi et al., 2010), suggesting

common epidemiological drivers across pathosystems.

Considering that ascospore discharge in P. aphanis requires

both free water on the ascocarp wall (Gadoury et al., 2010) and

increasing temperatures, the removal of infected leaves should be

carried out as early as possible in spring. Particularly for multi-

season cultivation systems, during the first sunny days in spring,

when plants are still on the ground and covered with polypropylene

tissue, if RH increases and promotes dew formation, this can

hydrate chasmothecia and promote ascospore release (Stensvand

et al., 1998). Furthermore, nighttime plant coverings used for frost

protection may create a moist microenvironment favorable to

primary infection.

Although labor-intensive, this practice may still be justified for a

high-value crop like strawberry. Leaf removal in the plurennial

June-bearing cultivar required up to 500 hours ha-1, reflecting the
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high plant vigor and dense foliage of these plants. A comprehensive

economic evaluation is anyhow warranted in each specific

production context, since the potential benefit, for example

reduced fungicide use and related residues on fruits, could offset

the additional labor costs.

In conclusion, leaf removal plays a crucial role in SPM

management by effectively reducing overwintering inoculum, thus

delaying epidemic onset and lowering the need of fungicide

applications. Scaling up this practice could provide insights into

its economic viability as part of a broader integrated pest

management strategy. Because leaf removal may impact plant

physiology, future research should also consider yield quality and

quantity over the entire production. Although the number of leaves

did not significantly differ among treatments, the contribution of

older leaves in early-season photosynthesis and resource allocation

deserves further attention, as their removal may affect negatively

fruit quality.
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