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Abstract: Grey mould is a fungal disease responsible for important crop losses in most winemaking
regions worldwide. In the present study, we developed immunological techniques for the detection
and quantification of Botrytis cinerea conidia germinative material to obtain additional information
about epidemic’s development on the vineyard. The study was carried out in a northwest Spain
vineyard during the grapevine flowering in 2017 and 2018. An aerobiological study was developed
for the identification and quantification of Botrytis cinerea conidia. For the immunological analysis,
we developed a specific protein extraction protocol and a standard curve to analyze the cyclone-trap
samples by an indirect PTA-ELISA. The airborne B. cinerea protein concentrations showed a similar
variation pattern than the airborne conidia concentrations in the atmosphere of the vineyard. We
recorded a total of 5673 B. cinerea spores in 2017, and 7562 spores in 2018. Regarding the airborne
protein concentrations, we detected 9.692 ng/m3 in 2017 and 7.715 ng/m3 in 2018. Based on the
statistical influence of the considered variables, we developed a predictive model able to explain 40%
of protein data variability. The resulting methodology based on the combination of immunological
techniques and aerobiological monitoring leads to a more reasoned treatment schedule consistent with
real phytosanitary vineyard conditions and a more effective responsiveness against the increasing
variability associated to climate change on the crop-pathogen system.
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1. Introduction

with regard to jurisdictional claims in

Fungal diseases affect crop production in most winemaking regions worldwide. Grey
mould in grapevine, caused by Botrytis cinerea, is the third most reported disease in the
European, North American and Australian vineyards, and the first cause of infection in
South America, where the vine is irrigated [1]. The specific climatic conditions in the northwest Spain region, characterized by high relative humidity and moderate temperatures
during the grapevine vegetative cycle favour the development of this fungal pathogen.
Additionally, this fungus has a wide humidity and temperature tolerance range, which
together to its ability to survive in the dry leaves and mummified grapes of the previous
season enhance a constant and predominant presence of B. cinerea in many winegrowing
regions [2–4].
Besides meteorological conditions and the presence of the pathogen, a susceptible host
stage is required for the development of a fungal plant disease. This necessary condition
known as disease triangle is one of the paradigms of plant pathology and supposes a
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valuable knowledge for Integrated Pest Management strategies, since plant disease can
be prevented with the absence of any one of these factors [5,6]. Therefore, the analysis of
airborne fungal propagules, meteorological conditions and crop phenology can be used
for the determination of an optimal fungicide application schedule, which increases its
effectiveness and improve the vineyard phytosanitary conditions. B. cinerea infection
can develop on grapevine at any phenological stage. However, flowering and ripening
of berries stages may be more susceptible to infection due to the presence of pollen and
sugary exudates at flowering that enhance the colonization of plant tissues by the pathogen,
and the increase in sugar concentration in the plant that takes place during the ripening
stage [7,8]. Moreover, infection of floral debris can act as inoculum sources for late infections
that affect during the ripening of berries stage leading to important yield losses [9–11].
Airborne fungal spore concentrations have been used as biological sensors of the
pathogen’s presence and the identification of infection cycles, providing a useful tool to an
early disease detection before the appearance of symptoms on the crop [12–14]. Previous
studies found a significant correlation between Botrytis squamosa aerial conidia at a given
date and lesion density one week later in onion crops, both for managed and unmanaged
sites, which shows the relation of disease development with spore concentrations during
previous periods [15]. Furthermore, spores can be used for the evaluation of infection
risk periods by the establishment of disease thresholds as a function of the airborne spore
levels, distinguishing high-risk periods from low or moderate infection risk moments [16].
Airborne conidia are spread units designed for fungal propagation under favourable
conditions that can indicate the disease potential. Besides this valuable information, in the
case of B. cinerea we can take into account the real infective ability by immunodetection.
This property can be assessed due to the specific antibodies designed for this pathogen
react with a glycoprotein of the spore germinative tube or the hyphae cell wall, but not
directly on conidia [17,18].
In the present study, we applied immunological techniques for the detection and quantification of B. cinerea conidia germinative material, in order to provide epidemiological
data and complement disease detection methods based on the combination of aerobiological, phenological and meteorological data. To achieve this objective, we developed a
standard curve from fresh hoovered B. cinerea conidia and a specific extraction protocol
for the optimization of protein detection in aerobiological samples from a cyclone-type
trap. The obtained protein concentrations were related with B. cinerea spore levels and the
meteorological parameters to determine the main influential factors on this variable.
2. Materials and Methods
2.1. Study Area Description and Phenological Protocol
The study was carried out during the 2017 and 2018 grapevine flowering period in
a vineyard of the Ribeiro Protected Designation of Origin (PDO). The plot is located at
Cenlle in northwest Spain, in the transitional area between the Atlantic and Mediterranean
biogeographic regions (Figure 1). The Ribeiro PDO covers a total area of 2250 hectares,
and it is situated in the confluence of the ‘Miño’, ‘Avia’, ‘Arnoia’ and ‘Barbantiño’ river
valleys. Due to the transitional location of this winegrowing region, its Mediterranean
character is softened by the Atlantic influence. However, this influence is not marked due
to the orography of the mountain ranges that limits this PDO to the west and north, which
act as natural barrier against sub-Atlantic storms. According to the Multicriteria Climatic
Classification System (MCC), this winegrowing region would be described as temperate
and warm, sub-humid, and with very cold nights [19]. Steep valleys and hillsides, with
soils of granitic origin and a significant content in stones and gravel characterize the
geomorphological structure of this area [20,21]. The sampling period for each year was
identified as the overlapped period of the phenological flowering stage of four white
preferential cultivars grown in the Galician Ribeiro PDO, ‘Treixadura’, ‘Godello’, ‘Albariño’
and ‘Loureira’.
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[24]. Spain. Figure obtained by QGIS 3.10.14 software. Shapefile of biogeographic regions from
MITECO [24].
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were identified as ellipsoidal and globose, hyaline or pale-grey becoming darker with age
(sometimes pale-pink, depending on the preparation medium), unicellular, smooth, often
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2.4.2. Indirect PTA-ELISA
After an incubation period of 24 h an indirect PTA-ELISA was applied, in which
the target antigen remains fixed to the well surface. Wells were washed three times with
100 µL PBS (phosphate buffered saline, Sigma-Aldrich, St Louis, MO, USA) during one
minute to remove antigen debris that did not bound to the plate surface. A negative control
stripe composed by 8 wells with no sample was added to the plate at the PBS-washes
step to check the protocol effectiveness and determine the background signal. All wells
were then blocked with 200 µL of 1% (w/v) casein in PBS during 45 min at 250 rpm and
room temperature (RT) to prevent non-specific binding. Further, all wells were incubated
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at 250 rpm and RT during 45 min with 100 µL of BC12 (DSHB-Developmental Studies
Hybridoma Bank; Dewey F.M., University of Oxford, Oxford, UK) as primary antibody
diluted 1:16,000 in PBSTwC (PBS, 0.05% Tween 20 and 0.1% casein [w/v]). As secondary
antibody we used a biotinylated anti-mouse IgM diluted 1:500 in PBSTwC, adding 100 µL
to all wells and incubating them during 45 min. After that, the wells were incubated during
30 min with 100 µL of A+B Vectastain reagent. This last reagent is an avidin/biotin—based
peroxidase system (VECTASTAIN® Elite ABC-HRP kit Peroxidase—Standard PK-6100,
Vector Laboratories Inc., Burlingame, CA, USA) that binds to the biotinylated secondary
antibody, amplifying the generated colorimetric signal due to the avidin-biotin complex
properties. Finally, 100 µL of TMB (3,30 ,5,50 Tetramethyl-benzidine dihydrochloride) were
added to each well as peroxidase substrate, and then stored in the dark for 10 min. Three
washes of 200 µL PBSTwC during one minute were applied to all wells between each step
to remove weak and non-specific binding, except before to the TMB addition step, when
four washes were applied. The reaction was stopped by adding 25 µL of 1.5 M sulphuric
acid to each well, and the generated colorimetric signal was read at a wavelength of 450 nm
on a microplate reader.
2.4.3. Development of a Standard Curve
A standard curve was developed from fresh B. cinerea conidia hoovered with a Burkard
cyclone surface sampler from a sporulating 8-days old culture of the standard isolate BC8
(Plant Pathology Lab., Agri-Tech Research Centre—WCG, Ely, UK) grown on strawberry
culture medium at 20 ◦ C. The hoovered conidia were diluted in 1 mL of 10 mM sucrose and
the initial concentration of the conidial suspension was determined by a Neubauer chamber
(B.S.748 WEBER SCIENTIFIC, Teddington, UK) under light optical microscope at 400×
magnification. Serial dilutions 1:10, 1:100, 1:1000, 1:5000, 1:10,000, 1:20,000, 1:40,000 and
1:80,000 were applied to the initial conidial suspension, obtaining the final concentrations
of 6.8 × 105 , 6.8 × 104 , 6.8 × 103 , 1.4 × 103 , 6.8 × 102 , 3.4 × 102 , 1.7 × 102 and 8.5 × 10
conidia/mL. A volume of 100 µL of each obtained dilution was transferred to an ELISA
plate and incubated 24 h at 20 ◦ C to apply a PTA-ELISA on them. A control stripe of
eight empty wells was added to the plate for the assessment of the background signal,
following the entire protocol but without initial conidia dilution on the wells. The obtained
absorbance values of the different conidia concentrations were used to fit a standard
logarithmic curve, which showed an Adjusted Coefficient of Determination R62 ofof180.989
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2.5. Statistical Analysis

For the statistical analysis of the obtained data, we applied correlation analysis to
assess the influence of meteorological conditions on the presence of B. cinerea conidia in
the vineyard atmosphere and their germination ability. Firstly, we applied a Principal
Component Analysis (PCA) to determine the statistical relation between airborne conidia
and protein concentrations with the main meteorological parameters, which is a non-par-
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2.5. Statistical Analysis
For the statistical analysis of the obtained data, we applied correlation analysis to
assess the influence of meteorological conditions on the presence of B. cinerea conidia in
the vineyard atmosphere and their germination ability. Firstly, we applied a Principal
Component Analysis (PCA) to determine the statistical relation between airborne conidia
and protein concentrations with the main meteorological parameters, which is a nonparametric test that determines the influence of the studied variables together classifying
them as supra-variables reducing the dimensionality of the considered variables. This
method is a standardized projection that maximizes the variance in the projected space [32].
The minimum eigenvalue was considered as 1.0, and the missing value treatment was
Listwise (case deletion). We applied this statistical procedure for 2017 and 2018 data as
separate to consider inter-annual differences. In addition, we applied the non-parametric
Spearman’s correlation test due to the not normal distribution of most variables. This
statistical test was applied on aerobiological and meteorological data, considering variables
of the same day and the previous 1 to 7 days, since weather conditions could affect
conidia production and germination both directly or indirectly through their effect on
colonized substrates by the fungus. This 1–7 days period was previously considered as
necessary for the fungus to complete a disease cycle and sporulation [3,15]. Significant
correlations were considered at a confidence interval of 90% (p ≤ 0.1), 95% (p ≤ 0.05) and
99% (p ≤ 0.01). These correlations between the considered meteorological variables and the
airborne conidia and protein concentrations were obtained from the 2017 dataset. Based
on the obtained Spearman’s test results, we applied a multiple lineal regression analysis
to develop a predictive model for the airborne protein concentrations as a function of the
main influential factors. The 2017 dataset was used for model development, validating the
obtained model with the 2018 dataset not included for model training. Model accuracy was
statistically assessed by means of a t-test for dependent samples between real 2018 protein
concentrations and the estimated values for the same year obtained from the developed
model.
Regarding the immunological methodology, the replicability of the analysis was assessed by a one-way ANOVA test to evaluate the homogeneity of replicates. The absorbance
values obtained for each one of the four replicates was considered as a group (dependent
variable). The number of replicates was considered as the factor (independent variable).
The null hypothesis indicates that the means are all equal, contrasting the obtained p-value
with α (0.05) to accept or reject the null hypothesis. In the case that significant differences
between the means were found, we would apply the post-hoc multiple-comparison Tukey
HSD (Honestly Significant Difference) and Scheffé tests to determine which means differ.
The statistical software used for statistical analysis were the STATGRAPHICS Centurion XVI 16.1.11 (2010 StatPoint Technologies, Inc., Warrenton, VA, USA), STATISTICA
8.0 (StatSoft Inc., Tulsa, OK, USA) and SPSS Statistics 25 (IBM Corporation, Armonk, New
York, NY, USA).
3. Results
3.1. Immunological Assay Replicability and Aerobiological Study
The absorbance values of the four replicates per sample were analyzed by means of
a one-way ANOVA to compare the means and to assess the replicability of the immunological assay and the goodness of this technique. The applied ANOVA test did not find
statistically significant differences between the four replicates in any studied year, with
F (3, 135) = 0.505, p = 0.679 in 2017, and F (3, 106) = 1.232, p = 0.302 in 2018. Since the
p-value was higher than α level in both cases, we can’t reject the null hypothesis of this
statistical test and we accept that there are no statistically significant differences between
the means. Daily absorbance values were obtained as the mean value of the four replicates
for each daily sample, subtracting the background signal of the corresponding plate. This
background was determined from the mean value of the negative control stripe composed
by eight wells added to each plate.
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Protein concentrations were obtained from the absorbance signal generated by the
samples interpolated through the developed standard curve, in which we determined
the relation between conidia concentrations and absorbance values. The obtained concentrations in conidia/mL units were transformed to ng/m3 applying a correction factor
for the comparison of this variable with the airborne conidia levels in spores/m3 . This
factor was developed considering the initial volume added to each Eppendorf tube during
the extraction protocol and the sampled air volume on each tube during 24 h, calculated
from the device specifications. We observed a similar variation pattern for both airborne B.
cinerea conidia and protein concentrations, especially in 2017, despite there were obtained
by different aerobiological samplers, which shows the effectiveness of the applied methodology on pathogen detection (Figure 4). We recorded a total of 5673 B. cinerea spores in
2017, and 7562 spores in 2018. Regarding the airborne protein concentrations, we detected
9.692 ng/m3 in 2017 and 7.715 ng/m3 in 2018. The functioning characteristics of both devices, a volumetric Hirst sampler and a Burkard cyclone sampler, such as the airflow input
or the generated current inside the sampler, can influence on the difference found between
both biological variables. In addition, the target element and sample processing also varied
in both cases, since airborne conidia were identified by means of a non-viable method
while the glycoprotein derived from conidia germination tube was detected by an immunoAgronomy 2021, 11, x FOR PEER REVIEW
8 of 18
logical assay that needs cell viability for germination. Thus, reinforcing the goodness
of
the developed technique due to the similar variations of values of both variables.

3), airborne B. cinerea protein
Figure
B. B.
cinerea
conidia
concentrations
(Spores,
spores/m
3 ), airborne B. cinerea protein
Figure4.4.Airborne
Airborne
cinerea
conidia
concentrations
(Spores,
spores/m
concentrations (Protein, ng/m3), and
the
meteorological
conditions
of mean temperature in °C
3
concentrations (Protein, ng/m ), and the meteorological conditions of mean temperature in ◦ C
(Tmean) and rainfall in L/m2 (Rain) during the study period in 2017 (a) and 2018 (b), considering
(Tmean)
andstage
rainfall
in grapevine
L/m2 (Rain)
during
the study ‘Godello’,
period in ‘Albariño’
2017 (a) and
(b), considering
the
flowering
of the
varieties
‘Treixadura’,
and2018
‘Loureira’.
(a):
the flowering
stage
of Rain
the grapevine
‘Treixadura’,
‘Albariño’
Spores
× 1.5, Tmean
× 10,
× 10 (Tablesvarieties
S1and S2).
(b): Tmean × ‘Godello’,
15, Rain × 15
(Tables S3and
and ‘Loureira’.
S4).

(a): Spores × 1.5, Tmean × 10, Rain × 10 (Tables S1 and S2). (b): Tmean × 15, Rain × 15
Regarding
the B. cinerea conidia concentrations, we observed a constant presence
(Tables
S3 and S4).
along the study period in both years, defined by the flowering phenological stage of the
Regarding
the varieties.
B. cinereaWe
conidia
we observed
constant
presence
considered
grapevine
startedconcentrations,
sampling some days
in advancea to
the flowering
beginning
in 2017
andin
the
sampling
was
a few
days after the
end of the
along
the study
period
both
years,period
defined
bymaintained
the flowering
phenological
stage
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The highest daily B. cinerea airborne conidia concentrations were recorded in midMay in 2017, with concentrations of 319 spores/m3 on 16 May followed by 288 spores/m3
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considered grapevine varieties. We started sampling some days in advance to the flowering
beginning in 2017 and the sampling period was maintained a few days after the end of
flowering in the case of 2018, since phenological events are not exactly simultaneous in all
plants of the vineyard.
The highest daily B. cinerea airborne conidia concentrations were recorded in midMay in 2017, with concentrations of 319 spores/m3 on 16 May followed by 288 spores/m3
on 13 May. These concentrations were detected in the first fortnight of May, coinciding
with an important increase in mean temperature of 9 ◦ C, from the 13.6 ◦ C detected on 13
May to 22.4 ◦ C on 16 May, and a humid period after a continuous-rain period that occurred
from 9 to 13 May (Figure 4). In the case of 2018, we detected two main periods with the
highest daily B. cinerea concentrations, from 12–15 June, in which the maximum peak was
detected on 13 June with 495 spores/m3 , and 28–29 June, both days with a concentration of
446 spores/m3 . During the first peak, we also detected an increase in temperature, rising
from 16.9 ◦ C on 12 June to 19.4 ◦ C on 15 June, and a previous period of continuous rain,
from 4 to 11 June. During this rainy period, the high humidity conditions also enhanced the
presence of airborne conidia increasing their atmospheric concentration. The temperature
increase continued over the study period, until the maximum values of 26.6 ◦ C mean
temperature and 35.7 ◦ C maximum temperature on 24 June. From this point, temperature
decreased and stabilized around 20 ◦ C mean temperature, from 25 June to the end of the
study period, when the second peak was detected, from 28–29 June. Additionally, a humid
period was also detected, since a slight rain occurred on 29 June with 1.2 L/m2 (Figure 4).
3.2. Statistical Analysis of the Influence of Meteorological Conditions
Weather conditions are an important environmental factor that affect B. cinerea airborne particle transport and germination process. We statistically analyzed the influence
of meteorological conditions on the airborne levels of the pathogen’s conidia and protein
particles by means of a Principal Component Analysis (PCA) for each studied year. The
PCA analysis for 2017 between the main meteorological variables with airborne conidia
and protein concentrations, extracted three Principal Components (PC) that accounted for
the 78.85% of the variance of the data (Table 1). The first component (PC1) explained the
41.19% of variance and it grouped the protein concentrations with mean and maximum
temperatures, showing the influence of these thermal variables on airborne protein concentrations and the germination process. The second component (PC2), which explained
the 24.35% of variance, included the meteorological variables of minimum temperature,
relative humidity, dew point and rainfall. Finally, the third component (PC3) grouped
the conidia concentrations with wind speed, explaining the 13.31% of variance (Figure 5).
The 2018 PCA also extracted three Principal Components that accounted for the 78.71%
of data variance (Table 2). The first component (PC1) explained the 47.07% of variance
and grouped the temperature-related variables of mean and maximum temperatures with
relative humidity and dew point. The second component (PC2) explained the 19.37% of
variance and grouped the minimum temperature with rainfall and wind speed. In the third
component (PC3), which explained the 12.28% of total variance, there were grouped the
airborne conidia and protein concentrations with an inverse influence as the coefficient’s
sign indicated (Figure 6).
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Table 1. Principal Component Analysis coefficients for 2017 and factor loadings of the considered
variables. In bold, the largest correlation coefficient for each variable.
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conidia, we found the strongest correlations (p ≤ 0.01) with protein concentration of 6 days
before, mean temperature of 6 and 7 days before, maximum temperature of 6 days before,
minimum temperature of 5 and 6 days before, dew point of 5 and 6 days before, rainfall
of 3 and 4 days before and wind speed of 6 days before (Table 3). Regarding the protein
concentrations, we found the strongest correlations with mean temperature of 3 days be-
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conidia, we found the strongest correlations (p ≤ 0.01) with protein concentration of 6 days
before, mean temperature of 6 and 7 days before, maximum temperature of 6 days before,
minimum temperature of 5 and 6 days before, dew point of 5 and 6 days before, rainfall
of 3 and 4 days before and wind speed of 6 days before (Table 3). Regarding the protein
concentrations, we found the strongest correlations with mean temperature of 3 days
before, maximum temperature of 3 and 4 days before, relative humidity of the same day,
and dew point of 3 days before (Table 4). Based on the obtained Spearman’s correlations,
we obtained a significant regression model that represents a significant relation between B.
cinerea airborne conidia and protein concentrations, able to explain 40% of protein data
variability, with a F-value 8.470 (df 3, 31) (Table 5). The selected independent variables
in the regression equation were the airborne conidia concentrations, relative humidity
and dew point of four days before. We found a negative statistical influence of both
water-related variables, relative humidity and dew point of four days before, on airborne
protein concentrations, as their negative coefficients showed. Despite the obtained model
being trained with a dataset obtained from a short time period, from 4 May to 11 June
in 2017, it provided a valuable predictive ability of 40% of the objective data. The 2018
dataset, from 1 to 30 June in 2018, was used for model validation and not included for
model development (Figure 7). According to the statistical t-test applied on 2018 data, we
did not find statistically significant differences between real and forecast values of protein
concentrations at 95% confidence level (p-value 0.118) (Table 6).
Table 3. Spearman’s correlation coefficients between airborne conidia concentrations and the considered aerobiological and meteorological variables.
Variables

Spearman R

Variables

Spearman R

Protein
Protein—1
Protein—2
Protein—3
Protein—4
Protein—5
Protein—6
Protein—7

0.202
0.011
−0.424 **
−0.232
−0.137
0.242
0.545 ***
0.077

Relative Humidity
Relative Humidity—1
Relative Humidity—2
Relative Humidity—3
Relative Humidity—4
Relative Humidity—5
Relative Humidity—6
Relative Humidity—7

0.041
0.075
0.348 **
0.305 *
0.227
0.034
−0.213
0.004

Mean Temperature
Mean Temperature—1
Mean Temperature—2
Mean Temperature—3
Mean Temperature—4
Mean Temperature—5
Mean Temperature—6
Mean Temperature—7

0.277
0.178
−0.094
−0.205
−0.055
0.316 *
0.584 ***
0.498 ***

Dew Point
Dew Point—1
Dew Point—2
Dew Point—3
Dew Point—4
Dew Point—5
Dew Point—6
Dew Point—7

0.365 **
0.363 **
0.186
0.036
0.237
0.447 ***
0.489 ***
0.386 **

Max. Temperature
Max. Temperature—1
Max. Temperature—2
Max. Temperature—3
Max. Temperature—4
Max. Temperature—5
Max. Temperature—6
Max. Temperature—7

0.202
0.130
−0.190
−0.299 *
−0.206
0.204
0.526 ***
0.407 **

Rainfall
Rainfall—1
Rainfall—2
Rainfall—3
Rainfall—4
Rainfall—5
Rainfall—6
Rainfall—7

−0.119
−0.117
0.149
0.453 ***
0.442 ***
0.133
−0.143
−0.077

Min. Temperature
Min. Temperature—1
Min. Temperature—2
Min. Temperature—3
Min. Temperature—4
Min. Temperature—5
Min. Temperature—6
Min. Temperature—7

0.199
0.290 *
0.118
−0.021
0.351 **
0.444 ***
0.511 ***
0.319 *

Wind Speed
Wind Speed—1
Wind Speed—2
Wind Speed—3
Wind Speed—4
Wind Speed—5
Wind Speed—6
Wind Speed—7

0.103
−0.051
0.024
0.106
−0.029
−0.332 *
−0.480 ***
−0.254
Significance was considered as p ≤ 0.1 * significant, p ≤ 0.05 ** very significant, p ≤ 0.01 *** highly significant.
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Table 4. Spearman’s correlation coefficients between airborne protein concentrations and the considered aerobiological and meteorological variables.
Variables

Spearman R

Variables

Spearman R

Spores
Spores—1
Spores—2
Spores—3
Spores—4
Spores—5
Spores—6
Spores—7

0.202 **
−0.018
−0.322 *
−0.258
−0.315 *
−0.230
0.036
0.038

Relative Humidity
Relative Humidity—1
Relative Humidity—2
Relative Humidity—3
Relative Humidity—4
Relative Humidity—5
Relative Humidity—6
Relative Humidity—7

−0.444 ***
−0.325 *
0.003
0.239
0.171
−0.020
−0.228
−0.018

Mean Temperature
Mean Temperature—1
Mean Temperature—2
Mean Temperature—3
Mean Temperature—4
Mean Temperature—5
Mean Temperature—6
Mean Temperature—7

0.283 *
0.229
−0.237
−0.519 ***
−0.407 **
−0.129
0.186
0.106

Dew Point
Dew Point—1
Dew Point—2
Dew Point—3
Dew Point—4
Dew Point—5
Dew Point—6
Dew Point—7

−0.059
−0.161
−0.334 **
−0.502 ***
−0.339 **
−0.048
0.102
0.173

Max. Temperature
Max. Temperature—1
Max. Temperature—2
Max. Temperature—3
Max. Temperature—4
Max. Temperature—5
Max. Temperature—6
Max. Temperature—7

0.341 **
0.302 *
−0.193
−0.431 ***
−0.442 ***
−0.088
0.205
0.076

Rainfall
Rainfall—1
Rainfall—2
Rainfall—3
Rainfall—4
Rainfall—5
Rainfall—6
Rainfall—7

−0.187
−0.177
−0.075
0.266
0.157
0.010
−0.325 *
−0.017

0.038
Wind Speed
−0.131
−0.054
Wind Speed—1
−0.108
−0.287 *
Wind Speed—2
−0.022
−0.368 **
Wind Speed—3
0.118
−0.307 *
Wind Speed—4
0.082
0.010
Wind Speed—5
0.080
−0.006
Wind Speed—6
−0.281
0.121
Wind Speed—7
0.059
Significance was considered as p ≤ 0.1 * significant, p ≤ 0.05 ** very significant, p ≤ 0.01 *** highly significant.
Min. Temperature
Min. Temperature—1
Min. Temperature—2
Min. Temperature—3
Min. Temperature—4
Min. Temperature—5
Min. Temperature—6
Min. Temperature—7

Table 5. Multiple lineal regression parameters of the developed prediction model for airborne protein concentrations.
R = 0.6712

R2 = 0.4505

Adjusted R2 = 0.3973

F (3,31) = 8.4704

p < 0.0003

Std. Error of Estimate: 0.0319

N = 35
Intercept
RH
DewP −4
Spores

Beta

Std. Err. Beta

−0.3652
−0.4531
0.4231

0.1352
0.1407
0.1388

B
0.4471
−1.529 × 10−3
−7.130 × 10−3
2.409 × 10−4

Std. Err. B
0.0458
0.0006
0.0022
0.0001

t(31)
9.7642
−2.7006
−3.2197
3.0484

p-level
0.0000
0.0111
0.0030
0.0047

RH: relative humidity; DewP -4: dew point of four days before; Spores: airborne B. cinerea conidia concentration. B: regression equation
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Table 6. T-test for dependent samples between real and forecast values of airborne protein concentrations in 2018. Marked differences are significant at p < 0.05.

Variable
Protein 2018

Mean
0.266

Std. Dv.
0.034

N

Diff.

Std. Dv. Diff.

t

df

p
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Table 6. T-test for dependent samples between real and forecast values of airborne protein concentrations in 2018. Marked differences are significant at p < 0.05.
Variable

Mean

Std. Dv.

N

Diff.

Std. Dv. Diff.

t

df

p

Protein 2018
Forecast 2018

0.266
0.282

0.034
0.038

29

−0.016

0.052

−1.614

28

0.118

4. Discussion
The identification of new biosensors to detect the risk of plant diseases is a subject of
special importance at present time, since the changes on the global climate system have
also a significant impact on the distribution of crop pest and diseases. An alteration of their
frequency and severity with a high variability, depending on the crop-pest system and the
geographical area, is projected. Impacts caused by climate change on agroecosystems were
assessed, studying a wide range of regions and crops. These studies show that negative
impacts on crop yields was more common than positive impacts [33]. Among the different
crop species, the vine was widely studied in relation to climate change due to its high
sensitivity to climatic conditions, with a special interest since their cultivation areas are
enclosed in Mediterranean climate regions, which are important biodiversity sources at
global scale [34–36]. The temperature increase is expected to promote higher development
and reproductive rates of plant pathogens, therefore an increase in crop disease severity is
estimated [37]. Additionally, variations in rainfall occurrence and their intensity, can favour
fungal and bacterial species since infection, sporulation and dispersal processes of many
of these species depends on humidity, increasing their occurrence as humidity periods
increase [38,39]. Different crop-disease combinations could become problematic depending
on the considered area, increasing the failure risk of current and future crop-protection
strategies [37,40]. The prediction of crop-pest relationship evolution is an essential issue to
achieve a stable crop production in the future based on sustainable strategies for crop and
disease management [40].
Several warning systems for B. cinerea have been developed for some crop systems,
based on conditions highly conducive to conidia germination and host penetration for
disease development [41]. Current knowledge on conidia behaviour is mainly based
on interpreting germinative growth during artificial inoculation, in which the plants are
sprayed with conidia suspensions, supplemented in some cases with nutrients to increase
the possibility of tissue penetration otherwise resistant to infection [42]. The present
study provides valuable information about germination process of this pathogen in field
conditions. Our study allows determining the influence of the main environmental factors
and supplies the use of airborne protein concentrations as an indicator of the disease
development stage and severity of fungal outbreak. The combination of immunological
techniques and aerobiological monitoring improves the disease detection limit, increasing
the sensitivity towards B. cinerea fungal material, what supposes an improvement of the
effectiveness of epidemiological models based on meteorological and airborne conidia
concentrations.
We observed the strong influence of meteorological conditions on fungal pathogen development, since we observed variations on B. cinerea airborne conidia related with weather
conditions. The highest daily B. cinerea airborne conidia concentrations were recorded
during periods with favourable temperature and humidity conditions for the fungus in
both years. These optimum conditions were detected during a temperature-increase period
that ranged the optimum 20–22 ◦ C mean temperature, considered as optimal temperature
for fungal sporulation, conidia germination and infection development [43–45]. Furthermore, the fungus wetness requirement of relative humidity higher than 95% [46] was also
reached during this period, since the high conidia concentrations were recorded just after
a continuous and abundant rain period. In the case of 2018, we also detected the highest
B. cinerea conidia concentrations coinciding with favourable conditions for fungus development. During the two identified peak periods, we recorded mean temperature values
around 20 ◦ C, and a previous period of continuous rainfall that could increase the relative
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humidity levels, reaching the fungus wetness requirement. In addition to meteorological
conditions favourable for plant infection and the presence of the pathogen, a susceptible
phenological stage of the host is required for the occurrence of any plant disease. According to this, we considered the flowering (S6—BBCH scale) as one of the most vulnerable
grapevine phenological stages to B. cinerea infection. For the Ribeiro PDO vineyard area,
González-Fernández et al. [16] previously found that the highest airborne conidia levels
are usually recorded near to the flowering phenological stage, thus indicating a higher
activity and fungal development in this period. The bioclimatic indicator developed for
this pathogen based on the Magarey model, gave as a result that the flowering stage is one
of the most susceptible stages to infection [16].
Considering the applied statistical analysis, the PCA applied on 2017 data correlated
in the first component the airborne protein concentrations with mean and maximum temperatures. This relation shows the influence of temperature on the germination of B. cinerea
conidia, which is a complex process with specific requirements to occur, within a range of
temperature and relative humidity [44]. Our study detected that raises in protein levels
coincided with the increase in airborne conidia concentrations as well as an increase of
mean temperature in 2017. Chen and Hsieh [47] found a thermal range for germination
of B. cinerea conidia of 16 to 28 ◦ C, what agree with Latorre and Rioja [48] who pointed
out an optimum temperature of 20 ◦ C for conidia germination. Similar values were found
in the studied vineyard, with and average mean temperature of 18.13 ◦ C and an average
maximum temperature of 25.71 ◦ C during the entire considered flowering period in 2017.
In the third component, the 2017 PCA grouped the B. cinerea conidia concentrations together with wind speed, which reflects the dispersion effect of wind on Botrytis species
propagules, being the predominant dispersal mechanism of these dry conidia [42]. The
2018 PCA indicated a statistical relationship between airborne conidia and protein concentrations, grouped in the third component with an inverse relation. This correlation
could reflect the inhibitory effect of high conidia concentrations on conidia germination
reported for B. cinerea and other fungal species [49–51]. Scharrock et al. [52] reported the
production of inhibitors for B. cinerea fungal growth and germination at concentrations up
to 1 × 106 conidia/mL threshold as part of the self-inhibition strategy. We observed this
effect during the development of the standard curve in the first point of highest conidia
concentration, with a value of 6.79 × 105 conidia/mL. The obtained equation of logarithmic
adjust shows this inhibitory effect, since the highest conidia concentration values didn’t
generate a notable increase in absorbance from a certain value, tending to the curved part
of the logarithmic function (Figure 3). Nassr and Barakat [31] also found similar results in
their study of different factors affecting B. cinerea conidia germination, since they observed
the formation of conidia clots and loss of germination ability at concentrations above
4 × 105 conidia/mL. Regarding the Spearman’s correlation test, the correlations found for
airborne conidia were mainly with temperature variables and wind speed of the 5-6-7 days
before, and water-related variables (relative humidity and rainfall) of the 2-3-4 days before.
These findings reinforce the obtained results by means of the PCA analysis, and agree
with the stated by other authors who pointed out the seven-days period as required for
fungal sporulation [15,53]. In the case of the protein concentrations, we found that most of
significant correlations coincided on the 3 to 4 days before, mainly of mean, maximum and
minimum temperatures, and dew point. We also found a strong correlation with relative
humidity of the same day. This period of three to four days agrees with the indicated
period by González-Fernández et al. [16], who found a period between four to six days
(depending on the phenological stage under propitious meteorological conditions) for
conidia germination and plant infection since the detection of conidia presence.
In many patho-systems, infection develops in the presence of a film of water on
susceptible plant tissues. The role of water and nutrients in germination have been long
recognized, however the pathogen is also able to infect plant tissues without a film of
water on plant surfaces [41,54,55]. Several authors pointed out that B. cinerea infections
occur under high relative humidity conditions with values higher than 90% [43,46,56,57].
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This humidity requirement can be met due to the occurrence of rain, drizzle or mist that
can produce condensation on vine bunches or other plant surfaces. Moreover, water
condensation because of evapotranspiration can be enough to initiate conidia germination
and plant infection under field conditions [48]. In addition to the role of water, exogenous
nutrients are a key factor required for conidia germination and the subsequent infection
process [41]. During flowering, the pathogen uses pollen and sugary compounds produced
by the plant for conidia germination, such as sugary stigmatic fluids secreted for the growth
of the pollen tube [23,42]. The negative statistical influence of water-related variables on
germinative protein concentrations detected in the regression model could be explained by
the relevance of nutrient’s presence for conidia germination, since condensed water can
produce a dilution or wash of nutrients in sugary solutions from plant surfaces. Elad and
Yunis [58] demonstrated that nutrients enhance B. cinerea conidia germination, since they
found that washing off nutrients led to a decrease in disease incidence. They found that no
infection occurred when cucumber fruits were inoculated with B. cinerea conidia and no
nutrients were applied, as well as a reduction of 21% infection in petal-bearing fruits that
were washed before inoculation with respect to those which were not washed.
5. Conclusions
The main objective of immunodetection of the pathogen Botrytis cinerea was achieved,
with an approximation to quantification by means of the developed standard curve. Our
results contribute to the obtaining of new tools towards the detection of possible diseases
in widely used crops such as Vitis vinifera, since this study is one of the first attempts
in which immunological techniques were extrapolated to wine-growing field conditions.
Additionally, we detected a statistically-significant influence of different meteorological
variables on atmospheric B. cinerea conidia concentrations and its possible relation with
germination process. Airborne spore concentrations have been widely used for potential
infection risk on aerobiological studies, and it could be complemented with the quantification of germinative material suspended into the aerosol as this indicates the exposition of
plants to the real infective ability of the pathogen.
The obtained immune-enzymatic method supposes a fast sample processing that can
reveal the germinative material atmospheric load on the vineyard atmosphere. After the
initial outlay on reagents and antibodies for the implementation of these immunological
techniques, the cost is largely amortized since a single ELISA plate can analyze a large
number of daily samples, always using the same reagents. Furthermore, rapid detection of
B. cinerea in samples could be evaluated by using LFD (Lateral Flow Device) tests which
are available for the optimizing of economic cost, as used in other pathosystems. The
sensitivity offered by the applied ELISA analysis allows identifying with great accuracy
the protein load of the atmosphere at a given moment, knowing the levels of germination
and driving conditions. These data are much more accurate than approximations based
only on weather forecasts for disease management. Furthermore, the combination of these
techniques with the aerobiological monitoring lead to a more reasoned treatment schedule
due to the detection of the main fungal outbreaks, improving the effectiveness of the
applied phytosanitary treatments and reducing the fungicide costs.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11071441/s1, Table S1: Data of airborne B. cinerea conidia concentrations (Spores, in
spores/m3 ), protein concentrations (Protein, in ng/m3 ), mean temperature in ◦ C (Tmean) and rainfall
in L/m2 (Rain) during the study period in 2017. Table S2: Date of start and end of the phenological
stages 61, 65 and 69 (BBCH scale) of the considered grapevine varieties ‘Treixadura’, ‘Godello’,
‘Loureira’ and ‘Albariño’ in 2017. Table S3: Data of airborne B. cinerea conidia concentrations (Spores,
in spores/m3 ), protein concentrations (Protein, in ng/m3 ), mean temperature in ◦ C (Tmean) and
rainfall in L/m2 (Rain) during the study period in 2018. Table S4: Date of start and end of the
phenological stages 61, 65 and 69 (BBCH scale) of the considered grapevine varieties ‘Treixadura’,
‘Godello’, ‘Loureira’ and ‘Albariño’ in 2018. Table S5: Data of B. cinerea airborne protein concentrations
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of 2018 (Protein), and forecast values for the same year obtained from the developed regression
model (Estimated). Protein values are expressed in ng/m3 .
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