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Abstract: Biological management techniques act as a promising and sustainable alternative to alleviate
pathogen-induced losses, improve ecosystem functions, and reinforce the resilience of agricultural
systems. Lebanese squash production has been threatened by powdery mildew disease caused by
the fungus Podosphaera xanthii. Very few studies, even unpublished ones, stress the evaluation of
biological control approaches in the Lebanese agriculture sector. Here, we have aimed to evaluate
the effect of five safe biological treatments (olive soap, sodium bicarbonate, garlic extract, horsetail,
and compost tea) in the management of powdery mildew on Lebanese squash in organic open field
conditions. Plants were treated after the first spots of powdery mildew appeared on leaves. We then
examined the leaves to evaluate disease incidence and severity, and to compare the ability of the
five treatments to reduce powdery mildew disease and incidence, in comparison with the untreated
control. Plants treated with sodium bicarbonate and garlic extract were the least affected by powdery
mildew regarding disease incidence and severity, while tea compost proved to be the least effective
product. Organic management of vegetable crops is extremely important in order to ensure global
food security and reduce pesticide applications.

Keywords: alternative control measures; climate resilience; Lebanon; organic agriculture; organic
pathogen control; powdery mildew; sustainable agriculture

1. Introduction

In the 21st century, climate change has been a crucial challenge favoring biological
invasion and threatening social and ecological development worldwide [1]. Human activ-
ities over the past 50 years have led to extreme and unpredictable variations in weather
patterns such as temperature and rainfall levels. The average global temperature is rising
by almost 0.8 °C per year, and is expected to increase further to reach an approximate
value between 0.9 and 3.5 °C by 2100 [2]. According to the consensus of climate models,
the Eastern Mediterranean region, including Lebanon, will warm at a rapid rate, which
can raise the global temperature average by 1.3 to 2.7 °C and favor plant diseases [3,4].
In addition, annual precipitation levels will decrease by approximately 10 to 20% by the
2050s [5]. There has also been a dramatic increase in the concentration of greenhouse gases
(GHG) in the atmosphere [6], particularly of atmospheric CO,, which has increased by
almost 30% in the last few decades [7]. In general, agriculture is vulnerable because it is
greatly influenced by climatic variations [8] and subject to crop pests and diseases [5,9].
However, this sector is itself considered a potential contributor to climate change, because
it accounts for 24 to 30% of global GHG emissions [10-12].

Almost 40 to 50% of the global food supply is actually lost through crop pests and
diseases. In terms of climate change, extreme temperatures and rainfall variations are
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significant factors that decisively control the distribution of ectotherm organisms and
the survival of pests and pathogens. Precipitation variations can have major effects on
crop—pathogen interactions because plant pathogens are favored by warm conditions and
flourish under humid conditions [13]. Global warming also enhances the overwintering,
development, and dispersal potential of pests and pathogens, which ultimately results in
extreme disease severity, causing huge yield losses [14].

Accordingly, the proliferations of disease pressure and pest populations under high
temperatures have led to the over-use of fungicides and insecticides in pest management
techniques (i.e. higher amounts, doses, and frequencies than those recommended), so
that pests and fungi have developed resistance to these agrochemicals. Further, the rise
in temperature can also reduce the efficacy of particular pesticides. For instance, the toxic
effects of bifenthrin and lambda-cyhalothrin (pyrethroids) and of spinosad (spinosyn)
declined as the post-exposure temperature rose in [13].

Powdery mildew is a serious fungal disease worldwide, attacking Cucurbitaceae such
as melon and zucchini. On the latter, it is caused by Podosphaera xanthii, previously known
as Sphaerotheca fuliginea and Sphaerotheca fusca [15]. This disease is a considerable problem
in Mediterranean countries, where it causes severe losses of crops grown in open fields
and in greenhouses. The disease is generally controlled in commercial cucurbit crops via
frequent applications of fungicides; however, heavy fungicide application has led to the
development of resistant Podosphaera xanthii populations that can no longer be controlled by
fungicides [16], and has also raised public concerns about contamination of the ecosystem.
Therefore, there is great interest in the development of organic control strategies (using
natural extracts or mixtures) that stimulate host plant defense mechanisms with the aim
of mitigating and enhancing plant resilience to climate change [17,18] in a sustainable
way [19]. For instance, the antimicrobial allicin, extracted from garlic (Allium sativum),
is extremely active against a broad range of phytopathogenic organisms in vitro and in
planta [20]. Successful trials and experiments using garlic sprays containing allicin confirm
its effectiveness in treating plant diseases [21]. In addition, the bioactive element silicon
(5i) contained in horsetail, (Equisetum arvense L.), reduces the toxic effect of water excess
on plants that stimulates fungal disease development, and Equisetum arvense decoction
exhibits highly effective anti-sporulation activity [22]. Moreover, compost tea, as described
in various studies, has been efficient in controlling leaf diseases caused by powdery mildew,
with a similar effect on conventional fungicides [23]. Furthermore, the bicarbonates widely
used in the food industry [24] have been assessed for their ability to control plant pathogens.
Sodium, potassium, and ammonium bicarbonates have been found to suppress several
fungal diseases, particularly in greenhouse-grown cucumbers [25]. Mixed with any botan-
ical extract, olive soap is usually used as wetting agent to facilitate the dispersion and
penetration of each water-based treatment. As such, the latter is more effective and less
sensitive to leaching. Therefore, this study investigates the effectiveness, under open-
field conditions, of various natural products, including garlic extracts; horsetail extracts;
aerated compost tea; olive soap (mixed with these natural products and used alone to
elicit its potential fungal effect on the studied biotic stress); and sodium bicarbonate, as
promising and sustainable treatments for powdery mildew in Lebanese squash within
organic agriculture (OA) systems. According to the Research Institute of Organic Agri-
culture (www.fibl.com access on 10 November 2021), the average organic area in Lebanon
is estimated to be close to 1300 ha for a period of 5 years (2015-2019), while the average
organic area of vegetables fruits is around 20 ha over all of the country for the same period.
According to the Lebanese Ministry of Agriculture (http://www.agriculture.gov.Ib access
on 30 December 2021), squash constitute the third vegetable—fruit crop (14.20%), after toma-
toes and cucumbers, in terms of cultivated area in 2009 (there is a lack of available, updated
and reliable agricultural statistics, which are still needed in the country). This study has
practical implications and supports Lebanese farmers for appropriate and efficient organic
control strategies of pathogens, and could prompt them to rely on their traditional skills
and knowledge to control pests and diseases (i.e., preparation of botanical extracts), while
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enhancing the resilience and adaptation of OA systems to climate change. Furthermore, the
added value of the present research is that it enriches the scientific literature on sustainable
agriculture, which is particularly required by Lebanese local growers and the scientific
community. Organic control strategies should be further encouraged in this country suf-
fering the effects of climate change as it aims to preserve soil fertility, biodiversity, and
ecosystem functions.

2. Material and Methods
2.1. Field Experiment Conditions

The experiment was carried out at the Kleinat-Keserwan (LARI-K) station of the Lebanese
Agricultural Research Institute (33.97 N, 35.71 E), where the climate is characterized
by cold snowy winters and cool humid summers. The field plot was organic-certified
(Supplementary Files S1 and S2), and was protected by Cypressus trees, on two boundaries,
that serve as a buffer zone (Figures 1 and 2). The experiment took place on around an
area of 150 m?. The weather station at LARI-K recorded the climatic data throughout the
2 months of the experiment. The average minimum and maximum temperatures measured
were 17.28 °C and 25.25 °C, respectively. The average minimum and maximum humidity
levels were 61.49% and 84.85%, respectively. The recorded solar radiation was, on average,
271.86 W/m?. Consequently, the correspondent humidity and temperature levels favored
the development of powdery mildew [26].

Figure 1. An overview of the experimental field.

Prior to planting, soil testing revealed a sandy clay loam texture without any mineral
deficiency, thus, providing optimum conditions for zucchini growth and development.
According to the climatic conditions, the irrigation process was scheduled every 2 to 3 days,
using perforated pipes every 40 cm. In addition, compost tea was used here as an organic
amendment and applied during one of every 2 irrigation water applications. The crops
were not treated chemically because LARI-K is intended only for organic farming. The
experiment began on 17 May 2018 and continued until 31 July 2018, when spot counting
was performed. The climatic data were recorded constantly by the LARI-K weather station.
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2.2. Field Experiment Treatments

Organic olive soap (Treatment A): Two hundred grams (200 g) of organic olive soap
were finely chopped and dissolved in 2 L of water, then added to 8 L of water at the
pulverization stage.

Figure 2. A close-up of the experimental field.

Sodium bicarbonate mixed with organic olive soap (Treatment B): One hundred grams
(100 g) of sodium bicarbonate powder (Oxy Med) were weighed and mixed with 8 L of
potable water. Then, 2 L of water with 200 g of organic olive soap was added to the mixture
to spray directly on plants.

Organic garlic extract mixed with organic olive soap (Treatment C): One kilogram of
dry organic garlic (Allium sativum) was peeled, and then chopped using an electric mixer.
Subsequently, it was added to a container containing 8 L of potable water. The mixture was
warmed over a low heat for 5 min, and then cooled to room temperature for about 10 min
in order to be filtered in the sprayer. Lastly, 2 L of water with 200 g of organic olive soap
was added to the mixture to spray directly on plants.

Natural horsetail plants mixed with organic olive soap (Treatment D): Two hundred
and fifty grams (250 g) of dry horsetail (Equisetum arvense) from the shores of a lake near
LARI-K were washed and cut into small pieces, then added to a container containing 8 L
of drinking water. The mixture was warmed over a low heat for almost 30 min, then left
to cool for 12 h at room temperature. After this, the mixture was drained using a filter
to obtain a concentrated solution of horsetail, and 5 L of this solution was added to 3 L
of potable water. Lastly, 2 L of water with 200 g of organic olive soap was added to the
mixture to spray directly on plants.

Organic compost tea mixed with organic carob molasses (Treatment E): Fifty liters
(50 L) of potable water, 2 kg of organic fertilizer (certified organic chicken manure from
southern England), and 250 mL of organic carob molasses were mixed in a container
and oxygenated for half an hour using an active oxygen pump. The container remained
completely covered for 24 hours before spraying. This fermented liquid contained both
soluble nutrients and living microorganisms. Lastly, 1 L of the final solution was poured
into 9 L of potable water to form a solution for direct spraying onto plants.
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2.3. Experimental Setup

In this experiment, ninety squash plants (Cucurbita pepo) of the cv Julienne, a variety
with extremely small fruits, were planted in three blocks according to the randomized
complete block design (RCBD), where three replications of each treatment applied were
performed. The six treatments, as prepared and described above, were divided into 3 blocks
(Figure 3). Each treated section comprised five squash plants sprayed for the first time (i.e.,
when the first white powdery spots appeared) on 3 July 2018, then once a week on 10, 17,
and 24 July 2018.

Block I: Replication 1

Block II: Replication 2

Block III: Replication 3

Legend:

l: Squash plants treated with organic olive soap

B: Squash plants treated with sodium bicarbonate mixed with organic olive soap

C: Squash plants treated with organic garlic extract mixed with organic olive soap

D: Squash plants treated with natural horsetail plants mixed with organic olive soap
l: Squash plants treated with organic compost tea mixed with organic carob molasses
F: No treatment/Control

Figure 3. Randomized complete block design.

2.4. Disease Evaluation

Three plants per treatment were randomly selected during the fourth week after the
appearance of the first spots on the leaves and were examined to determine the disease
incidence and the disease severity. Disease incidence was calculated as the percentage
of infected plants, whereas disease severity was assessed by rating the symptoms of the
leaves according to an empirical scale covering 8 categories, from 0 (sound leaves) to 7
(more than 75 percent of the leaf area affected by the pathogen). The scale values were
used to compute the infection index [27], expressing the weighted average of the disease
severity as a percentage of the possible maximum level of disease (100%). Therefore, for
each treatment, the disease severity (DS) and its incidence (DI), expressed in %, were
calculated [27] according to the equations, as presented in the Supplementary File S3 (see
in the Supplementary Materials). Furthermore, a comparison between the efficacy of the
treatments implemented (A, B, C, D and E) and the control treatment (F), based on the
reduction in severity and incidence of powdery mildew on squash plants, was performed
throughout this research study. The reduction percentage of powdery mildew disease
severity and incidence as compared to the untreated control were calculated, as reported in
the Supplementary File S3 [26].
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2.5. Statistical Analysis

The data were subjected to the two-way analysis of variance, and when significant, the
means were compared to 5% using Tukey’s test. In addition, IBM SPSS statistics software
(version 23, 2018) was used for all statistical analyses.

3. Results
3.1. Effects of Treatments on Disease Incidence and Disease Severity

The incidence and severity of the powdery mildew varied between the different
treatments, ranging from small powdery white spots on some leaves of the plant, to severe
infection of most squash plants. Among all the different organic treatments, the analysis of
variance demonstrated a significant statistical difference between the means of the disease
incidence, and a very high significance among the means of the disease severity.

Regarding the disease incidence, the post hoc Tukey’s Honest Significant Difference
(HSD) test divided the population of treatments into three homogenous subsets (Figure 4).
Therefore, the plants treated with sodium bicarbonate (Treatment B) were the least affected,
whereas the non-treated plants were the most affected by the attack of the powdery mildew,
based on disease incidence.
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Figure 4. Incidence of powdery mildew on squash plants of the cv Julienne. Values marked with the
same letters (a, ab, bc, c) are not statistically different, according to the Tukey’s HSD test (p < 0.05).

Concerning disease severity (Figure 5), the post hoc Tukey’s HSD test also showed
that the sodium bicarbonate mixed with organic olive soap was able to effectively control
the powdery disease on squash. There was no statistical difference between the sodium
bicarbonate mixed with organic olive oil or the organic garlic extract mixed with organic
olive soap (p = 0.47), nor between the others treatments and the control (p = 0.19). Thus, the
plants treated with sodium bicarbonate (Treatment B) and garlic extract (Treatment C) were
the least affected by powdery mildew infection based on disease severity.

3.2. Effects of Treatments on the Reduction in Disease Incidence and Disease Severity

Figures 6 and 7 show the distribution of the various organic treatments according
to their effectiveness in terms of the reduction in disease incidence and disease severity,
compared to the untreated control, in the management of powdery disease on squash.
Among all treatments, sodium bicarbonate mixed with organic olive soap was the most
effective treatment in protecting squash plants, with a reduction in powdery mildew inci-



Sustainability 2022, 14, 2811

7of 11

dence and severity. The garlic extract mixed with organic olive soap resulted as the second
most effective treatment. Furthermore, the natural horsetail extract mixed with organic
olive soap, the organic olive soap, and the organic compost tea mixed with organic carob
molasses are classified as the third, fourth, and fifth most effective treatments, respectively.
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Figure 5. Severity of powdery mildew on squash plants of the cv Julienne. Values marked with the
same letters (a, b) are not statistically different, according to the Tukey’s HSD test (p < 0.05).
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Figure 6. Reduction in powdery mildew incidence on Lebanese squash, cv Julienne, as affected by
the different organic treatments.
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Figure 7. Reduction in powdery mildew disease severity on Lebanese squash, cv Julienne, as affected
by the different organic treatments.

4. Discussion

Pests and pathogens thrive and proliferate during long growing seasons in warm
climates [28]. Fungal diseases, particularly powdery mildew, are among the most important
factors limiting squash yield and causing serious economic losses. Consequently, large
farmers tend to rely on extensive fungicide applications to limit this fungal infection and
minimize their crop losses; however, this involves emissions of harmful gases that further
aggravate climate change, environmental pollution, and human health problems. This
challenging issue should prompt scientists to develop modern, sustainable and efficient
biological products with low environmental toxicity for use against pests and pathogens,
and to encourage their adoption by farmers, in order to enhance food quality and protect
natural resources and the ecosystem.

In this experimental study, sodium bicarbonate was found to be a successful and
sustainable biological alternative that can protect squash crops from powdery mildew
infection. The use of this product in the initial stages of disease, when the first whitish spots
appear, damages the cell wall membrane of the fungal spores, causing them to dry out and
inducing necrosis [29]. Subsequently, the death of Sphaerotheca fuliginea (Sf) spores inhibited
the spread of infection, and thus, resulted in low values of disease severity (27.43%) and
incidence (48.04%). Our results are in line with other similar studies [30,31]. The first
of these [30] applied various polymers and an aqueous solution of sodium or potassium
bicarbonate to control powdery mildew on cucurbits. Their results demonstrated that
sodium bicarbonate was the most effective treatment and stopped any Sf infection in
plants. In addition, the second study [31] observed that sodium bicarbonate limited the
development of powdery mildew on Craterostigma pumilum by 71.42%. Another study
evaluated the effect of two different treatments used to control powdery mildew disease in
cucurbits: monopotassium phosphate and potassium nitrate. The results demonstrated
that additional foliar sprays of sodium bicarbonate (1%) had a considerable effect on
suppressing powdery mildew colonies on infected foliage [29,32].

Furthermore, allicin from garlic extract is known for its effective antifungal activity [19],
and in this study, the garlic extract actively inhibited powdery mildew spore development
and spread, thus limiting disease development. The effectiveness of allicin has been also
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demonstrated by Seo, who found that garlic extract reduced Sf on cucumbers by 74% when
studied in vivo [33].

On the other hand, horsetail extract delayed the development of powdery mildew
symptoms on plants, but without completely stopping disease development. In fact, Sf
was able to resist the effect of horsetail silica, which induces the formation of physical and
chemical barriers [34]. However, these results differ from those of Bélanger et al. [6], who
reported horsetail extract as providing a complete and effective protection for cucumber
plants against Sf infection.

The powdery mildew disease incidence and severity in the experiment conducted at
LARI-K were 50% and 65%, respectively, when the squash plants were treated with organic
olive soap. These results do not correspond to those obtained by Muhanna et al. [35]. The
latter revealed that potassium-based products induce systemic resistance in squash plants
against powdery mildew, and thereby reduce the severity of the disease. This discrepancy
can be explained by the fact that organic olive soap must be applied before the plants
become infected by powdery mildew in order to act effectively [16], whereas organic olive
soap was applied after the onset of the first symptoms during our experimental procedure.

The efficacy of the compost tea was very limited. This limitation matches the results
reported by De Bacco [36] when assessing the effect of compost tea on Podosphaera xanthii
of pumpkin [36]. Certainly, the adoption of biological products to control powdery mildew
disease would reduce management costs for farmers. With the exception of sodium bicar-
bonate (10 US$/Kg), the largest relative reduction in production costs could be obtained
by using garlic extract mixed with olive soap (3 US$/Kg). However, this study does not
evaluate these products in terms of per-hectare yield, overall cost estimates per cropping
system, or farm returns. Ultimately, extension services, scientists, governmental organiza-
tions, and public- and private-sector stakeholders should coordinate their efforts in order
to reinforce this biological approach to pest and disease management—thus reducing the
reliance of agriculture on massive chemical inputs [26]—and also to control the evolving
climate-change-induced diseases, as well as pest threats and invasions, sustainably and
more efficiently.

5. Conclusions

In this study, the biological treatments contain active substances (i.e., allicin in garlic;
silica in horsetail; potassium in olive soap) that can successfully control powdery mildew
on squash plants. As sodium bicarbonate is alkaline (pH above 7), it inhibits and creates an
unsuitable environment for the growth of the fungal pathogen. The results obtained in this
study suggest that sodium bicarbonate can be a safe and effective organic bio-agent for the
control of powdery mildew in squash plants.

The organic management of crop diseases, such as powdery mildew in squash, is
extremely important in order to ensure global food security, to reduce pesticide applications
and GHG emissions, to maintain sustainable production practices, and to minimize the
vulnerability of farmers to the negative impacts of climate change [17,37]. It is imperative to
recognize the importance of using biological alternatives to control crop pests and diseases
without relying solely on chemicals; this is because the biological approach can help to
sustain crop production and maintain farmers’ livelihoods, mitigating the impacts of global
climate change.

Further research is needed in order to comprehensively assess the effectiveness of
different concentrations of the different treatments used in this study and their effectiveness
“in vitro”, and also to give greater recognition to the role of bio-agent compounds for their
worldwide authentication and adaptation for use against plant diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/sul4052811/s1, Supplementary Material Files S1: LARI’s organic
certificate (2017), Supplementary Material Files S2: LARI’s organic certificate (2019), Supplementary
Material Files S3: Equations used for parameters evaluation.
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