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Abstract: Tomato (Solanum lycopersicum L.) isamong the most important vegetable crops worldwide. Early
blight disease, caused by Alternaria solani, is a destructive foliar disease of tomato and other Solanaceae
species. Herein, we investigated the in vitro antifungal properties of gallic acid and two of its derivatives
(syringic and pyrogallic acids) against A. solani during 2019 and 2020 seasons. The physiological and
biochemical effects of these compounds on infected tomato plants were also investigated using the
whole plant bioassay. The in vitro investigation showed that all tested compounds showed fungistatic
action and inhibited the mycelial radial growth of A. solani in a dose-dependent manner. In two
separate pot-experiments, those compounds efficiently suppressed the development of the disease
symptoms and area under disease progress curve (AUDPC), without any phytotoxic effects on the
treated tomato plants. Additionally, all tested compounds positively enhanced the biochemical traits
of treated plants including the chlorophyll content, the total soluble phenolics, the total soluble
flavonoids, and the enzymatic activities of catalase, peroxidase, and polyphenol oxidase during 2019
and 2020 seasons. Moreover, the treatment with gallic acid and its derivatives significantly increased
all yield components of A. solani-infected tomato plants such as the total number of flowers and
fruits, and the fruit yield for each tomato plant in both experiments. Considering the fungitoxicity of
phenolic acids against A. solani with no phytotoxicity on treated tomato plants, we believe that gallic
acid and its derivatives might be a sustainable eco-friendly control strategy to reduce the usage of
chemical fungicides partially or entirely against A. solani particularly, and fungal diseases in general.
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1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most important vegetable crops worldwide and the
second most consumed vegetable crop after potato. Although tomato is considered a tropical plant,
it grows in temperate climates in almost every country worldwide under a broad range of production
systems. In 2017, Egypt was among the top five tomato producing countries after China, India, Turkey,
and the United States [1]. Fresh tomatoes, as a functional food, meet basic nutritional needs of the
human body because it has a conservable amount of minerals, and antioxidant compounds, such as
polyphenols [2,3].
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According to the compendium of tomato diseases and pests, tomato plants might be threatened
by more than 60 phytopathogens, including viruses, bacteria, fungi, and oomycetes, which cause
serious diseases and considerable yield losses [4]. Among these diseases, early blight disease is
considered one of the most destructive foliar diseases of tomato plants and other plant species in the
family Solanaceae, including potato, eggplant, and pepper [4-7]. Early blight disease is caused by the
formal deuteromycetous fungus Alternaria solani (Ellis and G. Martin) Sorauer (recently belonging to
Ascomycota: Pleosporaceae) [4,6,8]. A. solani reproduces asexually by multicellular conidia which can
form visible necrotic lesions 2-3 days postinfection and reproduce new conidia 3-5 days later [6,9].
This relatively short disease cycle allows for polycyclic infection [6,9]. Moreover, A. solani is commonly
known to be a necrotrophic fungus that kills the host’s tissues using enzymes and producing numerous
toxins [6]. Subsequently, it feeds and derives nutrients from the dead tissues [6,10]. A. solani can infect
all aerial parts of the plant including leaves, stem, twigs, and fruits, which ultimately affects the plant
growth process. The most characteristic symptoms of early blight disease include severe necrotic
lesions on the stem and occasionally on the fruits. On leaves, disease symptoms are observed firstly
on lower and older leaves as dark-brown to black spots with concentric rings forming the unique
“bullseye” patterned leaf spots. On tomato fruit, A. solani invades the area around the stem end and
through cracks and wounds causing bullseye-patterned spots that are brown with dark concentric
circles similar to those on leaves. Under favorable conditions, mature lesions are typically covered by a
black mass of fungal mycelia and spores. A. solani might cause complete defoliation, substantial yield
losses, and plant death, if not adequately managed [4,11].

Early blight disease is managed by growing resistant cultivars, crop rotation, sanitation, nutrition
management, and mainly by using chemical fungicides because of their rapid effects. However,
fungicide application is costly, has health risks, and is environmentally dangerous [12,13]. Moreover,
the routine use of the same fungicide might boost the potential risk of developing aggressive
fungicide-resistant strains [14,15] and might cause toxicity to nontarget beneficial microorganisms.
In response to these concerns, more sustainable alternative control strategies are required to reduce the
usage of fungicides entirely or partially by combining safe and environment-friendly methods.

Phenolic compounds could be a promising alternative strategy for crop protection. Phenolic
compounds are a small group of secondary metabolites, synthesized from the amino acid, phenylalanine,
through the shikimic acid and phenylpropanoid pathways [16]. They exist in either a soluble or a
bound form in most plant tissues [14,15]. They are characterized by containing hydroxylated aromatic
ring (phenol group) and could be divided into distinct subgroups based on their chemical structures
including phenolic acids, flavonoids, tannins, coumarins, lignans, and curcuminoids [15]. They also
play a key role in plant adaptation to biotic and abiotic stresses, particularly plant defense against
fungal pathogens and insects [17].

During the last decade, significant efforts have been made using naturally produced phenolic
compounds, particularly the phenolic-rich plant extracts, against different Alternaria species. Of which,
an extract rich in caffeic, ferulic, and tannic acids prepared from Argemone mexicana exhibited significant
in vitro antifungal efficacy against A. cajani, A. solani, Bipolaris sp., Cercospora sp., Curvularia sp., Fusarium
udum, Helminthosporium sp., Sphaerotheca sp., and Ustilago cynodontis [18]. Moreover, the plant extract of
wild pepper (Capsicum annuum), Momordica charantia, and lemon wastes exhibited significant antifungal
activities against A. alternata [19-22]. Interestingly, those extracts were rich in their content of phenolic
compounds, including gallic, chlorogenic, caffeic, p-coumaric, and ferulic acids [19-22]. However,
the physiological and biochemical mechanisms behind this role are poorly understood.

Gallic acid [C¢H(OH)3COOH] is a trihydroxybenzoic acid, a natural polyphenol compound,
found in several plant species, and has been shown to have antifungal and antibacterial properties [23].
For example, gallic acid and five of its derivatives including methyl gallate, (-)-Shikimic acid-3-O-gallate,
1-O-methyl-D-chiro-inositol, (-)-epi-catechin, (-)-epicatechin-3-gallate, and kaempferol-3-(6”-galloyl)
glucoside) have been extracted and isolated from Mezoneuron benthamianum leaves and showed
antimicrobial activities against Gram-positive bacteria (Staphylococcus aureus and Bacillus subtilis),
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Gram-negative bacteria (E. coli and Pseudomonas aeruginosa), and the fungus, Candida albicans [24].
Similarly, gallic acid and its derivatives isolated from the galls caused by the Chinese sumac aphid
(Schlechtendalia chinensis) on the nutgall sumac tree (Rhus javanica) negatively affected the conidial
germination and appressorium formation of Magnaporthe grisea, the causal agent of rice blast disease [25].
However, to the best of our knowledge, the potential antifungal roles of gallic acid and its derivatives
are poorly studied.

Herein, we aimed to investigate the potential in vitro antifungal properties of gallic acid and two
of its derivatives (syringic acid and pyrogallic acid) against A. solani. In addition, the physiological
and biochemical effects of these compounds on A. solani-infected tomato plants were investigated
under greenhouse conditions using the whole plant bioassay. Moreover, we believe that gallic acid and
its derivatives are sustainable, alternative, and eco-friendly control strategies to reduce the usage of
chemical fungicides partially or entirely against fungal diseases.

2. Materials and Methods

2.1. Tested Compounds

Gallic acid (GA), pyrogallic acid (PA), and syringic acid (SA) (Supplementary Figure S1) were
purchased from Sigma-Aldrich, Germany. A 1000-ppm stock solution of each phenolic acid was
obtained by dissolving in 100% dimethyl sulfoxide (DMSO).

2.2. Plant Materials and Growth Conditions

The tomato (Solanum lycopericum L.) susceptible cultivar Super strain B — F1 hybrid was used
as an experimental model in all experiments throughout this study. Seeds were obtained from the
Vegetable Disease Research Department, Plant Pathology Research Institute, Agricultural Research
Center, Egypt, and sown into sterile seed starting pots for two weeks. Pots were placed on a benchtop
in a climate-controlled greenhouse (27 + 3 °C, 75 + 5% RH, and 16:8 h L/D photocycle) located at
Vegetable Disease Research Department, Sakha Agricultural Research Station, Sakha, Kafr El-Shaikh, Egypt
(31.094059° N, 30.933899° E). After two weeks, seedlings (approximately 10 cm tall) were transplanted
into plastic pots (30 cm diameter) filled with sterilized clay soil and maintained in the same growth
conditions described above. Unless otherwise stated, treatments were applied 15 days post-transplanting
(dpt). All other horticultural practices were performed as recommended for the summer season.
All experiments were arranged in a randomized block design with six biological replicates (total of six
plants per replicate).

2.3. Isolation and Identification of the Pathogen

Three isolates of A. solani were obtained from tomato commercial fields early in 2019. Briefly,
tomato plants infected with early blight and showing its typical symptoms were collected from
different localities of Kafrelsheikh Governorate, Egypt. Diseased leaves, stems, and fruits were cut
into small pieces (5 mm), surface sterilized with 10% sodium hypo chloride solution for one minute,
and then washed four times with sterilized distilled water (SDW). Samples were dried between two
layers of sterilized filter papers and cultured on potato dextrose agar (PDA) medium in 9 cm Petri
dishes at 25 °C for 7 days [26]. The developed fungal culture was purified by a single spore culture
method. These isolates were microscopically examined and identified as A. solani based on their
morphological features including conidia size, presence and size of a beak, the pattern of catenation,
and longitudinal and transverse septation [27-31] (Supplementary Figure S2). Subsequently, these
isolates were confirmed as A. solani based on their pathogenicity and characteristic symptoms of early
blight disease on tomato plants.
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2.4. Pathogenicity Test

The three purified isolates were tested for their pathogenicity on tomato susceptible cultivar (Super
strain B-F; hybrid) in pot experiments under greenhouse conditions. Briefly, 7-day old cultures of A. solani
were ground in 50 mL SDW using a sterilized pestle and mortar; it was filtered through a sterilized
muslin cloth in a clean test tube aseptically according to Pandey et al. (2002) [32]. Subsequently, cultural
suspensions (10° spores mL.~!) were separately prepared for each isolate in sterilized water. After
transplanting, tomato seedlings were sprayed with spore suspension (30 mL plant~!), while the control
plants were sprayed with the same amount of distilled water. The inoculated plants were covered with
polythene bags for 24 h to increase the humidity and after that, the plants were kept under greenhouse
conditions. Disease incidence (DI%) was evaluated and data were collected three times regularly (7, 14,
and 21 days post-inoculation (dpi)) to observe the progress of early blight disease. The experiment
was repeated twice with the same experimental design as described above.

2.5. Antifungal Activity

The agar diffusion method was used for antifungal activity [33]. Phenolic acids (GA, PA, and SA),
as well as the fungicide difenoconazole 25 EC (commercial name Score, 25%) dissolved in DMSO,
were mixed with 20 mL PDA medium in a sterilized Petri dish to obtain the desired concentration
(20, 40, 60, 80, and 100 ppm), while 1% sterilized DMSO was used as a negative control. The final
concentration of DMSO in the PDA was 1%. A 5 mm-diameter mycelial plug of the pathogenic fungus
was inoculated on the Petri dishes, and the fungal growth was recorded after incubation at 27 °C for
7 days until the fungus grew to a full plate in the control. The experiment was repeated twice with the
same experimental design as described above. The percentage of growth inhibition was calculated

using the following equation:
Inhibition (%) = ¢ (_: T 100

where “C” is mycelia growth in the control and “T” is mycelia growth in the treatment. The assay was
performed with six replicates.

2.6. The Half-Maximal Inhibitory Concentration (ICsp)

Serial concentrations of three compounds (0, 20, 40, 60, 80, and 100 ppm), were prepared by
mixing appropriate volumes of each compound with the PDA medium. The half-maximal inhibitory
concentration (ICsp: the concentration required to inhibit 50% of the mycelial growth), as well as
the ICq9, were calculated. The probit regression analysis was used to fit the probit/logit sigmoid
dose-response curves and to calculate different inhibitory concentrations with 95% confidence intervals
(CI). The experiment was repeated twice with the same experimental design as described above.

2.7. Pot Experiment, Disease Assessments, and Collection of Samples

Two pot experiments were conducted to evaluate the effect of phenolic acids (GA, PA, and SA)
and fungicide on the incidence of early blight disease on greenhouse-tomato in two seasons (2019
and 2020). Thirty cm pots filled with sterilized clay soil were arranged in a randomized complete
block design. Plants (approximately 30 days old) were infected with the most aggressive isolate of
A. solani. Inoculum (5 x 10* conidia mL~!) was prepared in sterilized water from ten-day old culture of
A. solani. Tomato plants were sprayed using a manual 1-gallon atomizer multipurpose pump sprayer
(Chapin 20541, Chapin International Inc., Batavia, NY, USA) with operating pressure between 40 and
60 PSI and a 0.45 GPM flow rate. till runoff. Tomato plants were sprayed with phenolic compounds
solution with 100 ppm concentration (30 mL plant™!) after 24 h post-inoculation (hpi). On the 7th,
14th, and 21st days post-treatment (dpt), the disease severity of early blight was evaluated, based on
the five-point (0-5) score, as the percentage of leaf area covered by necrotic lesions: [34] 0 = free from
infection; 1 = one or two necrotic spots on a few lower leaves of the plant; 2 = a few isolated spots
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on leaves, covering nearly 5-10% of the surface area of the plant; 3 = many spots coalesced on the
leaves, covering 25% of the surface area of the plant; 4 = irregular, blighted leaves and sunken lesions
with prominent concentric rings on the stem, petiole, and fruit, covering 40-50% of the surface area;
5 = the whole plant blighted, leaves and fruits starting to fall, and foliar part free of disease. For each
treatment, six biological replicates were analyzed. For sampling, two leaves were collected from each
plant (2nd and 3rd leaves) at 1, 3, and 5 dpt. The leaf tissues were quickly frozen in liquid nitrogen and
stored at —80 °C until further analysis.

2.8. Enzymes Activity

For enzyme analysis, 0.5 g leaves tissues were homogenized in 3 mL of 0.05 M Tris buffer (pH 7.8),
containing 0.001 M EDTA-Na; and 7.5% Polyvinylpyrrolidone at 0—4 °C. The homogenates were
centrifuged (12,000 rpm, 20 min, 4 °C), and the total soluble enzyme activity in the supernatant was
measured colorimetrically using a UV-160A spectrophotometer (Shimadzu, Japan). Catalase (CAT)
activity was determined according to Aebi (1984) [35]. The activity of guaiacol-dependent peroxidases
(POX) was assayed by measuring the formation of the guaiacol-bound product at 436 nm [36].
Polyphenol oxidase (PPO) activity was determined according to the method described by Malik and
Singh (1980) [37].

2.9. Chlorophyll Content

The chlorophyll content (chlorophyll index) when measuring the greenness in the fifth leaf tip
fully expanded leaf using the SPAD-501 portable leaf chlorophyll meter (Japan Minolta) was measured
according to the method described by Yadawa (1986) [38].

2.10. Total Soluble Phenolic Compounds

Total soluble phenolics were determined using Folin-Ciocalteu reagent (FCR) according to
Kéhkonen et al. (1999) [39] with slight modifications. Briefly, 1.0 mL FCR (10%) was added to 200 pL
methanolic extract (80%) of a mixture of various fresh tomato leaves, then vortexed. After 3 min,
800 puL of 7.5% (w/v) sodium carbonate was added to the mixture. After shaking, the mixture was
incubated at room temperature for 30 min, and the absorption was measured at 765 nm using a
UV-160A spectrophotometer (Shimadzu, Japan). The concentration of phenolics was expressed as mg
Gallic Acid Equivalents (GAE) per gram fresh weight (g FW).

2.11. Total Soluble Flavonoids

Total soluble flavonoids were determined according to the method described by Djeridane et al.
(2006) [40]. Briefly, 1 of methanolic extract of each sample was mixed with 1 mL aluminum chloride
(2% in methanol). After shaking, the mixture was vigorously shook and incubated for 15 min at room
temperature, and then the absorption at 430 nm was measured using a UV-160A spectrophotometer
(Shimadzu, Japan). Flavonoid concentration was expressed as mg Rutin Equivalent (RE) per g FW.

2.12. Vegetative Growth and Yield Assessment

Fresh and dry weight per plant, number of leaves per plant, and plant height (cm) were assessed
for all treatments and control in both experiments after 45 dpt from a sample of six biological replicates
each. After drying in an oven at 70 °C for three days, the shoots” dry weight was recorded. The average
number of flowers and fruits and weight of fruits of each plant for sale size were also measured.

2.13. Statistical Analysis

All experiments were designed using a randomized complete block design. All experiments were
repeated twice with six biological replicates for each treatment. All data matrices were statistically
analyzed according to the analysis of variance technique (ANOVA), followed by posthoc pairwise
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comparisons using the Tukey—Kramer honestly significant difference test (Tukey HSD), at p < 0.05.
Simple linear regression analysis was performed to better understand the relationship between disease
severity and time post-treatment. The fitted regression model was stated as a regression equation,
coefficient of determination (R?), and p-value as determined by the F-test (p < 0.05).

Furthermore, principal component analysis (PCA) was performed using all data points of
individual response variables, and its associated loading-plot was also generated. Moreover, similarities
and variations in all response variables were presented as a heat map, combined with two-way
hierarchical cluster analysis (HCA) using the standardized means of all data matrices for the studied
treatments. Finally, correlation analysis was conducted to evaluate the relationships among all studied
response variables (disease parameters, biochemical measurements, vegetative growth parameters,
and yield components). Correlation coefficients (r) are presented as a heatmap.

Tree software used for data analysis in this study included: JMP Data analysis software—Version
14 [41] for ANOVA, HCA, and a heatmap; PAleontological STatistics (PAST)—Version 3 [42] for PCA
analysis; and MedCalc statistical software—Version 19.3.1 [43] for the probit analysis.

3. Results

3.1. Pathogenicity Test of Different Isolates of A. solani on Tomato Plants

Although all obtained fungal isolates were able to infect tomato plants causing typical early
blight symptoms (Figure 1A), isolate #1 was the most aggressive isolate in two separate experiments
(Figure 1B,C, respectively). Isolate #1 had the highest disease severity (%) on tomato plants (25.02 + 2.25,
47.92 + 4.97, and 72.50 + 7.52% in experiment I and 26.35 + 3.36, 43.76 + 5.57, and 69.03 + 8.79% in
experiment I at 7, 14, and 21 days postinoculation, respectively). Therefore, isolate #1 of A. solani was
selected for subsequent studies.

A

Days post-inoculation (dpi)
7 dpi

14 dpi

Mock Isolate #1 Isolate #2 Isolate #3

(Control) Alternaria solani isolates

Figure 1. Cont.
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Figure 1. Pathogenicity test of different isolates of A. solani on tomato plants (Super strain B-F; hybrid)
under greenhouse conditions (1 = 6). (A) Typical symptoms of early blight disease on tomato leaves
after the infection with different isolates of A. solani. (B,C) Disease severity (%) of different isolates of
A. solani in two separate experiments. Values represent the mean of six replicates + standard deviation
(Means + SD). Different letters indicate statistically significant differences among treatments, while “ns”
or the same letter signify no significant differences among treatments at the same time point using the
Tukey—Kramer honestly significant difference test (Tukey HSD; p < 0.05). The experiment was repeated
twice with similar results.

3.2. In Vitro Antifungal Activity of Gallic Acid and Its Derivatives

The in vitro antifungal activity of gallic acid and its derivatives, pyrogallic acid, and syringic
acid, indicated that all assessed compounds showed fungistatic action and significantly inhibited
the mycelial radial growth of A. solani in a dose-dependent manner (Figure 2A), and the mycelial
growth inhibition (%) was directly proportional to the concentration of different compounds. At the
highest concentration (100 ppm), syringic acid was the most effective compound that recorded the
highest inhibition of mycelia growth (90.74 + 1.52 and 89.48 + 5.62% in experiment I and experiment II,
respectively) followed by gallic acid (82.96 + 4.02 and 82.55 + 5.86% in experiment I and experiment II,
respectively), and pyrogallic acid (74.07 + 2.87 and 72.08 + 4.81% in experiment I and experiment II,
respectively) (Figure 2B,C). It is worth noting that the susceptibility of A. solani to gallic acid (80 ppm)
and syringic acid (100 ppm) were comparable to difenoconazole fungicide (positive control), without
any significant difference between them, suggesting similar potency.

Furthermore, the probit regression lines (also known as dose-response plots) are presented in
Figure 3. According to slope values, gallic acid (Figure 3B) and its derivatives—pyrogallic acid
(Figure 3C) and syringic acid (Figure 3D)—exhibited the same trend. In addition, the high slope value
of syringic acid (y =3.20x — 5.43, Cox and Snell R? = 0.3799, p < 0.0001) indicates a potentiating effect
on antifungal activity over the other tested compounds against A. solani.

Moreover, the half-maximal inhibitory concentration (ICsp) and the ICqy of gallic acid and its
derivatives were calculated and presented in Table 1. The bioassay indicated that gallic acid had potent
antifungal effects against the radicle growth of A. solani (IC5y = 48.81 ppm), followed by syringic acid
(IC50 = 49.75 ppm). However, syringic acid had the lowest ICqq, followed by gallic acid (Table 1).
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Figure 2. Invitro antifungal activity of gallic acid and its derivatives against A. solani (n = 6).
(A) Antifungal activity of different concentrations (20, 40, 60, 80, or 100 ppm) of gallic acid and its
derivatives against the most aggressive isolate of A. solani. (B,C) Inhibition (%) of the radial mycelial
growth of A. solani after the treatment with different concentrations of gallic acid and its derivatives
(20, 40, 60, 80, or 100 ppm) in petri dish experiments. The experiment was repeated twice with similar
results. ND: not detected. Different letters indicate statistically significant differences among treatments.
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Figure 3. Probit regression (dose-response analysis) of the inhibition effects of gallic acid and its
derivatives against A. solani (n = 6). (A) Difenoconazole fungicide, (B) gallic acid, (C) pyrogallic acid,
and (D) syringic acid. Probability was calculated for the inhibition of the radial mycelial growth (%) of
A. solani after the treatment with different concentrations of gallic acid and its derivatives (0, 20, 40,
60, 80, or 100 ppm). Blue dots present the mean of six replicates of each concentration. The probit
regression lines are presented as blue solid-lines. The 95% confidence intervals for the estimated
regression are edged by red dashed-lines. Regression equations, Cox and Snell R?, and p-value based
on the F test (p < 0.05) were also obtained and presented within the graphs. The experiment was

repeated twice with similar results.

Table 1. The half-maximal inhibitory concentration (ICs5q) and ICy9 values (ppm) of difenoconazole
fungicide, gallic acid, and its derivatives (syringic acid and pyrogallic acid) against A. solani (n = 6).

95% Confidence 95% Confidence Overall Model Fit
ICso Interval ICq9 Interval
Compounds
(ppm) L U (ppm) L U > Val Cox and
ower pper ower pper X p-Value Snell R2
Difenoconazole 0.19 0.01 084 257224 77093 26582.69 36452  <0.0001 0.4553
fungicide (Score)
Gallic acid 48.81 44.29 53.44 276.85 213.61 398.68 282.10  <0.0001 0.3751
Syringic acid 49.75 45.30 54.31 264.94 206.83 374.43 286.73 <0.0001 0.3799
Pyrogallic acid 63.75 57.16 71.89 552.61 365.36  1041.11 197.93 <0.0001 0.2810

3.3. Effects of Gallic Acid and Its Derivatives on the Development of Early Blight Disease

Generally, both in vivo experiments in 2019 and 2020 seasons showed that the exogenous treatment
with gallic acid and its derivatives efficiently suppressed the development of tomato early blight
symptoms at 7 dpt (Figure 4A). Although the mock-treated infected control showed a clear progressive
increase in disease severity (%) throughout the experiment, all tested compounds significantly reduced
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the disease severity (%) in two separate experiments (Figure 4B,C). Pyrogallic acid was the most
effective compound and had the lowest disease severity (%) throughout the experiment (2.73 + 0.31,
4.62 + 0.52, and 6.99 + 0.82%) in 2019 season and (2.70 + 0.45, 4.83 + 0.45 and 6.80 + 0.43) in 2020
season at 7, 14, and 21 dpt, respectively, compared with mock control and difenoconazole fungicide
(Figure 4B,C).

Non-infected Infected Difenoconazole Gallic acid Pyrogallic acid Syringic acid
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Figure 4. Effects of gallic acid and its derivatives on the development of early blight disease caused by
A. solani on tomato plants (Super strain B-F; hybrid) under greenhouse conditions (n = 6). (A) Typical
symptoms of early blight disease on tomato leaves at 7 days post-treatment (dpt) with 100 ppm of gallic
acid and its derivatives. (B,C) Disease progress curves of early blight disease on tomato leaves after the
treatment with gallic acid or its derivatives during 2019 and 2020 seasons, respectively. Values represent
means of six replicates, while whiskers reflect the standard deviation (Means + SD). Different letters
indicate statistically significant differences among treatments, while “ns” or the same letter signify
no significant differences among treatments at the same time point. (D,E) The area under disease
progress curve (AUDPC) of early blight disease on tomato leaves after the treatment with gallic acid or
its derivatives during 2019 and 2020 seasons, respectively. Bars represent means of six replicates, while
whiskers reflect the standard deviation (Means + SD). Different letters indicate statistically significant
differences among treatments using the Tukey—Kramer honestly significant difference test (Tukey HSD;
p < 0.05).
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Moreover, simple linear regression between disease severity (%) and time post-treatment with
gallic acid or its derivatives showed that exogenous treatment with gallic acid and its derivatives
significantly reduced the slope/steepness of the regression lines. In both seasons, pyrogallic acid had
the lowest slope value, followed by syringic acid, and gallic acid (Supplementary Figure S3A,B).

Furthermore, the area under the disease progress curve (AUDPC) was significantly reduced due to
the treatment with gallic acid or its derivatives (Figure 4D,E). Although the highest values of AUDPC
was recorded by the mock-treated control (1077.29 + 33.98 and 1071.51 + 16.98 in 2019 and 2020 seasons,
respectively), pyrogallic acid had the lowest AUDPC value (79.42 + 23.34 and 80.16 + 5.18 in 2019 and
2020 seasons, respectively), which was significantly lower than the positive control (204.91 + 25.50 and
303.69 + 42.85 in 2019 and 2020 seasons, respectively). Taken together, these findings indicate that the
exogenous treatment with gallic acid and its derivatives alleviates the harmful effects of A. solani on
tomato leaves and suppresses the development of the disease symptoms.

3.4. Impact of Gallic Acid and Its Derivatives on Growth Parameters of A. solani-Infected Tomato Plants

Throughout our greenhouse experiment, no phytotoxic symptoms on the treated plants were
observed. Additionally, no significant differences were noticed in plant height (Table 2) or the number
of leaves per plant (Table 2) of treated plants, which support our observation that the application of
gallic acid and its derivatives has no phytotoxic effect on tomato plants. Nevertheless, the exogenous
treatment with gallic acid and its derivatives greatly increased both shoot fresh weight per plant and
shoot dry weight per plant compared with the untreated and score-treated control plants (Table 2).
Pyrogallic acid recorded the highest fresh and dry weight (38.63 + 1.38 and 7.45 + 0.16 g plant™!,
respectively), followed by gallic acid (32.83 + 1.97 and 6.11 + 0.09 g plant™!, respectively), even higher
than the difenoconazole fungicide (23.53 + 1.89 and 5.05 + 0.07 g plant™!, respectively). Moreover,
exogenous treatment with pyrogallic acid significantly increased the chlorophyll content (36.68 + 8.63)
compared with mock-treated (10.55 + 6.89) and was comparable to difenoconazole and syringic
acid-treated plants (Table 2).

Table 2. Effects of gallic acid and its derivatives on the growth parameters and chlorophyll content of
tomato plants (Super strain B-F; hybrid) infected with A. solani under greenhouse conditions during
2019 and 2020 seasons (1 = 6).

. Number of Shoot Fresh Shoot D Chlorophyll
Treatment Plan(t Hilght Leaves per Weight Weightry Contgnty
em Plant (g plant™1) (g plant™1) (SPAD)
2019 season
Mock (Control) 2483 +5.08" 767 +1.37" 2020 +1.27¢ 4.86 +0.07°¢ 10.55 + 6.89 €
Difenoconazole fungicide (Score) ~ 26.83 + 3.76 ™ 8.33 £ 22508 2353 +1.894 5.05 + 0.07 4 27.15 + 4.67 2P
Gallic acid 30.83+331™  900+1.79MS 3283 +197P 6.11+0.09P 18.00 + 5.44 be
Pyrogallic acid 2950 +1.52™ 967 +0.8218 38.63+1.382 7.45+0.162 36.68 + 8.63 @
Syringic acid 28.17 +£5.95™ 750 +0.55M8 27.61 +1.43°¢ 5.78 +0.08 28.37 +9.84 2P
2020 season
Mock (Control) 23.67 £ 4.68° 8.50 +2.26 ™ 2152 +1.314 490 £ 0.66 ® 12.20 + 6.06
Difenoconazole fungicide (Score) ~ 27.67 +2.73%  10.17 £2.40™  24.99 + 2.65 4 541+051° 27.55 £ 4.51°
Gallic acid 30.83 £2.642 9.83 +1.33 718 33.82+151°P 5.88+0.71b 18.65 + 5.43 be
Pyrogallic acid 3117 +248%  10.83+147™ 4059 £2992 8.07 +0.84° 39.93 + 6.52 2
Syringic acid 2650 + 6322 933 +1.03" 27.96 +2.21°¢ 5.83+0.11° 26.90 + 543

Values represent the mean of six replicates + standard deviation (Mean + SD). Different letters within the same column
indicate statistically significant differences among treatments, while “ns” or the same letter signify no significant
differences among treatments using the Tukey—Kramer honestly significant difference test (Tukey HSD; p <0.05).

3.5. Effects of Gallic Acid and Its Derivatives on Chlorophyll, Total Phenolics, and Total Flavonoid Content of
A. solani-Infected Tomato Plants

The total soluble phenolic content fluctuated after the treatment with gallic acid and its derivatives
(Figure 5A). It is worth noting that the total soluble phenolic content increased after the treatment
with gallic acid at 1 dpt (8.19 + 0.32 and 8.62 + 0.70 mg GAE g~! FW during 2019 and 2020 seasons,
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respectively) and continued until it reached its highest peak after 3 dpt (14.51 + 1.20 and 14.19 + 1.26 mg
GAE g~! FW during 2019 and 2020 seasons, respectively), then plummeted again at 5 dpt (7.28 + 1.07
and 8.70 + 0.90 mg GAE g~! FW during 2019 and 2020 seasons, respectively) (Figure 5A,B). Likewise,
the total soluble flavonoid content fluctuated after the treatment with gallic acid and its derivatives
(Figure 5C,D). In both seasons, the total soluble flavonoid content increased dramatically after 24 h
post-treatment with syringic acid (1.34 + 0.23 and 1.16 + 0.08 mg RE g~! FW during 2019 and 2020
seasons, respectively) and stabilized until 3 dpt (1.57 + 0.16 and 1.44 + 0.12 mg RE g~! FW during
2019 and 2020 seasons, respectively), which was comparable with the positive control (difenoconazole
fungicide; 1.69 + 0.16 and 1.75 + 0.08 mg RE g~! FW during 2019 and 2020 seasons, respectively), but it
dropped thereafter when measured at 5 dpt (0.82 + 0.36 and 1.30 + 0.14 mg RE g~! FW during 2019
and 2020 seasons, respectively) (Figure 5C,D).
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Figure 5. Effects of gallic acid and its derivatives on biochemical analysis of tomato plants (Super strain
B-F; hybrid) infected with A. solani under greenhouse conditions (1 = 6). (A,B) Total soluble phenolics
during 2019 and 2020 seasons, respectively; (C,D) total soluble flavonoids during 2019 and 2020 seasons,
respectively. Values represent means of six replications, while whiskers reflect the standard deviation
(Means + SD). Different letters indicate statistically significant differences among treatments, while
“ns” or the same letter signify no significant differences among treatments using the Tukey-Kramer
honestly significant difference test (Tukey HSD; p < 0.05).

3.6. Effects of Gallic Acid and Its Derivatives on the Activity of Defense-Related Enzymes of A. solani-Infected
Tomato Plants

The enzymatic activities of catalase, peroxidase, and polyphenol oxidase fluctuated after the
treatment with gallic acid and its derivatives during 2019 and 2020 seasons. Catalase activity
dramatically increased 1 dpt with gallic acid and 3 dpt with syringic acid (Figure 6A,B). On the other
hand, exogenous treatment with gallic acid and its derivatives slightly increased the peroxidase activity
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after 3 dpt. However, peroxidase activity increased dramatically after 5 dpt, with superiority for
pyrogallic acid over both controls and other treatments (Figure 6C,D). Although the treatment with
difenoconazole fungicide dramatically elevated the activity polyphenol oxidase at 1 dpt, it suddenly
dropped below other treatments with pyrogallic acid, gallic acid, and syringic acid at 3 dpt (Figure 6E,F).
At 5 dpt, the activity polyphenol oxidase reached its highest peak after the treatment with syringic acid.
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Figure 6. Effects of gallic acid and its derivatives on biochemical analysis of tomato plants (Super
strain B-F; hybrid) infected with A. solani under greenhouse conditions (n = 6). (A,B) Catalase activity,
(C,D) peroxidase activity, and (E,F) and polyphenol oxidase activity during 2019 and 2020 seasons,
respectively. Values represent means of six replications, while whiskers reflect the standard deviation
(Means + SD). Different letters indicate statistically significant differences among treatments, while
“ns” or the same letter signify no significant differences among treatments using the Tukey-Kramer
honestly significant difference test (Tukey HSD; p < 0.05).
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3.7. Impact of Gallic Acid and Its Derivatives on Yield Components of A. solani-Infected Tomato Plants

Generally, the treatment with gallic acid and its derivatives significantly increased all yield
components of A. solani-infected tomato plants including the total number of flowers per plant,
the number of fruits per plant, fruit yield (kg) per plant, and fruit yield increase over the control
compared with the mock-treated plants during 2019 and 2020 seasons (Table 3). Among all tested
compounds and difenoconazole fungicide, A. solani-infected tomato plants treated with pyrogallic acid
had the highest number of flowers (9.67 + 1.37 and 11.00 + 1.41 flowers plant™! during 2019 and 2020
seasons, respectively), number of fruits (19.67 + 1.21 and 21.33 + 4.03 fruits plant~! during 2019 and
2020 seasons, respectively), and fruit yield (2.07 + 0.06 and 2.50 + 0.17 kg plant™! during 2019 and
2020 seasons, respectively) with an average increase over the mock-treated control of 243.05 + 7.01 and
272.10 + 18.63% during 2019 and 2020 seasons, respectively (Table 3).

Table 3. Effects of gallic acid and its derivatives on yield components of tomato plants (Super strain
B-F; hybrid) infected with A. solani under greenhouse conditions during 2019 and 2020 seasons (1 = 6).

Treatment Number of Number of Fruits Fruit Yield Fruit Yield Increase
Flowers per Plant per Plant (Kg plant™1) over Control (%)
2019 season
Mock (Control) 5.00 + 0.89 ¢ 10.33 £ 1.63 ¢ 0.85 + 0.07 4 -
Difenoconazole fungicide (Score) 7.67 +121P 16.00 + 0.89 P 1.50 + 0.04 be 176.32 + 5.27
Gallic acid 8.50 + 0.55 2P 15.67 + 1.03 P 1.55 + 0.04 P 182.39 +5.13
Pyrogallic acid 9.67 +1.372 19.67 +1.212 2.07 + 0.06 243.05 + 7.01
Syringic acid 8.50 + 1.52 2P 15.17 + 0.75 P 1.46 +0.04 ¢ 171.04 + 424
2020 season
Mock (Control) 6.50 +1.97P 10.50 + 1.87 0.92+0.10¢ -
Difenoconazole fungicide (Score) 8.17 + 1.60 2P 16.83 +1.94P 1.63 £0.19P 176.63 + 21.07
Gallic acid 9.33 £ 1.51 2 1533 +2.34P 159 +0.21° 172.64 + 23.14
Pyrogallic acid 11.00 + 1.412 21.33 +4.032 250 +0.172 272.10 + 18.63
Syringic acid 9.33 £ 242 15.5+1.05P 1.62 +0.12° 176.45 + 13.45

Values represent the mean of six replicates + standard deviation (Mean + SD). Different letters within the same
column indicate statistically significant differences among treatments, while “ns” or the same letter signify no
significant differences among treatments using the Tukey—Kramer honestly significant difference test (Tukey HSD;
p < 0.05).

3.8. PCA and HCA Analyses Revealed the Differences between Gallic Acid and Its Derivatives

The PCA-associated scatter plot showed a clear separation among all studied compounds (gallic
acid, pyrogallic acid, and syringic acid) and the two controls (mock control and difenoconazole
fungicide) in both seasons with respect to PC1 (49.71% and 55.58% during 2019 and 2020 seasons,
respectively) and PC2 (21.23% and 20.56% during 2019 and 2020 seasons, respectively) (Figure 7A,B).
Interestingly, the data matrices of gallic acid, pyrogallic acid, and difenoconazole fungicide were
clustered together in the center of the scatter plot and separately from other treatments in both seasons
2019 and 2020 (Figure 7A,B). On the other hand, the data matrix of syringic acid was clustered separately
at the top of the scatter plot (Figure 7A,B). Moreover, the PCA-associated loading plot showed that
while AUDPC and disease severities at 7, 14, and 21 dpt were positively correlated with the mock
treatment, all other growth traits, yield components, phytochemical responses, and enzymatic activities
were positively correlated with the application of gallic acid and its derivatives (Figure 7C,D).
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Figure 7. Principal component analysis (PCA) and two-way hierarchical cluster analysis (HCA) of

individual response variables assessed in A. solani-infected tomato plants (Super strain B-F; hybrid)

after the treatment with gallic acid and its derivatives under greenhouse conditions during 2019 and
2020 seasons (1 = 6). (A,B) PCA-associated scatters plots during 2019 and 2020 seasons, respectively;
(C,D) PCA-associated loading plots during 2019 and 2020 seasons, respectively; (EF) two-way
hierarchical cluster analysis (HCA) during 2019 and 2020 seasons, respectively. The differences in
the response variables between all studied treatments are visualized in the heat map diagram. Rows

represent the individual response variables, while columns represent the treatments. Lower numerical

values are colored green, whereas higher numerical values are colored red (see the scale at the right

corner of the bottom of the heat map).
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In addition, the HCA and its associated heatmap were performed using the individual responding
variables (Figure 7E F). In agreement with our PCA findings, gallic acid and pyrogallic acid were clustered
together separately from the mock control (Figure 7E,F). On the other hand, the HCA-associated
dendrogram among the responding variables showed that all tested parameters were separately
clustered into five distinct clusters. Cluster “I” included all disease parameters (disease severities and
AUDPC), and total phenolics at 5 dpt was higher in mock-treated plants but significantly reduced
in other treatments (Figure 7E,F). Cluster “II” included only three traits which were total soluble
phenolics (1 and 3 dpt) and catalase activity (1 dpt), which were higher in gallic acid-treated plants
than other treatments. Cluster “III” included CAT activity at 5 dpt, PPO activity at 1 dpt, and total
flavonoids at 3 dpt, which were higher after the treatment with difenoconazole fungicide than other
treatments (Figure 7E,F).

Whereas cluster “IV” included all growth traits (i.e., plant height, the number of leaves per
plant, shoot fresh and dry weight per plant), all yield components (i.e., number of flowers per plant,
the number of fruits per plant, fruit yield (kg) per plant), two phytochemical responses (i.e., chlorophyll
content and total soluble flavonoid content at 5 dpt), and enzymatic activities of POX at 3 and 5 dpt
and PPO at 3 dpt were higher in pyrogallic acid-treated plants than other treatments (Figure 7E,F).
Cluster “V” included the CAT activity at 3 dpt, POX activity at 1 dpt, PPO activity at 5 dpt, and total
soluble flavonoid content at 1 dpt, which were higher in the syringic acid-treated plants than other
treatments (Figure 7E,F).

3.9. Correlation Analysis between Disease Parameters, Growth Traits, Yield Components, and Other
Phytochemical Responses of A. solani-Infected Tomato Plants

The relationship between disease parameters (i.e., disease severity and AUDPC), growth traits
(i.e., plant height, the number of leaves per plant, shoot fresh and dry weight per plant), yield
components (i.e., number of flowers per plant, the number of fruits per plant, fruit yield (kg) per plant),
and other phytochemical responses (i.e., chlorophyll content; total soluble phenolic content; total
soluble flavonoid content; enzymatic activities of catalase, peroxidase, and polyphenol oxidase activity)
of A. solani-infected tomato plants was determined during 2019 and 2020 seasons using correlation
analysis (Figure 8). In mock-treated plants, disease parameters were negatively correlated with yield
components during 2019 and 2020 seasons (Figure 8A,B). However, treatment with difenoconazole
fungicide, gallic acid, and its derivatives significantly weakened this correlation.

In gallic acid-treated plants, the shoot dry weight was highly and positively correlated with
the number of fruits per plant and fruit yield, whereas fruit yield was positively correlated with
catalase activity at 1 dpt and peroxidase activity at 3 dpt during both experiments. On the other hand,
AUDPC was positively correlated with disease severity at 7 and 21 dpt, but negatively correlated
with chlorophyll content, total soluble phenolic content at 1 and 3 dpt, total soluble flavonoid content
at 3 dpt, catalase activity at 1 dpt, and peroxidase activity at 3 dpt during 2019 and 2020 seasons
(Figure 8C,D, respectively).

In pyrogallic acid-treated plants, the fruit yield was positively correlated with shoot fresh weight
per plant, the number of leaves per plant, catalase activity at 1 dpt, and peroxidase activity at 3 dpt.
On the other hand, AUDPC was positively correlated with disease severity at 7 and 21 dpt, but
negatively correlated with plant height; total soluble phenolic content at 3 and 5 dpt; total soluble
flavonoid content at 1, 3, and 5 dpt; and polyphenol oxidase activity at 1 and 3 dpt during 2019 and
2020 seasons (Figure 8C,D, respectively).

In syringic acid-treated plants, fruit yield was positively correlated with the chlorophyll content;
total soluble phenolics at 1 dpt; total soluble flavonoids at 1 and 3 dpt; peroxidase activity at 1, 3,
and 5 dpt; and polyphenol oxidase activity at 1 dpt, whereas AUDPC was positively correlated with
disease severity at 21 dpt but highly negatively correlated with total soluble flavonoids at 1 and 3 dpt,
catalase activity at 3 dpt, and polyphenol oxidase activity at 1 dpt (Figure 8E,F, respectively).
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Figure 8. Correlation analysis between individual response variables assessed in A. solani-infected
tomato plants (Super strain B-F; hybrid) under greenhouse conditions during 2019 and 2020 seasons.
(A,B) Mock control and gallic acid and (C,D) pyrogallic acid and syringic acid (E,F).

4. Discussion

Phenolic compounds are ubiquitously distributed metabolites in higher plants [16,44], and they
play an important role in plant defenses against biotic and abiotic stresses [45], particularly the
phytopathogenic fungi [17,46]. Moreover, numerous phenolic acids and phenolic-rich extracts exhibited
high inhibitory effects on the radial growth of fungi [18,47]. Although considerable attempts have
been made using naturally phenolic-rich products against Alternaria alternata [19-22,48-51], very few
reports are available about their roles against A. solani. Nevertheless, the physiological and biochemical
mechanisms behind this role are poorly understood.

In this study, we tested the potential antifungal properties of gallic acid and its derivatives (syringic
and pyrogallic acids) against A. solani. We also investigated the physiological and biochemical effects of
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these compounds on infected tomato plants using the whole plant bioassay. Syringic acid was the most
effective compound against A. solani among tested phenolic acids that recorded the highest inhibition
of myecelial growth, and it was comparable to difenoconazole fungicide (positive control), without
any significant difference between them, suggesting similar potency. The difenoconazole fungicide
has been proven to be effective in controlling tomato early blight disease and negatively affecting
the radial growth and disease severity of A. solani [52]. In agreement with these findings, pyrogallic
acid possessed antimicrobial activities against the human pathogen, Vibrio parahaemolyticus, and the
plant pathogen, Fusarium oxysporum [53-55]. Likewise, gallic acid exhibited strong antifungal activity
against Fusarium solani [56]. Collectively, and based on our in vitro observations, we suggest that all
tested compounds might have fungistatic action and are able to inhibit the mycelial radial growth of
A. solani in a dose-dependent manner.

Moreover, we showed that exogenous application of gallic acid and its derivatives efficiently
suppressed the development of tomato early blight symptoms and significantly reduced the disease
severity and area under the disease progress curve (AUDPC) of tomato early blight. This might be due
to the elevated endogenous phenolic content. Previous studies showed that logarithmic regression of
inverse correlation showed that the disease progression/AUDPC of spot blotch disease in bread wheat,
caused by the hemibiotrophic fungus Bipolaris sorokiniana, was strongly negatively correlated with
the pathogen-induced content of phenolic acids, syringic acid, chlorogenic acid, 4-hydroxybenzoic
acid, and caffeic acid [57,58]. Interestingly, our findings showed that the total soluble phenolic content
increased markedly after the treatment with gallic acid and its derivatives. We suggest that gallic acid
and its derivatives might function as defensive phytochemicals with antifungal properties. Taken
together, these findings indicate that the exogenous treatment with gallic acid and its derivatives
alleviates the harmful effects of A. solani on the leaf surface of tomato plants and suppresses the
development of the disease symptoms.

Phenolic acids might be fungitoxic in nature [59,60]. Previously, it has been shown that the elevated
levels of endogenous syringic acid in infected plants were associated with an inhibitory effect on the
pathogen growth [59,61-63]. For instance, syringic acid accumulation was fungitoxic to Ganoderma
boninense, the causal agent of basal stem rot of oil palm [59,60], and Didymella applanate, the causal agent
of spur blight of red raspberries [64]. In this study, we demonstrated that the exogenous application
of gallic acid and its derivatives induced the accumulation of total phenolics, which were strongly
negatively related to disease progression and could directly inhibit the A. solani growth in vitro and on
infected plants. It is worth mentioning that throughout our experiment, no phytotoxic symptoms were
observed in the treated tomato plants.

Furthermore, the exogenous spraying tomato plants with tested compounds greatly increased
growth parameters and chlorophyll compared with the control plants (mock-treated plants) and
fungicide-treated plants. In line with these results, it has recently been reported that phenolic
compounds such as ferulic acid, chlorogenic acid, and protocatechuic acid significantly increased
the endogenous content of photosynthetic pigments including chlorophyll a, and chlorophyll b in
Rhododendron delavayi [65]. A similar study proved that those phenolic compounds and their derivatives
are known for their various functions in plants, such as pigmentation, growth parameters, and resistance
against plant pathogens such as fungi [48].

Plants under stress can produce reactive oxygen species (ROS). Scavenging overproduction of
ROS could be achieved through the activity of a complex group of enzymatic and nonenzymatic
antioxidants [66]. The chemical structure of phenolic compounds confers their antioxidant properties,
where each molecule contains a hydroxylated aromatic ring, carboxylic group, and/or methoxyl
group [67]. Therefore, our findings suggested that treatment with gallic acid and its derivatives
decreases the oxidative stress resulting in A. solani-infected plants. For example, syringic acid as a
phenolic compound possesses antioxidant where it could scavenge free radical and antimicrobial
activities against various microorganisms [68]. Recently, it has been proven that phenolic acids enhanced
the tolerance of tomato plants to infection with Botrytis cinerea through reducing oxidative stress [69].
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Herein, we showed that total soluble phenolics and total soluble flavonoids were significantly increased
in infected plants treated with gallic acid and its derivatives compared with control plants. Generally,
these compounds were elevated under various stresses such as infection with plant pathogens, and they
act as strong antioxidants, where they can function as scavengers of ROS and protect cells from
oxidative stress [70].

Moreover, our findings showed that the total phenol and flavonoid contents were lower at 5 dpt,
while the levels of both polyphenol oxidase and peroxidase were significantly increased at the same
time point. We assume that phenolics might provide an adequate substrate for oxidative reactions
catalyzed by polyphenol oxidase or peroxidase, which are consuming oxygen and producing fungitoxic
quinones that make the medium unfavorable to the further development of pathogens [17].

The present investigation revealed that the activity of catalase significantly increased in inoculated
tomato plants and those treated with gallic acid and its derivatives especially, at 1 dpt. In agreement
with these findings, the level of antioxidant enzymes such as catalase and glutathione peroxidase
was elevated under biotic stresses [71]. The increase in this activity might support stressed plants to
cope with the overproduction of ROS, where catalase, the main enzyme for scavenging of hydrogen
peroxide (H,O,), can regulate its concentration in cells through catalytic elimination of H,O, during
oxidative damage [72].

On the other hand, both peroxidase and polyphenol oxidase activities reached their highest
peak after 5 dpt, with superiority over both controls. Peroxidase and polyphenol oxidase are related
to plant defense against a wide range of plant pathogenic microorganisms [73]. Recently, it was
reported that foliar application of phenolic acids on tomato plants raised the activities of phenylalanine
ammonia-lyase and polyphenol oxidase [69]. Thus, phenolic acids can inhibit plant diseases, and induce
the plant defense system [66]. In the present study, we observed that the activities of antioxidant
enzymes slightly increased and then decreased, this may be explained by the fact that phenolic acids
that reduced the oxidative stress of tomato plants resulted from inoculation with pathogenic fungus
A. solani. Therefore, the severity of disease decreased as a result of foliar application.

Gallic acid and its derivatives, as well as difenoconazole fungicide, increased the yield components
of tomato plants, among tested compounds pyrogallic acid recorded the highest values of all yield
components. It is worth noting that the highest values of chlorophyll were achieved when tomato
plants were sprayed with pyrogallic acid. Therefore, the increase in yield might be due to the high
content of photosynthetic pigments in the treated leaves. In addition, foliar application with gallic
acid and its derivatives reduce the disease severity and negative effect of A. solani. The correlation
analysis between disease severity and yield components indicated that fruit yield had significant
negative correlations with the disease severity. These results proved the negative impact of early
blight disease on the fruit yield and growth traits of tomato plants in mock-treated plants, which
agreed with previous studies [7]. However, treatment with difenoconazole fungicide or gallic acid
and its derivatives significantly weakened this correlation, and we suggested that those compounds
protected the tomato plants from pathogen attack. After using gallic acid and its derivatives, the yield
components were positively correlated with enzymatic activity. Thus, the foliar application with the
tested compounds plays a key role in reducing oxidative stress.

Although previous studies showed that gallic acid is relatively stable at high temperatures and
ultraviolet C light (UV-C), to the best of our knowledge, it has never been tested under the field
conditions. For example, degradation of polyphenols, including gallic acid, ranged from 15 to 30 %
after 4 h of exposure to high temperatures (up to 100 °C), and it was about 50% after 3 h of UV-C
exposure [74]. Interestingly, our finding showed that the disease progress curves of early blight
disease on tomato leaves slightly increased at 21 dpt in gallic acid- and pyrogallic acid-treated plants.
The thermal stability and UV-C stability of polyphenols might explain this phenomenon. In other
words, the fungistatic effect of gallic acid and its derivatives fades away approximately 15 dpt, and it
definitely needs to be renewed by another application. Taken together, these findings suggest that
gallic acid and its derivatives might be promising therapeutic compounds against A. solani under field
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conditions; however, more studies are required to explore the best concentration, delivery method,
and application time.

5. Conclusions

Generally, gallic acid and its derivatives (pyrogallic acid and syringic acid) inhibited the mycelial
radial growth of A. solani and showed fungistatic activities in vitro in a dose-dependent manner.
Moreover, they efficiently suppressed the development of tomato early blight in vivo without any
phytotoxic symptoms on treated tomato plants. In addition to their positive effects on yield components,
exogenous treatment with gallic acid and its derivatives enhanced the biochemical traits including
chlorophyll content; total soluble phenolics; total soluble flavonoids; and the enzymatic activities of
catalase, peroxidase, and polyphenol oxidase. The results obtained in this study suggest that gallic
acid and its derivatives are a promising alternative eco-friendly control strategy for the early blight
disease of tomato that might reduce the usage of fungicides entirely or partially.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/9/1402/s1,
Figure S1: Chemical structure of phenolic acids used in this study. (A) Gallic acid, (B) pyrogallic acid, and (C) syringic

acid. Molecular weight/molar mass (g mol~!) is mentioned between parentheses beside the chemical formula of each
compound. Figure S2: Morphological features of Alternaria isolates obtained from tomato commercial fields early
in 2019. (A) Isolate #1, (B) isolate #2, and (C) isolate #3. Colonies were cultured on potato dextrose agar (PDA)
medium in 9 cm Petri dishes and incubated at 25 °C for 7 days. Figure S3: Simple linear regression between
disease severity (%) and time post-treatment with gallic acid or its derivatives during 2019 (A) and 2020 (B)
seasons. Colored circles present the row data. The fitted regression line is presented as a solid-line, while the
95% confidence intervals for the estimated regression are color-shaded and edged by doted-lines. Regression
equations, R2, and p-value based on the F test (p < 0.05) were also obtained and presented within the graph.
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