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Introduction

Tomato (Solanum lycopersicum) is the second most valuable agricultural product after potatoes. Early blight,
caused by Alternaria solani, is a major disease affecting tomatoes, damaging stems, leaves, and fruits. This
disease significantly reduces photosynthesis and can lead to leaf drop in severe cases across tomato-growing
regions in Iran. Common control methods often involve chemical pesticides, but their excessive use can result in
environmental pollution, pathogen resistance, and the emergence of dangerous strains, exacerbating the damage.
As a safer alternative, researchers have increasingly focused on using natural compounds, or phytometabolites,
for pest and pathogen management. Plant biocides offer numerous advantages, including rapid decomposition,
specific toxicity, reduced bioaccumulation, and minimal harm to beneficial insects. This study aims to evaluate
the effectiveness of thyme extract in managing tomato spot disease as a substitute for chemical pesticides,
alongside an assessment of morphological and physiological characteristics in infected versus healthy plants.

Materials and Methods

Five fungal isolates were collected from tomato fields in various locations of West Azarbaijan province.
Extraction and isolation of A. solani followed the Rigotti method (2003), while DNA extraction and PCR were
conducted using Ji Cho's method (2016), with the amplified fragments subsequently sequenced. A phylogenetic
tree was created using Mega 8 software, positioning the Iranian isolate alongside Asian A. solani isolates. Thyme
extract's effect on fungal colony growth was tested in the lab, and pathogenicity was assessed on tomato variety
4129. Morphological traits, including plant and root length and biomass, along with physiological traits such as
chlorophyll content and the expression of defense genes (CAT, APX, POD), as well as phenol and flavonoid
levels were measured for UrmiaB isolate, as the most virulent among the collected isolates.

Results and Discussion
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All concentrations of thyme extract tested in this research exhibited significant inhibitory and antifungal
effects at both 1% and 5% probability levels compared to the controls. Additionally, thyme extract showed
moderate to high antifungal activity against A. solani, both in laboratory and greenhouse settings. In laboratory
trials, thyme concentrations of 50, 100, and 150 mg mL* markedly reduced fungal growth, particularly at higher
concentrations (100 and 150 mg mL™), which also corresponded with a decrease in pathogenicity affecting
tomato fruits of cultivar 4129. Morphological and physiological assessments indicated that thyme extract
improved traits in tomato variety 4129, including root and shoot lengths, biomass, chlorophyll content, and the
expression of defense-related enzymes (CAT, APX, POD), as well as phenolic and flavonoid levels under
greenhouse conditions. These findings demonstrate that thyme extract effectively mitigates early blight disease
in tomatoes by inhibiting fungal growth.

Conclusion

The results indicated that thyme extract effectively reduced the activity of the pathogen responsible for
tomato early blight in both laboratory and greenhouse conditions. Its antifungal properties make thyme extract a
promising candidate for commercialization in agricultural pest management, particularly when used in
combination with other compounds.
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KT384228.1, A. solani, China, Potato.
82} 0Q849759.1, A. solani, Iran, Potato.
64 [—KJGS4071.1,A. solani, Uganda, Tomato.
I

MZ678415.1, A. solani, China, Tomato.
K7441469.1, A. altrenata, USA, Potato.
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Figure 3-Phylogenetic tree of fungal ITS region fragments, constructed using the Maximum Likelihood method (MEGAQ0.8) and
compared to gene bank isolates.
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Table 1- ANOVA of Alternaria solani-UrmiaB pathogenicity on tomato fruit

L Loy (%) G slow s (ko
Control treatment (distilled water + healthy plant) 0
Control treatment (distilled water + healthy plant) 66/9615.12
50 mM thyme extract and inoculation of 50 CFU/ml Alternaria solani isolate UrmiaB 28/32+1.25
100 mM thyme extract and inoculation of 50 CFU/ml Alternaria solani isolate UrmiaB 18/21+1.63
150 mM thyme extract and inoculation of 50 CFU/ml Alternaria solani isolate UrmiaB 11/32+1.14
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Figure 4- illustrates the inhibitory effect of thyme extract on tomato fruits inoculated with A. solani. Treatments: A) Healthy control

(distilled water only); B) A. solani control (108 spores/mL); C) A. solani (108 spores/mL) + 50 mM thyme extract; D) A. solani (102
spores/mL) + 100 mM thyme extract; E) A. solani (108 spores/mL) + 150 mM thyme extract.
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Table 2- Inhibition of fungal growth, disease frequency, and severity after thyme extract treatment.

O e Flglyd olile gl o,bas (S5 ey

(UrmiaB) Lo X . . o
Sylow () &olow (%) UrmiaB & » (55,
Control (distilled water + healthy plant) 0 02 02
Negative control (A. solani) 16.5+71.96 02 02
Treatment with 50 mM thyme extract + inoculation of A. b b
solani with a concentration of CFU/ml (T1) 30.3241.20 2595 38.95
Treatment with 50 mM thyme extract + inoculation of A. c c
solani with a concentration of CFU/ml (T1) 24.21+1.61 14.16 79.16
Treatment with 50 mM thyme extract + inoculation of A. 16.32+1.18 13.19 81.19

solani with a concentration of CFU/ml (T1)
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Figure 5: Inhibition of Alternaria solani mycelial growth by thyme extract in vitro. Treatments: A, distilled water (control); B, 50
mM thyme; C, 100 mM thyme; D, 150 mM thyme.
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Table 3- Average effect of thyme extract on total chlorophyll content in Alternaria solani-infected tomato plants.
Groups Variable N of groups  Kruskal Wallis  df P
Treatment  Total chlorophyl 5 17.93960 4 0.00127

Total chlorophyl

Health  Infected ThymeS0 Thymel00 Thyme 150

Treatment
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Figure 6- Average effect of thyme extract on chlorophyll content in tomato plants infected with Alternaria solani.
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Table 4- Average Effect of Thyme Extract on Tomato Plant Length Affected by Alternaria solani
Treatment Variable Method Statistic  P.value  Normal?
Health Shoot length  Shapiro Wilk  0.97137  0.84997 Yes
Infected Shoot length  Shapiro Wilk  0.97973  0.90041 Yes
Thymus100 Shoot length ~ Shapiro Wilk  0.97137  0.84997 Yes
Thymus150 Shoot length ~ Shapiro Wilk  0.86337  0.27245 Yes
Thymus50  Shoot length  Shapiro Wilk  0.72863  0.02386 Yes
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Treatment
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Figure 7: Average effect of thyme extract on tomato plant length after Alternaria solani infection
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Table 5- Average Effect of Thyme Extract on Root Length in Tomato Plants Infected with Alternaria solani
Treatment Variable Method Statistic P.value Normal?
Health Root length Shapiro Wilk 0.99291 0.97188 Yes
Infected Root length Shapiro Wilk 0.97137 0.84997 Yes
Thymus100 Root length Shapiro Wilk 0.62978 0.00124 Yes
Thymus150 Root length Shapiro Wilk 0.72863 0.02386 Yes
Thymus50 Root length Shapiro Wilk 0.94466 0.68296 Yes
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Figure 8- Average effect of thyme extract on root length in Alternaria solani-infected tomato plants.
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Figure 6- Average effect of thyme extract on root length in Alternaria solani-infected tomato plants.

Mean.Sq

F.value p

Parameter df Sum.Sq
Treatment 4 54.11500
Residuals 15  3.62500

Total 19 57.74000

13.52875 55.98103 0.00000
0.24167
13.77042

shoot fresh weight
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Figure 9- Average effect of thyme extract on fresh weight of tomato plants infected with Alternaria solani.
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Table 7- Average Effect of Thyme Extract on Fresh Weight of A. solani-Infected Tomato Roots
Treatment Variable Method Statistic P.value Normal?
Health Root fresh wheight ~ Shapiro Wilk  0.94466  0.68296 Yes
Infected Root fresh wheight ~ Shapiro Wilk  0.99179 0.96644 Yes
Thymus100 Root fresh wheight  Shapiro Wilk  0.99291 0.97188 Yes
Thymus150 Root fresh wheight  Shapiro Wilk  0.88691 0.369 Yes
Thymus50  Root fresh wheight ~ Shapiro Wilk  0.62978  0.00124 Yes

root fresh wheight
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Figure 10- Average effect of thyme extract on fresh root weight of tomato plants infected with Alternaria solani.
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Table 8- Effect of thyme extract on dry weight of Alternaria solani -infected tomato shoots
Treatment Variable Method Statistic _P.value  Normal?
Health Shoot dry weight ~ Shapiro Wilk  0.86521  0.27929 Yes
Infected Shoot dry weight ~ Shapiro Wilk  0.72863  0.02386 Yes
Thymus100 Shoot dry weight  Shapiro Wilk  0.62978 0.00124 Yes
Thymus150 Shoot dry weight  Shapiro Wilk  0.82229  0.14857 Yes
Thymus50  Shoot dry weight  Shapiro Wilk  0.77291  0.06185 Yes

shoot dry weight

Health Infected ThymeS0 Thymel0O0 Thymel50

Treatment
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Figure 11- Average effect of thyme extract on dry weight of tomato shoots infected with Alternaria solani.
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Table 9- Effect of thyme extract on dry weight of tomato roots infected with Alternaria solani.
Treatment Variable Method Statistic P.value Normal?
health Root dry wheight ~ Shapiro Wilk  0.78211 0.07381 Yes
infected Root dry wheight  Shapiro Wilk  0.62978 0.00124 Yes
Thymus100 Root dry wheight  Shapiro Wilk  0.62978  0.00124 Yes
Thymus150 Root dry wheight  Shapiro Wilk  0.89888  0.42554 Yes
Thymus50  Root dry wheight ~ Shapiro Wilk  0.91068  0.486 Yes

root dry wheight

Health Infected Thyme50 Thymel0O Thyme 150

Treatment
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Figure 12- Average Effect of Thyme Extract on Dry Weight of Tomato Roots Infected with Alternaria solani
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Table 10- Effect of Thyme Extract on Catalase Synthesis in Alternaria solani-Infected Tomatoes
Treatment Variable Method Statistic P.value Normal?
Health (mg.gt FW) ;Ybls  Shapiro Wilk  0.97137  0.84997 Yes
Infected (mg.g’t FW) ;Y6 Shapiro Wilk  0.86038  0.26157 Yes
Thymus100  (mg.gt FW) ;Yils  Shapiro Wilk  0.92708  0.57735 Yes
Thymus150 (mg.gt FW) ;vuls Shapiro Wilk  0.62978 0.00124 Yes
Thymus50  (mg.g™ FW) ;ybls  Shapiro Wilk  0.79065 0.08649 Yes

CAT (mg/g FW)

Health Indected ThymeS0 Thymel00 Thymel50

Treatment
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Figure 13- Average effect of thyme extract on catalase synthesis in Alternaria solani-infected tomatoes.
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Table 11- Average Effect of Thyme Extract on Total Flavonoids in Alternaria solani -Infected Tomatoes
Treatment  Variable Method Statistic  P.value  Normal?
Health Flavenoid  Shapiro Wilk  0.93927  0.64988 Yes
Infected Flavenoid Shapiro Wilk  0.99291 0.97188 Yes
Thymus100 Flavenoid Shapiro Wilk  0.86337  0.27245 Yes
Thymus150 Flavenoid Shapiro Wilk  0.94466 0.68296 Yes
Thymus50  Flavenoid  Shapiro Wilk  0.62978 0.00124 NO

flavenoid

Health Infected Thyme50 Thymel00 Thymel50

Treatment
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Figure 14-Average effect of thyme extract on total flavonoid content in Alternaria solani-infected tomatoes.
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Table 12- Effect of Thyme Extract on Total Phenol Synthesis in Alternaria solani-Infected Tomatoes

Treatment Variable Method Statistic  P.value Normal?
Health Phenol  Shapiro Wilk  0.88609  0.3653 Yes
Infected Phenol  Shapiro Wilk  0.89495  0.40639 Yes
Thymus100  Phenol  Shapiro Wilk  0.7622  0.04991 NO
Thymus150  Phenol  Shapiro Wilk  0.8494  0.22423 Yes
Thymus50 Phenol  Shapiro Wilk  0.89345 0.39925 Yes
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Figure 15- Effect of thyme extract on total phenolics in Alternaria solani -infected tomatoes.
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Table 13- Average Effect of Thyme Extract on Peroxidase in Alternaria solani -Infected Tomatoes

Treatment Variable Method Statistic  P.value  Normal?
Health POD (mg.g, FW) Shapiro Wilk  0.8211  0.14575 Yes
Infected POD (mg.gt, FW) Shapiro Wilk  0.62978 0.00124 NO
Thymus100 POD (mg.g?, FW) Shapiro Wilk  0.72863  0.02386 NO
Thymus150 POD (mg.g?, FW) Shapiro Wilk  0.97137  0.84997 Yes
Thymus50  POD (mg.gt, FW) Shapiro Wilk  0.86038 0.26157 Yes
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Figure 16- Average effect of thyme extract on peroxidase content in Alternaria solani-infected tomatoes.
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Table 14- Comparison of the average effect of thyme extract treatment on the synthesis of ascorbate peroxidase enzyme in tomatoes
infected with Alternaria solani

Treatment Variable

Method Statistic P.value Normal?

Health APX (mg/g FW)
Infected APX (mg/g FW)
Thymus100 APX (mg/g FW)
Thymus150 APX (mg/g FW)
Thymus50  APX (mg/g FW)

Shapiro Wilk  0.99291 0.97188 Yes
Shapiro Wilk  0.62978 0.00124 Yes
Shapiro Wilk  0.72863 0.02386 Yes
Shapiro Wilk  0.62978 0.00124 Yes
Shapiro Wilk  0.97865 0.89407 Yes
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o

Health Infected ThymeS0 ThymelOO Thymel50

Treatment

Alternaria solani & gl (5,545 65 JS STy @lysSol 1 sl oyl jlogi il (:Sile duglio VY JS
Figure 17- Average effect of thyme extract on Ascorbate peroxidase content in Alternaria solani-infected tomatoes.
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