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Abstract: Terpenoid phytoalexins are secondary metabolites of plants act as defensive agents against plant 

pathogen attack. Alternaria cerealis AUMC 14484 (MT808477) is a phytopathogen of tomato that stimulates 

new types of phytoalexins especially during the biological control process. Trichoderma harzianum utilized as 

controlling agent of A. cerealis using the fungal filtrates or spore suspension in infected plants. Time course 

detection of terpenoid phytoalexins was 2, 24 and 48 h of infection and estimated with complete analysis of their 

types and concentrations using GC-MS analysis. The plant cells behavior during the biological control process 

was monitored by lipid peroxidation, hydrogen peroxide, and antioxidant enzymes (catalase and peroxidase) 

analyses. The results showed significant increase in total terpenoids, lipid peroxidation and hydrogen peroxide 

after 24 h in all treatments; however catalase and peroxidase increased in infected tomato plants but decreased 

during the biological control process which reflects decrease in the cell stress during the infection. Twelve 

terpenoid phytoalexins recorded in infected tomato leaves, seven of them are newly recorded in tomato plants 

including 5à-spirostan-23-ol, (22s,23r,25r); 2(1h)-naphthalenone, octahydro-1-methyl-1-(2-propenyl), 

(1à,4aá,8Aà); 2,2' (1h,1'h)-spirobi-s-indacene, ethanone.; Spiro[5hbenzocycloheptene 5,1'[2,5] cyclohexadiene] 

4',9diol,6,7,8,9 tetrahydro2,3,3',4,5 'pentamethoxy-7,8-dimethyl-, 9-acetate; carvacrol; maslinic acid; 

Spirost8en11one,3 hydroxy, (3á,5à,14á,20á,22á,25R) and Olean-12-ene-3,15,16,21,22,28-hexol, 

(3á,15à,16à,21á,22à). Rishitin derivatives (rishitinol and rishitinone) also recorded in infected tomato leaves. 

The application of Trichoderma harzianum as culture filtrate or spore suspension throughout the biological 

control procedure is critical for tomato plant resistance against A. cerealis leaf spot disease by enhancing redox 

buffer capacity, improving plant tolerance, and activating plant defense systems.  

Keywords: Alternaria cerealis, Trichoderma harzianum, Terpenoid Phytoalexins, Antioxidants, 

Phytopathogens.  

Introduction 

     Plants have evolved a complex defense 

mechanism that relies on the rapid perception and 

activation of secondary metabolites. These defensive 

metabolites, such as terpenoids, constitute a huge and 

diverse chemical substance (Li et al. 2015, Vaughan 

et al. 2015, Ashour et al. 2018, Erb and Kliebenstein 

2020 and Divekar et al. 2022). Terpenoids act as 

phytoalexin compounds are low molecular weight 

compounds accumulate in response to biotic and 

abiotic factors (Singh and Sharma 2015 and Ashour 

et al. 2018). The biosynthesis of terpenes occurs in 

the cytoplasm through the mevalonate pathway or in 

the plastids through the methylerythritol phosphate 

pathway (Ashour et al. 2018 and Tiku 2020). 

Artificial injury or treatment with biological agents is 

usually sufficient to induce terpene synthase. The 

terpene synthesis induced by coniferous wounds has 

been well described (Martin et al. 2002 and Miller et 

al. 2005). Elicitors are signal molecules that motivate 

the plant to synthesize a phytoalexin compound. 

Elicitors are chemical compounds that can be derived 

from biotic or abiotic sources that can stimulate the 

response of stress in plants, improving the synthesis 

and accumulation of secondary metabolites or the 

induction of new secondary metabolites (Naik & Al-

Khayri 2016).  

Trichoderma has a strong antagonistic and 

fungal parasitic effect on plant pathogens that induce 

defense mechanisms in several plants and has 

previously been reported as an effective biological 

control agent against several soil-borne pathogens 

(Brotman et al. 2012, Kobori et al. 2015 and Daryaei 

et al. 2016). T. harzianum can greatly reduce the 

early and late blights of tomato plants (Abdel-Kader 

et al. 2012). This biocontrol activity is been probably 

attributed to the ability to produce antibiotic 

compounds and efficiently compete for niches and 
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nutrients (Zhao et al. 2013). In vitro, T. harzianum 

inhibited the mycelial growth of Alternaria solani 

and Phytophthora infestans in tomatoes. The 

inoculant induces the production of plant hormones 

(auxin and gibberellin) and increases the level of 

plant defense enzymes (Chowdappa et al. 2013). In 

addition, the use of Trichoderma species as 

biological agents can significantly increase enzymatic 

antioxidants such as peroxidase, catalase, polyphenol 

oxidase that play an important role in the defense 

mechanism of plants against pathogen infection (EL-

Tanany et al. 2018).  

The production of reactive oxygen species 

(ROS) including superoxide anion, hydroxyl radical 

and hydrogen peroxide is the main indicator of early 

plant defense responses encountered by fungal 

pathogens (Lehmann et al. 2015). One of the main 

functions of the ROS system is to control several 

biological and physiological processes, acting as a 

key intermediate signal to relieve biotic and/or 

abiotic stress, (Mittler et al. 2011 and Baxter et al. 

2014). In protection signal transduction pathways, 

ROS are  one of the first cell responses in invading 

pathogens associated with cell homeostasis damage, 

leading to the expression and activation of plant 

defense-related genes via phytoalexin formation, cell 

wall deposition, and protein-related pathogenesis 

(PR) (Xu et al. 2008 and Shoresh et al. 2010).  

Some studies have found that susceptible and 

resistant tomato varieties have very different 

accumulations of phytoalexins after being infected 

with Verticillium dahliae or Fusarium wilt, indicating 

the accumulation of phytoalexin compounds as a 

possible mechanism of resistance as generation of 

reactive oxygen species (ROS) and induction of anti-

microbial secondary metabolites  (flavonoids, phenol 

and terpenoids) in plant resistance against fungal 

pathogens, where they are transported to the site of 

infection. Furthermore, they have been noticed that, 

phytoalexin compounds are merged with the cell 

walls of necrotic and adjacent plant cells (Hutson and 

Smith 1980 and Kiran et al. 2017). Several 

sesquiterpene and monoterpene phytoalexin 

compounds have been described, that referred as the 

mechanisms of plant defense strategies. Generally, 

Solanaceae plants produce sesquiterpenoid 

phytoalexin to defend against a variety of pathogens. 

These compounds are not only harmful to pathogens, 

but also harmful to plants, so after eliminating the 

threat, they need to be detoxified. The reactions 

performed may be oxidation, reduction, hydrolysis, 

or other mechanisms, depending on both fungal 

species and the chemical structure of phytoalexin 

(Pedras et al. 2011 and Camagna et al. 2020). 

Rishitin observes hypersensitivity reactions in the 

epidermal cells of resistant plants, thereby limiting 

the growth of pathogens (Shih et al. 1973). It 

accumulates in incised or injured tissues and 

biosynthesized via the acetate-mevalonate pathway 

(Shih et al. 1973).  

The objectives of this study are to discover the 

comprehensive effects of different concentrations of 

fungal filtrate or spores suspension of Trichoderma 

harzianum on the terpenoid phytoalexin compounds 

of the infected tomato plants with Alternaria cerealis 

after different infection periods. Also, explaining the 

defense response of plant cell to induce other 

metabolic elements. 

Materials and Methods 

Tomato phytopathogen  

Alternaria cerealis (AUMC 14484) was isolated 

from dark spot lesions on tomato leaves (Solanum 

lycopersicum L.) using PDA medium following 

Shabana (1987) method. The fungus examined and 

identified by conventional and molecular methods 

according to White et al. (1990) and Simmons 

(2007). Pathogenicity test was performed using four 

weeks tomato seedlings growing in soil contains clay 

56.7%, silt 30.9%,  sand 12.4% with pH 7.11 and EC 

2.27, using 1 × 10
5 

conidia/ml A. cerealis inoculum 

as described by Blagojević et al. (2020). 

Antagonistic activity of Trichoderma harzianum 

against Alternaria cerealis (MT808477) 

One week old A. cerealis conidia grown on PDA 

medium at 28±2°C was scratched, suspended in 0.1% 

Tween-80/ sterilized distilled water and diluted to 10
5
 

conidia/ml. One ml of aliquots conidia suspension of 

A. cerealis was transferred directly into empty 

sterilized plates, then about 15 ml sterilized PDA 

medium cooled to just above solidifying temperature 

were added to plate. The plates were rotated by hand 

in broad swirling motion in order to disperse of spore 

suspension in the medium. After solidification, T. 

harzianum was inoculated in the center of each plate 

and all plates were incubated at 28 ± 2°C for 7 days. 

The diameter of the inhibition zone was measured. 

Biological control greenhouse experiment using 

two saprophytic inoculum types  

Greenhouse experiment was performed 

according to Solino et al. (2017). Thirteen day old 
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tomato (Solanum lycopersicum L.) plants were 

utilized for this experiment. Plants were placed in 

black polyethylene bags with 30 cm diameter loaded 

with 1Kg autoclave sterilized soil and grown in 

environmental conditions.  

Inoculum preparation of Alternaria cerealis 

AUMC (14484) 

       The strain of Alternaria cerealis (AUMC 14484) 

was re-cultured in Potato Dextrose Agar (PDA) 

medium at 28±2°C. Mycelial fragments were 

removed by filtering through sterile gauze. The 

conidial suspension was collected in sterile water 

containing trace amounts of tween-80 (0.1%) and 

adjusted to a concentration of 10
5
conidia/ml using 

cell haemocytometer. The tested tomato plants were 

inoculated with the conidial suspension of the 

pathogen. 

Preparation of Trichoderma harzianum  

        Both culture filtrates (10, 20, 30%) and spore 

suspensions (10
5
 and 10

7
) were applied. Fungal 

filtrates were obtained by transferring one disc (7 

mm) of PDA medium covered with three days old 

mycelia of Trichoderma harzianum in 100 ml potato 

dextrose broth. The medium containing T. harzianum 

was incubated at 28±2°C for 15 days on rotatory 

incubator (200 rpm), then filtered on Whatman 

filter paper (No 1) (Solino et al. 2017). 

The inoculum of T. harzianum was grown on 

PDA plates incubated at 28 ± 2°C for 7 days on static 

condition. The growing fungal spores were 

suspended in 0.1% tween-80 in sterilized distilled 

water. The inoculum size was adjusted to 10
5
 and 10

7
 

spores/ml by microscopic enumeration with a cell-

counting hematocytometer.  

     The infected tomato plants were sprayed with 

either culture filtrates (10, 20, 30%) or spore 

suspensions (10
5
 and 10

7
) to evaluating the 

phytoalexin compounds induced in the infected 

tomato plants. Three pots were used as replications 

for each treatment, in addition to the control plants 

injected with T. harzianum only (Solino et al. 2017). 

Plant leaves were examined after 2, 24 and 48 h for 

testing the physiological traits including terpenoids, 

MDA, hydrogen peroxide analysis and evaluating 

activities of tested enzymes (CAT and POD) (de 

Oliveira et al. 2021). 

  

 

Extraction and estimation of terpenoid 

phytoalexins 

Phytoalexins from tomato leaves (1 g) were 

extracted with 10 ml methanol in liquid nitrogen. The 

extracts were filtered through Whatman filter paper 

(No 1), then the filtrate was evaporated to dryness at 

40°C and finally, the dried sample was dissolved in 

10 ml methanol for Gas Chromatography-Mass 

Spectrometry analysis (Price et al. 1976). 

Quantitative determination of terpenoid phytoalexins 

were carried out using Trace GC-ISQ mass 

Spectrometer (Thermo Scientific, Austin, TX, USA) 

with a direct capillary column TG–5MS (film 

thickness 30 mx 0.25 mm x 0.25 μm) and splitless 

sample injector. The unknown component spectrum 

was identified by comparing the mass-to-charge 

ratios and the abundance of each compound detected 

against a standard mass chromatogram in the 

National Institute of Standards and Technology 

(NIST) database and the Wiley registry of the mass 

spectral library. The identification of the obtained 

compounds was achieved using PubChem software. 

Determination of total terpenoids content 

Determination of total terpenoid contents were 

carried out according to Fan and He (2006). 10 mg of 

leaves were dissolved in 1ml dichloromethane. The 

extract was mixed with vanillin-glacial acetic acid 

solution (150 μl, 5% w/v), heated for 45 min at 60°C, 

then cooled in an ice-water bath to the ambient 

temperature. After the addition of glacial acetic acid 

(2.25 ml), terpenoid contents were determined at 548 

nm and calculated from calibration curve of pure 

ursolic acid (0.025–0.5 mg/ml in methanol). Total 

terpenoid was expressed as milligram ursolic acid 

equivalents (mg ursolic acid/g extract). 

Determination of lipid peroxidation  

The leaf material (0.5 g) was homogenized in 5 

ml of ethanol, and centrifuged at 10000 rpm for 5 min. 

One ml of the supernatant was added to 3 ml of 20% 

trichloroacetic acid (TCA) containing 0.65% of 

thiobarbituric acid (TBA) was added. The mixture was 

heated at 95 ºC for 30 minutes and cooled quickly on 

an ice bath. The mixture was then centrifuged at 

10,000 rpm for 15 minutes, and the absorbance of the 

supernatant was measured at 532 nm. The level of 

lipid peroxidation was expressed as nmol g
-1

 FW 

(Fresh Weight) of Malondialdehyde formed using an 

extinction coefficient of 155 mM
-1

 cm
-1

(Hodges et al. 

1999).  
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A. cerealis 

T. harzianum 

Determination of hydrogen peroxide  

The leaf material (0.3 g) was homogenized in an 

ice bath with 5 ml of 0.1% TCA. The homogenate 

was centrifuged at 10,000 rpm for 15 mins. The 

supernatant (0.5 ml) was added to 0.5 ml of 10 mM 

potassium phosphate buffer (pH 7.0) and 1 ml of 1 M 

KI. After 20 min, the absorbance of the supernatant 

was read at 390 nm. A calibration curve using H2O2 

was constructed, and the concentration expressed as 

mg g−1 FW (Velikova et al. 2000). 

Determination of catalase (CAT) and peroxidase 

(POD) antioxidant enzymes 

Frozen leaf segments (1g) was ground to a fine 

powder in liquid nitrogen, mixed in 10 ml of 100 mM 

potassium phosphate buffer (pH 7.8), containing, 0.1 

Na2-EDTA and 0.1 g polyvinylpyrrolidone (PVP). 

The mixture was centrifuged at 15000 rpm for 15 min 

at 4ºC and the supernatant collected and used for 

evaluating activities of all tested enzymes 

(Abdelhamid et al. 2020). Protein content was 

assessed based on Lowry et al. (1951) method, using 

bovine serum albumin (BSA) as the standard curve. 

Catalase (CAT) activity was determined by the 

reaction medium (3 ml volume) contained 50 mM 

potassium phosphate buffer (pH 7), 100 µl H2O2 (10 

mM) and 20 µl of enzyme extract and measuring the 

decrease in absorbance at 240 nm (µg protein
-1

 min
-1

) 

(Havir and McHale 1987). The activity of peroxidase 

(POD) was evaluated by adding 100 µl of enzyme 

extract to 2.5 ml of a solution containing 30 mM 

potassium phosphate buffer (pH 7), 6.5 mM H2O2, 

and 1.5 mM guaiacol. The absorbance was measured 

at 470 nm. The results were expressed as µg protein
-1

 

min
-1

 (Hammerschmidt et al. 1982). 

Statistical analysis  

All the obtained results were analyzed 

statistically using one- way analysis of variance 

(ANOVA). The significance of mean differences was 

determined at P ≤0.05 through SPSS software version 

25 (Duncan’s multiple tests). 

Results  

Biological control of Alternaria cerealis  

Alternaria cerealis AUMC 14484 was 

isolated from dark spot lesions on tomato leaves, the 

pathogenicity was confirmed at the beginning of 

infection by A. cerealis symptoms appeared as 

yellow haloes with small brown spots, but in the later 

stages, the spots gradually increased in size, forming 

dark brown concentric circles. The diseased plants 

died after 15 days of fungal inoculation. It was found 

that, the pathogen infected all the tested plants with 

100% prevalence. Alternaria cerealis AUMC 14484 

was recorded in the current study for the first time as 

a phytopathogen to tomato plants. Therefore, it was 

identified morphologically and genetically using ITS 

1 & 4 primer set as Alternaria cerealis (MT808477). 

Saprophytic Trichoderma harzianum showed high 

antagonistic potentiality against A. cerealis in PDA 

plates in the 5
th

 day of incubation (Figure 1). 

 

     

 

 

 

 

 

 

Figure 1: Antagonistic activity of Trichoderma harzianum against A. cerealis AUMC14484 

Effect of time-course biological control of tomato plant infected with Alternaria cerealis (MT808477) by T. 

harzianum on physiological traits of the plant 
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Total terpenoids 

Time-course total terpenoids were determined 

after 2, 24 and 48 h of the application of biological 

control process against Alternaria cerealis 

(MT808477) by T. harzianum using culture filtrates 

(10%, 20 and 30%) and spores suspensions (10
5
 and 

10
7
 spores/ml). Data obtained in figures (2&3) 

clarify that the total terpenoid content in tomato 

plants increased significantly with time achieving 

the highest values after 48 h in both culture filtrates 

(10%, 20 and 30%) and spore suspensions (10
5
 and 

10
7
 spores/ml). Also, statistical analysis showed 

strong positive correlation between the two types of 

application of T. harzianum and terpenoid content 

in tomato leaves. Application of biological control 

on tomato plants infected with A. cerealis 

stimulates the terpenoid phytoalexins production, 

comparing with the pathogen only or the 

saprophytic fungus only in both inoculum types. 

Fungal filtrate (20%) recorded the highest 

terpenoids content (47.46±0.99 mg/g FW), 

followed by 30% (37.83±1.2 mg/g FW) and 10% 

(37.5±0.91 mg/g FW). Generally, using spore 

suspension of T. harzianum recorded higher 

terpenoid content than the filtrates, especially in the 

higher spores concentration 46.13±0.6 mg/g FW 

after 48 h (10
7
spores/ml). Also, statistical analysis 

showed a strong positive correlation between 

different inducers (filtrates or inoculum 

concentrations of T. harzianum) and terpenoids 

content in tomato leaves (0.327** and 0.516** 

respectively). 
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Figure 2: Total terpenoids of healthy (control) and infected tomato leaves by A. cerealis (MT808477) under 

different concentrations (10%, 20% and 30%) of T. harzianum filtrates and periods of fungal infection, data are 

means ± SD (n = 3), with statistically significant differences (P < 0.05). 

 

Figure 3: Total terpenoid content of healthy (control) and infected tomato leaves by A. cerealis (MT808477) 

under different inoculum volumes of T. harzianum and periods of fungal infection, data are means ± SD (n = 3), 

with statistically significant differences (P < 0.05). 

Lipid peroxidation and hydrogen peroxide production   

Oxygen free radicals play a role in the 

pathogenesis of tissue damage in many pathological 

conditions via the peroxidation of membrane 

phospholipids. The content of malondialdehyde 

(MDA) is determined in infected tomato plants by 

Alternaria cerealis (MT808477) and controlled by 
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T. harzianum using two types of inoculua culture 

filtrates (10%, 20 and 30%) and spore suspensions 

(10
5
 and 10

7
 spores/ml) with time-course 2, 24 and 

48 h of the treatments. The MDA content was 

significantly higher in plant infected with A. 

cerealis after 48 h (351.5±2.56 mM/g FW), and 

decreased in the biological control treatment by 

increasing the filtrate concentration (199.04±6.56 

mM/g FW at 30% filtrate) than the pathogen 

control (Figure 4). The increase of free radicals will 

lead to the overproduction of malondialdehyde 

(MDA) that referred to as a marker of oxidative 

stress and antioxidant status in membrane damage 

in plants. Increasing T. harzianum spore 

concentration stimulated MDA production, 

especially after 48 h. by 407.47±5.79 and 

392.4±9.87 mM/g FW for 10
7
 & 10

5
 spores/ml 

respectively as illustrated in figure (5). Further, 

results appeared that the MDA content had strong 

positive correlation with all treatments with filtrates 

and inoculum suspension at different concentrations 

with infected or non-infected plants. Hydrogen 

peroxide production indicated significantly high 

concentration at 2 h then decreased after 48 h in all 

treatments. The highest production of H2O2 reflect 

high stress on the plant was observed by fungal 

filtrate (30%) (3.7±0.01 mg/g FW) followed by 

20% (3.37±0.07 mg/g FW) and 10% (2.79±0.05 

mg/g FW) after 2 h (Figure 6). Using spore 

suspension recorded higher stimulation of H2O2 

than the filtrates, also increasing the spores 

concentration increase the H2O2 content by 

4.59±0.08 (10
7
 spores/ml) and 4.12±0.03  (10

5
 

spores/ml) mg/g FW (Figure 7). It is worth to 

mention that correlation between terpenoid and 

H2O2 contents was highly positive (0.396**) in the 

filtration treatments. 

 

 

Figure 4: MDA content of healthy (control) and infected tomato leaves by A. cerealis (MT808477) under different 

concentrations of T. harzianum filtrates and periods of fungal infection, data are means ± SD (n = 3), with statistically 

significant differences (P < 0.05) 
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Figure 5: MDA content of healthy (control) and infected tomato leaves L.) by A. cerealis (MT808477) under 

different inoculum volumes of T. harzianum and periods of fungal infection, data are means + SD (n = 3), with 

statistically significant differences (P < 0.05). 

Figure 6: H2O2 content of healthy (control) and infected tomato leaves by A. cerealis (MT808477) under 

different concentrations of T. harzianum filtrates and periods of fungal infection, data are means ± SD (n = 3), 

with statistically significant differences (P < 0.05) 

. 
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Figure 7: H2O2 content of healthy (control) and infected tomato leaves by A. cerealis (MT808477) under 

different inoculum volumes of T. harzianum and periods of fungal infection, data are means + SD (n = 3), with 

statistically significant differences (P < 0.05). 

Antioxidant enzymes (Catalase and 

Peroxidase) 

     Enzymatic antioxidants are the first line 

of defense against fungal pathogens. 

Catalase (CAT) catalyzes the decomposition 

of H2O2 into water and oxygen to decrease 

the toxicity effect of the stress. In our study, 

CAT activity reached its peak after 2 h then 

decrease after 24 h in either different 

filtrates or spores inoculum of T. harzianum 

(Figures 8&9). In biological control 

treatment (Alternaria cerealis & T. 

harzianum), 20% fungal filtrate recorded 

higher CAT specific activity (0.06±0.005 μg 

protein
-1

 min
-1

) followed by 10% 

(0.03±0.006 μg protein
-1

 min
-1

) and 30% 

(0.01±0.003 μg protein
-1

 min
-1

), however the 

concentration of filtrates or spores inoculum 

of T. harzianum could decrease CAT 

specific activity compared with the infected 

plants. Generally T. harzianum as biotic 

inducer exhibited strong negative 

correlations between the CAT activity and 

H2O2 (–0.265* and -0.496**, 

respectively).The obtained data is clearly 

demonstrated that tomato plants that treated 

with fungal filtrates (10%, 20 and 30%) or 

spore inoculums (10
5
 and 10

7
 spores/ml) 

adversely affected the peroxidase enzyme 

(POD) activity as shown by the current 

study (Figures 10 &11). The highest activity 

was observed after 48 h in plant samples 

that infected by A. cerealis. However, the 

changes were found significant (P < 0.05) 

when the tomato leaves treated with 

Trichoderma filtrates or spore inoculums in 
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infected or non-infected plants. In addition, 

spore suspension of T. harzianum showed 

little variance in POD activity by 0.67±0.06 

μg protein
-1

 min
-1

 (10
5
spores/ml) and 

0.64±0.012 μg protein
-1

 min
-1

 

(10
7
spores/ml). While all Trichoderma 

treatments was exhibited negative 

correlations between POD activity and H2O2 

(-0.291* and -0.376*, respectively). 

 

 

 

 

Figure 8: CAT activity of healthy (control) and infected tomato leaves by A. cerealis (MT808477) under 

different concentrations of T. harzianum filtrates and periods of fungal infection, data are means ± SD (n = 3), 

with statistically significant differences (P < 0.05). 

 

 

 

 

 

 

 

 

 

 

Figure 9: CAT activity of healthy (control) and infected tomato leaves by A. cerealis (MT808477) under 

different inoculum volumes of T. harzianum and periods of fungal infection, data are means + SD (n = 3), with 

statistically significant differences (P < 0.05). 
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Figure 10: POD activity of healthy (control) and infected tomato leaves by A. cerealis (MT808477) under 

different concentrations of T. harzianum filtrates and periods of fungal infection, data are means ± SD (n = 3), 

with statistically significant differences (P < 0.05). 

 

 

Figure 11: POD activity of healthy (control) and infected tomato leaves by A. cerealis (MT808477) under 

different inoculum volumes of T. harzianum and periods of fungal infection, data are means + SD (n = 3), with 

statistically significant differences (P < 0.05). 
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Gas chromatography-mass spectrometry (GC-

MS) analysis of terpenoid phytoalexins  

     GC-MS as used to determine the terpenoid 

phytotoxins in healthy and infected tomato leaves 

after different A. cerealis infection periods (0, 2, 24, 

and 48 hours). The results exhibited 12 terpenoid 

compounds in infected tomato samples with different 

structures and concentrations (Table 1). From these 

compounds, rishitin derivatives (rishitinone and 

rishitinol) and the sesquiterpene solavetivone were 

detected. Whereas the control plants exhibited only 

two different diterpenoids, phytol (83.58%) and 

neophytadiene (16.42%) that naturally found in the 

tomato plants. Time plays a very significant role in 

induction of phytoalexins, after 48 h; the 

concentration of terpenoid phytoalexin in tomato 

leaves was the highest, representing 13.74% of the 

total compounds. Interesting, seven newly terpenoid 

phytoalexins were recorded here for the first time. 

Those are named: 5à-spirostan-23-ol,(22s,23r,25r); 

2,2'(1h,1'h)- spirobi-s-indacene, ethanone derive; 

Spiro [5 hbenzocycloheptene 5,1' [2,5] 

cyclohexadiene] 4', 9 diol, 6, 7, 8, 9 tetrahydro 2, 3, 

3', 4, 5' pentamethoxy-7,8-dimethyl-, 9-acetate; 

Maslinic acid; Carvacrol; Spirost8en11one,3 

hydroxy, (3á,5à,14á,20á,22á,25R); and Olean-12-

ene-3,15,16, 21, 22, 28 - hexol, (3á,15à,16à, 21á, 

22à).  

     Methanol extract of infected tomato leaves 

recorded five terpenoid phytoalexin compounds after 

2 h. Among these, two were the most prevailing 

compounds in tomato plant; 2(1h)-naphthalenone, 

octahydro-1-methyl-1-(2-propenyl)-, (1à,4aá,8Aà) 

(Rishitinone) (85.07%) and 1,2,3,4 tetrahydro5,6,7,8 

tetramethoxy1,4 methanonaphthalene (Rishitinol) 

(1.49%). In the current study, three new terpenoid 

phytoalexin compounds have been identified for the 

first time from the tomato plant extract after 2 h, 

following infection by A. cerealis. These compounds 

are named: Olean-12-ene-3,15,16, 21, 22, 28-hexol, 

(3á,15à, 16à, 21á, 22à); Spirost8en11one, 3 hydroxy, 

(3á, 5à, 14á, 20á, 22á, 25R)  and Carvacrol. When 

tomato seedlings were treated with spore suspension 

of A. cerealis and analyzed after 24 h using GC-MS, 

it was observed that new terpenoid phytoalexins were 

mainly produced to halt or hinder fungal infection. 

Our results indicated maslinic acid (24.18 %) as a 

new record in the tomato plant. Spiro 

[5hbenzocycloheptene5,1' [2,5] cyclohexadiene] 4', 9 

diol, 6,7,8,9 tetrahydro 2,3,3',4,5' pentamethoxy -7,8-

dimethyl-, 9-acetate (12.42%); 5à-spirostan-23-

ol,(22s, 23r, 25r) (26.14%), 1, 2, 3, 4 tetrahydro 5, 6, 

7,8 tetramethoxy-1,4-methanonaphthale ne (10.46%) 

and 2,2'(1h,1'h)-spirobi-s-indacene, ethanone deriv. 

(26.80%) were observed in methanol extract of 

tomato after 24 h (Figure 12). One of the important 

obtained compounds is Rishitinol, it is formed with 

high concentration in methanol extract after 24 h 

(10.46%). After 48 h of fungal infection of tomato 

plants, GC-MS analysis of the samples recorded 

three terpenoid phytoalexin compounds in methanol 

extract. On the other hand, the presence of some 

compounds such as 1,2,3,4-tetrahydro-5,6,7,8-

tetramethoxy-1,4-methanonaphthalene and 

Spirost8en11one,3 hydroxy, (3á,5à,14á,20á,22á,25R) 

has declined after 48 h.  
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Table 1: Terpenoid phytoalexins identified in methanol extracts of healthy and infected tomato plants by Alternaria cerealis (MT808477) after 2, 24 and 48 h of infection using 

GC-MS analysis. 

No

. 
Name of the compound 

RT 

(min) 

Control After 2 h After 24 h After 48 h Molecular 

Formula 

Molecula

r  

Weight Area %  Con.%  Area %  Con.%  Area %  Con.%  Area %  Con.%  

1 Neophytadiene 10.00 2.1 16.42 - - - - - - C20H38 278 

2 5à-spirostan-23-ol,(22s,23r,25r) 10.07 - - - - 0.4 26.14 - - C27H44O3 416 

3 

2(1h)-naphthalenone, octahydro-1-

methyl-1-(2-propenyl)-, (1à,4aá,8Aà) 

(Rishitinone) 

11.25 - - 3.42 85.07 - - 13.49 98.18 C14H22O 206 

4 Phytol 12.89 10.69 83.58 - 
 

- - - - C20H40O 296 

5 
1,2,3,4tetrahydro5,6,7,8tetramethoxy-1,4-

methanonaphthalene (Rishitinol) 
13.16 - - - - 0.16 10.46 - - C15H14Cl4O6 430 

6 
2,2'(1h,1'h)-spirobi-s-indacene, ethanone 

deriv. 
13.24 - - 

 
- 0.41 26.80 - - C26H28O3 388 

7 

Spiro[5hbenzocycloheptene5,1'[2,5]cyclo

hexadiene]4',9diol,6,7,8,9tetrahydro2,3,3'

,4,5'pentamethoxy-7,8-dimethyl-, 9-

acetate 

16.74 - - - - 0.19 12.42 - - C25H34O8 462 

8 Carvacrol  17.15 - - 0.03 0.75 -  - - C13H22OSi 222 

9 
 1,2,3,4-tetrahydro-5,6,7,8-tetramethoxy-

1,4-methanonaphthalene (Rishitinol) 
18.14 - - 0.06 1.49 - - - - C15H14Cl4O6 430 

10 
 1,2,3,4-tetrahydro-5,6,7,8-tetramethoxy-

1,4-methanonaphthalene 
18.19 - - - - - - 0.2 1.46 C15H14Cl4O7 431 

11 Maslinic acid 20.64 - - - 
 

0.37 24.18 - - C30H48O4 472 

12 
Spirost8en11one,3hydroxy(3á,5à,14á,20á,

22á,25R) 
21.66 - - - - - - 0.05 0.36 C27H40O4 428 

13 
Spirost8en11one,3 

hydroxy,(3á,5à,14á,20á,22á,25R) 
21.77 - - 0.18 4.48 - - - - C27H40O5 428 

14 
Olean-12-ene-3,15,16,21,22,28-hexol, 

(3á,15à,16à,21á,22à)- 
21.91 - - 0.33 8.21 - - - - C30H50O6 506 

 Total 

 

12.79 

 

4.02 

 

1.53 

 

13.74 
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Figure 12: Some of terpenoid phytoalexins recorded in infected tomato leaves (S. lycopersicum L.) under the 

influence of different periods of fungal infection by A. cerealis (MT808477). 
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Discussion 

During the plant infection, phytopathogens 

represents a huge stress factor on the plant tissue that 

urge the plant cell defense mechanism by secreting 

signaling oligopeptides, proteins, oligosaccharides, 

and toxins (Shoresh et al. 2010 and Islam et al. 

2021). Biological control aims to decrease the 

destruction occurred by the phytopathogens using 

biotic agents, this agent control the oxidative stress in 

infected plants by up-regulation of cell metabolites 

and antioxidant enzymes such as peroxidase, catalase 

and superoxide dismutase (Chowdappa et al. 2013 

and Pandit et al. 2022). Phytoalexins accumulated 

during the phytopathogen infection as a good defense 

mechanism of the plant cells; however the responses 

of phytoalexins under the biological control 

conditions still was not clear. Therefore, this work 

tested the effect of using a saprophytic fungus, 

Trichoderma harzianum at different infection periods 

(2, 24, and 48 h) as biological control against 

Alternaria cerealis (MT808477) which recorded as a 

new tomato phytopathogen on the terpenoid 

phytoalexins. The effect of inoculum type including 

different Trichoderma harzianum filtrate (10%, 20 

and 30%) and their spore inoculum concentrations 

(10
5
 and 10

7
 spores/ml) on terpenoid phytoalexins 

and explaining the plant cell behavior during the 

experiment by measuring total terpenoids, 

malondialdehyde (MDA), hydrogen peroxide 

analysis and enzymatic activities (CAT and POD) 

was performed. 

 Terpenoid phytoalexins are low molecular 

weight antimicrobial active compounds that 

accumulate inside plant cell in response to biological 

and abiotic factors (Ashour et al. 2018) and act as 

antioxidants to protect cells from oxidative damage 

(Kim et al. 2020). The accumulation of terpenoids in 

tomato plants significantly increased through the 

biological control process after 48 h of infection 

comparing with non-infected or infected plant and 

also increased by increasing the spore’s inoculum 

concentration. Elgersma (1980) observed the 

accumulation of terpenoid phytoalexin rishitin, in 

susceptible and resistant tomato plants after 

inoculation with Verticillium albo-atrum. Also, EL-

Tanany et al. (2018) studied the effect of antagonistic 

fungi against Alternaria solani in tomato plants and 

reported increasing in total flavonoids and phenols 

compared to the control. It can be assumed that, to 

optimize the output of phytoalexin compounds, there 

is an optimum exposure period. The behavior of 

phytoalexin production inside tissue during time of 

infection was also studied. Induction of ajmalicin by 

Catharanthus roseus was higher in the first 48 h 

(Namdeo et al. 2002).  

Free fatty acids produced after the 

degradation of membrane lipids act as lipoxygenase 

(LOX) substrates, leading to oxidative degradation 

and membrane peroxidation (Farmer and Mueller 

2013). Through the antagonistic effect of biological 

inducer (T. harzianum) and the pathogen (A. 

cerealis), the content of MDA in tomato leaves was 

measured to prove the degree of oxidative stress. 

According to our results, the nature and 

concentration of inoculum effect highly in MDA 

production, the degree of change in the MDA content 

gradually increase by increasing the inoculum 

concentrations. In this respect, Zehra et al. (2017) 

observed that the MDA content gradually increased 

in tomato plants that infected by Fusarium 

oxysporum f. sp. lycopersici. The results showed that 

in the infected plants, the H2O2 content was 

significantly high after 2 h and decreased gradually 

in all treatments after 48 h. H2O2 is a key metabolite 

in oxidative stress (Sies et al. 2017). Similarly, Zehra 

et al. (2017) reported the same result for treatment of 

tomato leaves with salicylic acid especially when 

applied with pathogen markedly increased reactive 

oxygen species (ROS) production. Pathogen stress, 

salicylic acid, methyl jasmonate and T. harzianum 

treatment caused increase in H2O2 content after 24 

and 48 h. Zhou et al. (2019) found that drought and 

comprehensive stress caused oxidative damage in 

tomato plants after 6 days, thus increase in H2O2 

content in tomato plants. In our results show that a 

higher percentage of H2O2 content is found in plants 

pretreated with a combination of Trichoderma 

harzianum and pathogen. This indicates that the 

biological inducer has a protective effect, involves 

different mechanisms of action, and produces a 

variety of biologically active metabolites, which 

leads to a competition for space and nutrients 

(Nagórska et al. 2007). 

The capacity of bio-control agents to 

mitigate the impact of oxidative bursts has been 

reported in several studies (Kumar et al. 2009, Yang 

et al. 2009 and Lahlali et al. 2022). In response to 

oxidative damage, plants have effective ROS 

detoxification mechanisms to protect themselves, 

including the use of enzymes and non-enzymatic 

components to trigger antioxidant defense 

mechanisms. The enzymes (CAT and POD) are 

located in different subcellular compartments and 

constitute antioxidant mechanisms include CAT and 
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POX (Zehra et al. 2017). Peroxidase enzyme has the 

ability to use a variety of organic and inorganic 

compounds to detoxify H2O2 (Zhou et al. 2019). 

Therefore, plants can activate antioxidant enzymes to 

prevent the harmful effects of ROS (Hasanuzzaman 

et al. 2012). Reactive oxygen species (ROS) 

overproduction, however, negatively impacts the 

mechanism of cells by oxidising proteins, 

carbohydrates, lipids, DNA and RNA. In order to 

avoid ROS accumulation and cell toxicity, 

fortunately, plants have an effective ROS 

detoxification mechanism to protect themselves from 

toxic effects. The activation of antioxidant enzymes 

such as peroxidase (POD) and catalase (CAT) is one 

significant mechanism involved in ROS metabolism 

(Shimizu et al. 2006, Zehra et al 2017 and Tavanti et 

al 2021). 

In the present study, the increase in CAT 

and POD activities in tomato plants infected with A. 

cerealis in all infection periods was observed. 

Tomato plants treated by different filtrates (10%, 20 

and 30%) or inoculum (10
5
 and 10

7
 spores/ml) 

concentrations after infection or non-infection by 

pathogen showed a decline in the activity of CAT 

and POD in all studied accessions. The decrease in 

enzyme activity confirmed the earlier report of 

García-López et al. (2018), who concluded that the 

balance of antioxidant defense systems in plants can 

be delayed or altered to eliminate oxidative stress. In 

addition, Siddiqi and Husen (2017) reported that 

controlling the phytopathogen by ZnO NPs at a 

concentration more than 50 μgml
-1

 significantly 

inhibited the activity of POD.  Using salicylic acid as 

disease control agent could inhibit catalase activity in 

tomato and many other plant species, such as 

Arabidopsis, tobacco, cucumber plant due to the over 

accumulation of ROS (Sanchez-Casas and Klessig 

1994 and Conrath et al. 1995).  

The detection of phytoalexin compounds is 

an important method in the study of events of 

resistance induction. The phytoalexins produced in 

plants were extremely variable based on the 

physiological state of the plant, resistance of the 

plant, time of infection, microbe elicitation, and 

genetic background of the cultivar (Darvill and 

Albersheim 1984 and Kaur et al. 2022). In our study, 

12 terpenoids were recorded in infected tomato 

samples with different structures and concentrations. 

The results showed various terpenoid phytoalexins in 

leaf plants, such as rishitin derivatives (rishitinone 

and rishitinol) and sesquiterpene solavetivone. 

Whereas the control plants exhibited only two types 

of diterpenoids, phytol (83.58%) and neophytadiene 

(16.42%) that naturally found in the tomato plant. 

Regarding to this, Cáceres et al. (2015) investigated 

the sources of phytol and neophytadiene with the 

highest insecticidal activity and biologically active 

compounds, which can be further produced for the 

use of biological pesticides. Kostik and Bauer (2017) 

showed that eggplants, tomatoes, potatoes, carrots 

and beans have lower levels of phytol.  

Methanol extract of tomato sampling 

recorded five terpenoid phytoalexin compounds after 

2 h. Among these, two were the most prevailing 

phytoalexins in tomato plant, Rishitinone (85.07%) 

and Rishitinol (1.49%). In harmony with the current 

results, some previous studies have reported 

terpenoid phytoalexin compounds from tomatoes and 

other plants infected by different fungi, namely 

esquiterpenes rishitin, rishitinol, solavetivone and 

rishitinone (Elgersma and Liem 1989, Kúc 1995 and 

Mostafa 2018). Rishitinol is another terpenoid, 

hydroxyoctanol, which, after dehydration and 

acetylation, may create acetyl dehydrorishitinol. The 

rishitinol and rishitinone are known to be present in 

potatoes (Jadhav et al. 1991). Interesting studies by 

Elgersma (1980) showed that on the 2
nd 

until the 4
th

 

day after inoculation, rishitin accumulated in the 

lower and upper parts of the resistant and susceptible 

varieties of tomato. After week, the accumulation 

was lasted more slowly than susceptible varieties. In 

the present results indicated three new terpenoid 

phytoalexin compounds for the first time after 2 h, 

following infection by A. cerealis. These compounds 

are named: Olean-12-ene-3,15,16,21,22,28-hexol, 

(3á,15à,16à,21á,22à); Spirost8en11one, 3 hydroxy, 

(3á,5à,14á,20á,22á,25R) and Carvacrol. Carvacrol 

was stated in several studies a strong antifungal 

against phytopathogenic fungi, such as Botrytis 

cinerea, Fusarium moniliforme, Sclerotinium 

sclerotiorum, Alternaria tomatophila, Phytophthora 

capsici and others (Camele et al. 2012, Marchese et 

al. 2018 and Liu et al. 2019). Carvacrol is a phenolic 

monoterpene compound present in essential oils such 

as oregano, thyme, pepper, wild bergamot and other 

plants. Carvacrol has a wide range of biological 

activities and may be useful for therapeutic 

applications such as antimicrobial, antioxidant and 

anticancer function (Sharifi‐Rad et al. 2018). In 

many studies, the mode of action of carvacrol on 

various bacteria and fungi, especially plant pathogens 

and related mechanisms have been studied (Marchese 

et al. 2018 and Liu et al. 2019).  
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Maslinic acid is a triterpene found in various 

natural resources, used in traditional Asian medicine 

for edible vegetables and fruits. It has a range of 

biological activities in recent years, including anti-

diabetic, antioxidant, cardioprotective, 

neuroprotective and antiparasitic effects (Parra et al. 

2011, Lozano-Mena et al. 2014 and Pavel et al. 

2016). The two newly identified triterpenoids from 

the extract of tomato leaves (olean-12-ene-

3,15,16,21,22,28-hexol,(3á,15à,16à,21á,22à) and 

22,22-dideutero-lanosta-8,24 -dien-3-yl acetate) were 

recorded previously from other plants, such as 

frangipani (Plumeria rubra), olive fruit (Olea 

europaea) and cipó-una (Arrabidaea brachypoda) 

(Siddiqui et al. 2004, Stiti and Hartmann 2012 and 

Rocha et al. 2015).  

Non-sterol triterpenoids can respond to 

biotic and abiotic stress and contribute to plant 

protection (Van der Heijden et al. 1989). Stiti and 

Hartmann (2012) discovered 20 sterols and 29 non-

steroidal tetracyclic and pentacyclic triterpenoids 

from olives (Olea europaea), which belong to the 

carbon skeleton (olein, ursane, Lupan, taraxerane, 

taraxastane, euphane and lanostan). When the growth 

phase cell suspension culture of Tabernaemontana 

divaricata was treated with a Candida albicans 

inducer, the growth and monoterpene indole alkaloid 

were inhibited (Van der Heijden et al. 1989). 

Treatment of tomato seedlings with spore suspension 

of A. cerealis observed new terpenoid phytoalexins 

after 24 h to halt or hinder fungal infection. The 

results revealed that maslinic acid (24.18 %) was 

recorded for the first time in the tomato plant, 

although it was found in the hawthorn (Crataegus 

oxyacantha L.) plant, and could be used in traditional 

anti-diabetic, anti-tumor and antioxidant drugs (Lu et 

al. 2009 and Juan and Joana 2016). In accordance 

with our results, Elgersma (1980) noticed the 

accumulation of rishitin in the lower stems of 

susceptible and resistant tomato varieties. Also, 

solavetivone, rishitin and desacetylphytuberin were 

produced in the entire potato tubers of all cultivars 

infected with Phytophthora infestans (Price et al. 

1976). Thus, some metabolic activities within the 

plant maybe change their behavior during the time of 

the treatment. 

     Moreno et al. (1993) reported that Catharanthus 

roseus cultures that exposed to fungal elicitors for a 

longer period of time have adversely affected 

alkaloid synthesis.  

Also, fungal plant pathogens can resist plant 

defense mechanisms by synthesizing enzymes with a 

variety of catalytic activities. Some fungi effectively 

detoxify metabolites including phytoalexins through 

the action of detoxification enzymes, and these 

enzymes will exhaust these beneficial defenses 

(VanEtten et al. 1995, Pedras et al. 2017, Jeandet 

2018 and Westrick et al. 2021). 

In general, during the first 3 days, terpenoid 

compounds were continuously synthesized within the 

plant, whereas most of them (for examples: 

rishitinone, rishitinol, sesquiterpene solavetivone, 

carvacrol and maslinic acid) were disappeared after 

48 h. The biotic and abiotic elicitors stimulate the 

biosynthesis of phytoalexins. This means that the 

fungus has destroyed the terpenoid phytoalexin that 

appeared in the first two days (2, 24, and 48 h) by 

releasing enzymes that detoxifies the phytoalexin. 

The ability of Alternaria brassicicola, Botrytis 

cinerea, Phoma lingam, Rhizoctonia solani, 

Sclerotinia sclerotiorum and other virulent strains of 

phytopathogenic fungi have been studied to make 

cruciferous plants resistant to toxins through different 

mechanism reactions (such as: oxidation, reduction 

or hydrolysis). The ability to detoxify phytoalexin 

compound depends on fungal strain and the chemical 

structure of the target compound (Pedras et al. 2011 

and 2017). There are also certain mechanisms in 

plant cells that limit the accumulation of these 

molecules. These may include inhibition of 

biosynthesis, induction, transformation, and 

degradation of metabolites (Ahmed and Kovinich 

2021). Phytoalexins are biosynthesized in relatively 

low quantities mainly when induced. Whether this is 

to restrict any possible self-toxicity or to ensure 

adequate cellular toxicity is not clear (Ahmed and 

Kovinich 2021). The present results noticed the 

production of sesquiterpenoid phytoalexin rubemin, 

rishitin and solavetivone in tomato which also 

reported in potato cell suspension cultures after 

infection (Brindle et al. 1983). Furthermore, in 

eggplant injected with Verticillium dahliae at 24, 48 

and 72 hours, the accumulation of solaretivone 

phytoalexin was observed using callus culture 

technology, under in vitro conditions after 72 hours, 

which was higher than that of susceptible species in 

callus cultures of resistant species (Kiran et al. 2017). 

Conclusion  

Several plants expose to fungal infection, 

but few of them could half or prevent the disease 

development naturally through production of 
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metabolic compounds including terpenoid 

phytoalexin compounds. This depends mainly on the 

degree of plant tolerance. Susceptible plants need 

external intervention; Trichoderma species are good 

biological control to perform this purpose. 

Explanation and interpretation of the interaction and 

behaviour of both pathogen and host (plant) need 

further studied for upscaling plant resistant against 

phytopathogenic fungi. 
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