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ABSTRACT 

 

SILVA, Bruno do Nascimento, D.Sc., Universidade Federal de Viçosa, October 2022. 
Photorespiratory changes and induced resistance on tomato against septoria leaf spot by 

a phosphite combined with free amino acids. Advisor: Fabrício Ávila Rodrigues. 
 

 

Septoria leaf spot (SLS), caused by Septoria lycopersici, is a destructive disease in tomato. 

Infection of plants by pathogens causes changes in photosynthesis, photorespiration and 

respiration that will affect defense responses. The first study investigated the impacts caused 

on photorespiration in tomato leaves by S. lycopersici infection. Infection reduced 

photosynthesis and pigment concentration and increased respiration and the 

photorespiration/crude photosynthesis ratio increased in infected leaves. S. lycopersici infection 

caused great oxidative damage as demonstrated by increased concentrations of malonaldehyde, 

superoxide anion and hydrogen peroxide. We evaluated the expression of genes involved in the 

photorespiratory pathway (GOX1, GOX2, SHMT2, SMHT3 and GLYK), nitrogen metabolism 

(Fd-GOGAT) and stress acclimatization (mMDH1, mMDH2 and CAT) and observed an up-

regulation during the process of S. lycopersici infection. A better understanding of the 

physiological changes that occur in the leaves of tomato plants infected by S. lycopersici at the 

level of photorespiration may contribute to the development of cultivars more efficiently to 

cope with the fungal infection. In the second study, we investigated the use of potassium 

phosphite combined with free L-α-amino acids (called stimulus induced resistance (IR)) to 

increase tomato defense responses against S. lycopersici infection. Plants that received the RI 

stimulus showed a reduction in the severity of SLS and less colonization of leaf tissue by S. 

lycopersici (lower expression of TEF-1α). Plants sprayed with IR stimulus showed lower 

concentrations of malonaldehyde, hydrogen peroxide and superoxide anion radical, while 

sucrose, fructose and starch concentrations and high ascorbate peroxidase, catalase, glutathione 

reductase and superoxide dismutase activities increased when compared to plants sprayed with 

IR stimulus. water in response to S. lycopersici infection. The photosynthetic apparatus was 

less compromised, which resulted in higher concentrations of chlorophyll a+b and carotenoids 

in plants sprayed with RI stimulus. We observed that genes involved in host defense reactions 

(CHI3, CHI9, GLU, PAL3, POX3, PPOB and PPOF) and those related to acquired systemic 

resistance (PAL3 and ICS) or induced systemic resistance ((ethylene production - ACO2, ACO3, 

ACO5 and ACO4) and the jasmonic acid signaling pathway (LOX1.1, LOXB, LOXC and 



 

 

PDF1.2)) and we observed an up-regulation for plants infected and sprayed with RI stimulus. 

These findings highlight the potential of using this IR stimulus for the management of SLS. 

 

 

Keywords: Antioxidative metabolism. Foliar disease. Host defense responses. Induced 

resistance. Necrotrophic pathogen.  



 

 

RESUMO 

 
SILVA, Bruno do Nascimento, D.Sc., Universidade Federal de Viçosa, outubro de 2022. 
Alterações fotorrespiratórias e resistência induzida em tomateiro à mancha foliar de 

septoria por um fosfito combinado com aminoácidos livres. Orientador: Fabrício Ávila 
Rodrigues. 

 

 

A mancha foliar de Septoria (SLS), causada por Septoria lycopersici, é uma doença destrutiva 

em tomateiro. A infecção de plantas por patógenos causa alterações na fotossíntese, 

fotorrespiração e respiração que afetarão as respostas de defesa. O primeiro estudo investigou 

os impactos causados na fotorrespiração em folhas de tomate pela infecção por S. lycopersici. 

A infecção reduziu a fotossíntese e a concentração de pigmentos e aumentou a respiração e a 

razão fotorrespiração/fotossíntese bruta aumentaram nas folhas infectadas. A infecção por S. 

lycopersici causou grande dano oxidativo como demonstrado pelo aumento das concentrações 

de malonaldeído, ânion superóxido e peróxido de hidrogênio. Nós avaliamos a expressão de 

genes envolvidos na via fotorrespiratória (GOX1, GOX2, SHMT2, SMHT3 e GLYK), 

metabolismo do nitrogênio (Fd-GOGAT) e aclimatação ao estresse (mMDH1, mMDH2 e CAT) 

e observamos uma regulação positivamente durante o processo de infecção por S. lycopersici. 

Uma melhor compreensão das alterações fisiológicas que ocorrem nas folhas de tomateiros 

infectados por S. lycopersici ao nível da fotorrespiração pode contribuir para o desenvolvimento 

de cultivares de forma mais eficiente para o enfrentamento da infecção fúngica. No segundo 

estudo, nós investigamos o uso de fosfito de potássio combinados com de L--aminoácidos 

livres (estímulo chamado resistência induzida (RI)), para aumentar as respostas de defesa do 

tomateiro contra a infecção por S. lycopersici. Plantas que receberam o estímulo RI 

apresentaram redução na severidade de SLS e menor colonização do tecido foliar por S. 

lycopersici (menor expressão de TEF-1). As plantas pulverizadas com estímulo IR mostraram 

menores concentrações de malonaldeído, peróxido de hidrogênio e radical ânion superóxido, 

enquanto as concentrações de sacarose, frutose e amido e grandes atividades de ascorbato 

peroxidase, catalase, glutationa redutase e superóxido dismutase aumentaram quando 

comparada com plantas pulverizadas com água em resposta à infecção por S. lycopersici. O 

Aparato fotossintético foi menos comprometido o que resultou em maiores concentrações dee 

clorofila a+b e carotenoides em plantas pulverizadas com estímulo RI. Nós observamos que os 

genes envolvidos em reações de defesa do hospedeiro (CHI3, CHI9, GLU, PAL3, POX3, PPOB 

e PPOF) e aqueles relacionados à resistência sistêmica adquirida (PAL3 e ICS) ou resistência 



 

 

sistêmica induzida ((produção de etileno - ACO2, ACO3, ACO5 e ACO4) e a via de sinalização 

do ácido jasmônico (LOX1.1, LOXB, LOXC e PDF1.2)) e observamos uma regulação 

positivamente para plantas infectadas e pulverizadas com estímulo RI. Esses achados destacam 

o potencial do uso desse estímulo de RI para o manejo de SLS. 

 

 

Palavras-chave: Metabolismo antioxidante. Doença foliar. Respostas de defesa do hospedeiro. 

Resistência induzida. Patógeno necrotrófico.  
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Chapter 1 

Infection of tomato leaves by Septoria lycopersici impairs the photorespiratory 

pathway 
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ABSTRACT 

 

Septoria leaf spot (SLS), caused by Septoria lycopersici, is a destructive disease in tomato. 

Infection of plants by pathogens causes changes in photosynthesis, photorespiration and 

respiration that will affect defense responses. The first study investigated the impacts caused 

on photorespiration in tomato leaves by S. lycopersici infection. Infection reduced 

photosynthesis and pigment concentration and increased respiration and the 

photorespiration/crude photosynthesis ratio increased in infected leaves. S. lycopersici infection 

caused great oxidative damage as demonstrated by increased concentrations of malonaldehyde, 

superoxide anion and hydrogen peroxide. We evaluated the expression of genes involved in the 

photorespiratory pathway (GOX1, GOX2, SHMT2, SMHT3 and GLYK), nitrogen metabolism 

(Fd-GOGAT) and stress acclimatization (mMDH1, mMDH2 and CAT) and observed an up-

regulation during the process of S. lycopersici infection. A better understanding of the 

physiological changes that occur in the leaves of tomato plants infected by S. lycopersici at the 

level of photorespiration may contribute to the development of cultivars more efficiently to 

cope with the fungal infection. 

 

Keywords: Solanum lycopersicum. Fungal foliar disease. Photosynthesis. 
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RESUMO 

 

A mancha foliar de Septoria (SLS), causada por Septoria lycopersici, é uma doença destrutiva 

em tomateiro. A infecção de plantas por patógenos causa alterações na fotossíntese, 

fotorrespiração e respiração que afetarão as respostas de defesa. O primeiro estudo investigou 

os impactos causados na fotorrespiração em folhas de tomate pela infecção por S. lycopersici. 

A infecção reduziu a fotossíntese e a concentração de pigmentos e aumentou a respiração e a 

razão fotorrespiração/fotossíntese bruta aumentaram nas folhas infectadas. A infecção por S. 

lycopersici causou grande dano oxidativo como demonstrado pelo aumento das concentrações 

de malonaldeído, ânion superóxido e peróxido de hidrogênio. Nós avaliamos a expressão de 

genes envolvidos na via fotorrespiratória (GOX1, GOX2, SHMT2, SMHT3 e GLYK), 

metabolismo do nitrogênio (Fd-GOGAT) e aclimatação ao estresse (mMDH1, mMDH2 e CAT) 

e observamos uma regulação positivamente durante o processo de infecção por S. lycopersici. 

Uma melhor compreensão das alterações fisiológicas que ocorrem nas folhas de tomateiros 

infectados por S. lycopersici ao nível da fotorrespiração pode contribuir para o desenvolvimento 

de cultivares de forma mais eficiente para o enfrentamento da infecção fúngica. 

 

 

Palavras-chave: Solanum lycopersicum. Doença fúngica foliar. Fotossíntese. 
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1. Introduction 

Tomato production is seriously affected by the occurrence of septoria leaf spot (SLS) 

(Stevenson, 2014). Epidemics of SLS, caused by the fungus Septoria lycopersici Speg., are 

more severe on tomato plants grown in regions with temperatures ranging from 20 to 25oC and 

high relative humidity (Ávila et al., 2020). Tomato plants are susceptible to S. lycopersici 

infection at all growth stages (Stevenson, 2014). Circular to elliptical necrotic lesions with tan 

to gray centers surrounded by dark brown margins and containing several black pycnidia are 

often noticed on basal leaves of plants (Stevenson, 2014). Reduced photosynthetically active 

leaf area due to higher SLS severity linked to intense defoliation and reduced plant growth is 

responsible for yield losses and lower fruit quality (Ávila et al., 2020). 

At the physiological level, drastic changes in CO2 fixation, respiration, and 

photorespiration occur in plant tissues infected by pathogens (Berger et al., 2007). Indeed, 

reactive oxygen species (ROS) are profusely produced especially in chloroplasts, peroxisomes, 

and mitochondria causing irreversible damage to DNA, RNA, proteins, and membrane of cell 

walls and organelles (Sørhagen et al., 2013). A prompt and efficient photorespiratory pathway 

help plants against the harmful oxidative damage caused by the ROS originating from different 

types of stress by lowering their levels in the tissues (Lima Neto et al., 2017). During 

photorespiration, hydrogen peroxide (H2O2) is produced in high concentrations in the 

peroxisome and catalase plays a pivotal role as the main antioxidant enzyme for its 

decomposition into water and oxygen in the plant cells (Voss et al., 2013). 

The photorespiration pathway is a consequence of the oxygenation of ribulose-1,5-

bisphosphate which is catalyzed by ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO) to produce 2-phosphoglycolate (Dong et al., 2016). The photorespiratory pathway 

converts 2-phosphoglycolate into 3-phosphoglycerate to recover almost 75% of the carbon that 

would be lost in this biochemical process (Peterhansel and Maurino, 2020). Photorespiration 

represents a net loss of fixed carbon that reduces biomass production (Sørhagen et al., 2013). 

This high-flow metabolic pathway associated with photosynthesis takes place in the cytosol and 

also in the chloroplasts, peroxisomes, and mitochondria (Lima Neto et al., 2017) and functions 

as a safety valve to prevent an excess of energy, especially in stressed plants (Peterhansel and 

Maurino, 2020; Zivcak et al., 2014). Photorespiratory reactions can directly dissipate the excess 

of energy (ATP, NAD(P)H, and reduced ferredoxin) or indirectly via the alternative oxidase 

(AOX) pathway (Voss et al., 2013). Furthermore, photorespiration plays a crucial role to 
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maintain the functionality of the Calvin-Benson cycle by preventing the accumulation of 

enzyme-inhibiting metabolites (Norman and Colman, 1991). 

Plants infected by pathogens of different lifestyles need to balance energy demands 

between primary metabolism and the activation of cell defense reactions (Berger et al., 2007). 

In this scenario, photorespiration, the electron transport chain, and the alternative oxidase 

pathway are of pivotal importance in protecting and optimizing the photosynthetic apparatus 

(Sørhagen et al., 2013; Takahashi and Badger, 2011). Therefore, down-regulation of the 

photosynthetic electron transport has been the initial reaction in plant tissues infected by 

pathogens (Aldea et al., 2006). Photorespiration plays an important role during host defense 

reactions against pathogen infection as noticed by an increase in glycolate oxidase (GOX) 

activity together with a rise in H2O2 formation that acts as an important secondary messenger 

for a prompt activation of these reactions (Peterhansel and Maurino, 2020). During the 

photorespiratory cycle, the glycine migrates to the mitochondria where it is partially 

decomposed into CO2 and ammonia by glycine decarboxylase (Aldea et al., 2006). Inhibition 

of glycine decarboxylase by the toxin victorin was detrimental for Cochliobolus victoriae 

infection in the leaves of oat plants (Navarre and Wolpert, 1995). According to Chen et al. 

(2013) higher serine:glyoxylate aminotransferase (SGT) and alanine:glyoxylate 

aminotransferase (AGT) activities in melon plants increased their resistance against 

Pseudoperonospora cubensis infection. In contrast, rice plants with reduced GOX expression 

become more resistant against Xanthomonas oryzae pv. oryzae infection (Ahammed et al., 

2018). Tomato plants infected with Pseudomonas syringae pv. tomato showed a higher 

photorespiration rate and higher expression of genes encoding for GOX, SGT, and serine 

hydroxylmethyltransferase (SHMT) (Taler et al., 2004). Furthermore, C1 metabolism provides 

precursors to lignin production that help to reduce the colonization of plant tissues by the 

pathogen (Bush, 2020). Moreover, photorespiration is an important process to maintain 

adequate nitrogen homeostasis which is closely related to its metabolism. The enzyme 

glutamate:glyoxylate aminotransferase (GGT) links photorespiration to the metabolism of 

amino acids and organic acids by transferring the amino group from glutamate to glyoxylate to 

produce glycine and 2-oxoglutarate (2-OG) (Dellero et al., 2015). The 2-OG is converted back 

to glutamate in the chloroplasts by glutamine synthetase (GS) and glutamate synthase 

(GOGAT) (Lima Neto et al., 2017). Cucumber plants receiving nitrate became more resistant 

to infection by Fusarium oxysporum f. sp. cucumerinum due to an increase in their 

photorespiratory rate (Sun et al., 2021). 
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In this current study, it was hypothesized that the infection of S. lycopersici on tomato 

leaves could deeply perturb the photorespiratory pathway that ultimately would compromise 

the basal level of host defense. An in-depth analysis of the photosynthesis and the pool of 

related pigments, some metabolites (e.g., malondialdehyde, hydrogen peroxide, and superoxide 

anion radical) involved in cellular reactions, and the expression of genes involved in both 

photorespiratory pathway and host defense were performed to validate this hypothesis and to 

advance our knowledge on this important subject in tomato-S. lycopersici interaction. 

 

2. Material and methods 

 

2.1. Plant growth 

Tomato seedlings (cultivar Santa Cruz Kada (Isla Sementes, São Paulo, Brazil) were 

grown according to Silva et al. (2021) in a greenhouse (temperature of 25 ± 5°C, relative 

humidity of 70 ± 5%, and natural photosynthetically active radiation (PAR) of 900 ± 15 µmol 

photons m-2 s-1 measured at midday until being inoculated with S. lycopersici. 

 

2.2. Obtaining inoculum of S. lycopersici and inoculation of plants 
The inoculum of S. lycopersici isolate UFV-DFP Sl-12 to be used to inoculate the plants 

was obtained following the methodology of Silva et al. (2022). A conidial suspension (5 × 104 

conidia/mL, 15 mL per plant) of S. lycopersici was used to inoculated three leaves, from top to 

basis, of each plant with the aim of a VL Airbrush atomizer. The inoculated plants were placed 

inside of a mist growth chamber (25°C and relative humidity of 90 ± 5%) while the not 

inoculated ones were kept in a separate growth chamber with the same temperature and relative 

humidity. After this period, not inoculated and inoculated plants were transferred to a 

greenhouse (28 ± 2°C, relative humidity of 80 ± 5%, and natural PAR of 875 ± 15 µmol photons 

m-2 s-1 measured at midday) until the end of the experiments. 

 

2.3. Measurements of leaf gas exchange and chlorophyll (Chl) a fluorescence 

An open-flow infrared gas exchange analyzer system equipped with an integrated 

fluorescence chamber (IRGA, Li-color Inc. LI-6400XT, NE) was used to obtain simultaneously 

the leaf gas exchange and Chl a fluorescence parameters at the central leaflet of the third leaf, 

from top to basis, of each plant per replication of each treatment (four replications (four plants 

and four leaflets)) per sampling time at 4 5, 6, 7, and 8 dai. Leaflets from not inoculated plants 
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were used to obtain the leaf gas exchange and Chl a fluorescence parameters at the same above-

mentioned evaluation time. The net carbon assimilation rate (A), stomatal conductance to water 

vapor (gs), internal CO2 concentration (Ci), and transpiration rate (E) were measured during the 

day (from 08:00 to 12:00 h) with the following conditions: leaf chamber at 25ºC, constant CO2 

concentration (400 ppm), PAR of 1000 μmol photons m-2 s-1, and amount of blue light set with 

10% of PAR to optimize stomatal aperture (Marçal et al., 2021). A time series of CO2 

concentrations (400, 300, 200, 100, 50, 400, 400, 600, 800, 1000, 1200, and 1600 ppm) inside 

the chamber of the LI-6400XT instrument was used to obtain the A/Ci curves. The A-Ci curves 

were converted into A-Cc curves using the gm values. From these curves, the maximum rate of 

carboxylation (Vcmax) and the maximum rate of carboxylation limited by electron transport 

(Jmax), both on a Cc basis, were calculated by fitting the mechanistic model of CO2 assimilation 

as proposed by Farquhar et al. (1980) using the Cc-based temperature dependence of the kinetic 

parameters of RuBisCO (Bernacchi et al., 2002). The values of Vcmax, Jmax, and gm were 

normalized to 25°C using the temperature response equations previously described Harley and 

Sharkey (1991). The Rd (daytime respiration rate) was estimated according to Lloyd et al. 

(1995). The photorespiratory rate of RuBisCO (RP) was calculated as RP = 1/12[ETR - 4(A + 

Rd)] according to Valentini et al. (1995). Corrections for the leakage of CO2 into and out of the 

chamber were applied for all measurements according to Rodeghiero et al. (2007). Finally, the 

photorespiration-to-gross photosynthesis ratio (RP/AG) was calculated by computing the values 

of RP, A, and Rd as described by DaMatta et al. (2016). Plants were acclimatized in the dark for 

30 min before the Chl a fluorescence parameters (variable-to-maximum Chl a fluorescence 

ratio was calculated (Fv/Fm), effective PSII quantum yield (Y(II)), quantum yield of regulated 

energy dissipation (Y(NPQ)), quantum yield of non-regulated energy dissipation (Y(NO)), and 

apparent electron transport rate (ETR)) were obtained following the procedures described by 

Aucique-Perez et al. (2014). 

 

2.4. Imaging of Chl a fluorescence parameters 

The Imaging-PAM fluorometer (MAXI version) associated with the Imaging Win 

software (Heinz Walz GmbH, Effeltrich, Germany) was used to obtain the images of Chl a 

fluorescence parameters following the procedures described by (Chaves et al., 2021). The 

central leaflet of the third leaf, from top to basis, of each plant per replication of each treatment 

(four replications (four plants and four leaflets) per sampling time for either not inoculated or 

inoculated with S. lycopersici) were collected at 4, 5, 6, 7, and 8 dai. The circular option (area 



17 

 

 

 

of 1 cm2) on the Imaging Win software was selected for the quantification of Chl a fluorescence 

parameters on the images obtained from the central leaflet of not inoculated and inoculated. 

 

2.5. Determining photosynthetic pigments concentration 

The chlorophyll (Chl) a, Chl b, and carotenoids were quantified in the same leaflets used 

for Chl a fluorescence parameters assessment. Briefly, leaf tissue (50 mg) was ground in liquid 

nitrogen using a vibration ball mill (Retsch, Haan, Germany) and the fine powder was 

homogenized in 1 mL methanol to determine the concentrations of Chl a, Chl b, and carotenoids 

according to (Silva et al., 2022). 

 

2.6. Biochemical and molecular assays 

The fourth leaf, from top to basis, of each plant per replication of each treatment (four 

replications per evaluation time totalizing 8 plants and 8 leaves that were either not inoculated 

or inoculated with S. lycopersici) was collected at 4, 5, 6, 7, and 8 dai. Leaf samples were 

collected from plants and rapidly kept in liquid nitrogen and stored at -80°C until further 

analysis. 

 

2.7. Determining malondialdehyde (MDA) concentration 

Leaf tissue (50 mg) was ground as described above and the fine powder was used to determine 

MDA concentration according to (Dias et al., 2020). 

 

2.8. Determining hydrogen peroxide (H2O2) and superoxide anion radical (O2•-) 
concentrations 

Leaf tissue (100 mg) was ground as described above and the fine powder was used to 

determine H2O2 concentration according to (Dias et al., 2020). Leaf tissue (50 mg) was ground 

as described above and the fine powder was used to quantify O2
•- following the procedures of 

(Chaves et al., 2021). 

 

2.9.   Genes expression using reverse transcription quantitative real-time PCR (RT-PCR) 

Leaf tissue (75 mg) was ground as described above and the fine powder was used to 

extract RNA using TRIzol (Invitrogen). The procedures described by Silva et al. (2022) were 

carefully followed to remove DNA contamination, quantify RNA, determine RNA quality and 

integrity, and synthesize single-stranded cDNAs. Expression analysis of genes coding for 
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glycolate oxidase (GOX1 and GOX2), glutamate:glyoxylate aminotransferase (GGT), 

serine:glyoxylate aminotransferase (SGT), alanine:glyoxylate aminotransferase (AGT1 and 

AGT2), glycine decarboxylase H subunit (GDC-H), serine hydroxymethyl transferase (SHMT1, 

SHMT2, and SHMT3), formyltetrahydrofolate synthetase (FTHFS), hydroxypyruvate reductase 

(HPR2), glycerate kinase (GLYK), glutamine synthetase (GS), ferredoxin-dependent glutamate 

synthetase (Fd-GOGAT), chloroplast malate dehydrogenase (chMDH), peroxisomal malate 

dehydrogenase (pMDH), mitochondrial malate dehydrogenase (mMDH1 and mMDH2), 

catalase (CAT), alternative oxidase (AOX1a, AXO1b, and AOX1c), host defense (non-expressor 

of pathogenesis-related genes 1 (NPR1) and pathogenesis-related protein 1 (PR1b1)) were 

determined by RT-qPCR on a Bio-Rad CFX Real-Time Thermal Cycler using SYBR Green 

PCR Master Mix according to the manufacturer's recommendations. The genes studied were 

amplified using specific primer sequences (Table 1). All reactions were performed in triplicate 

and the relative expression values for each gene studied were calculated using the 2-ΔΔCt method 

Livak and Schmittgen (2001). The expression of the translation elongation factor 1α of S. 

lycopersici (TEF-1α) was also quantified to confirm its presence in leaflet tissues. The Actin 

(ACT) gene of tomato was used as a reference for normalization Ahammed et al. (2018). 

 

2.10. Data analysis 
Two experiments (Experiments 1 and 2) were arranged in a completely randomized 

design with two treatments (plants non-inoculated (NI) or inoculated (I) with S. lycopersici) 

and four replications per each evaluation or sampling time. Plants from these experiments were 

used to evaluate leaf gas exchange and Chl a fluorescence parameters and also to determine the 

concentration of photosynthetic pigments. Two other experiments (Experiments 3 and 4) were 

arranged in a completely randomized design with two treatments (plants not inoculated or 

inoculated with S. lycopersici) and four replications per each sampling time to obtain leaflet 

samples for biochemical assays and to determine genes expression. Each experimental unit 

consisted of one plastic pot containing one plant. Data from variables and parameters evaluated 

in each experiment were analyzed to determine if data from variables and parameters of 

Experiments 1 and 2 and Experiments 3 and 4 could be combined (Moore and Dixon, 2014). 

Data from variables and parameters were checked for normality and homogeneity of variance 

and subjected to analysis of variance. Principal components analysis (PCA) was performed 

using data from all variables and parameters evaluated from inoculated and not inoculated 
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plants at 8 dai. Treatment means were compared by the F test (P ≤ 0.05) using the Minitab 

software (version 18, Minitab Corporation). 

 

3. Results 

 

3.1. Analysis of variance 

The factor PC was significant for A, Ci, Vcmax, Jmax, Rp/AG, Fv/Fm, Y(II), Y(NPQ), Y(NO), 

Chl a+b, Car, MDA, H2O2, GOX1, AGT1, GDC-H, SHMT2, SHMT3, Fd-GOGAT, and TEF-1α 

(Table 2). 

 

3.2. Leaf gas exchange parameters 

There were significant decreases for A (26, 40, and 66% at 6, 7, and 8 dai, respectively), 

gs (40% at 8 dai), Jmax (11, 46, and 67% at 6, 7, and 8 dai, respectively), and Vcmax (23 and 35% 

at 7 and 8 dai, respectively) and significant increases for Ci (15, 10, and 17% at 6, 7, and 8 dai, 

respectively), Rd (35, 28, 20, and 30% at 5, 6, 7, and 8 dai, respectively), and Rp/AG (37, 33, 47, 

and 68% at 5, 6, 7, and 8 dai, respectively) for inoculated plants in comparison to not inoculated 

ones (Figs. 1 a-c and 2 a-d). 

 

3.3. Imaging and quantification of Chl a fluorescence parameters and concentrations 

of photosynthetic pigments 

The inoculated plants showed remarkable damage to their photosynthetic apparatus (dark 

areas noticed in the images for Fv/Fm, Y(II), Y(NPQ), and Y(NO) compared to not inoculated 

ones from 6 to 8 dai (Fig. 3). Significant decreases for Fv/Fm (11, 62, and 76% at 6, 7, and 8 

dai, respectively) and Y(II) (33, 56, and 80% at 6, 7, and 8 dai, respectively) and significant 

increases for Y(NPQ) (8, 10, and 31% at 6, 7, and 8 dai, respectively) and Y(NO) (25, 42, and 

43% at 6, 7, and 8 dai, respectively) were obtained for inoculated plants in comparison to not 

inoculated ones (Fig. 4 a-d). The concentrations of Chl a+b (41, 38, and 64% at 6, 7, and 8 dai, 

respectively) and carotenoids (61, 45, and 73% at 6, 7 and 8 dai, respectively) significantly 

decreased for inoculated plants in comparison to not inoculated ones (Fig. 5 a-b). 

 

3.4. Concentrations of MDA, H2O2, and O2
•- 

The concentrations of MDA (61 and 121% at 7 and 8 dai, respectively), H2O2 (18, 19, 

and 21% at 6, 7, and 8 dai, respectively), and O2
•- (39, 31, and 37% at 6, 7, and 8 dai, 
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respectively) significantly decreased for inoculated plants in comparison to not inoculated ones 

(Fig. 6 a-c). 

 

3.5. Genes expression 

The GGT2 (at 7 dai), SGT (at 8 dai), GDC-H (at 6, 7, and 8 dai), and mMDH2 (at 7 days) 

were significantly up-regulated for not inoculated plants in comparison to inoculated ones (Fig. 

7a). The GOX1 and SHMT2 (at 5 and 6 dai), GOX2 (at 7 dai), SHMT3, GLYK, and NPR1 (at 6 

dai), mMDH1 (at 7 and 8 dai), mMDH2 (at 6 and 8 dai), CAT (at 4 dai), and AOX1B (at 6 and 

7 dai) were significantly up-regulated for inoculated plants in comparison to not inoculated ones 

(Fig. 7b). 

 

3.6. PCA analysis 

According to the cluster analysis with complete linkage and Pearson distance, NI and I 

plants were separated into two clusters (Fig. 8a). One principal component (PC) explained most 

of the data variation (53 and 28% for PC1 and PC2, respectively) (Fig. 8a-b). The first PC was 

characterized by negative scores for Ci, E, Y(II), Y(NO), Car, MDA, O2
•-, SGT, SHMT1, and 

pMDH. Positive scores were obtained for A, gs, Y(NPQ), Chl a+b, E, Rd, Vcmax, Jmax, H2O2, 

GOX1, GOX2, GGT, SGT, AGT1, AGT2, GDC-H, SHMT2, SHMT3, FTHFS, HPR2, GLYK, 

GS, Fd-GOGAT, chMDH, mMDH1, mMDH, CAT, AOX1a, AXO1b, AOX1c, NPR1, and PR1b1 

(Fig. 8a-b). 

 

4. Discussion 

Investigating the impact caused by the infection of pathogens on the photosynthetic 

apparatus of their host is of utmost importance when considering that their level of basal 

resistance can be seriously compromised. In this regard, the present study aimed to fill out this 

gap by demonstrating the profound impact caused by S. lycopersici infection on 

photorespiration and correlated changes in photosynthesis, nitrogen metabolism, acclimation to 

reduced CO2 availability, and host defense. 

Photosynthesis is a key physiological process perturbed in plants infected by pathogens 

and has been deeply investigated in different host-pathogen interactions (Aucique-Pérez et al., 

2014; Fagundes-Nacarath et al., 2019; Rios et al., 2017; Dias et al., 2020). Infection of leaves 

from blueberry plants by Septoria albopunctata affected photosynthesis due to stomatal 

limitations (Roloff et al., 2004). On the other hand, reduction in photosynthesis was associated 
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with stomatal and biochemical limitations as reported for wheat plants infected by Pyricularia 

oryzae (Aucique-Perez et al., 2014). In the present study, low values of gs explained the 

reductions in A only at 8 dai, while Ci increased sharply from 6 to 8 dai for infected leaflets. 

Plants infected by pathogens besides having their photosynthetic capacity greatly 

impaired also show an increase in respiration, photorespiration, and invertase activity in order 

to maximize their defense responses against pathogen infection (Lopes and Berger, 2001; 

Bassanezi et al., 2002; Major et al., 2010; Debona et al., 2012). Infection of tomato leaves by 

S. lycopercisi caused a sharp increase in Rd from 5 to 8 dai possibly as a strategy mounted by 

the plants to defend themselves against fungal infection. The Vcmax and Jmax are closely linked 

to the photosynthetic capacity of leaves (Fan et al., 2011). Similarly, to infection caused by 

other pathogens (Nogués and Baker, 2000; Hajji et al., 2009; Zhou et al., 2014; Ghosh et al., 

2016), reductions in A at 6 dai were accompanied by expressive reductions in both Jmax (at 6 to 

8 dai) and Vcmax (at 7 and 8 dai) suggesting that impairment in the photosynthetic apparatus was 

due to lower efficiency of ETR and RuBisCO activity. In addition, the RP/AG ratio increased 

from 5 to 8 dai indicating the role played by the photorespiratory metabolism as a sink of excess 

energy produced during the infection process of S. lycopersici. 

In the present study, lower Fv/Fm and Y(II) values were closely linked to increases in 

Y(NPQ) and Y(NO) during the infection process of S. lycopersici. Therefore, it is plausible to 

suggest that damage to photosynthesis on tomato leaves caused by S. lycopersici infection may 

also be associated with photochemical restrictions. Reduced values of Y(II) indicated loss of 

efficiency in directing light energy to photochemistry probably due to a direct effect caused by 

S. lycopersici infection. On top of that, the progressive increases in Y(NPQ) and Y(NO) values 

showed that photoprotection mechanisms became quite ineffective on infected tomato leaves. 

Decreases in the quantum yield of electron transfer at PSII (ϕPSII) in wheat leaves infected by 

Zymoseptoria tritici were linked to higher Y(NPQ) values demonstrating that heat dissipation 

was used to prevent photoinhibition and damage to PSII (Mihailova et al., 2019). As the SLS 

lesions expanded and the photodamage in the photosynthetic apparatus became more 

expressive, along with less efficient use of light to optimize carbon fixation, the pool of foliar 

photosynthetic pigments dramatically decreased. Many reports highlighted the decrease in the 

concentrations of Chl a, Chl b, and carotenoids in leaves infected by pathogens of different 

lifestyles (Aucique-Pérez et al., 2014; Rios et al., 2017; Dias et al., 2020; Fagundes-Nacarath 

et al., 2019). 
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Regarding the changes in the expression of genes involved in the photorespiratory 

pathway, the enzyme GOX, which catalyzes the conversion of glycolate to glyoxylate and 

H2O2, plays an important role in increasing the pool of ROS in foliar green tissues (Lima Neto 

et al., 2017). Indeed, melon plants displaying higher GOX activity were more resistant against 

P. cubensis infection (Dong et al., 2016). In the present study, the up-regulation of GOX1 and 

GOX2 in the infected leaves might have contributed, at least in part, to generate H2O2. However, 

according to Foyer et al. (2009), higher SGT and AGT activities increase glyoxylate 

consumption and accelerate GOX activity upstream for H2O2 generation. The down-regulation 

of GGT2 and SGT in the infected leaves possibly contributed to raising the pool of glyoxylate 

which would decrease H2O2 production. Thus, it is plausible to postulate that H2O2 generation 

at advanced stages of S. lycopersici infection could be linked not only to the photorespiratory 

pathway but to closed-related biochemical pathways. 

Higher photorespiratory rate and higher expressions of GOX, SGT, and SHMT proved to 

be crucial for tomato plants to cope successfully with Pseudomonas syringae pv. tomato 

infection (Ahammed et al., 2018). In the present study, SHMT2 and SHMT3 (which are involved 

in the conversion of glycine to serine) were also up-regulated. However, even with NPR1 

upregulation, which is highlighted to be important in the increased resistance of plants to 

pathogen infection (Chen et al., 2016), the absence of PR1B1 expression indicated that tomato 

defense response against S. lycopersici infection was barely affected and any attempt of tomato 

leaves to respond against its infection was not necessary. 

In the present study, GDC-H and Fd-GOGAT were down-regulated in infected leaves and 

likely impacted Rp/AG and nitrogen metabolism. The GDC is placed at a point of convergence 

with diverse metabolic processes in plant tissues such as C1 metabolism, nitrogen assimilation, 

respiration, and the tricarboxylic acid cycle (Bauwer et al., 2010). During GDC activity, CO2, 

tetrahydrofolate (THF), and NH3 are produced while ATP and reducing equivalents are 

consumed (Moreno et al., 2005). Considering that ammonia (NH3) is harmful to plant cells, it 

must be rapidly reassimilated in chloroplasts through the GS/Fd-GOGAT reactions (Backer et 

al., 2019). Indeed, rice resistance against R. solani infection was linked to an abundance of the 

proteins Fd-GOGAT and GDC-H (Zhou et al., 2004). 

Photorespiration is part of the plant stress response to avoid ROS accumulation by using 

the excess of NADPH and ATP formed during the photochemical step (Palmieri et al., 2010). 

Increases in the activities of catalase, alternative oxidase, and malate dehydrogenase are also 

important to help to dissipate excess energy (Wingler et al., 2000). The MDHs do not directly 
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prevent ROS accumulation, but play an important role in transporting reducing equivalents 

between chloroplasts, peroxisomes, and mitochondria via malate-aspartate/oxaloacetate 

transport during photorespiration (Farahani and Taghavi, 2015).  In this scenario, restrictions 

on photosynthetic electron flow are avoided and the electron flow is redirected to be used in 

any other metabolic processes (Sunil et al., 2019). In the present study, mMDH1 (7 and 8 dai) 

and mMDH2 (6 and 8 dai) were up-regulated in infected leaves. In line with the fact that MDH 

expression is closely associated with the resistance of plants against pathogen infection (Timm 

and Hagemann, 2020), it can be postulated that up-regulation of mMDH may be involved in the 

stress acclimatization of tomato plants during the infection process of S. lycopersici as well 

with their better metabolic readjustment and defense. 

In plant tissues, electrons produced during the respiratory oxidation of NADPH can flow 

through the usual respiratory cytochrome pathway or the AOX in mitochondria (Ma et al., 

2020). The AOX helps to maintain the redox balance and metabolic homeostasis and its 

modulation confers plant tolerance to different types of abiotic and biotic stresses (Zhang et al., 

2017). The AOX acts as a photoprotective mechanism of PSII in C3 plants and contributed to 

maintaining photorespiration to detoxify glycolate and export reducing equivalents (Maurino 

and Peterhansel, 2010). Some reports have shown that infected tomato plants showed an 

increase in AOX expression (Gao et al., 2020) and AOX1b was up-regulated at 6 and 7 dai in 

the leaves infected by S. lycopersici at the present study. Furthermore, a connection between 

photorespiratory glycine decarboxylation and AOX activity seems to be a protective 

mechanism that occurs in plant tissues (Dong et al., 2016). Oxidative damage caused by ROS 

accumulation inhibited GDC activity (Taylor et al., 2002). In the present study, infection by S. 

lycopersici resulted in down-regulation of GDC-H and up-regulation of AOX1b as indicated by 

ROS accumulation that could have directly impacted the photorespiratory cycle. 

The CAT was up-regulated only at 4 dai in infected leaves and great H2O2 concentration 

may have reflected a redox imbalance caused by S. lycopersici infection rather than any 

perturbation in the photorespiratory pathway. Catalase plays a key role during photorespiration 

by preventing the accumulation of H2O2 from the oxidation of glycolate by GOX (Bao et al., 

2021). Peroxisomal CAT activity was involved as an electron sink or perhaps as a signal for the 

photorespiratory pathway of H2O2 production in melon plants supplied with ammonia and 

infected by F. oxysporum f. sp. cucumerinum (Ding et al., 2021). In Arabidopsis plants, CAT2 

was down-regulated during P. syringae pv. tomato infection and up-regulated in response to 

Pseudomonas syringae pv. maculicola (Sørhagen et al., 2013). 
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Taken together, the effect of S. lycopersici infection on the photorespiratory pathway of 

tomato plants was highlighted by a robust set of physiological, biochemical, and molecular 

evidences. In this regard, fungal infection dramatically reduced carbon fixation, increased 

respiration, and modify the photorespiration pathway. Interestingly, the perturbation imposed 

by S. lycopersici infection on the photorespiration of tomato plants barely affected their basal 

capacity for defense. Taking into consideration the PCA analysis, the separation of the clusters 

not inoculated plants from inoculated plants highlights notorious changes occurring in both 

photorespiratory pathway and protective system as the infection process of S. lycopersici took 

place. On top of that, finding a way to enhance the photorespiration of tomato plants coping 

against S. lycopersici infection may be translated into reduced yield losses on tomato 

production.  
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Table 1. Sequences of primers for the genes encoding glycolate oxidase (GOX1 and GOX2), 

glutamate:glyoxylate aminotransferase (GGT), serine:glyoxylate aminotransferase (SGT), 

alanine:glyoxylate aminotransferase (AGT1 and AGT2), glycine decarboxylase H subunit 

(GDC-H), serine hydroxymethyl transferase (SHMT1, SHMT2, and SHMT3), 

formyltetrahydrofolate synthetase (FTHFS), hydroxypyruvate reductase (HPR2), glycerate 

kinase (GLYK), glutamine synthetase (GS), ferredoxin-dependent glutamate synthetase (Fd-

GOGAT), chloroplast malate dehydrogenase (chMDH), peroxisomal malate dehydrogenase 

(pMDH), mitochondrial malate dehydrogenase (mMDH1 and mMDH2), catalase (CAT), 

alternative oxidase (AOX1a, AXO1b, and AOX1c), non-expressor of pathogenesis-related genes 

1 (NPR1) and pathogenesis-related protein 1 (PR1b1)), actin (ACT), and translation elongation 

factor 1- (TEF-1α) analyzed by quantitative reverse transcription PCR using leaflets of tomato 

plants non-inoculated or inoculated with Septoria lycopersici. 

 

Genes 
GenBank 

Identification

s 

Primer sense 5'-3' Primer antisense 5'-3' 

GOX1 544106 TGAAGGAGAAGCTGGAGTGA GACAGCCACTCAATGCCATA 

GOX2 100134875 ATGCTGGTTCTTTCCTCTTATCT CTCCCAAGCAATGAAGAGTG 

GGT2 101265236 TTCGGTCAAAAGGAAGGGTG TAGGTGAGAGTCAGCGGAAA 

SGT 101244469 CTCATACCATCAAGGCGGTT CAGGATGCTGGTAGTGATCG 

AGT1 101265236 ACTTGACTGCTGGTCTCTCT TGCTCCAATAATGAGGGCAC 

AGT2 101268729 CGATTGGGCTAACTGCTCTT TTCTCTAGATCCCTCAGCCG 

GLDH  101260070 AGATGCATGGACAAAGCCAT GTTTGGCTGAACACCTCTAAA 

SHMT1 101264818 GACGTTGAGGACTATGCCAA CGCGCACTCAACACTAGAT 

SHMT2 101254439 AGGCCACTACTCCAGAAT CCTCTAAAGCCTGGGCAAAT 

SHMT3 101263138 TTTTTCCTGGTTTGCAGGGT AGGTGATTTGGCATGCTTCA 

FTHFS 101265950 ACCCGCTGGATATAGGTATCA AGTGCAGCAATAGGTATGAGC 

HPR 101251910 GAAGAGAGGTGAGATTGGCG ACAACATCCTGTGGATTCTTTC 

GLYK 101244755 GAACATTCACTGCCTGCACA GTTAAAATGCTGCCCTGCCA 

GS2 543998 GTGAACATGGCTCAGATCCT AAGGGACTAGCATCGGTTGA 

FD-GOGAT 101246028 TCACACTCACTCTGCGATTC GAGTAACTGCGGAACGTTTG 

chLMDH 778287 ACTGGTGCACTGGAACAATA TCACCCCTTACTACTTGTGTT 

pMDH 778286 CCACCTTTTGCTCTGCAATTT TGTTGTTTTTCGCTATACTCGT 

mMDH 543805 CAGTCTGTGTGGTGCTGTTA GTTCGTACCCGAGCAAATCT 
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mMDH2 101258530 AGCCTTCCCTAGCTGTTCTT ACGACCTCAGTGTCTGATCT 

CAT1 543990 TGGAAGCCAACTTGTGGTGT ACTGGGATCAACGGCAAGAG 

AOX1a 543824 AATCCATCGGAGAAAGTGGC TGATCCATCCACCACTCTGT 

AOX1b 543825 GAGACAATTACGGGGCGAAT ATCCGTTCGTTCTCTGCTTC 

AOX1c 101247941 CAGAAGAGGTACGGTTGTCG ATTCCTCCTACCATACCGGG 

NPR1 AY640378 GGAGCACTTGAATCGGCTTA TTGGTGTAAGATGTAGCTGAAGA 

PR1b1* - TGATTCATTCTGGTGCTGGG TTATAGCTTGGCCTCTCGGA 

TEF-1α KF253411.1 CTCCAATTTCTGGTGGGGTG ACTTTGGAGTCTCGAACTTCC 

ACT 957571262 TGGTCGGAATGGGACAGAAG CTCAGTCAGGAGAACAGGGT 

 

* Primer sequences for PR1b1 were obtained from Ahammed et al. (2018).  
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Table 2. Analysis of variance for the effects of plant condition (PC) on parameters related to 

photosynthesis ((leaf gas exchange - net carbon assimilation rate (A), stomatal conductance to 

water vapor (gs), internal CO2 concentration (Ci), and transpiration rate (E)), photorespiration 

rate (RP), maximum rate of RuBisCo carboxylase activity (Vcmax), maximum rate of 

photosynthetic electron transport (Jmax), photorespiration-to-gross photosynthesis ratio (Rp/AG), 

and chlorophyll a (maximum PSII quantum efficiency (Fv/Fm), photochemical yield (Y(II)), 

yield for dissipation by down-regulation (Y(NPQ)), and yield for non-regulated dissipation 

(Y(NO)), concentrations of chlorophyll a+b (Chl a+b), carotenoids (Car), carbohydrates 

(glucose, fructose, sucrose, and starch), malondialdehyde (MDA), hydrogen peroxide (H2O2), 

and superoxide anion radical (O2
•-), and genes expression (glycolate oxidase (GOX1 and 

GOX2), glutamate:glyoxylate aminotransferase (GGT), serine:glyoxylate aminotransferase 

(SGT), alanine:glyoxylate aminotransferase (AGT1 and AGT2), glycine decarboxylase H 

subunit (GDC-H), serine hydroxymethyl transferase (SHMT1, SHMT2, and SHMT3), 

formyltetrahydrofolate synthetase (FTHFS), hydroxypyruvate reductase (HPR2), glycerate 

kinase (GLYK), glutamine synthetase (GS), ferredoxin-dependent glutamate synthetase (Fd-

GOGAT), chloroplast malate dehydrogenase (chMDH), peroxisomal malate dehydrogenase 

(pMDH), mitochondrial malate dehydrogenase (mMDH1 and mMDH2), catalase (CAT), 

alternative oxidase (AOX1a, AXO1b, and AOX1c), non-expressor of pathogenesis-related genes 

1 (NPR1) and pathogenesis-related protein 1 (PR1b1)), and translation elongation factor 1- 

(TEF-1α)). 

 

Variables/Parameters PI 
A <0.001 

gs 0.077 
Ci 0.001 

E 0.084 
RP 0.960 

Vcmax 0.003 

Jmax 0.012 

Rp/AG 0.013 

Fv/Fm <0.001 

Y(II) <0.001 

Y(NPQ) 0.003 

Y(NO) 0.001 

Chl a+b <0.001 

Car 0.001 

MDA 0.016 
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H2O2 0.008 

O2
•- 0.058 

GOX1 0.028 
GOX2 0.577 
GGT2 0.423 

SGT 0.080 
AGT1 0.049 

AGT2 0.171 
GDC-H <0.001 

SHMT1 0.286 
SHMT2 0.006 

SHMT3 0.026 

THF 0.073 
HPR2 0.260 
GLYK 0.056 
GS2 0.193 

Fd-GOGAT 0.078 

chMDH 0.184 
mMDH 0.068 
mMDH2 0.064 
gMDH 0.759 
CAT 0.458 

AOX1B 0.565 
AOX2B 0.226 
AOX1C 0.150 

PR1 0.058 
NPR1 0.354 
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Figure 1. Leaf gas exchange parameters net carbon assimilation rate (A) (a), stomatal 

conductance to water vapor (gs) (b), internal CO2 concentration (Ci) (c), and transpiration rate 

(E) (d) determined on the leaflets of tomato plants non-inoculated (NI) or inoculated (I) with 

Septoria lycopersici. Means from NI and I plants, at each evaluation time, followed by an 

asterisk (*) are significantly different according to the F test (P ≤ 0.05). Bars represent the 

standard deviation of the means.  
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Figure 2. Respiration rate (RP) (a), photorespiration-to-gross photosynthetic rate ratio (Rp/AG) 

(b), maximum apparent carboxylation capacity (Vcmax) (c), and maximum rate of carboxylation 

limited by electron transport (Jmax) (d) determined on the leaflets of tomato plants non-

inoculated (NI) or inoculated (I) with Septoria lycopersici. Means from NI and I plants, at each 

evaluation time, followed by an asterisk (*) are significantly different according to the F test (P 

≤ 0.05). Bars represent the standard deviation of the means.  
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Figure 3. Images of chlorophyll a fluorescence parameters maximum PSII quantum efficiency 

(Fv/Fm), photochemical yield (Y(II)), yield for dissipation by down-regulation (Y(NPQ)), and 

yield for non-regulated dissipation (Y(NO)) determined on the leaflets of tomato plants non-

inoculated (NI) or at different times after inoculation with Septoria lycopersici. 
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Figure 4. Chlorophyll a parameters maximum PSII quantum efficiency (Fv/Fm) (a), 

photochemical yield (Y(II)) (b), yield for dissipation by down-regulation (Y(NPQ)) (c), and 

yield for other non-photochemical (non-regulated) losses (Y(NO)) (d) determined on the 

leaflets of tomato plants non-inoculated (NI) or inoculated (I) with Septoria lycopersici. Means 

from NI and I plants, at each evaluation time, followed by an asterisk (*) are significantly 

different according to the F test (P ≤ 0.05). Bars represent the standard deviation of the means. 
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Figure 5. Concentrations of chlorophyll a+b (Chl a+b) (a) and carotenoids (b) determined on 

the leaflets of tomato plants non-inoculated (NI) or inoculated (I) with Septoria lycopersici. 

Means from NI and I plants, at each evaluation time, followed by an asterisk (*) are significantly 

different according to the F test (P ≤ 0.05). Bars represent the standard deviation of the means. 

FW = fresh weight.  
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Figure 6. Concentrations of malondialdehyde (MDA) (a), hydrogen peroxide (H2O2) (b), and 

superoxide anion radical (O2
•-) (c) determined on the leaflets of tomato plants non-inoculated 

(NI) or inoculated (I) with Septoria lycopersici. Means from NI and I plants, at each evaluation 

time, followed by an asterisk (*) are significantly different according to the F test (P ≤ 0.05). 

Bars represent the standard deviation of the means. FW = fresh weight.  
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Figure 7. Expression profile of genes determined on the leaflets of tomato plants non-

inoculated (NI) (a) or inoculated (I) (b) with Septoria lycopersici. Color cells represent the 

relative transcript levels ranging from blue (-3.0) to red (3.0). Amplification of actin gene (ACT) 

from tomato plants was used as an internal control for data normalization. Fold changes for 

each gene expression, except for TEF-1α, were calculated based on the transcript level obtained 

for leaflets samples obtained from NI plants of the control treatment at 4 days after inoculation 

(dai). For TEF-1α, transcript level obtained for leaflets samples from I plants of the control 

treatment at 4 dai was used in the calculation. For each leaflet sample, four biological 

replications were used with their respective three technical replicates. Means from NI and I 

plants followed by an asterisk (*), at each evaluation time, are significantly different according 

to the F test (P ≤ 0.05).  
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Figure 8. Score (a) and loading (b) plots of principal component analysis (PCA) comparing 

different physiological parameters and variables, biochemical variables, and expression of 

genes determined on the leaflets of tomato plants non-inoculated (NI) or inoculated (I) with 

Septoria lycopersici. Numbers in the loading plot (b) are as follow: parameters of leaf gas 

exchange (1, 2, 3, 4, 5, 6, and 7, respectively, to A, gs, Ci, E, Rd, Vcmax, and Jmax) and chlorophyll 

a fluorescence (8, 9, and 10, respectively, to Y(II), Y(NPQ), and Y(NO)), concentrations of 

photosynthetic pigments (11 and 12, respectively, to Chl a+b and Car) and metabolites involved 

in cellular damage (13, 14, and 15, respectively, to MDA, H2O2, and O2
•-), and genes expression 

(16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, and 

40, respectively, to GOX1, GOX2, GGT, SGT, AGT1, AGT2, GDC-H, SHMT1, SHMT2, 

SHMT3, FTHFS, HPR2, GLYK, GS, Fd-GOGAT, chMDH, pMDH, mMDH1, mMDH, CAT, 

AOX1a, AXO1b, AOX1c, NPR1, and PR1b1). Groups were generated from cluster analysis with 

complete linkage and Pearson distance. Data from parameters and variables used in the PCA 

analysis were obtained for NI and I plants at 8 days after inoculation  
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Chapter II 

Physiological and biochemical insights into induced resistance on tomato against 

septoria leaf spot by a phosphite combined with free amino acids 
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RESUMO 

A mancha foliar de Septoria (SLS), causada por Septoria lycopersici, é uma doença destrutiva 

em tomateiro. nós investigamos o uso de fosfito de potássio combinados com de L--

aminoácidos livres (estímulo chamado resistência induzida (RI)), para aumentar as respostas de 

defesa do tomateiro contra a infecção por S. lycopersici. Plantas que receberam o estímulo RI 

apresentaram redução na severidade de SLS e menor colonização do tecido foliar por S. 

lycopersici (menor expressão de TEF-1). As plantas pulverizadas com estímulo IR mostraram 

menores concentrações de malonaldeído, peróxido de hidrogênio e radical ânion superóxido, 

enquanto as concentrações de sacarose, frutose e amido e grandes atividades de ascorbato 

peroxidase, catalase, glutationa redutase e superóxido dismutase aumentaram quando 

comparada com plantas pulverizadas com água em resposta à infecção por S. lycopersici. O 

Aparato fotossintético foi menos comprometido o que resultou em maiores concentrações dee 

clorofila a+b e carotenoides em plantas pulverizadas com estímulo RI. Nós observamos que os 

genes envolvidos em reações de defesa do hospedeiro (CHI3, CHI9, GLU, PAL3, POX3, PPOB 

e PPOF) e aqueles relacionados à resistência sistêmica adquirida (PAL3 e ICS) ou resistência 

sistêmica induzida ((produção de etileno - ACO2, ACO3, ACO5 e ACO4) e a via de sinalização 

do ácido jasmônico (LOX1.1, LOXB, LOXC e PDF1.2)) e observamos uma regulação 

positivamente para plantas infectadas e pulverizadas com estímulo RI. Esses achados destacam 

o potencial do uso desse estímulo de RI para o manejo de SLS. 

 

Palavras-chave: Metabolismo antioxidante. Respostas de defesa do hospedeiro. Resistência 

sistêmica induzida. Fotossíntese. Espécies reativas de oxigênio.
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ABSTRACT 

Septoria leaf spot (SLS), caused by Septoria lycopersici, is a destructive disease in tomato. This 

study we investigated the use of potassium phosphite combined with free L-α-amino acids 

(called stimulus induced resistance (IR)) to increase tomato defense responses against S. 

lycopersici infection. Plants that received the RI stimulus showed a reduction in the severity of 

SLS and less colonization of leaf tissue by S. lycopersici (lower expression of TEF-1α). Plants 

sprayed with IR stimulus showed lower concentrations of malonaldehyde, hydrogen peroxide 

and superoxide anion radical, while sucrose, fructose and starch concentrations and high 

ascorbate peroxidase, catalase, glutathione reductase and superoxide dismutase activities 

increased when compared to plants sprayed with IR stimulus. water in response to S. lycopersici 

infection. The photosynthetic apparatus was less compromised, which resulted in higher 

concentrations of chlorophyll a+b and carotenoids in plants sprayed with RI stimulus. We 

observed that genes involved in host defense reactions (CHI3, CHI9, GLU, PAL3, POX3, PPOB 

and PPOF) and those related to acquired systemic resistance (PAL3 and ICS) or induced 

systemic resistance ((ethylene production - ACO2, ACO3, ACO5 and ACO4) and the jasmonic 

acid signaling pathway (LOX1.1, LOXB, LOXC and PDF1.2)) and we observed an up-

regulation for plants infected and sprayed with RI stimulus. These findings highlight the 

potential of using this IR stimulus for the management of SLS. 

 

Keywords: Antioxidative metabolism. Host defense responses. Induced systemic resistance. 

Photosynthesis. reactive oxygen species.
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1. Introduction 

Septoria leaf spot (SLS), caused by Septoria lycopersici Speg., is one of the major foliar 

fungal diseases affecting tomato production worldwide (Nayyer et al., 2022, Stevenson, 2014). 

The SLS symptoms start on basal leaves of tomato plants as circular to elliptical necrotic lesions 

with tan to gray centers containing several black pycnidia and surrounded by dark brown 

margins (Blancard, 2012; Stevenson, 2014). Yield losses caused by SLS are associated with 

reduced photosynthetically active leaf area linked to intense defoliation, reduced plant growth, 

and fruits of lower quality (e.g., smaller and often burned by sunlight) (Blancard, 2012). 

Management of SLS has relied on using cultural practices such as adequate plant density; crop 

rotation, destruction of crop debris, drip irrigation, and weed control (Blancard, 2012; Nayyer 

et al., 2022; Stevenson, 2014). The spray of fungicides (twice or more times weekly after 

flowering) stands out as the most effective method for SLS control in tomato fields located in 

regions with environmental conditions (e.g., temperatures ranging from 20 to 25oC and high 

relative humidity) favorable for the occurrence of epidemics (Nayyer et al., 2022). Frequent 

fungicide sprays implicate the selection of resistant S. lycopersici population (Aktar et al., 

2009). Therefore, searching for more environmentally friendly control strategies for SLS 

management needs to be prioritized for food security and an alternative to reduce the 

dependence of growers on using fungicides and their negative impacts on both environment 

and human health. 

Crop plants are capable of coping with the infection by pathogens of different lifestyles 

through inducible defense responses (Zeier 2021). Interestingly, a localized infection by a 

pathogen linked to either pathogen-associated molecular pattern triggered immunity or 

pathogen-effector triggered immunity enables plants to trigger defense responses in distant 

healthy leaves through a phenomenon known as systemic acquired resistance (SAR) (Kesel et 

al., 2021; Vlot et al., 2021, Zeier 2021). Under SAR, plants heightened their innate immune 

system (rapid, more substantial, and long-lasting action of multiple defense mechanisms) that 

successfully counteracts further pathogen infection (Kesel et al., 2021). Salicylic acid (SA) is 

known as a plant hormone associated with SAR, but other compounds have been also 

recognized as signals for SAR (Kesel et al., 2021). Furthermore, plants after being exposed to 

nonpathogenic microorganisms or some induced resistance stimuli can develop induced 

systemic resistance (ISR) signaled by jasmonic acid (JA) and ethylene (ET) (Pieterse et al., 

2012). Notably, some amino acids (e.g., glutamate, phenylalanine, proline, lysine, β-

aminobutyric acid (BABA), and γ-aminobutyric acid (GABA)) participate either directly or 
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indirectly in boosting the defense of plants against pathogen infection (Cohen et al., 2016, Jakab 

et al., 2001; Monchiero et al., 2015; Odintsova et al., 2012; Tarkowski et al., 2020; Ting et al., 

2020). On top of that, phosphite-based compounds are also recognized as efficient inducers of 

resistance mainly for controlling diseases caused by fungi and oomycetes (Fagundes-Nacarath 

et al., 2019; Mohammadi et al., 2021; Novaes et al., 2019; Vinas et al., 2020). 

Considering SLS as a destructive disease and the fact that tomato defense responses to 

cope with S. lycopersisi infection remain poorly understood, especially in the scenario of 

induced resistance, this study hypothesized that the level of basal resistance of plants from a 

susceptible cultivar to SLS could be increased by spraying them with Optimus®, a phosphite 

combined with free amino acids available to growers in the market. In this scenario, tomato 

defense responses could be boosted rapidly and efficiently against S. lycopersisi infection with 

fine biochemical and physiological adjustments. 

 

2. Materials and methods 

 

2.1 In vitro assays 

The sensitivity of S. lycopersici to Optimus® (phosphorus (P2O5) soluble in water (30% 

w/w, 426 g/L) and potassium soluble in water (K2O) (20% w/w, 284 g/L) combined with L--

free amino acids (4% w/w, 56.8 g/L), pH 5.0; Bioiberica, Palafolls, Spain) at the concentrations 

of 1.5, 3, 6, 9, and 12 mL/L was evaluated in vitro. Melted V8 medium was amended with each 

solution of Optimus® (referred to as induced resistance (IR) stimulus thereafter) and poured 

into Petri dishes (15 mL per dish). Melted V8 medium not amended with IR stimulus served as 

the control treatment. One plug of V8 medium (5 mm in diameter) containing fungal mycelia 

obtained from the edge of a 15-day-old colony of S. lycopersici was placed in the center of each 

Petri dish. Dishes were kept in a growth chamber (25°C and photoperiod of 12 h of light and 

12 h of dark). After 7 days, fungal colony in each Petri dish was measured in two orthogonal 

directions using a digital caliper to obtain its diameter. The surface area of the plug was 

subtracted from the total surface area measured on each Petri dish. Conidia obtained from 15-

day-old S. lycopersici colonies in Petri dishes containing V8 medium were removed using a 

camel hair brush to obtain a conidial suspension of 5 × 104 conidia/mL. The effect of IR 

stimulus on conidia germination was tested by mixing different volumes of IR stimulus solution 

with 100 μL of conidial suspension to obtain the final concentrations of 1.5, 3, 6, 9, and 12 

mL/L. Conidial suspension prepared only with water served as the control treatment. The 
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conidial suspension was homogeneously distributed over the agar medium surface in each dish 

using a Drigalski glass handle. Dishes were transferred to a growth chamber (25°C and 

photoperiod of 12 h of light and 12 h of dark) and after 24 h, 5 μL of lactophenol was added to 

each dish to stop conidia germination. One hundred conidia were randomly examined at each 

Petri dish under a light microscope (Carl Zeiss AxioImager A1) at 40 × magnification. A 

conidium was considered germinated when its germ tube was larger than its half-length. The 

percentage of conidia germination was calculated for each treatment. 

 

2.2. Plant growth 

Seeds from tomato cultivar Santa Cruz Kada (Isla Sementes, São Paulo, Brazil) were 

sown in polystyrene trays containing Tropstrato® (mixture of pine bark, peat, and expanded 

vermiculite; Vida Verde, São Paulo, Brazil) substrate. Seedlings (15 days after emergence) 

were transplanted to plastic pots containing 2 kg of the same substrate amended with 3.26 g of 

calcium phosphate. Each plant per pot received nutrient solution (50 mL per pot) according to 

Chaves et al. (2021) after being transplanted and then weekly. Plants were grown in the 

greenhouse (temperature of 25 ± 5°C, relative humidity of 70 ± 5%, and natural 

photosynthetically active radiation (PAR) of 900 ± 15 µmol photons m-2 s-1 measured at 

midday) and watered as needed. 

 

2.3. Application of IR stimulus 

A solution of IR stimulus at the concentration of 6 mL/L (20 mL of solution per each 

plant) was sprayed as a fine mist to the leaves of each plant (growth stage of five leaves, 45 

days after transplanting) per pot by using a VL Airbrush atomizer (Paasche Airbrush Co., 

Chicago, IL, USA) at 48 h before inoculation with S. lycopersici. Plants sprayed with water 

served as the control treatment. 

 

2.4. Inoculum production and plant inoculation 

The isolate UFV-DFP Sl-12 of S. lycopersici from our fungal collection was used to 

inoculate the plants. The fungus was grown in Petri dishes containing V8 medium and incubated 

for 15 days in a growth chamber (25°C and photoperiod of 12 h of light and 12 h of dark). 

Conidia produced in each dish were collected in sterile water containing 0.01% Tween 20 and 

0.5% gelatin (w/v). Three leaves, from top to basis, of each plant were inoculated with a conidial 

suspension (5 × 104 conidia/mL, 15 mL per plant) of S. lycopersici using a VL Airbrush 
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atomizer. After inoculation, plants were kept inside a mist growth chamber (25°C and relative 

humidity of 90 ± 5%) for 24 h. Non-inoculated plants were kept in a separate growth chamber 

with the same temperature and relative humidity. After this period, non-inoculated and 

inoculated plants were transferred to the greenhouse (28 ± 2°C, relative humidity of 80 ± 5%, 

and natural (PAR) of 900 ± 12 µmol photons m-2 s-1 measured at midday) until the end of the 

experiments. 

 

2.5. Evaluation of septoria leaf spot (SLS) severity 

The fourth leaf, from top to basis, of each plant per treatment (four replications per 

treatment, four plants, and 4 leaves) were collected at 8 days after inoculation (dai), scanned at 

600 dpi resolution, and the obtained images were processed with the QUANT software 

according to obtain the values of SLS severity (Fagundes-Nacarath et al., 2019). 

 

2.6. Photosynthetic measurements 

Analyses of gas exchange and chlorophyll (Chl) a fluorescence were performed 

simultaneously using an open-flow infrared gas exchange analyzer system equipped with an 

integrated fluorescence chamber (IRGA, Li-color Inc. LI-6400XT; NE). The third leaf, from 

top to basis, of each plant per replication of each treatment (four replications (four plants and 

four leaves) per sampling time) was used for gas exchange analysis at 5, 6, 7, and 8 dai. Leaves 

from non-inoculated plants were used at this same evaluation time. Measurements of net carbon 

assimilation rate (A), stomatal conductance to water vapor (gs), internal CO2 concentration (Ci), 

and transpiration rate (E) were made during the day (from 08:00 to 12:00 h) with the following 

conditions: leaf chamber at 25ºC, constant CO2 concentration (410 ppm), photosynthetically 

active radiation (PAR) of 1000 μmol photons m-2 s-1, and amount of blue light set with 10% of 

PAR to optimize stomatal aperture (Marçal et al., 2021). The intrinsic water use efficiency 

(A/gs) and water-use efficiency (WUE) parameters were also determined. The Chl a 

fluorescence was performed using the fluorometer coupled the to IRGA on the same third leaf 

used for gas exchange measurements following the procedures of Aucique-Pérez et al. (2014). 

The α value was estimated using the leaf transmittance according to the procedure described in 

Technical Note 128 of LI-COR 

(https://www.licor.com/documents/9bgi9ayo5yx7dwjnts8c.pdf) and used to calculate the ratio 

of electron transport rate-to-net carbon assimilation rate (ETR/A). 

 

https://www.licor.com/documents/9bgi9ayo5yx7dwjnts8c.pdf
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2.7. Imaging and quantification of Chl a fluorescence parameters 

The Imaging-PAM fluorometer (MAXI version), associated with the Imaging Win 

software (Heinz Walz GmbH, Effeltrich, Germany), was used to obtain the images of Chl a 

fluorescence parameters following the procedures described by Fagundes-Nacarath et al. (2019) 

using the third leaf, from top to basis, of each plant per replication of each treatment (four 

replications (four plants and four leaves) per sampling time) were collected at 5, 6, 7, and 8 dai. 

The third leaf from non-inoculated plants were used at this same evaluation time. The 

parameters of Chl a fluorescence were determined by selecting the circular option on the 

Imaging Win software (area of 1 cm2) for both non-inoculated and inoculated leaves. 

 

2.8. Determining photosynthetic pigments concentration 

The concentrations of Chl a, Chl b, and carotenoids were determined in the same leaves 

used to evaluate the Chl a fluorescence parameters. Briefly, leaf tissue (50 mg) was ground in 

liquid nitrogen using a vibration ball mill (Retsch, Haan, Germany) and the fine powder was 

homogenized in 1 mL methanol. The supernatant was used to quantify the concentrations of 

Chl a, Chl b, and carotenoids according to Fagundes-Nacarath et al. (2019). 

 

2.9. Histochemical detection of lipid peroxidation, membrane damage, hydrogen peroxide 
(H2O2), and superoxide anion radical (O2

•-) 

The fourth leaf, from basis to top, of each plant per replication of each treatment (four 

replications totalizing 16 plants and 16 leaves) were collected from both non-inoculated and 

inoculated plants at 8 dai. Lipid peroxidation and membrane damage in leaflets were visualized 

using Schiff and Evans’ blue reagents following the procedures of Awasthi et al. (2018) and 

Tistama et al. (2012), respectively. Leaflets were randomly transferred to glass vials containing 

50 mL of either Schiff (10% v/v prepared in deionized water) or Evans’s blue (0.025% w/v 

prepared in 100 μM of CaCl2, pH 5.6) reagents (five leaflets per glass vial for each reagent) 

during 2 and 12 h, respectively. For H2O2
 detection, leaflets were randomly placed in glass vials 

(five leaflets per glass vial) containing a 25 mL of 3,3'-diaminobenzidine tetrahydrochloride 

solution (1 mg/mL) (Sigma-Aldrich, São Paulo, Brazil) and kept in the dark at 25°C for 12 h. 

For O2•- detection, leaflets were randomly placed in glass vials (five leaflets per glass vial) 

containing 50 mL of nitro blue tetrazolium (0.1%) solution (Sigma-Aldrich, São Paulo, Brazil) 

prepared in potassium phosphate buffer (10 mM, pH 6.8) during 24 h. For all four histochemical 

tests, leaflets were cleared in boiling aqueous ethanol (80%) for 60 min until pink, blue, brown, 
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and blue spots were noticed that confirmed the occurrence of lipid peroxidation, membrane 

damage, H2O2, and O2
•-, respectively. 

 

2.10. Biochemical and molecular assays 

The fourth leaf, from top to basis, of each plant per replication of each treatment (four 

replications per evaluation time totalizing 16 plants and 16 leaves) was collected at 5, 6, 7, and 

8 dai. Leaves from non-inoculated plants were sampled at this same evaluation time. Leaf 

samples were kept in liquid nitrogen during sampling and stored at -80°C until further analysis. 

 

2.11. Determining sugars and starch concentrations 

Leaf tissue (50 mg) was ground as described above and the fine powder was mixed with 

1 mL of methanol at 70°C for 15 min to extract sugars and starch according to Medeiros et al. 

(2017). Sugars (glucose, fructose, and sucrose) were determined in the soluble phase of the 

methanolic solution and the pellet was used to quantify the starch following the procedures of 

Fagundes-Nacarath et al. (2019). 

 

2.12. Determining malondialdehyde (MDA) concentration 

Leaf tissue (50 mg) was ground as described above and homogenized in 2 ml of a solution 

of trichloroacetic acid (TCA) 0.1% (wt/vol). Homogenate was centrifuged at 12,000 × g for 15 

min at 4℃ and the MDA concentration was determined according to Chaves et al. (2021). 

 

2.13. Determining H2O2 and O2•- concentrations 
Leaf tissue (100 mg) was ground as described above and homogenized in 1 mL of solution 

of potassium phosphate buffer (50 mM, pH 6.5) containing hydroxylamine (1 mM). The 

homogenate was centrifuged at 10,000 × g for 15 min at 4°C. A total of 100 µL of the 

supernatant was used to determine H2O2 concentration following the procedures of Dias et al. 

(2020). Leaf tissue (50 mg) was ground as described above and the fine powder was 

homogenized in 1 mL of a solution containing sodium phosphate buffer (100 mM, pH 7.2) and 

sodium diethyldithiocarbamate (1 mM). The homogenate was centrifuged at 22,000 × g for 20 

min at 4°C and 100 µL of the supernatant was used to determine O2
•- concentration according 

to Chaves et al. (2021). 
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2.14. Determining antioxidant enzyme activities 

Leaf tissue (100 mg) was ground as described above and the fine powder was 

homogenized with 1 mL solution containing 100 mM potassium phosphate buffer (pH 7.8), 0.1 

mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 0.5% (w/v) 

polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 13,000 × g for 15 min at 4°C. 

The supernatant was used to determine ascorbate peroxidase (APX) (EC 1.11.1.11), catalase 

(CAT) (EC 1.11.1.6), glutathione reductase (GR) (EC 1.8.1.7), and superoxide dismutase 

(SOD) (EC 1.15.1.1) activities according to Debona et al. (2012). 

 

2.15. Determining total soluble phenolics (TSP) and lignin-thioglycolic acid (LTGA) 

derivatives concentrations 

Leaf tissue (100 mg) was ground as described above and the fine powder was 

homogenized in 1.5 mL of 80% (v/v) methanol solution. The crude extract was shaken at 300 

rpm at 25°C for 12 h and the mixture was centrifuged at 13,000 × g for 30 min. The supernatant 

was used to determine TSP concentration and the pellet was washed with deionized water to 

determine LTGA derivatives concentration following the procedures of Rodrigues et al. (2005). 

 

2.16. Genes expression using reverse transcription quantitative real-time PCR (RT-PCR) 

Leaf tissue (75 mg) was ground as described above and the fine powder was used to 

extract RNA using TRIzol (Invitrogen). Contamination by DNA was removed with RQ1 

RNase-free DNase (Promega). The amount of RNA was measured in a Qubit fluorometer using 

Qubit RNA HS Assay Kit (Invitrogen) and RNA quality and integrity were verified by 1% 

agarose gel electrophoresis. Single-stranded cDNAs were synthesized by reverse transcription 

using 3 μg of total RNA with oligo(dT) primers in a final volume of 20 μL using the SuperScript 

First Strand Synthesis System for RT-PCR (Invitrogen). Expression analysis of genes coding 

for 1-aminocyclopropane-1-carboxylate oxidase (ACO1, ACO2, ACO3, ACO4, ACO5, and 

ACO6), chitinase (CHI3 and CHI9), glucanase (GLU), isochorismate synthase (ICS), 

lipoxygenase (LOX1.1, LOXB, and LOXC), phenylalanine ammonia-lyase (PAL3), plant 

defensin 1.2 (PDF1.2), peroxidase 3 (POX3), polyphenoloxidase (PPOB and PPOF), and 

pathogenesis-related protein 1 (PR1b1) were determined by RT-qPCR using a CFX real-time 

thermal cycler (Bio-Rad) and SYBR Green PCR Master Mix according to the manufacturer's 

recommendations. Primer sequences for amplification of the genes studied are listed in Table 

1. All reactions were performed in triplicate and the relative expression values for each gene 
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studied were calculated using the 2-ΔΔCt method described by Livak et al. (2001). Expression of 

translation elongation factor Alfa-tef1 gene (TEF-1α) from S. lycopersici was also quantified 

to confirm the fungal presence in leaf tissues from inoculated plants. The actin gene (ACT) was 

used as a reference for normalization according to Ahammed et al. (2018). 

 

2.17. Data analysis 

Two 2 × 2 factorial experiments (Experiments 1 and 2), consisting of water (control) or 

IR-stimulus sprayed plants and non-inoculated (NI) or inoculated (I) plants with S. lycopersici, 

were arranged in a completely randomized design with four replications per each evaluation or 

sampling time. These plants were used to evaluate SLS severity, leaf gas exchange and Chl a 

fluorescence parameters, photosynthetic pigments, and to perform the histochemical analyses. 

Two other 2 × 2 factorial experiments (Experiments 3 and 4, with the same factors described 

above) were arranged in a completely randomized design with four replications per sampling 

time to obtain leaf samples for biochemical and gene expression analysis. Each experimental 

unit consisted of one plastic pot containing one plant. Data from variables and parameters 

evaluated in Experiments 1 and 2 and data from variables evaluated in Experiments 3 and 4 

were analyzed to determine if data from variables and parameters of these experiments could 

be combined (Moore and Dixon 2015). Data from variables and parameters were checked for 

normality and homogeneity of variance and subjected to analysis of variance (ANOVA). 

Principal components analysis (PCA) was performed using data from all variables and 

parameters evaluated from inoculated and non-inoculated plants of the four treatments at 8 dai 

aiming to interpret the dataset generated in this study to reduce their dimension, interpretability, 

and minimize information loss to better understand the parameters and variables evaluated. 

Treatment means were compared by F test (P ≤ 0.05). Data were analyzed by using the Minitab 

software (version 18, Minitab Corporation). 

 

3. Results 

 

3.1. Analysis of variance 

According to ANOVA, the factor IR stimulus was significant for severity, A, Ci, A/gs, 

WUE, Fv/Fm, Y(II), ETR/A, Y(NO), Chl a+b, MDA, H2O2, O2
•-, TSP, LTGA derivatives, 

glucose, fructose, sucrose, starch, ACO2, CHI9, ICS, PDF1.2, PR1b1, and TEF-1α. The factor 
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plant inoculation (PI) and the IR stimulus × PI interaction were significant for most of the 

variables and parameters evaluated (Table 2). 

 

3.2. In vitro assay 

There was no visual difference on mycelial growth of S. lycopersici in the Petri dishes 

containing V8 medium amended with different concentrations of the IR stimulus 

(Supplementary Figure 1a-h) nor the effect of these concentrations on conidia germination (Fig. 

1). 

 

3.3. Symptoms of SLS and severity 

Many coalesced necrotic lesions were noticed in the leaves of plants from control 

treatment (Fig. 2a), while the lesions that formed in the leaves of IR stimulus-sprayed plants 

were of reduced size and in less number (Fig. 2b). Severity of SLS was significantly reduced 

by 78% for IR stimulus-sprayed plants compared to plants from control treatment (Fig. 2c). 

 

3.4. Leaf gas exchange parameters 

For NI plants, A, gs, Ci, E, A/gs, and WUE were not affected by control and IR stimulus 

treatments regardless of evaluation time (Figs. 3a, c, e, and g and 3a, b, and c). For I plants from 

control treatment, A (41, 50, and 66% at 6, 7, and 8 dai, respectively), gs (31% at 8 dai), A/gs 

(67% at 8 dai), and WUE (53 and 90% at 7 and 8 dai, respectively) were significantly lower 

while Ci (8, 10, and 24% at 6, 7, and 8 dai, respectively) and E (40% at 8 hai) were significantly 

higher compared to inoculated IR stimulus-sprayed plants (Figs. 3b, d, f, and h and 4b, d, and 

f). For control treatment, A (44, 57, and 87% at 6, 7, and 8 dai, respectively), gs (49% at 8 dai), 

A/gs (72% at 8 dai), and WUE (47 and 86% at 7 and 8 dai, respectively) were significantly 

lower while Ci was significantly higher (7, 15, and 21% at 6, 7, and 8 dai, respectively) for I 

compared to NI plants (Fig. 3a-b, c-d, and e-f). The A, Ci, and were significantly lower by 8, 

36, and 87%, respectively, at 8 dai for I plants from the IR stimulus treatment compared to their 

NI counterparts (Figs. 3a-b and c-d). 

 

3.5. Imaging and quantification of Chl a fluorescence parameters 

Remarkable damage to the photosynthetic apparatus occurred for I plants from control 

treatment compared to I plants sprayed with IR stimulus from 6 to 8 hai based on the darker 

areas in the images for Fv/Fm, Y(II), Y(NPQ), and Y(NO) parameters (Fig. 5). For NI plants, 
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Fv/Fm, Y(II), Y(NPQ), Y(NO), and ETR/A were not affected by control and IR stimulus 

treatments regardless of evaluation time (Fig. 6a, c, e, g, and i). For I and IR stimulus-sprayed 

plants, Fv/Fm (10, 14, and 28% at 6, 7, and 8 dai, respectively) and Y(II) (22, 39, and 70% at 6, 

7, and 8 dai, respectively) were significantly higher while Y(NPQ) (25 and 19% at 7 and 8 dai, 

respectively), Y(NO) (18, 23, and, 35% at 6, 7 and 8 dai, respectively), and ETR/A (48, 40, and 

57% at 6, 7, and 8 dai, respectively) were significantly lower compared to I plants from control 

treatment (Fig. 6b, d, f, h, and j). For control treatment, Fv/Fm (10, 19, and 33% at 6, 7, and 8 

dai, respectively) and Y(II) (22, 41, and 85% at 6, 7, and 8 dai, respectively) were significantly 

lower while Y(NPQ) (18 and 31% at 7 and 8 dai, respectively), Y(NO) (23, 28, and 41% at 6, 

7, and 8 dai, respectively), and ETR/A (41, 48, and 68% at 6, 7, and 8 dai, respectively) were 

significantly higher for I plants compared to NI plants (Fig. 6a-j). For IR stimulus treatment, 

Fv/Fm, Y(II), and Y(NPQ) were significantly lower by 10, 24, and 33%, respectively, for I plants 

compared to NI plants (Fig. 6a-f). 

 

3.6. Photosynthetic pigments 

Concentrations of Chl a+b and carotenoids for NI plants were not affected by control and 

IR stimulus treatments regardless of evaluation time (Fig. 7a and c). Concentrations of Chl a+b 

(23, 52, and 57% at 6, 7, and 8 dai, respectively) and carotenoids (43 and 51% at 7 and 8 dai, 

respectively) were significantly higher for I plants sprayed with IR stimulus compared to I 

plants from control treatment (Fig. 7b and d). For control treatment, concentrations of Chl a+b 

(23, 39, and 58% at 6, 7, and 8 dai, respectively) and carotenoids (49 and 55% at 7 and 8 dai, 

respectively) were significantly lower for I plants compared to NI plants (Fig. 7a-d). 

 

3.7. Carbohydrates 

For I and IR stimulus-sprayed plants, glucose (60 and 194% at 5 and 8 dai, respectively), 

fructose (192, 196, and 502% at 6, 7, and 8 dai, respectively), sucrose (95 and 218% at 7 and 8 

dai, respectively), and starch (55, 251, 329, and 109% at 5, 6, 7, and 8 dai, respectively) 

concentrations were significantly higher compared to I plants from control treatment (Fig. 8b, 

d, f and h). For control treatment, concentrations of glucose (56 and 57% at 7 and 8 dai, 

respectively), fructose (44 and 50% at 7 and 8 dai, respectively), sucrose (60 and 64% at 7 and 

8 dai, respectively), and starch (93, 462, and 448% at 6, 7, and 8 dai, respectively) were 

significantly lower for I plants compared to NI plants (Fig. 8a-h). 
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3.8. Histochemical localization of lipid peroxidation, membrane damage, H2O2, and O2
•- 

The spray of IR stimulus did not cause any physiological perturbation to leaves of NI 

plants based on absence of staining for lipid peroxidation, membrane damage, H2O2, and O2
•- 

compared to leaves from plants of control treatment (Fig. 9a-d). Lipid peroxidation, membrane 

damage, and depositions of H2O2 and O2
•- (brown and blue colors, respectively) were less 

intense in leaves of plants sprayed with IR stimulus than leaves of plants from control treatment 

at 8 dai (Fig. 9a-d). 

 

3.9. Concentrations of MDA, H2O2, and O2
•- 

For NI plants, MDA, H2O2, and O2
•- concentrations were not affected by control and IR 

stimulus treatments regardless of evaluation time (Fig. 10a, c, and e). For I plants, MDA (45 

and 55% at 7 and 8 dai, respectively), H2O2 (48 and 51% at 7 and 8 dai, respectively), and O2
•- 

(52 and 49% at 7 and 8 dai, respectively) were significantly lower for IR stimulus treatment 

compared to control treatment (Fig. 10b, d, and f). For control treatment, MDA (45 and 62% at 

7 and 8 dai, respectively), H2O2 (55 and 61% at 7 and 8 dai, respectively), and O2
•- (54 and 48% 

at 7 and 8 dai, respectively) were significantly higher for I plants compared to NI plants (Fig. 

10a-f). 

 

3.10. Antioxidant enzymes 

For NI plants, SOD, APX, CAT, and GR activities were unaffected by control and IR 

stimulus treatments regardless of evaluation time (Fig. 11a, c, e, and g). For I plants, SOD (59 

and 42% at 7 and 8 dai, respectively), APX (60% at 8 dai), CAT (33 and 36% at 7 and 8 dai, 

respectively), and GR (60 and 55% at 7 and 8 dai, respectively) activities were significantly 

higher for IR stimulus treatment compared to control treatment (Fig. 11b, d, and f). At 6 dai, 

CAT activity was significantly lower for I plants from IR stimulus treatment compared to I 

plants from control treatment (Fig. 11f). The CAT activity (48% at 6 dai) for control treatment 

and SOD, APX, and CAT activities (42, 58, and 53% at 8 dai, respectively) for IR stimulus 

treatment were significantly higher for I plants compared to NI plants (Fig. 11a-f). 

 

3.11. Concentrations of TSP and LTGA derivatives 

For NI plants, TSP concentration was not affected by control and IR stimulus treatments 

regardless of evaluation time (Fig. 12a). By contrast, LTGA derivatives concentration 

significantly increased by 48, 50, 53, and 40% at 5, 6, 7, and 8 dai, respectively, for NI plants 
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of IR stimulus treatment compared to NI plants from control treatment (Fig. 12c). For I plants, 

TSP concentration was significantly lower by 23 and 24% at 7 and 8 dai, respectively, while 

LTGA derivatives concentration was significantly higher (42, 43, 48, and 61% at 5, 6, 7, and 8 

dai, respectively) for IR stimulus treatment compared to control treatment (Fig. 12b and d). At 

8 dai, TSP concentration for control treatment and LTGA derivatives concentration for IR 

stimulus treatment significantly increased by 27 and 45%, respectively, for I plants compared 

to NI plants (Fig. 12a-d). 

 

3.12. Genes expression 

 

3.12.1. Comparing NI vs. I plants for control and IR stimulus treatments 

Control treatment 

Expressions of ACO3 and LOX1.1 at 7 dai and ACO2, ACO3, CHI3, and ICS at 8 dai were 

significantly up-regulated for NI plants compared to I plants for control treatment. Expressions 

of ACO4, ACO6, CHI3, CHI9, ICS, LOX1.1, LOXB, and LOXC at 5 dai, CHI3 and PAL at 6 

dai, ACO6 and PAL at 7 dai as well as ACO6, LOXB, LOX, and PR1b1 at 8 dai were significantly 

up-regulated for I plants compared to NI plants for control treatment (Fig. 13a and c). 

 

3.12.2. IR stimulus treatment 

Expressions of LOX1.1 at 6 dai, ACO6 at 7 dai, and PPOF and PR1b1 at 8 dai were 

significantly up-regulated for NI plants compared to I plants for IR stimulus treatment. 

Expressions of ACO1, ACO3, ACO4, ACO5, ACO6, CHI9, GLU, and PAL at 5 dai, ACO2, 

PDF1.2, POX3, and PPOB at 6 dai, and ACO4, CHI3, CHI9, GLU, PAL, POX3, and PPOF at 

8 dai were significantly up-regulated for I plants compared to NI plants for IR stimulus 

treatment (Fig. 13b and d). 

 

3.12.3. Comparing control vs. IR stimulus treatments for NI and I plants 

Non-inoculated plants 

Expressions of CHI3 and PAL at 8 dai were significantly up-regulated for control 

treatment compared to IR stimulus treatment. Expressions of ACO2, ACO3, CHI9, LOXC, 

POX3, and PPOB at 5 dai, ACO2, ACO6, CHI9, LOXB, PDF1.2, POX3, PPOB, PPOF, and 

PR1b1 at 6 dai, ACO6, LOXB, and PPOB at 7 dai as well as ACO1, ACO2, ACO4, ACO6, CHI9, 
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GLU, LOXB, PAL, PDF1.2, POX3, PPOF, and PR1b1 at 8 dai were significantly up-regulated 

for IR stimulus treatment compared to control treatment (Fig. 13a-b). 

 

3.12.4. Inoculated plants 

Expressions of ACO4 at 4 dai, PR1b1 at 6 and 8 dai, CHI3 and LOXC at 8 dai as well as 

TEF-1 from 6 to 8 dai were significantly up-regulated for control treatment compared to IR 

stimulus treatment. Expressions of ACO2, ACO3, ACO5, CHI9, ICS, and LOX1.1 at 5 dai, 

CHI9, LOX1.1, LOXB, LOXC, PDF1.2, POX3, and PPOB at 6 dai, ACO4 and PAL at 7 dai as 

well as ACO2, ACO4, CHI3, CHI9, LOX1.1, LOXB, PAL, PDF1.2, and PPOF at 8 dai were 

significantly up-regulated for IR stimulus treatment compared to control treatment (Fig. 13 c-

d). 

 

3.12.5. PCA analysis 

According to cluster analysis with complete linkage and Pearson distance, three clusters 

(C) were generated: C1 (I plants from control treatment), C2 (NI plants from IR stimulus 

treatment), and C3 (NI and I plants from control and IR stimulus treatments, respectively) (Fig. 

14a). One principal component (PC) explained most of data variation (PC1 = 67% and PC2 = 

22%) (Fig. 14a-b). The first PC was characterized by negative scores for Ci, E, A/gs, Y(NPQ), 

Y(NO), ETR/A, MDA, H2O2, O2•-, CAT, TSP, ACO1, ACO2, ACO4, ACO6, CHI3, CHI9, 

GLU, LOX1.1, LOXB, PAL3, POX3, PPOB, and PPOF. Positive scores were obtained for A, 

gs, WUE, Fv/Fm, Y(II), Chl a+b, Car, glucose, fructose, sucrose, starch, LTGA derivatives, 

APX, SOD, GR, ACO3, ACO5, ICS, LOXC, PDF1.2, and PR1b1 (Fig. 14a-b). 

 

4. Discussion 

The use of different IR stimuli for managing plant diseases that drastically reduce the 

yield of profitable crops towards more sustainable agriculture is gaining the attention of the 

scientific community and growers worldwide. Interestingly, the ability of the IR stimulus to 

reduce SLS symptoms was confirmed at the histochemical, biochemical, and molecular levels. 

Different formulations of phosphite can directly inhibit the growth of some pathogens (e.g., 

Colletotrichum lindemuthianum, Sclerotinia sclerotiorum, and different species of oomycetes) 

in vitro by limiting phosphorylation reactions, reducing adenylate synthase activity, lowering 

the pool of nucleotides and pentose phosphate metabolism as well as causing rupture in hyphae 

cell wall with corresponding intense electrolytes leakage (Chaves et al., 2021; Fagundes-
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Nacarath et al., 2018; Novaes et al., 2019; Mohammadi et al., 2021). In contrast to the 

aforementioned, the IR stimulus did not affect mycelial growth of S. lycopersici or even conidia 

germination in vitro suggesting its possible impact on reducing SLS symptoms through a direct 

activation of tomato defense responses. 

Photosynthesis is the major physiological process greatly impacted on crops infected by 

pathogens of different lifestyles; thus, the pool of assimilates that could be allocated to mount 

host defense responses can be seriously compromised as reported for different pathosystems 

(Aucique-Pérez et al., 2020; Dias et al., 2020; Silveira et al., 2015; Silveira et al., 2019). In the 

present study, diffusional limitations explained reductions in A in infected leaves of IR 

stimulus-sprayed plants at 8 dai. Reduction in gs in necrotic leaf tissues of blueberry plants 

infected with Septoria albopunctata occurred due to loss of stomata functionality while 

impairment on A was due to diffusion of non-host selective toxins to leaf tissues surrounding 

the fungal infection sites (Roloff er al. 2004). Reduction in photosynthesis was not exclusively 

associated with stomatal limitations in wheat and soybean leaves infected by Pyricularia oryzae 

and Phakopsora pachyrhizi, respectively (Aucique-Pérez et al., 2014; Rios et al., 2018). 

Interestingly, E was higher in infected leaves of tomato plants from control treatment at 8 dai. 

Reduced white mold symptoms were noticed in soybean leaves sprayed with manganese (Mn) 

phosphite, associated with higher A, gs, and E values than not sprayed leaves, suggesting that 

the damage caused by S. sclerotiorum infection was attenuated by this phosphite. It can be 

assumed that great leaf tissues necrose and loss of cuticle integrity caused by SLS resulted in 

an increase in transpiration rate. By contrast, the photosynthetic apparatus in infected leaves of 

IR stimulus-sprayed plants was less impaired and associated with no biochemical limitations or 

an abrupt increase in transpiration. Great ETR/A ratio for infected leaves of plants from control 

treatment indicated an imbalance between electron flow and CO2 assimilation during 

photosynthesis. This finding most likely contributed to the occurrence of alternative electron 

sinks (e.g., photorespiration and Mehler reaction) that indicate a stressful condition and 

photoinhibition (Marçal et al., 2021). Infected leaves of IR stimulus-sprayed plants showed 

improved physiological performance than infected leaves from plants from control treatment 

based on great values of A, Fv/Fm, and Y(NPQ) and lower Y(NO) and ETR/A values. Based on 

imaging of Chl a fluorescence parameters, early and imperceptible damage imposed by 

pathogens on photosynthesis at the beginning of their infection process can be detected not 

invasively (Aucique-Pérez et al., 2014; Dias et al., 2020; Silveira et al., 2015; Silveira et al., 

2019; Tatagiba 2015). The Fv/Fm parameter pictures any level of physiological stress imposed 
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on plant tissues and sharp decreases on its values indicate the magnitude of photoinhibition 

occurring at the PSII level (Pérez-Bueno et al., 2019). In the present study, lower Fv/Fm and 

Y(II) values linked to increases in both Y(NPQ) and Y(NO) occurred for infected leaves of 

plants from control treatment. Interestingly, infected leaves of IR stimulus-sprayed plants 

suffered less photodamage (e.g., higher Fv/Fm and Y(II) values, concomitantly with reductions 

on Y(NPQ) and Y(NO)) indicating preservation of the photosynthetic apparatus. Leaves of 

tomato plants sprayed with Mn phosphite and of common bean plants sprayed with zinc (Zn) 

phosphite or copper (Cu) phosphite showed higher Fv/Fm, Y(II), and ETR values associated 

with lower values of Y(NPQ) and Y(NO) during the infection process of S. sclerotiorum, thus 

evidencing the potential of these phosphites to alleviate the stress imposed by pathogen 

infection on the photosynthetic apparatus (Chaves et al., 2021; Fagundes-Nacarath et al., 2021). 

Reductions in Fv/Fm and ETR values in soybean leaves infected by P. pachyrhizi were linked 

to an increase in Y(NPQ) and that heat dissipation may be used to alleviate the damage imposed 

on PSII (Einhardt et al., 2019). Many studies highlight lower concentration of photosynthetic 

pigments as one key physiological change occurring in leaf tissues of plants infected by 

hemibiotrophic and necrotrophic pathogens due to deleterious action of hydrolytic enzymes and 

non-host selective toxins targeting chloroplasts and their associated proteins (Aucique-Pérez et 

al., 2020; Dias et al., 2020; Silveira et al., 2015; Silveira et al., 2019; Tatagiba et al. 2015)The 

reduced symptoms caused by S. lycopersici infection in leaves of IR stimulus-sprayed plants 

was associated with higher pools of photosynthetic pigments denoting preservation of the 

photosynthetic apparatus functionality and more efficient use of light to optimize carbon 

fixation. Necrotic lesions resulting from Phytophthora infestans infection on potato leaves 

sprayed with potassium (K) phosphite were smaller, and chlorophylls and carotenoids 

concentrations were higher (Mohammadi et al., 2021). In the leaves of common bean, soybean, 

and tomato plants infected by S. sclerotiorum and common beans plants infected by 

Xanthomonas axonopodis pv. phaseoli sprayed with phosphites containing Cu, Mn, or Zn, the 

concentrations of Chl a+b and carotenoids were higher due to reduced symptoms caused by 

these pathogens (Chaves 2021; Fagundes-Nacarath et al., 2019; Novaes et al., 2019). 

In the present study, discrete deposition of H2O2 and O2
•- and their lower concentrations 

were noticed in infected leaves of IR stimulus-sprayed plants due to reduced SLS symptoms. 

In general, higher APX, CAT, and SOD activities and lower oxidative pressure (based on 

ETR/A) for IR stimulus-sprayed plants helped alleviate the harmful effect exerted by H2O2 and 

O2
•- on leaf tissues infected by S. lycopersici. Other IR stimuli are able to promote greater 
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robustness of the antioxidant system. Common beans, soybean, tomato plants sprayed with 

different phosphites showed increased response of the antioxidative metabolism (greater APX, 

CAT, POX, and SOD) in response to pathogens infection (Chaves et al., 2021; Fagundes-

Nacarath et al., 2019; Novaes et al., 2019). High GR activity was directly linked to redox 

homeostasis in tomato plants infected by B. cinerea (Zhang et al., 2020). A robust antioxidative 

metabolism depicted by great APX, CAT, GR, and SOD activities on leaves of tomato plants 

was closely linked to their resistance against Alternaria alternata infection (Meena et al., 2016). 

Fine adjustments on the metabolic fluxes of soluble sugars in plant tissues can be decisive 

for the rapid activation of defense responses at the pathogen infection sites (Seifi et al., 2013). 

In the present study, perturbations on photosynthesis most likely contributed to reducing the 

pool of sugars and starch in leaves of plants from control treatment due to great SLS symptoms. 

The down-regulation of photosynthesis-related genes was observed in wheat plants during the 

necrotrophic phase of Zymoseptoria tritici infection (Yang et al., 2013). The sucrose and 

fructose concentrations in infected leaves of IR stimulus-sprayed plants were kept higher and 

accompanied by a great starch concentration during the S. lycopersici infection process possibly 

due to great A values and an increasing pool of sugars that could be allocated for host defense. 

This finding most likely explained the increased resistance of tomato plants against SLS instead 

of benefiting the infection process of S. lycopersici. Changes in leaf cell wall composition of 

Arabidopsis plants caused by high starch availability favored penetration by Colletotrichum 

higginsianum (Engelsdorf et al., 2013). Perturbations in the photosynthetic apparatus caused by 

Phakopsora euvitis infection on grape-fox leaves were linked to great sugars accumulation 

(Nogueira Júnior et al., 2017) Interestingly, fructose concentration was great in infected leaves 

of IR stimulus-sprayed plants. An increase in relative fructose concentration (amount of 

fructose in total soluble sugars) under limited glucose was closely linked to stem resistance of 

tomato plants against B. cinerea infection (Lacompte et al., 2017). Moreover, early activation 

of genes encoding for sucrose synthases (Sl-SUS1 and Sl-SUS3), cell wall invertases (Sl-LIN5 

and Sl-LIN9), fructokinase (FRK3), and phosphofructokinase (PFK2) in the stem of tomato 

plants grown under sufficient or high nitrogen availability was linked to their increased 

resistance against B. cinerea infection (Lacrampe et al., 2021). Increased susceptibility of 

tomato plants against B. cinerea infection was linked to lower concentration of soluble sugars, 

possibly due to down-regulation of photosynthesis-related genes and lower photosynthetic rates 

(Berger et al., 2004). Therefore, the level of fructose in tissues of tomato plants appears to be a 

determinant factor for their prompt defense response against pathogens infection. 
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In the present study, the IR stimulus was able to elicit biochemical and physiological 

responses, in distinct ways, in tomato plants not challenged with S. lycopersici considering that 

most of the genes studied (except ACO5, CHI3, ICS, LOX1.1, and PAL3 regardless of 

evaluation time) were up-regulated. Moreover, CHI3, CHI9, GLU, PAL3, POX3, PPOB, and 

PPOF were strongly up-regulated for IR stimulus-sprayed plants and, therefore, closely linked 

to their increased resistance against S. lycopersici infection. Massive colonization of plant 

tissues by fungi is hampered when CHI and GLU intensively hydrolyze chitin and β-1,3-glucan 

in their cell wall, respectively, besides the fact that host defense responses are boosted by chitin 

oligomers released and recognized by unspecific receptors (Sanchez-Vallet et al., 2015). In 

tomato leaves infected by A. alternata, higher CHI and GLU were important to decrease early 

blight symptoms (Moghaddam et al., 2019). Transgenic tomato plants expressing the CHI gene 

from rice showed increased resistance against B. cinerea infection (Chen et al., 2009). Plants 

raise PPO and POX activities in their tissues toward an efficient phenolics oxidation that results 

in quinone production as well as lignification of cell wall linked to cross-linking of cell wall 

components to reduce the extent of pathogen colonization (Chittoor et al., 1999). Transgenic 

tomato plants overexpressing the PPO gene from potato exhibited increased resistance to 

bacterial speck caused by Pseudomonas syringae pv. tomato (Li and Steffens 2002). Production 

of an array of phenolics from the deamination of the amino acid L-phenylalanine in the 

phenylpropanoid pathway depends on high PAL activity (Ojaghian et al., 2014). In infected 

leaves of IR stimulus-sprayed plants, great production of LTGA derivatives from the abundant 

pool of TSP can be linked to up-regulation of PAL3, POX3, PPOB, and PPOF during S. 

lycopersici infection ending up in reduced SLS symptoms. Higher ROS production and great 

CAT, SOD, and POD activities were associated with increased resistance of tomato plants 

sprayed with SA to control SLS (Chu et al., 2020). For many foliar diseases on different crops, 

reduced symptoms after spray of phosphites formulated with different nutrients (e.g., Cu, K, 

Mn, and Zn) have been associated with an increase in the production of phenolics, phytoalexins, 

and lignin as well as higher CHI, GLU, PAL, PPO, and POX activities (Chaves et al., 2021; 

Fagundes-Nacarath et al., 2018; Mohammadi et al., 2021; Novaes et al., 2019). Azoxystrobin 

and Pseudomonas fluorescens were reported to induce resistance in tomato plants against SLS 

due to increased CHI, GLU, PAL, PPO, POX, and CAT activities and higher phenolics 

concentration (Anand et al., 2007). Increased resistance of tomato plants pretreated with some 

plant growth-promoting rhizobacteria against early blight was linked to enhanced PPO and 

POX activities (Babu et al., 2015). 
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For IR stimulus-sprayed plants, it turned out that both phenylpropanoid and isochorismate 

pathways were important for SA production considering the up-regulation of PAL3 and ICS at 

5 and 8 dai and the increased resistance of plants against SLS. The expression of PR1b1 was 

up-regulated at 6 and 8 dai only for infected leaves of plants from control treatment. 

Interestingly, this finding suggests that the IR stimulus elicited (control vs. IR stimulus for non-

inoculated plants) but did not prime PR1b1 expression in tomato leaves infected by S. 

lycopersici. Moreover, the IR phenotype of inoculated and IR stimulus-sprayed plants cannot 

rely exclusively on PR1, but taking into consideration a holistic role played by other genes (e.g., 

PAL and ICS) studied. In plant tissues infected by pathogens, especially the necrotrophic, LOX 

enzymes, classified into two major subfamilies known as 9-LOXs and 13-LOXs according to 

the position at which oxygen is incorporated into linoleic acid or linolenic acid, initiates 

hydroperoxidation of polyunsaturated fatty acids containing cis and cis-1,4-pentadiene moieties 

to produce oxylipins which are further enzymatically metabolized into traumatin, JA, and 

methyl jasmonate (Feussner and Wastrnack 2002). The ACO gene codes for the enzyme 1-

aminocyclopropane-1-carboxylic acid (ACC) oxidase, which converts ACC into ET (Yim et 

al., 2014) and, along with JA, modulates plant response against necrotrophic pathogens through 

ISR (Aerts et al., 2021). In the present study, the IR stimulus induced tomato plants toward a 

more efficient defense response against S. lycopersici infection that involved the JA/ET-

dependent signaling pathway taking into account the up-regulation of ACO2, ACO3, ACO4, 

ACO5, LOX1.1, LOXB, LOXC, and PDF1.2. Different IR stimuli have been shown to induce 

tomato resistance against soilborne and foliar diseases caused by pathogens of different 

lifestyles either through SAR or ISR. Tomato plants sprayed with κ-carrageenan from a marine 

red seaweed (Kappaphycus alvarezii) showed lower SLS severity and up-regulation of nine 

genes encoding for ET responsive transcription factors (Mauch-Mani et al., 2017). In tomato, 

similar SLS severity between JA-deficient mutants (def1) and wild-type plants indicated the 

involvement of the JA pathway in host resistance (Thaler et al., 2012). Tomato plants sprayed 

with SA (0.2 mM) showed reduced SLS symptoms and increased expression of some defense-

related genes such as members of WRKY65, PR-proteins, MAPK, and abscisic acid receptor 

PYR/PYL families (Chu et al., 2020. 

In the present study, the IR stimulus showed potential to induce both JA/ET and SA 

signaling pathways, but especially the former, resulting in reduction on SLS symptoms. 

Interestingly, synergism or even antagonism in the crosstalk between SA and JA/ET signaling 

pathways can occur in some plant species infected by pathogens (Pierterse et al., 2012. For 
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example, induced resistance of tomato plants by benzothiadiazole against gray mold occurred 

independently of SA and was linked to stronger priming of two genes (Pti5 and PI2) involved 

in defense against B. cinerea (Król et al., 2015). Tomato seedlings originated from seeds soaked 

with MeJA solution (0.1 mM) showed increased resistance against Fusarium oxysporum f. sp. 

lycopersici infection, which was associated with high levels of phenolics (SA, kaempferol, and 

quercetin), up-regulation of PAL5 and benzoic acid/SA carboxyl methyltransferase (BSMT) 

genes and down-regulation of ICS gene (Król et al., 2015). Indeed, the increased concentration 

of flavonols quercetin and kaempferol appeared to be closely related to the increased 

expressions of PAL5, chalcone synthase (CHS), and flavonol synthase/flavanone 3-

hydroxylase-like (FLS) genes. Lower JA concentration (MeJA precursor) and an increase of 

12-oxo-phytodienoic acid (JA precursor) were correlated with higher levels of SA in seedlings 

originated from MeJA-soaked seeds (Takshita et al., 2018). The severity of bacterial canker 

(Clavibacter michiganensis subsp. michiganensis) in tomato plants treated with Pseudomonas 

sp. 23S was reduced due to an increase in PR1a and ACO expressions indicating the 

involvement of both SA and ET in ISR rather than defense responses originated from JA 

signaling pathway (Takshita et al., 2018). 

In conclusion, the present study brings robust physiological, biochemical, and molecular 

evidences regarding the potential of the IR stimulus to efficiently reduce the SLS symptoms in 

leaves of tomato plants. It is noteworthy in this context that the IR stimulus boosted tomato 

resistance against S. lycopersici infection through a well-tuned defensive strategy pictured as 

great lignin production, modulating genes expression involved in basal host defense as well as 

in SA and JA/ET signaling pathways, a more operant antioxidative metabolism, and 

preservation of the photosynthetic apparatus. Based on the PCA analysis, the isolation of the 

cluster inoculated IR stimulus-sprayed plants from other clusters (inoculated and non-

inoculated plants for control and IR stimulus treatments, respectively) highlights the peculiar 

effect of the IR stimulus on the outcome of variables and parameters investigated. It is tempting 

to assume that using this IR stimulus associated with well-known control strategies may become 

a promising alternative to slow SLS epidemic rate under field conditions and ensure less yield 

losses caused by this very destructive disease on tomato.  
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Table 1. Genes and their primer sequences analyzed in the leaves of tomato plants sprayed with 

water (control) or with the induced resistance stimulus and non-inoculated or inoculated with 

Septoria lycopersici by using reverse transcription quantitative real-time PCR (RT-PCR). 

 

Genes 
GenBank 

Identifications 
Primer Sense 5'-3' Primer Antisense 5'-3' 

ACO1 544052 TTGCGCCATCTTCCTACTTC ACACACACACTTAGTGAATCTTG 
ACO2 101251255 TCAATCAAGGCTGGCAAAGT TGATTCGACCCCTGGTCTTA 
ACO3 101268031 TTGTCTGAAGGTCTCGGTCT TGTGTTGCGCGATAAACTTTG 
ACO4 543506 TGTTGTAGCAGGTAATCGCC ACAGTAGTCTCCACAGCCTT 
ACO5 543800 TCTTTGTTTGGCATCGTCCA GCTTTGCTGCACACAACATA 
ACO6 100125909 CACTACTTCGGATACCTTGCT CGGATTGTAGAACGAAGCCA 
CHI3 544149 GGTTTTGGTACTGCTGGTGA TATTCGGACCCATCCCACAT 
CHI9 544148 TAGTCAATGGCCTTGTGCTC TTGTAGTTGCTGTGTTCAAATGT 
GLU 543986 AGATCTTGAAGCCCTAGCCA AATATGTCGCGGTTGAGACC 
ICS 778225 ACCTTCTTGTTCCTAATGTGTGA TGTGGAAGAATTGGGTGTGG 

LOX1.1 543994 AATTTCTGACTTCGCCACCG AGCTCTGGTGTTTCACTTGG 
LOXB 543997 ACGAGGATACGGGTACTCAG CCTTAACTTTGTTTTGTTGCGG 
LOXC 544008 TTGGCCAAAATAACATACGCAG TCGGAGAGCGTAGAAGTCAA 
PAL3 101243922 ATGTGGGGTTTGGGAAAAGTT TGACAAGAGATGGCACATGG 

PDF1.2 * CACTTCACAAATGTCGATCCG AGCCAAATCCAATGCAGTCTC 
POX3 101250523 GCTTTGTCAGGGGTTGTGAT TGCATCTCTAGCAACCAACG 
PPOB 101258774 TGGCAAGTGTAGTGTGCAAT GGTGTCAAAGTTAGTCGGCA 
PPOF 101259064 GATTCGATTACGCGCCAATG ACTAGCAAGGCAGTAATGAGC 
PR1b1 * TGATTCATTCTGGTGCTGGG TTATAGCTTGGCCTCTCGGA 

TEF-1α KF253411.1 CTCCAATTTCTGGTGGGGTG ACTTTGGAGTCTCGAACTTCC 
ACT 957571262 TGGTCGGAATGGGACAGAAG CTCAGTCAGGAGAACAGGGT 

* Primer sequences for PDF1.2 and PR1b1 genes were obtained from Moghaddam et al., (2019) and Ahammed et 

al., (2018), respectively.  
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Table 2. Analysis of variance for the effects of induced resistance (IR) stimulus, plant 

inoculation (PI), and IR stimulus × PI interaction for severity (Sev), leaf gas exchange (net 

carbon assimilation rate (A), stomatal conductance to water vapor (gs), internal CO2 

concentration (Ci), transpiration rate (E), intrinsic water-use efficiency (A/gs), and water-use 

efficiency (WUE)), and chlorophyll a (maximum PSII quantum efficiency (Fv/Fm), 

photochemical yield (Y(II)), yield for dissipation by down-regulation (Y(NPQ)), yield for non-

regulated dissipation (Y(NO)) parameters, ratio of electron transport rate-to-net carbon 

assimilation rate (ETR/A), concentrations of chlorophyll a+b (Chl a+b), carotenoids (Car), 

carbohydrates (glucose, fructose, sucrose, and starch), malondialdehyde (MDA), hydrogen 

peroxide (H2O2), and superoxide anion radical (O2
•-), activities antioxidative enzymes 

(superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione 

reductase (GR)), concentrations of total soluble phenolics (TSP) and lignin-thioglycolic acid 

(LTGA) derivatives and expression of the genes 1-aminocyclopropane-1-carboxylic acid 

oxidase (ACO1, ACO2, ACO3, ACO4, ACO5, and ACO6), chitinase (CHI3 and CHI9), 

glucanase (GLU), isochorismate synthase (ICS), lipoxygenase (LOX1.1, LOXB, and LOXC), 

phenylalanine ammonia-lyase (PAL3), plant defensin 1.2 (PDF1.2), peroxidase (POX3), 

polyphenoloxidase (PPOB and PPOF), pathogenesis-related protein 1 (PR1b1), and translation 

elongation factor 1-alfa (TEF-1α). 

 

Variables/Parameters IR stimulus PI IR stimulus × PI 
Sev <0.001 - - 
A 0.015 <0.001 0.065 
gs 0.481 0.021 0.403 
Ci 0.001 0.005 0.008 

E 0.399 0.857 0.767 
A/gs 0.022 0.008 0.035 

A/Ci 0.009 <0.001 0.006 

WUE 0.018 0.007 0.043 

Fv/Fm 0.002 <0.001 0.001 

Y(II) 0.025 <0.001 0.003 

Y(NPQ) 0.072 0.431 0.146 
Y(NO) 0.005 < 0.001 0.003 

ETR/A 0.001 <0.001 0.002 

Chl a+b 0.001 0.001 0.007 

Car 0.069 0.016 0.024 

Glucose 0.005 0.077 0.108 

Fructose <0.001 0.292 <0.001 

Sucrose <0.001 0.106 0.009 

Starch <0.001 <0.001 0.027 
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MDA 0.006 0.002 0.020 

H2O2 0.004 <0.001 0.012 

O2
•- 0.025 0.045 0.020 

SOD 0.071 0.119 0.310 
APX 0.062 0.171 0.044 

CAT 0.592 0.013 0.858 
GR 0.493 0.681 0.887 
TSP 0.010 0.077 0.154 

LTGA derivatives <0.001 0.009 0.092 
ACO1 0.180 0.270 0.269 
ACO2 0.029 0.055 0.058 
ACO3 0.058 0.081 0.080 
ACO4 0.580 0.374 0.010 

ACO5 0.138 0.174 0.173 
ACO6 0.134 0.135 0.136 
CHIA 0.532 0.004 0.524 
CHIB 0.004 0.532 0.524 
GLU 0.252 0.094 0.212 
ICS 0.025 0.191 0.352 

LOX1.1 0.214 0.214 0.214 
LOXB 0.360 0.001 0.822 
LOXC 0.130 0.119 0.130 
PAL3 0.086 0.085 0.086 

PDF1.2 0.017 0.017 0.017 

POX 0.079 0.079 0.079 
PPOB 0.149 0.149 0.149 
PPOF 0.201 0.201 0.201 
PR1 0.049 0.049 0.049 

TEF-1α <0.001 - - 
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Figure 1. Visual aspect of mycelial growth of Septoria lycopersici in Petri dishes containing 

V8 medium amended with 0 (a), 1.5 (b), 3 (c), 6 (d), 9 (e), and 12 (f) mL of induced resistance 

(IR) stimulus per liter. Conidia germination of S. lycopersici (g) previously exposed to different 

IR stimulus concentrations.  
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Figure 2. Symptoms of Septoria leaf spot (a and b) and severity (c) at 8 days after inoculation 

with Septoria lycopersici on leaves of tomato plants sprayed with water (control) or with the 

induced resistance (IR) stimulus. The asterisk (*) indicates differences between the treatments 

control and IR stimulus (C) according to F test. Bars represent the standard error of the means. 
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Figure 3. Leaf gas exchange parameters: net carbon assimilation rate (A) (a and b), stomatal 

conductance to water vapor (gs) (c and d), internal CO2 concentration (Ci) (e and f), transpiration 

rate (E) (g and h), and ratio of electron transport rate-to-net carbon assimilation rate (ETR/A) (i 

and j) determined on leaves of tomato plants non-inoculated (a, c, e, g, and i) or inoculated (b, 

d, f, h, and j) with Septoria lycopersici and sprayed with water (control) or with the induced 
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resistance (IR) stimulus. Means for non-inoculated and inoculated plants followed by an 

inverted triangle (▼) and for control and IR stimulus treatments followed by an asterisk (*), at 

each evaluation time, are significantly different according to F test (P ≤ 0.05). Bars represent 

the standard deviation of the means.  
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Figure 4. Intrinsic water use efficiency (A/gs) (a and b) and water-use efficiency (WUE) (c and 

d) determined on leaves of tomato plants non-inoculated (a and c) or inoculated (b and d) with 

Septoria lycopersici and sprayed with water (control) or with the induced resistance (IR) 

stimulus. Means for non-inoculated and inoculated plants followed by an inverted triangle (▼) 

and for control and IR stimulus treatments followed by an asterisk (*), at each evaluation time, 

are significantly different according to F test (P ≤ 0.05). Bars represent the standard deviation 

of the means.  
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Figure 5. Images of chlorophyll a fluorescence parameters: maximum PSII quantum efficiency 

(Fv/Fm), photochemical yield (Y(II)), yield for dissipation by down-regulation (Y(NPQ)), and 

yield for non-regulated dissipation (Y(NO)) obtained from leaves of tomato plants sprayed with 

water (control) or with the induced resistance (IR) stimulus and non-inoculated (NI) or at 

different times after inoculation with Septoria lycopersici.  
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Figure 6. Chlorophyll a parameters: maximum PSII quantum efficiency (Fv/Fm) (a and b), 

photochemical yield (Y(II)) (c and d), yield for dissipation by down-regulation (Y(NPQ)) (e 

and f), and yield for other non-photochemical (non-regulated) losses (Y(NO)) (g and h) 

determined on leaves of tomato plants non-inoculated (a, c, e, and g) or inoculated (b, d, f, and 

h) with Septoria lycopersici and sprayed with water (control) or with the induced resistance 

(IR) stimulus. Means for non-inoculated and inoculated plants followed by an inverted triangle 

(▼) and for control and IR stimulus treatments followed by an asterisk (*), at each evaluation 

time, are significantly different according to F test (P ≤ 0.05). Bars represent the standard 

deviation of the means.  
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Figure 7. Concentrations of chlorophyll a+b (Chl a+b) (a and b) and carotenoids (c and d) 

determined on leaves of tomato plants non-inoculated (a and c) or inoculated (b and d) with 

Septoria lycopersici and sprayed with water (control) or with the induced resistance (IR) 

stimulus. Means for non-inoculated and inoculated plants followed by an inverted triangle (▼) 

and for control and IR stimulus treatments followed by an asterisk (*), at each evaluation time, 

are significantly different according to F test (P ≤ 0.05). Bars represent the standard deviation 

of the means.  
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Figure 8. Glucose (a and b), fructose (c and d), sucrose (e and f), and starch concentrations (g 

and h) determined on leaves of tomato plants non-inoculated (a, c, e, and g) or inoculated (b, d, 

f, and h) with Septoria lycopersici and sprayed with water (control) or with the induced 

resistance (IR) stimulus. Means for non-inoculated and inoculated plants followed by an 

inverted triangle (▼) and for control and IR stimulus treatments followed by an asterisk (*), at 

each evaluation time, are significantly different according to F test (P ≤ 0.05). Bars represent 

the standard deviation of the means. FW and DW = fresh weight and dry weight, respectively. 
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Figure 9. Histochemical detection of lipid peroxidation (a), membrane damage (b), hydrogen 

peroxide (c), and superoxide anion radical (d) on leaves of tomato plants non-inoculated (NI) 

or at 8 days after inoculation (dai) with Septoria lycopersici previously sprayed with water 

(control) or with the induced resistance (IR) stimulus.  
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Figure 10. Concentrations of malondialdehyde (MDA) (a and b), hydrogen peroxide (H2O2) (c 

and d), and superoxide anion radical (O2
•-) (e and f) determined on leaves of tomato plants non-

inoculated (a, c, and e) or inoculated (b, d, and f) with Septoria lycopersici and sprayed with 

water (control) or with the induced resistance (IR) stimulus. Means for non-inoculated and 

inoculated plants followed by an inverted triangle (▼) and for control and IR stimulus 

treatments followed by an asterisk (*), at each evaluation time, are significantly different 

according to F test (P ≤ 0.05). Bars represent the standard deviation of the means. FW = fresh 

weight.  
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Figure 11. Activities of superoxide dismutase (SOD) (a and b), ascorbate peroxidase (APX) (c 

and d), catalase (CAT) (e and f), and glutathione reductase (GR) (g and h) determined on leaves 

of tomato plants non-inoculated (a, c, e, and g) or inoculated (b, d, f, and h) with Septoria 

lycopersici and sprayed with water (control) or with the induced resistance (IR) stimulus. Means 

for non-inoculated and inoculated plants followed by an inverted triangle (▼) and for control 

and IR stimulus treatments followed by an asterisk (*), at each evaluation time, are significantly 

different according to F test (P ≤ 0.05). Bars represent the standard deviation of the means. 
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Figure 12. Concentrations of total soluble phenolics (TSP) (a and b) and lignin-thioglycolic 

acid (LTGA) derivatives (c and d) determined on leaves of tomato plants non-inoculated (a and 

c) or inoculated (b and d) with Septoria lycopersici and sprayed with water (control) or with 

the induced resistance (IR) stimulus. Means for non-inoculated and inoculated plants followed 

by an inverted triangle (▼) and for control and IR stimulus treatments followed by an asterisk 

(*), at each evaluation time, are significantly different according to F test (P ≤ 0.05). Bars 

represent the standard deviation of the means. FW and DW = fresh weight and dry weight, 

respectively.  
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Figure 13. Expression profile of host defense-related genes determined on leaves of tomato 

plants non-inoculated (NI) (a and b) or inoculated (I) (c and d) with Septoria lycopersici and 

sprayed with water (control) (a and c) or with the induced resistance (IR) stimulus (b and d). 

Color cells represent the relative transcript levels ranging from blue (-3.0) to red (3.0). 

Amplification of actin gene (ACT) from tomato plants was used as an internal control for data 

normalization. Fold changes for each gene expression, except for TEF-1α, were calculated 

based on the transcript level obtained for leaves from NI plants of control treatment at 5 days 

after inoculation (dai). For TEF-1α, transcript level obtained for leaves from I plants of control 

treatment at 5 dai was used in the calculation. For each leaf, four biological replications were 
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used with three technical replicates each. Means for NI and I plants followed by an inverted 

triangle (▼) and for control and IR stimulus treatments followed by an asterisk (*), at each 

evaluation time, are significantly different according to F test (P ≤ 0.05).  
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Figure 14. Score (a) and loading (b) plots of principal component analysis comparing different 

physiological variables and parameters, biochemical variables, and expression of genes 

determined on leaves of tomato plants non-inoculated (NI) or inoculated (I) with Septoria 

lycopersici and sprayed with water (control) or with the induced resistance (IR) stimulus. 

Numbers in the loading plot (b) are as follow: leaf gas exchange (1, 2, 3, and 4, respectively, to 

A, gs, Ci, and E) and chlorophyll a fluorescence (5, 6, 7, 8, and 9, respectively, to Fv/Fm, Y(II), 

Y(NPQ), Y(NO), and ETR/A) parameters, concentrations of photosynthetic pigments (10 and 

11, respectively, to Chl a+b and Car), carbohydrates (12, 13, 14, and 15, respectively, to 

glucose, fructose, sucrose, and starch), and metabolites (16, 17, 18, 23, and 24, respectively, to 

MDA, H2O2, O2
•-, TSP, and LTGA derivatives), activities of antioxidant enzymes (19, 20, 21, 

and 22, respectively, to SOD, APX, CAT, and GR), and genes expression (25, 26, 27, 28, 29, 

30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, and 43, respectively, to ACO1, ACO2, ACO3, 
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ACO4, ACO5, ACO6, CHI3, CHI9, GLU, ICS, LOX1.1, LOXB, LOXC, PAL3, PDF1.2, POX3, 

PPOB, PPOF, and PR1b1). Groups were generated from cluster analysis with complete linkage 

and Pearson distance. 


