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Abstract 

Plant growth promoting rhizobacteria (PGPR), which have environmentally friendly properties, are important 

for their use as biofertilizers and biocontrol agents. The aim of this study was to determine the effects of single 

and combined applications of PGPR bacteria on maloninaldehyde (MDA), proline, superoxide dismutase 

(SOD), peroxidase (POD) and catalase (CAT) activities of leaves in Albion and Monterey strawberry cultivars. 

Bacillus subtilis OSU-142 (B. subtilis OSU-142), Bacillus megaterium M3 (B. megaterium M3) and 

Paenibacillus polymyx (P. polymyx) were used as PGPR in the study. The effect of rhizobacteria varied 

according to strawberry cultivars. Rhizobacteria applications showed positive effects on MDA, SOD and POD. 

However, rhizobacteria treatments did not have a significant effect on proline, while they showed a varying 

effect on CAT according to the cultivars. In this study, significant results were obtained on the effects of 

strawberry and rhizobacteria application on biochemical activity and enzymatic activity. The results of this 

study may provide important clues for future studies on similar subjects. 
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Bitki Büyümesini Teşvik Eden Rizobakteri (PGPR) Uygulamalarının Çileklerde 

Biyokimyasal Aktivite ve Enzim Aktivitesi Üzerine Etkileri 

Öz 

Çevre dostu özelliğe sahip olan bitki büyümesini teşvik eden rizobakteriler (PGPR), biyogübre ve biyokontrol 

ajanı olarak kullanımıyla önem arz etmektedir. Bu çalışmanın amacı, Albion ve Monterey çilek çeşitlerinde 

PGPR bakterilerinin tekli ve kombine uygulamalarının yaprakların maloninaldehit (MDA), prolin, süperoksit 

dismutaz (SOD), peroksidaz (POD) ve katalaz (CAT) aktiviteleri üzerine etkilerini belirlemektir. Çalışmada 

Bacillus subtilis OSU-142 (B. subtilis OSU-142), Bacillus megaterium M3 (B. megaterium M3) ve 

Paenibacillus polymyx (P. polymyx) PGPR olarak kullanılmıştır. Rizobakterilerin etkisi çeşitlere göre değişiklik 

göstemiştir. Rizobakteri uygulamaları MDA, SOD ve POD üzerinde olumlu etki göstermiştir. Ancak rizobakteri 

uygulamalarının prolin üzerinde önemli derecede bir etkisi görülmez iken CAT üzerinde ise çeşitlere göre 

değişen etki göstermiştir.  Bu çalışmada, çilekte rizobakteri uygulamasının biyokimyasal ve enzimatik aktivite 

üzerindeki etkileri konusunda çok önemli sonuçlar elde edilmiştir. Bu çalışmanın sonuçları gelecekte bu konuda 

yapılacak çalışmalar için önemli ipuçları sağlayabilir. 
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1. Introduction 

Türkiye is among the important countries in the world in terms of fruit growing due to its 

different climate and soil conditions. Many of the fruit species grown in Türkiye are of 

commercial importance. One of these fruit species is strawberry (Fragaria x ananassa Duch). 

Strawberry, which is one of the temperate climate fruit species, is grown almost everywhere in 

the world within wide ecological boundaries from Ecuador to Siberia thanks to its high 

adaptability. Strawberry is an important berry fruit that is consumed with pleasure by people 

and has a great market advantage as fresh and industrial [1]. 

Strawberries are one of the most important sources of bioactive substances that are important 

for healthy nutrition, such as vitamins, minerals, sugars, anthocyanins, phenols, flavonoids and 

antioxidants. Thanks to its high biochemical content and antioxidant potential, strawberries 

provide a direct effect against diseases such as cardiovascular and cardiometabolic diseases [2]. 

Strawberry fruits are an important fruit due to their antioxidant, anti-inflammatory, 

antihyperlipidemic and blood pressure lowering effects [3]. 

With the understanding of the importance of strawberries in human nutrition, the demand for 

strawberry fruits is increasing day by day. In response to the increasing demand for 

strawberries, the use of chemical fertilizers and chemical pesticides is becoming widespread to 

increase yield and quality. Indiscriminate use of chemical fertilizers causes air, water and soil 

pollution and is dangerous for human health. Indiscriminate use of chemical fertilizers causes 

air, water and soil pollution and is dangerous for human health. Alternative production systems 

that are more environmentally friendly and conducive to soil health are urgently needed [4]. 

Plant growth-promoting microorganisms are generally classified as biofertilisers, which 

increase nutrient levels in the plant; phyto-stimulants, which promote plant growth by 

producing plant hormones; root cleaners, which break down resistant toxic pollutants; and 

biopesticides, which control disease by producing antibiotic and antifungal metabolites. The 

application of environmentally friendly and soil-friendly biofertilisers and biocontrol agents in 

agriculture has increased in recent years [5]. 

Soil microorganisms improve nutrient uptake by plants and have great potential when used as 

biofertilizers. Free-living microorganisms used as biological control agents or biofertilizers are 

known as PGPR [6]. PGPR are free-living organisms in the soil and are very beneficial in plant 

production. These rhizobacteria generally belong to the species Pseudomonas spp., 

Azospirillum spp., Burkholderia spp., Bacillus spp., Enterobacter spp., Rhizobium spp., 

Erwinia spp., Serratia spp., Alcaligenes spp., Arthrobacter spp., Acinetobacter spp. and 

Flavobacterium spp. [7]. Rhizobacteria have many benefits on plant growth and productivity. 

Rhizobacteria increase plant growth by increasing nutrients in plants. They especially increase 

nitrogen fixation [8] and phosphorus solubility [9]. In recent years, the use of rhizobacteria in 

sustainable agriculture has increased to increase soil fertility, improve agricultural products and 

reduce the negative effects of chemical fertilizers on the environment [10]. In addition, 

rhizobacteria increase the resistance of plants against biotic and abiotic stress conditions such 

as water stress [11], high temperature [12], low temperature [13], salinity [14], lime [15], heavy 

metal [16] and biotic factors [17]. 
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Plants are exposed to abiotic (frost, salinity, high temperature, drought, etc.) and biotic 

(pathogens, competition between organisms) stress factors. Abiotic and biotic stress factors 

reduce the biosynthetic capacity of plants and cause plant death as the effect of stress increase 

[18]. When plants are exposed to stress, they try to protect themselves from the negative effects 

of stress by activating various metabolic, physiological and biochemical mechanisms [19, 20]. 

Plant cells produce oxygen radicals and their derivatives, reactive oxygen species (ROS), during 

various processes associated with abiotic stress. ROS production, one of the most important 

consequences of abiotic stress, disrupts the balance between both enzymatic and non-enzymatic 

antioxidant defence systems and causes oxidative stress in plants [19]. ROS are highly reactive 

and damage biomolecules such as lipids, proteins and nucleic acids [21]. Plants have developed 

an effective antioxidant system to protect against the effects of oxidative stress [22].  

The aim of this study was to investigate the effects of single and combined applications of 

PGPR bacteria (B. subtilis OSU-142, B. megaterium M3, P. polymyx) on MDA, proline, SOD, 

POD and CAT activities in the leaves of Albion and Monterey strawberry cultivars. 

2. Material and Methods  

Plant Material 

Albion and Monterey strawberry cultivars (Fragaria x ananassa Duch), which constitute the 

study material, were selected from the open growing area in Develi district of Kayseri province 

in 2023. The study was carried out in three replications and ten plants were used for each 

replication. The leaf samples were transported to the laboratory in cold chain and stored at -80 

°C until analysis. 

Methods 

In the study, B. megaterium M3, B. subtilis OSU-142, P. polymyxa species were used as 

bacteria. All bacterial strains were obtained from Dr. Metin Turan (Istanbul Yeditepe 

University, Faculty of Engineering and Architecture, Department of Genetics and 

Bioengineering culture collection). Bacteria were grown on nutrient agar by line plate 

inoculation method and kept at 27 °C for 48 h. At the end of this period, a single colony was 

taken from the cultures that completed growth and transferred to bottles containing 250 ml 

nutrient broth. Bacteria were grown aerobically in flasks on a rotating shaker (150 rpm) for 48 

h at 27 °C. Then, bacterial suspensions were diluted in sterile distilled water to a final 

concentration of 108 CFU mL−1. The bacterial suspensions obtained were applied to soil as 10 

mL for each bacterial species in Albion and Monterey varieties. Bacterial species B. 

megaterium M3, B. subtilis OSU-142 and P. polymyxa PGPR were applied as single 

applications. Also, a mixture of equal amounts of these three bacterial species was applied as a 

mixed application. Bacterial applications were applied to the root areas of the plants from the 

soil. This study was carried out as four bacterial treatments and one control group application. 

Lipid peroxidation (MDA) analysis: 0.5 g of fresh leaf sample was homogenized with 10 mL 

of 0.1% trichloroacetic acid (TCA) solution and then centrifuged at 10000 rpm for 10 min. 1 

ml of the obtained supernatant was transferred to the tubes and 4 mL of 20% TCA and 0.5% 

thiobarbituric acid (TBA) were added to the tubes. The obtained mixture was kept in a water 
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bath at 95℃ for 30 minutes and then the samples were quickly cooled in ice. The cooled 

samples were centrifuged at 10000 rpm for 10 minutes. The absorbance of the supernatant 

formed in the tubes after centrifugation was read at 532 and 600 nm wavelengths on a 

spectrophotometer. Lipid peroxidation was calculated as nmol/g Maloninaldehyde (MDA) with 

the formula MDA= (A532- A600) x Extract volume (ml) / (155mM/cm x Sample amount (mg)) 

(Stresty and Rao, 1999).  

Proline analysis: Proline analysis was determined by modifying the method specified by [23]. 

For the analysis, 0.5 g of leaf sample was pulverized in liquid nitrogen. The pulverized samples 

were taken into tubes and then mixed with 3 ml of 3% sulfosalicic acid solution. The mixture 

obtained was centrifuged at 15000 rpm for 10 minutes at room temperature. After transferring 

2 ml of the supernatant to each tube, two parallels were performed for each tube. 2 ml of glacial 

acetic acid and 2 ml of acetic acid with phosphoric acid and ninhydrin solution were added to 

the tubes. The tubes were boiled for one hour and then subjected to a rapid cooling process in 

ice water. 4 ml of toluene was added to the cooled tubes and vortexed for 30 seconds. Then it 

was kept for 5 min and the absorbance of the pink phase formed at the top was read at 520 nm 

wavelength in a spectrophotometer. Proline contents were determined using the equation of the 

standard graph. 

Preparation of extracts for measurement of SOD, POD and CAT analysis activities: 0.5 g of 

fresh leaf samples were homogenized in 5 ml of 50 mM phosphoric buffer (pH: 7.0). 

Homogenates were centrifuged at 15000 rpm for 15 min at 4℃. Obtained supernatants were 

stored at -80℃ for determination of enzyme activities [24]. 

SOD, POD & CAT analysis: Frozen samples were pulverized using liquid nitrogen. 1 mM 

ethylenediaminetetraacetic acid (EDTA) was extracted with cold 0.1 mM phosphate buffer (pH 

7.8) containing 1 mM phenylmethanesulfonylfluoride (PMSF) and 0.5% polyvinylpyrrolidone 

(PVP). Spectrophotometry was used to determine CAT, POD and SOD enzymatic activities in 

apoplastic fractions of samples. CAT activity was measured by monitoring the decrease in 

absorbance at 240 nm in a solution of 50 mM phosphate buffer (pH 7.5) containing 20 mM 

H2O2. One unit of CAT activity is defined as the amount of enzyme using 1 μmol of H2O2 per 

minute. POD activity was evaluated by observing the increase in absorbance at 470 nm. The 

reaction mixture for POD activity measurement consisted of 50 mM phosphate buffer (pH: 5.5) 

containing 1 mM guaiacol and 0.5 mM H2O2. One unit of POD activity was defined as the 

amount of enzyme causing an absorbance increase of 0.01 per minute. SOD activity in 

apoplastic fractions was estimated by recording the decrease in optical density of the nitro-blue 

tetrazolium dye by the enzyme. Absorbance values were determined at 560 nm wavelength. 

One unit of enzyme activity was defined as the amount of enzyme required to reduce the 

absorbance reading by 50% compared to tubes without enzyme. Antioxidant enzyme activity 

results were expressed as enzyme units (EU) per gram of leaf fresh weight (fw). 

Data Analysis 

In order to determine the differences between the parameters examined in the study, the data 

were subjected to analysis of variance (ANOVA). Differences between means were compared 
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with Tukey's multiple comparison test. Heatmap and principal component analysis of the data 

were performed using the JMP PRO 17 statistical package program. 

3. Results and Disscussion  

The effects of bacterial applications on biochemical (MDA and proline) and antioxidant enzyme 

activities (SOD, POD and CAT) in the leaves of Albion and Monterey strawberry cultivars are 

given in Table 1. Biochemical and antioxidant enzyme activities of leaves differed according 

to strawberry cultivars. The effect of bacterial applications on the examined parameters was 

found to be statistically significant (p<0.05). 

In the control application, the MDA content of the leaves was determined as 14.49 nmol/g in 

the Albion variety, while it was determined as 8.41 nmol/g in the Monterey variety. The effect 

of bacterial applications varied according to varieties. The highest MDA content was detected 

in P. polymyxa bacterial application in both varieties. The highest MDA content was determined 

as 19.27 nmol/g in the Albion variety. The lowest MDA content was observed in B. megaterium 

M3 (6.65 nmol/g) treatment in Albion variety and in B. subtilis OSU-142 (13.98 nmol/g) 

treatment in Monterey variety. The lowest MDA content was observed in application of B. 

megaterium M3 (6.65 nmol/g) in Albion variety and in application of B. subtilis OSU-142 

(13.98 nmol/g) in Monterey variety. MDA, which is an important marker for determining the 

degree of membrane damage due to oxidative stress in plants under abiotic stresses is a product 

of lipid peroxidation accumulated in plant tissues under stress conditions [25]. High MDA 

concentration in plant tissues is associated with oxidative damage of plant cell membranes [26]. 

High MDA content in plants indicates that the plant is sensitive to stress, while low MDA 

content in plants indicates that the plant is resistant to stress [27].  Decreasing MDA content 

due to increased antioxidant enzyme activities in plant tissues helps the plant survive under 

stress conditions [28, 29].  Rhizobacteria applications were reported to reduce MDA content in 

rice by [30], in wheat by [31], in strawberry by [32] and [15]. In general, the effect of bacterial 

applications on MDA content varied according to strawberry varieties. In the Albion variety, 

bacterial applications (except for the P. polymyxa bacterial application) showed lower values 

than control application, while in the Monterey variety, the control application showed lower 

values than bacterial applications. 

The proline contents of the leaves were similar in both varieties in the control application. The 

effect of bacterial applications varied according to varieties. B. megaterium M3 (0.11 mg/g) 

application in Albion variety and P. polymyxa (0.11 mg/g) application in Monterey variety 

showed the highest proline content. Other bacterial applications generally showed similar 

results to the control application in varieties. Plants provide tolerance to stress factors with the 

help of osmotic regulators [33]. Plants minimize damage to cells by accumulating osmolytes in 

cells and thus aim to adapt to stress. Osmotic regulation mechanisms protect plants from stress 

by osmotic adjustments through detoxifying reactive oxygen species (ROS), stabilizing 

membranes, and natural structures of enzymes and proteins [34]. Proline, one of the important 

osmolytes for plants, provides protection of the cell against ROS accumulation in the cell and 

regulates the redox homeostasis of the cell [35]. The cellular level of proline varies between 

species and depends on the severity and duration of the stress situation [36]. Some studies 
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reported that rhizobacteria applications increased proline content [37, 38] and some studies 

reported that rhizobacteria applications decreased proline content [31, 39]. It has also been 

reported that rhizobacteria application decreases proline concentration and increases defence 

enzymes against stress [40]. As a result, our study findings are consistent with the literature. 

SOD activity of leaves was determined between 117.01 EU/g plant (Albion) and 148.10 EU/g 

plant (Monterey) in control applications. In Albion variety, P. polymyxa (162.73 EU/g plant) 

and B. megaterium M3 (159.87 EU/g plant) bacteria applications showed the highest values, 

while in Monterey variety, B. megaterium M3 (187.77 EU/g plant) and P. polymyxa (186.53 

EU/g plant) bacteria applications showed the highest values. Mix application showed the lowest 

SOD activity values in both varieties. The lowest SOD activity was determined as 98.28 EU/g 

plant in Albion variety and 104.91 EU/g plant in Monterey variety. In general, SOD activity 

showed lower values in Albion variety. POD activity of leaves was determined between 242.00 

EU/g plant (Monterey) and 2266.67 EU/g plant (Albion) in control applications. In general, 

POD activity in bacterial applications showed higher values in Albion cultivar compared to 

Monterey cultivar. The highest POD activity was detected in Mix bacteria application (7071.10 

EU/g plant) in Albion variety, while it was detected in P. polymyxa bacteria application 

(2033.33 EU/g plant) in Monterey variety. In the Albion variety, lower POD activity was 

detected in the P polymyxa and B subtilis OSU-142 bacterial applications compared to the 

control, while in the Monterey variety, lower POD activity was detected in the control 

application compared to the bacterial applications. In control applications, the CAT activity of 

leaves was found to be highest in the Albion variety (5806.00 EU/g plant) and lowest in the 

Monterey variety (2966.00 EU/g plant). The effects of bacterial applications on CAT activity 

differed according to the varieties. In Albion variety, the highest CAT activity was determined 

in B. megaterium M3 treatment (5402.00 EU/g plant) and the lowest CAT activity was 

determined in P. polymyxa treatment (1598.00 EU/g plant), while in Monterey variety, the 

highest CAT activity was determined in P. polymyxa treatment (6190.00 EU/g plant) and the 

lowest CAT activity was determined in B. subtilis OSU-142 treatment (140.00 EU/g plant). 

Plants exposed to stress can overcome oxidative stress by activating antioxidant defense 

systems [41, 42]. Antioxidant enzymes such as SOD, POD and CAT protect plants against 

oxidative stress (Khan et al. 2019a). Although some researchers reported that rhizobacteria 

applications increased antioxidant enzyme activities [15, 28, 31, 32, 43], some researchers 

reported that rhizobacteria applications decreased antioxidant enzyme activities [30]. The 

degree of increase in antioxidant enzyme activity and antioxidant content under stress varies 

significantly among many plant species and even between two varieties of the same species. 

The degree of response of plants depends on the plant species, growth, metabolic status, 

intensity and duration of stress [18, 44]. According to our study results, antioxidant enzymes 

varied according to varieties and rhizobacteria applications. In general, rhizobacteria 

applications showed positive effects on SOD and POD activities, but showed varying effects 

on CAT activities. This situation can be explained by the fact that high SOD activity can 

inactivate CAT activity [45]. 
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Table 1. Effects of rhizobacteria applications on leaf biochemical and antioxidant enzyme 

activities 
  MDA 

(nmol/g) 

Prolin 

(mg/g) 

SOD 

(EU/g plant) 

POD 

(EU/g plant) 

CAT 

(EU/g plant) 

Albion 

Control 14.49±0.10 b 0.09±0.00 b 117.01±1.49 c 2266.67±41.63 c 5806.00±223.72 a 

P. polymyxa 19.27±0.13 a 0.09±0.00 b 162.73±1.17 a 1486.67±30.55 e 1598.00±90.27 e 

B. subtilis OSU-142 9.33±0.16 c 0.07±0.00 c 151.35±3.41 b 1826.67±30.55 d 4662.00±89.60 c 

B. megaterium M3 6.65±0.17 d 0.11±0.00 a 159.87±0.81 a 4333.33±128.58 b 5402.00±12.00 b 

Mix 9.31±0.21 c 0.07±0.00 c 98.28±1.00 d 7071.10±3.81 a 3188.00±104.84 d 

Monterey 

Control 8.41±0.10 c 0.08±0.00 b 148.10±0.20 c 242.00±3.46 e 2966.00±96.99 bc 

P. polymyxa 16.43±0.04 a 0.15±0.00 a 186.63±5.14 a 2033.33±80.83 a 6190.00±90.27 a 

B. subtilis OSU-142 13.98±0.15 b 0.07±0.00 c 156.88±0.85 b 473.33±64.29 d 140.00±17.32 d 

B. megaterium M3 14.30±0.39 b 0.07±0.00 c 187.77±0.49 a 1493.33±80.83 b 3054.00±41.57 b 

Mix 14.39±0.23 b 0.07±0.00 c 104.91±0.63 d 693.33±11.55 c 2626.00±289.14 c 

The heatmap analysis and principal component analysis graphs of the parameters examined in 

the study are presented in Figure 1. Heatmap and principal component analysis graphs were 

made to reveal the effectiveness of bacterial applications according to the examined parameters. 

In the heatmap analysis, the color intensity changing from blue to red indicates that the values 

of the bacteria related to the examined parameters have increased. According to the hetmap 

analysis, rhizobacteria applications were divided into two groups. P. polymyxa was grouped 

separately from other rhizobacteria applications. P. polymyxa showed high values on MDA, 

proline, SOD, while it showed partially high values on CAT. B. megaterium M3 rhizobacteria 

showed high effect on SOD and CAT activitiy, control application showed high effect on CAT 

activity and Mix application showed high effect on POD activity. In general, the effect of B. 

subtilis OSU-142 rhizobacteria on the examined parameters was not high.  

The principal component analysis plot shows positive correlation between narrow-angle 

features and negative correlation between wide-angle features [46]. According to the principal 

component analysis graph, it can be said that POD activity and other parameters show a 

negative correlation among the examined parameters. 

 
Figure 1. Heatmap and PCA analysis graph of the investigated parameters of bacteria 

applications (A: Heatmap analysis, B: PCA analysis graph of two components) 

 

4. Conclusion 

The effects of rhizobacteria applications in the study vary according to the varieties. However, 

rhizobacteria applications showed different levels of positive effects on MDA, proline and 
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antioxidant enzymes (SOD, POD and CAT). As a result of the study, it was concluded that plant 

growth-promoting rhizobacteria applications can be used as biofertilizers and biocontrol agents 

in strawberries. In order to fully reveal the effects of using rhizobacteria on strawberries, 

different bacterial species and mixtures need to be tested on different varieties. The information 

obtained as a result of the study will shed light on future studies on similar subjects. 
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